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Zusammenfassung

Zellen fiihlen ihre Umgebung, reagieren auf externe Reize und regulieren entsprechend Zellad-
hésion, Zellproliferation, Differenzierung, Beweglichkeit und Apoptose. Diese externen Reize um-
fassen auch mechanische Krifte die in biochemische Signale umgewandelt werden. Verstédndnis
der zugrundeliegenden molekularen Vorgédnge sind ausschlaggebend, um zu erkldren wie Kréfte
Signaltransduktionswege anstoflen konnen, um damit eine eindeutige zellulédre Reaktion auszulo-
sen. Mechanoresponsive Proteine dndern ihre Konformation unter der Einwirkung von Kréaften
und offenbaren dadurch versteckte Bindestellen, die es dem Protein ermdoglicht, phosphoryliert zu
werden, selbst enzymatisch aktiv zu sein oder Bindepartner von anderen Proteinen zu werden. '
Von besonderem Interesse ist die Freilegung von katalytisch aktiven Zentren, da diese Signal-
transduktionskaskaden auslosen konnen und damit direkt zelluldres Verhalten steuern.? Kataly-
tisch aktive Proteinkinasen sind oft der Startpunkt fiir Signalkaskaden und es ist zu vermuten,
dass autoinhibierte Kinasen so ein Verhalten zeigen konnen. Das ist der Annahme geschuldet,
dass Autoinhibierungsmechanismen als Mittel zum ”"Kodieren von Mechanosensitivitit”? in Pro-
teinen genutzt werden koénnen.* Dies wurde bereits experimentell fiir die Titin-Kinase,® einem
unter Kraft stehenden Muskelprotein, beschrieben. In dieser Arbeit wird das kraftabhéngige Ver-
halten von zwei potentiell kraftaktivierbaren Kinasen, der Myosin-leichte-Ketten-Kinase und der
Fokalen Adhésionskinase mittels in vitro Rasterkraftmikroskopie (AFM) basierter Einzelmolekiil-
Kraftspektroskopie (EMKS) in Kombination mit in silico Molekulardynamik-Simulationen (MD
Simulation) untersucht.

Unter Zuhilfenahme von neu entwickelten Anbindungsmethoden fiir das AFM konnte die
Myosin-leichte-Ketten-Kinase (MLKK), eine Serin/Threonin-Kinase mit signifikanter Ho-
mologie zur kraftaktivierten Titin-Kinase, untersucht werden. MLKKs Phosphorylierungstétig-
keit ist durch einen Pseudosubstratmechanismus reguliert, der das Binden von Substratmolekii-
len blockiert, die sonst direkt umgesetzt werden wiirden. Die Bindung von Calcium/Calmodulin
veranlasst Konformationsdnderungen, die diesen Autoinhibitonsmechanismus 16sen und damit
die Bindung von Substratmolekiilen ermoglicht. Die Termini der MLKK sind zwischen diinnen
und dicken Filamenten eingespannt und setzen dadurch die MLKK mechanischen Belastungen
aus, die mit dem Rasterkraftmikroskop imitiert werden kénnen. Untersuchung der MLKK mit-
tels AFM basierter EMKS zeigte einheitlich wiederkehrende kraftinduzierte Ubergénge zwischen
den jeweiligen Konformationszustdnden. Diese wurden in Anwesenheit von verschiedenen Ligan-
den und Adenosintriphosphat (ATP)/Adenosindiphosphat (ADP) charakterisiert. So konnte die
konformationelle Kraftlandschaft in Zusammenhang mit biochemisch beobachtbaren Zustdnden
gebracht werden. Dabei konnte auch die aktive Konformation durch Kraft induziert werden,
die sonst durch Calcium/Calmodulin ausgelost wird. Die Interaktion zwischen der Kinasedo-
méne und der leichten Kette des Myosins konnte auch in Abwesenheit des aktivierenden Cal-
cium/Calmodulins nachgewiesen werden, obwohl das Pseudosubstrat eigentlich die Bindestelle
blockieren sollte. Das konnte auf ein Kraftaktivierungsverhalten hinweisen, das Substratbindung
erst nach einer mechanischen Entfernung des Pseudosubstrats zulésst.

Basierend auf diesen Ergebnissen wurde mit einem &hnlichen Verfahren die Autoinhibition
der Nicht-Rezeptor-Tyrosinkinase Fokale Adhésionskinase (FAK) unter dem Einfluss von
Kraft gemessen. FAK ist ein Schliisselregulator von Zelladhésion, Zellmigration und Zelliiberle-
ben. Fokalkontakte sind dichte molekulare Strukturen auf der zytoplasmatischen Seite der Zelle,
die die Zelle mit der extrazellularen Matrix verbindet. Aber die Fokalkontakte konnen auch die
auf sie wirkenden Krifte fiihlen und auf sie reagieren. FAK sitzt an diesen Stellen und kann durch
Krafteinwirkung auf die, an die Fokalkontakte gekoppelten, Actomyosin-Fasern aktivert werden.
Deswegen ist zu vermuten, dass FAK eine zentrale Rolle in der kraftabhingigen Signaltransduk-
tion spielt. Die grundlegenden molekularen Prinzipien, wie hier die Autoinhibition tiberwunden
werden kann, konnten bis jetzt noch nicht entschliisselt werden. Eine Kombination aus AFM
basierter EMKS und MD Simulationen wurde genutzt um festzustellen, ob Kréfte aktivierende
Konformationsdnderungen in FAK veranlassen kénnen. AFM basierte EMKS zeigte ein voran-
gestelltes Entfaltungsereignis bei niedriger Kraft, das nach einem Vergleich mit einer offenen,
immer aktiven Mutante von FAK als Mechanoaktivierung bestétigt werden konnte. Es ist das
erste Mal, dass das fiir ein Nicht-Muskelenzym gezeigt werden konnte. Die Aktivierung geschieht
vor der Entfaltung von FAK bei Kraften, die natiirlicherweise in Fokalkontakten auftreten. Zu-
dem konnte ein ATP-abhéngiger Wechsel der Entfaltungsreihenfolge der Doménen beobachtet
werden. Konformationsdnderungen konnten sogar unter der Doménenebene identifiziert werden
und mittels alle Atome umfassender MD Simulationen strukturellen Anderungen zugeordnet
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werden. Das ldsst den Schluss zu, dass Aktivierung ohne den Verlust der katalytischen Funktion
durch komplettes Entfalten der Kinase stattfinden kann. Daher konnte FERM (4.1-Protein, Ez-
rin, Radixin, Moesin) als Kraftpuffer und Uberlastschalter identifiziert werden, der Aktivierung
durch Strecken von FAK zulésst, aber noch einen Sicherheitsrahmen ldsst, um die Kinasedoméne
vor Entfaltung zu schiitzen. Diese Ergebnisse sind wegweisend fiir weitere Einzelmolekiilstudien,
die direkten Substratumsatz nach der Kraftaktivierung von FAK zeigen kénnen.

Fiir beide Kinasen konnten wir deutliche Hinweise auf Mechanismen finden, wie Autoinhibie-
rungen nicht nur durch biochemische Prozesse, sondern auch mittels Kraft aufgehoben werden
kénnen. So konnte der erste Schritt aufgeklart werden, der dazu bendtigt wird, um mechanische
Krifte in biochemische Signalkaskaden umzuwandeln, die letztlich zu einer zelluldren Antwort
fithren. Abgesehen vom grundlegenden Verstdndnis kénnten diese Einblicke die Entwicklung von
alternativen Strategien zur Entdeckung von neuartigen Krebsmedikamenten eréffnen, die sowohl
katalytische Aktivitét, als auch Gertistfunktionen hemmen.



Cells are able to sense and react to physical stimuli in their environment and accordingly
adjust adhesion, proliferation, differentiation, motility and apoptosis. These stimuli comprise
mechanical force cues that get translated into biochemical signals. Uncovering the underlying
mechanical processes that enable this translation is crucial to understand how force can trigger
signal transduction pathways leading to a distinct cellular response. Mechanoresponsive proteins
typically change their conformation upon force application revealing previously hidden sites that
can allow binding, phosphorylation or even exhibit enzymatic activity themselves.! Of special
interest is the exposure of catalytic sites since they can directly trigger phosphorylation cascades
and thereby drive cellular behavior.? Since catalytically active protein kinases are often the origin
of signaling cascades, a force induced behavior can be hypothesized for autoinhibited kinases.
This is due to the assumption that some autoinhibition mechanisms, "as a means of encoding
mechanosensitivity”,? are susceptible to be resolved by force.? It was indeed previously observed
for titin kinase,” a force bearing protein in muscle tissue. In this work the force-dependent
behavior of two potentially force-activatable protein kinases, myosin light-chain kinase and focal
adhesion kinase, was examined. Their reaction under mechanical load was investigated in vitro
by high-throughput atomic force microscopy (AFM) based single-molecule force spectroscopy
(SMFS) in combination with n silico molecular dynamic (MD) simulations.

Using newly developed tools for AFM attachment, myosin light-chain kinase (MLCK),
a serine/threonine-specific protein kinase with significant homology to the force-activated titin
kinase, could be probed. MLCKs turnover is regulated by a pseudosubstrate mechanism that
blocks substrate binding and thereby inhibits turnover. Binding of Ca?*-loaded calmodulin
(Ca%* /CaM) can initiate conformational changes releasing this autoinhibitory mechanism. ML-
CKs termini span between force bearing thin and thick filaments exposing MLCK to mechanical
stress that can be mimicked in an AFM-based SMFS experiment. Probing MLCK by AFM
based SMFS showed stable and reproducible force-guided transitions between respective confor-
mational states. These were examined in the presence of various ligands and adenosine triphos-
phate (ATP)/adenosine diphosphate (ADP). This way, these states in the conformational force
landscape could be related to biochemically observed states. In this process also the active con-
formation could be obtained by force which is otherwise biochemically induced by Ca?*/CaM.
The interaction between the kinase domain and the regulatory light chain substrate was identi-
fied even in the absence of the activating Ca?t/CaM, where the substrate binding loop should
be inaccessibly occupied by the pseudosubstrate sequence. This could indicate a force activation
behavior allowing substrate binding after mechanically induced removal of the autoinhibitory
regulatory pseudosubstrate region.

Building on these results using a similar workflow, the autoinhibition of non-receptor tyrosin
kinase focal adhesion kinase (FAK) could be probed dependent on force. FAK is a key
regulator of cell adhesion, migration and survival. Focal adhesion complexes are dense molecular
structures at the cytoplasmic side of the cell linking them to the extracellular matrix. But
focal adhesion sites can also sense and react to force themselves. FAK is localized at these sites
and can be activated following force generation caused by actomyosin fibers attached to focal
adhesions. This is why FAK is suspected to play a pivotal role in force transduction. However,
the basic molecular principles of how the autoinhibition is overcome mechanically have not yet
been deciphered. Combining AFM based SMFS and MD simulations the force response of FAK
could be probed and assessed whether force can induce activating conformational changes in
FAK. AFM based SMFS revealed an initial low force rupture event that could be further verified
and assigned to mechanoactivation by comparison with an open and active mutant of FAK.
This is a first for a non-muscle enzyme. The activation event occurs prior to FAK unfolding at
forces natively occurring at focal adhesions. Also an ATP dependent switch of domain unfolding
order could be observed. Even subdomain conformational changes were identified and structural
changes were assigned using all-atom MD simulations. This allowed to conclude that activation
can happen without the loss of catalytic function due to a complete unfolding of the kinase. Hence
FERM (F for 4.1 protein, E for ezrin, R for radixin and M for moesin) could be identified as a
buffer and emergency stop switch that allows activation by extension of FAK while maintaining
a safety margin of force for saving the kinase domain from unfolding. These results pave the way
for further single-molecule investigations directly showing substrate phosphorylation following
force application to FAK.

For both kinases we could provide significant evidence of how autoinhibition can be overcome
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Abstract

not only by biochemical processes but also by force. This deciphers the first step of how mechani-
cal force cues can be translated into a biochemical signal transduction cascade ultimately causing
a cellular response. Besides capturing these ground laying rules of mechanotransduction, these
insights enable the design of alternative strategies for the discovery of anticancer therapeutics
that can both inhibit catalytic and scaffolding functions.



”Science is made by men, a self-evident fact that is far too often forgotten.
[...] Science rests on experiments; its results are attained through talks
among those who work in it and who consult one another about their
interpretation of these experiments. [That] demonstrate[s] that science is
rooted in conversations.”

”"Wissenschaft wird von Menschen gemacht. Naturwissenschaft beruht auf
Experimenten, sie gelangt zu ihren Ergebnissen durch die Gespréche der in
ihr Tétigen, die miteinander {iber die Deutung der Experimente beraten.
Wissenschaft entsteht im Gespréch und in der Interaktion zwischen
Menschen.”
Werner Heiffenberg
Physics and Beyond/
Der Teil und das Ganze %7

These conversations are the place where the hard work is done. Create and pitch ideas,
persuade others with evidences validated by experiments to get to a point where you can stand
on solid ground. You always have to do the public relations for your experiments while still
holding true to the facts and the core idea of your experiments. Science is the perpetuating
creation and sometimes painful validation of ideas that happens in this field of tension of being
an advocate for your own ideas while having the hard reality of experiments. This still holds
true later in publications. Whereas a publication lives in a world governed by publishing media
where it is most important how and which story is told. This thesis should not comply with that
and thus still will do so because there is no ultimate way of telling a scientific 'story’ without
telling a ’story’. This thesis will try to cover the surroundings, the rough edges that can be most
helpful to people wanting to build their own research on our results in order to realize similar
projects.
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Context

1.1 Advantages of understanding life on a molecular level

Cancer is the second leading cause of death, being responsible for 1 out of 6
deaths worldwide in 2018. This accounts for a total of about 18 million deaths
per year globally in 2018.% That number shows the importance to find ways
to interfere with this serious health threat that has the potential to directly or
indirectly affect everyone.

Arising from potentially just one single misguided cell, cancer leads to un-
controllable growth and may spread over the whole body. Without interven-
tion, this uncontrollable growth beyond normal boundaries blocks vital body
functions leading to the collapse of the entire system and ultimately death.”
Cancer is a general term for a multitude of diseases following this behavior.
The process starts with mutation of a cells genes, leading to a malfunction of
cell turnover and false maintenance of homeostasis. On the molecular level, this
is caused by altered gene expression patterns leading to a change in signaling,
which results in abnormal proliferation, suppression of apoptosis and disabled
cell-death signaling.

The ultimate appalling trait about cancer is the utilization of the very own
cell signaling that normally keeps an organism alive and repurposes it to its
own advantage and to the worse of the organism as a whole. It is important
to start at the earliest level before things get out of control to prevent spread-
ing and metastasis. FExact understanding of all the signaling pathways that
allow cancerous cells to proliferate is crucial to catch and interfere with such
a diseases. The pivotal role of kinases in these interwoven signal transduction
networks and their association with human cancer initiation and progression
makes them a major target of cancer research, sometimes referred to as ”sig-
nal transduction interception/therapy”.'%!? These approaches have the huge
advantage of potentially interfering in a non-cytotoxic way in contrast to tradi-
tional chemotherapy and aim at reconstituting the normal signaling behavior to
ideally get back a normal and healthy organism.' Additionally, deregulation
of kinase activity has been shown to play a role in several other diseases which
makes it an interesting target not only in cancer. '™ All these approaches led
to a new understanding on a molecular level °~'® and allowed therefore the
development of a completely new generation of anticancer drugs.'%?? Despite
the huge potential of kinases as a drug target there are still many blind spots
in understanding kinases that need to be covered in order to efficiently address
the complexity of cancer signaling.?'??> This is especially true regarding ki-
nase inhibitors not targeting the ATP turnover directly. These inhibitors focus
on independent mechanisms to stabilize the non-active conformation, so called
allosteric modulators, which specifically targeted particular kinases only.?3

Page 1



2 Chapter 1: Context

Due to the high complexity, the cor-
relations between activity and ex-
pression level of a single protein vari-
ant in a heterogeneous cellular envi-
ronment like a tumor, these claims
have to be seen within the context of
their corresponding studies in order
to allow the right conclusions. Here,
this should just give an idea how the
behavior and changes of the regula-
tion of a single type of molecule can
change the whole cellular response.
This sounds cumbersome but needs
to be addressed case by case in or-
der to be able to relate the molecular
with the cellular level.

In addition mechanotransduction, the translation of mechanical stimuli into
biochemical signaling pathways, adds an additional layer of complexity to these
signaling networks. Mechanotransduction has been documented to play a role
in many diseases from arteriosclerosis over muscular dystrophies to various
types of cancer.?? So in the context of allosteric modulators, mechanical force
can be seen as one of these modulators, as it is able to change a receptors
response to a certain stimulus. Therefore mechanotransduction together with
previously described genetic mutations may cause shifts in signal pathways
and are key influences that drive tumor formation and metastatic progression.
Cells usually rely on the mechanical properties of their surroundings to get
cues on how to develop and to act.?® In the process of becoming cancerous,
cells lose their dependency on anchorage. While tumor tissue usually shows
higher stiffness, metastatic cells show reduced cell-surface tension and thereby
increased deformability allowing them to penetrate into new tissues.?%?7 The
mechanical properties of cells are influenced for example by the interplay be-
tween actin cytoskeleton and extracellular matrix (ECM), exerting forces on
focal adhesions complexes. Focal adhesions sit right in the middle between the
actin cytoskeleton and ECM making them a prime receiver of mechanical cues.
In studies on the cellular level, some proteins showed activation after force ap-
plication. However, to find the primary responders to such force cues, careful
examination on the single-molecule level are necessary to rule out activation
by up stream signals. Focal adhesion proteins like Talin?® and p130Cas?? 3!
or the muscle protein titin kinase® showed such a force dependent activation
behavior. These behaviors are very diverse but can be generalized by force
causing conformational changes leading either directly to an active conforma-
tion or to the exposure of cryptic binding sites, therefore allowing the activation
by binding partners.

In this thesis the focus was set on two potentially force-influenced kinases
connected to cancer development. A major regulator in focal adhesions is Focal
Adhesion Kinase (FAK) combining both scaffolding and catalytic functions
in focal adhesions. FAK is frequently upregulated in different types of cancer,
including lung, colorectal and breast cancer.??3° In the early stages of cancer,
FAK plays an important role in initiation and survival of cancer cells and was
shown to prevent cell apoptosis. 3937 FAK also regulates tumor microenviron-
ment and promotes metastasis. >® Embracing both above mentioned drivers of
cancer progression, kinases and mechanotrasduction makes FAK an attractive
research target for cancer therapies.?? Often high FAK activity is correlated
with poor clinical outcome?%4? and downregulation of FAK by inhibitors has
shown to decrease cancer growth and inhibit migration for certain types of
cancer. 4! Activation levels of FAK are reported to be elevated after the ap-
plication of mechanical stress to cells.*>~** However, from these studies on the
cellular level, its not clear if FAK is a primary responder to the force cue or is
activated downstream to the force signal. In this thesis the force dependent ac-
tivation of FAK on the single-molecule level was investigated using atomic force
microscopy (AFM) based single-molecule force spectroscopy (SMFS). This way
we could observe mechanoactivation as an initial rupture event in the low-force
range leading to a conformationally active state of FAK.%> Further, we could
elucidate the conformational unfolding landscape of FAK and assign the forced
conformational transitions to structural elements of FAK on the sub-domain
level. Together with all-atom molecular dynamics simulations this allows to
validate the model of extension of FAK being possible without compromising
functionality. This way FERM' could be identified as a molecular shock ab-
sorber potentially helping to avoid loss of function of the kinase domain itself.
Such a direct force activation of an enzyme, as reported for FAK, was ear-
lier observed before for titin kinase®, twitchin kinase% in nematode and there
are also good indications for smooth muscle myosin light-chain kinase for be-
ing directly activated by force as further explained in the following paragraph.
However, until then, no non-muscle enzyme was shown to be directly activated

LF for 4.1 protein, E for ezrin, R for radixin and M for moesin.



Advantages of understanding life on a molecular level

by mechanical force. These newly gained mechanistic insights potentially make
it possible to develop new inhibition strategies both addressing catalytic and
scaffolding functions of FAK in a highly specific and targeted manner.

Myosin light chain kinase (MLCK) is an ubiquitously expressed kinase
with different isoforms being active in muscle as well as non-muscle cells. It
phosphorylates the regulatory myosin light chains of myosin IT and thereby pro-
motes myosin binding to actin to allow cell contractility. Its role in contractile
tissue is well studied, but less is known for its involvement for contractions in
non-muscle cells.*” MLCKs role in reordering the cytoskeleton makes it an im-
portant factor for cell motility, invasion, proliferation and metastasis in cancer
but also different inflammatory diseases.*® In cancer, the correlation between
MLCK expression/activity and tumor progression is inconclusive and highly
dependent on the specific stage and type of cancer.*’ Inhibition of MLCK
activity can for example reduce invasiveness and impair cellular motility for
prostate adenocarcinoma MLL (Mat Ly Lu) and pancreatic cells.” °! However,
other studies also showed loss of MLCK expression in HER2-positive breast
cancer, leading to tumor progression and poor prognosis.*>All in all, this hints
to additional, more complex underlying factors or specific traits of the different
cell types. MLCKs placement between highly force bearing filaments makes it a
good candidate for being a direct responder to occurring forces. °* Hence we an-
alyzed the force dependent behavior of smooth muscle MLCK (smMLCK) and
probed its mechanical stability in the presence of different interaction part-
ners.”* This way, we could get a detailed picture of conformational changes
introduced by these binding partners and could hypothesize how the same con-
formational states as in the traditional biochemical pathways may be activated
by force. However, these were only first evidences that need to be further in-
vestigated to directly show conformational activation of smMLCK after force
application.

Of course, this is just the starting point of analyzing force activated kinases
since here only conformational activation is characterized. This means only con-
formations similar to the active state but no direct turnorver/catalytic activity
was observed. We took first steps towards simultaneously recording mechan-
ical activation and consecutive turnover of the kinase domain by establishing
model systems that can mimic such force activation events.?”°% The studies
conducted here, *>* together with the developed tools for single-molecule force
spectroscopy, Y build the foundation for new studies combining force spec-
troscopy with a direct detection of catalytic turnover by observing fluorescent
readout.

But also recent events, with an emerging pandemic caused by the f-co-
ronavirus, Severe acute respiratory syndrome (SARS) coronavirus 2
(SARS-CoV-2),%6! demonstrate how important it is to understand basic
molecular mechanisms precisely. This is both crucial for detecting®? but also
for ultimately interfering with maliciously acting molecular pathogens. %3767
Therefore, uncovering every molecular step, the virus has to take in order to
multiply, has the potential to be interfered with. This yields newly found drug-
gable targets, but also the chance for analyzing effects of repurposed drugs. 9967
Especially for off-label-use of already known drugs, it is interesting to inves-
tigate their effects on a molecular level together with cell culture and clinical
studies. Ideally this allows to determine a targeted response without loosing
therapeutic efficacy. It further provides hints on possible side effects help-
ing to already preselect candidates for future clinical trials. SARS-CoV-2 uses
specialized proteases (PLP™, MP™) and a RNA-dependent RNA polymerase
(RdRp) in order to multiply its genetic information and to cleave translated
polyproteins in usable components. For inhibiting these mechanisms, therapeu-
tics tested for Ebola - remdesivir %70 and favipiravir "!- interfering with RdRp
function and also new inhibitors " for PLP™ were promising and analyzed also
on a molecular level. Further, HIV protease inhibitors lopinavir/ritonavir were
assessed on the molecular level ™ finding no inhibition of MP™ activity, which
is in line with clinical studies. " But also avoiding viral entry in the first place
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was targeted by blocking the ACE2:SARS-CoV-2 Spike interaction by anti-
bodies 7% or mini-protein binders/peptides.”’79 In this thesis I focussed on
initial virus recruitment to cells by probing the stability of the bond between
the human ACE2 receptor and the viral receptor binding domain (RBD) of the
SARS-CoV-2 Spike protein under constant load. This way we can determine
off-rates and its stability in terms of force in a potentially turbulent envi-
ronment. We can also determine a higher stability for SARS-CoV-2 than for
SARS-CoV which is in line with previous studies.%” Our developed assay? can
be used to probe blocking behavior of afore mentioned neutralizing antibodies
and mini-protein binders for SARS-CoV-2 to ultimately find new therapeutics
to inhibit these viral infections.

Both, the major global health crisis of cancer and the SARS-CoV-2 pan-
demic cause a feeling of helplessness. Its like being confronted with a black box
that is inside yourself and ultimately is yourself. This is why its so important
to open the blackbox and look at the molecular mechanisms inside that mani-
fest a disease on the molecular level, to learn the underlying rules determining
the behavior of the whole machinery. This is crucial to predict how a human,
as set of cells, all built upon an assembly of meticulously working molecular
machines, will react to external or internal stimulations. Only this way, we
will one day be able to cope with complex problem sets of diseases posed to
us by nature and will ultimately lead to a highly personalized medicine. An-
alyzing the players step by step is the start that hopefully will lead one day
to a point where its possible to puzzle everything together from every single
molecule over a set of cells to the whole body. This may almost sound de-
tached, coming from experiments far away from physiological conditions with
proteins attached on a glass slide. This is why its so important to have a well
orchestrated, highly interdisciplinary effort to draw a portrait of a complex
system while being at work in single molecular accuracy. Starting from static
structures from crystallography over probing their dynamics, interactions and
order a diverse toolbox was established over the last decades to manipulate,
analyze and build processes on the molecular scale. Hopefully this will lead
to future medical breakthroughs built on the molecular level understanding
of cellular mechanisms that are even able to catch diseases early, before they
become problematic.

1.2 Outline

The present thesis is divided in three parts explaining the biological back-
ground, the applied methods, which already contain improvements in the mea-
surement methods and ultimately presenting results obtained using these devel-
oped tools. These main parts are accompanied by an introduction and outlook
section. The foundation to the FAK section provided my master thesis, which
already gave first insights into the structure and function of FAK using AFM
force spectroscopy.

In the Biological Background all important biological entities are intro-
duced in oder to make the Results and Methods accessible to a broader audience.
This background explains basics of the mechanical stability of proteins and pro-
vides details on the work of protein kinases in the context of cell signaling. In
the last section the life cycle of SARS-CoV-2 is briefly explained to later focus
on the initial virus entry on a single-molecule level.

The Materials and Methods - From DNA to force-spectroscopy
data - introduce the tools used and partly newly developed in order to obtain
the results presented in the following. This not only entails wet lab proce-
dures but also technical details on instrumentation and analysis workflows. Of
course these are centered around force-spectroscopy techniques and procedures
used for single-molecule studies. It already includes peer-reviewed publications
and a preprint that studied receptor:ligand systems (monovalent strep-tactin,
monomeric streptavidin, monovalent streptavidin) applied for high-throughput
pulling with an AFM setup but also general attachment methods applicable



for magnetic tweezers experiments (ELPs).

The main part of the thesis are the Results - Force activation and
beyond - including the key findings in the form of peer-reviewed publications
and a preprint of currently ongoing work. These should already give an idea
on how future projects could evolve around these studies and elaborate on the
bottlenecks that had to be overcome for gaining results shown in the papers.

The appendices include detailed protocols of the methods described.

QOutline
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Biological Background

It might already be a joke starting a biological background with the central
dogma of molecular biology. But as this central hypothesis still holds true for
the flow of genetic information, it still dictates in many parts how and in which
pace scientific progress is made. I still want to start off with it as it is probably
the one basic principle it all boils down to. This chapter should provide an
outline of the biological context needed to follow the rest of this thesis.

Starting from the central dogma of molecular biology the build up of DNA
and proteins are discussed to understand mechanical stability and forces on
the molecular scale. Further cell signaling is introduced with special regard on
protein kinases and autoinhibition mechanisms. Finally returning back to the
central dogma showing a special transfer of biological sequential information
from RNA to RNA as done by SARS-CoV-2 in order to replicate. The life
cycle of SARS-CoV-2 is roughly sketched with particular detailed focus on
initial virus attachment to the host cell.

2.1 Central dogma of molecular biology

The central dogma of molecular biology is a general principle, formulated by
Francis Crick in 1958, describing the flow of genetic information within a bio-
logical system. Crick®! "states that once 'information’ is passed into a protein
it cannot get out again” and there is no sequence ”transfer from protein to
protein, or from protein [back to] to nucleic acid”. The three major carriers
of biological sequence information are dexoyribonucleic acid DNA, ribonucleic
acid (RNA) and protein. In theory there would be nine ways to intercon-
vert and reproduce these sequence information carriers into once another (cp.
Figure 2.0.1). However, only three ways are canonically used by biological or-
ganisms to replicate and produce proteins. These processes are conducted by
the replisome that allows duplication of DNA (DNA — DNA), transcription
of DNA to messenger RNA (mRNA) by RNA polymerases (DNA — RNA)
and translation of these mRNAs into protein by a ribosome (RNA — protein).
These are also the steps that need to be fulfilled in order to effectively produce
a protein of choice. 52

2.1.1 Dexoyribonucleic acid (DNA) and ribonucleic acid (RNA)

DNA is the main source of biological sequence information in all living organ-
isms. Both DNA and RNA are assembled from a chain of nucleotides (cp.
Figure 2.1.1) that encode for specific linear sequence. They are linked together
by a phosphodiester bond connecting the 3’-carbon atom of the first nucleotide
to the 5’-carbon atom of the second nucleotide. This connection stabilizes the
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Figure 2.0.1: Node diagram of the
central dogma of molecular biology
showing the three carriers of biolog-
ical sequence information and the
according interconverting routes. In
solid arrows the most common repli-
cation, transcription and translation
already stated by Crick 8! are shown.
The dashed arrows depict special
forms of conversions eg. reverse tran-
scriptase as used by retroviruses that
transfer information from RNA to DNA
in order to infect a host organisms,
RNA replication as conducted by RNA-
dependent RNA polymerases used by
many viruses and special translation
directly from DNA to protein. The ar-
rows not shown connected with con-
versions from protein to nucleic acids
and proteins reproducing themselves
are not assumed to exist in nature.
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Figure 2.1.1: Structural formula of
deoxyadenosine monophosphate
(dAMP) as an example for a nu-
cleotide. Depicted are the three main
components a phosphate (a), a de-
oxyribose sugar (b) and a nitrogenous
base (c), adenine. The sugar and a
base (b and c) without the phosphate
(a) are referred to as nucleosides. DNA
contains a deoxyribose sugar while
RNA contains a ribose sugar (addi-
tional gray OH group). Adenosine
monophosphate (AMP) as the basic
component of ATP/ADP is very similar
to dAMP, except containing a ribose
(additional gray OH group) instead of
a deoxyribose and one ore two addi-
tional high energy phosphate bonds.

Guanine Cytosine
Figure 2.1.2: Structural formula of
matching bases of Adenine and
Thymine on the top and Guanine and
Cytosine on the bottom. The hydro-
gen bonds are depicted as dashed
lines.

whole chain and is called the phosphate backbone. Accordingly the strands
have a directionality defined by the carbon of their sugar atom eg. their 3’-
or 5-end (three prime, or five prime). This directionality becomes especially
important for the work of DNA polymerases, which always works from the 5’
to the 3’-end but also other DNA processing enzymes. 5>

The storage of the biological sequence information itself is encoded in the
corresponding nucleobases (bases) of the different nucleotides. In total there
are five primary bases adenine (A), cytosine (C), guanine (G), thymine (T) and
uracil (U). DNA is composed of a chain of four nucleotides A,G,C and T while
for RNA T gets replaced by U, with U just lacking the methyl group present in
T. The bases are either derived from purine (A,G) or from pyrimidine (C,T,U).
The bases can form hydrogen bonds, a double bond for A-T (A-U) and a triple
bond between G-C as shown in Figure 2.1.2. These hydrogen bonds of the
corresponding nucleotides allows the formation of a DNA double strand with
an antiparallel sequences based on their directionality (eg. 5'-ACTG-3’ with 3’-
TGAC-5"). The phosphate groups are negatively charged and are therefore as
far away from each other as possible. The DNA adapts a characteristic double
helical conformation that is stabilized by both the hydrogen bonds between the
nucleotides and base-stacking interactions of aromatic bases. 8384

During DNA replication each of the strands serve as template strand for
replication. At a replication fork the two strands are separated and each of them
completed by a DNA polymerase. %% This is an essential process while cell
division to pass on the genetic information to the daughter cell. The genome is
the total of all genetic material of an organism. Parts of the genome are genes
(coding regions) encoding proteins but also non-coding regions, transcribing
different functional RNA molecules like transfer RNA (tRNA), which is an
important carrier of amino acids for protein synthesis. For gene expression
a certain part of the genetic material is transcribed from DNA to RNA by a
RNA polymerase producing an antiparallel pre-mRNA strand. This pre-mRNA
strand can still include introns or outrons (again non-coding regions) that have
to be removed from the sequence in a process called splicing. After splicing
mature mRNA can be processed by a ribosome. The genetic code is stored
as triplets of nucleotides on the mature mRNA, each triplet encoding for one
specific amino acid. These triplets on the mature mRNA are recognized by
tRNA by the same base pair matching mechanism based on hydrogen bonds
described above. tRNA forms structures also based on base pair matching and
is therefore able to carry specific amino acids according to the triplet nucleotide
sequence they can recognize. This way the ribosome can step by step translate
the mRNA into the encoded amino acid chain in order to get the full protein. 52

2.1.2 Proteins

Proteins play a pivotal role in most biological processes. All the previous
described processes from replication of DNA to the expression of proteins rely
on proteins. Complex molecular machineries have evolutionary evolved and had
been adapted to very specialized tasks. This is only possible by maintaining
exact structural conformations in order to either catalyze a chemical reaction
or allow other proteins to bind to the structure. The evolutionary process
shaped these structures by natural selection in a way that proteins with similar
functions are very conserved within and even in different organisms. In some
cases this looks likes proteins are made up as a remix of different optimized
building blocks creating a new protein (or a quaternary complex; replisome,
RdRp, cp. Section 2.1) that uses the functions of the building blocks to create
new functional assemblies. For example this is true for kinases domains as
catalysts for the attachment of phosphate groups to proteins. The task of
all kinases is the same, so also the domains are very conserved over different
kinases and organisms. Further assembly with different domains creates kinase
proteins suited for their unique application. This will be discussed in Section
2.3 for focal adhesion kinase, which is a combination of a kinase domain and a
FERM domain. Both protein domains are found similarly also in other kinases
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or focal adhesion proteins. Following sections describe how starting from one
basic building segments, a single amino acid, a large functional protein complex
like a ribosome can be formed.

2.1.2.1 Primary structure

H O H
] \
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R
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Figure 2.1.3: Schematic depiciton of a peptide bond. The peptide bond (red) is
formed between C-terminus (carboxyl, COOH) of the first amino acid and N-terminus
(@amino group, NH2) of the second amino acid and releases a water molecule (blue).
The bond needs energy in order to be formed which is fueled by ATP and guanosine
triphosphates (GTPs) hydrolysis catalyzed in a ribosome. R1 and R2 represent the
individual side chains of the proteins.

In previous Section 2.1.1 the expression of proteins was briefly introduced.
These proteins were encoded in mRNA that gets processed by the ribosome.
There the mRNA is first bound by the ribosomal binding region and follow-
ing triplets of nucleotides are recognized, by a tRNA with an attached amino
acid, starting with the start codon (AUG) encoding for methionine. These
triplet codons encode one amino acid with multiple triplet variations for each
amino acid. In total proteins are assembled of 20 different amino acids (plus
two special amino acids selenocysteine and pyrrolysine). These are then con-
nected together by peptide bonding (cp. Figure 2.1.3) and another triplet of
nucleotides is recognized until the next stop codon (UAG, UGA, UAA) on the
mRNA sequence. This way the whole protein gets assembled. This polypep-
tide chain of amino acids is called primary structure. The two ends of the
polypeptide chain are referred to as "N-terminus” for the amino group (NH2)

+ Hgo
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in the beginning and ”C-terminus” for the carboxyl (COOH) in the end.®? What was first? A protein or
the ribosome? A puzzling ques-

2.1.2.2 Secondary structure tion considering that already for
the production of proteins a pro-

In general protein structures can be very diverse, but show also recurring pat-
terns of local similar segments. These structural segments, called secondary
structure, are stabilized purely by hydrogen bonds between the N-H and C=0
atoms in the polypeptide backbone. The two most common secondary struc-
tures are a-helices and fB-sheets that are joined together by flexible loops. These
two structural elements are not the only ones but the most prominent ones. %3

a-helices are right hand-helix conformations that are generated by a sin-
gle polypeptide chain that twists around itself. The helix completes a turn
every 3.6 amino acids.®? Even though the bonds formed in helices are based
exclusively on the backbone, not all amino acids are equally likely to form
helices. For example proline and glycine show low tendency to form helices
because of their special properties. a-helical motifs with nonpolar side chains
are often found to anchor transporter proteins and receptors in membranes. In
other protein structures a-helices are found as coiled-coils. These structures are
bundles assembled from two to four helices that have nonpolor sides that hold
them together. Thereby coiled-coils provide a basic framework for elongated
proteins. 83

B-sheets are secondary structural elements that resemble sheets made up
from polypeptide chains arranged next to each other and stabilized by hydrogen
bonds of their backbone. The strands can either be in a parallel or antiparallel
orientation to each other. Antiparallel arrangenets are more stable because of
better hydrogen bonding.

logical system.

tein complex, the ribosome, itself is
needed. Which poses the ultimate

“chicken or egg” question for a bio-
87,88
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ytop Plasma membrane

Triggering of cellular responses
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Figure 2.1.4: Schematic depiction of
cell signaling. The process can be
structured in three main steps. The
first step is initiated by the binding of
aligand (dark red), like a hormone, to
a specific Receptor (light green), like a
receptor tyrosin kinase, on the plasma
membrane. This step is called Re-
ception. Next the signal gets passed
on in the cytoplasm by intracellular
molecules (dark green), possibly in
phosphorylation cascades. This Trans-
duction process initiates the activation
of a target Protein (blue) triggering a
Response of the target cell.

In general a-helices are considered less stable than f-sheets. The hydrogens
of B-sheets are formed more stable and are less prone to be attacked by ambient
water molecules. However, this is highly dependent on the surroundings of the
individual structure as for example transmembrane helices are more stable in
their hydrophobic lipid environment. Secondary structures are not unique to
proteins but also occur in DNA as eg. stem-loops or pseudoknots. %

2.1.2.3 Tertiary structure

Each of the amino acids is carrying side chains with diverse characteristic prop-
erties concerning polarity, charge and size. The range of side chains spans from
a single hydrogen atom for a glycine to a bulky aromatic ring for tryptophan.
These properties are crucial for the formation of the three dimensional fold
of the protein called the tertiary structure. In general the hydrophobic parts
of secondary structure elements, exposed hydrophobic (nonpolar) side chains,
are packed together in order to build hydrophobic cores which is energetically
preferred. This is also referred to as hydrophobic collapse. Around these cores
local structural rearrangements are made to optimize the structure for solvent
exposure. The acquired conformation is then called the fold of the protein.
Whereas secondary structure prediction can be conducted very accurately,
the prediction of the tertiary structure is extremely difficult.®%% This is due
to the difficulty of finding the global minimum of the free energy of the protein
folding landscape. ?! This indicates the importantance of experimentally solving
structures in atomistic detail based on techniques like cryo-EM,%%93 X-ray
crystallography ?* and NMRY. Based on homology modeling, built on these
already solved structures, good approximations of unknown protein structures
can be obtained.”® But also new approaches utilizing models borrowed from
machine learning are on the rise as demonstrated by the biennial ”Critical

Assessment of protein Structure Prediction”, 8%97-99

2.1.2.4 Quaternary structure

The arrangement of multiple, individual, tertiary structured proteins is called
a quaternary structure.®? One example are viral capsids, polymerases and the
ribosome that arrange themselves from different folded proteins in order to
build functional assemblies with their own quaternary structure. However,
also ’simpler’ structures like protein dimers for receptor tyrosine kinases (cp.
Figure 2.2.1), the trimeric spike protein of SARS-CoV-2 (cp. Section 2.5) or
the tetramer of streptavidin (cp. Section 3.4.1) are examples of quaternary
structures. But also higher order multimer structures of the same protein
variant are possible.

2.2 Basic cell signaling

Every cell in an organism carries the same genetic information. However,
complex tissues and very diverse cellular structures can emerge in organisms.
Hence, multicellular life is only possible with elaborated cell communication
processes that guide cells to fulfill their specialized tasks and allow them to
cooperate. This coordination and specialization is essential for an organism to
really benefit from the complicated task of working together. Since a multicel-
lular organism is a community of peers and not a centralized system, a network
of various signaling pathways had to be established. Some of these pathways
have been well described but still the full extent of all the signaling pathways
working together and interfering with each other is not fully understood. '
In a general picture all of these signal transduction pathways are built upon
the basis of molecular recognition of proteins having an affinity towards each
other and thereby are able to interact. Before getting to the details of these
interactions the basic scheme of cellular signaling should be introduced as shown
in Figure 2.1.4. A cellular response can be triggered by a extracellular ligand
that can bind to a membrane receptor. However also other environmental cues
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like light, force, temperature or changing concentrations of ions, like calcium,
can be a trigger for cellular responses. The extracellular ligands produced by
cells are diverse ranging from small peptides, proteins (eg. growth factors)
and hormones. They get either directly released into the extracellular space
or get attached to the cell itself to allow cell-cell communication.®? In general
all these trigger factors from the extracellular space are referred to as first
messengers. Whereas another group of molecules, called second messengers,
signaling molecules used inside the cell and get triggered by first messengers
to create a cellular response. These second messengers can be calcium, cyclic
adenosine monophosphate (cAMP), lipids or even nitric oxide.

In the reception stage these extra cellular ligands get recognized by a
receptor that has the ability to bind them with high specificity and affinity.
This is important since ligand concentrations are typically very low (below 100
nM) and non specific binding would create interference between the signaling
pathways.®? The binding of the ligand activates the receptor by causing con-
formational changes that can trigger multiple intracellular signaling pathways.
One example for transmembrane receptors are receptor tyrosine kinases (RTK).
In general they are in an inactive monomeric state and dimerize upon ligand
binding by growth factors (cp. Figure 2.2.1). This way inactive monomers
become activated and can in turn autophosphorylate their tyrosine residues
in trans.'°! This can in turn trigger signal transduction in form of a phos-
phorylation cascade (cp. Section 2.3) which at its end can trigger a cellular
response.

@ inactive kinase
@ @ a

active kinase

Cellular
=)
response

@ ®-

2.3 Protein kinases in signal transduction

Protein kinases are enzymes that catalyze the transfer of phosphate groups
from ATP to substrate proteins. This post-translational modification is known
as phosphorylation. Phosphorylations change the conformation of substrate
proteins and thereby facilitates binding of other proteins.'%’ This process is
used to build whole phosphorylation networks where one kinase is passing the
singal to the next one. These cascades are multistep pathways and can be
compared to falling dominoes or a relay race (cp. Figure 2.2.1). The multi
step approach has the advantage of being able to amplify the signal in each
layer to generate a larger response, much like in a pyramid scheme. To dereg-
ulate these cascades phosphatases as antagonists of kinases can again remove
phosphate groups from substrate proteins. Whereas recognition behavior of
kinases towards their substrate is highly specific, the phosphatases show a
much broader dephosphorylation behavior.'? The signal transduction path-

Figure 2.2.1: The figure depicts a
schematic phosphorylation cascade
of protein kinases. The relay of phos-
phorylations is initiated by the activa-
tion of a transmembrane receptor (eg.
a RTK) with a signaling molecule. This
allows the RTK to autophosphorylate
and thereby to become active to pass
on phosphorylations to another inac-
tive kinase (1-i). This is done by trans-
ferring a phosphate (P) from an ATP
(yellow) to yield an activated kinase
(1-a) leaving behind an ADP. In turn
this kinase can again phosphorylate
another downstream kinase (2-a). The
process is repeated until a cellular re-
sponse is triggered by a kinase (3-a) or
is passed on to a different target pro-
tein. To stop the relay phosphatases
(PP) can again split off the activating
phosphates (P) from the kinases (a) in
order to deactivate a kinase (i). These
phosphorylations and dephosphory-
lations regulate the whole phosphory-
lation cascade. The interplay of these
mechanisms is crucial to yield a well
balanced cellular response.
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/( _— ways based on phosphorylation cascades regulate diverse cellular responses like
adhesion, division, migration and many others.
N3+ About 2% of the whole human genome, in total about 500 proteins, code
5 for protein kinases. ®? These kinases have the potential to modify the activity of
Adbrioaicn L= ,5’\ - !\ sersubstrate  ahout 30% of all human proteins. > There are two main groups of protein kinases
= J- d KNL— serine/threonine-specific protein kinases (ser/thr-specific kinases) and tyrosine-
o & specific protein kinases (tyr-sepcific kinases) each phosphorylating specifically
bl Q.“ the indicated amino acids. 193 Additionaly also histidine kinases are known but
O\/ are mostly found in prokaryotes and plants.
J The basic fold of such kinase domains is very conserved, especially the core
of the kinases which facilitates phosphotransfer.'%* Ser/thr- and tyr-sepcific
kinase domains are built of a small and a large lobe connected by a hinge region
(cp. Figure 2.4.4). An ATP binding site is located in the small lobe, while the
large lobe hosts the activation loop with catalytic residues and binding sites for
protein substrates. The activation loop gets activated by phosphorylation of
the individual ser, thr or tyr residues and thereby the kinase takes on an active
conformation. The active states for kinases in terms of structure are pretty
similar whereas inactive structures are highly variable. 0
The core of the kinase that allows phosphotransfer is conserved in about 270
amino acids. This is where an ATP has to be kept in place in order to be able
Figure 2.3.1: Schematic depiction ofa ¢4 gplit of the y-phosphate and transfer it to the OH-group of a ser, thr or tyr
Fatalytlc S.'te of protejn kinase A §how— residue. The process is shown in Figure 2.3.1. Mutational studies and sequence
ing a possible activation mechanism. . . . . .
D166 serves as a base toactivate the comparison showed a set of conserved essential amino acids that are crucial for
catalytic function. These conserved residues are: K72 - orienting the a- and

OH f the substrate f -
cleo?)r}?illjig :ttacek Sbl; t;(reay-epl?(;:prl?;te B-phosphate of the ATP: E91 - stabilizing K72; D166 - activating the OH-

Asp184

Catalytic loop

H3+
0- 0-
Ny v
Thr197 O/ \O

N
NH2" NH2

Activation segment

of ATP. This mechanism is not finally group of the substrate; N171 - stabilizing H-bond to D166; D184 - in the DFG
verified. motif allowing Mg2+ binding. 105 1 theory D166 serves as catalytic base for

activating the hydroxyl of ser/tyr in the substrate. This way the attachment
Copyright (2014) Wiley. Used with between ser/tyr-OH and the y-phosphate can take place in an ”in-line attack”.
permission from (Gerhard Krauss, Fig- This process can be compared to nucleic acid-polymerizing enzymes, like a
ure 9.2, Biochemistry of Signal Trans- DNA polymerase (cp. Section 2.1.1), where also metal ions and acidic residues
duction and Regulation 19> and John are utilized for catalyzing the phosphate transfer.'%®

Wiley and Sons)
2.3.1 Non-receptor tyrosin kinases

Tyrosine-specific protein kinases can be subdivided into two groups previously
introduced receptor tyrosine kinases (RTK), as example for transmembrane re-
ceptors and non-receptor tyrosine kinase (nRTK). In contrast to RTKs, nRTKs
reside in the cytoplasm, usually close to the membrane or associated to trans-
membrane receptors and regulate intracellular signaling. Some nRTKs even
facilitate membrane binding themselves to the cytosolic side using N-terminal
lipid anchors. 106 105 nRTKs are typically associated with subcellular structures
and are variably distributed in the cell. They act as nodes in the kinase signal-
ing network and are thereby important distribution points for signals. Usually
multiple signals get aggregated in order to activate nRTKs. These can in turn
phosphorylate a diverse number of downstream signaling molecules. 10°

As already discussed in Section 2.1.2 proteins can be remixed from different
subdomains joined together by flexible linkers. nRTKs are the perfect example
for such a modular build up as depicted in Figure 2.3.2. This modularity typ-
ically includes the usage of Src Homology 2 (SH2) and Src Homology 3 (SH3)
domains that arrange in a SH3-SH2-Kinase manner that can mediate autoinhi-
bition. Autoinhibitions are intracellular interactions that regulate the activity
of kinases. These autoinhibitions are very diverse, ranging from allosteric mech-
anisms that induce conformational changes to direct interference with binding
of substrates. %> However also other modular build ups, not relying on SH2
and SH3, are observed for some kinases as shown later in Section 2.4.1. For
the activation process to take place first the kinase has to be relieved from its
inhibition. '°Y Usually this is achieved by a multi step biochemical process by
different ligands binding to the kinase and therefore changing the kinase in an
accessible active conformation. After that the tyrosines in the active loop can
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get phosphorylated (either autophosphorylated in cis/trans or by another type
of kinase) leading to full activation of the kinase (cp. Figure 2.3.1). Inhibi-
tions are crucial for the regulation of signaling pathways by nRTKs. A kinase
without its inhibitions would be constantly turning over substrate. Thereby no
proper signaling would be possible.

Summing up protein kinases have a common on switch by phosphorylating
one or two serine, threonine, or tyrosine residues in their activation loop and
also keeping a conserved conformation that allows phosphotransfer. Leonard
and Hurley '°7 provide a good quote, describing protein kinases, from Tol-
stoy’s 1% Anna Karenina - “All happy families are alike; each unhappy fam-
ily is unhappy in its own way.” Where every happy/activated kinase family
closely resembles one another in function and structure. They share com-
mon deregulation by phosphatases. But due to their important role at the
top of signaling cascades and at critical cellular decision points a whole set of
mechanisms evolved in addition to dephosphorylation by phosphatases. These
inhibition mechanisms depend on the individual structure of the kinase and
are very diverse from regulatory substrates to the allosteric blocking of ac-
tive sites. Leonard and Hurley '°7 summarize this behavior like that: "Every
[unhappy/inhibited] kinase family may thus be autoinhibited in its own way.”

2.4 Force sensitive kinases

Autoinhibitions can not only be resolved by biochemical processes but also by
the application of mechanical force. The theory behind this is to see autoinhi-
bitions “as a means of encoding mechanosensitivity”.? The mechanical stretch
can change the conformation of the protein to expose the kinase domain by re-
moving surrounding domains without destroying them.! But also the removal
of inhibiting sequences is possible by force. In either case the kinase can be
brought in an active conformation allowing substrate turn over. Of course
force can only account for the relief of the autoinhibition but is not able to
phosphorylate the catalytic residues in the active loop.

The difference between force activation and biochemical activation of a
phosphorylated active loop gets obvious in Figure 2.4.1. As an exemplary pro-
tein kinase focal adhesion kinase (FAK) is taken. Two proteins are compared:
just the kinase domain (1, 2) and the wild type (wt) FAK with autoinhibition
by FERM blocking access to the kinase like a lid (3). Putting the activities
in the context of force activation an inhibited kinase (wt FAK) is the protein
before activation (3). Force activation would bring the kinase in an open state
where the kinase is not inhibited any more (in this case by removal of a FERM
domain lid), similar to an isolated kinase domain without inhibitions (1). How-
ever, the active loop is not phosphorylated so the kinase is not fully activated.
With active loop phosphorylation, full activity of the kinase is restored (2)
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Figure 2.3.2: The figure shows all ma-
jor nRTK families each with one of its
members. Protein structure is shown
linear, not to scale with the N-terminus
on the left and the C-terminus on the
right. The schematic build up demon-
strates the modular nature of these
kinases. All nRTKs except Jak and FAK
(highlighted in the gray dashed box)
contain Src homology domains. The
kinase domain of FAK is framed by a
N-terminal FERM domain regulating
kinase activity and C-terminal focal
adhesion targeting domain (FAT) an-
choring the protein in focal adhesions.
This shows a clear distinction between
the other proteins. FAK is introduced
in detail in Section 2.4.1.

Copyright (2014) Wiley. Used with
permission from (Gerhard Krauss,
Figure 10.19, Biochemistry of Signal
Transduction and Regulation 19> and
John Wiley and Sons)



14 Chapter 2:

T1 2 3
351
I
< 30} =
£
E 25}
o
<
()
S 20f
<
£
15}
10 -& \
p AN
== &741?
0 == |
wt wt wt
Y576/Y577 n y n
phosphorylated
Kinase FERM+
Kinase
open inhibited

Figure 2.4.1: The graph shows the
kinase activity of a isolated kinase do-
main of FAK and a wild type (wt) FAK
where the kinase domain is shielded
by the FERM domain. The isolated ki-
nase domains’ active loop (Y576/Y577)
is in either an unphosphorylated or
phosphorylated state. The inhibited
wt FAK activity is shown in the un-
phosphorylated state. In the main text
the states are compared to a force acti-
vation scenario.

This figure was published in Cell, 129,
Lietha et al. 199, Structural Basis for the
Autoinhibition of Focal Adhesion Ki-
nase, 1181, Copyright Elsevier (2007).

Biological Background

leading to a 5 times higher activity than caused by the force activation (1).
For comparison the wt protein (wt FAK) activity with phosphorylated active
loop is comparable with the activity of the isolated kinase with phosphorylated
active loop. This can be verified in the original publication by Lietha et al. '0?
in Figure 3. This should help to get a feeling of how big the impact of a force
activation is in contrast to a biochemical activation.

In sum it is an interplay between force reorganizing the kinase structure
to help with phosphorylating the active loop by other kinases. Force can be
seen in this context as a catalyst that accelerates activation of kinases. Or in
a general cell signaling view force can act as a first messenger that activates
intracellular signaling.

A force activation behavior, as described above, was already observed ex-
perimentally and described for titin kinase.® Titin is the largest known protein
(about 3 MDa, 1 pM in length) and is assembled from about 300 individual pro-
tein domains. ''3114 One of these domains is titin kinase which is located at the
very end of the C-terminus of titin. Titin limits the maximum extension of the
muscle and saves the sarcomere from overstretching. ''* A key role in regulation
of the muscle contraction is suspected for titin kinase.''? The autoinhibition
of titin kinase is caused by its C-terminal regulator sequence blocking the ATP
binding pocket with additionally binding to the catalytic center mimicking lig-
and recognition (cp. Figure 2.4.2).'1Y Typical activation by Ca?*/Calmodulin
(CaM) as know for close homologs did not succeed in overcoming autoinhibi-
tion. However, it could be shown that the inhibitory regulatory sequence could
be removed by force acting from it’s termini as in the physiological attachment
geometry. Therefore ATP binding after force application becomes possible.”

Titin autoinhibited

Titin open oR2

Figure 2.4.2: The figure shows the behavior of titin kinase under force. Titin kinase
is autoinhibited by the aR2 helical tail (red) blocking the ATP binding site between
the large and the small lobes of the kinase (left side - the strcuture is based on PDB
entry 1TKI119). The aR2 helical tail (red) can be removed by force allowing ATP bind-
ing and allows to further partially unfold the aR1 helix (dark red) exposing the acti-
vation loop (orange) for phosphorylation (right side - open structure of titin kinase is
based on PDB entry 1TKI unfolded by MD simulations ).

Reprinted from

Mathias Gautel. Cytoskeletal protein kinases: titin and its relations in mechano-
sensing. Pfliigers Archiv - European Journal of Physiology, 462(1):119-134, 2011. ISSN
0031-6768. doi: 10.1007/s00424-011-0946-1 under the terms of the Creative Com-
mons Attribution License (CC BY-NC 2.0, https://creativecommons.org/licenses/
by-nc/2.0/).
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This would allow to obtain an active kinase conformation together with grant-
ing access for autophosphorylation of its active loop. These results on the
single-molecule level directly support the idea of a mechanosensory regulation
of muscles by titin kinase.

Comparable autoinhibitory structures are suspected for a lot of proteins
not only kinases. Usually these are first investigated and observed as higher
activity levels of proteins after cell stretching or other experiments on the cel-
lular level.*>~** From these experiments however, it is not clear whether the
protein was directly activated by force or by other proteins downstream from
the force signal. This is why it is important to focus on the molecular level.
Here advanced single-molecule techniques are needed to reveal the processes on
a molecular scale to elucidate the diversity of autoinhibitory mechanisms.

2.4.1 Focal adhesion kinase

Focal adhesion kinase (FAK) is a non-receptor tyrosin kinase (cp. Section
2.3.1) that is a central signaling component in focal adhesions (FAs).!1%:116
FAK is located within the integrin signaling layer in FAs in close proximity
to the plasma membrane.''” With its N-terminal FERM domain its able to
bind phosphatidylinositol 4,5-bisphosphate (PIP3) in the cell membrane and
also targets paxillin with its C-terminal Focal Adhesion Targeting domain
(FAT). M&9FAK can be activated by numerous stimuli and is acting as a
biosensor and signal integrator to regulate cell motility, growth factor signal-
ing and cell survival. 7116 FAK activity is best described in the context of
integrin signaling at the cell surface but is also found to influence diverse other
signaling pathways. 7116 This together with scaffolding function for several
other proteins like Src, Grb2, GRAF and p130Cas makes FAK a key player at
FAs.'7

activation loop, FIP200
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Cell studies showed activation of FAK after force application but didn’t
show the underlying mechanistic details.*?** Due to its location at focal ad-
hesions spanning its termini between membrane and actin cytoskeleton FAK is
strongly suspected as a force indicator. Also molecular dynamics simulations
suggest a rupture of the autoinhibitory interface induced by force. 120121

FAK is a 125 kDa multidomain protein and is assembled of three major do-
mains as shown in Figure 2.4.3. The catalyticaly important kinase domain is
framed by an N-terminal FERM (F for 4.1 protein, E for Ezrin, R for Radixin,
M for Moesin) domain and a C-terminal Focal Adhesion Targeting (FAT) do-
main. The individual domains are connected by linkers that are important
both for signaling but also for releasing the autoinhibition. The FERM and
kinase domain is joined together by a linker harboring binding sites for SH2
and SH3 domains allowing Src binding. The proline rich region between kinase
and FAT domain offers binding sites for diverse signaling molecules making
FAK a scaffolding protein for cell signaling.

FERM domains are again examples of the modular build up of proteins (cp.
Section 2.1.2). They can be found in several proteins families like kindlin/talin,
ERM proteins (like Ezrin) and myosin. '?> The rough structure of FERM is
often described as a clover leave with three lobes (F1, F2, F3) as shown in
Figure 2.4.4. FERMs F2 lobe harbors a basic patch (216-KAKTLRK-221)
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Figure 2.4.3: This figure shows the
domain structure of FAK in a linear
way from N- to C-terminus. The to-

tal length of FAKis 1053 amino acids
comprising three domains. The Kinase
domain (red) is framed by a FERM do-
main (blue) and the C-terminal FAT
domain (orange). The domains are
joined by linker regions. The kinase
domain together with the FERM do-
main compose the autoinhibited sub-
unit linked together by a linker region
(yellow) harboring binding sites for ac-
tivation by Src. The FAT domain is con-
nected to the kinase domain by means
of a proline rich linker region that not
only connectes FAK to focal adhesions
but also serves as a scaffold for other
proteins like GRAF and p130Cas. Main
binding sites and features are shown
together with their residue number.
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Figure 2.4.4: The crystal structure of
FAK (top) shows the autinhibitory sub-
unit of kinase (red) and FERM (blue).
The autoinhibitory interface (gray
dashed line) is stabilized by the F2-
lobe of the FERM domain and the C-
lobe of the kinase domain thereby
shielding the activation loop (A-

loop) from substrate binding. The C-
terminus connects via the proline rich
region to the FAT domain thereby an-
choring FAK to paxillin (not shown).
The basic patch region (dark blue) al-
lows FAK to bind to PIP, clusters on
the plasma membrane. The orange
and green arrow show the physiolog-
ical force application and the intro-
duced peptide tags for attachment
shown later in Section 4.2. On the
bottom the cut out of the inhibitory
substructure from the total structure
is shown. For a detailed abstract struc-
ture refer to Figure 2.4.3. The structure
is adapted from PDB entries 2J0J 109
and 21JM)

Reprinted from Bauer et al.*> accord-
ing to the PNAS license.
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that allows FAK to bind to clustered PIPy at the plasma membrane. FERM
plays a crucial regulatory role for FAK. The active site is blocked for substrate
binding by the FERM domain and thereby prevents phosphorylation of the
activating tyrosine residues. This way no catalytic activity can occur before
removing the FERM domain from the kinase domain. FERM is keeping FAK
in an autoinhibited state. 07109

The catalytic kinase domain is structured in three subdomains with an N-
lobe, an activation loop and a C-lobe very similar as the general strcuture
of a kinase described in Section 2.3. The activation loop contains two main
phosphorylation sites (Y576, Y577) that have to be phosphorylated to yield
full catalytic activity.'”” The C-lobe can tightly interact with the F2 lobe of
FERM and thereby allows autoinhibition of the kinase. This autoinhibition
can be overcome by mutation of two residues in F2 (Y180A, M183A) releasing
F2 from the kinase C-lobe permanently. The ATP binding pocket is subject
for FAK inhibitors targeting ATP turn over. %

The FAT domain is the very C-terminal end of FAK. It is not suspected
to directly interact in the autoinhibitory process. Its important for localizing
FAK to FAs by allowing binding to actin-associated proteins like paxillin. FAT
also harbors a binding site for an SH2 domain which allows Grb2 to bind to
the phosphorylated tyr residue Y925.'2* This binding site is suspected to be
cryptic and only accessible upon stretch of the FAT domain.

The linker between the individual domains do not only connect the domains
but also have a regulator scaffolding role themselves. The linker region between
FERM and kinase harbors two tyrosine residues (Y397, Y407) as well as a PxxP
motif. In the autoinhibited conformation these residues are tightly bound to
avoid phosphorylation. Release of the residues allows the binding of SH2 (Y397)
and SH3 of Src which in consequence is important for full FAK activation (cp.
Section 2.4.1.1) The kinase domain and the FAT domain are connected with a
220 residues long proline-rich linker. It harbors several PxxP motifs allowing
the binding of several SH3-domain harboring interaction partners of FAK like
p130Cas, GRAF and ASAP1 at residues 712 and 847.125712% The linker also
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harbors a number of Serine residues (5722, S732, S843, S190) that are suspect
to phosphorylation by binding partners. In contrast to the tyrosine residues
these serine residues are less investiated but are suspected to play a role in
cross-talk with growth factor signaling pathways. 12%130

2.4.1.1 Biochemical activation of FAK

In order to overcome the autoinhibition of FAK in a physiological setting FAK
has to undergo a very well orchestrated multi step process. This process starts
with FERM binding to PIP, with its basic patch region. PIPs binding induces a
conformation change in FAK releasing the linker between kinase and FERM and
opens up the N-lobe/F1-lobe gap without opening up the inhibiting F2/kinase
C-lobe interaction (cp. Figure 2.4.5). Thereby the linker exposes its tyrosine
397 residue for autophosphorylation which can happen in trans. This is why
colocalization of several FAK molecules in PIPs clusters is important for FAK
activation. The phosphorylation of Y397 allows the binding of Src with its SH2
domain to Y397 and the SH3 to a PxxP motif (371-374) in the linker region
between kinase and FERM. This way the interface between F2/kinase C-lobe
gets completely released and allows phosphorylation of the tyrosine residues in
the active loop by Src. ®

This FRET based study explained above also suggest a tightening of the
whole kinase domain upon binding of ATP.!'® This can be confirmed by MD
simulations on the influence of PIPy and ATP binding to FAK.'?!

In Section 4.2 the autoinhibition mechanism will be probed in dependence
of force by AFM-based SMFS.

2.4.2 Myosin light-chain kinase

Smooth muscle myosin light-chain kinase (smMLCK) is a ubiquitously ex-
pressed calcium/calmodulin-dependent (Ca?*/CaM) serine/threonine kinase
that is regulating smooth muscle contraction by phosphorylating the regula-
tory myosin light chains (RLC) of myosin I1.47131 This phosphorylation event
induces myosin’s interaction with actin filaments to allow ATPase activity of
the myosin heads resulting in myosin’s powerstroke and ultimately in muscle
contraction. '*? In smooth muscle tissues and and even non-muscle cells MLCK
isoforms initiate contraction but also are a starting point of diverse other cellu-
lar functions.*+!33 Structure-based studies found that MLCK is autoinhibited
by a pseudosubstrate sequence, mimicking RLC to prohibit kinase activity by
blocking substrate recognition and also interfering with the catalytic subunit
(cp. Figure 2.4.6).1347136 This autoinhibition can be overcome by calmodulin

Figure 2.4.5: This Figure depicts the
biochemical activation process of
FAK. FAK gets recruited to PIP, clusters
in the plasma mebrane and binds with
the basic patch region (dark blue) to
the membrane in step 1. This releases
the linker region between kinase and
FERM and thereby exposes Y397 for
autophosphorylation in trans in step 2.
Following Src can bind to Y397 with its
SH2 and to a PxxP motif with its SH3
domain in step 3. Consequently the
A-loop can get phosphorylated by Src
releasing the autoinhibitory interface
and keeping the kinase from binding
back to the F2-lobe of FERM (shown

in step 4). Refere to the main text for
details.

Reprinted from Goii et al. 8 accord-
ing to the PNAS license.
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forming a complex with Ca’?t from extracellular or released cellular stored
Ca2* of the sarcoplasmic reticulum. The Ca®t:CaM complex can in turn bind
to smMLCK and thereby induce conformational changes. These include the
releases of the pseudosubstrate from the substrate binding region and allows
catalytic activity. 37
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Figure 2.4.6: This figure demonstrates the basic biochemical Ca%*/CaM-dependent
activation scheme of MLCK. This exemplary case is shown for striated muscle MLCK
(green). The similarities between titin kinase can be observed by comparing this
figure with Figure 2.4.2. However, MLCK can bind ATP from the beginning and is

not inhibited by a ATP mimicking loop as for titin kinase. 38 MLCK is inhibited by a
regulatory pseudosubstrate (yellow) preventing subrate binding and thereby turn
over. Acivation of calmodulin (CaM) in blue can be initiated by loading CaM with four
Ca2* (black dots). This enables CaM to bind to the CaM binding loop (red). Thereby
the inhibitory pseudosubstrate is removed and CaM is keeping it from folding back.
The conformational change in MLCK now allows binding of its substrate the regula-
tory light chain (RLC) and consequently catalytic turn over (downward arrow). The
RLC can be downregulated by myosin light-chain phosphatase (MLCP) by removing
the phosphate again (upward arrow). Further details are provide in the main text.

This research was originally published in the Journal of Biological Chemistry. Kamm
and Stull 139, Signaling to Myosin Regulatory Light Chain in Sarcomeres. J Biol Chem.
2011; 286: 9941-9947. ©2011 by The American Society for Biochemistry and Molecu-
lar Biology, Inc.

In regulation of smooth muscle this is just one puzzle piece of a network
of activators and inhibitors influencing the phosphorylation of RLC. These
include smMLCK and its antagonist type 1 myosin phosphatase which are
themselves regulated by several protein kinases. For instance phosphoryla-
tion of smMLCK itself by Ca?*/CaM-dependent protein kinase II is leading
to inhibition of smMLCK. 131136 Also type 1 myosin light chain phosphatase is
subject of regulation of Rho kinase, cGMP and also cAMP-dependent protein
kinases. So there is a complex interplay between Ca?t dependent and inde-
pendent pathways regulating the phosphorylation of RLC. The simplistic view
of Ca?T correlating with activation smMLCK won’t tell the whole story for
smooth muscle regulation since all players can be made sensitive or insensitive
to Ca®t. Leading to the view of smMLCK being influenced by a multitude
of external factors where Ca?* /CaM-dependence is an important and best de-
scribed factor but by far not the only one. 31140

A Ca’t/CaM-independent regulatory pathway induced by mechanical stim-
uli was motivated by sequence and structural homology to titin kinase, which
was found to be force-activated by Puchner et al.® in 2008 (cp. Figure 2.4.2
to Figure 2.4.6). Both titin kinase and smMLCK exhibit similar actin-myosin
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association in muscle and are therefore also expected to be exposed to a similar
amount of force. smMLCK harbors an N-terminal F-actin binding site contain-
ing three DFRXXL motifs '*! and a C-terminal immunoglobulin related (Igt)
telokin region for myosin binding. These attachment points allow smMLCK to
span thick (primarily myosin) and thin filaments (primarily actin) in smooth
muscle cells and are therefore potentially subject to forces occuring between
them. "3 For an expected force activation one would expect a force guided tran-
sition from an inhibited conformation to a catalytic active conformation by
removing or unfolding a pseudosubstrate while still retaining a functional struc-
ture of the protein as a whole (cp. Figure 2.4.6). These structural changes and
transitions between conformations are subject to single-molecule AFM inves-
tigations in the presence of different binding partners allowing conclusions on
the force-dependent behavior of smMLCK (see Section 4.1).

2.5 Basics of the SARS-CoV-2 life cycle

The outbreak of a pandemic caused by the novel human S-coronavirus, SARS-
CoV-2 causative agent of coronavirus disease 2019 (COVID-19), is posing a
challenge to health care systems and societies in countries world wide. 142143
Even though the sequence of SARS-CoV-2 was only being known since early
January of 2020 (deposited on GenBank MN908947.3) the past year has seen a
multitude of studies investigating mechanistic details of the virus processes. %
This enabled not only an interesting insight on a well orchestrated viral repro-
duction mechanism, it ultimately allowed the development of both new vaccines
and therapies in a very limited time.”714% A lot of these studies on uncover-
ing the molecular insights of SARS-CoV-2 could rely on knowledge created on
SARS-CoV the virus causing the outbreak of SARS in 2002 and also on Middle
East respiratory syndrome-related coronavirus (MERS-CoV) in 2012. These
coronaviruses share similar traits and therefore allow valuable comparisons for
deciphering the life cycle of SARS-CoV-2.

2.5.1 Basic build up of SARS-CoV-2

Coronaviruses (CoVs) are a very diverse family of enveloped positive-sense
single-stranded RNA viruses. The nanometer sized SARS-CoV-2 virion has
four main structural proteins E envelope, M membrane, N nucleocapsid, and
S spike. 144145 The virion core holds N packing the viral RNA wrapped in a
shell of E, M proteins and parts of the host cell plasma membrane. The en-
velope is additionally equipped with its eponymous trimeric S glycoproteins
causing a distinct halo or crown-like appearance (see Figure 2.5.1) as seen in
cryo-electron tomography.

2.5.2 Viral entry mechanism

Three S1/S2 heterodimers assemble to building the trimeric S glycoprotein. In
detail three S2 form a central helical stalk that is covered by S1. The three
covering S1 are subdivided in an N-terminal domain (NTD) and a C-terminal
domain (CTD) comprising a receptor binding domain (RBD or CTD1).67:146
It has been shown that interactions between RBD, from subunit S1, and the
human ACE2 receptor facilitate cell entry (cp. Figure 2.5.2).'47 Consequently
this interaction is a major target for host immune surveillance and blocking
therapeutics.%” S can present a triplet of RBDs each in an up or down con-
formation and is therefore either open or closed for ACE2 binding.'*® The
fraction of RBDs in the up conformation is increased by furin cleavage post-
translationally already during viral packing.%714% S1 and S2 remain associated
after furin cleavage. 1?7191 SARS-CoV-2‘s RBDs change constantly from up or
down state in order to avoid getting recognized by an immune response and
shield the virus from antibody recognition.®” The RBD binding to ACE2 is a
trigger for initiating a well orchestrated process priming the the virus for fusion
with the host cell membrane. When the RBD gets bound to ACE2 a second

telokin - combined from greek
telos for ’end’ and the beginning of
kinase - telokin is also known as
kinase-related protein and can both
exist as a solitary protein but is
also the C-terminal end sequence of
MLCK

Figure 2.5.1: Exemplary SARS-CoV-2
virion recorded with cryo-electron to-
mography (scale bar, 30 nm). Clearly
visible are the viral envelope and S
trimer arranged around the surface
of the envelope. S proteins are po-
sitioned in a randomly manner not
showing any clustering behavior. The
Figure was adapted from Turoriova
etal. "4 (crop out from Figure 1A of
the original publication)

Reprinted from Turoriova et al. 144
In situ structural analysis of SARS-
CoV-2 spike reveals flexibility me-
diatedby three hinges. Science,
page:5223, 2020. ISSN 0036-8075.
doi:10.1126/science.abd5223 un-
der the terms of the Creative Com-
mons Attribution License (CC BY 4.0,
https://creativecommons.org/
licenses/by/4.0/).
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Figure 2.5.2: The viral entry mech-
anism shown here for SARS-CoV can
as well be applied to SARS-CoV-2. The
only difference is that S2’ cleavage (red
scissors) for SARS-CoV-2 is suspected
by TMPRSS2. The detailed process is
explained in the main text.

Reprinted from

Wenfei Song, Miao Gui, Xinquan Wang,
and Ye Xiang. Cryo-EM structure of
the SARS coronavirus spike glyco-
protein in complex with its host cell
receptor ACE2. PLOS Pathogens, 14
(8):1007236, 2018. ISSN 1553-7366.
doi: 10.1371/journal.ppat.1007236
under the terms of the Creative Com-
mons Attribution License (CC BY 4.0,
https://creativecommons.org/
licenses/by/4.0/) ©2018 Song
etal.1>2
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proteolytic site (S2’) is getting exposed to a host protease, transmembrane Ser-
inprotease 2 (TMPRSS2), that can cleave at S2’ and releases a class I fusion
peptide. '*> RBD binding to ACE2 destabilizes the total S protein conforma-
tion and triggers a reordering in a ”jackknife” like extension of S2 to adapt to
the post-fusion conformation. This way S2 can penetrate the host cell mem-
brane with the previously released fusion peptide disrupting the membrane
order. 1737199 The S1 subunit is thereby released from the S2 complex and can
stay bound to ACE2. This way membrane fusion is induced by attachments
formed by S2 around the virion surface. The binding affinity of only the RBD
is higher for SARS-CoV-2 in contrast to SARS-CoV. 57156 However, the total S
protein has a higher affinity shown for SARS-CoV indicating a better shielding
of the RBD for SARS-CoV-2.67

Inhibiting this viral entry process by therapeutics or a vaccine induced
immune response disrupts viral reproduction from the first step. An approach
for quantifying the stability of the initial attachment of ACE2:RBD for possibly
screening interfering molecules is shown in Section 4.6.
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Materials and Methods - From DNA to
force-spectroscopy data

After introducing the main biological systems their way into the instrument
and into the final graph should be explained. To start a single-molecule force
spectroscopy measurements the first step is to get hold of the protein of choice
with the handles to be able to probe it. Both instrumentation, attachment and
surface chemistries are explained in regard to AFM and MT measurements. A
brief overview is given into the data analysis and models used to interpret the
data.

3.1 From DNA to protein

The majority of the constructs used in this thesis where designed to be ex-
pressed in Escherichia coli (E. coli). Bacterial systems are widely used to yield
high amounts of protein if no special post-translational modifications or com-
plicated folding is needed. For more demanding constructs in vitro expression
systems, mammalian and insect cell expression systems were used mostly by
collaborators (see supplementary information of individual publications). The
used vectors and corresponding cell lines are listed in Table 3.1.1.

expression system vectors cell lines
DH5a,NICO21DES3,
E. coli pET21, pET28, pGEX6P2 BL21 (DE3), CVB101
Mammalian pOPINF HEK293GnT1
Insect pENTR11 Sf9
in vitro pT7CFE1l HeLa

Table 3.1.1: Vectors and cell lines used for protein expression

For cloning mainly Gibson assembly but also classic cloning by using re-
striction enzymes was used. For the most part new DNA sequences were either
ordered as linaer DNA fragments (by Thermo Fisher Scientific GENEART
GmbH, Regensburg, Germany) or ordered from addgene (Addgene Europe,
Teddington, UK). Plasmids were isolated by Miniprep kit (Quiagen, Hilden,
Germany). The concentrations were determined photometrically by UV ab-
sorbance at A=260 nm using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Wilmington, USA). Sequencing was conducted using sanger sequenc-
ing*7 (Eurofins Genomics, Ebersberg, Germany) mostly using T7 promoter
and T7 terminator primer for sequence verification of pET vectors. Transfor-
mation in E. coli is achieved by using the heat shock method.
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3.1.1 Protein expression

3.1.1.1 Prokaryotic protein expression

For prokaryotic protein expression either induction by Isopropyl-f-D-thioga-
lactopyranosid (IPTG) or autoinduction was used. '*® For both approaches 7 ml
LB precultures supplemented with the according antibiotic (cp. Table B.0.1)
were inoculated either directly form a single culture on an agar plate or from
a glycerol stock. These precultures were incubated for up to 14 h at 37°C
in 15 ml falcon tubes shaking at 220 rpm. After that the main culture was
inoculated with the preculture. For IPTG induction LB or SB was used and
for autoinduction ZY medium. The flask volume should be at least 5 times
larger then the volume of the culture (eg. use 400 ml culture in a 2 1 flask).
The main culture is incubated at 37°C for 24 h (or 6 h at 37°C and 18 h for
a lower temperature dependent on the protein) and shaked at 110 rpm. For
IPTG induction the optical density (OD) at 600 nm (ODggg) is measured every
30 min until ODgg=0.5-0.7. Then main culture can be induced by 0.2 - 0.25
mM IPTG. After that the temperature can be lowered to 18°C

For expression of ELPs the main medium was supplemented with amino
acids important for the recurring motifs of the protein.

The cells are harvested by centrifugation at 6,000 - 8,000 g for 15 min at
4°C (JA-10 rotor in Avanti J-25 centrifuge, Beckman Coulter, Brea, USA). The
supernatant is discarded and the cell pellet transfered to a 50 ml falcon. For
having the pellet on the very bottom of the falcon the falcon can be centrifuged
at 1,000 g for 1 min (JS 7.5 rotor - Beckman Coulter, Brea, USA). The cell
pellet is stored at -80°C until lysis. Freezing before lysis for around 1 h can
improve the lysis process.

The detailed protocol, for incubation times for the different proteins, can
be found in the appendix in Section B.0.4.

3.1.1.2 Mammalian in vitro transcription translation

For rapid approaches to use mammalian proteins, that are not expressing prop-
erly in E. coli, a 1-Step Human High-Yield In Vitro Translation Kit (Pierce
Biotechnology, Rockford, USA - Catalog number: 88891/88892) can be uti-
lized. %Y These kits are proprietary so the exact working mechanism is unfor-
tunately not described except a HeLa lysate is used for processing the plasmid
of choice. 10 This lysate is supposed to contain all cellular components needed
for protein synthesis, including ribosomes, initiation factors, elongation factors
and tRNA. 1% The kit is optimized for T7 promoter and an encephalomyocardi-
tis virus (EMCV) Internal Ribosome Entry Site (IRES) to assure high yield of
in vitro expressed protein in a cap-independent fashion.!'%? Usage of the pro-
vided pT7CFEL1 vector is crucial since it comprises the needed EMCV IRES
element the kit is optimized for. Expression can be monitored by fluorescent
readout of a provided pCFE-GFP vector.

The handling for expression is easy and just involves mixing of supplied
components and providing an extracted plasmid produced in E. coli. The
preincubated mix is incubated in a dialysis reaction tube for up to 16 h mixing
at 750 rpm in a ThermoMixer (Eppendorf AG, Hamburg, Germany) at 30°C.
After 16 h the protein can be used right away or further purified.

The detailed protocol can be found in the appendix in Section B.0.3.

3.1.2 Protein purification

Purification is different in certain points for each protein. The general purifying
approaches are described below.

3.1.2.1 Immobilized metal affinity chromatography (IMAC)

This is the basic purification approach used for all the proteins. Lysis buffer
(10-20 ml, about 5x pellet volume) supplemented with 10 pg/ml DNase (Roche



Molecular Systems, Inc., 04716728001), 100 pg/ml lysozyme (Roche Molecular
Systems, Inc., 10837059001) and one tablet per 100 ml cOmplete protease
inhibitor (Roche Molecular Systems, Inc., 11836170001) is used to resuspend
the cell pellet. For reducing cysteines additionally 1 mM TCEP can be added
if needed. A serological pipette is used for bringing everything into solution
until a homogeneous mix is achieved. The resuspendended pellet is sonicated 2
times for 7 min (35% Power, Cylce 50; Sonopuls GM70, BANDELIN electronic
GmbH & Co. KG, Berlin, Germany) on ice to keep the lysate cold. If pellet is
still sticky after sonification an additional step of sonification is added. After
pellet is well sonicated the lysed solution is centrifuged for 1 h at 15,000 g
at 4°C (JA25.50 rotor pre cooled in Avanti J-25 centrifuge, Beckman Coulter,
Brea, USA). Afterwards the supernatant is filtered in two steps first with a
0.45 nm filter then a 0.22 pum filter (Syringe filters ROTILABO® MCE, 0,22
nm, 0,45 pm, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) using a 30
ml disposable syringe (Disposable syringe Omnifix® With Luer-Lock fitting,
30 ml, Carl Roth GmbH + Co. KG, Karlsruhe, Germany). If the filter gets
blocked a new filter is used.

The filtered solution is then loaded on a nickel affinity column (HisTrap HP
5 ml, GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using a HPLC (AKTA
start, AKTA Explorer, GE Healthcare Bio-Sciences AB, Uppsala, Sweden).
During all steps UV, pressure and conductivity is recorded. After the filtered
supernatant is loaded onto the column a washing step with 5x column volume
(25 ml) wash buffer is conducted. After the washing step the bound His-tagged
protein can be eluted from the column using elution buffer in either a gradient or
isocratic elution. The flow through is saved and fractioned for further analysis
on an SDS gel.

3.1.2.2 Assembly of monovalent proteins from inclusion bodies

If proteins are expressed in inclusion bodies, as for example the monovalent
streptavidin/strep-tactin variants, a different approach can be pursued (cp.
Section 3.4.1).16! This is the case for the subcomponents assembling mono-
valent strep-tactin/streptavidin (cp. Sections 3.4.2/3.4.1). In the easiest case
(eg. a monovalent streptactin) two different protein species are needed: one
functional subunit harbouring an SII binding site and an N-terminal 6xHis-
tag, for purification, as well as a unique Cysteine (Cys) residue and another
unfunctional subunit with an unfunctional binding site and no 6xHis-tag or
unique Cys. To sum up the basic idea two subunits are expressed separately
in inclusion bodies. These are purified in the insoluable fraction and then de-
natured. The denatured subunits are then mixed in the right ration to allow
proper statistic formation of monovalent proteins. This means a lot of (factor
10) unfunctional and less functional subunits have to be mixed. After letting
the protein fully refold by diluting the mixture in a large volume of refolding
buffer the fully assembled protein can be purified using the 6xHis-tag. Also
statistically misfolded cases can be separated using the His-tag. This way not
fully assembled proteins just having unfunctional, non His-tagged proteins will
be in the flow through. Also assembled proteins with more than one His-tag
can be separated since they elute later off the nickel column.

The subunits are expressed in BL21 (DE3) and harvested as explained in
Section 3.1.1.1 using SB medium 300 ml for the functional subunit and 700 ml
for the unfunctional subunit. The harvested cells are resuspended in bacterial
protein extraction reagent (B-PER) (Pierce Biotechnology, Rockford, USA -
Catalog number: 78243) (4 ml per 1 g cell pellet) supplemented with 10 pg/ml
DNase (Roche Molecular Systems, Inc., 04716728001) and 100 pg/ml lysozyme
(Roche Molecular Systems, Inc., 10837059001). The resuspendended cell pel-
let is sonicated on ice, two times for 7 min (35% Power, Cylce 50; Sonopuls
GM70, BANDELIN electronic GmbH & Co. KG, Berlin, Germany). Addi-
tional sonification steps were added when cells weren’t fully lysed. Following
a centrifugation at 20,000 g for 30 min was conducted to sediment insoluble
debris together with the inclusion bodies. The supernatant is discarded and
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This protocol can be modified to
fit the individual protein equipped
with a 6xHis-tag. For exam-
ple an additional denaturation step
(adding 6 M guanidine hydrochlo-
ride - GdnHCIl) can be conducted
before loading on the HPLC in or-
der to lose all biotins present (cp.
Section 3.4.3 for monomeric strepta-
vidin) while loading the supernatant
on the column. The following wash
and elution step should then also
be carried out with buffers supple-
mented GdnHCI. Also following pu-
rification from inclusion bodies (cp.
Section 3.1.2.2) is based on this pro-
tocol.
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the pellet containing the inclusion bodies was resuspendend again in 4 ml/1 g
washing buffer (30 mM Tris HCI, pH 7.5, 150 mM NaCl and 0.1% TritonX-100).
This step of centrifugation and washing of the inclusion bodies is repeated for
at least four times until the supernatant becomes clear and the pellet very
bright. The inclusion body pellet is then finally solved in solubilization buffer
(20 mM Tris HCI pH 7.5, 6 M GdnHC]), the functional subunit in 6 ml and
the unfunctional subunit in 12 ml solubilization buffer. The concentration of
both solutions are determined photometrically by UV absorbance at A=280 nm
using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Wilmington,
USA). To assure the right stoichiometry by statistic recombination later the
total amount of unfunctional subunits was used and mixed with 1/10 mass of
functional subunits. The mixture was then again centrifuged at 20,000 g for
30 min and the supernatant kept for further use. To slowly refold the subunits
to a tetrameteric protein, the mixed solution is slowly dropped in refolding
buffer containing 500 ml 1x PBS and 10 mM B-Mercaptoethanol (also DTT
or TCEP can be used as reducing agents if they are compatible with the His
purification strategy). The mixture is dropped into the refolding buffer slowly
drop by drop with a pipette. The refolding solution is then incubated over
night at 4°C in order to support refolding. After over night incubation the
solution is filtered using a cellulose filter to remove precipitate. Afterwards the
standard His purification protocol for loading the sample on the HPLC can be
performed. The elution was conducted with a linear gradient from 10 to 300
mM Imidazole (in 1x PBS, 10 mM p-Mercaptoethanol). The elution fractions
are then analyzed on an SDS gel. This way the stoichiometry can by verified
by using a maleimide dye for labeling. If samples are not heated to 95°C the
tetramer runs stably on the gel. For samples incubated at 95 °C the monomers
can be observed. When the right fractions are determined they can be pooled
and dialyzed over night against 1x PBS. The monovalent streptactin can then
be stored at 4°C in addition to 1 mM Immobilized TCEP Disulfide Reducing
Gel (Pierce Biotechnology, Rockford, USA - Catalog number: 77712) for up to
4 years (assessment ongoing). The tetrameric monovalent streptactin (and all
streptactin/streptavidin variants) should not be frozen since this disrupts the
tetramer.
The detailed protocol can be found in the appendix in Section B.0.5.

3.1.2.3 Purification with magnetic nickel beads

A similar method for purifying proteins in a fast and small scale approach
is purification with nickel beads. It can be used to purify the small volumes
of the in wvitro translation reaction (cp. Section 3.1.1.2). The approach is
simple and uses magnetic-bead-based IMAC medium charged with nickel ions
(HIS Mag Sepharose Excel, GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
together with a magnetic rack (MagRack 6, GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). After removing the stock solution of the magnetic beads
and a following washing step in washing buffer (low imidazol content) the beads
get dispersed in the lysed cell solution. For washing the magnetic beads can
be held with a magnetic rack inside the reaction tube while the supernatant
liquid can be removed using a pipette. The bead lysis mix gets incubated for
at least 1 h at room temperature (or over night at 4°C) assuring end-over-
end mixing (Cole-Parmer Tube Rotators, Cole-Parmer, Wertheim, Germany)
in order to avoid sedimenting of the magnetic beads. After incubation the
beads can be washed using the magnetic rack. Washing should not take longer
than 1 minute. After washing the beads can be eluted using elution buffer
(high imidazol content) by incubating the beads for 1 min with occasional light
vortexing (Vortex-Genie 2, Scientific Industries Inc., New York, USA). Eluted
protein can then be removed using the magnetic rack and the solution saved
for buffer exchange. The elution process can be repeated three times. After
purification the buffer can be exchanged in a Zeba Spin Desalting Column
(Pierce Biotechnology, Rockford, USA) with the right size cut off. After the
buffer exchange the protein is ready for direct use or can be frozen using liquid



nitrogen and stored in -80°C.
The detailed protocol can be found in the appendix in Section B.0.6.

3.1.2.4 Inverse transition cycling (ITC)

Elastin-like polypeptides (ELP) are intrinsically disordered proteins so they
don’t show a well-defined secondary and tertiary structures (cp. Section 2.1.2).
They are assembled of a recurring repetitive amino acid VPGXG motif where
X is a guest residue. Also they undergo a soluble-to-insoluble phase transitions
dependent on temperature changes. These properties can be exploited for
purification since insoluble proteins sediment during centrifugation and the
ELP can be switched from soluble to insoluble in order to separate them from
other proteins that don’t refold.

Protein is expressed using the method explained in Section 3.1.1.1 with the
addition of individual amino acids (5 mg/ml Val, 5 mg/ml Pro, 10 mg/ml Gly)
in the ZY medium in order to supply enough amino acids for recurring motifs in
the ELPs. The cells are lysed using the procedure explained in Section 3.1.2.1
with the addition of 1 mM TCEP in the lysis buffer to keep the cysteines
reduced.

After cells are lysed and centrifuged the supernatant gets heated to 65°C
for 20 min. This way the ELPs should precipitate together with contaminant
E. coli proteins. After the heat step the solution is put on ice for 20 min and
is then incubated for 45 min on a tube roller (Cole-Parmer Tube Roller, Cole-
Parmer, Wertheim, Germany) at 4°C. This allows the refolding of the ELPs but
the F. coli contaminants should ideally stay unfolded. After a centrifugation
step for 15 min at 15,000 g at 4°C (JA25.50 rotor pre cooled in Avanti J-25
centrifuge, Beckman Coulter, Brea, USA) the supernatant is supplemented
with NaCl and heated to 65°C for 20 min to again precipitate the ELPs. But
now the ELPs are not refolded but centrifuged at 3.220 g for 15 min at 40°C
(Eppendorf 5804 Benchtop Centrifuge, Eppendorf AG, Hamburg, Germany).
The supernatant is discarded and the pellet saved. The pellet should already
look a bit translucent when getting dry. The pellet is again resolved in MiliQ
supplemented with 1 mM TCEP and incubated for 10 min on ice and trans-
fered to a 2 ml reaction tube. The incubated solution can then be centrifuged
in at 20,000 g at room temperature in a table top centrifuge (Eppendorf 5418
Centrifuge, Eppendorf AG, Hamburg, Germany). This way contaminant pro-
tein should be sedimented. The supernatant is then again supplemented with
NaCl and heated to 65°C for 20 min to again precipitate the ELPs. The so-
lution is then centrifuged in at 20,000 g at room temperature in a table top
centrifuge. The supernatant is discarded and the ELP pellet should become
visible as transparent pellet. The process of solving precipitation with heat
and cold centrifugation to clear out contaminants is repeated until the pellet
is fully transparent. The transparent pellet is then solved in coupling buffer
and kept on ice for 5 min. The solution is then centrifuged at 20,000 g at room
temperature in a table top centrifuge to sediment residual contaminants. The
ELPs can then be frozen in liquid nitrogen stored in -80°C. The ELPs should
stay reduced since they were reduced in the last step before the last solving
step. So no additional reduction is needed after thawing if ELPs are used right
away.

If ELPs contain a 6xHis-tag they can also be purified using the procedure
explained in Section 3.1.2.1.

The detailed protocol can be found in the appendix in Section B.0.7.

3.1.3 Concentration determination

The concentration of proteins containing tryptophan can be measured pho-
tometrically by UV absorbance at A=280 nm using a NanoDrop spectropho-
tometer (Thermo Fisher Scientific, Wilmington, USA). The ELPs don’t contain
tryptophan so an alternative approach for measuring the backbone absorption
at 205 nm was used. %> However the observed absorption peak was found at
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Figure 3.2.1: This schematic shows an
AFM head used for the SMFS experi-
ments conducted here. (A) The base
framework (green) of the AFM head

is made of aluminum and holds the
important components of the AFM.
These are the z-piezo for moving the
head up and down, a superlumines-
cent infrared (IR) diode and a photo
diode to detect the deflection of a can-
tilever tip. The cantilever is mounted
to the AFM head with a glass cone.
The cantilever tip is functionalized
with a receptor (light green) that en-
ables binding to ligands (red) attached
to a sample surface. By changing the
height of the AFM head the recep-

tor can bind a ligand on the surface
and the piezo is again driven away
from the surface. Consequently a
force is applied to the receptor lig-
and bond that is deforming the can-
tilever tip. The deflected IR beam can
be recorded by a photo diode to ana-
lyze the occurring forces. This process
can be repeated multiple times at al-
tered positions using the x-y sample
piezo stage. The height between the
AFM head and the surface can be al-
tered in two different ways used in two
different experimental setups: type 1

- by a z-piezo moving the AFM head;
type 2 - by a z-piezo stage below the
sample with a fixed AFM head. (B) The
voltage values of the z-piezo and the
photo diode have to be converted to
nanometer and piconewton values
according to the calibration of the can-
tilever and the measurement setup.

Schematic is commonly used in the
Gaub lab and was originally design
for my master thesis and was later
adapted by Jochen Miiller 163,

210-215 nm. This could be explained by the conformation the ELP adopts. For
having relative concentration comparison the labeled ELPs can be analyzed on
an SDS gel.

3.2 Force Spectroscopy

Biological systems rely on mechanical stimuli in order to function properly and
organize in well defined structures. To probe interactions on a molecular level
special instruments are needed in order to be able to look at these mechanisms.

AFM head
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3.2.1 Atomic force spectroscopy based force spectroscopy

The measurements were conducted on custom built AFM setups with custom
AFM heads (cp. Figure 3.2.1) controlled by a MFP3D controller (Oxford
Instruments Asylum Research, Inc., Santa Barbara, CA, USA; piezo nanopo-
sitioners: Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany and
Attocube Systems AG, Munich, Germany). Data acquisition and instrument
operation was controlled by a custom written software in Igor Pro 6.3 (Wave-
metrics Inc., Portland, OR, USA). Measurements were typically run completely
automatic for 16 h at room temperature.

The basic working principle comprises a micrometer sized silicon spring
(called cantilever) that has a tiny tip on the unfixed end of the spring. The
spring is covered with gold to reflect an IR beam (cp. Figure 3.2.1) in order
to measure the deflection of the spring. The spring gets moved in respect to a
sample surface. When the spring gets indented in the sample surface the spring
gets bent and the bending can be visualized as a deflection of the IR beam.
This also happens when a protein attaches to the tip of the cantilever and the
cantilever gets retracted from the sample surface. The forces the protein is
experiencing is bending the spring and thereby gets visualized as deflection of
the IR beam on a photo diode. By knowing the spring constant this deflection
can be calculated into a force. This is the force the protein is experiencing
between sample surface and the tip of the cantilever. The voltage signal of
the photo diode and the voltage signal of the z-piezo has to be converted to a
piconewton force value and a nanometer extension value (cp. Figure 3.2.1B).

For a type 1 setup the distance traveled by the z-piezo doesn’t correspond
directly to the distance covered by the cantilever tip (Figure 3.2.1A). Therefore
a calibration constant is introduced to account for this difference, called z-piezo
sensor sensitivity (z-sensitivity). The constant is obtained by using interference
patterns of the IR beam on a gold surface. 1% For a type 2 setup this step is not
needed since the piezo movement directly corresponds to the sample movement.
Consequently the calibration of the manufacturer can be used directly.



Moreover the deflection of the cantilever has to be converted utilizing the
inverse optical lever sensitivity (InVOLS - nm/V) that correlates the move-
ment of the piezo in nm (already scaled by the z-sensitivity) to the bending
of the cantilever tip recorded as voltage by the photo diode. The deflection of
the cantilever can be probed by pushing the tip into a hard surface until the
cantilever shows a linear response. This linear response can be fitted to obtain
the InVOLS value. Using the z-sensitivity together with the known bend (from
InVOLS) of the cantilever the end-to-end distance of the protein (extension,
distance from sample surface to the cantilever tip) can be calculated (Figure
3.2.1B).

Additionally the spring constant is calibrated by recording the thermal spec-
trum and analyzing the cantilever as a harmonic oscillator. '9%166 Consequently
the force value can be calculated using the InVOLS and the spring constant of
the cantilever.

Basic function of the AFM head is moving the attached cantilever in con-
trast to the sample surface and recording the signal of the photo diode. For
measurements on FAK (cp. Section 4.2) a new variant (type 2 - Figure 3.2.1A)
of the custom built AFM setup was used leaving the AFM head unmoved and
just moving the sample surface with a piezo. The surface z-piezo did not re-
quire additional calibration (other than from the manufacturer) which is usually
needed for the triangulation caused by the setup with a non-uniform moving
AFM head (type 1 - Figure 3.2.1A). Since the surface is much lighter than the
whole AFM head much higher driving speeds of the surface z-piezo (type 2 -
Figure 3.2.1A) could be obtained leading to higher loading rates possible with
a type 2 kind of setup.

3.3 Surface attachment chemistry

A key requirement for high-yield force-spectroscopy measurements is a spe-
cific and reliable attachment chemistry. Preferably these are covalent and
applicable to all proteins that are to be investigated. Ideally the attachment
chemistry should already provide enough distance to the sample surface and
also shield interactions with the sample surface to ensure passivation in order
to avoid unwanted interactions. Due to the variety of molecules probed in
force-spectroscopy setups not every coupling approach may be suited for every
molecule. This is why it is important to have a whole set of compatible attach-
ment strategies at hand. An overview of the most commonly used attachment
strategies is given in Figure 3.3.1A.167:168

3.3.1 Silanization

The typical basis for a standard surface functionalization used here builds
upon a glass surfaces and needs mediating layers to link a molecule of in-
terest to the glass surface. This is usually achieved by an intermediate bulk
layer comprised of aminosilanes. The exposed primary amines of the aminosi-
lane can then react with NHS esters (N-hydroxysuccinimide esters) that are
part of either short SMCC (Succinimidyl 4-(N-maleimidomethyl)cyclohexan-
1-carboxylat) crosslinkers or whole PEG spacers both harboring a maleimide
on the opposing side. The maleimide in turn can be used to couple to thiols
of either the target protein or another molecule of choice. % This allows both
using polyethylene glycol spacers but also the use of ELP based linkers for
passivation and further functionalization with different other coupling strate-
gies depicted in Figure 3.3.1A. These strategies rely on other proteins that can
bind peptide tags of the protein of interest either directly or mediated by an
enzyme. This modularized approach allows to have multiple attachment sites
on a protein of interest for fast testing and exchange of surface attachments.
For a general overview of diverse surface chemistries in single-molecule force
spectroscopy additional to the ones used here refer to Ott et al. 1.

Surface attachment chemistry
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Figure 3.3.1: This figure shows the
most commonly used attachment
chemistries employed in this thesis.
(A) All the attachment chemistries ex-
plained here are based on an aminosi-
lanized surface that gets function-
aized with a NHS reactive PEG or a
crosslinker. This way proteins can ei-
ther be linked by PEG or an ELP. For
site specific conjugation either an ac-
cessible cysteine can be used directly
for anchoring a protein to a NHS-PEG-
Maleimide linker (cp. Section 3.3.4).
But also enzymatic ligation can be
used as shown for sfp and sortase A.
Another approach not used here is
by isopeptide bonds as depicted for
SpyTag and SpyCatcher. (B) The lig-
ation between an N-terminal triple
glycine and a C-terminal LPETGG tag
can be enzymatically coupled by sor-
tase A (cp. Section 3.3.6). (C) Another
enzymatic reaction between an 11
amino acid protein tag and coenzyme
A (CoA) is catalyzed by sfp (cp. Sec-
tion 3.3.5). All these approaches are
described in detail in the main text.

Adapted from

Byeongseon Yang, Zhaowei Liu, Haipei
Liu, and Michael A. Nash. Next Gen-
eration Methods for Single-Molecule
Force Spectroscopy on Polyproteins
and Receptor-Ligand Complexes.
Frontiers in Molecular Biosciences, 7:
85,2020. ISSN 2296-889X. doi:
10.3389/fmolb.2020.00085 under the
terms of the Creative Commons At-
tribution License (CC BY 4.0, https:
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Figure 3.3.2: Structure of PEG with
the repetitional subunit in square
brackets.
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The next sections will give a detailed explanation on how the used attach-
ment strategies work and how they are used especially in the context for force
spectroscopy.

3.3.2 PEGylation

A fairly common approach for surface passivation and attachment is the usage
of polyethylene glycol (PEG) linkers (cp. Figure 3.3.2). PEGs are biologically
inert macromolecules of different length, dependent on repetition of subunits.
PEGs can be modified with different end groups to change properties and
allowing different attachment possibilities. For example these end groups can
be NHS that facilitate attachment of PEG to primary amines of silanes used on
glass surfaces, explained in Section 3.3.1. But also silane PEG combinations are
possible. The other end of the PEG linker can harbor a maleimide. The PEG
linkers harboring both an NHS and Maleimide are called heterobifunctional
PEG linkers. In this thesis also Biotin PEGs, for attachment with avidin like
proteins and methyl (CH3) PEGs for passivation were used.

Despite of all advantages of PEG they can undergo conformational changes
upon the application of force. In aqueus solution PEGs take on a trans-trans-
gauche conformation but switch to a all-trans conformation when force is ap-
plied. This leads to problems for polymer models used for analyzing force
curves. Also the persistence length is changing during unfolding of a protein
since unfolded amino acids make a different contribution to the overall elas-
ticity than the PEG linker. Additionally PEGs get synthesized and purified
according to their molecular weight which correlates to their contour length.
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This is problematic since for AFM measurements this creates slightly different
total contour lenth values for every tether pulled. These issues can be addressed
during data analysis but are of course better if avoided already experimentally.

3.3.3 Elastin-like polypeptides (ELP)

Elastin-like polypeptides (ELP) are synthetic intrinsically disordered proteins.
They are composed of a recurring repetitive amino acid VPGXG motif " where
X is a guest residue. The guest residue can be every amino acid except proline.
Different guest residues influence the hydrophobicity of the ELP. ELPs have a
characteristic soluble-to-insoluble phase transition that can be used for purifi-
cation. The phase transition to the insoluble phase at a critical temperature
is influenced by the guest residue chosen. The transition point can also be
altered by changing pH and salt content.'” These properties can be used to
separate ELPs from other proteins in solution by bringing them to precipitate
at the clouding point and also back into solution at lower temperatures. Like
that other not refolding protein decontaminants can be removed. This process
of purification is referred to as inverse transition cycling (ITC) (cp. Section
3.1.2.4).

Below the critical temperature ELPs remain in a flexible, unstructured con-
formation. Their length is very homogenous since it is encoded in the primary
structure of the protein in contrast to different lengths of PEGs caused by
synthesis. ELPs in terms of elastic behavior are very comparable to unfolded
protein backbones which makes it an ideal candidate to replace PEGs as an
alternative linker.

For crosslinking amines on the surface to molecules short heterobifunctional
crosslinker can be used. They harbor a NHS on one end and a maleimide on the
other end. This way ELPs harboring just one cysteine can be site specifically
tethered to the surface. Also a ybbR tag can be used for attaching ELPs
(cp. Section 3.3.5). The other end of the ELP can harbor a peptide tag
that allows another enzymatic or non-enzymatic coupling of a protein of choice
with a spytag/spyCatcher 72, sortase!™!™ mediated or Oldenlandia affinis
asparaginyl endopeptidase (OaAEP1) 175 mediated reaction.?7176

In the following reprint of the publication from Ott et al.®” the advan-
tages of ELP tethering for AFM based SMFS are assessed and experimental
attachment approaches shown.

Reprinted with permission from
Wolfgang Ott, Markus A Jobst, Magnus S Bauer, Ellis Durner, Lukas F
Milles, Michael A Nash, and Hermann E Gaub. Elastin-like Polypeptide
Linkers for Single-Molecule Force Spectroscopy. ACS Nano, 11(6):6346 6354,
05 2017. ISSN 1936-0851. doi: 10.1021/acsnano.7b02694
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ABSTRACT: Single-molecule force spectroscopy (SMFS)
is by now well established as a standard technique in
biophysics and mechanobiology. In recent years, the
technique has benefitted greatly from new approaches to
bioconjugation of proteins to surfaces. Indeed, optimized
immobilization strategies for biomolecules and refined
purification schemes are being steadily adapted and
improved, which in turn has enhanced data quality. In
many previously reported SMFS studies, poly(ethylene
glycol) (PEG) was used to anchor molecules of interest to
surfaces and/or cantilever tips. The limitation, however, is
that PEG exhibits a well-known trans—trans—gauche to all-

W
"

trans transition, which results in marked deviation from standard polymer elasticity models such as the worm-like chain,
particularly at elevated forces. As a result, the assignment of unfolding events to protein domains based on their
corresponding amino acid chain lengths is significantly obscured. Here, we provide a solution to this problem by
implementing unstructured elastin-like polypeptides as linkers to replace PEG. We investigate the suitability of tailored
elastin-like polypeptides linkers and perform direct comparisons to PEG, focusing on attributes that are critical for single-
molecule force experiments such as linker length, monodispersity, and bioorthogonal conjugation tags. Our results
demonstrate that by avoiding the ambiguous elastic response of mixed PEG/peptide systems and instead building the
molecular mechanical systems with only a single bond type with uniform elastic properties, we improve data quality and
facilitate data analysis and interpretation in force spectroscopy experiments. The use of all-peptide linkers allows
alternative approaches for precisely defining elastic properties of proteins linked to surfaces.

KEYWORDS: single-molecule force spectroscopy, elastin-like polypeptides, biopolymer spacer, sortase coupling, protein ligation

Refined Techniques in SMFS. Single-molecule force
spectroscopy (SMFS) is a state-of-the-art technique in the
rapidly growing field of molecular biomechanics.' ™ Tools and
methods are being steadily developed to improve ease of
sample handling, sensitivity, reproducibility, and reliability.* In
parallel, the biochemical toolbox is expanded continuously,
enabling analysis of more complex and demanding biological
systems. Improvements such as the use of orthogonal binding
handles,"” diverse biomolecule immobilization strategies,'*™"*
and alternative methods for protein synthesis (i.e., recombinant
bulk expression or cell-free in vitro expression) are all examples
of significant technical advances that have been achieved in
recent years.15

Requirements for Recording Large Data Sets and
Challenges Arising Therefrom. A key requirement to probe
multiple different protein domains in a single experiment is the

7 ACS Publications  © XXxx American Chemical Society

ability to use a single cantilever over extended periods of time
to achieve a large number of force—extension traces. For this
purpose, two main advances are worth noting, the first of them
being the improvement of geometrically defined covalent
surface tethering and the second being the discovery and
characterization of the type III cohesin—dockerin (Coh:Doc)
interaction.” Coh:Doc receptor—ligand pairs can withstand
remarkably high forces in a SMFS assays and exhibit extremely
high long-term functionality. This latter property is particularly
important for carrying out multiplexed experiments where
many proteins deposited onto the same surface and spatially
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separated are pulled apart using the same receptor-modified
cantilever. In such a configuration, Coh:Doc is used as a
binding handle to successfully and continuously unfold target
proteins for over 24 h of measurement time without significant
loss of binding activity. Data sets of typically several tens of
thousands of force—extension curves can easily be obtained
using type III Coh:Doc, dramatically outperforming other
mechanostable interactions (e.g, biotin—avidin).

The ability to measure with a single cantilever over several
days allows interrogation of different types or variants of
proteins immobilized on different positions of the same
substrate (i.e., protein microarrays) and to achieve statistical
significance over the course of a single experiment. This leads
to large data sets and requires the use of sophisticated
algorithms to identify and extract specific single-molecule
interactions among a large number of traces with poor signal,
such as empty traces, multiple interactions in parallel, or
nonspecific interactions. Independent of the size of the data
sets though, elasticity models whether applied as part of
elaborate algorithms or fitted manually to single curves have in
the past been required to account for the different elastic
contributions stemming from heterogeneous stretching behav-
ior of mixed poly(ethylene glycol) (PEG)—protein polymer
backbone.

Conformational Changes of PEG Linker Molecules
Obscure Molecular Characteristics of Interest. When
performing SMFS in an elevated force regime using PEG as
linker molecules, additional challenges arise. A conformational
transition of PEG occurs in a force range of up to ca. 300 pN,
resulting in an approximately linear force—extension re-
gime.m*18 In aqueous solutions, PEG exhibits a trans—trans—
gauche conformation. With rising force on the polymer, the
occupancy of conformations is shifted to all-trans, effectively
increasing the net polymer contour length. Analysis methods
such as fitting standard elasticity models to the data or
detecting contour length increments within said force range are
therefore compromised and would, for a quantitative
description, require improved heterogeneous elasticity models.

PEG is a highly flexible polymer with a low persistence
length, while peptide bonds have restricted degrees of freedom.
These restrictions alter the stretching behavior and give rise to
marked differences in comparison to PEG. Furthermore, the
ratio of PEG linker length to unfolded protein backbone length
is not constant over the course of an unfolding trace, which
means fitting parameters must be optimized for different
sections of the curve as more domains unfold. This issue
becomes particularly significant and noticeable when probing
protein unfolding and receptor—ligand unbinding in a high
force regime and is also problematic when unfolding occurs
across a broad range of forces.

Benefits of ELP Linkers in SMFS. In this study we
investigate the feasibility of biological peptide polymers to
circumvent this problem. We selected well-characterized
elastin-like polypeptides (ELPs) as a suitable candidate for
this purpose. The progression of cloning techniques of
repetitive genes in recent years has set the stage for precisely
defined protein polymers and opened up the ability to design,
produce, and purify protein spacers of well-defined contour
length and chemical composition for single-molecule experi-
ments.'”~>* ELPs exhibit similar elasticity behavior as unfolded
protein backbone and are completely monodisperse, a key
advantage compared to synthetic polymers such as PEG.
Monodisperse ELP linkers fused directly to a protein of interest

allow for complete control of the lengths of a nanomechanical
system from the surface up to the force transducer, which is not
true for the chemically synthesized PEG polymers with non-
negligible polydispersity. Since ELPs are expressed recombi-
nantly in Escherichia coli (E. coli), their production is easily
scaled up, resulting in lower costs compared to commercially
available heterobifunctional PEGs. Furthermore, ELPs can be
produced with N-/C-terminal protein ligation tags, which can
be used for specific and bio-orthogonal surface chemistry in
SMES sample preparation.

ELPs are synthetic biopolymers derived from tropoelastin
domains. They are composed of a repetitive amino acid
heptamer “Val-Pro-Gly-Xaa-Gly”,”® where Xaa is a guest residue
that can be any amino acid apart from proline. The guest
residue influences the hydrophobicity of the protein and
impacts the lower critical solution temperature, the point at
which the ELP undergoes a soluble-to-insoluble phase
transition. At this environment-dependent cloud point, ELPs
change their conformation and precipitate, resulting in clouding
of the solution.

ELPs are intrinsically disordered proteins that do not fold
into well-defined secondary and tertiary structures, but rather
remain unfolded and flexible, a property that is ideally suited to
their application as spacer/linker molecules for SMFS.”* We
hypothesized that ELPs would therefore be a suitable choice to
achieve both surface passivation and site-specific immobiliza-
tion in single-molecule nanomechanical experiments. The bulky
yet flexible features of ELPs inhibit nonspecific protein binding
to the surface, while enabling ligation of other proteins due to
the high degree of accessibility of N- or C-terminally fused
peptide tags. Post-translational protein ligation methods have
made it possible to move from organic chemical conjugation
methods toward enzyme-mediated covalent immobilization, for
example utilizing sortase A or Sfp.'*** Both enzymes catalyze
sequence- and site-specific reactions yielding uniform protein
orientation at the surface.

ELPs have previously been the subject of atomic force
microscopy (AFM) studies. For example, AFM was used to
support theoretical predictions about the behavior of ELPs
above and below their cloud point, as well as to study ELP
elasticity.”* ™ This study was carried out entirely below the
cloud point, so that intermolecular interactions between ELPs
were negligible. In contrast to prior studies, we employ ELPs as
spacer molecules with other protein domains attached. Our
results show that ELPs provide several benefits over PEG
linkers in SMFES attributable primarily to the features of having
uniform elastic properties and monodisperse linkers.

This study offers an attractive substitute for established PEG
systems using all-protein ELP linkers. The immobilization
strategy provides precise control over the elastic properties of
multicomponent protein mechanical systems linked between a
glass surface and a force transducer. Our approach transfers
advances in smart polymer research to SMFS experiments and
describes the improvements achieved through this alternative
surface anchoring strategy.

RESULTS AND DISCUSSION

SMFS with Receptor—Ligand Polyproteins Employing
Site-Specific Inmobilization. Typically PEG linkers with an
N-hydroxysuccinimide (NHS) group are linked to an amino-
silanized surface. The other end of the PEG contains a reactive
group for protein immobilization, which in most cases is a thiol-
reactive maleimide group. Figure 1A illustrates a Coh:Doc-
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Figure 1. (A) SMFS configuration: Cantilevers are functionalized with CBM-Xmod-DocIII fusion proteins. Glass slides are modified with
CohlII-CBM constructs. (B) Coh:Doc-based SMFS unfolding trace. Following Coh:Doc complex formation at zero extension, retraction of
the cantilever results in mechanical stretching of the receptor:ligand-linked polyprotein. (I) Spacer molecules are fully extended and stretched.
(II, III) The weakest links in the chain, usually the fingerprint domains (here: CBM), are unfolded in series. (IV) Finally, the Coh:Doc
complex dissociates under force. The unfolded CBM domains can then refold after the complex rupture. The cantilever is now free to probe a
different molecule on the surface. The insets on the right side qualitatively illustrate the differences in linker stretching in the high-force
regime as observed in the final peak for constructs immobilized using PEG and ELP linkers. A quasi-linear regime of PEG stretching
attributable to the conformational transition from trans-trans-gauche to all-trans is clearly visible for PEG in contrast to ELP.

based SMFS experiment. Proteins anchored to a functionalized
glass surface are probed by the corresponding receptor fusion
protein covalently linked to the cantilever tip. A characteristic
unfolding curve recorded at constant speed is shown in Figure
1B. After the Coh:Doc complex is formed by contacting the
cantilever with the surface, force is applied by retracting the
base of the cantilever. The signal is detected by a quadrant
photodiode with a laser that is reflected off the back side of the
cantilever. Bending of the cantilever is translated into a
differential voltage output of the photodiode. Upon retraction
of the cantilever base at constant speed, the polymer linker is
stretched first (Figure 1B, I). Subsequently, the weakest
component in the system unfolds. In this case two carbohydrate
binding modules (CBMs) are unfolded consecutively (Figure
1B, 1 and III). Finally, the force increases to a level where the
receptor ligand pair dissociates. Following Coh:Doc rupture,
the force drops to zero (Figure 1B, IV) and the cantilever is free
to probe another molecule at a different location on the surface.

In order to identify data traces that show specific single-
molecule interactions, a multilevel sorting algorithm is used to
search for characteristic unfolding patterns of the fingerprint
domains. This algorithm takes into account the unfolding forces
and the measured increases in contour length (.., contour
length increments) of the peptide backbone upon unfolding of
the various fingerprint domains.” Independent of the analysis
method, however, accurate polymer elasticity models are
required to quantify the hidden lengths of the folded proteins
that are released by the unfolding events, giving rise to the
limitations of PEG systems described above.

Adaptation of Surface Chemistry to Tether Protein
Domains to ELP Linkers. The comparison of PEG with ELP
linkers was carried out by cloning and recombinantly expressing
two different ELPs both with 120 nm theoretical contour
length (ELP )4 .y, assuming 0.365 nm per amino acid).>® One
ELP linker contained an N-terminal sortase-tag (“GGG”) and a
C-terminal cysteine. The other ELP linker had a sortase-tag at
its C-terminus (“LPETGG”) and a cysteine at the N-terminus.
Two analogous bioconjugation routes were used to attach ELP
or PEG linkers to cantilevers and glass surfaces (Figure 2). To
achieve a direct comparison, 15 kDa PEG linkers of similar
contour lengths (~120 nm) were used. For PEG experiments,
15 kDa NHS-PEG-maleimide was immobilized onto an amino-
silanized glass slide (PEG 3¢ ). The maleimide groups of the

Cohlll
CBM
Sortase C-tag

Sortase N-tag~” Sortase "\ Sortase N-tag
Cysteine ELP
Maleimide Cysteine
PEG Maleimide
NHS \NHZ/ NHS
[ Aminosilane
Glass surface or
Cantilever

Figure 2. Comparison of immobilization strategies. For standard
immobilization with PEG spacers, NHS chemistry was used to link
PEG to amino-silanized surfaces. Protein constructs were then
coupled via cysteine-sortase tag peptides to the maleimide end-
groups on the PEG spacers. For immobilization with ELP linkers, a
small-molecule NHS-maleimide cross-linker with a negligible
contour length of 0.83 nm was used to couple cysteine-ELP
spacers with a sortase-tag to the amino-silanized surface. In both
cases, a fusion protein of interest, consisting of a CBM fingerprint
domain and a mechanostable Coh receptor, was enzymatically
coupled to the immobilized molecules on the surface in a
subsequent step. Depicted is the functionalization of the glass
surface with CohlIlII. The functionalization of the cantilever tip with
DocllI followed a similar scheme.

PEG reacted with a GGGGG-Cys peptide, leaving the sortase
N-tag available for subsequent derivatization. For ELP
experiments, a small-molecule cross-linker (sulfosuccinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate, sulfo-
SMCC), which added negligible contour length (0.83 nm) to
the system, was first immobilized onto amino-silanized glass,
followed by coupling with GGG-ELP ,, ,,,,-Cys. Both strategies
resulted in the sortase N-tag being available for conjugation via
sortase-mediated enzymatic ligation. The protein of interest
(CohlII-CBM-LPETGG) was linked by sortase A to ELP or
PEG (Figure 2). The same strategy was used for the cantilever,
except GGG-Xmod-DoclllI was conjugated by sortase A to Cys-
ELP 50 y-LPETGG or to PEG ;g ym-coupled Cys-LPETGG.
Our enzyme-mediated protein immobilization approach has the
advantage of site-specific linkages and results in a homogeneous
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orientation of the proteins at the surface. Such uniformly
immobilized proteins lead to a well-defined propagation of the
applied force through the molecular complex under inves-
tigation and to well-defined distributions of the unfolding/
rupture events in the force—extension curves. The use of N-
and C-terminal tags for surface chemistry also ensured that only
full-length (ie., fully translated) ELPs were measured in the
experiment.

AFM experiments performed with ELPs as linkers showed a
higher percentage of clearly identifiable single-molecule
unfolding traces. We attribute this to the bulky character of
the ELPs. They provide a less dense surface immobilization of
the biomolecules of interest when compared to PEG-based
immobilization. This behavior is advantageous since high
surface density frequently causes multiple interactions between
surface- and cantilever-bound molecules in SMFS experiments
(Supplemental Figure S1). Multiple interactions are generated
when more than one receptor—ligand interaction is formed in
parallel. The complicated unfolding and unbinding traces that
result from multiple bonds pulled in parallel are hardly
interpretable and therefore discarded from the analysis
(Supplemental Figure S2). Efficient passivation of glass surfaces
against nonspecific adhesion of proteins requires a dense PEG
surface layer, to prevent proteins from nonspecifically sticking
to the glass surface. Approaches such as titrating functional (i.c.,
maleimide end-groups) with nonfunctional (ie, CH; end-
groups) PEG or changing the concentration of binding agents
or proteins of interest can improve the process. In our
experience, however, surface immobilization with ELP instead
of PEG linkers leads to better passivation of the surface and a
higher percentage of single-molecule traces without the need
for any titration of functional and nonfunctional linkers.

Comparison of Dispersity between PEG and ELP
Linkers. All unfolding traces were presorted by an automated
analysis routine, selecting for single interactions that display
two consecutive CBM unfolding events. Following the
automated sorting, deletion of obviously erroneous curves
(typically 10%) caused by, for example, baseline drift was
performed manually.””” PEG unfolding traces showed wildly
varying initial extensions prior to the first CBM unfolding
event. This is likely caused by the non-negligible polydispersity
of PEG, as we did not observe multiple discrete populations
with ELP experiments. The intrinsic monodispersity of ELP
molecules is a clear advantage. Since they are produced
recombinantly in E. coli with functional tags in vivo, only full-
length protein sequences have the necessary terminal peptide
tags that allow for surface immobilization. Additionally, ELPs
were purified with inverse transition cycling (ITC), a method
developed for ELP purification based on their reversible
precipitation behavior. Possibly shorter ELPs are removed
during the process, since their cloud point is higher than for
ELP |50 nm- Although the polydispersity of chemically synthe-
sized PEGs (mass distribution ~10—20 kDa) is sufficiently low
for many applications, it leads to a noticeable impact in SMFS.

The influence of PEG polydispersity on the SMFS data is
illustrated in Figure 3A, which shows SMEFES traces recorded
with both PEG and ELP linkers and also shows example traces
of the shortest and largest extensions found in a typical type III
Coh:Doc data set. Figure 3B shows a histogram of extension
values at which the first CBM unfolding event occurred. For
ELPs, the distribution shows one peak centered at an extension
value that is expected based on the known ELP linker length. In
the case of the PEG experiment, however, three distinct
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Figure 3. Comparison of dispersity of PEG and ELP linkers. (A)
Typical force—extension traces for PEG (purple) and ELPs (blue).
In the PEG linker experiment, the unfolding events occur over a
wider range of absolute extension values, whereas unfolding events
with ELP linkers occur over a narrow range. (B) Histograms
showing the distribution of extension values corresponding to the
first CBM unfolding event in each curve (PEG: N = 219; ELP: N =
521). Due to the polydispersity of the PEG linkers, three discrete
populations with different extensions are clearly visible, while for
ELPs only one population is observed.

populations are observed. This can be understood by
considering that at the level of single molecules a polydisperse
distribution results in discrete peaks representing the
corresponding lengths of the discrete polymeric linkers on
the cantilever tip. We interpret the distributions as being caused
by three different PEG molecules with different lengths
attached to the tip. Although the discrete distributions could
conceivably be caused by different positions of the molecule
attachment points to the AFM cantilever tip, this effect should
be the same for ELPs. Moreover, varying linker lengths also
reflect in varying steepness of the force—extension trace peaks,
which would not occur simply because of attachment geometry
(Figure 3A, PEG traces). We exclusively observed monomodal
distributions for ELPs; therefore an anchor position effect
seems not to play a major role. This polydispersity is clearly
disadvantageous, since multiple linker lengths render data
analysis more difficult. Curves cannot simply be overlaid in
force—distance space due to varying loading rates. Furthermore,
for constant-speed SMFS experiments, loading rate populations
in dynamic force spectra will be broadened due to the
probabilistic nature of the thermally driven rupture events.
We note that the PEG-modified surfaces are softer than ELP-
modified surfaces during indentation of the tip into the polymer
brush, as determined by the curvature at the beginning of each
trace. The firmer ELP-modified surfaces require a lower
indentation force to reach a linear force—distance regime
after the initial soft indentation. For calibrating the inverse
optical lever sensitivity, this is advantageous since high
indentation forces can damage the molecules attached to the
tip through adsorption and denaturation processes.’'
Uniform ELP Stretching Behavior Minimizes Artifacts.
We hypothesized that by replacing synthetic PEG linkers with
biological ELP linkers, and thereby having a single type of
polymer backbone throughout the mechanical system, better
defined elasticity properties for the recording of force curves
would be achievable. The persistence lengths of ELP peptide
backbones should be comparable to those of unfolded protein
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Figure 4. Elasticities of PEG and ELP linkers. (A) Superposition of multiple protein unfolding curves (“master curves”) from SMFS
experiments with PEG (purple, N = 73) and ELP linkers (blue, N = 151). The lower plots of each graph in panel A show the residuals of each
WLC fit. Note that the residual plots are split into two subranges, shown in two windows from —3S to 120 pN (lower window) and from 120
to 1100 pN (upper window). The applied WLC model was extended by ab initio quantum mechanical calculations to correct for the enthalpic
stretching of the polymer backbone.”” Data were fitted with a fixed persistence length of 0.4 nm. The fits show that the stretching behavior of
the mixed polymer system with PEG linkers deviates markedly at elevated forces from the predictions of the elasticity model, whereas the ELP
curves agree reasonably well. (B) Final stretch and the Coh:Doc rupture event were fitted with the qgmnWLC model with two different contour
lengths in the lower and upper force regime. The PEG molecules undergo a conformational transition, ' resulting in different measured
contour lengths for each force regime. For ELP molecules, a comparable transition was reported,””** which apparently contributes to a much
lower extent, so that SMFS experiments are much less affected. The differences in fitted contour length between the two fits are 29.5 nm for
PEG linkers and 4.4 nm for ELP linkers. (C) Contour length transformations>>** of PEG and ELP master curves (purple and blue points).
Ideally, the transformation results in data points aligning on vertical lines, where each line represents an energy barrier position for each
stretching regime between two peaks in force—extension space. A KDE (Gaussian kernel, bandwidth: 2.5 nm) was calculated for the
transformed data. The ELP data set showed the expected three peaks for the three unfolding and dissociation events, whereas the PEG data

exhibit an irregular distribution with additional maxima.

domains, since they both consist of the same type of peptide-
bonded polymer chains. This matching of the persistence
length should be advantageous compared to PEG, which
contains repeats of ethylene oxide groups with lower stiffness.
Accurate description of the mechanical system under
investigation by elasticity models plays a crucial role in
determining characteristic parameters such as persistence
lengths and contour length increments.

Previous studies had shown that at forces below 100 pN PEG
elasticity may be satisfactorily described by standard elasticity
models.'® In a systematic study in this force range, we
compared ELP and PEG linkers and corroborated these earlier
results. The data and a thorough discussion thereof are given in
the Supporting Information (see particularly Supplemental
Figure S3).

At elevated forces, however, stretching of PEG through its
conformational transition causes marked deviations from ideal
polymer behavior. In aqueous environments, water molecules
bridge neighboring ethylene oxide monomers by hydrogen
bonding to two adjacent oxygen groups in the PEG backbone.
By this means, water stabilizes the trans—trans—gauche
configuration with a binding energy of around 3 kT. When
PEG is stretched, however, the subunits of the backbone are
forced increasingly into a slightly longer all-trans configuration
and the bound water molecules are released. This conforma-
tional change, which contributes prominently to the polymer
elasticity in the force range of up to ca. 300 pN, causes an
increase in the measured net contour length of the polymer
backbone.' "’

Figure 4A shows assemblies of multiple data traces (“master
curves”) of PEG- and ELP-linked proteins, respectively. The
master curves are obtained by first aligning force—extension
traces along the extension axis using an algorithm to maximize
cross-correlation values in contour length space and then
finding most probable force values of aligned traces in force
distance space (see the Materials and Methods section). A
recently introduced worm-like chain (WLC) approximation
model® with an ab initio quantum mechanical correction for
backbone stretching at high forces®® (qmWLC) was then fitted
to the traces with a fixed persistence length of 0.4 nm.

In the case of PEG linkers, a pronounced linear regime
between 100 and 300 pN is visible in the last stretch prior to
Coh:Doc rupture. As a consequence, the qmWLC cannot
model this polymer correctly. ELPs do not show such a
conformational change to this extent, and therefore the
elasticity model fits satisfyingly. A fitting approach where the
persistence length is also a free fit parameter is shown in
Supplemental Figure S4. This approach misused the persistence
length to compensate for the gauche-to-trans conformational
change in the polymer; therefore, it resulted in largely
unrealistic values for the contour length increments.

Figure 4B shows details of the last stretch before the
Coh:Doc dissociation, highlighting the difference between PEG
and ELP linkers. Two separate fits in the respective low- and
high-force regimes illustrate the differences in polymer length
before and after the conformational transition. We note that
ELPs were also reported to have a force-induced conforma-
tional change, in this case based on proline cis—trans
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isomerization that also extends the contour length.*”**

However, the low number of prolines in the overall sequence
(every fifth amino acid) in the ELP motif renders this effect
much smaller compared to the conformational change of PEG
and will be camouflaged by signal noise in typical experiments
with proteins.

Figure 4C shows the transformation into contour length
space using the qmWLC model. A kernel density estimate
(KDE) was used (Gaussian kernel, bandwidth of 2.5 nm) to
generate smooth functions describing the contour length
increments observed between unfolding or rupture events,
which in this case included 2X CBM unfolding and Coh:Doc
dissociation. In the case of PEG linkers, the KDE—contour
length distribution shows several peaks. This is because of the
failure of the gqmWLC model to accurately describe the force
response of the polymer. Determining the contour length
increments between the peaks of the KDE proves problematic
even for this relatively simple exemplary case of two large
fingerprint unfolding events and a receptor ligand dissociation.
Smaller unfolding steps or even folding intermediates, which
appear as substeps, would be even harder to pinpoint with the
PEG system. In the case of ELP-immobilized proteins, only
three distinct peaks appear, with much more clearly identifiable
contour length increments between the peaks.

CONCLUSION

PEG linkers have successfully been employed in numerous
studies to anchor biomolecules of interest to surfaces for SMFS.
In the low-force regime (below 100 pN) the extended WLC
model describes their elastic properties with sufficient accuracy
for the majority of applications. For elevated forces, however,
the conformational transitions in the PEG backbone would
necessitate further development of elasticity models for a
convincing description.'® Moreover, the inherent polydispersity
of PEGs, together with their complex elasticity, complicates
data analysis and reduces the amount of information that can be
deduced from SMES.

The ELP-based linkers, however, have proven in our studies
to be significantly improved linker molecules for surface
immobilization and passivation purposes in single-molecule
force experiments. ELPs are monodisperse, are highly flexible,
and readily allow for direct, site-specific tethering. We showed
that these features lead to more accurate measurements of
contour length increments in receptor—ligand polyprotein force
spectroscopy experiments. A well-established elasticity model
suffices for the data analysis.

Even at low forces, the PEG subunits already start to change
their conformational state occupancy. At S0 pN, the probability
for their elongated state is already above 10%."° Therefore, the
findings we present here are also relevant for investigations at
lower forces or in systems that should be analyzed over a large
range of forces. PEG linkers may still deliver satisfying results,
as long as data in similar force ranges can be compared. In some
cases, elasticity parameters such as the Kuhn length or
persistence length can heuristically compensate for effects not
explicitly described by the model. As soon as different force
ranges of multiple domains need to be compared, though, the
varying proportions of elongated (all-trans) versus non-
elongated (trans—trans—gauche) PEG subunits cannot simply
be accounted for by the elasticity parameter, and therefore
measured contour length increments get distorted. Different
biochemical approaches like those described here are thus
necessary to gain meaningful insights. These scenarios include,

for example, shielded unfolding events or small substeps, where
the force cannot drop sufficiently in between stretching events.

The ELPs investigated here represent only one formulation
of the vast variety of smart polymer linkers that could be
utilized in SMFS experiments. Further studies are required to
evaluate other nonstructured, non-proline-containing protein
linkers to determine their suitability for SMFS studies, since the
amino acid side chain composition may affect the persistence
length%”37 or give rise to nonentropic behavior. Biotechno-
logical characteristics, i.e,, recombinant production yields and
ease of purification, are as important as the biophysical
requirements, which renders the easily produced ELPs
particularly attractive. Other smart polymers should be similarly
accessible to perform as suitable alternatives. The reported
approach can be applied to enhance SMFS studies with purified
proteins on functionalized surfaces as shown here or
alternatively to modify cantilevers for chemical recognition
imaging and force spectroscopy on artificial membranes or cell
surfaces. It can easily be adopted by standard molecular biology
equipped laboratories to streamline the procedure and improve
data quality for resolving smaller unfolding features with high
accuracy. Studies on smart polymers as tethers for SMFS
experiments might also help to develop environmentally
responsive surfaces, which bear potential for exciting
applications in the nanobiosciences.

MATERIALS AND METHODS

All reagents were at least of analytical purity grade and were purchased
from Sigma-Aldrich (St. Louis, MO, USA) or Carl Roth GmbH
(Karlsruhe, Germany). All buffers were filtered through a 0.2 um
poly(ether sulfone) membrane filter (Nalgene, Rochester, NY, USA)
prior to use. The pH of all buffers was adjusted at room temperature.

A 300 amino acid long ELP was the basis for the AFM linker
constructs used in this study, and the underlying cloning and protein
purification procedure of the ELP is described in detail elsewhere.'®
The ELP sequence was [(VPGVG);-(VPGAG),- (VPGGG);]¢ and is
referred to as ELP 50 -

Standard molecular biology laboratories capable of producing
recombinant proteins are equally capable of expressing ELPs, since
both rely on the same principles, reagents, and instrumentation. With
our plasmids provided at Addgene, cloning can even be avoided and
production of ELP linkers for protein immobilization can be
performed right away.

Cloning. A detailed description of the cloning procedure of the
constructs can be found in the Supporting Information (Figures S5—
S11). ELP sequences used in this study, along with 40 nm length
variants and binding handles, are deposited at Addgene and available
upon request (Addgene accession numbers: 90472: Cys-ELP 50 -
LPETGG, 90475: Cys-ELP,, . -LPETGG, 91571: GGG-ELP,, -
Cys, 91572: GGG-ELP ) ,-Cys, 91697: CohIIl-CBM-HIS-LPETGG,
91698: GGG-HIS-CBM-Xmod-DocIII).

Transformation of Cells. A 2 yL amount of Gibson assembly or
ligation reaction transformed DHSq cells (Life Technologies GmbH,
Frankfurt, Germany; 30 min on ice, 1 min at 42 °C, 1 h at 37 °C in
SOC medium) was used. The cells were plated on SO ug/mL
kanamycin-containing LB agar and incubated overnight at 37 °C.
Clones were analyzed with Colony PCR, and clones with amplicons of
appropriate lengths were sent to sequencing.

Protein Expression. Chemically competent E. coli NiCo21(DE3)
(New England Biolabs, Ipswich, MA, USA) were transformed with 50
ng of plasmid DNA for the expression of all constructs used in this
study. Transformed cells were incubated in autoinduction ZYM-5052
media (for ELP containing constructs supplemented with S mg/mL
proline, valine, and 10 mg/mL glycine; 100 yg/mL kanamycin) for 24
h (6 h at 37 °C, 18 h at 25 °C).”® Expression cultures were harvested
via centrifugation (6500g, 1S min, 4 °C), the supernatant was
discarded, and the pellets were stored at —80 °C until further lysis.
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Throughout the whole purification process, for ELPs containing a
cysteine, 1 mM tris(2-carboxyethyl)phosphine (TCEP, Thermo Fisher
Scientific Inc., Waltham, MA, USA) or 1 mM of dithiothreitol (DTT)
was added to the respective buffers. Cell pellets with proteins
containing no HIS-tag were solubilized in 50 mM Tris-HCI pH 7.5
(supplemented with cOmplete, EDTA-free protease inhibitor cocktail,
Sigma-Aldrich, St. Louis, MO, USA), and all other pellets in lysis
buffer (50 mM Tris, pH 8.0, S0 mM NaCl, 10% (w/v) glycerol, 0.1%
(v/v) Triton X-100, S mM MgCl,, DNase I 10 yg/mL, lysozyme 100
ug/mL).

Cys-ELP 5 ;- LPETGG and GGG-ELP,, ,,,-Cys were purified
with the ITC method.* After resolubilization, the cells were lysed by
sonication (Bandelin Sonoplus GM 70, tip: Bandelin Sonoplus MS 73,
Berlin, Germany; 40% power, 30% cycle, 2 X 10 min). The cells were
kept on ice during the sonication procedure. The soluble fraction was
separated from the insoluble cell debris by centrifugation (15000g, 4
°C, 1 h). In a first heating step (60 °C, 30 min) of the supernatant,
most of the E. coli host proteins precipitated. The fraction of the
collapsed ELPs was resolubilized by cooling the suspension for 2 h to 4
°C on a reaction tube roller. The insoluble host proteins were pelleted
by centrifugation (15000g, 4 °C, 30 min). Further purification steps
were necessary to increase the purity of the ELP solution. This was
done by repeated thermoprecipitation of the ELP followed by
redissolution.

The ELP solution was clouded by adding 1 M acetate buffer (final
concentration S0 mM, pH 2.5) and 2 M NaCl. A heating step (60 °C,
30 min) ensured all ELPs were collapsed. A hot centrifugation (3220g,
40 °C, 75 min) was necessary to separate the high-salt, low-pH
solution from the ELP pellet, which was resolubilized in 50 mM Tris-
HCl (pH 7.0) after discarding the supernatant. The solution was
incubated for 2 h at 4 °C to resolubilize all ELPs completely. A cold
centrifugation step (3220g, 4 °C, 60 min) isolated the remaining
insoluble fraction of the suspension. After decanting the supernatant,
the salt concentration was increased and pH lowered, to precipitate the
ELPs again. This cycle was repeated three times or extended if the
purity of the solution was not high enough.

The constructs CohIlI-CBM-HIS-LPETGG and GGG-HIS-CBM-
Xmod-DoclII were expressed and lysed as described above. After the
first centrifugation, the supernatant was, however, filtered (0.45 ym)
and applied to a HisTrap FF (GE Healthcare Europe GmbH, Freiburg,
Germany). Unspecifically bound proteins on the column were
removed by washing five column volumes (25 mM Tris-HCl pH
7.8, 500 mM NaCl, 20 mM imidazole, Tween 20 0.25% (v/v), 10%
(v/v) glycerol). Finally, the desired HIS-tag containing protein was
eluted (25 mM Tris-HCI pH 7.8, S00 mM NaCl, 300 mM imidazole,
Tween 20 0.25% (v/v), 10% (v/v) glycerol).

For long-term storage the protein solutions of the different
constructs were concentrated (Amicon Ultra-15 centrifugal filter
units 10K MWCO, Merck KGaA, Darmstadt, Germany) and reduced
with S mM TCEP overnight (at 4 °C) for constructs that contained a
cysteine. The buffer of the reduced ELP solution was exchanged (Zeba
spin desalting columns 7K, Thermo Fisher Scientific Inc.) to S0 mM
sodium phosphate, 50 mM NaCl, 10 mM EDTA, with a pH of 7.2, and
10% (v/v) glycerol and flash frozen in liquid nitrogen in small aliquots
to be stored at —80 °C. All other proteins were exchanged with 25
mM Tris-HCI, 7S mM NaCl, and S mM CaCl, with a pH of 7.2 and
supplemented with a final glycerol concentration of 20% (v/v). No
loss of functionality of the ELPs (cross-linking and passivation
capability) could be detected, when stored buffered or lyophilized in
small aliquots at —80 °C, over the duration of more than one year.

SDS-PAGE (Any kD Mini-PROTEAN stain-free gels, Bio-Rad
Laboratories GmbH, Hercules, CA, USA) was employed to detect any
impurities. Since ELPs could not be stained with the stain-free
technology, an Alexa Fluor 647-C,-maleimide dye (Thermo Fisher
Scientific Inc.) was incubated for 1 h at room temperature with the
ELP solution. An appropriately diluted protein solution was mixed
with $X loading buffer (250 mM Tris-HCl, pH 8.0, 7.5% (w/v) SDS,
25% (v/v) glycerol, 0.25 mg/mL bromophenol blue, 12.5% (v/v) 2-
mercaptoethanol) and heated for S min at 95 °C.

ELP concentration was photometrically determined at 205 nm
(Ultrospec 3100 Pro, Amersham Biosciences, Amersham, England,
and TrayCell, Hellma GmbH & Co. KG, Miillheim, Germany). For all
other constructs an absorption measurement at 280 nm led to the
concentration (NanoDrop UV-—vis spectrophotometer, Thermo
Fisher Scientific Inc.). The extinction coefficient was determined
theoretically for ELPs at 205 nm*® and 280 nm™' for all other fusion
proteins.

AFM Sample Preparation. Force spectroscopy samples, measure-
ments, and data analysis were prepared and performed according to
previously published protocolslm’35 Silicon nitride cantilevers (Biolever
mini, BL-AC40TS-C2, Olympus Corporation, Tokyo, Japan; nominal
spring constant: 100 pN/nm; 25 kHz resonance frequency in water)
were used as force probes. Surface chemistry for cantilevers was similar
to that for coverslips (Menzel Gliser, Braunschweig, Germany;
diameter 24 mm). Surfaces were amino-silanized with 3-
(aminopropyl)dimethylethoxysilane (APDMES, ABCR GmbH, Karls-
ruhe, Germany). a-Maleinimidohexanoic-w-NHS PEG (NHS-PEG-
Mal, Rapp Polymere, Tiibingen, Germany; PEG-MW: 15 kDa) was
used as a linker for the sortase peptides (GGGGG-C and C-LPETGG,
Centic Biotec, Heidelberg, Germany) in PEG-linked experiments. The
cysteine-containing ELPs were linked to the surface with a
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate)
cross-linker (sulfo-SMCC, Thermo Fisher Scientific Inc.). PEG or
cross-linker (10 mM) was dissolved in SO mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.5.

Sortase-catalyzed coupling of the fingerprint molecules (GGG-
CBM-Xmod-DocllI and CohIlI-CBM-LPETGG) was done in 25 mM
Tris-HCl, pH 7.2, S mM CaCl,, and 75 mM NaCl at 22 °C for 2 h.
Typically, S0 uM ELP or sortase peptide was coupled with 25 yuM
fingerprint molecule and 2 uM sortase enzyme.

In between both of the cross-linking steps (PEG, SMCC, or ELP,
peptide reaction) surfaces were rinsed with water and dried with
nitrogen. After immobilization of the fingerprint molecules, surfaces
were rinsed in measurement buffer (25 mM Tris-HCl, pH 7.2, S mM
CaCl,, 75 mM NaCl). The reaction of the different surface chemistry
was done spatially separated by using silicone masks (CultureWell
reusable gaskets, Grace Bio-Laboratories, Bend, OR, USA). The mask
was applied after silanization and removed under buffer after the last
immobilization step.

AFM-SMFS Measurements. Data were taken on custom-built
instruments (MFP-3D AFM controller, Oxford Instruments Asylum
Research, Inc., Santa Barbara, CA, USA; piezo nanopositioners: Physik
Instrumente GmbH & Co. KG, Karlsruhe, Germany, or Attocube
Systems AG, Munich, Germany).

Instrument control software was custom written in Igor Pro 6.3
(Wavemetrics Inc., Portland, OR, USA). Piezo position was controlled
with a closed-loop feedback system running internally on the AFM
controller field-programmable gate array. A typical AFM measurement
took about 12 h and was done fully automated and at room
temperature. Retraction velocity for constant-speed force spectroscopy
measurements was 0.8 um/s. Cantilever spring constants were
calibrated after completing all measurements on different spots on
the surface using the same cantilever. This was done by utilizing the
thermal method applying the equipartition theorem to the one
dimensionally oscillating lever.*"**

Force—Extension Data Analysis. Obtained data were analyzed
with custom-written software in Python (Python Software Foundation,
Python Language Reference, version 2.7, available at http://www.
python.org), utilizing the libraries NumPy, SciPy, and Matplotlib.

Raw voltage data traces were transformed into force distance traces
with their respective calibration values after determining the zero force
value with the baseline position. A correction of the force-dependent
cantilever tip z-position was carried out. Force distance traces were
filtered for traces showing two CBM unfoldings and a subsequent type
III cohesin—dockerin dissociation, without preceding Xmodule
unfolding.” This screening was carried out by detecting maximum-
to-maximum distances of kernel density estimate (Gaussian kernel,
bandwidth 1 nm) peaks in contour length space in each single trace,
after applying thresholds for force, distance, and number of peaks. For
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sorting data sets, transformation of force distance data into contour
length space was done with a manually fixed persistence length of 0.4
nm, to measure distances of energy barrier positions.zg’43 Sorting was
done allowing generous errors to the expected increments to account
for the conformational stretching of the spacer molecules. Fits to the
force—extension data with the WLC model had the following
parameters additionally to the values mentioned in the figure captions,
if not stated otherwise: initial guess for persistence length: 0.4 nm; fit
precision: 1 X 1077, For assessment of transformation quality, the
inverse worm-like-chain model was applied for transformation of force
distance traces into the contour length space in a force window of 10
to 125 pN and with a persistence length previously fitted to each peak
separately: The global mean value of each data set for each peak was
used. Final alignments of the whole data sets were assembled by cross-
correlation.

Master Curve Assembly. The master curves were assembled by
cross-correlation of each force—distance trace of a presorted data set
with all previous curves in contour length space, starting with a
random curve. Each curve was shifted on its x axis to fit the maximum
correlation value and added to the set assembly in contour length
space. Subsequently, a second run was performed, cross-correlating
each curve with the previously assembled set, to facilitate an equal
correlation template for every curve, independent of its occurrence.
Finally, the most probable shift was calculated by a KDE and
subtracted from each curve to get representative absolute distances
with respect to the origin. Distance and correlation value thresholds
were applied to filter out less probable PEG populations and otherwise
badly fitting data. In a final step, all overlaid raw data points in force—
distance space were binned on the x axis into nanometer-sized slices,
and their densities on the y axis were estimated by a KDE for each
slice. Near the rupture events, where the kernel density estimates
cannot unambiguously identify maxima of the data slices, the value was
set to zero. Therefore, after each rupture, a small “gap” is visible, which
was not included in data points used for fitting. Their most probable
value and the corresponding full width at half-maxima then assembled
the master curve. Although by this procedure representative absolute
rupture forces for the domains are not necessarily reproduced to the
highest accuracy, the most probable and most representative pathway
of the elastic behavior in between peaks is resembled well.

gmWLC model. For WLC fits and transformations into contour
length space, a recently improved approximation, solved for the
extension, was used,’” adding correction terms for quantum
mechanical backbone stretching.”

With the abbreviations

f=FL,/kT (1)

" P( 7 ] @)

WLC fits were done with the model formula

_. 4 4 _ 106 . f1.62
N3 3Jf+ 1l Jf(b -1 355+ 387

®)

With the quantum mechanical correction,

LC,O
Lcorr = E(\ 4Fy2 + ylz - + 2)’2) (4)
2

where y, and y, are the ab initio parameters from the original
publication.
Transformations were performed with the model contour length:

x
L =
c i _ 4 _ 106 + f1.62
3 3Jf+1 Jfo—1)? 355+ 3.8f%7 (5)

With the reverse quantum mechanical correction for zero force
contour length,

L,

LC
0= 7 >
272(\/% +4,F +2y, - ) ©)

with x being the extension, L. the model contour length, F the force,
L, the persistence length, k Boltzmann’s constant, T the temperature,
¥, and y, the quantum mechanical correction parameters, L., the gm-
corrected contour length, and L, the reverse qm-corrected contour
length at zero force. As a nonlinear fitting algorithm, a Levenberg—
Marquardt least-squares minimization method was applied.
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Supporting Information
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Supplemental Figure S1. Number of curves within a 1 h timeframe were binned in one histogram bar.
Multiple traces were traces with more than 10 peaks (Supplemental Figure S2 shows an exemplary
multiple interaction trace). Left (purple) is the PEG-lever versus the PEG-immobilization and right (blue)
ELP-lever versus ELP-immobilization. The two top panels show number of multiple interactions over time.
The bottom panels show humber of single specific interactions over time.
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Supplemental Figure S2. A typical example trace displaying multiple interactions.
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Supplemental Figure S3: Performance of contour length transformations. (A) Observed persistence
lengths. Upper plot: observed persistence lengths preceding each CBM and Coh:Doclll unfolding/rupture
peak as measured by WLC fits in the force range of 30 to 125 pN (ELP: 0.35, 0.44, and 0.49 nm; PEG:
0.20, 0.25, and 0.27 nm). Lower plot: same data normalized to the respective last peak means. The
gualitative behavior over the unfolding of the peaks is similar for both constructs. (B) Assessment of
transformation quality. Coefficient of variation (CV) as a measure of distribution broadness and distance
of mode to mean as a measure of peak symmetry show better performance for ELP data for the first
peaks. Later peaks show better performance of PEG data, although the differences are negligible.
Transformations were done with the inverse WLC model only for data points between 10 and 125 pN.
Persistence lengths for the transformations were chosen as the mean values of the WLC fits to each peak
as shown in panel (A). (C) Alignment of transformed ELP curves in contour length space. Two CBM
increments and one Xmod unfolding prior to Coh:Doc rupture are clearly detectable.

Low force performance of ELP linkers

For this analysis, only forces in a range from 10 to 125 pN were taken into account, to minimize
the effects of conformational stretching. The elastic properties of the first stretching event of a
data trace are dominated by the linker molecules. As more protein domains unfold, the peptide
backbone of the unfolded domains contributes increasingly to the overall elastic response.
Contour length transformations of force distance data were performed with the mean fitted
persistence lengths of each peak, as shown in Supplemental Figure S3, Panel A (0.35, 0.44,
and 0.49 nm for ELP data peaks; 0.20, 0.25, and 0.27 nm for PEG data peaks), to account for
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varying persistence lengths over the course of each pulling cycle. The persistence length as a
measure for the stiffness of a polymer is lower for PEG than for ELP with bulky side chains and
rotational restrictions of the peptide backbone. Comparable changes of persistence lengths over
the course of an unfolding experiment were also observed earlier in other studies.’? The
distribution width and asymmetry of each peak in contour length space were evaluated
separately by the coefficient of variation and the calculated difference of statistical mode and
mean. A comparison of all datasets revealed that for the first unfolding peak, ELP datasets
display slightly superior properties: the first peak for data with ELP linker tethering is sharper
and more symmetric (Supplemental Figure S3, Panel B) as indicated by the narrower
distribution and lower coefficient of variation. For the subsequent peaks 2 and 3, both PEG and
ELP linkers perform similarly and the differences become negligibly small. Although the impact
on data quality in this low force regime examined here, was not as severe as expected, ELP
linkers seem to exhibit advantageous behavior for the first stretching events of each curve, and
might improve accuracy in determining the following contour length increments to identify
protein domains.
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Supplemental Figure S4: Master curves fits with persistence lengths as an additional free fit
parameter. If the persistence length is not kept fix, but also fitted to the data, it is clearly visible, that this
parameter is optimized to compensate the conformational stretching effect for PEG datasets. While the
gmWLC model fit itself looks better and has lower residuals compared to the fixed persistence length fit,
the resulting contour length increment is way off and does not yield any meaningful value, rendering the
model useless to extract information from the data. The two CBM domains have the exact same amino
acid sequence and therefore should show the same contour length increments upon unfolding.
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Cloning of ELP linkers. Standard PCR was used for amplification of DNA (Phusion High-
Fidelity PCR Master Mix, Thermo Fisher Scientific Inc., Waltham, MA, USA). Melting
temperatures were adjusted according to the employed primers (see Table S1, below).

A plasmid encoding ybbR-ELP15 n-LPETGG described earlier* was modified to yield the
plasmid Cys-ELP120nm-LPETGG. PCR amplification of the plasmid with primers annealing at and
downstream of the ybbR-tag was the first step (Supplemental Figure S5). The gene for the
ELP is a highly repetitive sequence, hence it was necessary to anneal the forward primer at the
ybbR-tag to create a unique attachment site. Since the ybbR-tag had to be removed, a Bsal
restriction site was incorporated with a primer downstream of the annealing region of the
forward primer. The reverse primer had a cysteine encoded at its 5" end. After successful PCR
amplification, the product was digested (Bsal and Dpnl) and blunted (1h, 37°C, 5 Min, 80°C).
The blunting reaction was performed in parallel with 1 pl of Klenow Fragment enzyme and the
addition of 1 mM dNTPs (Thermo Fisher Scientific Inc., Waltham, MA, USA)).

After purification (QIAquick PCR purification kit or gel extraction kit (Qiagen GmbH, Hilden,
Germany) the ligation reaction was set up: 1 pl of a T4 Ligase (10U/ul, Thermo Fisher Scientific
Inc., Waltham, MA, USA was supplemented with 1 pul ATP (10 mM), 0.5 pl PEG-6000, 1 ul T4
Polynucleotide Kinase (PNK) and buffered in CutSmart buffer (New England Biolabs, Ipswich,
MA, USA).

PCR Amplification|

— w—f| P
— NS . ELP ropual gone q
igesion === ybbR-tag
Bsal-HF ‘ — Sonase C_tag
g— A B M
; === Bsal restriction site
Blunting of
_5' overhangs .
Klenow Cysteine
Fragment
ELF repeat gene ‘
Ligation,
T4 Liga%
— ol ELP repeat gene ‘

m
3
| —
]
H

Supplemental Figure S5. Cloning scheme for Cys-ELP150 \m-LPETGG.
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For the creation of the TEV-GGG-ELPg nn-LPETGG plasmid, a plasmid encoding ybbR-ELPg
m-LPETGG* was mutated with one QuikChange primer*, annealing up- and downstream of the
ybbR-tag introducing DNA encoding a TEV-site and a triple glycine. The TEV cleavage site was
introduced to ensure full cleavage of the N-terminal methionine. This was assumed to be
necessary, since Sortase A only works with glycines at the very N-terminal start of a protein.
The QuikChange reaction was done with 50 ng DNA template, 1 pl of primer (10 pmol/pl) in 20
pl Phusion High-Fidelity PCR Master Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA,
see Supplemental Figure S6).

T =

PCR Amplification

m ybbR-tag

@ w== TEV Sortase N-Tag
@ === Sortase C-tag

1
Dpnl

Digestion
v

ELP repeat gene

Supplemental Figure S6. Cloning scheme for TEV-GGG-ELPgg ni-LPETGG.
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The newly obtained plasmid was modified again with QuikChange to exchange the C-terminal
Sortase-tag with a ybbR-tag (Supplemental Figure S7).

N

ELP repeat gene
| P

~— ybbR-tag

@ === TEV Sortase N-Tag
@ === Sortase C-tag

Dpnl
Digestion

v

ELP repeat gene

Supplemental Figure S7. Cloning scheme for TEV-GGG-ELPgg nm-ybbR.
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The ELP gene cassette was duplicated by insertion of a gene sequence encoding [(VPGVG)s-
(VPGAG),-(VPGGG);]s into the linearized vector containing TEV-GGG-ELPgo nm-ybbR. This was
done by GoldenGate cloning.® For this purpose, both vector and insert were amplified with
primers encoding flanking Bsal restriction sites. The Bsal sites were designed to match the
corresponding end of insert and backbone, without leaving any cloning scars. After Bsal
digestion and purification of the PCR product via gel extraction, both of the parts were ligated
with their corresponding sticky ends (2.5 ul CutSmart buffer, 1.25 ul T7 ligase, 2.5 pl ATP (10
mM); New England Biolabs, Ipswich, MA, USA, see Supplemental Figure S8).

ELP repea t gene CD
* —ELP
— —_—
repeal P repeat e
— | ELP repeal gene q || ELP repeat gene N — ybbR'tag
=== TEV Sortase N-Tag
Bsal-HF Bsal-HF
T7 Ligase
ElPrepeatgene | ELP repeat gene q

ELP repeat gene

Supplemental Figure S8. Cloning scheme for TEV-GGG-ELP 150 nm-ybbR.
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Experiments showed that the E. coli methionine aminopeptidases already fully digested the N-
terminal methionine proceeding the polyglycine. Hence, removal of the TEV cleavage site was
desired to simplify the ELP production process. This was achieved by a linearization reaction,
Bsal digestion and religation as described above. Primers were designed to anneal at the TEV-
site and encoded a Bsal restriction site upstream of the triple glycine (Supplemental Figure
S9).

Construction of GGG-ELP120nm-ybbR

0.
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Supplemental Figure S9. Cloning scheme for GGG-ELP 150 nm-ybbR
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Finally, the C-terminal ybbR-tag was switched to a cysteine. The reverse primer attached at the
codons of the ybbR-tag with a Bsal restriction site. The forward primer encoded a cysteine at its
5 end and annealed downstream of the stop codon. The linear plasmid was processed as
described above (Supplemental Figure S10).

L.

[ ELP repeat gene

PCR Amplification
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F | ELP repeat gene ] ! [ | ‘
f— ybbR-tag
aBs’al-HF Cysteine
| ELP repeat gene g gJ ‘
v ! >y Sortase N-tag
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5'overhangs .. .
l === Bsal restriction site
Klenow
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F [ ELP repeat gene G ‘
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T4 Ligase

F ELP repeat gene

l

[ ELP repeat gene I

Supplemental Figure S10. Cloning scheme for GGG-ELP120 nm-Cys
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Cloning of GGG-HIS-CBM-Xmod-Doclll and Cohlll-CBM-HIS-LPETGG.

Basis for the construction were two plasmids published by Schoeler et al.® The plasmid
encoding the gene for Cohlll-CBM was linearized with primers encoding the Sortase C-tag. 4.5
ul of the PCR product was directly digested with 1 pl Dpnl (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), 3’ ends were phosphorylated with 1 pyl T4 PNK (New England Biolabs,
Ipswich, MA, USA) and the ends were religated with 1 pl T4 Ligase (10U/ul, Thermo Fisher
Scientific Inc., Waltham, MA, USA) (15 Min at 37°C, 45 Min 22°C). The 10 pl reaction was
supplemented with 1 pyl ATP (10 mM), 0.5 pyl PEG-6000 and 1 pl CutSmart buffer (10x, New
England Biolabs, Ipswich, MA, USA).

The plasmid encoding the Cohlll domain had a cloning scar (encoding the amino acids “GT”) at
the N-terminus. Glycine and threonine were removed since one single glycine is already
reactive with the “LPETGG” in a Sortase A catalyzed reaction. This was done with a sequential
linearization and religation reaction (as described above).

The CBM-Xmod-Doclll gene was subcloned with Gibson Assembly into a linearized vector with
a TEV site followed by a Sortase N-tag. 10 pl of the HiFi MasterMix (2x, New England Biolabs,
Ipswich, MA, USA), were mixed with a 10-fold molar excess of insert to the backbone (reaction
volume 20 pl, 1 hr, 50°C; Supplemental Figure S11). Similar to the GGG-ELP1, nm-Cys, the
unnecessary TEV site was removed, since E. coli already digested the N-terminal methionine
sufficiently. This was achieved by employing the same procedure as described for Cohlll-CBM
linearization and religation.

— L‘DMX l-Docl |l
== CBM-Xmod-Doclll gene
— — === TEV Sortase N-Tag
— — [ CBM-Xmod-Dosli -

Gibson
Assembl)

: €BM-Xmod-Daclll :

Supplemental Figure S11. Cloning scheme for TEV-GGG-CBM-Xmod-Doclll
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Supplemental Table S1. Overview of primers

Name

Sequence (5°-3’)

Construction of Cys-ELP150nm-LPETGG

FW N-Cys Bsal

GACTCTCTGGAATTCATCGCTTCTAAACTGGC
TGGTCTCCTGCGTGCCGGGAGAAGGAG

REV Bsal ybbR

CCCGGCACAGCCAGTTTAGAAGCGATGAATTC
CAGAGAGTCGGTCTCACATATGTATATC

Construction of TEV-GGG-ELPgy \n-LPETGG

QuikChange Primer ybbR to TEV-GGG

GACACCAGGGACTCCTTCTCCCGGCACACCG
CCCCCTCCCTGGAAGTACAGGTTTTCCATATG
TATATCTCCTTC

Construction of TEV-GGG-ELPgg nm-ybbR

QuikChange Primer LPETGG to ybbR

GACACCAGGGACTCCTTCTCCCGGCACACCG
CCCCCTCCCTGGAAGTACAGGTTTTCCATATG
TATATCTCCTTC

Construction of TEV-GGG-ELP139nm-ybbR

FW backbone Bsal

GAAAACCTGTACTTCCAGGGAGGGGGGTCTC
GGGGTGTGCCGGGAGAAGGAG

REV backbone Bsal

ATATATGGTCTCGACCGCCCCCTCCCTGGAAG
TACAGGTTTTC

FW insert TEV-GGG Bsal

CCAGGGAGGGGGGTCTCGCGGTGTGCCGGG
AGAAGGAG

REV insert Bsal

TCGAGTTAAGCCAGTTTAGAAGCGATGAATTC
CAGAGAGTCGGTCTCCACCCTCACCCGG

Construction of GGG-ELP120 nm-ybbR

FW ELP GGG

GGGGGCGGTGTGCCGGGAG

REV Bsal TEV

GGCACACCGCCCCCTCCCTGGAAGTACAGGT
TTTCGGTCTCACATATGTATATCTCCTTC
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Construction of GGG-ELP13nm-Cys

FW backbone Cys

GCCAGTTTAGAAGCGATGAATTCCAGAGAGTC
GGTCTCCACCTTCACCC

REV ybbR Bsal

TGCTAACTCGAGTAAGATCCGGCTGCTAACAA
AGCCC

Construction of GT-CohlllI-CBM-HIS-LPETGG

FW backbone

TAACTCGAGTAAGATCCGGCTGC

REV CBM LPETGG

GCCGCCGGTTTCCGGCAGCGGACCCTGGAAC
AGAAC

Construction of Cohlll-CBM-HIS-LPETGG

FW Cohlll

GCGCTCACAGACAGAGGAATG

REV backbone without GT

CATATGTATATCTCCTTCTTAAAGTTAA

Construction of TEV-GGG-HIS-CBM-XDoclll

FW backbone

CTCGAGTAAGATCCGGCTGC

REV backbone

ACCGGGTTCTTTACCCC

FW insert GTATGGGGTAAAGAACCCGGTGGCAGTGTAG
TACCATC
REV insert CGGATCTTACTCGAGTTATTCTTCTTCAGCATC

GCCTG

Construction of GGG-HIS-CBM-XDoclll

FW CBM

ATGGCCAATACACCGGTATCA

REV backbone

TCCGTGGTGGTGGTGGTGGTGACCGCCCCCC
ATATGTATATCTC
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Supplemental Table S2. Biophysical parameters of the employed ELPs.

ELP €205 Molecular Isoelectric | Amino acids in ELP Total

repeats [1/M cm]7 weight [Da]8 point repeats (total)8 Length [nm]9

()
(.365 nm per aa)

CyS-ELPlzo nm-
LPETGG 851370 | 24763.08 3.20 300 (307) 112.06

GGG-ELP129 nm-
Cys 843030 | 24379.63 3.23 300 (304) 110.96

Protein Sequences

GGG-ELP120 nm-Cys

Sortase N-Tag
ELP
Cysteine

GGGVPGEGVPGVGVPGVGVPGVGVPGVGVPGAGVPGAGVPGGGVPGGGVPGEGVPGEGY
PGVGVPGVGVPGVGVPGVGVPGAGVPGAGVPGGGVPGGGVPGEGVPGEGVPGVGVPGVG
VPGVGVPGVGVPGAGVPGAGVPGGGVPGGGVPGEGVPGEGVPGVGVPGVGVPGVGVPGYV
GVPGAGVPGAGVPGGGVPGGGVPGEGVPGEGVPGVGVPGVGVPGVGVPGVGVPGAGVPG
AGVPGGGVPGGGVPGEGVPGEGVPGVGVPGVGVPGVGVPGVGVPGAGVPGAGVPGGGVP
GGGVPGEGC

Cys-ELP150 im-LPETGG
Cysteine

ELP

Sortase C-Tag

MCVPGEGVPGVGVPGVGVPGVGVPGVGVPGAGVPGAGVPGGGVPGGGVPGEGVPGEGVP
GVGVPGVGVPGVGVPGVGVPGAGVPGAGVPGGGVPGGGVPGEGVPGEGVPGVGVPGVGV
PGVGVPGVGVPGAGVPGAGVPGGGVPGGGVPGEGVPGEGVPGVGVPGVGVPGVGVPGVG
VPGAGVPGAGVPGGGVPGGGVPGEGVPGEGVPGVGVPGVGVPGVGVPGVGVPGAGVYPGA
GVPGGGVPGGGVPGEGVPGEGVPGVGVPGVGVPGVGVPGVGVPGAGVPGAGVPGGGVPG
GGVPGEGLPETGG
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MGGG-HIS-CBM-Xmod-Dockerin Il

X
=
o
o

Dockerin Ill

MGGGHHHHHHGMANTPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYT

PR AP A EESEPENAEN TV TSAVKTQYVEIESVDGFYFNTEDKFDTA

QIKKAVLHTVYNEGYTGDDGVAVVLREYESEPVDITAELTFGDATPANTYKAVENKFDYE
IPVYYNNATLKDAEGNDATVTVYIGLKGDTDLNNIVDGRDATATLTYYAATSTDGKDATT
VALSPSTLVGGNPESVYDDFSAFLSDVKVDAGKELTRFAKKAERLIDGRDASSILTFYTK
SSVDQYKDMAANEPNKLWDIVTGDAEEE

Cohesin [II-CBM-HIS-LPETGG
Cohesin Il

Sortase C-Tag

MALTDRGMTYDLDPKDGSSAATKPVLEVTKKVFDTAADAAGQTVTVEFKVSGAEGKYATT
GYHIYWDERLEVVATKTGAYAKKGAALEDSSLAKAENNGNGVFVASGADDDFGADGVMWTV
ELKVPADAKAGDVYPIDVAYQWDPSKGDLFTDNKDSAQGKLMQAYFFTQGIKSSSNPSTDEYL

VKANATYADGYIAIKAGEP SRS IO ES DD ENAVANTPVSCNEKVE
FYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWSDHAAIIGSNGSYNGI
TSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVQIQGRFAKND
WSNYTQSNDYSFKSASQFVEWDQVTAYLNGVLVWGKEPGELKLPRSRHHHHHHGSLEVLFQ

GPLPETGG
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Linker Length. The artefacts generated by PEG linkers at elevated forces can be reduced by
shortening the linker molecules. Usually our force spectroscopy experiments employ spacers
with 40 nm length. Many SMFS assays utilize these 5 kDa PEG linkers, where the effect is
scaled down proportionally with length, however still present. Further truncation would minimize
the influence of the conformational change of PEG spacers, but in return raise other concerns: i)
reduced mechanical isolation of the molecules under investigation by low pass filtering from
transducer oscillations, to ensure purely thermally driven unfolding and dissociation events and
defined loading rates, ii) reduced passivation of the surfaces against nonspecific adsorption,
and iii) influence of surface effects and effects of the linker molecules themselves on the
domains of interest. Employing peptide based smart polymers as linkers offer a new solution to
this issue, avoiding linker artefacts almost entirely.
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Supplemental Figure S12. Conversion of PEG molecular weights with functional end groups into their
corresponding lengths. Based on the molecular weight of PEGs with functional groups maleimide and
NHS, the number of subunits for various PEGs can be determined. Subsequently, the PEG contour
lengths for a given number of subunits can be calculated. The data were obtained from the NHS-PEG-
maleimide portfolio of Thermo Scientific and Rapp Biopolymers.
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Supplemental Table S3. Overview of average molecular weight and length of PEG-Polymers. In blue are
the calculated polymer sizes, in black the data the calculation is based on. Number of subunits were

always round to the next integer.

Molecular Weight [Da] Number of Subunits Length [nm]
513.3 4 2.5

601.6 6 3.2

689.71 8 3.9

865.92 12 53

1394.55 24 9.5

1000 15 6.4

5000 106 38.3

10000 220 78.1

15000 333 118.0
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3.3.4 Thiol/Maleimide

Thiols do occur naturally in the amino acid cysteine. In nature it generates
disulfide bonds for stabilizing protein folds in tertiary or quaternary protein
structures (cp. Section 2.1.2). Thiols have to be in a reduced state in order to
be able to react. This can be achieved with reducing agents like DTT or TCEP.
A commonly used strategy is the coupling of thiol to a maleimide group. '™ It
is ideally done at a pH between 6.5-7.5 and results in a stable thioether linkage.
This bond is irreversible and will be stable even in reducing conditions. Higher
pH conditions over 8.5 can lead to cross-reactions with amines in a michael
addition reaction.

If possible reactions betweeen maleimides and proteins of choice were con-
ducted in phosphate buffer (coupling buffer) at pH 7.2 (cp. Section B.0.8).

3.3.5 CoA/sfp/ybbR

The ybbR-tag (DSLEFTASKLA) is a 11 amino acid peptide tag that can be
coupled to coenzyme A (CoA) catalyzed by a 4’-phosphopantetheinyl trans-
ferase (Sfp) enzyme from Bacillus subtilis in this case (cp. Figure 3.3.1C).178
The sfp covalently transfers phosphopantetheine moiety from CoA (see Figure
3.3.3) to the serine residue of the ybbR-tag. 179 In nature this is a process found
in fatty acid biosynthesis and allows the post-translational modification of acyl
carrier proteins. %0 The active site of sfp needs a magnesium ion for coordina-
tion and proper function. Accordingly enough MgCly should be provided in
the reaction buffer. CoA itself harbors a thiol that can be used for attachment
to a maleimide on the surface (cp. Section 3.3.4). Sfp coupling is very reli-
able and has no back-reaction so incubations can be run overnight at 4°C if
the protein of interest is unstable at room temperature. The placement of the
ybbR tag is fairly flexible as long as it is accessible also internal modifications
are possible.

This process can also be utilized for biotinylation of proteins using a CoA
coupled to biotin which can be synthesized (CoA-biotin, Sichem, Bremen, Ger-
many, Catalog number: SC-8618). Also CoA-DNA oligos can be coupled to
proteins of interest. !81:182

Protocols for both attachment to a surface as well as biotinylation can be
found in Section B.0.2.

3.3.6 Sortase

Another enzymatic mediated coupling approach is borrowed from Staphylococ-
cus aureus and other Gram-positive bacteria. '®3 Sortase couples proteins to the
bacterial cell wall of Gram-positive bacteria. "848 The coupling relies on spe-
cific terminal recognition motifs, an N-terminal triple glycine and a C-terminal
LPXTGG tag (where X is a guest residue X can be D, E; A, N, Q, or K; in this
case E) that are joined mediated by sortase (cp. Figure 3.3.1B).'%6 The first
step of the reaction is sortase binding to the threonine in the LPXTGG motif
with the cysteine in the catalytic core. The glycines are cleaved off and an
intermediate product with LPXT-sortase is formed.'®6 The C-terminal group
of threonine can then bind to a free N-terminal glycine residue of the protein
that should be coupled to. In the absence of a suitable nucleophile, sortase just
hydrolyzes the construct and leaves a protein behind thats not able to couple
any more. '8%187 The final coupled product can be targeted by sortase again
forming another intermediate product until all glycines are cleaved off from
the triple glycine of the protein to be coupled. This back reaction should be
kept in mind for choosing the reaction times and concentrations of sortase and
proteins to be coupled.'®® Sortase needs calcium to coordinate its conforma-
tion, this drastically enhances substrate binding and activity. '%? Also calcium
independent sortases were engineered.

Sortase coupling can be used for attachment between ELP linkers (cp. Sec-
tion 3.3.3) with sortase motifs and proteins of interest.?” As well peptides with
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Figure 3.3.3: Structural depiction

of coenzyme A used for attach-

ment with a ybbR tag. (1) The 3'-
phosphoadenosine part is impor-

tant for the sfp to couple to the serine
of the ybbR tag. (2) The thiol of cys-
teamine is used to attach to maleimide
groups on the surface.
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The discovery of Avidin'92
Avidin as a biotin binding protein
was discovered already in 1940.'93
Again this is touching the chicken
or the egg dilemma (cp. Section
2.1.2) but this time in a very lit-
eral way. Eakin et al.'”? found
that chicks fed with raw egg white
showed a biotin deficiency (“egg-
white injury”) even though plenty
biotin should be available. They
concluded its not toxicity of the
raw egg white but some "action of
the egg white in making the biotin
of the diet unavailable”'”.  One
year later they succeeded in pu-
rifying a component of "fresh egg
white [that] is capable of inactivat-
ing biotin in vitro, owing probably
to the formation of a fairly stable
compound of biotin with a special
constituent of egg white”'?*. The
purified fraction of the egg white
had albumin-like properties which
inspired them to tentatively call
it 7avidalbumin” ("literally, hun-
gry albumin”).'%* Gyorgy et al. !9
also showed that ”continued and in-
tensive treatment with heat” would
release the biotin again.  They
later present methods "for separat-
ing the avidin from the bulk of the
egg white proteins” '?° and renamed
their newly found protein ”Avidin”
because of its affinity for biotin (avid
+ biotin). 195196

sortase motifs (C-LPETGG and GGG-C; peptides&elephants, Potsdam, Ger-
many) can be used to mediate coupling of proteins to be investigated. 176191
Also peptide modified DNA-oligos can be used for surface attachment.'®?

The used sortase was an enhanced sortase A from Staphylococcus aureus
(d59SrtA, P94R/D160N/D165A /K190E/K196T). 173174188191

3.4 Handles for force spectroscopy for site specific tethering

Besides the covalent attachment to the sample and probe surfaces an essential
part of the attachment chemistry is the reversible handle part that allows spe-
cific, high-yield AFM measurements. The requirements for these handles alter
for each application in terms of rupture force distribution, stability over the
course of a measurement and overall compatibility with the measurement setup.
Unfortunately sometimes these handles are not as versatile as one would like.
There seem to be various reasons and they are not fully understood. Therefore
it is crucial to have a selection of receptor:ligand pairs to be able to troubleshoot
fast in order to find a working pair that meets the needed requirements. To be
flexible and fast for iterations in the measurements its also possible to include
multiple attachment sites to one protein of interest in order to pull it with a
corresponding receptor. However the placement of the tags has to be taken
into account to allow the wanted pulling geometries. Tags for pulling should
ideally be small to not interfere with the protein fold. They should be directly
expressible with the protein without post-translational modifications needed.

A detailed list of popular handles for SMFS experiments can be found in
the dissertation of Markus Jobst 197,

In the following sections additional handles adapted for the use in this thesis
and general for SMFS are introduced.

3.4.1 Monovalent strep-tactin

Streptavidin/Avidin:biotin was the first receptor:ligand bond probed by AFM-
based SMFS. 198199 Streptavidin:biotin is a molecular linker widely used in
biotechnological applications. However proteins need a post-translation modifi-
cation with biotin to be usable for applications with streptavidin. Also tetrava-
lency of avidin-like proteins are a problem for having one unambiguously pulling
geometry and not four different ones. Fortunately both drawbacks were already
addressed previously.

Biotinylation was made possible by diverse coupling methods (also cp. Sec-
tion 3.3.5).%°Y Even in vivo biotinylation already while protein expression is
possible. 2017295 However still an additional step to recombinant expression or
special cell lines are needed. Schmidt and Skerra?’% addressed this problem by
screening peptides towards their affinity to streptavidin. It resulted in a nine
amino acid sequence (AWRHPQFGG) called ’Strep-tag’ capable of binding to
streptavidin with high affinity. This sequence can be readily expressed with
a protein of choice and can directly be used for a single-step affinity purifi-
cation.??” Crystallographic assessment of the streptavidin:strep-tag complex
helped to optimize the position of the peptide in the binding pocket of strep-
tavidin.?’® This optimization based on the structure resulted in a new eight
amino acid version of the Strep-tag termed Strep-tag IT (STII) (WSHPQFEK).
To further enhance the affinity of STII streptavidin was subjected to random
mutagenesis. The result was called ’strep-tactin’ a streptavidin with an altered
binding loop conformation allowing stronger binding affinity towards STII. This
way proteins harboring a STII can bind right away to strep-tactin without any
post-translation modifications with hight affinity. 2%

To overcome tetravalency Howarth et al.'%! reassembled chimeric strep-
tavidin from single unfolded subunits. These subunits were either wild-type
streptavidin subunits harboring a 6xHis-tag for purification or subunits mu-
tated (N23A, S27D and S45A) to be unable to bind biotin without a His-tag. By
refolding these subunits together different streptavidins showing valencies from
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one to four are formed. These could be separated by IMAC using their different
properties in terms of having one or four His-tags (cp. Sections 3.1.2.1/3.1.2.2).

We found that the mutated streptavidin subunit unable to bind biotin was
equally unable to bind STII. Combining afore mentioned developments allowed
engineering of a monovalent strep-tactin assembled from its subunits harboring
just one cysteine for site-specific attachment in SMFS (cp. Section 3.3.4). This
allowed a specific pulling geometry for the force-guided unfolding of proteins.
Purification and characterization in an AFM-based SMFS setting is shown in
following publication.

Material from
Fabian Baumann, Magnus S. Bauer, Lukas F. Milles, Alexander
Alexandrovich, Hermann E. Gaub, and Diana A. Pippig. Monovalent
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Monovalent Strep-Tactin for strong and
site-specific tethering in nanospectroscopy

Fabian Baumann', Magnus S. Bauer', Lukas F. Milles', Alexander Alexandrovich?, Hermann E. Gaub'
and Diana A. Pippig'3*

Strep-Tactin, an engineered form of streptavidin, binds avidly to the genetically encoded peptide Strep-tag Il in a manner
comparable to streptavidin binding to biotin. These interactions have been used in protein purification and detection
applications. However, in single-molecule studies, for example using atomic force microscopy-based single-molecule
force spectroscopy (AFM-SMFS), the tetravalency of these systems impedes the measurement of monodispersed data.
Here, we introduce a monovalent form of Strep-Tactin that harbours a unique binding site for Strep-tag Il and a single
cysteine that allows Strep-Tactin to specifically attach to the atomic force microscope cantilever and form a consistent
pulling geometry to obtain homogeneous rupture data. Using AFM-SMFS, the mechanical properties of the interaction
between Strep-tag Il and monovalent Strep-Tactin were characterized. Rupture forces comparable to biotin:streptavidin
unbinding were observed. Using titin kinase and green fluorescent protein, we show that monovalent Strep-Tactin is
generally applicable to protein unfolding experiments. We expect monovalent Strep-Tactin to be a reliable anchoring tool

for a range of single-molecule studies.

molecular constituents are prerequisites to successful nano-

spectroscopy experiments. For example, in single-molecule
force spectroscopy (SMFS), the way in which the probed molecules
(for example, proteins) are tethered largely influences the exper-
imental performance as well as the reliability and interpretation of
the data obtained. We aimed to adapt molecular interactions
based on or related to avidin-like proteins to tackle this challenge
and establish a versatile anchoring tool to study any protein of inter-
est at the single-molecule level. After the discovery of avidin (A)™? in
1940 and streptavidin (SA)* in 1964 as biotin sequestering proteins,
their impact in biotechnology was quickly exploited**. With their
outstanding femtomolar-range affinity towards biotin, the proteins
found versatile application and rapidly became a molecular link
between nano- and biotechnology, especially when the biotinylation
of samples became accessible®8. The biotin:SA/A interaction was
the first molecular complex studied by atomic force microscopy
(AFM)-based SMFS*!0. Strep-Tactin (ST) is an engineered SA!!
that specifically binds to the genetically encodable peptide
Strep-tag II (amino acid sequence SII: WSHPQFEK). SII occupies
the same binding site in SA and ST as biotin would!"'2. The
SIL:ST system is predominantly used in protein purification'®, but
also in affinity imaging and various in vivo applications-1°.

The tetravalency in avidin-like proteins accounts for their strik-
ing avidity. Nevertheless, it can be disadvantageous to certain appli-
cations that rely on 1:1 stoichiometries. Stable, high-affinity
monomeric forms of avidin-like proteins are challenging to obtain
due to the interplay of the neighbouring subunits. Substantial
protein engineering has given rise to monomeric SA variants with
compromised binding properties”. Howarth and colleagues intro-
duced a tetrameric, but monovalent SA (monoSA) with unimpaired
biotin affinity. Key to this is the creation of a point-mutated SA con-
struct that is incapable of binding biotin'®. MonoSA is used in

E 5 pecificity and exact control over the alignment and geometry of

structural biology'?’, nanobiotechnology?*> and in vivo detec-

tion?*?4, Similarly, applications for monovalent ST (monoST)
arise, for example, in vivo, where biotin labelling is not always an
option and working with genetically encoded SII is convenient.
We introduce monoST with a single SII binding site and a unique
cysteine (Cys) that confers either specific immobilization or fluor-
escence labelling. Monovalency is achieved by reassembling a het-
erotetrameric ST, analogous to monoSA'S, Remarkably, we found
the biotin-binding-deficient SA mutant equally unable to bind SIL
MonoST thus consists of one functional ST subunit with a unique
Cys residue, as well as three mutant SA subunits. Various appli-
cations of the construct, for example, as a fluorescence probe in
the detection of SII-tagged targets in cells, can be envisioned.
Here, we focus on the force-spectroscopic characterization of the
SI:monoST interaction, thus establishing the pair as a reliable
anchoring tool for various implementations of SMES.

Other than bulk affinities, unbinding forces provide insight into
the mechanical character of an interaction. Application-dependent,
the tolerance of a complex to, for example, shear stress can be
advantageous. Here, we present dynamic SMFS data of the SIL:ST
interaction obtained with an AFM, using a site-specifically immobi-
lized monoST. SII-fused green fluorescent protein (GFP) and titin
kinase (TK) constructs were probed to demonstrate the general
applicability of this system in protein unfolding experiments. This
is the first SMFS study of an SA-like protein exploiting an unam-
biguous tethering geometry. We expect monoST to find broad
application in nanobiotechnology. As a force-spectroscopy tool,
monoST offers deeper insight into, for example, the mechanism
of the force-activation of mechano-sensitive enzymes.

Both biotin:SA/A as well as SII:ST have been investigated by force
spectroscopy”'%?>-?, and very high unbinding forces between biotin
and SA/A have been reported. Owing to the tetravalency in SA/A
and the measurement geometry, pinpointing the exact rupture
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Strep-tag Il
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Figure 1| Model of monoST based on the crystal structures of SA and ST.
For SA, non-functional subunits adapted from protein data bank (PDB) entry
1RSU are depicted in grey, and residues N23A, S27D and S45A affecting
biotin'® as well as SII binding, when mutated, are highlighted in green. For
ST, the functional subunit adapted from PDB entry 1KL3 is depicted in red,
Sl peptide is shown in yellow, the loop altered for ST compared to SA
(residues 44-47: ESAV — VTAR) is highlighted in blue, with residues in a
stick representation. The model is depicted from the top and rotated by 90°
in side view. The hexa-His-tag and Cys residue opposite the Sl binding site
in the functional subunit are highlighted in cyan. Black spheres schematically
represent anchor points, with corresponding directions of applied force in
the AFM experiments. In the experiments, the probed proteins are fused to
SII either with their N- or C-terminus.

forces of the interaction between biotin and a distinct subunit of the
SA/A tetramer is challenging. In the case of ST, data from studies
using ambiguous tethering geometries suggest that the force
required to unbind SII from monoST is low compared to that in
the biotin:SA/A interaction (37 pN, ref. 28; 20-115 pN, ref. 26). In
AFM-SMES, well-defined coupling strategies are desirable. Ideally,
the interaction between a tethering molecule attached to the canti-
lever and a handhold-tag on the sample is strong to permit applica-
bility to the various proteins to be probed*-*!. A small handhold is
less likely to interfere with the native protein fold of the sample. The
SII:ST pair generally meets these requirements.

A unique Cys residue in monoST enables selective coupling
ST harbours four functional SII-binding subunits that are indistin-
guishable in their binding capacity. Selective coupling to the AFM
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cantilever is not possible with this construct, and the tetravalency
impedes the measurement of monodispersed force-spectroscopy
data. We therefore engineered a monovalent ST heterotetramer with
a single Cys that can be reacted to maleimido-polyethyleneglycol
(PEG) functionalized surfaces, such as AFM cantilevers. To obtain
uniform rupture force distributions, the monoST variant accommo-
dates only one functional subunit. The remaining three subunits
were adapted from monoSA, as established previously'®. The struc-
tural model in Fig. 1 illustrates the composition of monoST. The
functional subunit contains the Cys modification for selective
immobilization, guaranteeing a consistent pulling geometry and
thus homogeneous rupture data. As the Cys is located opposite
the SII binding pocket of the B-barrel in the ST monomer, the
force propagates through a single subunit (Fig. 1). If the other sub-
units were also functional, more complex pulling geometries and
force-propagation scenarios would arise.

The structural integrity and stoichiometry of reconstituted
monoST were verified by denaturing gel electrophoresis
(Supplementary Fig. 1) and a GFP pull-down assay
(Supplementary Fig. 2). The 1:3 ratio of functional-to-mutated sub-
units and accessibility of Cys were confirmed (Supplementary
Fig. 1). For the SII binding test, ST constructs (tetra-, monovalent
and fully mutated) were attached to a PEGylated glass surface via
their Cys residue. GFP was pulled down in areas with functional
ST. Increased fluorescence intensity coincided with immobilized
tetraST compared to the monoST spot. This correlates with the
anticipated SII binding capacities. No fluorescence signal, and
thus GFP-SII interaction, was observed for the completely
mutated construct. Aside from the capability of monoST to
indeed bind a single SII-tagged GEP, this also confirms ST construct
immobilization via Cys.

To determine the affinity of monoST to a SII-peptide and
compare it to commercially available tetraST (IBA), isothermal
titration calorimetry (ITC) measurements were conducted (Fig. 2).
For both monoST and tetraST, the measured K4 for SII binding
was ~23 puM. This compares well to published values
(0.2/1.4 uM)'2. The respective binding stoichiometry of four and
one binding sites was confirmed in the experiment. Slight deviations
from theoretical stoichiometries can be attributed to errors in deter-
mining the protein concentrations. Because the binding constants
are deduced from the slope of the sigmoidal fit, a discrepancy in
functional protein concentration should primarily affect the
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Figure 2 | ITC measurements of ST constructs and SlI peptide. Data obtained for monoST (scheme with active, Cys-modified subunit in red and mutated
subunits in grey) and tetraST (IBA, four functional subunits, red) were analysed by fitting a one-site binding model to obtain Ky, N (binding stoichiometry)
and AH (enthalpy). The corresponding confidence interval of fits for three (monovalent) and five (tetravalent) data sets is depicted in grey. Errors were

obtained from global fits of all data points of all respective data sets.
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Figure 3 | Characterization of Sll:monoST as a general handhold system in AFM-based SMFS. The scheme illustrates the measurement set-up with
immobilized GFP harbouring a C-terminal Sl and acting as a fingerprint domain. MonoST is represented by four spheres, three mutated, non-functional
subunits are depicted in grey, the functional one in red. Each unfolding and rupture process is illustrated according to the observed, exemplary
force-distance curve. Unfolding and rupture events are fitted according to the worm-like chain (WLC) model.

stoichiometry, not the Ky. The Ky for monoST binding to GFP with
either an N- or C-terminal SII-tag, determined by ITC, is in the
range of 1 uM. The fully mutated construct did not exhibit any
measurable interaction.

Dynamic SMFS of the Sll:monoST interaction
The SILST interaction was previously investigated in other contexts
using SMFS. Moayed and colleagues® used a tandem repeat SII in
an optical tweezer set-up that stretched DNA to compare different
tethering methods. Tang and co-workers® used tetraST in
AFM recognition imaging, giving an estimate of the unbinding
force between SII and ST (37 pN at 337 pN's™' loading rate).
Kim et al.?® probed the dynamic range of the interaction, providing
SII-tagged protein fingerprint constructs (immunoglobulin-like
domain 127 and SNase) at both the surface and the cantilever.
Tethering was only achieved if an ST tetramer in solution connected
two SIT samples. In this way, two differentiated rupture force distri-
butions were obtained for SII:ST unbinding. This can be attributed
to the multiple binding site occupation scenarios in the asymmetric,
dimeric substructure of the ST tetramer (four binding sites, two SII).
Similarly, immobilized tetraST offers four different interaction sites
and hence pulling geometries for SIL

Figure 3 presents the general arrangement of the present AFM
experiment as well as an exemplary force versus distance curve dis-
playing GFP unfolding and the final SII:monoST rupture. MonoST
is specifically attached to the cantilever via the unique Cys of the
functional subunit. The mutated subunits have no active means of
interaction with the sample and are bypassed from the obvious
path of force propagation. AFM-SMEFS data analysis was intended
to be semi-automated for minimal bias in the analysis. Specific
SImonoST binding and rupture events are clearly observed if
GFP is unfolded. For the evaluation of the SII:monoST interaction,
we therefore only considered curves with a single GFP unfolding
event, fully exploiting the advantage of the GFP fingerprint in the
experimental set-up and thus improving data reliability. Because
the force drops back to almost zero as soon as the GFP is unfolded,
it can be presumed that SII:monoST is not under load at that point.
Accordingly, the observed rupture force distribution for SIl:monoST

unbinding at a given loading rate after initial GFP unfolding is
considered representative (Supplementary Fig. 3). Including single
rupture events where the GFP was not unfolded did not significantly
alter the measurement-derived data, but the statistics could be
biased by taking non-specific events into account.

Unbinding forces vary for N- and C-terminal Sll placement
GFP constructs were probed either with N- or C-terminally fused
SII and it was found that only GFP with C-terminal SII is frequently
unfolded (Supplementary Fig. 4). The strength of the SIl:monoST
interaction is thus dependent on tag placement and the pulling geo-
metry arising from it (Fig. 4a). To verify this finding we also probed
a low force fingerprint TK construct with an N-terminal SII-tag. We
observed frequent TK kinase domain unfolding, with data yields
comparable to the GFP experiment (Supplementary Fig. 5).

To evaluate the interaction and dynamic rupture force range
between SII and monoST for GFP-SII and SII-TK constructs, we
analysed representative data sets containing 8,774 and 4,933 retrac-
tion curves, respectively, for each of five distinct retraction velocities
(200, 800, 2,000, 5,000 and 10,000 nm sh Fig. 4). Figure 4b presents
the most probable forces and respective loading rates for the final
SI:monoST rupture and GFP unfolding in the case of construct
GFP-SII for each retraction velocity set. From a fit according to
the Bell-Evans model***, the width of the binding potential Ax
could be determined, yielding 0.50 nm for GFP unfolding and
0.23 nm for SIl:monoST unbinding for the GFP-SII construct.
The respective kg values are 2.9 x 107*s™" and 0.34s7". For the
SII-TK construct, Ax was determined to be twice as high
(0.45 nm) as that for the C-terminally SII-tagged sample, which
correlates well with the rupture forces dropping by a factor of
two. The value of k. is in a comparable range (0.60 s Y. The
force-spectroscopy-derived off rates for SII:monoST unbinding are
comparable to surface plasmon resonance data (0.03-0.26 s h32,
For the GFP-SII sample, the loading rate dependence fits for GFP
unfolding and final rupture intersect one another; in other words,
at low loading rates, the force required for GFP unfolding is more
likely to exceed the SII:monoST rupture force. With increasing
loading rates this behaviour is inverted. GFP unfolding at low
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Figure 4 | Comparison of Sll:monoST unbinding forces depending on the placement of Sl on the termini of the probed protein. a, Schematic of monoST
with Sl occupying the functional binding site (based on PDB: 1KL3). The C-terminal part of SlI is buried more deeply in the binding site than the N-terminal
part. Generally, the two different attachments and thus pulling geometry scenarios can be expected to vary the Sll:monoST unbinding forces. b, Dynamic
force spectrum of the Sll:monoST interaction for measurements with either N- or C-terminally fused SlI. The force versus loading rate dependences of the
Sll:monoST rupture for a GFP construct with C-terminal Sl (filled circles) in comparison to GFP unfolding (open green triangles), as well as for the
Sll:monoST rupture for a TK construct with N-terminal Sl (open diamonds) are shown. Most probable rupture forces were obtained by fitting the rupture
force histograms of each retraction velocity set with the Bell-Evans model. Loading rates were obtained by Gaussian fitting of values derived from the slope
of individual extension traces. Only force-distance curves with a single GFP unfolding event or TK unfolding fingerprint were considered and evaluated.

Ax and ko were obtained by fitting data points according to the Bell-Evans model. The Sl:monoST interaction is about half as strong at comparable loading
rates when Sl is N-terminally fused to the probed protein (here TK) compared with the C-terminal tag (here GFP). Accordingly, Ax is doubled for the
weaker bond. ¢, Exemplary rupture force histograms for Sll:monoST rupture at 800 nm s™ retraction velocity in the AFM experiment. Top: data for the final
rupture of C-terminally Sli-tagged GFP (grey bars, solid line) and GFP unfolding (dashed green line). Bottom: data for the Sll:monoST rupture of the
N-terminally tagged TK construct (open bars, solid line). The presence of a few high force rupture events in the case of SII-TK may be attributed to a
negligible number of unspecific attachment events via the Ig-like domains in the construct. Most probable rupture forces and Ax were derived from fitting

data according to the Bell-Evans model.

loading rates is observed, owing to the inherently broader
distribution of the SII:monoST rupture force (Fig. 4c and
Supplementary Fig. 3). In the experimentally covered loading rate
range, the rupture force distribution for the final SIl:monoST
rupture always coincides with the much narrower distribution for
GFP unfolding. The most probable forces for SII:monoST rupture
for the N-terminal SII construct are significantly lower than for
GFP unfolding, which is in line with the observation that GFP is
not suited to being a fingerprint when using N-terminal SII.

It is evident that the force distribution of the GFP unfolding is
much narrower than that of SI:monoST unbinding. This is to be
expected, as the potential width of the unfolding is much higher
than that of the SIl:monoST rupture (Fig. 4b,c). A fit of the histo-
grams in Fig. 4c based on the standard Bell-Evans model results in
Ax of ~0.29 and ~0.14 nm for unfolding and unbinding, respectively.
For N-terminal SII, Ax is 0.31 nm. These values are slightly lower
than those determined from the force loading rate dependence
(Fig. 4b), for which only the peak positions of the force distributions
are analysed. The narrow distribution of GFP unfolding forces
suggests that instrument drift and cantilever aging are negligible
(also compare Supplementary Fig. 7). The width of the SIl:monoST
rupture force histograms is thus inherent to the narrow binding
potential and, as such, is a genuine property of this molecular pair
in the given pulling geometry (C-terminal SII). Notably, this differs
for an N-terminal SII, where lower unbinding forces and increased
potential widths correlate with the broadened binding potential.

To verify the selectivity and reliability of the tethering established
here, several control experiments were performed. SII-tagged GFP
was compared to GFP fused with a GCN4-tag in AFM-SMFS.
Significant sample interaction was only observed in probed areas

where GFP-SII was immobilized (Supplementary Fig. 6). When
implementing an ST with four non-functional subunits, no signifi-
cant interactions could be observed. The tethering specificity was
also confirmed by competition, by adding 1 mM desthiobiotin
during data collection. After adding the competitor, SIl:monoST
interactions became less abundant by far (Supplementary Fig. 6).
This possibility of competing with the interaction is key to the
system’s use in affinity purification. The effect could also be relevant
to other applications with monoST, for example, in the targeted
release of SII-tagged ligands, as previously demonstrated with a
cell-membrane-penetrating ST variant®®.

Previously, a rupture force distribution exhibiting two distinct
maxima had been postulated for the SIL:ST interaction (C-terminal
SII constructs) by Kim and co-authors?®. We did not observe two
force regimes for the bond rupture between monoST and either
SII-tagged GFP or TK. Using a selectively anchored monoST to
bind a single SIT exposed by the GFP or TK molecules on the
surface eliminates the issue of inhomogeneous rupture force distri-
butions. By offering only one binding site for the SII in an entirely
unambiguous attachment geometry, monodisperse unbinding force
distributions are to be expected.

We compared AFM-based force spectroscopy measurements
using either specifically immobilized tetra- or monoST. A clear
increase in single GFP-unfolding events as well as overall data
yield was observed when using monoST (Supplementary Fig. 7
and Supplementary Table 1). TetraST measurements yielded
about 2% single GFP-unfolding events, but about 8% were obtained
for monoST. Using monoST proved much more reliable. With
tetraST, periods of sparse interaction during the typically ~14 h
measurements were observed, and cantilever wear was more
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drastic (Supplementary Fig. 7). We attribute this effect to tearing of
the tetrameric ST structure. This is in agreement with former SMFS
studies on the disruption of the SA dimer interface, which was
found to occur at ~100 pN (ref. 37). If high forces need to be
probed, as in our exemplary GFP-unfolding experiment, monoST
is a superior choice to conventional tetraST. Notably, because the
mean rupture force for the (C-terminal)SII:monoST bond, even at
low loading rates, still exceeds 50 pN, it can be assumed that the
handhold pair is applicable to a broad range of mechanically
stressed coupling reactions, such as in protein force
spectroscopy studies.

Comparing the SII:monoST interaction strength with that of
biotin:SA/A, we find that in a certain loading rate regime, the
forces are in the same range®. The nonlinearity that is observed
for the biotin:SA/A rupture, which is representative of the presence
of more than one energy barrier along the unbinding coordinate,
was not found for the SIl:monoST interaction. This may be due
to the limited loading rate range covered in the present experiments.
Considering the altered conformation in the loop proximal to the
ligand binding pocket in ST compared with SA, differences in the
unbinding energy landscape would also not be unexpected®®. The
discrepancy in equilibrium stability versus rupture force between
the two complexes biotin:SA and SII:monoST probably originates
from the minor change in the loop region on top of the binding
pocket. For SA, this loop undergoes substantial conformational
changes upon biotin binding to close up the binding site like a
lid. This movement is not observed in ST upon SII-binding.
Furthermore, this loop closure has been concluded to be partially
responsible for the outstanding off rates, and thus for the Ky value
found for biotin:SA%. Additionally, SA variants such as the so-
called ‘traptavidin’ exist, in which the introduction of slight altera-
tions in this loop region lead to a stabilized closed form and thus
even lower dissociation rate constants®’. As the unbinding force is
dominated by the primary interactions between ligand and
binding pocket, the ‘lid closure effect’ may have little influence.
Thus, the mode of forced ligand unbinding would be comparable
in biotin:SA and SIL:ST, despite their vastly differing equilibrium
stabilities. In addition, biotin or SII affinity may be influenced by
the properties of the molecule to which they are attached?!. It is
worthwhile noting that none of the hitherto published biotin:
SA/A force spectroscopy studies used a completely specific attach-
ment strategy for either binding partner (for example, biotinylated
bovine serum albumin or microspheres, as well as non-specifically
attached SA). While not exhibiting any obvious disadvantages
over biotin, SII represents an attractive alternative to probe proteins
in a comparable force range. In many instances, the genetically
encoded peptide tag is preferable to a biotin modification, which
requires additional coupling and purification steps after protein
expression. Another advantage of using SII as a handhold rather
than a biotin modification lies in their respective affinities to ST
and SA. Their Ky values differ tremendously (micromolar for SII:
ST versus femtomolar for biotin:SA)!"'®41. Thus, when probing
SII-tagged protein the cantilever is less prone to get clogged than
when using biotinylated protein, as even trace amounts of free
biotin or non-covalently coupled biotinylated protein can block
the cantilever, nearly irreversibly.

Conclusions

We have established a robust tethering strategy applicable to and
adaptable by a broad range of nanotechnology applications. Such
stable biomolecular complexes are needed in AFM-based or other
force spectroscopy techniques. The use of genetically encoded SII
as a handhold is superior to those that require post-translational
modification (for example, biotin or digoxigenin). The strength of
its interaction with monoST renders the pair an excellent choice
for such applications. Remarkably, the difference in binding
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strength when using SII on either the N- or C-terminus could
only be identified as a consequence of the high specificity of our
tethering system and the superb understanding and control its
pulling geometry provides. As this renders the SII:monoST inter-
action a tunable rupture force system, other implementations may
arise, for example, in ‘single-molecule cut & paste™?. Finally, the
modification of ST to hold a unique immobilization and single func-
tional SII binding site boosts the robustness and applicability of the
system. Fluorescently labelled monoST may be used, for example,
for super-resolution microscopy, exploiting the advantage of the
1:1 stoichiometry. Other applications, such as in structural biology
and more general fluorescence imaging and tracking, should also
be feasible, as the extremely high affinity found for biotin:SA is
not a general necessity for such implementations. MonoST builds
on the prevalence and popularity of SA and ST and therefore
enables the probing of readily available protein constructs with
improved specificity and stability.

Methods
Methods and any associated references are available in the online
version of the paper.

Received 13 March 2015; accepted 3 September 2015;
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Methods

A full description of experimental details can be found in the Supplementary
Information. In brief, ST and mutant SA (deficient in SII binding) constructs were
cloned into pET vectors (Merck Millipore), if applicable with a hexa-His-tag and Cys
or without for the non-functional subunits that were not meant to attach to the
AFM-cantilever surface. ST and mutant SA with and without the extra Cys were
expressed separately in E. coli BL21(DE3)-CodonPlus. The constructs formed
inclusion bodies that were isolated as described previously'®**.To reconstitute
monoST and to provide a 1:3 ratio of functional ST to non-functional SA in the final
tetramer, inclusion bodies were solubilized in 6 M guanidinium chloride and then
mixed in a 1:10 ratio before refolding and purification, which was accomplished by
means of the His-Tag on the Cys-modified subunit. Stoichiometry and the binding
affinity between monoST and an SII-peptide were analysed by ITC. To characterize
the SI:monoST interaction and as a proof of general applicability of the pair, we
used it with GFP and TK in a dynamic AFM-SMFS experiment. Passivation of the
sample surfaces, here the glass coverslip and the AFM cantilever, was ensured by
heterobifunctional PEG spacers used for specific sample immobilization®*.
Covalent and site-selective attachment of the protein to be probed was achieved
using the ybbR-tag/Sfp-synthase system, which has been successfully used in recent
force spectroscopy measurements*®~#%. This reaction is highly efficient with N- or
C-terminally ybbR-tagged proteins. Cys-modified monoST was immobilized on
maleimido-PEG 5000 (M,, = 5,000 Da) functionalized BioLever Mini cantilevers
(Olympus)*. One GFP construct harboured an N-terminal ybbR-tag for surface
immobilization and a C-terminal SII for recognition by the monoST-decorated
cantilever tip. For control measurements, a construct harbouring a GCN4-tag
instead of SII was used. GFP was attached to a PEG5000-coenzymeA (CoA)
modified glass surface via the ybbR-tag (Sfp catalysed)*”. Protein coupling to the
CoA/PEG-surface was achieved under saturating conditions, so the density of
coupled GFP was adjusted by using a fraction of non-reactive CH;-PEG5000.
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The ratio of maleimido(CoA)-PEG5000 to CH3-PEG5000 was chosen such that
the surface density gave rise to a high yield of single-tethering event curves. A
fraction of curves devoid of any interaction is acceptable for the sake of improved
automated data sorting, evaluation and to obtain fewer multi-event curves. GFP
constructs were cloned with their respective tags (ybbR and SII or GCN4-tag) into
pGEX vectors (GE Healthcare) and expressed in E. coli BL21(DE3)-CodonPlus
(Agilent Technologies). Purification was achieved by GST- and His-tag based
affinity chromatography. The GST-tag was removed from the final construct.
Constructs with an N-terminal SII-tag, SII-GFP-ybbR and a titin kinase construct
(SII-TK-ybbR) were implemented accordingly in force spectroscopy experiments.
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Preparation of the Strep-tagll Fusion Constructs

A superfolder Green Fluorescent Protein (GFP)? construct was designed to harbour
an N-terminal ybbR-tag (DSLEFIASKLA)* * and a C-terminal Strep-tagll
(SAWSHPQFEK = SII). The GFP gene was PCR amplified from a synthetic template
(Lifetechnologies, Paisley, UK) with primers containing the respective tag coding
sequences. The construct was cloned into a modified pGEX6P2 vector (GE
Healthcare, Little Chalfont, UK) that, in addition to the GST-tag, harbours a 6xHis-
Tag and a TEV-Protease cleavage site, by means of Ndel and Xhol restriction sites.
The resulting fusion protein (ybbR-GFP-SII) harboured a GST- as well as a 6xHis-tag
and was expressed in E.coli BL21(DE3)-CodonPlus cells (Agilent Technologies, Inc.,
Santa Clara, CA, USA). For this, 1 I of SB medium was inoculated with 10 ml of an
overnight culture and grown at 37 °C. When an ODgg of 0.7 had been reached, over
night expression at 18 °C was induced by adding 0.25 mM IPTG. Cells were lysed in 50
mM Tris HCI pH 7.5, 150 mM NacCl, 2 mM DTT, 5% Glycerol, by sonification. The
ybbR-GFP-SII construct was obtained in the soluble fraction and purified by Glutathione
affinity chromatography on a GSTrap column (GE Healthcare, Little Chalfont, UK).
During over night incubation with PreScission protease the GST-tag was removed and
the protein further purified by Ni-IMAC over a HisTrap HP column (GE Healthcare,
Little Chalfont, UK). The purified protein was dialyzed against 50 mM Tris HCI pH7.5,
150 mM NaCl, 2 mM DTT, 5% Glycerol and then stored at -80 °C at a final
concentration of ~12 uM. The control construct ypbbR-GFP-GCN4 was prepared
accordingly’. Further, a SII-GFP-ybbR construct and a Titin Kinase construct with
identical tag placement (SII-TK-ybbR) were prepared and purified by Ni-IMAC and in
addition size exclusion chromatography for the TK construct. The TK construct was
expressed in insect cells. All proteins were used at comparable concentrations for surface
conjugation.

Preparation of Monovalent Strep-Tactin (monoST)

Two Strep-Tactin (ST) constructs were designed: one harbouring an intact SII binding
site and an N-terminal 6xHis-tag as well as a unique Cysteine (Cys) residue. The other
one resembled a Streptavidin variant that had formerly been shown to not bind biotin
anymore and still assemble in the tetrameric structure®. Both ST variants were PCR
amplified from synthetic templates (Centic, Heidelberg, Germany) and cloned into pET
vectors. Expression was, similar to the GFP construct, achieved in 300 ml and 700 ml SB
cultures of transformed E. coli BL21(DE3)-CodonPlus, respectively. The harvested cell
pellets were treated separately in the beginning and dissolved in 4 ml per 1 g cell mass B-
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PER. After addition of Lysozyme and DNase cells were fully lyzed by sonification.
Insoluble cell debris as well as inclusion bodies were sedimented by centrifugation at
20000 g for 30 min. After discarding the supernatant the inclusion body containing pellet
was again resuspended in 4 ml / 1 g washing buffer (30 mM Tris HCI pH 7.5, 150 mM
NaCl and 0.1% TritonX-100). Centrifugation and washing of the inclusion bodies were
repeated four times, when the supernatant appeared fairly cleared. The inclusion bodies
containing the Cys-modified functional ST were then dissolved in 6 ml solubilization
buffer (20 mM Tris HCI pH 7.5, 6 M Guanidinium HCI), the ones containing the non-
functional and untagged variant in 12 ml. After determining the protein concentration in
the solubilized fractions by measuring the absorbance at 280 nm, the entire amount of
non-functional ST was used and mixed with the volume equivalent of a tenth in mass of
the latter with functional 6xHis-mono-Cys-ST. The mixed solubilized protein was again
subjected to centrifugation for 30 min at 20000 g and the supernatant with the unfolded
ST constructs collected. To accomplish refolding the mixture was slowly and drop-wise
added to a stirred reservoir of 500 ml 1x PBS and 10 mM -Mercaptoethanol (the use of
DTT or the more expensive TCEP as reducing agents is also possible, if compatible with
the Ni2+-column matrix used for the following His-Tag affinity purification step). The
mixture was stirred over night at 4 °C to maximize refolding of the mixed ST. Next, the
500 ml protein sample was filtered through a cellulose filter to remove precipitate and
then loaded onto a 5 ml HisTrap FF column (GE Healthcare) for Ni-IMAC purification.
Elution of the reassembled monoST was achieved by a linear gradient from 10 to 300
mM Imidazole (in 1x PBS, 10 mM p-Mercaptoethanol). Elution fractions were analysed
in gel electrophoresis. If the samples were not heated in gel loading dye prior to loading
them onto the gel the protein remained a tetramer during gel electrophoresis. For samples
that were incubated at 95 °C for 5 min in gel loading dye, the subunits were separated
and subunits migrated separately as monomers (Supplementary Fig. S1). Thus, the
stoichiometry of functional (slightly larger due to the 6xHis-tag and additional Cys) and
non-functional (non-tagged) ST could be assessed. As intended by using a 10fold excess
of non-functional, non-tagged construct, the ratio of functional to non-functional ST
appears to be 1:3 (Supplementary Figure S1). Samples were pooled after elution from the
affinity column and dialyzed against 1x PBS. As free reducing agent in the storage buffer
would later on interfere with Mal-PEG immobilization of the monoST, bead-immobilized
TCEP was added to the protein inside the dialysis tubing. ST was long-term stored at 4
°C in presence of TCEP beads. Generally, yields of 20 mg of purified protein per 1 1 (300
ml for expression of His-tagged, functional protein, which is the yield affecting
constituent) culture could be obtained.

For control experiments a tetramer harbouring a non-functional 6xHis-tagged and Cys-
modified subunit in addition to the three unmodified non-functional ones was prepared
accordingly (Supplementary Figure S1). Further, a variant containing four functional
subunits with one harbouring a 6xHis-tag and a Cys was produced for comparison.
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Typically, final protein concentrations ranged around 14 pM. To verify Cys accessibility
for cantilever immobilization, the ST constructs were reacted to Maleimido-ATTO647N
and analysed by gel electrophoresis. As expected only the large 6xHis and Cys containing
subunit is labelled (Supplementary Fig. S1) and reactivity towards surface coupled PEG-
Maleimide should be comparably efficient.
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Supplementary Figure S1. SDS PAGE gel of refolded ST variants. MonoST and the non-
functional variant were successfully refolded to form a heterotetramer (lanes 4/5 and 6/7, not
heated and treated at 95 °C for 5 min in loading buffer, respectively) consisting of non-functional
ST and functional 6xHis-Cys-ST or non-functional 6xHis-Cys-ST, respectively, in an estimated
3:1 ratio. For comparison, lanes 8 and 9 show the commercially available tetraST (IBA,
Gottingen) homotetramer (not heated - 8; heat treated - 9). Cys-accessibility was tested by
reacting Maleimide-ATTO647N to the refolded and purified hetero-tetramers (lane 1:
monovalent, lane 2: non-functional mutant — consisting of four mutated subunits, one harbouring
an extra Cys and 6xHis-Tag ). Functional subunits are depicted in red, mutated ones in grey, the
additional Cys residue as well as the 6xHis-Tag are highlighted in cyan.
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Strep-Tactin Immobilization and ybbR-GFP-SII Pull-down

As a control, modified ST constructs tetraST, monoST and the completely mutated
variant that is supposedly not capable of binding the SII, were immobilized on the same
PEG-Maleimide functionalized glass surface (same chemistry as used for the cantilever
coupling). After washing off unreacted protein, SII-tagged GFP was incubated on the
surface for 15 min. After rinsing off unbound GFP, the fluorescence on the surface was
evaluated (Supplementary Fig. S4.). Whereas for the spot with the binding pocket mutant
no signal was detected (max. signal: ~2000 counts, background range), the tetraST spot
yielded a GFP signal (max. signal: 60000 counts) that was higher than at the spot were
monoST (max. signal: ~15000 counts) was immobilized that also showed GFP binding
(Supplementary Fig. S2).

Supplementary Figure S2. Cys-modified ST variants were coupled to the same glass surface
via PEG-Maleimide and incubated with ybbR-GFP-SII. The fully non-functional ST is not
capable of binding SII-tagged GFP, whereas the monovalent construct appears to bind less GFP
molecules than the tetravalent construct. Functional subunits are depicted in red, mutated ones in
grey, the additional Cys residue as well as the 6xHis-Tag are highlighted in cyan.
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Affinity Measurements

To avoid background effects from varying protein storage buffers, all protein samples
were desalted and the buffer exchanged to the respective measurement buffer in
MicroSpin columns (Thermo Scientific). The peptides were dissolved in 1x PBS.
Affinities were determined by Isothermal Titration Calorimetry on a MicroCal iTCxgg
instrument (Malvern, Worcestershire, UK). ST constructs were provided in a volume of
250 pl in the measurement cell (IBA ST at 12 uM and monoST at 56 uM). SII peptide
(IBA, Gottingen) was titrated in from a stock concentration of 440 uM and 630 uM
respectively, to account for the difference in binding stoichiometry between the ST
variants (4 vs. 1 binding site). Data were fit with a one-site binding model in OriginPro
(OriginLab, Northampton, UK) to obtain K4 values as well as the binding stoichiometry.
We further tried to measure affinities in more sensitive fluorescence polarization assays.
However since the fluorophore on the SII peptide seems to increase the affinity to ST and
due to observed unspecific interactions of ST with glass and plastic ware those
measurements were not considered reliable enough. One conclusion could still be drawn
from these experiments: While we observed binding for the functional ST variants the
fully mutated construct did not seem to significantly interact with the labelled peptide
even at high concentrations (much higher than for the functional constructs). Thus, proper
determination of the K4 with ITC was not considered feasible.

Preparation of Cantilevers

Cantilevers (BioLever Mini obtained from Olympus, Japan) were oxidized in a UV-
ozone cleaner (UVOH 150 LAB, FHR Anlagenbau GmbH, Ottendorf-Okrilla, Germany)
and silanized by soaking for 2 min in (3-Aminopropyl)dimethylethoxysilane (ABCR,
Karlsruhe, Germany; 50% v/v in Ethanol). Subsequently, they were washed in toluene, 2-
propanol and ddH,O and dried at 80 °C for 30 min. After incubating the cantilevers in
sodium borate buffer (pH 8.5), a heterobifunctional PEG crosslinker”® with N-hydroxy
succinimide and maleimide groups (MW 5000, Rapp Polymere, Tiibingen, Germany)
was applied for 30 — 60 min at 25 mM in sodium borate buffer. Afterwards, monoST was
bound to the cantilevers at room temperature for 1 h. Finally the cantilevers were washed
and stored in 1x PBS.

Preparation of Glass Surfaces
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Glass cover slips were sonicated in 50% (v/v) 2-propanol in ddH,0 for 15 min and
oxidized in a solution of 50% (v/v) hydrogen peroxide (30%) and sulfuric acid for 30
min. They were then washed in ddH,O, dried in a nitrogen stream and then silanized by
soaking for 1 h in (3-Aminopropyl)dimethylethoxysilane (ABCR, Karlsruhe, Germany,
1.8% v/v in Ethanol). Subsequently, they were washed twice in 2-propanol and ddH,O
and dried at 80 °C for 40 min. After incubation in sodium borate buffer (pH 8.5), a
heterobifunctional PEG crosslinker with N-hydroxy succinimide and maleimide groups
(MW 5000, Rapp Polymere, Tiibingen, Germany) mixed 2:1 with mono-functional NHS-
PEG-CH3 (MW 5000, Rapp Polymere, Tiibingen) was applied for 1 h at 25 mM in
sodium borate buffer. After rinsing the surfaces, 20 mM Coenzyme A (Calbiochem) in
coupling buffer (sodium phosphate, pH 7.2) was added on top of the surfaces to react
with the maleimide groups. Protein was coupled to the surface after removal of residual
CoA by adding a mix of e.g. 8 pl 11 pM ybbR-GFP-SII, 1 ul Sfp-Synthase (133 uM)™ ’
and 1 ul of 10x reaction buffer (100 mM Tris pH 7.5, 100 mM MgCI2) and incubation
for 2 h at room temperature. Surfaces were rinsed in 1x PBS prior to the measurement to
prevent unbound protein to block the cantilever.

It should be noted, that it is also possible to couple protein from cruder samples or cell
lysates directly to the surface, as the ybbR/CoA/Sfp chemistry is highly selective and
reactive’. Purification of protein samples utilizing the anyway attached SII is also
possible. Generally, residual biotin or desthiobiotin from expression media, cell extract or
elution buffer should get disposed of by thoroughly rinsing the surface after protein
immobilization. Trace amounts of these competitors can be further scavenged by addition
of Neutravidin to the measurement buffer, that sequesters biotin but does not interact with
Strep-Tactin'.

AFM Measurements

A custom built AFM head and an Asylum Research MFP3D controller (Asylum
Research, Santa Barbara, USA), which provides ACD and DAC channels as well as a
DSP board for setting up feedback loops, were used. Software for the automated control
of the AFM head and xy-piezos during the force spectroscopy measurements was
programmed in Igor Pro (Wave Metrics, Lake Oswego, USA). BioLever Mini (BL-
ACA40TS) cantilevers (Olympus, Japan; 10 nm nominal tip radius, sharpened probe) were
chemically modified (see Preparation of Cantilevers) and calibrated in solution using the
equipartition theorem'""'>, Dynamic force spectroscopy data was collected employing five
different retraction velocities: 200, 800, 2000, 5000 and 10000 nm/s. To minimize
unspecific interaction and since the on-rate of SII:monoST is in the time-scale of contact
between probe and sample surface, no dwell times were employed. The contact time
between functionalized AFM probe and the protein surface (ranging between ~5 and 70
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ms) is therefore only determined by the retraction velocity, approach velocity (3000
nm/s), the indentation force (180 pN) and the substrate stiffness. The surface is sampled
in steps of 100 nm distance.

Typically datasets containing between 5000 and 9000 force vs. distance curves per
retraction velocity were collected. Curves were sorted by employing certain force and
distance cut-offs, mainly restricting the low force regime to minimum 30 pN (for GFP-
SII), as otherwise automated data evaluation was hampered by noise peaks. For SII-TK
data was selected by correlating the recurring, characteristic TK kinase unfolding
fingerprint. Rupture forces were evaluated from AFM force vs. distance curves utilizing a
quantum mechanically corrected WLC model"® (force spectroscopy data was evaluated in
Python 2.7). Loading rates of individual unfolding/rupture events were determined by
fitting the respective slope prior to the force peak (last 3 nm). For GFP constructs, in the
final evaluation only curves with a single unfolded GFP, i.e. two peaks (1st: GFP-
unfolding, 2nd: SII:monoST rupture) were considered. A distinction between specific and
unspecific rupture events for single peak curves was not feasible. This is also not
considered crucial, as the GFP fingerprint acts as an internal selection criterion and
quality control. It can be assumed, that the force nearly drops back to zero when GFP is
unfolded and that the SII:monoST interaction does not memorize the afore-sensed force.
It also does not undergo irreversible or slowly reversing conformational changes under
force load (otherwise repetitive probing of different molecules on the surface with the
same monoST molecule on the cantilever would not be feasible). Generally,
characteristic fingerprints should be obtained when using the SII:monoST pair to
characterize arbitrary proteins concerning their unfolding behaviour.

Final rupture forces for each velocity set were binned to histograms that were fitted with
the Bell-Evans model'* 3 yielding the most probable rupture force (Supplementary Fig.
S3). The average loading rate was determined by a Gaussian fit of the binned distribution
for each retraction velocity. The most probable rupture force vs. loading rate dependency
could be fitted according to the standard Bell-Evans model (f(r)=(kgT/Ax)In(Ax
r/ksTkosf)) to yield the width of the binding potential Ax and the dissociation rate ko at
zero force for the SII:monoST interaction.

When using GFP as a fingerprint, due to the distribution of rupture force
probabilities, we found a drop in the amount of observed GFP-unfolding events at
low loading rates (Supplementary Fig. S3, compare N=140 at 200 nm/s and N=706
at 10000 nm/s), which should not affect the derived values for the most probable
rupture force. In support of this, the rupture force histograms are clearly
monodisperse and do not exhibit any sudden cut-off in the low force regime that
would indicate loss of substantial data (Fig. 4C, Supplementary Fig. S3).

We further tested, whether placing SII on either terminus of the protein in question alters
the SII:ST unbinding behavior. When comparing N- and C-terminally labeled GFP, we
indeed observed significantly fewer GFP unfolding events when using an N-terminally
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SII-tagged construct (Supplementary Fig. S4). For comparison, only considering single
GFP unfolding events, we found 8.3 % out of 3250 curves total for ybbR-GFP-SII and
0.4 % GFP unfolding events out of 3840 curves in total SII-GFP-ybbR. Analysis of the
loading rate dependence of the final rupture force was not feasible for the SII-GFP-
ybbR data due to the low number of events. With the reduced rupture force between
N-terminally fused SII and monoST, GFP turned out to be too robust to act as a
reliable fingerprint in aid of distinction of specific from unspecific interactions. Le.
the rupture force distributions inherent to GFP unfolding and to the SII:monoST
interaction appear to not overlap sufficiently in this specific case of an N-terminal
SII fusion.

As GFP unfolds at fairly high forces around 100 pN it can be considered a rather
robust fingerprint. Thus, when studying other proteins of interest they might exhibit
specific unfolding patterns at much lower forces.

As another example and to utilize a specific fingerprint in a lower force range, we
studied a Titin Kinase (TK) construct. In this case SII was also placed N-terminally
and the ybbR-tag fused to the C-terminus. We could show that the tethering strategy
works equally well for this protein sample. Data yields compare to the GFP
experiment and the specificity of SIl:monoST as handhold pair is evident as we
frequently see the low force kinase domain unfolding fingerprint (Supplementary
Fig. S5). In addition, this experiment shows that SII can be utilized as either N- or C-
terminal fusion, although rupture forces are decreased for N-terminal SII
(Supplementary Fig. S4 and Fig. 4). Supplementary Figure S5 depicts a
superposition of 1730 TK unfolding curves. While the Kinase domain is frequently
fully unfolded, we rarely observe Immunoglobulin (Ig)-like domain unfolding. This
is in agreement with the ~200 pN known to be required for Ig-domain unfolding,
which exceeds the unbinding force distribution for SIl:monoST rupture. Further,
this emphasizes the capacity and specificity of the system, as frequent Ig-like
domain unfolding should be only occurring when pulling non-specifically.
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Supplementary Figure S3. Evaluation of AFM SMFS data for the interaction between GFP-
SII and monoST. Only force-distance curves with a single GFP unfolding event were considered
and evaluated. Rupture force histograms for SII:monoST rupture (grey bars and solid line) and
GFP unfolding (dashed green line) at different retraction velocities in the AFM experiment are
depicted.
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Supplementary Figure S4.  Comparison of force spectroscopy data with respect to Strep-
tag Il attachment at either N- or C-terminus of GFP. Only with a C-terminal Strep-tag Il high
enough rupture forces between the tag and the monoST at the cantilever are achieved to
frequently unfold GFP. Data was collected with the same cantilever. Events obtained at a
retraction velocity of 5000 nm/s are shown. Evaluating data from five different retraction
velocities yields: 8.3 % GFP unfolding events out of 3250 curves total for ybbR-GFP-SII and
0.4 % GFP unfolding events out of 3840 curves in total SII-GFP-ybbR.
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Supplementary Figure S5.  Superposition of 1730 unfolding force vs. distance curves of a
Titin Kinase construct (SII-127-127-Fn-Kinase-127-127-ybbR; 127 - Ig-like domain, Fn -
Fibronectin domain) obtained by immobilization via a ybbR-tag and pulling via the SII-tag.
Curves were obtained from measurements in five different retraction velocities (200, 800,
2000, 5000 and 10000 nm/s). The heat map illustrates data density. [27 unfolding is rarely
observed as the required forces exceed the most probable rupture force of the SIl:monoST

interaction.
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Since TK proved to be a useful (low force) fingerprint to select and sort specific
curves from the dataset, we could also perform a loading rate dependence analysis
of the rupture force between N-terminally fused SII and monoST (Fig. 4B). The
rupture forces for the C-terminally tagged GFP-SII fusion are about twice as high as
for N-terminally SII-tagged TK. In agreement with this, the potential is broadened
about twofold for the latter (Ax=0.45 nm vs. 0.23 nm for GFP-SII). Kofr is in a
comparable range for the two different geometries, taking into account that fusing
SII to different proteins can already lead to large deviations (0.02-0.3 s'1 from
surface plasmon resonance measurements for GFP-SII and Cytbse2-SII)16. It has to be
noted, that no literature data exists concerning off-rates of an N-terminally SII-
tagged protein from ST. For our ITC-based K¢ measurements utilizing N- or C-
terminally tagged GFP, values are in the same range at around 1 uM. The
discrepancy in unbinding force for the different constructs can thus be more likely
attributed to the altered pulling geometry.

Control measurements were carried out either employing a C-terminally GCN4-tagged
GFP variant that was immobilized via the ybbR-tag on the surface (Supplementary Fig.
S6), accordingly or by utilizing a ST construct on the cantilever that was completely
devoid of a SII binding site. The fully mutated construct did not show any significant
interaction, i.e. little interaction was observed and mainly single-WLC curves were
obtained, likely originating from PEG stretching through unspecific interaction (data not
shown). Further, desthiobiotin at ImM concentration in the measurement buffer was used
to block specific SII:monoST interactions (Supplementary Fig. S6). Even though initially
GFP unfolding is still observed, the number of events is reduced compared to the data
obtained before addition of the competitor, even more so over time when the competitor
is fully diffused throughout the measurement buffer.

Successful coupling of ybbR-GFP constructs for control experiments and generally all
measurements could be verified by detecting the GFP fluorescence on the surface (data
not shown).

Further, the performance of monoST and tetraST in ybbR-GFP-SII force spectroscopy
experiments was compared. Looking at the number of successful single-GFP unfolding
events over time (illustrated by final rupture force vs. curve number) shows that the
monoST construct is more stable over the entire measurement than the tetravalent version
(Supplementary Fig. S7). A comparison of data yield for different measurements utilizing
either tetra- or monoST is shown in Supplementary Table 1. A clear increase in yield of
single event curves when employing the monovalent construct is evident. Remarkably,
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this is only looking at curves showing single GFP unfolding with subsequent SII/ST

unbinding.
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Supplementary Figure S6. Control and blocking experiments to validate specific
SII:monoST interactions. The upper panel displays final SII:monoST unbinding forces (when a
single GFP was unfolded) according to the curve number (at 10000 nm/s retraction velocity).
First a GFP construct harbouring a C-terminal SII-tag was probed. After 2000 curves the same ST
functionalized cantilever was moved to a position on the same glass surface where a GFP devoid
of SII and harbouring a GCN4 peptide tag instead (also C-terminal) was immobilized. Again after
another 2000 probing events the cantilever was moved back to the previous protein area. The
lower panel depicts data obtained without and after addition of 1 mM desthiobition to the

measurement buffer (same surface, same cantilever) that competes with the SII binding site.

Supplementary Table 1.Comparison of data yield from different AFM experiments. Exemplary

measurements with tetraST and monoST were evaluated. For comparison data obtained with a
retraction velocity of 5000 nm/s was taken into account. As the total number of collected curves

varies, the ratio #single GFP unfolding events to #total curves is a good evaluation criterion.

measurement #total curves #single GFP unfolding Ratio [%]
events
Tetra I 8194 203 2.48
Tetra 11 6531 170 2.60
Tetra 111 8171 70 0.86
Tetra IV 10490 336 3.20
Mono I 8774 747 8.51
Mono 1T 6706 571 8.51
Mono IIT 10218 635 6.21
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Supplementary Figure S7.

(8000 curves total).

Successful rupture event distribution during the course of a
measurement. Final SII/ST unbinding forces are depicted (for single GFP unfolding events)
according to the curve number throughout the experiment. Only curves from the sub data set with
5000 nm/s retraction velocity were evaluated. The upper two panels display exemplary data
obtained with tetraST (8000 and 6000 curves total, respectively), the lower one with monoST
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Construct sequences

6xHis-Cys-Strep-Tactin

MGSSHHHHHHHMCGSEAGITGTWYNQLGSTFIVTAGADGALTGTYVTARGNAESRYVLTGRYDSAPATDGS
GTALGWTVAWKNNYRNAHSATTWSGQYVGGAEARINTQWLLTSGTTEANAWKSTLVGHDTFTKVKPSAAS

Non-functional Strep-Tactin

MEAGI TGTWYIQLGITFIVTAGADGALTGTY.AIGNAESRYVLTGRYDSAPAT DGSGTALGWTVAWKNNY

RNAHSATTWSGQYVGGAEARINTQWLLTSGTTEANAWKSTLVGHDTFTKVKPSAAS

ybbR-superfolderGFP-SII

GPLGSTMGSSHHHHHHSSGENLYFQGHV NS S K GEELF TGVVP I LVELDGDVNGHKF SVRGE
GEGDATIGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDD
GKYKTRAVVKFEGDTLVNRIELKGTDFKEDGNILGHKLEYNFNSHNVY ITADKQOKNGIKANFTVRHNVEDG
SVQLADHYQONTPIGDGPVLLPDNHYLSTQTVLSKDPNEKRDHMVLHEYVNAAGI THGMDELYKSGSGSAR

SII-TK-ybbR

MA SIS G2 £ TAVPNS PKSDVPIQAPHFKEELRNLNVRYQSNATLVCKVTGHPKPIVKWYRQ
GKEIIADGLKYRIQEFKGGYHQLIIASVTDDDATVYQVRATNQGGSVSGTASLEVEVPAKIHLPKT
LEGMGAVHALRGEVVSIKIPFSGKPDPVITWQKGQDLIDNNGHYQVIVTRSFTSLVFPNGVERKDA
GFYVVCAKNRFGIDQKTVELDVADVPDPPRGVKVSDVSRDSVNLTWTEPASDGGSKITNY IVEKCA
TTAERWLRVGQARETRYTVINLFGKTSYQFRVIAENKFGLSKPSEPSEPTITKEDKTRAMNYDEEV
DETREVSMTKASHSSTKELYEKYMIAEDLGRGEFGIVHRCVETSSKKTYMAKFVKVKGTDQVLVKK
EISILNIARHRNILHLHESFESMEELVMIFEFISGLDIFERINTSAFELNEREIVSYVHQVCEALQ
FLHSHNIGHFDIRPENIIYQTRRSSTIKIIEFGQARQLKPGDNFRLLFTAPEYYAPEVHQHDVVST
ATDMWSLGTLVYVLLSGINPFLAETNQQIIENIMNAEYTFDEEAFKEISIEAMDFVDRLLVKERKS
RMTASEALQHPWLKQKIERVSTKVIRTLKHRRYYHTLIKKDLNMVVSAARISCGGAIRSQKGVSVA
KVKVASIEIGPVSGQIMHAVGEEGGHVKYVCKIENYDQSTQVTWYFGVRQLENSEKYEITYEDGVA
ILYVKDITKLDDGTYRCKVVNDYGEDSSYAELFVKGVREVYDYYCRRTMKKIKRRTDTMRLLERPP
EFTLPLYNKTAYVGENVREFGVTITVHPEPHVTWYKSGQKIKPGDNDKKYTFESDKGLYQLTINSVT
TDDDAEYTVVARNKYGEDSCKAKLTVTLHPS SGS GG S G 1 RGSHHHHHHE

Abbreviations

AFM — atomic force microscopy; SMFS — single-molecule force spectroscopy; Cys —
Cysteine; SA/A — (Strept)avidin; ST — Strep-Tactin; monoST — monovalent Strep-Tactin;

tetraST — tetravalent Strep-Tactin; SII — Strep-tag II; ITC — isothermal titration
calorimetry; GFP — Green Fluorescent Protein; PEG — Polyethylenglycol
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3.4.2 Monovalent streptavidin

Building on the results of Section 3.4.1 a similar approach was taken as de-
scribed by Howarth et al. 1. This allowed to engineer a monovalent strepta-
vidin with one attachment site. This both enables to rely on the femtomolar
affinity for AFM-based SMFS experiments with biontinylated proteins but also
for super-resolution imaging techniques relying on a 1:1 stoichiometry

In the following the characterization of a monovalent streptavidin having
one attachment point for force-spectroscopy is shown. Laying the groundwork
for the characterization of a whole collection of studies analyzing the inter-
play between the different subunits of streptavidin and influences of pulling
geometries on their rupture behavior. 21213
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Abstract

The widely used interaction of the homotetramer streptavidin with the small molecule biotin
has been intensively studied by force spectroscopy and has become a model system for
receptor ligand interaction. However, streptavidin’s tetravalency results in diverse force
propagation pathways through the different binding interfaces. This multiplicity gives rise to
polydisperse force spectroscopy data. Here, we present an engineered monovalent strepta-
vidin tetramer with a single cysteine in its functional subunit that allows for site-specific
immobilization of the molecule, orthogonal to biotin binding. Functionality of streptavidin and
its binding properties for biotin remain unaffected. We thus created a stable and reliable
molecular anchor with a unique high-affinity binding site for biotinylated molecules or nano-
particles, which we expect to be useful for many single-molecule applications. To character-
ize the mechanical properties of the bond between biotin and our monovalent streptavidin,
we performed force spectroscopy experiments using an atomic force microscope. We were
able to conduct measurements at the single-molecule level with 1:1-stoichiometry and a
well-defined geometry, in which force exclusively propagates through a single subunit of the
streptavidin tetramer. For different force loading rates, we obtained narrow force distribu-
tions of the bond rupture forces ranging from 200 pN at 1,500 pN/s to 230 pN at 110,000 pN/
s. The data are in very good agreement with the standard Bell-Evans model with a single
potential barrier at Axp=0.38 nm and a zero-force off-rate ko oin the 107%s™ range.

Introduction

With its low dissociation constant in the femtomolar range [1], its specificity, and its high sta-
bility under harsh conditions [2], the binding of the small molecule biotin to the homotetra-
mer streptavidin (SA) is a popular and widely used tool in nanotechnology, biotechnology,
and medicine. Especially after biotinylation became available [3], this receptor-ligand system
found versatile applications, e.g. detection [4, 5] or capturing of biomolecules [6-9], and
diverse other in vivo and in vitro methods. For single-molecule techniques, the tetravalency of
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SA can however be disadvantageous, as it promotes clustering of biotinylated molecules. Sin-
gle-molecule force spectroscopy (SMFS) [10], super-resolution imaging techniques, and ana-
lytical applications like surface plasmon resonance or switch sense technology [11] often
require a 1:1 stoichiometry. Efforts have been directed at the development of monomeric ver-
sions of SA [12]. However, since the interplay between different subunits is important for the
tight binding of biotin [13], monomeric SAs lack the outstanding affinity of wildtype SA [12].
In 2006, Howarth et al. [14] developed a tetrameric but monovalent streptavidin (mSA), by
reconstituting one functional with three non-functional subunits (Fig 1A). mSA preserves
femtomolar affinity towards biotin. Here, we present the implementation of mSA as a molecu-
lar anchor for atomic force microscopy (AFM)-based SMES, which enables us to revisit the
biotin:SA interaction in a very specific and monodisperse manner.

The interaction between biotin and tetravalent SA/avidin was the first receptor-ligand
interactions probed by AFM-based SMFS [17-19]. It has become a model system for non-
covalent receptor-ligand complexes and to study biorecognition processes [20]. In an AFM-
based SMFS measurement, a functionalized AFM-cantilever decorated with ligand molecules
is approached to a functionalized surface decorated with receptor molecules. A receptor-ligand
complex is formed and when retracting the cantilever from the surface, the bending of the can-
tilever is recorded providing a measure for the force that the receptor-ligand complex can
withstand, i.e. for its mechanical strength under load.

In 1994, Moy et al. [19] reported integer multiples of biotin:SA unbinding events and ana-
lyzed the relation between binding energies and unbinding forces. Biotinylated bovine serum
albumin (BSA) was unspecifically adsorbed to both cantilever and sample surface. Bringing
cantilever and surface in contact, SA that had been added to the solution could bind to a biotin
on the cantilever and to one on the surface at the same time. Retracting the cantilever from the
surface, the force needed to pull biotin and SA apart was recorded. The way load was applied
to tetravalent SA in this experiment is schematically described in Fig 1B. Combinations of the
geometries shown in this figure are also likely to occur. To obtain data at the single-molecule
level, either the concentration of SA molecules was adjusted or free biotin was added to the
solution.

Several groups independently repeated the experiment [18, 21]. Allen et al. slightly modified
the setup by direct, yet unspecific, immobilization of SA to the sample surface [22]. In the fol-
lowing years, the biotin:SA interaction was modeled by MD simulations [23, 24] and theoreti-
cal descriptions for the process of unbinding were put forward [25-27]. In 1999, Merkel et al.
[28] measured the biotin:SA interaction with a biomembrane force probe instrument. For the
first time, measurements using different force loading rates were performed. On top of that,
they introduced covalent attachment of biotin through polyethylene glycol (PEG) linkers.
With a covalent immobilization strategy, detachment of biotin from the sample surfaces
became unlikely, resulting in higher purity of the recorded data. The variety of possible pulling
geometries, as depicted in Fig 1B, remained. Using the loading-rate dependence of rupture
forces, the energy landscape of the biotin:SA binding was investigated. Dynamic force spectra
of the receptor-ligand system were also recorded with the AFM using diverse attachment strat-
egies, such as immobilization in a phospholipid bilayer [29] or a dextran-coated surface [30],
by biotinylated BSA [31-33] or by cross-linking with glutaraldehyde [34]. In 2010, Taninaka
et al. further improved the measurement procedure by binding both biotin and SA covalently
with PEG spacers to sample and cantilever surface, respectively [35]. The way load is applied
to the SA tetramer in this case is shown in Fig 1C.

Due to different ways the ligand binds to the receptor, AFM-based SMFS data can be dis-
persed when performing experiments using multivalent receptor molecules, such as SA, even
if actual single-molecule interactions are probed. Pulling on the ligand, the force can propagate
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Fig 1. Possible pulling geometries for SA of different valencies. (a) Crystal structure of mSA (pdb identification code 5TO2
[15], overlaid with 1MK5 [16] to show the position of biotin). The functional subunit (green) with biotin (red) bound is stabilized by
the three non-functional subunits (grey). Black arrows show the direction of the applied load for the AFM-based SMFS
measurement. (b) Tetravalent SA consists of four functional subunits (green balls) each possessing a biotin (red triangles)
binding site. In previous experiments, SA has been attached to a biotinylated surface resulting in a variety of possible pulling
geometries: Across the strong interface, across the weak interface or diagonally across the tetramer. Having several functional
binding pockets available, multiple binding to surface or cantilever can also occur. Black arrows indicate the pulling direction,
black dotted lines possible ways force propagates through the molecule. (c) Attaching the tetravalent SA molecule covalently to
the surface gives also rise to diverse pulling geometries. (d) In our experiments, we employ mSA consisting of one functional
(green ball) and three non-functional subunits that are unable to bind biotin (grey balls). Having mSA tethered by a single N-
terminal cysteine in the functional subunit, we pull biotin out of the binding pocket. The force only propagates through a single
subunit.

https://doi.org/10.1371/journal.pone.0188722.g001

through the receptor molecule in different ways (Fig 1B and 1C). This results in a broad distri-
bution of rupture forces. Furthermore, when the receptor molecule is composed of several
non-covalently bound subunits, the data are distorted if the subunits of the receptor molecule
get torn apart. In a SMES experiment, a rupture of the receptor molecule itself cannot be dis-
tinguished from the unbinding of the ligand from the receptor. Beyond that, disrupted recep-
tor tetramers may clog the cantilever thus preventing specific interaction resulting in low data
yield.

From the crystal structure of wild-type SA, it can be reasoned that the SA monomers assem-
ble into strongly associated dimers that form less stable tetramers [36]. Therefore, the different
interfaces between the four subunits of a SA tetramer might be of different mechanical stabil-
ity. Kim et al. [37] proved that the mechanical strength of the SA tetramer itself is highly
dependent on the pulling geometry, i.e. on the way force is applied to the tetramer. Pulling on
various control domains that were genetically fused to the N-termini of the SA monomers,
they observed two distinct peaks in the distribution of rupture forces of the tetramer [37]. The
two peaks can be assigned to a rupture across the strong interface between two subunits form-
ing a dimer and to the rupture across the weak interface between the two dimers forming the
tetramer. Interestingly, the force peaks of around 100 pN and 400-500 pN overlap with the
range of unbinding forces reported for the biotin:SA interaction [18, 19, 21, 22, 28-32, 35, 38—
40].

Non-equilibrium unbinding forces are loading rate dependent [41]. Any comparison of
unbinding forces on an absolute scale, especially when measured with different setups under
different conditions, is to be treated with caution. Nevertheless, it is conceivable that SMFS
experiments with biotin and tetravalent SA are to some extend distorted by the potential rup-
ture of the tetramer before unbinding biotin from SA. To examine the behavior of the biotin:
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SA interaction under load, it is therefore important to overcome the problem of SA’s
tetravalency.

We therefore implement mSA to perform high-throughput AFM-based SMFS experiments
for probing the mechanical stability of the biotin:SA system in a well-defined pulling geometry,
no longer distorted by the receptor’s multivalency. The quality of the data is further improved
by the use of protein calibration domains for identification of single interactions. The unfold-
ing patterns of the calibration domains that are enzymatically fused to ligand or receptor mole-
cule verify single rupture events. When unfolding under the applied load before the receptor-
ligand complex ruptures, they yield a specific unfolding force, which serves as internal refer-
ence for force calibration, and a defined length increment that is taken as an indicator for sin-
gle receptor-ligand unbinding.

For site-selective immobilization of SA, we genetically modified the functional subunit of
mSA. Although wildtype SA does not contain any cysteine residues, the SA tetramer was
found to be of high stability under conditions, which are usually denaturing [42]. In contrast
to many other proteins, the interaction between the subunits is not mediated by disulfide brid-
ges but originates from a network of hydrogen bonds and hydrophobic interactions. We thus
introduced a single cysteine at the N-terminus of the functional subunit of mSA for site-selec-
tive immobilization by conventional thiol-maleimide coupling [43]. We thereby created a sta-
ble molecular anchor for biotinylated (bio-)molecules with femtomolar affinity and well-
defined stoichiometry. This well-defined single anchor point together with the monovalency
of the biotin mSA interaction defines an unambiguous force propagation path. It enables us to
perform AFM-based SMFS experiments in which the force only propagates through a single
subunit of SA (Fig 1D).

Materials and methods
Gene construction, protein expression and purification

A detailed description of expression and purification is provided in the supplement (S1
Appendix). SA and mutant SA (deficient in biotin binding) constructs containing an N-termi-
nal polyhistidine-tag (His-tag) for purification were cloned into pET vectors (Novagen, EMD
Millipore, Billerica, USA). Constructs contained an N-terminal cysteine for site-specific
immobilization, except for the subunits that were not meant to attach to AFM-cantilever sur-
face or the glass coverslip. SA subunits with and without cysteine and His-tag and mutant SA
subunits were expressed separately in E. coli BL21(DE3)-CodonPlus (Agilent Technologies,
Santa Clara, USA). The constructs formed inclusion bodies that were isolated as described pre-
viously [44]. To reconstitute mSA and to guarantee a 1:3 ratio of functional to non-functional
SA subunits in the final tetramer, inclusion bodies were solubilized in 6 M guanidine hydro-
chloride and then mixed at a 1:10 ratio prior to refolding and purification via the His-tag. To
obtain tetravalent SA with a unique cysteine coupling site, the construct containing the cyste-
ine residue as well as a His-tag was mixed with functional SA devoid of either.

The Dictyostelium discoideum fourth filamin domain (ddFLN4) construct with an N-termi-
nal ybbR-tag [45] and a C-terminal cysteine (the internal cysteine 18 was mutated to serine)
was cloned into pET vectors (Novagen, EMD Millipore, Billerica, USA). After expression in E.
coli BL21(DE3)-CodonPlus (Agilent Technologies Santa Clara, USA) and lysis, purification
was achieved by immobilized metal ion affinity chromatography (Ni-IMAC).

The superfolder green fluorescent protein (GFP) construct with an N-terminal cysteine and
a C-terminal ybbR-tag was cloned into pET vectors (Novagen, EMD Millipore, Billerica, USA)
and expressed in E. coli BL21(DE3)-CodonPlus (Agilent Technologies Santa Clara, USA).
Purification was performed by Ni-IMAC.
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Biotinylation of protein constructs

GFP and ddFLN4 constructs were biotinylated using the ybbR-tag/Sfp-Synthase system [45].
For the GFP construct, 18 uM GFP-ybbR were incubated with 60 uM CoA-Biotin (New
England BioLabs) and 9 uM Sfp Synthase in a solution of 10 mM MgCl, and 50 mM HEPES at
pH 7.5 for 1 h at 37°C. To clean the solution from remaining CoA-Biotin, a buffer exchange to
phosphate buffered saline (PBS; Sigma-Aldrich, Saint Louis, USA) was performed with Zeba
Spin Desalting Columns (Thermo Scientific, Rockford, USA) with 7K MWCO according to
the manufacturer’s instructions. For the ddFLN4 construct, the incubation was performed at
room temperature. All other steps were done in the same way as for GFP.

SDS-PAGE

Gel electrophoresis was performed using Any kD Mini-PROTEAN TGX Precast Protein Gels
(Bio-Rad, Hercules, USA) in TRIS-based running buffer (2.5 mM TRIS, 200 mM glycerol, 3.5
mM SDS). For lanes 2-4, we heated 0.6 uM SA dissolved in loading buffer (50 mM TRIS, pH
8.0, 2.5% SDS, 5% glycerol, 0.005% bromophenol blue, 2.5% B-mercaptoethanol) for 5 minutes
to 95°C. For the other SA containing lanes, we used about 1.5 uM. For lanes 10-13, we added

1 ul of the purified Sfp reaction mixture containing both biotinylated and un-biotinylated
GFP. We employed Precision Plus Unstained Protein Standards (Bio-Rad Laboratories, Her-
cules, USA) as molecular weight standards. The gel was run at room temperature with a con-
stant current of 25 mA. The gel was analyzed with a ChemiDoc MP Imaging System (Bio-Rad
Laboratories, Hercules, USA).

Isothermal titration calorimetry

The calorimetric experiments were carried out with a Malvern MicroCal ITC200 (Malvern,
UK). SA samples were equilibrated with PBS using Zeba Spin Desalting Columns (Thermo
Scientific, Rockford, USA) with 40K MWCO following the manufacturer’s instructions. The
concentration was determined by spectrophotometry with a NanoDrop 1000 (Thermo Scien-
tific, Rockford, USA) using an extinction coefficient of €,59 = 167,760 Mem™! calculated from
the protein sequence using the SIB bioinformatics resource portal [46]. Biotin (Sigma-Aldrich,
St. Louis, USA) was dissolved in PBS. For all measurement, the same stock solution of biotin
was used. For mSA, a tenfold excess of biotin was titrated into the sample cell. For tetravalent
SA, we used a ratio of 1:40, resulting in a final molar ratio of 1:8. All experiments were per-
formed at 25°C.

Functionalization of cantilevers and coverslips

AFM cantilevers (Biolever Mini, Olympus, Tokyo, Japan) and glass coverslips were silanized
as described by Zimmermann et al. [43]. They were incubated with 25 mM heterobifunctional
PEG (Rapp Polymere, Tiibingen, Germany) with a molecular weight of 5 kDA equipped with
an N-Hydroxysuccinimide (NHS) group and a maleimide group dissolved in a 50 mM HEPES
solution at pH 7.5 for 45 minutes. The PEG spacers ensure passivation of glass cover slip and
AFM-cantilevers and allow for specific sample immobilization. The coverslips were washed in
ultrapure water and mounted into AFM sample holder. A 3.5 ul droplet of monovalent or tet-
ravalent SA was deposited on the surface. The cantilevers were washed in ultrapure water and
then placed in a 15 pul drop of the purified biotinylated ddFLN4 construct. For an efficient reac-
tion of thiol with maleimide groups which forms stable thioester bonds, we reduced the thiol
groups of SA and ddFLN4 construct by adding Immobilized TCEP Disulfide Reducing Gel
(Thermo Scientific, Rockford, USA) in a v/v ratio of 1:6 and incubated for 1 h. The gel was
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removed with the help of an Ultrafree-MC, HV 0.45 um centrifugal filter (Merck Millipore,
Darmstadt, Germany) directly before adding the proteins to the coverslips or cantilevers. Dur-
ing the formation of the thioester bonds, the samples were kept in a humidity chamber to pre-
vent evaporation. After 1.5 h, the cantilevers were washed twice in PBS and the surfaces were
rinsed with 50 ml PBS to flush out unbound protein.

AFM-based single-molecule force spectroscopy experiments

The experiments were performed with a custom-built AFM as described by Gumpp et al. [47].
The cantilevers were approached to the surface and after short contact, retracted at constant
velocities of 200 nm/s, 800 nm/s, 2,000 nm/s, 5,000 nm/s, and 10,000 nm/s. To always probe a
different spot on the surface, it was horizontally moved by 100 nm after each approach. For
calibration of the cantilevers, we employed the equipartition theorem [48]. Baumann et al. [44]
and Milles et al. [49] provide detailed descriptions of experimental SMFS procedures and
SMES data analysis.

Results and discussion

Size and functionality of mSA constructs with terminal cysteine is
maintained

After expression and purification, we checked size and quality of the SAs with SDS polyacryl-
amide gel electrophoresis (Fig 2). Heating mSA and tetravalent SA (tSA) for 5 min to 95°C, the
tetramers fall apart into monomers of approximately 14 kDa (Fig 2B). The higher band can be
assigned to the monomer with the additional His-tag and we confirmed the expected ratio
between the monomers to be 1:3. Commercially available SA from Streptomyces avidinii (sSA)
shows only one slightly larger and broader band. In contrast to the recombinantly expressed
core SA monomer that consist of 123 residues, the SA monomer from Streptomyces avidinii
contains 183 amino acids. In a posttranslational digest process, it is cut down to core SA.

The size of the tetramers can be estimated from unheated samples (Fig 2C). For mSA and
tSA band size is slightly below the expected 54 kDa. Bands at double size are attributed to two
tetramers connected via disulfide bridges between their cysteine residues. sSA shows several
smeared out bands of larger size, caused by an incomplete posttranslational digest. The lowest
one corresponds to core SA (54 kDa).

To illustrate the binding stoichiometry of the SAs to biotin, we added biotinylated GFP to
mSA, tSA, and sSA (Fig 2D and 2E). Since the biotinylation of GFP has been incomplete,
bands of unbound SA and bands of GFP without biotin are still visible. All SAs having a single
GFP bound appear at the same size of about 70 kDa. Valencies of the different SA can be deter-
mined from the number of bands. For mSA, only one band with a single biotinylated GFP
bound is seen. For sSA, four bands are clearly visible. Because of dimerized tetramers binding
one or several biotinylated GFPs, additional bands appear for tSA.

Modifications of mSA do not change biotin binding properties

We compared the binding properties of our modified mSA with tSA and sSA by isothermal
titration calorimetry (Fig 3). Because of the high affinity of biotin to SA, we could only con-
clude that the dissociation constant Kp, is lower than 1 nM. The binding enthalpy per mole of
added biotin (AH,,,s4 = -26 kcal/mol, AH,g, = -25 kcal/mol, AH g, = -26 kcal/mol) and the
binding stoichiometry (N,,s4 = 0.95, Njsa = 4.31, Nis4 = 4.31) confirmed that the functional
subunit of our modified mSA is capable of binding biotin in the same manner as the subunits
of sSA, while the binding of biotin to the mutated non-functional subunits is negligible. The
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Fig 2. SDS-PAGE of mSA, tSA and commercial SA from streptomyces avidinii (sSA). (a) Overview of
differently treated SAs with and without addition of biotinylated GFP on a stain-free polyacrylamide gel. Overlay of
images taken with UV light excitation (blue) and illumination with a blue LED source (green). Parts of this image
are inverted and shown in detail (b-d UV-excitation; e: GFP-channel): (b) Denatured SA samples (5 min at 95°C).
Decomposition into monomers (14 kDa) is visible. His-tagged subunits appear larger. sSA subunits are smeared
out. (c) Untreated SA samples which maintain tertiary structure. (d,e) Addition of biotinylated GFP to untreated SA
samples. Valencies of SAs are visible as different numbers of GFPs are bound. The lowest band in (d)
corresponds to Sfp Synthase (26 kDa).

https://doi.org/10.1371/journal.pone.0188722.g002

measured enthalpies are also in line with previously reported values [50]. This implies that the
modifications at the N-terminus of the functional subunit do not impede the binding of biotin.
We therefore argue that structure and function of the sSA are preserved for our monovalent
and tetravalent versions with N-terminal modifications.

AFM-based SMFS using mSA as a handle

Using reconstituted mSA in combination with a calibration domain, we were able to perform
SMES with a well-defined pulling geometry that are not distorted by SA’s multivalency. In our
experiments, force propagates only through a single subunit of the SA tetramer (Fig 1D).
Therefore, no tension across any interface within the tetramer, which could cause dissociation
of the tetramer into its subunits, is applied. The measurement process is illustrated in Fig 4. To
ensure the specificity of the probed interaction, we used the unfolding pattern of biotinylated
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Fig 3. Isothermal titration calorimetry of biotin and SAs of different valency. The binding of biotin to
different SAs was measured with isothermal titration calorimetry. The binding stoichiometry of mSA and biotin
was determined as N= 0.95 (blue circles). The measured binding stoichiometry of the engineered tetravalent
version (green diamonds) N=4.31 is in good agreement with the value of commercial SA isolated from
Streptomyces avidinii (black squares) N = 4.29. Within the limits of the measurement’s accuracy, the binding
enthalpies of the different SAs are the same (AH = -26 kcal/mol for monovalent, AH = -25 kcal/mol for
tetravalent and AH = -26 kcal/mol for commercial SA), confirming that the N-terminal modifications do not
interfere with the binding of biotin.

https://doi.org/10.1371/journal.pone.0188722.9g003

ddFLN4 [51] to identify single molecule rupture events. Because ddFLN4 folds back into its
native state when the force drops after unbinding of biotin from mSA, it was used as a calibra-
tion domain on the cantilever, while mSA was immobilized on the surface. We use this attach-
ment strategy for probing the biotin:mSA interaction, because we can probe a new mSA
molecule, which has not yet been exposed to pulling forces, for every force-distance curve.
Only those force curves that showed the specific unfolding pattern of the calibration domain
were considered in subsequent data analysis procedures.

Analysis of AFM-based SMFS data

In an AFM experiment, about 5,000 force extension traces were recorded of which about 1,100
showed interaction. A larger data set of over 50,000 traces obtained in a 15 h measurement is
shown in the supplement (S3 Appendix). To prove reliability and reproducibility of the control
domain’s unfolding pattern, an overlay of all 575 force-distance curves that feature the distinct
unfolding pattern of ddFLN4 before biotin unbinds from mSA is shown in Fig 5A.

For every data bin along the extension axis, we selected the force bin with the highest value
to obtain a characteristic force-extension curve. The curve consists of three parts: First, only
the PEG-spacers on the cantilever and the surface are stretched (Fig 4). Then ddFLN4 unfolds
in two distinct steps. Using the worm-like chain model for semi-flexible polymers [52] to fit
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Fig 4. Investigation of the mechanical stability of the biotin:mSA binding with a well-defined pulling
geometry. The functionalized cantilever tip is approached to the surface and a bond between biotin (red triangle)
and mSA (green and gray balls) is formed. First, only the PEG (grey lines) spacers are stretched, when retracting
the cantilever with constant speed from the surface. At forces of about 60 pN, the ddFLN4 (blue) unfolds in a
characteristic two-step process that is used to identify single-molecule interactions. PEG spacers and the
polypeptide chain are then further stretched until biotin unbinds from mSA under the applied load. The force drops
and ddFLN4 folds back into its native state. As an example, one of the recorded force-distance curves (pulled at
800 nm/s) is shown in blue. More force-distance curves are shown in the supplement (S2 Appendix).

https://doi.org/10.1371/journal.pone.0188722.g004

this characteristic curve (black lines in Fig 5A), we deduced persistence lengths and contour
lengths of the stretched construct for the different unfolding steps of the calibration domain.
As the PEG-spacers undergo a conformational transition from cis to trans above forces of
about 100 pN [53, 54] resulting in a linear force extension relation, we restricted the WLC fit
to the part of the curve with forces lower than 100 pN. We find persistence lengths of 0.240 nm
for the PEG-stretch, 0.265 nm and 0.282 nm for the subsequent parts. The fitted contour
lengths of 80.7 nm, 96.4 nm, and 113.5 nm are in good agreement with theoretical estimations.
From the molecular weights, we estimated the lengths of the two PEG-spacers to be about 31
nm to 40 nm each and the total contour length increment resulting from ddFLN4 unfolding to
be 36 nm (S4 Appendix).

From the worm-like chain model, an expression for the contour length as a function of per-
sistence length, force and extension can be derived [55]. Assuming a constant persistence
length of 0.26 nm, we translated every data point of the characteristic curve (Fig 5A) into con-
tour length space (S5 Appendix). In Fig 5B, the corresponding histogram of contour lengths is
shown. Three pronounced peaks with maxima at 79.5 nm, 96.5 nm and 113.5 nm are visible,
confirming the correct assignment of the different parts of the force-extension curve to differ-
ent parts of our molecular construct.

We probed the biotin:mSA complex with five different retraction velocities (200 nm/s, 800
nm/s, 2,000 nm/s, 5,000 nm/s and 10,000 nm/s). The distributions of the resulting forces of the
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Fig 5. Overlay of force-extension curves and transformation into contour length space. (a) The 575
force-extension curves for which the characteristic unfolding pattern of ddFLN4 was visible are overlaid. We fit
the three parts of the curve independently with the worm-like chain polymer model (black lines). (b) Using the
mean persistence length of the worm-like chain fits, each point of the force extension curve is translated into
contour length space. From the histogram, the contour lengths of the stretched constructs corresponding to
the three parts of the force curve are determined.

https://doi.org/10.1371/journal.pone.0188722.9g005

biotin:mSA unbinding and the ddFLN4 unfolding are depicted in Fig 6. The histograms of the
forces corresponding to the two subsequent ddFLN4 unfolding steps exhibit defined peaks at
60-80 pN. For biotin:mSA unbinding force histograms, a sharp peak at about 200 pN is found.
Its exact position depends on the applied loading rate. To obtain exact values, all force histo-
grams were fitted with Bell-Evans models [25, 41] yielding the most probable rupture force,
off-rates and distance to the transition state (S6 Appendix).

The dynamic force spectrum is shown in Fig 7. Force loading rates were determined by fit-
ting a linear slope over the last 3 nm before unfolding and unbinding force peaks in the force-
extension curves. In the semi-logarithmic plot, the centers of gravity of force and loading rate
distributions for the ddFLN4 unfolding and the biotin:mSA unbinding are fitted by a straight
line. This linear dependence of unfolding or rupture forces on the loading rate is given by Bell-
Evans theory (S5 Appendix). From slope and y-intercept, the distance to transition state Ax,
and the zero-force off-rate k., can be determined. For the ddFLN4-unfolding, we find Ax, =
(0.76 £ 0.05) nm and ko = 8 x 10 57! for the first unfolding peak and Ax, = (0.56 £ 0.02) nm
and kogro = 5 x 1072 5™ for the subsequent peak. The distance to the transition state of the bio-
tin:mSA unbinding reads Ax, = (0.38 + 0.02) nm and the zero-force off-rate is determined as
koo =3 % 10 s™". The off-rate is in good agreement with the value obtained in an off-rate
assay (Kofexp = 6.1 % 107> s7Y) [14]. Previous studies reported a kink in the force-loading rate
dependence that was attributed to two potential barriers in the binding potential [28]. For the
range of loading rates we applied and for the specific geometry that we used to load the com-
plex, we could not observe this feature.

Conclusion

Even though binding of biotin to SA is widely used as a tool and has been extensively studied
previously, the unbinding forces reported in the literature scatter substantially. With the devel-
opment of mSA and progress in AFM-based SMES it became possible to study the mechanical
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Fig 6. Unfolding forces of ddFLN4 and unbinding forces of biotin and mSA for different pulling
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velocities. The distribution of the forces of the first (transparent bars in the background) and second (semi-
transparent bars) step of the ddFLN4 unfolding gives rise to two distinct peaks at approximately 85 pN and 75
pN. The biotin:mSA unbinding forces (opaque bars) are distributed more broadly but exhibit a clear maximum
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at about 200 pN depending on the applied force loading rate. The experiment was carried out with a cantilever
with a spring constant of 73.9 pN/nm. The dashed lines show independent fits of Bell-Evans distributions to
the force histograms.

https://doi.org/10.1371/journal.pone.0188722.9g006
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Fig 7. Bell-Evans plot of unfolding and unbinding forces. For all specific single-molecule interactions, the
unbindig forces of biotin:mSA (circles) and the forces of the first (diamonds) and second (squares) step of the
ddFLN4 unfolding are plotted against the loading rates at the corresponding force peak. The data are equal to
the one shown in Fig 6 and the same color code is used. The dashed lines are linear fits to the centers of
gravity (shown as filled circles, diamonds and squares) of the distributions of forces and loading rates,
respectively. The colored crosses indicate the corresponding standard deviations.

https://doi.org/10.1371/journal.pone.0188722.9007

stability of the biotin:SA complex in a better defined way. Relating to previous measurements
of the unbinding of biotin from tetravalent SA, we illustrated how multivalency of receptor
molecules can distort SMFS data of receptor-ligand unbinding. We presented AFM-based
SMEFS data of the unbinding of biotin from monovalent SA with a 1:1-stoichiometry in a dis-
tinct pulling geometry, in which the force only propagated through a single subunit of the SA
tetramer. The main improvements of our measurements contributing to the high quality of
our data are covalent immobilization of both receptor and ligand molecules, the use of a cali-
bration domain to verify single-molecule interaction events, and exact control over the attach-
ment geometry by a single distinct anchoring site and monovalent receptor molecules.

Beyond that, we introduced a new tethering strategy for the use of mSA not only in force
spectroscopy but also in many other single-molecule applications. The immobilization of mSA
by implementing a single cysteine at the terminus of the functional subunit provides an
anchoring site for sulfhydryl-reactive chemical groups, i.e. an anchoring site that is orthogonal
to the interaction with biotin. In contrast to defined divalent SA [56] that can serve as a molec-
ular hub for biotinylated molecules, mSA engineered with a single terminal cysteine on the
functional subunit allows for controlled immobilization of biotinylated biomolecules or nano-
particles providing a 1:1-binding site.

Supporting information

S1 Appendix. Streptavidin preparation.
(PDF)

$2 Appendix. Exemplary force-distance curves.
(PDF)

$3 Appendix. Long-term SMFS measurement.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0188722 December 5, 2017 12/16




926

Chapter 3: Materials and Methods

@° PLOS | ONE

Monodisperse biotin-SA interaction strength in well-defined pulling geometry

S4 Appendix. Estimating the contour lengths of PEG and ddFLN4.
(PDF)

S5 Appendix. Formulas.
(PDF)

S6 Appendix. Fitted Bell-Evans distributions shown in Fig 6.
(PDF)

S$7 Appendix. Sequences of protein constructs.
(PDF)

S8 Appendix. Measuring with mSA immobilized on the cantilever.
(PDF)
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Streptavidin preparation

Streptavidin Cloning

SA variants were obtained by site-directed mutagenesis of plasmids encoding Strep-Tactin
constructs, whose sequence is similar to streptavidin [1], using a polymerase chain reaction
and subsequent blunt-end ligation. By DNA sequencing (Eurofins Genomics, Ebersberg,
Germany), we checked all final open reading frames.

Streptavidin Expression

The different SA subunits were expressed separately in E.coli BL21(DE3)-CodonPlus cells
(Agilent Technologies, Santa Clara, USA). Plasmids encoding for different SA constructs,
were transferred into E.coli BL21(DE3)-CodonPlus cells. Cells were grown at 37°C in pure
LB Medium to build up antibiotic resistance, spread on an agar plate containing the
appropriate antibiotic, and grown for 18 h at 37°C. We inoculated a preculture (8 ml LB
medium, 1:1000 antibiotic) and grew the cells for 15 h at 37°C. We added preculture to the
expression medium (500 ml SB medium with 20 mM KH,PO, and 1:1000 antibiotic) until an
optical density (absorbance at 600 nm) ODggo = 0.1 was reached. The expression culture was
grown at 37°C until the optical density read ODggo = 0.8. After adding 1:5000 IPTG, the
culture was grown for 15 h at 18°C. Then, it was centrifuged at 24,000 x g for 15 min. A
bacterial pellet formed and was stored at -80 °C.

Streptavidin Purification

During all steps, samples were kept at 4 °C or on ice, respectively. Bacterial pellets for
functional and non-functional subunits were weighed and then lysed separately in 5 ml
Bacterial Protein Extraction Reagent (B-PER; Thermo Scientific, Rockford, USA) per gram
bacterial pellet. We added 1 mg Lysozyme (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany) and 50 pg DNase I (Roche Diagnostics GmbH, Mannheim, Germany) per gram
bacterial pellet and placed the tube with the solution for 20 min on a rolling shaker. To lyse
the bacteria completely, each of the dissolved pellets was sonicated. We then centrifuged the
solutions with 60,000 % g for 30 min. As our protein formed inclusion bodies, we discarded
the supernatants and resuspended each pellet in lysis buffer (PBS, 1 mM DTT, 0.1 % Triton
X-100, pH 7.4). Sonication, centrifugation and resuspension steps were repeated until the
supernatants were clear solutions. Each pellet was then resuspended in a denaturation buffer
(PBS, 6 M guanidine hydrochloride, pH 7.5), sonicated and centrifuged. We kept the
supernatants and measured the absorption at 280 nm. The solutions were then mixed in a ratio
of 1:10 (functional subunits with His-tag to non-functional subunits) according to the
measured absorption. We slowly pipetted the mixture into 500 ml of refolding buffer (PBS,
10 mM B-mercaptoethanol, pH 7.4) and placed it on a magnetic stirrer for 15 h.

The solution was centrifuged at 14,000 x g for 10 min. The supernatant was filtered through a
hydrophilic 0.22 pm MF-Millipore Membrane and loaded on a 5 mlHisTrap FF (GE
Healthcare, Little Chalfont, UK) that had been equilibrated with binding buffer (PBS, 10 mM
imidazole, pH 7.4). After washing the loaded column with binding buffer, the recovery of the
protein was accomplished using a gradient elution (elution buffer: PBS, 250 mM imidazole,
pH 7.4). The flow through was fractionated. Fractions were analyzed using absorption
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spectroscopy and gel electrophoresis. Fractions containing SA were dialyzed against PBS and
stored at 4 °C.
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3.4.3 Monomeric streptavidin

The next section takes a step further from mono-valency to monomeric variants
of streptavidin. These have the advantage of being easily expressible without
the need for complicated reconstitutions from inclusion bodies. Nevertheless
they show alike affinities as their tetrameric relatives (nM vs. fM). However,
since affinities do not correspond to force these handles can be a valuable asset
in the SMFS toolbox. Also the monomeric character of the handle allows the
direct denaturation and refolding on the cantilever.

Based on the work of Kroetsch et al. 2'4; Demonte et al. ?!?; Lim et al. 2!%;
Demonte et al.?!” we engineered a monomeric streptavidin together with a
fingerprint molecule enhancing solubility with one attachment point to allow
specific and homogeneous force-spectroscopy. The purification and SFMS mea-
surement work flow is described in the the following preprint which has not yet
been peer reviewed.

Magnus S. Bauer, Lukas F. Milles, Steffen M. Sedlak, and Hermann E. Gaub.
Monomeric streptavidin: a versatile regenerative handle for force
spectroscopy. bioRziv, page 276444, 2018. doi: 10.1101/276444

Reprinted under the terms of the Creative Commons Attribution License
(CC BY-NC-ND 4.0,
https://creativecommons.org/licenses/by-nc-nd/4.0/).
©2018 Bauer et al.””


http://dx.doi.org/10.1101/276444
https://creativecommons.org/licenses/by-nc-nd/4.0/

Handles for force spectroscopy for site specific tethering

103

bioRxiv preprint doi: https://doi.org/10.1101/276444. this version posted March 8, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Monomeric streptavidin: a versatile regenerative handle for

force spectroscopy

Magnus S. Bauer', Lukas F. Milles', Steffen M. Sedlak’, and Hermann E. Gaub'

'Lehrstuhl fiir Angewandte Physik and Center for NanoScience (CeNS),

Ludwig-Maximilians-Universitat Minchen, Munich, Germany

Correspondence to: gaub@Imu.de

Abstract

Most avidin-based handles in force spectroscopy are tetravalent biotin binders. Tetravalency
presents two issues: multiple pulling geometries as well as multiple targets bound
simultaneously. Additionally, such tetravalent handles require elaborate purification protocols
in order to reassemble. A stoichiometric, monomeric variant of streptavidin (mcSA2) had
been engineered previously. It is readily expressed and purified, and it binds biotin with a
nanomolar Kp. For atomic force microscopy-based single-molecule force spectroscopy
(AFM-SMFS), we fused the monomeric streptavidin with a small protein domain as an
experimental fingerprint and to improve solubility. A ybbR-tag was additionally included for
covalent site-specific tethering. Rupture forces of the mcSA2:biotin complex were found to
be in a comparable range above 150 pN at force loading rates of 1E4 pN/s as for previously
published, tetravalent streptavidin:biotin systems. Additionally, when tethering mcSA2 from
its C-terminus, rupture forces were found to be slightly higher than when tethered N-
terminally. Due to its monomeric nature, mcSA2 could also be chemically denatured and
subsequently refolded - and thus regenerated during an experiment, in case the handle gets
misfolded or clogged. We show that mcSA2 features a straightforward expression and
purification with flexible tags, high stability, regeneration possibilities and an unambiguous
pulling geometry. Combined, these properties establish mcSA2 as a reliable handle for

single-molecule force spectroscopy.
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Introduction

Avidin-based handles have a long and successful history in biotechnology. They are widely
applied as tagging and pull-down handles due to their femtomolar affinity towards the small
molecule biotin, low off-rate, broad availability, and easy handling. As the first receptor-
ligand system probed in atomic force microscopy-based single-molecule force spectroscopy
(AFM-SMFS) studies (1,2), they still enjoy great popularity as handles to apply force to
biomolecular systems.

Avidin (3) and similar molecules, such as streptavidin (4) or strep-tactin (5), are tetramers
composed of four separate subunits, each capable of binding a single biotin molecule with
high affinity. However, for some applications there is yet a need for precise control over
stoichiometry. Considerable effort went into the design of a monovalent variant of
streptavidin, a tetramer with only one single biotin binding subunit (6). For SMFS studies, an
identical approach guaranteeing a well-defined tethering with 1:1 binding stoichiometry and
specific pulling geometry was pursued by assembling a functional streptavidin subunit with
three non-functional subunits (7). An analogous approach has been established for strep-
tactin to tether a single strep-tag Il peptide (8). These approaches achieve monovalent
binding behavior but still require tetrameric structure to retain function. Additionally, they rely
on elaborate purification procedures to assemble the tetrameric structure.

Recently, Park and colleagues undertook the effort to engineer a monomeric streptavidin - a
solitary, yet functional streptavidin subunit. Monomeric variants inherently have some
disadvantages compared to their tetrameric equivalents, among them lower biotin affinity,
low solubility and problems with aggregation (9,10). To overcome these issues, Lim et al.
engineered a monomeric streptavidin (mcSA) as a chimera based on structural homology
modeling of streptavidin and rhizavidin, a dimeric protein that binds biotin using residues
from only a single subunit (11). The resulting biotin affinity of 2.8 nM is the highest among
non-tetrameric streptavidin. DeMonte et al. crystalized mcSA, analyzed it in detail, and
improved it further by some mutations in the binding pocket (12). The resulting mcSA2 has a
20-40% lower off-rate. Adding solubility tags optimized the expression procedure (13).

In this study, we employ mcSA2 and combine it with the 4" filamin domain from
Dictyostelium discoideum (ddFLN4) as both a molecular fingerprint for SMFS and a solubility
enhancer. Additionally, an N- or C-terminal polyhistidine purification tag and a ybbR-tag (14)
for site-specific covalent immobilization were included. We describe a straightforward
expression and purification protocol under denaturing conditions to eliminate biotin already
present in the binding pocket beforehand, followed by refolding of the fusion protein via
dialysis. We test the new mcSA2 force handle in AFM-SMFS and show that the

mcSA2:biotin complex withstands forces comparable to the streptavidin:biotin interaction
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and is also showing two different force regimes by pulling from the molecule’s N- or C-
terminus. Additionally, the monomeric nature of the employed handles entail a unique
feature: it can be completely denatured and refolded in situ making it superior to tetrameric
biotin handles. For example, if clogged by stray biotin or trapped in misfolded states, the
mcSA2 handle can be regenerated by recovering its binding ability. This property results in
higher data yield and better statistics as it allows performing AFM-SMFS experiments with a

single cantilever for several days without loss of interaction.

Results and Discussion

Applicability of the handle for force spectroscopy

To probe the applicability and long term stability of mcSA2 as a handle for force
spectroscopy AFM-SMFS measurements were performed. We investigated two similar
constructs to examine the mechanical characteristics of the unbinding of biotin from mcSA2
under force application on its different termini: an mcSA2 with the ddFLN4 fingerprint and the
ybbR-tag on the N-terminus (geometry N, ybbR-ddFLN4-mcSA2) and an mcSA2 with the
fingerprint domain and the immobilization tag on its C-terminus (geometry C, mcSA2-
ddFLN4-ybbR) as depicted in Figure 1A,B.

The handles were covalently linked to AFM cantilevers and probed against a biotinylated
surface (cf. materials and methods, Figure 1B). Single unbinding events could be identified
by the characteristic unfolding pattern of ddFLN4, which includes a shielded substep (Figure
1C). The recurring unfolding pattern assured that the large number of specific mcSA2:biotin
interaction events are pulled specifically by a single handle in a well-defined geometry, and
thus shows that the handle can be implemented as a reliable force handle in SMFS
experiments. The resulting forces of 150-200 pN needed for detaching a single biotin from
the mcSA2 binding pocket are comparable to what has been reported for the
streptavidin:biotin interaction (1,7,15). Using different retraction velocities, a dynamic force
spectrum was obtained and fitted as a single bond dissociation over an energy barrier
according to Bell (16) and Evans (17). For geometry N, the fit yielded a distance to the
transition state xo = 0.42 nm and a zero-force off-rate Koo = 7.7 X 10®s™. For geometry C,
Xo = 0.37 nm and Koo = 6.1 X 10 s™" were obtained. Over the broad range of loading rates,
unbinding forces for the C-terminally tethered mcSA2 are higher than those for the
N-terminally tethered mcSA2 as correctly as it could be determined with two different

cantilevers.
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Comparison of N- and C-terminal pulling geometry

Calibration errors and changes in force due to differing spring constants between individual
cantilevers can render comparison of experimental force data — especially when addressing
small force differences — unreliable. To compare rupture forces of mcSA2:biotin loaded in
geometry N and C, we thus performed measurements with one single cantilever by
immobilizing the two different constructs of the mcSA2 handle at two separate spots on one
functionalized glass slide (Figure 2A). This way both geometries can be probed with the
same cantilever with one consistent spring constant of 139.2 pN/nm in order to yield directly
comparable force values. To ensure single-molecule interactions, we introduced an
additional fingerprint domain on the cantilever: the refolding, alpha-helical protein FIVAR
(derived from “Found In Various Architectures”) domain (18) from the pathogen Clostridium
perfringens that is known to unfold at forces of 50-60 pN (Figure 2B). Biotinylation was
accomplished using an AviTag sequence (19), which is covalently modified with a biotin
during protein expression (cf. Materials and Methods). Covalent and site-specific tethering
was again achieved employing a ybbR-tag.

In this SMFS experiment, the cantilever alternated between surface areas with mcSA2
tethered in geometry N and C for every 300 approaches. While the unfolding forces of the
fingerprint domains remained the same for both tethering geometries, we found the
mcSA2:biotin interaction to be significantly stronger for geometry C than for geometry N
throughout all varied retraction velocities. The most probable rupture forces in pN according
to the Bell-Evans-model for each geometry is shown in Figure 2C. The most probable forces
for geometry C consistently exceeded those for geometry N by 30 — 40 pN. Fitting the
dynamic force spectrum with the Bell-Evans-model, the N-terminal tethering yielded a

distance to the transition state xo = 0.39 nm and a zero-force off-rate keio=1.2 x 10°s™,
while xo = 0.35 nm and koo = 5.3 X 10 s was obtained for the C-terminal tethering. These

results agree well with the results obtained for the mcSA2 handles on the cantilever from

Figure 1D.

Characterization of affinity

To determine whether the difference in unbinding forces for the two different geometries
emerges from the way the mcSA2 molecule is loaded or by a conformational difference
resulting from the addition of ddFLN4 to the termini, we performed fluorescence anisotropy
experiments. In a competition assay, we measured the off-rates for both constructs in
solution, thus in the absence of external force (Figure 3). Measurements of mcSA2 with

ddFLN4 on the N- and C-terminus yielded off-rates of 1.05 x 10*s™ and 1.08 x 10*s™,

respectively. Regarding the measurement’s accuracy, the off-rates of both constructs are
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considered to be equal. Therefore, we conclude that the difference in unbinding force during
AFM-SMFS is determined solely by the way force is applied to the handle and thus the
trajectory chosen to overcome the binding energy barrier rather than the position of the
ddFLN4 fingerprint itself.

Regeneration of the mcSA2 handle

In AFM-SMFS experiments, a streptavidin handle on the cantilever may occasionally pick up
biotinylated molecules that were unspecifically adsorbed to the sample surface. The high
affinity of the streptavidin:biotin interaction is in this case particularly disadvantageous,
because biotinylated molecules block the binding pockets of the handle almost irreversibly.
Once a cantilever is clogged, the interaction with the biotinylated molecules on the surface is
lost and they cannot be investigated any further. To regenerate such a clogged handle, we
placed the cantilever in 6 M guanidine hydrochloride to denature the mcSA2 handle,
releasing biotinylated molecules from its binding pocket. Subsequent gentle washing steps in
phosphate buffered saline facilitates the refolding of the handle into its functional state. The
ddFLN4 fingerprint also rapidly refolds. Using this protocol, we could recover mcSA2 from
clogged or misfolded states and regain tethering activity on the surface.

In our experiment, we regenerated the handle up to 3 times but the regeneration steps are
not limited to that. Resuming the SMFS measurement, no significant change in unfolding or

rupture forces was detectable (Figure 4).

Conclusion
Building on monomeric streptavidin, we could establish a highly specific handle for biotin-

binding that is straightforward to produce and employ in force spectroscopy experiments.
Additionally, mcSA2 is a long-lived tethering handle, enhanced in its performance even
further as it can be regenerated by refolding. Our study shows that mcSA2 can be a
significant asset for SMFS and related applications. Combined with site-specific anchoring, it
permits high data yields, whenever biotinylation is possible.

We could also show the importance of anchoring positions for the stability of a receptor-
ligand interaction since this changes the trajectory chosen in the binding energy landscape
to overcome the energy barrier. Therefore precise control of the pulling geometry changes
the interaction’s mechanostability, permitting to switch the addressed force range. In
conclusion, its robustness and versatility renders mcSA2 an excellent choice for force

spectroscopy measurements.
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Materials and Methods

Protein Expression and Purification - Gene construction and cloning

mcSA2 was expressed and purified with a fingerprint and solubility enhancer, the 4™ filamin
domain of Dictyostelium discoideum (ddFLN4). This small Ig-like fold expresses well and
refolds rapidly. By varying the position of the ybbR-tag, used for covalent protein pulldown,
two different tethering geometries could be examined: Geometry N with mcSA2 on the C-
terminus (ybbR-ddFLN4-mcSA2) and geometry C with mcSA2 on the N-terminus (mcSA2-
ddFLN4-ybbR). These constructs were cloned using the Gibson assembly strategy into
pET28a vectors. The ybbR-HIS-FIVAR-AviTag was cloned into a pAC4 vector.

Both constructs were expressed in NiCo Cells (New England Biolabs) in autoinduction Media
under Kanamycin resistance. Harvested cell pellets were resuspended in 50 mM TRIS,
50 mM NaCl, 10 % (w/v) Glycerol, 0.1 % (v/v) Triton X-100, 5 mM MgCI2 at pH8.0. To
enhance cell lysis, 100 yg/ml lysozyme and 10 ug/ml DNase were added. The solution was
then sonicated for 2 x 8 min. The lysed cells were spun down for 10 min at 7000 rpm in a
precooled centrifuge at 4°C. Solid guanidine hydrochloride was added to the supernatant to
a concentration of 6 M to completely unfold the construct to release any bound biotin. The
denatured construct was purified by immobilized metal ion affinity chromatography using a
HisTrap FF column (GE Healthcare). Once the protein was bound to the column, it was
extensively washed with denaturing buffer to remove any stray biotin present. Finally the
protein was eluted with 200 mM Imidazole. The purified protein was refolded by three rounds
of dialyzation against Phosphate buffered saline (PBS) overnight and finally, after the
addition of 10% glycerol, flash frozen in liquid nitrogen, to be stored at -80°C.
ybbR-FIVAR-AviTag on a pAC4 vector was expressed in E. Coli CVB101 (Avidity LLC),
supplemented with biotin in the expression medium in autoinduction media and was purified

identically, although non-denaturing conditions.

Surface functionalization for the AFM measurement

The preparation of the experiments comprises two similar immobilization protocols. Either for
the mcSA2 or FIVAR-Biotin construct with ybbR-tag or the NHS-PEG-Biotin on a
glass/cantilever surface. The experiments were designed to either have mcSA2 on the
cantilever and NHS-PEG-Biotin or FIVAR-Biotin on the surface or vice versa. Immobilization
of mcSA2 to cantilever or glass surface is identical to the protocol used for the attachment of
FIVAR. (14,20)
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Preparation of Cantilevers

For aminosilanization of the cantilevers (BioLever Mini obtained from Olympus, Japan) they
were first oxidized in a UV-ozone cleaner (UVOH 150 LAB, FHR Anlagenbau GmbH,
Ottendorf-Okrilla, Germany) and subsequently silanized for 2 minutes in (3-
Aminopropyl)dimethylethoxysilane (ABCR, Karlsruhe, Germany; 50 % v/v in Ethanol). For
rinsing, the cantilevers were stirred in 2-Propanol (IPA), ddH,O and afterwards dried at 80°C
for 30 minutes. After that the cantilevers were incubated in a solution of 25 mM
heterobifunctional PEG spacer (MW 5000, Rapp Polymere, Tlbingen, Germany) solved in
50 mM HEPES for 30 minutes. Subsequent to rinsing with ddH,O, the surfaces were
incubated in 20 mM Coenzyme A (Calbiochem) dissolved in coupling buffer (sodium
phosphate, pH 7.2) to react with the maleimide groups. After that the levers get rinsed with
ddH,0. Then the ybbR-tag of the mcSA2 (at 5-50 uM) construct (in PBS supplemented with
10 mM MgCl,) is attached covalently by a sfp (at 2 uM) catalyzed reaction to the CoA. After
30 min to 2 h the protein is covalently connected resulting in an unambiguous, site-specific
pulldown. Finally, the cantilevers were rinsed thoroughly and stored in 1 x PBS.

For the preparation of PEG Biotin (5000 Da) cantilevers pegylation protocols were identical,
only that NHS-PEG-Biotin instead of NHS-PEG-Maleimide was applied for 1 h.

For the preparation of FIVAR cantilevers the mcSA2 construct was substituted for the FIVAR

construct. Similar concentrations of protein were used.

Preparation of Glass Surfaces

Before aminosilanization the glass surfaces were cleaned by sonication in 50 % (v/v)
Isopropanol (IPA) in ultrapure water for 15 minutes. For oxidation the glass surfaces were
soaked for 30 minutes in a solution of 50 % (v/v) hydrogen peroxide (30 %) and sulfuric acid.
Afterwards they were thoroughly washed in ultrapure water and then blown dry in a gentle
nitrogen stream. Silanization is achieved by incubating in (3-
Aminopropyl)dimethylethoxysilane (ABCR, Karlsruhe, Germany, 1.8 % v/v in Ethanol) while
gently shaking. Thereafter, surfaces were washed again in IPA and ultrapure water and then
dried at 80°C for 40 minutes, to be stored under Argon for weeks.

To attach mcSA2 to the glass surface heterobifunctional Polyethyleneglycol (PEG, 5000 Da,
dissolved in 100 mM HEPES pH 7.5 at 25 mM for 30 min) spacers were used to avoid
unspecific interactions between the cantilever and the glass surface. The PEG spacers had
an N-hydroxysuccinimide (NHS) group on one side, for attachment to the aminosilanized
surface. The other end provided a Maleimide group for subsequent coupling to the thiol
group of Coenzyme A (CoA, 1 mM in 50 mM sodium phospahte, 50 mM NaCl, 10 mM
EDTA, pH 7.2, incubated for 1 h). Through a reaction catalyzed by sfp (at 2 yM) the CoA
was covalently connected to the ybbR-tag of the mcSA2 (at 5-50 yM) construct (in PBS
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supplemented with 10 mM MgCl, for 30 min to 2 h), resulting in an unambiguous, site-
specific pulldown.

For the preparation of PEG Biotin (5000 Da) surfaces pegylation protocols were identical,
only that NHS-PEG-Biotin instead of NHS-PEG-Maleimide was applied for 1 h.

For the preparation of FIVAR surfaces the mcSA2 construct was substituted for the FIVAR

construct. Similar concentrations of protein were used.

AFM-SMFS

Adapted from Milles et al. (18):

AFM-SMFS data was acquired on a custom-built AFM operated in closed loop by a MFP3D
controller (Asylum Research, Santa Barbara, CA, USA) programmed in Igor Pro 6
(Wavemetrics, OR, USA). Cantilevers were briefly (<200 ms) and gently (< 200 pN) brought
in contact with the functionalized surface and then retracted at constant velocities ranging
from 0.2, 0.8, 1.6, 2.0, 3.2, 5.0, 6.4 to 10.0 ym/s for a dynamic force spectrum. After each
curve acquired, the glass surface was moved horizontally by at least 100 nm to expose an
unused, fresh surface spot. Typically, 50000 - 100000 curves were recorded per experiment.
If quantitative comparisons of absolute forces were required, a single cantilever was used to
move between multiple spatially separated spots to be probed on the same surface (created
using the protocol described above). To calibrate cantilevers the Inverse Optical Cantilever
Sensitivity (InvOLS) was determined as the linear slope of the most probable value of
typically 40 hard (>2000 pN) indentation curves. Cantilevers spring constants were
calculated using the equipartition theorem method with typical spring constants between 90-
160 pN nm-1. A full list of calibrated spring constants from experiments presented in this
work is provided below, as the stiffness of the cantilever, may influence the complex rupture

and domain unfolding forces measured. Experiments and spring constants of cantilevers for

data shown:
Spring
Measurement constant Fo;gg E]F:rr;ll]s@
[PN/nm]
geometry C - surf_biotin_Iv_mcSAddFLN4ybbR
(Figure 1D) 56.2 204.2
geometry N surf_biotin_Iv_ybbRddFLN4mcSA2 120.9 179.9
(Figure 1D) ' ’
both geometries - surf_mcSA2bothmulti_Iv_yFIVARDbiotin
(Figure 2C) 139.2 187.2/218
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SMFS data analysis

Adapted from Milles et al. (18):

Data analysis was carried out in Python 2.7 (Python Software Foundation). Laser spot drift
on the cantilever relative to the calibration curve was corrected via the baseline noise
(determined as the last 5 % of datapoints in each curve) for all curves and smoothed with a
moving median (windowsize 300 curves). The inverse optical lever sensitivity (InvOLS) for
each curve was corrected relative to the InvOLS value of the calibration curve.

Raw data were transformed from photodiode and piezo voltages into physical units with the
cantilever calibration values: The piezo sensitivity, the InvOLS (scaled with the drift
correction) and the cantilever spring constant (k).

The last rupture peak of every curve was coarsely detected and the subsequent 15 nm of
the baseline force signal were averaged and used to determine the curve baseline, that was
then set to zero force. The origin of molecule extension was then set as the first and closest
point to zero force. A correction for cantilever bending, to convert extension data in the
position of the cantilever tip was applied. Bending was determined through the forces
measured and was used on all extension datapoints (x) by correcting with their
corresponding force datapoint (F) as

xcorr = x - F/k.

To detect unfolding or unbinding peaks, data were denoised with Total Variation Denoising
(TVD, denoised data is not shown in plots), and rupture events detected as significant drops
in force relative to the baseline noise.

Rupture force histograms for the respective peaks and dynamic force spectra were
assembled from all curves showing the fingerprint unfolding, or (if applicable) a specific
fingerprint domain, and/or a clean complex rupture event. The most probable loading rate of
all complex rupture or domain unfolding events was determined with a KDE, bandwidth
chosen through the Silverman estimator. This value was used to fit the unfolding or rupture
force histograms with the Bell-Evans model for each pulling velocity. A final fit was
performed through the most probable rupture forces and loading rates for each pulling
velocity to determine the distance to the transition state AxO and natural off-rate at zero force
koff,0.

Fluorescence Anisotropy Measurement

For fluorescence anisotropy measurements, biotinylated fluorescently labeled single-
stranded DNA was mixed with the mcSA2 constructs in a 1:1 ratio. The change in anisotropy
upon the addition of a more than 100-fold excess of biotin was recorded for 2,5 h.
Fluorescence anisotropy measurements were carried out in Corning 384 well plates. For

passivation, the wells were incubated with 5 mg/ml bovine serum albumin dissolved in
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phosphate buffered saline (PBS) (Sigma-Aldrich, Saint Louis, USA) for 2 h. After removing
the passivation solution by turning the plates upside down, the wells were flushed twice with
ultrapure water.

The protein constructs were filtered with a 0.45 ym centrifuge filter (Merck Millipore,
Darmstadt, Germany) according to the manufacturer’s instructions. To match the buffers, we
employed Zeba Spin Desalting Columns (Thermo Scientific, Rockford, USA) with 7K MWCO
using PBS to equilibrate the columns following the manufacturer’s protocol.

The concentrations of the constructs were determined with a NanoDrop 1000 (Thermo
Scientific, Rockford, USA) UV-Vis spectrophotometer using the absorption peak at 280 nm
and an extinction coefficient of 41035 M'cm™ calculated from the protein sequence using
the “ExPASy: SIB bioinformatics resource portal® (21). We used 17 bp long single-stranded
DNA oligonucleotides labeled with Biotin at the 5’-end and a ATTO 647N dye ot the 3’-end
purchased from IBA (IBA GmbH, Géttingen, Germany).

We prepared 40 ul of 30 nM biotinylated fluorescently labeled DNA and the same amount of
protein construct dissolved in PBS containing 1 mM DTT. As G-factor and measurement
blank, we used 40 yl PBS with 1 mM DTT added. G-factor reference also contained 30 nM
of the biotinylated fluorescently labeled DNA. After measuring the anisotropy in absence free
biotin, we added 10 yl 818 uM Biotin dissolved in PBS to all wells and recorded the

anisotropy every five seconds for 2.5 h.
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Figure 1 - Characterization of the mcSA2 handle by AFM-based SMFS. Panel A: the crystal structure
adapted from protein database (PDB) entry 4JNJ (12) and schematic of mcSA2 (red) and biotin (green) with
pulling geometries N (blue, pulled from N-terminus) and C (orange, pulled from C-terminus). Panel B: a
schematic of the attachment chemistry is depicted. Both constructs are immobilized on an aminosilanized
cantilever with heterobifunctional NHS-PEG-maleimide linkers. On the maleimide side of the PEG, a CoA is
attached for an sfp phosphopantetheinyl transferase (sfp) catalyzed reaction with the ybbR-tag of the mcSA2
handle constructs. The likewise aminosilanzed glass surface is functionalized with a heterobifunctional NHS-
PEG-biotin linker. Panel C: two exemplary curves for both geometries N (top) and C (bottom) with its
characteristic ddFLN4 fingerprint. Panel D: a dynamic force spectrum and force histograms of both geometries N
(blue) and C (orange) indicating a similar force loading rate dependence but with generally higher forces for
geometry C. The forces indicated in the histograms show the most probable force in pN according to the Bell-
Evans-model. In this experimental setup the different force datasets had to be recorded with two separate
cantilevers in order to probe the long term stability of the handles in both geometries on the cantilever. Since e.g.
deviations in the cantilevers’ spring constants (bottom right) hinder to compare forces directly in absolute values,

both tethering geometries were additionally measured with a single cantilever in one measurement for better
comparability as shown in Figure 2.
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Figure 2 - Direct comparison of unbinding forces for two different tethering geometries N and C. Panel A:

to compare the unbinding forces of the two tethering scenarios, both geometries N (blue, pulled from N-terminus)

and C (orange, pulled from C-terminus) were immobilized on separate spots on a surface and were probed using

the same cantilever harboring a FIVAR domain with a Biotin attached. Panel B: two exemplary curves for both

geometries N (top) and C (bottom) with its characteristic FIVAR and ddFLN4 fingerprint. Panel C: the data were

recorded within one experiment by switching between the two spots every 300 curves. This resulted in a dynamic

force spectrum and force histograms for both geometries, allowing direct comparison of unbinding forces for both

geometries N and C. The forces indicated in the histograms show the most probable force in pN according to the

Bell-Evans-model. The spring constant of the cantilever (139.2 pN/nm) used to pull both geometries is shown on

the bottom right.
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Figure 3 - Off-rates for two different tethering geometries. For geometry C (orange circles) and geometry N

(blue diamonds), the relative anisotropy is plotted over time. Fitting the off-rates yields 0.000108 s-1 x t - 0.208
for geometry C (black dotted line) and 0.000105 s-1 x t - 0.342 for geometry N (black dashed line). Hence, no

significant difference for the off-rates is observed. (Here, relative anisotropy denotes the logarithm of the present

anisotropy difference between
t=0.)

sample and reference divided by the difference at the moment of biotin addition,
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Figure 4 - Regeneration of the mcSA2 handle. During the course of an AFM-SMFS measurement, the pulling
handle eventually gets clogged with excess biotin picked up from the surface or is brought into a misfolded state
rendering it unable to bind biotin any more. Due to its monomeric nature mcSAZ2 is able to be unfolded in 6 M
guanidine hydrochloride and subsequently refolded in phosphate buffered saline in order to resume the
measurement. These regeneration steps are indicated with black arrows. The Graph shows the force of
mcSAZ2:biotin rupture in pN vs. curve number from the dataset shown in Figure 1D. Each curve number contains
one pulling cycle of five retraction speeds of 200 nm/s (red), 800 nm/s (blue), 2000 nm/s (green), 5000 nm/s
(purple), 10000 nm/s (orange). After a regeneration step, the ability to bind biotin is recovered - shown by the
increased number of interactions recorded after the black arrows. This worked well with both geometries N (top
panel) and C (bottom panel).
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3.5 Data analysis

The recorded data from an AFM experiment was directly archived in Hier-
archical Data Format (HDF5) files and further processed by custom python
analysis scripts. These scripts are based on force curve analysis (fca) written
by Lukas Milles '®2 giving the core functionality for the analysis. It provides
basic automatic analysis of force extension traces sorting flat lines and curves
showing interactions. The analysis of the force curves provides all parameters
needed for each rupture peak detected. The curves can be denoised using differ-
ent methods (total variation denoising, moving kernel density estimate, moving
median and Savitzky—Golay) The parameters analyzed for each peak include:
extension, force, contour length, force loading rate and the contour length in-
crements between the peaks. Based on the characteristics of the curves they
can already be grouped and saved for further analysis. The fca provides both
a headless automatic analysis script and a graphical user interface for quick
access to the dataset. In addition there are already powerful plotting possibil-
ities implemented. Detailed analysis in this thesis was carried out in jupyter
notebooks allowing direct analysis of datasets while still keeping a direct con-
nection to the original data. Therefore a direct workflow from the recorded
data to the final figure is possible and guarantees reproducible analysis of dif-
ferent datasets measured and coming back and changing analysis steps done
years ago. An approach used for the analysis of FAK datasets, showing the
analysis steps separate from the initial basic headless analysis, is shown here .

3.5.1 Overlay of force spectroscopy data and peak detection
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In order to create a most probable curve, showing all recurring features of a
force guided unfolding, specific curves can be overlayed. This can be either done
carefully by hand (cp. Section 4.2), using template worm-like chain stretches
for alignment (cp. Section 4.1) or using cross-correlation to align the curves.
This results in a heatmap representation of the overlayed curves depicted in
Figure 3.5.1a. This overlay can then be sliced in equally distant x-slices. x-
slices are intervals in extension eg. from 120 nm to 122 nm (position of the
x-slice: 121 nm with a window of +1 nm) indicated as transparent white bar.
The slices can also be chosen as moving windows over the curve. Each of the
slices contains all the datapoints of every curve in this certain interval. The
y values of these datapoints can be analyzed using a kernel density estimate
(KDE), as shown in Figure 3.5.1b, resulting in a most probable value of the
y values and the according Full Width at Half Maximum (FWHM) at the
position of the slice. Both the most probable value and FWHM are plotted
separately in two plots as shown in Figure 3.5.1c, d. Figure 3.5.1c shows the

Ihttps: //gitlab.physik.uni-muenchen.de/Magnus.Bauer/fak_analysis
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Figure 3.5.1: This figure depicts the
assembly of the most probable un-
folding curve assembly and peak
detection. The deatiled procedure is
explained in the main text.
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end-to-end

Figure 3.5.2: Comparison between
end-to-end distance and contour
length of a polymer.

most probable curve and already exhibits clear unfolding peaks. In order to
verify those peaks the FWHM plot from Figure 3.5.1d is further analyzed.
Only peaks that are clearly above the noise level of the most probable curve
will be accepted as valid peaks. To calculate the background noise level of the
most probable curve the KDE of the FWHM y values shown Figure 3.5.1e is
taken as interval for the background noise level. This should reflect a upper
estimate of the normally occurring noise in the most probable force curve. The
estimated noise value is probably higher than it has to be since the peaks in
the FWHM of the most probable curve can be clearly seen. Afterwards the
peaks in Figure 3.5.1c get detected by first order difference and their FWHM
value gets checked. If the value is above the noise level threshold interval (red
dashed lines in Figure 3.5.1d and e) determined from the FWHM of the most
probable curve the peak is verified and marked with a triangle. This way peaks
clearly exceeding the normal noise level (FWHM corresponding to 2.335 times
o) of the curve can be detected reliably.

An analogous approach, in terms of the outcome of having a most prob-
able unfolding curve, can be done using the contour length space as used in
Section 4.1. All contour length histograms are overlayed according to their
cross-correlation. This process is both less relying on initial conditions but
also less detailed in the end. It is especially true when curves are low in force
and don’t allow a reliable contour length transformation. Starting with one
random curve a second curve is aligned according to the least residual in cross
correlation. The two curves are superimposed and the next curve is aligned in
the same manner. Using this process the full dataset gets superimposed. This
creates a first superposition which serves as a template for a second round of
cross correlations with the full datatset. The resulting final superposition is less
biased by the choice of the random curve starting the superposition in the first
run. The contour length increments can be determined by fitting gaussians to
each peak in the superposition. The error of the increments can be calculated
by standard deviations of the two peaks involved in the increment.

3.5.2 Polymer elasticity models

To be able to compare distances from AFM force curves to distances in crystal
structures it is not enough to simple compare distances of peaks in a force curve.
These just provide the end-to-end distance increments of not fully stretched
polymers. To be able to calculate the 'real’ length of the polymer, called the
contour length, polymer elasticity models have to be applied. These relate
extension (end-to-end distance) to the contour length of a certain polymer
extension curve (cp. Figure 3.5.2). Polymer models describe the relationship
between force, caused by the entropic cost of stretching the polymer chain and
the extension of the polymer. In order to do that additional properties of the
polymer have to be known for example their contour length and a parameter
describing the flexibility of the polymer chain. A polymer model like that can
be fitted to the slope of a single-molecule AFM extension curve (cp. Figure
3.5.3). The free parameters like the contour length and the flexibility can then
be extracted from the fit.

There are several polymer elasticity models suited for individual applica-
tions of different polymers or different force scales. Here, only the worm-like
chain model is introduced since this was the main model used for analyzing pro-
tein extension curves. A good overview of different polymer elasticity models
is given by Saleh?'® and Miiller et al.?!?.

3.5.2.1 Worm-like chain model

The worm-like chain (WLC) model as a continuous version of the Kratky and
Porod ??° model describes the elasticity of a polymer. The polymer is treated
as an elastic, isotropic rod that gets deformed by an external force for example
thermal fluctuations or stretching. The partial sum for this model can be
formulated but there is no analytical solution. Therefore, the model as an



analytical approximation was described by Marko and Siggia ??! and reported
in an application with DNA stretching by Bustamante et al.???. It could
be shown that DNA stretching is well described using the WLC model. The
model is not restricted to DNA and can also be used for other biomolecules.
The formula is given in Equation 3.1. Also more elaborated approximations
have been made by Bouchiat et al. 2?3 using corrections up to a seventh-order
polynomial.

Parameters like the persistence length (I,) are a measure for the stiff-
ness/flexibility of the macromolecule. The larger I, is the stiffer the macro-
molecule. A segment shorter than than I, can be assumed as a stiff element.
In a more general view [, can be seen as the minimal distance of uncorrelated
points.

kgT 1 1
F(x,L1,) = —2— al

— - 1
L, A0-52 1 1 3-1)

In Equation 3.1 x represents the extension (end-to-end), I, the persistence
length, L the contour length and kg T Boltzmann’s constant times the temper-
ature.

The equation can be used to fit force extension curves to extract the persis-
tence length and contour length of a protein. The model is applicable for forces
up to 200 pN. For higher forces different elasticity model can be applied.?**
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Figure 3.5.3: The figure shows a
schematic overview of a force curve
with WLC fits and the corresponding
transformation into contour length
space. The length increments shown
are not drawn to scale and should
just visualize the idea. The force ex-
tension trace on the bottom shows
a schematic unfolding of a helical
bundle shown in a. The bundle gets
extended until all flexible linkers are
stretched (b). When the force grows to
high the bundle gets unfolded (c).
Thus unfolding can be seen in the
force-extension curve as unfolding
peak 1. In the following step the free
linker the bundle was shielding gets
stretched until the receptor ligand
bond gets broken (d). The final rupture
event is indicated as rupture peak 2.
The distance between peak 1 and peak
2 indicates their end-to-end increment
(black double arrow). This distance
would not represent the increment
freed in the crystal structure. Hence,
in red two schematic WLC fits on the
two unfolding and rupture segments
are shown. These result in a contour
length increment indicated in green
that can be compared to the crys-
tal structure. The dashed box on top
shows the transformation to contour
length space. Every datapoint in the
force-extension space is transformed
with an inverted WLC model at fixed
I, solved for the contour length. From
the contour length histogram the con-
tour length increments of peak 1 and
peak 2 can be seen directly.
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3.5.2.2 Contour length space

Another way to use the WLC model was reported by Puchner et al. 2. If Iy
is expected to be constant during a force extension curve the WLC model can
be inverted by solving for the contour length L. Using the inverted equation
each datapoint in force-distance space can be transformed into contour length
space (cp. Figure 3.5.3). Looking at the histogram in the contour length space
the contour length increments between peaks can be determined directly (cp.
Figure 3.5.3).

The contour length increments can be compared to calculated values from
the crystal structure. The released contour length from the crystal structure
can be calculated based on the number of unfolded amino acids subtracted by
their initial distance of the folded protein. The distance per amino acid used
in literature varies from 0.34 nm 2% over 0.365 nm 2?7?28 to 0.38 nm 229,230



Results - Force activation and beyond

Building on the developed methods, introduced in the methods section, en-
abled us to investigate very diverse biological processes on the molecular level.
Here the main lines of research are explained in detail in the context of their
corresponding projects.

The main research focus was on investigating the force dependent activation
of protein kinases. The idea is to propose an alternative way of activation ad-
ditional to the 'traditionally’ described biochemical activation pathways. How-
ever, the force dependent activation should not be a competing system rather
than an additional factor that is catalyzing or impeding the biochemical path-
ways (cp. Section 2.4). In 2008 Puchner et al.”® showed conformational force
activation for titin kinase (TK) (cp. Section 2.4). Here, the focused was set
on smooth muscle myosin light chain kinase (smMLCK) which has a high se-
quence and structural similarity to TK and therefore was an interesting target
for possibly observing a similar behavior under force. On the other hand we
focused on a non-muscle protein kinase focal adhesion kinase (FAK) which was
thought to show a completely different mechanism for force activation. This
mechanism was not dependent on ATP mimicking or substrate mimicking loops
but by competently shielding the active kinase domain from the substrate by a
whole other domain, FERM. For smsMLCK we could find good indications for
a possible force activation that would have to be further investigated in order
to be shown undeniably. For FAK we could show directly the conformational
activation showing the force activating event using AFM-based SMFS.

All of the shown force activations were shown as conformational activations
meaning only looking like the active kinase but not observing direct turnover
which would be the most direct indication. In order to be able to detect direct
turnover a simultaneous fluorescent read out of active turnover after force acti-
vation would be needed. Therefore a force-activation model system based on a
saturated monvalent streptavidin was designed to simulate a force activatable
protein that would create a fluorescent response after the application of force.
An additional tool was developed based on a light switchable fluorescent protein
pair, called pdDronpal.2, described by Zhou et al.?3! who used it to inhibit
mitogen-activated protein kinase (MEK) and to light-induce its activity. This
would allow to create a force and alike light-activatable synthetic kinase as a
tool to test the measurement setup for force-induced turn over. Therefore we
characterized the mechanic properties of pdDronpal.2 dimers and found it in an
ideal force range for such an application. Further we propose its applicability
in other mechanobiological contexts.

A pivot point in the research focus was in January 2020 as the SARS-CoV-2
virus emerged. Based on previous work in the lab??? a tethered ligand construct
was designed in order to determine the binding rates of the human Angiotensin
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Receptor (ACE2) and the receptor binding domain of SARS-CoV-2 (RBD).

In general force was used to directly investigate force dependent processes
for systems like for MLCK, FAK and SARS-CoV-2 where force plays a direct
role in its physiological context. This enhanced the understanding of the indi-
vidual probed processes on a molecular level granting a view on the underlying
molecular mechanisms at play.

4.1 Force as a functional regulator in smooth muscle myosin
light chain kinase

SmMLCK is a serine/threonine kinases showing cytoskeletal association show-
ing Ca?t /CaM dependent activity. However its activity is additionally sus-
pected to be regulated by force. Introducing affinity tags for specific attach-
ment allowed high-throughput measurements by means of AFM-based SMF'S.
As a result the force landscape of smMLCK could be observed mapping each
unfolding event to structural domains of smnMLCK. By probing the force re-
sponse of smMLCK in the presence of different ligands, that in a biochemical
context would activate smMLCK, we can propose a conformational force acti-
vation behavior similar to TK. However, to directly show conformational ac-
tivity upon the application of force further pump and probe style experimental
measurement are needed.”

Fabian Baumann, Magnus Sebastian Bauer, Martin Rees, Alexander
Alexandrovich, Mathias Gautel, Diana Angela Pippig, and Hermann Eduard
Gaub. Increasing evidence of mechanical force as a functional regulator in
smooth muscle myosin light chain kinase. eLife, 6:621, 07 2017. doi:
10.7554 /elife.26473

Reprinted under the terms of the Creative Commons Attribution License (CC
BY 4.0, http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use and redistribution provided that the original author and
source are credited. The supplementary figures are added separately below
the publication.
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Increasing evidence of mechanical force
as a functional regulator in smooth muscle
myosin light chain kinase

Fabian Baumann', Magnus Sebastian Bauer'?, Martin Rees?,
Alexander Alexandrovich?, Mathias Gautel?, Diana Angela Pippig’,
Hermann Eduard Gaub™*

"Chair for Applied Physics and Center for Nanoscience, Ludwig-Maximilians-
Universitdt Miinchen, Munich, Germany; 2Center for Integrated Protein Science
Munich, Ludwig-Maximilians-Universitit Miinchen, Munich, Germany; *Randall
Division of Cell and Molecular Biophysics, King's College London BHF Centre of
Research Excellence, London, United Kingdom

Abstract Mechanosensitive proteins are key players in cytoskeletal remodeling, muscle
contraction, cell migration and differentiation processes. Smooth muscle myosin light chain kinase
(smMLCK) is a member of a diverse group of serine/threonine kinases that feature cytoskeletal
association. Its catalytic activity is triggered by a conformational change upon Ca®*/calmodulin
(Ca®*/CaM) binding. Due to its significant homology with the force-activated titin kinase, smMLCK
is suspected to be also regulatable by mechanical stress. In this study, a CaM-independent
activation mechanism for smMLCK by mechanical release of the inhibitory elements is investigated
via high throughput AFM single-molecule force spectroscopy. The characteristic pattern of
transitions between different smMLCK states and their variations in the presence of different
substrates and ligands are presented. Interaction between kinase domain and regulatory light chain
(RLC) substrate is identified in the absence of CaM, indicating restored substrate-binding capability
due to mechanically induced removal of the auto-inhibitory regulatory region.

DOI: 10.7554/elife.26473.001

Introduction

All cells need to withstand as well as actively generate forces during division, differentiation or for
their differentiated function. These mechanically governed adaptive processes require the translation
of mechanical signals into physicochemical signals inside the cell that trigger an appropriate biologi-
cal response (Shivashankar et al., 2015). A number of mechanosensors have evolved for these pur-
poses, including mechanosensitive ion channels. The cytoskeleton, comprising microtubules,
intermediate filaments and contractile actin-myosin filaments, plays a key role in maintaining cell
shape against internal and external forces, but also emerges as a main hub for mechanosignaling.
The regulation of actomyosin contraction differs significantly between the calcium-activated striated
muscles and myosin-light chain phosphorylation in smooth and non-muscle cells. Four myosin light
chain kinases (MLCK) exist, transcribed from the MYLK1 to 4 genes (reviewed in Chang et al.,
2016).

Smooth muscle myosin light chain kinase (smMLCK) is a ubiquitously expressed serine/threonine
kinase that particularly contributes to the regulation of smooth muscle contraction (Gallagher et al.,
1997; Hong et al., 2011). SmMMLCK phosphorylates the regulatory light chain (RLC) of smooth mus-
cle myosin, which in turn triggers ATPase activity of the myosin heads. This activation results in the
myosin power stroke — the fundamental process of muscle contraction (Dillon et al., 1981). Different
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MLCK homologues exist for skeletal and cardiac muscle tissue, but only in smooth muscle cells the
contraction is directly linked to the activity of smMLCK (Zhang et al., 2010). Other regulatory pro-
teins such as troponin are not present in smooth muscle cells. In contrast to skeletal or cardiac
MLCK, smMLCK is not restricted to muscle tissue but is expressed in almost all mammalian cells. Fur-
ther studies have revealed the importance of smMLCK in additional cellular pathways besides muscle
contraction such as platelet aggregation, exocytosis, and cell migration (Hashimoto et al., 1994,
Kumakura et al., 1994; Chen et al., 2014).

The most important regulator of smMLCK activity is Ca®*-loaded calmodulin (Ca*/CaM). Without
external activation, smMLCK's catalytic turnover is suppressed by a pseudosubstrate mechanism, i.e.
its catalytic core is auto-inhibited by a regulatory element that mimics the RLC substrate sequence
(Pearson et al., 1988). Binding of Ca?*/CaM, however, initiates a conformational change in this reg-
ulatory region and thus removes auto-inhibition. Release of the regulatory sequence facilitates RLC
binding and catalytic activity of smMLCK (Bagchi et al., 1992).

Several isoforms are encoded by the smMLCK gene (MYLK1) by alternative initiation sites and dif-
ferential splicing (Lazar and Garcia, 1999), containing an N-terminal extension in addition to the
core catalytic kinase domain. The core sequence is highly conserved in its domains and in their
respective order. It comprises immunoglobulin-like domains, a fibronectin-like domain, a proline-rich
presumably elastic region as well as the catalytic kinase domain. By homology with other members
of the MLCK family (Chang et al., 2016), the kinase domain is composed of a smaller N-terminal
lobe that contains the ATP binding site and a larger C-terminal lobe that is responsible for substrate
recognition (Gallagher et al., 1997). The latter is auto-inhibited with respect to RLC binding by the
regulatory element with adjacent CaM binding region. The active site is located at the interface
between the two lobes. So far, the molecular structure of smMLCK and how it conveys this regula-
tion have not been fully elucidated. However, a high degree of structural similarity to titin kinase
(TK) and twitchin kinase — two prominent serine/threonine kinases from the giant muscle protein titin
and the titin-like protein twitchin found in invertebrate muscles — as well as to the recently solved
MYLK4 can be assumed (Gautel, 2011, Chang et al., 2016). The terminal domains of smMLCK are
also highly conserved and form binding regions to F-actin (N-terminal) and myosin (C-terminal)
(Sellers and Pato, 1984; Hong et al., 2009; Gautel, 2011); longer isoforms (MLCK-210) also seem
to interact with other cytoskeletal components through their N-terminal domains
(Kudryashov et al., 2004). Specific binding to myosin presumably increases the affinity between the
kinase domain and RLC due to local proximity (Silver et al., 1997). The actin-binding domain allows
smMLCK to associate along actin filaments and thus enhances its phosphorylation rate in smooth
muscle (Hong et al., 2015). The fact that these binding sites are located at the termini of the mole-
cule suggests that smMLCK might connect simultaneously with both myosin and actin, and is theo-
retically capable of bridging thick and thin filaments in smooth muscle due to extensible linker
regions in the proline rich repeat segment (Mabuchi et al., 2010). This cytoskeletal association of
smMLCK could hence significantly contribute to stiffness and passive tension of smooth muscle, or
to responses in external stress. An intriguing interplay exists between smMLCK and mechanical
forces in some tissues; for example, repeated contractile activation leads to increased contractility in
airway smooth muscle (Fairbank et al., 2008). Such mechanosensitive conformational modulation
might be comparable to the role of TK in striated muscle cells. Titin bridges the thick and thin fila-
ment systems in the sarcomere in an analogous manner to smMLCK. It may thus act as a muscle
mechanosensor, signaling exposure to mechanical tension in the contracting and mechanically
stressed sarcomere. TK is also intrasterically regulated by a pseudosubstrate mechanism, but its
auto-inhibition is understood to be released upon mechanical stress rather than allosterically by an
effector molecule. Single-molecule studies as well as molecular dynamics simulations established
that partial unfolding of TK upon external force results in a controlled release of the regulatory seg-
ment (Puchner et al., 2008; Gréter et al., 2005). This process forms an enzymatically active interme-
diate capable of ATP binding and subsequent substrate turnover. Ca?*/CaM affinity has also been
detected for TK, but its binding shows only a stimulating effect rather than a full activation of its
turnover (Mayans et al., 1998). Due to these striking similarities between smMLCK and TK both in
structure and in their actin-myosin association in the muscle, the existence of a comparable Ca®*/
CaM-independent regulation mechanism for smMLCK is plausible (Chang et al., 2016).

While the established Ca?*/CaM activation mechanism is the most prominent and best-under-
stood for the activation of smMLCK, other activation/regulatory factors are likely to exist, some of
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which are already identified (Stull et al., 1993; Pfitzer, 2001). In this study, the mechanical response
of smMLCK was probed via single-molecule force spectroscopy with an atomic force microscope
(AFM) to understand how this cytoskeletal kinase is conformationally modulated by external forces.
We investigated the effects of the presence of different ligands such as ATP, Ca®*/CaM or RLC pep-
tide substrate or a combination of these on smMLCK'’s pathway through its different conformational
states until fully unfolded. Ligand interactions and the resulting changes to the smMLCK energy
potential give further insights into its intrasterical regulatory mechanism and whether substrate bind-
ing can be enabled by the application of mechanical force.

Results

Force response of smMLCK during AFM-based force spectroscopy

The investigated molecular construct is a truncated version of the smooth muscle isoform encoded
in the smMLCK gene (Lazar and Garcia, 1999) lacking the proline rich region and the N-terminal
actin-binding domain. The remaining sequence comprises the kinase domain, its neighboring fibro-
nectin-like domain (Fn3) and two N-terminal Ig-like domains (Ig;, 1g2) as well as the C-terminal Ig-like
myosin-binding domain called telokin (Igr) (Figure 1A). For force spectroscopy experiments, the
smMLCK is specifically tethered by an N-terminal Strep-tag Il via an AFM cantilever tip that is func-
tionalized with a monovalent variant of Strep-Tactin (Baumann et al., 2016). Force is applied in
physiological pulling geometry with the PEG spacers minimizing unspecific protein-surface
interactions.

When the molecular construct is stretched with a constant speed, the investigated protein passes
through a characteristic sequence of conformational states. These protein states represent semista-
ble folding intermediates on the guided way through the protein’s energy potential starting from a
fully folded native structure. The conformations might also correspond to partially unfolded struc-
tures which are stable enough to form functional states. The transitions between these states are
marked by distinct drops in the force-distance curves. In all cases reported here these transitions are
accompanied by a lengthening of the molecular construct, which is manifested in a characteristic
release of hidden contour length. The recorded force-distance response of smMLCK reveals a strict
hierarchy in mechanical stability of the individual domains (Figure 1B). At low forces, the kinase
domain unfolds by passing an intermediate conformational state S, indicated by two force peaks at
the end of state S; at ~30 nm and of S, at ~60 nm. Both transitions appear at forces of approxi-
mately 30 pN, measured at a retraction speed of 800 nm/s. At state S; the kinase domain is fully
unfolded. This characteristic sequence is followed by Fn3 unfolding, which is assigned to a single
rupture event at around 100 pN in accordance with the respective contour length and previous data
on domain strength (Rief et al., 1998; Li et al., 2005). Finally, the three Ig-like domains in the con-
struct denature at forces of around 200-250 pN (Rief et al., 1998). Significant elongation of the sur-
rounding linker length due to preceding kinase unfolding does not alter rupture forces of these
latter domains in our study and is therefore unlikely to influence the hierarchy of rupture forces in
the probed structure or its characteristic sequence of unfolding. Since the employed tethering com-
plex (Strep-tag Il:Strep-Tactin) substantially overlaps in its rupture force regime with the unfolding
force of Fn3, most force distance traces end either before or after the Fn3 domain because the teth-
ering complex ruptured before the Ig-like domains could unfold. A transformation of 99 force-dis-
tance curves into a contour length histogram (Figure 1C, Figure 1—source data 1) indicates that
the rarely unfolded Ig-like domains and Fn3 contribute a contour length of 30 nm each. These incre-
ments are consistent with results obtained in other force spectroscopy measurements (Rief et al.,
1998). The kinase domain is assigned with respect to its contour length to a rather clear peak at
61.7+9.6 nm (L,_; released at transition S,—S;) and a less distinct broad ridge in the range of 25—
40 nm (L, released at transition S;—S,). The relatively wide contour length distribution of the
broad ridge may be caused by the low force of this event and the consequently poor transformation
of this segment: further aspects which might contribute to this poorly defined transformation are dis-
cussed in the context of the ATP-binding measurements below. For an estimation of the released
contour length at S;—S, transition, individual force-distance curves with high rupture forces at this
point were fitted with the Worm-Like Chain (WLC) model yielding an approximate length increment
of around 30 nm. The measured contour length of approximately 92 nm for the full kinase domain is
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Figure 1. Overview of the experimental configuration for applying controlled mechanical stress to smMLCK. (A) Schematic illustration of the
investigated smMLCK construct. It consists of the kinase domain surrounded by several Ig-like domains (Ig) and a fibronectin-like domain (Fn3). Possible
substrate interactions are indicated (ATP, Ca?*/CaM and RLC). RLC interaction is prevented by the auto-inhibitory pseudosubstrate sequence that is
released upon Ca®*/CaM binding. For covalent attachment onto the surface, the construct harbors a C-terminal ybbR-tag. (B) Representative force-
distance curves (red, blue) depicting the characteristic transitions of the kinase through different conformational states (S, Sy, S3) and subsequent
unfolding of the adjacent Fn3 and Ig-like domains. Whereas most force-distance curves rupture before or after Fn3 unfolding (as shown in red) due to
comparable rupture forces of Fn3 and the employed handle system, the blue curve illustrates a descriptive example with additional unfolding of Fn3
and Ig-like domains depicting the further force-distance pattern given by the construct. Structural interpretation and assignment of the detected force-
distance pattern is schematically depicted above the curve. (C) Contour length transformation of 99 unfolding events with respective contour length
increments. Ly_, and L,_3 are released at the transition of the kinase domain from conformational state S; to S, and S, to S; respectively. The contour
lengths of Fn3 and Ig-like domains are additionally depicted.

DOI: 10.7554/eLife.26473.002

The following source data is available for figure 1:

Source data 1. Contour length plot of 99 unfolding events of MLCK with 0 mM ATP present, aligned as described in the data analysis section.
DOI: 10.7554/eLife.26473.003

in good agreement with a simple approximation assuming 0.365 nm per amino acid (255 aa x0.365
nm = 93.1 nm) (Dietz and Rief, 2004). It indicates a fully unfolded kinase domain at S;. The two-
step unfolding behavior is consistent with the bi-lobed structure of the kinase’s catalytic core and
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suggests assignment of S;—S, transition to the unfolding of the smaller kinase lobe and of S,—S; to
the larger lobe.

Conformational changes of smMLCK upon ATP binding

In contrast to TK, smMLCK’s capability of binding ATP is not inhibited through its pseudosubstrate
mechanism. Independent from Ca?*/CaM activation, ATP interacts with a K; of around 10 uM
(Kennelly et al., 1992). In this study, ATP binding to smMLCK and the corresponding effects on its
structure were identified by changes in the characteristic transition pattern through the kinase's dif-
ferent conformational states during AFM-based force spectroscopy. ATP was added in buffer solu-
tion with a final concentration of 3 mM. A heatmap in force-distance space of 560 aligned and
overlaid unfolding curves emphasizes ATP-induced changes: the smaller kinase domain lobe (S;—S,
transition) is significantly stabilized upon ATP binding (Figure 2A). Since the order of released con-
tour lengths L;_, and L, .3 — associated with the transitions S;—S,; and S,—5S; — is not altered by this
enhanced stability, the S,—S; transition seems to remain structurally shielded from S;—S,. The
increased force signal of S;—S, allows precise extraction of the small lobe increment L,_,, in con-
tour-length space. The determined 30.84+9.8 nm add to a total length of 92.6+7.5 nm for the full
kinase domain with L, ; being unchanged with a contour length of 61.848.9 nm (Figure 2B). Other
contour length increments in the overall construct including Fn3 and Ig-like domains were unaffected
by the interaction of kinase domain and ATP. Unfolding traces in absence and presence of ATP were
realized within one experiment that is, same cantilever and sample surface. The measured forces are
therefore directly comparable without uncertainties in the force signal that could originate from devi-
ations in AFM spring constant calibration. The histograms for the unfolding force of the S;—S, tran-
sition with and without ATP indicate an increase of the most probable rupture force of about 30 pN
(Figure 2C). Due to saturated binding conditions using 3 mM ATP, the obtained force histogram
most likely represents exclusively the ATP-bound conformation and not a mixed population of ATP-
bound and ATP-free states of the tethered smMLCK molecules. The peak forces for S,—S; and Fn3
were found to be unaffected by addition of ATP (Figure 2—figure supplement 1). The fact that Fn3
remains unchanged in its unfolding properties independent of ligand addition allows for relative
comparison of measurements from different cantilevers. In the following, forces from different
experiments are normalized according to the most probable peak force of Fn3 unfolding. Binding of
ADP as well as the non-hydrolysable ATP analogue adenylyl-imidodiphosphate (AMP-PNP) could
analogously be detected for smMLCK by a stabilization of the S;—S; transition in the tethered con-
struct (Figure 2—figure supplement 2). Stabilization, however, appears to be weaker in comparison
to the interaction with ATP.

Energy barrier attenuation upon Ca?*/CaM interaction

Importantly, an additional peculiarity of the kinase unfolding becomes evident from the ATP-stabi-
lized case: an unusual stretching behavior of the S; state at AFM distances of about 30-40 nm
(Figure 2A). The force response in this region clearly deviates from a typical WLC behavior exhibit-
ing an unusual kink. Apparently, a small but distinct energy barrier - a mechanical barrier stabilizing
a specific protein conformation - has to be overcome at low forces (~15 pN) before the kinase
domain acquires conformational state S;. The energy barrier is attributed to an additional transition
Sp—S; preceding the formerly described transitions S;—S, and S,—S; (Figure 3A). Sy—S; repre-
sents a small, uncoupled conformational change with a barely resolvable contour length release. This
additional energy barrier might also explain the ambiguous contour length transformations for the
S1—S, transition in the measurements in the absence of ATP (Figure 1C). Due to the small forces of
transitions Sy—S; and S;—S, they are hard to distinguish in the unfolding pattern and their transfor-
mations result in a broadened overlap of their respective distributions.

The existence of this energy barrier becomes particularly relevant as the presence of Ca%*/CaM
affects this initial feature. Namely, addition of Ca?*/CaM to the measurement buffer leads to an
absence of this barrier otherwise observed in the kinase force response (Figure 3A). Ca?*/CaM is
understood to be a trigger for structural rearrangements in the kinase domain that enable RLC bind-
ing. The detected energy barrier could represent this rearrangement mechanism. We thus propose
the following hypothesis: the release of the pseudosubstrate is already realized upon initial Ca®*/
CaM binding to smMLCK and is therefore not observed. If not activated by Ca®*/CaM, however, this
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Figure 2. Structural effects of ATP binding on smMLCK'’s characteristic sequence of conformational states. (A) Stabilization of the S;—S, transition
upon ligand binding. For better illustration, a heatmap of 560 aligned curves is depicted. (B) Contour-length transformation of the respective events in
the presence of ATP. L,_; is associated to the contour length released at the transition from state S; to S;. (C) Statistical evaluation of $;—S,
stabilization via force histograms fitted with the Bell-Evans model. An increase in the most probable transition force of about 30 pN is observed upon
ATP addition. Both data sets were recorded within one experiment with the same cantilever.

DOI: 10.7554/eLife.26473.004

The following source data and figure supplements are available for figure 2:

Source data 1. Contour length plot of 560 unfolding events of MLCK in the presence of 3 mM ATP, aligned as described in the data analysis section.
DOI: 10.7554/eLife.26473.005

Source data 2. Force histogram of S;—S, transition in the presence of 0 mM ATP.

DOI: 10.7554/eLife.26473.006

Source data 3. Force histogram of S;—S, transition in the presence of 3 mM ATP.

DOI: 10.7554/elife.26473.007

Figure supplement 1. Effects of ATP or Ca®*/CaM addition on the peak forces for the respective transitions S;—S, and S,—S; and for the Fn3
unfolding force.

DOI: 10.7554/elife.26473.008

Figure supplement 1—source data 1. Force histogram of $;—$, transition in the presence of 0 mM ATP.

DOI: 10.7554/elife.26473.009

Figure supplement 1—source data 2. Force histogram of $;—$S, transition in the presence of 3 mM ATP.

DOI: 10.7554/elife.26473.010

Figure supplement 1—source data 3. Force histogram of $;,—S, transition in the presence of 3 mM ATP, 25 uM CaM, 2 mM Ca®*.

DOI: 10.7554/elife.26473.011

Figure supplement 1—source data 4. Force histogram of S,—S; transition in the presence of 0 mM ATP.

DOI: 10.7554/elife.26473.012

Figure supplement 1—source data 5. Force histogram of $,—S; transition in the presence of 3 mM ATP.

DOI: 10.7554/elife.26473.013

Figure supplement 1—source data 6. Force histogram of $,—S; transition in the presence of 3 mM ATP, 25 uM CaM, 2 mM Ca®*.

Figure 2 continued on next page
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Figure 2 continued

DOI: 10.7554/elife.26473.014

Figure supplement 1—source data 7. Force histogram of Fn3 unfolding in the presence of 0 mM ATP.

DOI: 10.7554/elife.26473.015

Figure supplement 1—source data 8. Force histogram of Fn3 unfolding in the presence of 3 mM ATP.

DOI: 10.7554/elife.26473.016

Figure supplement 1—source data 9. Force histogram of Fn3 unfolding in the presence of 3 mM ATP, 25 uM CaM, 2 mM Ca**.

DOI: 10.7554/elife.26473.017

Figure supplement 2. Stabilization of the $;—S, transition upon ADP or AMP-PNP binding.

DOI: 10.7554/elife.26473.018

Figure supplement 2—source data 1. Force histogram of $;—$, transition in the presence of 3 MM AMP-PNP, 30 uM CaM, 3 mM Ca?*, 280 uM RLC.
DOI: 10.7554/elife.26473.019

Figure supplement 2—source data 2. Force histogram of Fn3 unfolding in the presence of 3 MM AMP-PNP, 30 uM CaM, 3 mM Ca?*, 280 uM RLC is
used for normalizing forces to the same value.

DOI: 10.7554/elife.26473.020

Figure supplement 2—source data 3. Force histogram data of S;—S; transition in the presence of 4 mM ADP.

DOI: 10.7554/elife.26473.021

Figure supplement 2—source data 4. Force histogram of the Fn3 unfolding in the presence of 4 mM ADP is used for normalizing forces to the same
value.

DOI: 10.7554/elife.26473.022

regulatory modulation of the smMLCK structure appears as distinct part of the transition pathway
indicated by the Sy—S, transition (Figure 3B). Addition of Ca®" without CaM has no effect on the
observed feature (Figure 3—figure supplement 1). Since the energy barrier precedes the complete
process of guiding smMLCK through different conformations, the regulatory fragment appears to be
released before the intact kinase domain gets denatured at all and therefore becomes inactive. This
mechanism could therefore imply the existence of intermediate smMLCK conformations (S;, S,) with
an intact active site and RLC binding capability independent of Ca?*/CaM induced by mechanical
forces comparable to the regulation of TK.

RLC peptide interaction

Based on these considerations, we designed experiments to test if conformational changes in the
unfolding pattern can also be detected in the presence of RLC substrate. A minimal MLCK substrate
peptide was used as RLC substitute that interacts only with the catalytic core of the kinase domain
(Knighton et al., 1991). It consists of a truncated and slightly modified smooth muscle myosin light
chain (MLC 11-23, P14A, Q15A) from chicken gizzard with the amino acid sequence KKRAAR-
ATSDVFA. 1t is effectively phosphorylated by smMLCK with a turnover rate of Ky, = 7.5 uM (for
chicken gizzard smMLCK) (Kemp and Pearson, 1985). Assuming an effectively blocked RLC binding
site without activation by Ca?*/CaM, RLC addition should in principle not influence the structure of
the smMLCK kinase domain due to the lack of interaction — unless there is binding by an active inter-
mediate during the process of unfolding.

The characteristic patterns of transitions through different smMLCK states in the presence of RLC
peptide are plotted via heatmaps of smMLCK force-distance curves in presence (n = 1013) and
absence (n = 864) of ATP in the buffer solution in Figure 4A. The heatmaps clearly reveal a signifi-
cant stabilization of the S, state independent of ATP. This structural change clearly indicates interac-
tion with the substrate and is thus interpreted as RLC binding. Quantitative evaluation of S,—S;
transition force histograms was performed via kernel-density functions, since the recorded forces
show deviations from a single-bond Bell-Evans distribution (Figure 4B). This might partly be based
on the overlap of different populations e.g. RLC-bound and RLC-free kinase domain, but deviations
from the typical Bell-Evans model are also observed for S,—S; in measurements without RLC sub-
strate. Other factors such as interactions between the catalytic domain and adjacent Fn3-like domain
or the pseudosubstrate sequence could be examples that already promote different transition path-
ways and thus yield this atypical behavior. Independent of shape, however, the recorded histograms
reveal a clear shift in most probable rupture force in S,—S; transition by about 30 pN.
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Figure 3. Structural effects of Ca’*/CaM binding on smMLCK'’s characteristic sequence of conformational states. (A) Attenuated So—S; transition in the
characteristic force-distance pattern of the smMLCK construct due to conformational changes upon Ca?*/CaM binding. This effect is emphasized by a
heatmap comparison of several hundred overlaid force-distance curves. Both data sets were collected within one measurement. (B) Structural model
interpretation. The Syp—$, transition is assigned to a force-induced rearrangement in the kinase domain that correlates with the conformational changes
induced by Ca?*/CaM binding — the release of the inhibitory pseudosubstrate.

DOI: 10.7554/eLife.26473.023

The following figure supplement is available for figure 3:

Figure supplement 1. Missing effects by addition of Ca®* without CaM.

DOI: 10.7554/eLife.26473.024

Discussion

Binding of RLC peptide is directly observed in our measurements in the absence of Ca®*/CaM as it
clearly alters the characteristic transition pattern of single smMLCK molecules by stabilizing the
S,—S; transition. This observation is in conflict with the blocking of the RLC binding site without
Ca®*/CaM activation as proposed by the established pseudosubstrate inhibition mechanism
(Bagchi et al., 1992). The experimental results could therefore represent a first indicator for a force-
driven activation of the catalytic pathway of smMLCK (Figure 5). In the living organism, we assume
that smMLCK bridges actin and myosin filaments in smooth muscle tissue and thus allows for a
stretched conformation that additionally promotes kinase activity. By relative movements in the cyto-
skeleton, sufficient mechanical stress may be created within the protein regulating its catalytic activ-
ity besides Ca®*/CaM binding, as proposed in this study. Even for mechanical forces below 15 pN -
the force that is identified to be necessary for activation in our experiments - steady physiological
stress could likely remove autoinhibition if (semi-)permanently applied as the kinase is spanned
between two filaments instead of being probed in a constant speed single-molecule force spectros-
copy experiment. Despite a K, in the UM range between smMLCK and myosin or actin (Hong et al.,
2015), long-term association to the cytoskeleton is assumed for smMLCK especially due to several
additional binding domains to both filaments in its long isoform (Kudryashov et al., 2004). Neces-
sary forces and lifetimes of the spanned conformation could therefore in principle be reached in a
physiological context to allow for the proposed force-driven activation. The in vivo existence and rel-
evance of this regulation pathway, however, has to be examined in further studies. Our conclusions
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Figure 4. Structural effects of RLC peptide binding on smMLCK's characteristic sequence of conformational states. (A) Qualitative observation of an
increased mechanical stability in the large kinase lobe illustrated by the higher forces in the S;—S; transition. The effect is emphasized by heatmaps of
aligned force-distance curves obtained under different substrate conditions. The stabilizing effect is detected independently of the presence of ATP. (B)
Quantitative evaluation of the increased S,—S; transition force. The force histograms were approximated with a kernel-density function for extracting
the most probable rupture force. It reveals a significant shift of about 30 pN due to the stable interaction of the RLC peptide with the catalytic core.
Since this binding is stated to be prevented by an auto-inhibition process according to the conventional view of smMLCK activation, the experimental
observation hints at an additional path of kinase regulation modulated by force.

DOI: 10.7554/elife.26473.025

The following source data and figure supplement are available for figure 4:

Source data 1. Force histogram of S,—S; transition in the presence of 3 mM ATP.

DOI: 10.7554/elife.26473.026

Source data 2. Force histogram of S,—S; transition in the presence of 3 mM ATP and 280 uM RLC.

DOI: 10.7554/elife.26473.027

Source data 3. Force histogram of S,—S; transition in the presence of 280 uM RLC.

DOI: 10.7554/elife.26473.028

Figure supplement 1. Ca?*/CaM-dependent RLC phosphorylation of the investigated smMLCK construct.
DOI: 10.7554/elife.26473.029
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are drawn from single-molecule force spectroscopy measurements where we specifically tethered
smMLCK and forced it through several conformations. The presented AFM-based approach repre-
sents a sensitive means of detecting ligand binding on the single-molecule level but can provide
only limited temporal information about the interaction. From the barrier pattern, it is not directly
discernible if the substrate binds in the course of the pulling (as assumed for the RLC) or if it is
bound right from the beginning of measurements (as for ATP binding). In order to exclude pre-bind-
ing of the substrate, basal binding activity of RLC in absence of Ca?*/CaM activation was tested for
the used construct via isothermal titration calorimetry. Due to the presumably very low binding affini-
ties, interaction kinetics could not be detected at moderate concentrations to distinguish between
basal and mechanically induced binding. The investigated construct does not show Ca?*/CaM-inde-
pendent enzymatic activity, suggesting that RLC does not bind to smMLCK in the absence of Ca?*/
CaM under zero tension (Figure 4—figure supplement 1). While beyond the scope of this study,
hybrid approaches will be required to obtain a complete and conclusive picture of the binding mech-
anism and its physiological relevance, ideally complemented by structural information of the auto-
inhibited state. In particular, combined force and fluorescence spectroscopy and molecular dynamics
simulations will aid in this. Ultimately, we need to develop an assay that directly visualizes substrate
turnover upon force-activation of these enzymes, as in-situ unbinding forces from actin and myosin
filaments (which are yet unknown) will interplay with the mechanically induced intramolecular confor-
mational changes. Direct measurements of force-induced substrate binding and activity, that is, RLC
phosphorylation, will then lead to full comprehension of this alternative activation path for smMLCK.
To this end, the powerful combination of single-molecule force spectroscopy and fluorescence spec-
troscopy in nanoapertures can provide the basis for in vitro force-activation assays (Heucke et al.,
2013), to complement the presented findings that RLC substrate binds smMLCK under force in the
absence of Ca®*/CaM.

Materials and methods

Expressed construct

The smMLCK construct used for this study is an 858 amino acid protein (808 aa, from 1097 to 1904
in human smooth muscle isoform 1 myosin light chain kinase, accession number NP_444253.3) incor-
porating Strep-Tag |l (WSHPQFEK) at the N-terminus and a ybbR-tag (DSLEFIASKLA) and hexa-histi-
dine tag at the C-terminus. The cDNA encoding smMLCK was cloned into the EcoRI and Xhol sites
of a modified pENTR11 (Invitrogen) baculovirus shuttle plasmid region surrounded by attL1 and
attL2 recombination sites (5'- attL1 - TCG AAG GAG ATA GAA CCA ATT CTC TAA GGA AAT ACT
TAA CCA TGG CTA GCT GGA GCC ACC CGC AGT TCG AAA AAG GCG CCG AGA CCG CGG
TCC CGA ATT CG - smMLCK - CCC TCG AGC GGT TCC GGT GGT GAC TCC CTG GAG TTC ATC
GCT TCC AAG CTG GCT TCA GGC CTG AGA GGA TCG CAT CAC CAT CAC CAT CAC TAA GAT
CCG TCG AGA TAT CTA G - attL2 - 3"). After generation of recombinant virus using a BaculoDirect-
Baculovirus Expression System (Invitrogen), production of smMLCK was carried out in suspension
cultures of Spodoptera frugiperda Sf9 (Sf9 cells in Sf-90011 SFM, Invitrogen). Cells were routinely
maintained at 28°C, 100 rpm in the concentration range from 1 x 106 cells/ml to 8 x 106 cells/ml. 1
| culture of Sf9 cells at a concentration of 2.5 x 106 cells/ml was infected with smMLCK recombinant
baculovirus of third generation (P3) and left growing for 3 days. Infected cells were then pelleted at
1000 x g for 10 min. They then were resuspended in an ice-cold buffer containing 20 mM Tris (pH
8.0), 100 mM NaCl, 40 mM Imidazole, 14 mM 2-mercaptoethanol (buffer A) supplemented with
cOmpleteEDTA-free Protease Inhibitor Cocktail (Roche) as per manufacturer's recommendations.
Cells were lysed by passing the mixture three times through a 0.8 x 40 mm syringe needle and
treated with DNase | at a final concentration of 25 ug/ml for 10 min at 4°C. After centrifugation at
4000 x g, supernatant was loaded onto a 2 ml His-Trap crude column (GE Healthcare Life Sciences)
pre-equilibrated with buffer A. The column was then washed with 20 column volumes of buffer A
and smMLCK protein was eluted with a step of buffer A containing 250 mM Imidazole. Peak fraction
was purified further on HiLoad 26/600 Superdex 200 (GE Healthcare Life Sciences) equilibrated with
20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM DTT. Peak fractions were pooled together and analysed
on SDS PAGE for purity.
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Enzymatic activity assay

To assess CaM-dependent and independent enzymatic activity of smMLCK, the construct used in
AFM experiments was incubated with human RLC (NP_291024.1) in the presence and absence of
Ca?*/CaM and the phosphorylation of RLC serine 19 was probed.

10 nM smMLCK was mixed with 10 uM RLC, 500 uM ATP in 20 mM HEPES (pH 7.5), 50 mM
NaCl, 10 mM MgCl,, 1 mM DTT, 500 uM ATP in the presence of either 40 nM CaM/1 mM CaCl, or
1 mM EGTA and incubated at 20°C. Samples were taken at various intervals with the reaction
quenched by addition of SDS-PAGE loading buffer.

Samples containing 300 ng RLC were run on SDS-PAGE alongside BioRad Precision Plus protein
marker, transferred onto nitrocellulose membrane, incubated in 5% milk at room temperature for 45
min and probed with Cell Signaling Technology antibody 3671 against phospo-myosin light chain 2
(Ser19) in 5% milk for 2 hr at room temperature. The membrane was washed with low-salt buffer (10
mM Tris (pH 7.4), 150 mM NaCl, 0.1% Tween-20) three times and then incubated with horseradish
peroxidase conjugated anti-mouse IgG (Dako P0260) in 5% milk for 45 min. After washing three
times in low-salt buffer the membrane was stained using the enhanced chemiluminescence method.

Sample preparation

Glass coverslip and AFM cantilever were identically passivated for unspecific interactions using het-
erobifunctional succinimide-PEG-maleimide spacers (Rapp Polymere, Tubingen, Germany) with a
molecular weight of 5000 Da (Celik and Moy, 2012). The succinimide group is attached via (3-ami-
nopropyl)-dimethyl-ethoxysilane (APDMES, Karlsruhe, Germany) to the respective surface. The reac-
tive maleimide group covalently conjugates to accessible thiol groups on applied bio-molecules
used for specific immobilization. On the coverslip, this reaction is employed for covalent attachment
of coenzyme A. The smMLCK construct harbors a C-terminal ybbR-tag (Wong et al., 2008) that site-
selectively reacts to coenzyme A catalysed by the Sfp-synthase system (Yin et al., 2005, 2006). The
investigated construct additionally contains an N-terminal Strep-tag Il that is pulled via a monovalent
variant of Strep-Tactin in the force spectroscopy experiments (Baumann et al., 2016). The monova-
lent Strep-Tactin is engineered to contain a unique cysteine residue on its single functional subunit,
which is utilized for specific immobilization onto maleimide-PEG functionalized cantilevers (Biolever
Mini, Olympus, Tokyo, Japan) (Zimmermann et al., 2010). For the AFM experiments, 40 mM HEPES
(pH 7.2) with 2 mM MgCl, and 1 mM DTT was used as measurement buffer.

Force spectroscopy experiments

AFM force spectroscopy data was acquired on a custom-built AFM operated in closed loop mode
by a MFP3D controller (Asylum Research, Santa Barbara, CA, USA). Software for the automated con-
trol of AFM head and xy-piezos was programmed in IgorPro6 (Wavemetrics, OR, USA). Strep-Tactin
coated Biolever Mini cantilevers were briefly brought in contact with the sample surface and then
retracted at 800 nm/s. After each recorded force-distance curve, the surface was horizontally moved
in steps of 100 nm distance for iteratively probing a new position. The cantilever spring constant was
calibrated using the equipartition theorem method (Hutter and Bechhoefer, 1993). Typically, data-
sets contain 30000 force-distance curves and the addition of the substrate was performed in the
course of the experiment. If data was not collected within one experiment, but was directly com-
pared via rupture force histograms, the recorded force values were normalized according to the
most probable rupture force of the Fn3 domain. For this normalization, only those force-distance
curves in a dataset were regarded that detached after unfolding of the Fn3 domain.

Data analysis

Force heatmaps were assembled from all curves showing the characteristic unfolding pattern of the
stressed smMLCK construct. Respective force spectroscopy data was aligned in force-distance space
and transformed to a heatmap based on raw data points with 750 bins per axis. Data evaluation was
carried out in Python 2.7. The rupture forces were evaluated from the AFM force-distance curves uti-
lizing a quantum mechanically corrected WLC model (Hugel et al., 2005). The AFM distance was
corrected for cantilever bending. 20 nm force baseline after the last rupture event - typically repre-
senting detachment — was used for determining zero force in the transformation of deflection signal
to force values. Force-extension data was transformed into contour length space via an inverse
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worm-like chain model assuming a persistence length of 0.4 nm and a thermal energy of 4.1 pN nm
(Jobst et al., 2013). On the transformed data a Gaussian kernel density estimate is applied with a
bandwidth of 1 nm. Data set alignments in contour length space are created by the following pro-
cess: the full set of transformed force-distance curves is aligned to a random curve from this data set
according to least residual in cross correlation. This process results in a first superimposition which is
used as a template in a second iteration of this process. Again, all contour-length transformed curves
are aligned to a template curve but this time to the one formed by the first iteration. This two-step
approach diminishes biasing effects given by the choice of the random curve used for initial align-
ment. Contour lengths of the individual domains are determined by a Gaussian fit of each deter-
mined peak and subtraction of the respective fitted means. The error of an increment is given by the
standard deviations of both peaks defining the individual increment. Force-distance curves were
denoised with Total Variation Denoising in order to detect rupture events as significant drops in
force. For the force histograms, detected peaks in the typical region of respective domain unfolding
were assigned to S;—S,, S,—S; or Fn3. All assignments were manually double-checked - especially
to reassure small rupture events close to the noise level or to delete erroneously assigned peaks. In
some curves no distinct rupture event could be detected for a specific domain due to too small
forces (below noise level of about 10-15 pN) and was not included to the evaluation. Rupture forces
of respective domains in the unfolding pattern were binned to histograms and fitted with the Bell-
Evans model yielding the most probable rupture force (Bell, 1978; Evans and Ritchie, 1997). In the
case of the $,—5S; rupture event, kernel-density estimates with a bandwidth of 1 pN were applied to
the data and used for extracting the most probable rupture force.

Amino acid sequence: Sll-smMLCK-ybbR-His
MASWSHPQFEKGAETAVPNSAPAFKQKLQDVHVAEGKKLLLQCQVSSDPPATIWTLNGKTLKTTKFII
LSQEGSLCSVSIEKALPEDRGLYKCVAKNDAGQAECSCQVTVDDAPASENTKAPEMKSRRPKSSLPPVLG
TESDATVKKKPAPKTPPKAAMPPQIIQFPEDQKVRAGESVELFGKVTGTQPITCTWMKFRKQIQESEHMK
VENSENGSKLTILAARQEHCGCYTLLVENKLGSRQAQVNLTVVDKPDPPAGTPCASDIRSSSLTLSWYG
SSYDGGSAVQSYSIEIWDSANKTWKELATCRSTSFNVQDLLPDHEYKFRVRAINVYGTSEPSQESE
LTTVGEKPEEPKDEVEVSDDDEKEPEVDYRTVTINTEQKVSDFYDIEERLGSGKFGQVFRLVEKKTRK
VWAGKFFKAYSAKEKENIRQEISIMNCLHHPKLVQCVDAFEEKANIVMVLEIVSGGELFERIIDEDFELTE
RECIKYMRQISEGVEYIHKQGIVHLDLKPENIMCVNKTGTRIKLIDFGLARRLENAGSLKVLFGTPEFVAPEVI
NYEPIGYATDMWSIGVICYILVSGLSPFMGDNDNETLANVTSATWDFDDEAFDEISDDAKDFISNLLKKD
MKNRLDCTQCLQHPWLMKDTKNMEAKKLSKDRMKKYMARRKWQKTGNAVRAIGRLSSMAMISGLSG
RKSSTGSPTSPLNAEKLESEEDVSQAFLEAVAEEKPHVKPYFSKTIRDLEVWEGSAARFDCKIEGYPDPE
VVWFKDDQSIRESRHFQIDYDEDGNCSLIISDVCGDDDAKYTCKAVNSLGEATCTAELIVETMEEPSSG
SGGDSLEFIASKLASGLRGSHHHHHH

Acknowledgements

The authors acknowledge Lukas Milles and Stefan Stahl for helpful discussions. We are greatly
indebted to Ms Birgit Brandmeier for initial work on protein purification, expression and activity
assays. Support for this work was provided by the Deutsche Forschungsgemeinschaft SFB 863-A01
to HEG, the ERC Advanced Grant CelluFuel to HEG, the MRC grant MR/J010456/1 to MG and the
BHF Chair of Molecular Cardiology to MG.

Additional information

Funding

Funder Grant reference number  Author

Sonderforschungsbereich SFB863-A01 Fabian Baumann
Magnus Sebastian Bauer
Diana Angela Pippig
Hermann Eduard Gaub

European Commission ERC Advanced Grant Fabian Baumann

CelluFuel Magnus Sebastian Bauer

Baumann et al. eLife 2017;6:€26473. DOI: 10.7554/elLife.26473 13 0f 16




138

Chapter 4: Results - Force activation and beyond

LI F E Research article

Biophysics and Structural Biology

Diana Angela Pippig
Hermann Eduard Gaub

Medical Research Council Martin Rees
Alexander Alexandrovich
Mathias Gautel

British Heart Foundation BHF Chair of Molecular Martin Rees
Cardiology Alexander Alexandrovich
Mathias Gautel

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

FB, Conceptualization, Data curation, Software, Formal analysis, Investigation, Visualization, Writ-
ing—original draft, Writing—review and editing; MSB, Data curation, Software, Formal analysis,
Investigation, Visualization, Writing—review and editing; MR, Investigation, Writing—review and
editing; AA, Resources, Investigation, Writing—review and editing; MG, Conceptualization, Funding
acquisition, Investigation, Project administration, Writing—review and editing; DAP, Conceptualiza-
tion, Resources, Supervision, Investigation, Writing—review and editing; HEG, Conceptualization,
Supervision, Funding acquisition, Investigation, Project administration, Writing—review and editing

Author ORCIDs
Magnus Sebastian Bauer, (& http://orcid.org/0000-0003-1357-2852
Hermann Eduard Gaub, () http://orcid.org/0000-0002-4220-6088

References

Bagchi IC, Kemp BE, Means AR. 1992. Intrasteric regulation of myosin light chain kinase: the pseudosubstrate
prototope binds to the active site. Molecular Endocrinology 6:621-626. doi: 10.1210/mend.6.4.1584224,
PMID: 1584224

Baumann F, Bauer MS, Milles LF, Alexandrovich A, Gaub HE, Pippig DA. 2016. Monovalent Strep-Tactin for
strong and site-specific tethering in nanospectroscopy. Nature Nanotechnology 11:89-94. doi: 10.1038/nnano.
2015.231, PMID: 26457965

Bell GI. 1978. Models for the specific adhesion of cells to cells. Science 200:618-627. doi: 10.1126/science.
347575, PMID: 347575

Celik E, Moy VT. 2012. Nonspecific interactions in AFM force spectroscopy measurements. Journal of Molecular
Recognition 25:53-56. doi: 10.1002/jmr.2152, PMID: 22213450

Chang AN, Mahajan P, Knapp S, Barton H, Sweeney HL, Kamm KE, Stull JT. 2016. Cardiac myosin light chain is
phosphorylated by Ca2+/calmodulin-dependent and -independent kinase activities. PNAS 113:E3824-E3833.
doi: 10.1073/pnas.1600633113, PMID: 27325775

Chen C, Tao T, Wen C, He WQ, Qiao YN, Gao YQ, Chen X, Wang P, Chen CP, Zhao W, Chen HQ, Ye AP, Peng
YJ, Zhu MS. 2014. Myosin light chain kinase (MLCK) regulates cell migration in a myosin regulatory light chain
phosphorylation-independent mechanism. Journal of Biological Chemistry 289:28478-28488. doi: 10.1074/jbc.
M114.567446, PMID: 25122766

Dietz H, Rief M. 2004. Exploring the energy landscape of GFP by single-molecule mechanical experiments. PNAS
101:16192-16197. doi: 10.1073/pnas.0404549101, PMID: 15531635

Dillon PF, Aksoy MO, Driska SP, Murphy RA. 1981. Myosin phosphorylation and the cross-bridge cycle in arterial
smooth muscle. Science 211:495-497. doi: 10.1126/science.6893872, PMID: 6893872

Evans E, Ritchie K. 1997. Dynamic strength of molecular adhesion bonds. Biophysical Journal 72:1541-1555.
doi: 10.1016/S0006-3495(97)78802-7, PMID: 9083660

Fairbank NJ, Connolly SC, Mackinnon JD, Wehry K, Deng L, Maksym GN. 2008. Airway smooth muscle cell tone
amplifies contractile function in the presence of chronic cyclic strain. AJP: Lung Cellular and Molecular
Physiology 295:L479-L488. doi: 10.1152/ajplung.00421.2007, PMID: 18586955

Gallagher PJ, Herring BP, Stull JT. 1997. Myosin light chain kinases. Journal of Muscle Research and Cell Motility
18:1-16. doi: 10.1023/A:1018616814417, PMID: 9147985

Gautel M. 2011. Cytoskeletal protein kinases: titin and its relations in mechanosensing. Pfl?Gers Archiv -
European Journal of Physiology 462:119-134. doi: 10.1007/s00424-011-0946-1, PMID: 21416260

Grater F, Shen J, Jiang H, Gautel M, Grubmiiller H. 2005. Mechanically induced titin kinase activation studied by
force-probe molecular dynamics simulations. Biophysical Journal 88:790-804. doi: 10.1529/biophysj.104.
052423, PMID: 15531631

Hashimoto Y, Sasaki H, Togo M, Tsukamoto K, Horie Y, Fukata H, Watanabe T, Kurokawa K. 1994. Roles of
myosin light-chain kinase in platelet shape change and aggregation. Biochimica Et Biophysica Acta (BBA) -
Molecular Cell Research 1223:163-169. doi: 10.1016/0167-4889(94)90222-4, PMID: 8086484

Baumann et al. eLife 2017;6:e26473. DOI: 10.7554/eLife.26473 14 of 16




Force as a functional regulator in smooth muscle myosin light chain kinase 139

LI F E Research article

Biophysics and Structural Biology

Heucke SF, Puchner EM, Stahl SW, Holleitner AW, Gaub HE, Tinnefeld P. 2013. Nanoapertures for AFM-based
single-molecule force spectroscopy. International Journal of Nanotechnology 10:607-619. doi: 10.1504/IJNT.
2013.053529

Hong F, Haldeman BD, John OA, Brewer PD, Wu YY, Ni S, Wilson DP, Walsh MP, Baker JE, Cremo CR. 2009.
Characterization of tightly associated smooth muscle myosin-myosin light-chain kinase-calmodulin complexes.
Journal of Molecular Biology 390:879-892. doi: 10.1016/j.jmb.2009.05.033, PMID: 19477187

Hong F, Haldeman BD, Jackson D, Carter M, Baker JE, Cremo CR. 2011. Biochemistry of smooth muscle myosin
light chain kinase. Archives of Biochemistry and Biophysics 510:135-146. doi: 10.1016/j.abb.2011.04.018,
PMID: 21565153

Hong F, Brizendine RK, Carter MS, Alcala DB, Brown AE, Chattin AM, Haldeman BD, Walsh MP, Facemyer KC,
Baker JE, Cremo CR. 2015. Diffusion of myosin light chain kinase on actin: a mechanism to enhance myosin
phosphorylation rates in smooth muscle. The Journal of General Physiology 146:267-280. doi: 10.1085/jgp.
201511483, PMID: 26415568

Hugel T, Rief M, Seitz M, Gaub HE, Netz RR. 2005. Highly stretched single polymers: atomic-force-microscope
experiments versus ab-initio theory. Physical Review Letters 94:048301. doi: 10.1103/PhysRevlLett.94.048301,
PMID: 15783606

Hutter JL, Bechhoefer J. 1993. Calibration of atomic-force microscope tips. Review of Scientific Instruments 64:
1868-1873. doi: 10.1063/1.1143970

Jobst MA, Schoeler C, Malinowska K, Nash MA. 2013. Investigating receptor-ligand systems of the cellulosome
with AFM-based single-molecule force spectroscopy. Journal of Visualized Experiments 82:¢50950. doi: 10.
3791/50950, PMID: 24378772

Kemp BE, Pearson RB. 1985. Spatial requirements for location of basic residues in peptide substrates for smooth
muscle myosin light chain kinase. The Journal of Biological Chemistry 260:3355-3359. PMID: 3838312

Kennelly PJ, Leng J, Marchand P. 1992. The MgATP-binding site on chicken gizzard myosin light chain kinase
remains open and functionally competent during the calmodulin-dependent activation-inactivation cycle of the
enzyme. Biochemistry 31:5394-5399. doi: 10.1021/bi00138a022, PMID: 1606165

Knighton DR, Zheng JH, Ten Eyck LF, Ashford VA, Xuong NH, Taylor SS, Sowadski JM. 1991. Crystal structure of
the catalytic subunit of cyclic adenosine monophosphate-dependent protein kinase. Science 253:407-414.
doi: 10.1126/science.1862342, PMID: 1862342

Kudryashov DS, Stepanova OV, Vilitkevich EL, Nikonenko TA, Nadezhdina ES, Shanina NA, Lukas TJ, Van Eldik
LJ, Watterson DM, Shirinsky VP. 2004. Myosin light chain kinase (210 kDa) is a potential cytoskeleton integrator
through its unique N-terminal domain. Experimental Cell Research 298:407-417. doi: 10.1016/].yexcr.2004.04.
025, PMID: 15265689

Kumakura K, Sasaki K, Sakurai T, Ohara-Imaizumi M, Misonou H, Nakamura S, Matsuda Y, Nonomura Y. 1994.
Essential role of myosin light chain kinase in the mechanism for MgATP-dependent priming of exocytosis in
adrenal chromaffin cells. Journal of Neuroscience 14:7695-7703. PMID: 7996204

Lazar V, Garcia JGN. 1999. A single human Myosin Light Chain kinase gene (MLCK; MYLK)Transcribes multiple
Nonmuscle Isoforms. Genomics §7:256-267. doi: 10.1006/geno.1999.5774

Li L, Huang HH, Badilla CL, Fernandez JM. 2005. Mechanical unfolding intermediates observed by single-
molecule force spectroscopy in a fibronectin type Ill module. Journal of Molecular Biology 345:817-826.
doi: 10.1016/}.jmb.2004.11.021, PMID: 15588828

Mabuchi Y, Mabuchi K, Stafford WF, Grabarek Z. 2010. Modular structure of smooth muscle myosin light chain
kinase: hydrodynamic modeling and functional implications. Biochemistry 49:2903-2917. doi: 10.1021/
bi901963e, PMID: 20196616

Mayans O, van der Ven PF, Wilm M, Mues A, Young P, Fiirst DO, Wilmanns M, Gautel M. 1998. Structural basis
for activation of the titin kinase domain during myofibrillogenesis. Nature 395:863-869. doi: 10.1038/27603,
PMID: 9804419

Pearson RB, Wettenhall RE, Means AR, Hartshorne DJ, Kemp BE. 1988. Autoregulation of enzymes by
pseudosubstrate prototopes: myosin light chain kinase. Science 241:970-973. doi: 10.1126/science.3406746,
PMID: 3406746

Pfitzer G. 2001. Invited review: regulation of myosin phosphorylation in smooth muscle. Journal of Applied
Physiology 91:497-503. PMID: 11408468

Puchner EM, Alexandrovich A, Kho AL, Hensen U, Schiafer LV, Brandmeier B, Grater F, Grubmiiller H, Gaub HE,
Gautel M. 2008. Mechanoenzymatics of titin kinase. PNAS 105:13385-13390. doi: 10.1073/pnas.0805034105,
PMID: 18765796

Rief M, Gautel M, Schemmel A, Gaub HE. 1998. The mechanical stability of immunoglobulin and fibronectin IlI
domains in the muscle protein titin measured by atomic force microscopy. Biophysical Journal 75:3008-3014.
doi: 10.1016/S0006-3495(98)77741-0, PMID: 9826620

Sellers JR, Pato MD. 1984. The binding of smooth muscle myosin light chain kinase and phosphatases to actin
and myosin. The Journal of Biological Chemistry 259:7740-7746. PMID: 6330077

Shivashankar GV, Sheetz M, Matsudaira P. 2015. Mechanobiology. Integrative Biology 7:1091-1092. doi: 10.
1039/C5IB90040A, PMID: 26404492

Silver DL, Vorotnikov AV, Watterson DM, Shirinsky VP, Sellers JR. 1997. Sites of interaction between kinase-
related protein and smooth muscle myosin. Journal of Biological Chemistry 272:25353-25359. doi: 10.1074/
jbc.272.40.25353, PMID: 9312155

Baumann et al. eLife 2017;6:e26473. DOI: 10.7554/eLife.26473 15 of 16




140 Chapter 4: Results - Force activation and beyond

LI F E Research article

Biophysics and Structural Biology

Stull JT, Tansey MG, Tang DC, Word RA, Kamm KE. 1993. Phosphorylation of myosin light chain kinase: a cellular
mechanism for Ca2+ desensitization. Molecular and Cellular Biochemistry 127-128:229-237. doi: 10.1007/
BF01076774, PMID: 7935354

Wong LS, Thirlway J, Micklefield J. 2008. Direct site-selective covalent protein immobilization catalyzed by a
phosphopantetheinyl transferase. Journal of the American Chemical Society 130:12456-12464. doi: 10.1021/
ja8030278, PMID: 18722432

Yin J, Straight PD, McLoughlin SM, Zhou Z, Lin AJ, Golan DE, Kelleher NL, Kolter R, Walsh CT. 2005. Genetically
encoded short peptide tag for versatile protein labeling by sfp phosphopantetheinyl transferase. PNAS 102:
15815-15820. doi: 10.1073/pnas.0507705102, PMID: 16236721

Yin J, Lin AJ, Golan DE, Walsh CT. 2006. Site-specific protein labeling by sfp phosphopantetheinyl transferase.
Nature Protocols 1:280-285. doi: 10.1038/nprot.2006.43, PMID: 17406245

Zhang WC, Peng YJ, Zhang GS, He WQ, Qiao YN, Dong YY, Gao YQ, Chen C, Zhang CH, Li W, Shen HH, Ning
W, Kamm KE, Stull JT, Gao X, Zhu MS. 2010. Myosin light chain kinase is necessary for tonic airway smooth
muscle contraction. Journal of Biological Chemistry 285:5522-5531. doi: 10.1074/jbc.M109.062836,

PMID: 20018858

Zimmermann JL, Nicolaus T, Neuert G, Blank K. 2010. Thiol-based, site-specific and covalent immobilization of
biomolecules for single-molecule experiments. Nature Protocols 5:975-985. doi: 10.1038/nprot.2010.49,
PMID: 20448543

Baumann et al. eLife 2017;6:e26473. DOI: 10.7554/eLife.26473 16 of 16




Force as a functional regulator in smooth muscle myosin light chain kinase 141
4.1.1 Supporting Figures
S:~S, Transition Force S,~S3 Transition Force Fn3 Rupture Force
1n=1484\31.1pN n=152 | n=94 98.0 pN
>\0.20-
(9]
o )
$0.15- .
o
g
@ 0.104 -
=
S
@ 0.05-
- Il
0.00+ : = —-—
n =546 1 62.9pN n=517 | n=387 195.8pN
1 +3mM ATP - +3MMATP | +3mMATP !
> 0.15 -
(9]
c
o _
o 0.101 il
g
yYy— —
v
-5 0.05 - - -
i)
]
o
O-OO. ] —||_||—u—|
n=391 1 57.5pN n=390 | n=315 1 96.5pN
+3mM ATP ! _ +3mMATP | +3mM ATP
+25uM CaM I +25uM CaM | +25uM CaM
5\015' +2mM Ca?* +2mM Ca?* | +2mM Ca?*
o
3 —
g 0.101 -
y—
2
'S 0.051
£
&
0.00+ v |_| : .H”. — —
O 20 40 60 8 O 20 40 60 80 60 80 100 120 140
Force (pN) Force (pN) Force (pN)

Figure 4.1.1: Effects of ATP or Ca>*/CaM addition on the peak forces for the respective transitions S; —S5 and Sy —S3 and for
the Fn3 unfolding force. All data was collected within one experiment and absolute force values can directly be compared.
Whereas S; —Ss is stabilized by ATP as described in the main part of the manuscript, So —S3 and Fn3 appear not to be signifi-
cantly changed by substrate interaction. The force histograms of the Fn3 domain are used in other experiments for normalizing

forces to the sa

me value.



142 Chapter 4: Results - Force activation and beyond

Figure 4.1.2: Stabilization of the S;
—S, transition upon ADP or AMP-PNP
binding.

Figure 4.1.3: Missing effects by addi-
tion of Ca2+ without CaM. The atypical
stretching behavior indicating a transi-
tion from state S to S is still observable
in the presence of Ca*: only in com-
bination with CaM is the barrier not
detected in the unfolding pattern.

Figure 4.1.4: Ca>t/CaM-dependent
RLC phosphorylation of the investi-
gated smMLCK construct. Western
blot probing RLC phospho-serine 19
following smMLCK in vitro kinase assay
time-course shows only phosphoryla-
tion in presence of Ca%*/CaM.
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Mechanoactivation of focal adhesion kinase

4.2 Mechanoactivation of focal adhesion kinase

Focal Adhesion Kinase is a key regulator of focal adhesions and shows scaffold-
ing behavior additional to its kinase activity. Its location spanning between
plasma membrane and actin cytoskeleton makes it an ideal aggregator for force
signals acting on focal adhesion complexes. Indeed cell based in vivo studies
showed FAK activity increasing after stretch was applied to cells. However, it
is not clear if FAK is being a primary force sensor or could also be activated
downstream by other proteins activated by the force signal. Approaching FAK
on the single-molecule level by means of AFM-based SMFS could show an ac-
tivating rupture event resulting in an active conformation after the application
of force. Additionally all sub domain elements observed as force peaks could
be mapped to the crystal structure. Together with in silicon MD simulations
the physiological role of these subunits could be assumed thereby elucidating
the whole force dependent behavior of FAK.
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Focal adhesion kinase (FAK) is a key signaling molecule regu-
lating cell adhesion, migration, and survival. FAK localizes into
focal adhesion complexes formed at the cytoplasmic side of cell
attachment to the ECM and is activated after force generation
via actomyosin fibers attached to this complex. The mechanism
of translating mechanical force into a biochemical signal is not
understood, and it is not clear whether FAK is activated directly
by force or downstream to the force signal. We use experimental
and computational single-molecule force spectroscopy to probe
the mechanical properties of FAK and examine whether force can
trigger activation by inducing conformational changes in FAK. By
comparison with an open and active mutant of FAK, we are able
to assign mechanoactivation to an initial rupture event in the low-
force range. This activation event occurs before FAK unfolding at
forces within the native range in focal adhesions. We are also able
to assign all subsequent peaks in the force landscape to partial
unfolding of FAK modules. We show that binding of ATP stabi-
lizes the kinase domain, thereby altering the unfolding hierarchy.
Using all-atom molecular dynamics simulations, we identify inter-
mediates along the unfolding pathway, which provide buffering
to allow extension of FAK in focal adhesions without compro-
mising functionality. Our findings strongly support that forces in
focal adhesions applied to FAK via known interactions can induce
conformational changes, which in turn, trigger focal adhesion
signaling.

atomic force microscopy | mechanobiology | focal adhesion signaling |
protein kinase regulation | single-molecule force spectroscopy

Focal adhesions (FAs) are dense molecular assemblies that
anchor cells via integrin receptors to the ECM and intra-
cellularly connect to actin stress fibers (1). FAs not only form
a structural link between the cell and its surroundings but also,
are important for exchanging mechanical force cues and regu-
latory signals (2, 3). A key regulator in FAs is the nonreceptor
tyrosine kinase focal adhesion kinase (FAK) that triggers FA sig-
nals on cell adhesion to the ECM. Apart from its function as a
signaling kinase, it acts as a scaffolding hub for diverse interac-
tion partners in FAs. Via its interactions and embedding in the
FA complex, FAK is exposed to forces arising from inside or
outside the cell. Cell-based studies show that increased forces
exerted on FAs result in activation of FAK (4-6). Moreover,
FAK seems to have an important force sensing role, since FAK
is required for cells to respond to externally applied forces or
to migrate toward stiffer substrates, which allows generation of
higher forces in FAs (7). However, current studies lack a clear
hint of whether FAK represents a first responder to force or is
indirectly force activated by downstream signaling. An activation
mechanism based on the direct application of mechanical force
on an enzyme was previously described for the mammalian titin
kinase, the related twitchin kinase in nematode (8, 9), and the
smooth muscle myosin light-chain kinase (10), which are located

www.pnas.org/cgi/doi/10.1073/pnas.1820567116

in the load-bearing environment of the muscle sarcomeres. How-
ever, no nonmuscle enzyme was shown to be directly activated by
mechanical force yet.

FAK is a multidomain protein that is subdivided into three
major domains. The central catalytic kinase domain is flanked
by an N-terminal 4.1 protein, Ezrin, Radixin, Moesin homol-
ogy domain (FERM) and a C-terminal focal adhesion targeting
(FAT) domain (Fig. 14). In the basal state, the FERM and
kinase domains interact to form a closed and autoinhibited
conformation, where the active site and several regulatory phos-
phorylation sites are sequestered (Fig. 1B) (11). On integrin-
mediated cell adhesion, the FAT domain targets FAK into FAs.
Super-resolution optical microscopy has localized FAK to an
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Fig. 1. Mimicking the attachment of FAK in FAs in the AFM force spec-
troscopy assay. (A) Schematic depiction of an FA connecting the ECM with
the actin cytoskeleton. FAK is anchored to PIP2 in the lipid membrane via
its N-terminal basic patch (amino acid sequence: “KAKTLR"; dark blue). On
the other end, FAK is attached with its C-terminal FAT (gray) to paxillin.
(B) The structure of autoinhibited FAK (Protein Data Bank ID codes 2J0J
and 21JM) is shown with placement of the affinity tags for AFM. The FERM
domain directly attaches to the kinase domain and blocks the active site
and phosphorylation of the activation loop (A loop). On the bottom, the
schematic sequence of FAK used in the experiments (FK-FAK, residues 1-686)
is shown with the placement of the 11-aa ybbR-tag in green for site-specific
immobilization to CoA. Additionally, the Sll in orange and the lipid bind-
ing basic patch in dark blue are depicted. The amino acid sequence from
residues 1 to 215 is not stressed directly by force during the experiment and
is, therefore, colored in light blue. The full-length FAK (1-1,052) with the
C-terminal region lacking in FK-FAK was used for control measurements (S/
Appendix, Fig. S1) and is depicted here to show the complete FAK protein.
(C) The scheme illustrates the measurement setup with immobilized FAK
on a PEG functionalized glass surface and monoST on the cantilever. The
ybbR-tag ensures site-specific covalent attachment to the surface via an Sfp-
catalyzed reaction with CoA connected to a PEG spacer. At the C terminus,
FK-FAK is equipped with an Sl for reversible tethering to monoST on the
cantilever.
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integrin signaling layer in FAs in close proximity to the plasma
membrane (12). Accordingly, the FERM domain contains a
stretch of basic residues forming a basic patch that interacts with
phosphatidylinositol 4,5-bisphosphate (PIP2) (13, 14), which is
clustered in the cell membrane at FA sites (15, 16). Activa-
tion of FAK can be initiated by an orchestrated process starting
with PIP2 binding to the basic patch, resulting in exposure of a
linker region containing the autophosphorylation site (14). After
autophosphorylation, this site becomes a docking site for the Src
kinase, which in turn, phosphorylates tyrosine residues in the
activation loop of the FAK kinase. This results in full activation
of FAK. The last step of Src phosphorylation is strongly pro-
moted by prior separation of FERM and kinase domains (11).
Here, we test the hypothesis that force is a key stimulus driv-
ing domain separation for FAK activation. With the N-terminal
domain docked to the cell membrane and the C-terminal FAT
domain tethered via paxillin and structural FA components to
the actin cytoskeleton, FAK is likely exposed to stretching forces
in FAs. Force-induced domain opening and activation were
indeed already proposed and supported by molecular dynamics
(MD) simulations, showing that forces applied to FAK result in
rupture of autoinhibitory interactions and exposure of Src phos-
phorylation sites in the FAK activation loop (17). Furthermore
and consistent with this hypothesis, FAK is known to undergo
domain opening when localized to FAs in cells (13). Additionally,
mutational disruption of autoinhibitory interactions and result-
ing FAK opening has experimentally been shown to strongly
promote phosphorylation by Src (11).

In this study, we aim to obtain insight into the force response
of FAK on a single-molecule level by means of atomic force
microscopy (AFM)-based force spectroscopy in conjunction with
force probe molecular dynamics (FPMD) simulations. We are
able to measure highly reproducible force profiles recorded dur-
ing FAK stretching and map-detected force events to structural
features in FAK. By adapting experimental conditions, we are
able to identify interface rupture of FERM and kinase domains
as a discrete force peak. This is verified by control force profiles
of FAK mutants lacking autoinhibitory FERM-kinase interac-
tions and comparison with MD simulations. We conclude that
the inhibitory interface ruptures at forces of around 25 pN for
pulling speeds of 12,800 nm/s (or at smaller forces for slower
pulling)—significantly before any domain unfolding—and that
functionally important regions in FAK start to unfold at an exten-
sion of about 50 nm. Hence, we demonstrate that force activation
of FAK can occur at physiological forces in FAs and that FAK
maintains an active state when exposed to extensions expected
to occur in FAs.

Results

Relative Mechanical Stabilities of FERM and Kinase Are ATP Depen-
dent. In this study, we record force—distance traces for FAK
containing FERM and kinase domain (residues 1-686; referred
to hereafter as FK-FAK) (Fig. 1C) attached via short PEG link-
ers (425.39 Da) and pulling speeds of 800 nm/s. The curves show
force peaks between 20 and 50 pN, with reliably recurring unfold-
ing features and a final Strep-Tag II (SII) rupture at around
70 pN (Fig. 2). Force application guides the protein through
a sequence of conformational states obeying a strict hierarchy
as suggested by the heatmap, and the most probable unfolding
curve in black (Fig. 2). All detected peaks above the FWHM of
the noise level are highlighted with a colored triangle (the pro-
cess is described in Data Analysis) (Fig. 2). These unfolding peaks
indicate transitions between these conformational states and
mark the unfolding of stable structural modules within the pro-
tein structure leading to a release of previously hidden contour
lengths. To determine contour length increments of the polypep-
tide chain unfolded for each peak, we fitted the data before
each rupture event with the worm-like chain model (18, 19).

Bauer et al.
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Fig. 2. Assignment of force peaks to structural modules of FERM and kinase
domain (residues 1-686; FK-FAK) using AFM unfolding patterns. (A) The
heatmap obtained from an overlay of 224 curves shows the typical unfold-
ing pattern of FK-FAK in the absence of ATP, revealing low-force unfolding
below 50 pN and final Sll rupture at around 70 pN. In Upper, the increments
between identified peaks are depicted, allowing assignment of the rupture
events to structural modules in the crystal structure. (B) Depiction of the
FK-FAK unfolding pattern by an overlay of 115 curves in the presence of 3
mM ATP. Both plots are created from one dataset recorded with the same
cantilever, and therefore, they are directly comparable in absolute force.
Although the unfolding pattern in B looks different from the one in A, the
increments stay conserved. Comparison of the two conditions shows that the
increment of f1 is swapping its position with k1 and k2 on ATP binding. This
can be attributed to stabilization of the kinase domain on addition of ATP,
shifting peak k1 to higher forces and thereby, changing the force hierarchy
between FERM and kinase. (A and B) The black lines show the most prob-
able unfolding patterns with all detected peaks above the FWHM of the
noise level (described in Data Analysis) highlighted with colored triangles
according to their assigned domain.

We determine contour length increments of 20 nm (k1), 68 nm
(k2), and 48 nm (f1) for FK-FAK (Fig. 24 and Table 1).
Additionally, FK-FAK was stretched in presence of 3 mM
ATP to probe the effect of ATP binding to the kinase domain.
Although the presence of ATP substantially changes the unfold-
ing pattern of FK-FAK (as observed in Fig. 2), the identified

Bauer et al.

increments remain remarkably conserved [48 nm (f147F), 11 nm
(k14™), and 68 nm (k2*™)] (Fig. 2B and Table 1). This sug-
gests that the unfolding hierarchy changes on ATP addition as
increment f1 moves from the back to the beginning of the curve
(Fig. 2). The most probable rupture force of peak k1 (Fig. 2)
significantly increases on ATP binding, corroborating its associ-
ation with the kinase domain (20, 21). This is probably due to a
stabilization of the part of the kinase domain involved in ATP
binding, thereby yielding higher forces for peak k1 and conse-
quently, changing the force hierarchy between FERM and kinase
domain. The kinase domain maintains the internal sequence of
unfolding (k1 then k2a) but unfolds after the FERM domain
in the presence of ATP. Their sums of all contour lengths (88
and 79 nm, respectively) agree with expected values for the FAK
kinase domain [91 nm for residues 422-686 (19, 22), subtract-
ing 5 nm to account for the initial distance between residues 422
and 686 in the folded domains according to the crystal structure];
hence, we assign k1 and k2 to the kinase domain. The increment
f1 is assigned to FERM unfolding, and a contour length of 48 nm
reproduces an expected length of 50 nm for folded FERM from
residues 216-362 plus an additional 12 residues for the inserted
ybbR-tag, subtracting an initial folded distance of 6 nm. We,
therefore, conclude that stabilizing the kinase domain by ATP
binding results in a reversed unfolding sequence, with the kinase
unfolding first in absence of ATP but as the last event in the pres-
ence of ATP. All determined contour length increments are in
good agreement with defined structural features in the crystal
structure of FK-FAK in Fig. 1B (11).

To further validate our assignment of unfolding increments,
we used single-domain constructs with only the isolated FERM
or kinase domains. The curves were analyzed as previously
described (Figs. 3 and 4). The data confirm our assignment of
the structural modules, with determined contour length incre-
ments matching well with the ones assigned in FK-FAK plots
(Table 1). In agreement with our assignment in FK-FAK, the
isolated kinase likewise unfolds in two main modules (k1 and
k2a). Furthermore, we identify additional unfolding intermedi-
ates that were previously hidden in the noise. For the FERM
domain, we now resolve three peaks with contour lengths 7 nm
(fla), 25 nm (flb), and 14 nm (flc). For the kinase domain,
k2a is followed by another peak k2b, but it is too short to
determine a proper contour length increment. Close inspec-
tion reveals that these intermediate states (k2b, f1b, flc) are
in fact also present in FK-FAK (Fig. 2). They can be detected
in the beginning of the unfolding curve where the total free
length is still short enough, leading to higher loading rates (as
property of the worm-like chain model) and consequently, to
higher forces, thereby allowing us to resolve more subtle peaks.
These subtle peaks are, however, too small (and their exten-
sion is too short) to determine their contour length accurately.
All determined contour length increments are summarized
in Table 1.

Table 1. All measured contour length increments of the various
FAK constructs used in this study

Protein segment f1 k1 k2
FK-FAK —ATP 48 20 68
FK-FAK +ATP 48 11 68
FERM —ATP 46

f1a/f1b/f1c 7125114

FERM +ATP 46

f1a/f1b/f1c 7121718

Kinase —ATP 15 66
Kinase +ATP 14 66

The contour length increment values are given in nanometers and were
determined as most probable values from a KDE.
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Fig. 3. Verification of the assignments of structural modules by probing
single FERM (residues 1-405) domains. The heatmaps show single-FERM
unfolding events without (Upper) and in the presence of 3 mM ATP (Lower).
The increments and forces do not change in the presence of ATP as expected.
The same peaks detected in detail here (f1b and f1c) can also be found
in the FERM domain in Fig. 2B. Due to longer linkers at the end of the
unfolding curve and therefore, lower loading rates leading to lower forces,
they cannot be detected in Fig. 2A.

Rupture of FERM-Kinase Interface Precedes Domain Unfolding. The
single-domain constructs demonstrated that subtle peaks can be
hidden within prominent peaks. The interface opening between
kinase and FERM likely represents such a small peak that is
expected to release a contour length of only 20 nm. Assum-
ing physiological activation under stress in vivo, the opening
has to occur at relatively small forces and before any other
unfolding, since it is shielding the remaining structure. How-
ever, since in this region of the force profiles, we do not detect
an additional distinct force peak in FK-FAK profiles with a
pulling speed of 800 nm/s, we conclude that domain separation
may occur anywhere before the first unfolding event (i.e., below
40 pN in this loading rate regime) but likely is hidden in the
measurement noise.
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Aiming to resolve domain separation, we used higher pulling
speeds of 12,800 nm/s to increase force responses and used
long PEG (5,000 Da) for FAK attachment to facilitate analy-
sis early in the force profile. This indeed enabled us to resolve
an additional force peak at the beginning of the unfolding pat-
tern (yellow triangles in Fig. 54), where we expect domain
separation to occur. To verify that this peak originates from
the domain opening, we probed a mutant of FK-FAK (FK-
FAKmut) with point mutations at the domain interface (Y180 A,
M183 A). These mutations cause FERM and kinase domains
to be permanently dissociated (14). As shown in Fig. 5B, this
mutant lacks the low-force rupture event, which we identi-
fied as the interface opening in the FK-FAK wild-type profile
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Fig. 4. Verification of the assignments of structural modules by probing
single-kinase (residues 411-686) domains. The heatmaps show single-kinase
unfolding events without (Upper) and in the presence of 3 mM ATP (Lower).
The first peak k1 increases in force by addition of ATP, suggesting a binding
event of ATP to the kinase domain. The same peak detected in detail here
(k2b) can also be found in the kinase domain in Fig. 2A. Due to longer linkers
at the end of the unfolding curve and therefore, lower loading rates leading
to lower forces, they cannot be detected in Fig. 2B.
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Resolving the FERM-kinase domain interface rupture by comparing FK-FAK with a permanently open FK-FAKmut—recorded with long PEG

(5,000-Da) linkers at a pulling speed of 12,800 nm/s. (A) The heatmap shows the same construct as measured in Fig. 2 but with improved force resolu-
tion in the investigated region. This way, an additional subtle peak in the beginning of the curve can be observed highlighted by yellow triangles. This peak
is not detected in the permanently open FK-FAKmut construct measured in B. We conclude that this rupture event corresponds to the interface opening
between FERM and kinase domain. With measurements in the presence of 3 mM ATP (Bottom), the same behavior is observed, hence showing no associa-
tion of the rupture event with a protein domain and validating its assignment to interface opening. S/ Appendix, Fig. S2 provides additional contour length

histograms for the peaks detected in this graph.

(yellow triangles and Int label in Fig. 54), but still retains all
other unfolding features. As expected, domain dissociation in
the FK-FAK wild type precedes any unfolding events. In con-
clusion, these data indicate that forced domain dissociation and
thereby, conformational activation happens before any other
subdomain unfolding at a force around 25 pN at pulling speeds
of 12,800 nm/s.

MD Simulations Confirm Conformational Activation of FAK. Fig. 6
summarizes our unfolding simulations (detailed unfolding data
are given in SI Appendix, Figs. S3-S11). Consistent with pre-
viously simulated results (17), the first event is invariably dis-
sociation of the FERM-kinase interface. After this, there is
considerable heterogeneity in our data, with most of the simu-
lations featuring both domains being in the process of unfold-
ing. However, it should be considered that pulling speeds
in simulations are significantly faster than in AFM experi-
ments, and Fig. 6B shows a clear trend of slower simulations
featuring the experimentally observed hierarchy: the FERM
domain unfolds before the kinase. We, therefore, restrict the
following analysis to these cases (five at 0.1 m/s and two
at 0.33 m/s).

The first force-induced conformational change is the loss of
the FERM-kinase interface, giving 10 nm of extension (Fig. 6
and SI Appendix, Table S1). This is followed by another 12-nm
extension due to the linker losing contact with the F1 lobe in the
FERM domain (Fig. 6B). In agreement with simulations, domain
separation of FAK was also experimentally observed as the first
event (Fig. 5), and FERM-linker separation, which simulations
show to require less force (SI Appendix, Fig. S11) and to occur
shortly after domain separation, is not detected in experiments.

The FERM domain unfolding was observed experimentally
to occur in three steps: one at 7-8 nm, a second one around
21-25 nm, and a third one around 14-19 nm. In our MD sim-
ulations, the FERM domain unfolding happens in two stages:
first, lobe F3 unfolding is observed, amounting to 30 nm, and
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second, lobe F2 stretching is observed, corresponding to an
increase of 9 nm. Since the F2 stretching never happens before
F3 unfolding in our trajectories, we assign the first two events
observed experimentally to F3 unfolding. The F2 stretching con-
tributes to an increase in end-to-end distance of the protein by
about 9 nm, which in experiments, amounts to around 13 nm
considering the additional loop contained in the handle of the
experimental FK-FAK construct. Kinase domain unfolding leads
to FAK deactivation independent of the detailed sequence of
events. We, therefore, discuss kinase unfolding events of the
kinase subdomains observed in MD pulling simulations vs. AFM
in SI Appendix. Importantly, the same unfolding sequences of
various lobes of the FERM and kinase domains were observed
in simulations performed on the subdomains only, further vali-
dating the experiments on individual domains. SI Appendix has
details.

Discussion

Here, we report a detailed mechanical characterization of FAK
by using an AFM setup to apply stretching forces on single FAK
molecules and record force—extension profiles with high sensitiv-
ity. Combining our measurements with structural information of
the FERM-kinase region of FAK (11) and FPMD simulations
has allowed us to assign measured force peaks to unfolding of
defined structural features in FAK. Importantly, increasing the
force loading rate by applying high pulling speeds has enabled
the detection of a low-force event corresponding to rupture
of the autoinhibitory FERM-kinase interaction. We show that
domain separation occurs at a low-force regime around 25 pN
for pulling speeds of 12,800 nm/s. The fact that forces required
for domain separation are much lower than those required for
domain unfolding supports the hypothesis that tensile forces in
FAs applied to N- and C-terminal regions in FAK can trig-
ger activation via domain separation. Mutational dissociation
of FERM and kinase domains has previously been shown to
activate FAK (11).
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Fig. 6. Domain dissociation and linker detachment precede domain unfold-
ing. (A) Rupture events across the 30 simulations are depicted. The green
pentagons show the moment of activation (i.e., FERM—-kinase dissociation;
measured by a sudden increase in V215-K630 distance), and the three dif-
ferent types of bars show when unfolding of these elements begins and
ends (monitored by end-to-end distance changes). (B) Preferred unfolding
mechanism as a function of pulling velocity: FERM unfolds first before the
kinase (blue), kinase unfolds first before the kinase (red), or a “mixed”
unfolding pathway (white). The bars show proportions of the 10 simula-
tions performed at that pulling velocity. Snapshots 1-4 show the process
of conformational activation and linker release observed in MD simulations
as illustrated by a sample trajectory at 0.1 m/s. In the native state (snap-
shot 1), the FERM domain is in contact with the kinase. After an initial
kinase C-terminal helix unwinding (S/ Appendix, Fig. S6), these two domains
lose contact (snapshot 2). The interdomain linker gradually detaches and
elongates, leading to a release of Tyr397 (snapshot 3). After an addi-
tional extension of 12 nm, the linker is fully stretched (snapshot 4). The
approximate positions in time of these snapshots are shown in A.

We propose that tension forces in FAK are built up between
the membrane-bound N-terminal FERM domain and the C-
terminal FAT domain engaged via paxillin to vinculin and the
actin cytoskeleton (Fig. 7). This scenario was also suggested by
our previous MD simulations of the first conformational activa-
tion step (17), where FERM and kinase domains detached from
one another via these attachment sites. These previous simula-
tions explicitly included a PIP2-containing bilayer and indicated
that, for membranes enriched in PIP2, such as is the case at FA
sites (15, 16), the membrane—-FERM interaction is mechanically
significantly more stable than the autoinhibitory FERM-kinase
interaction. Force applied at the FAK C terminus in the opposite
direction of the membrane resulted in FERM-kinase separation
independent of the pulling angle or loading rate (17). Consistent
with AFM measurements and the MD simulations presented
here, the previous membrane-containing simulations also sug-
gest that domain separation occurs before domain unfolding.
In the previous simulations as well as in the full unfolding sim-
ulations shown here, the force required for separating FERM
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and kinase domains is 150 pN; however, the much higher pulling
speed in simulations (6 mm/s or higher) is known to cause overes-
timation of rupture forces. Our combined AFM experiments and
MD simulations suggest that the FAK domain organization pro-
tects against unfolding of functional domains of FAK: that is, the
kinase domain and the PIP2 binding site in the F2 lobe of FERM.
First, FERM-kinase domain dissociation yielding around 10-nm
extension is followed by around 12-nm-long extension (S
Appendix, Table S1, Linker-F1) due to the stretching of the inter-
domain linker including the Tyr397 phosphorylation site. This
would indicate that the length of the linker further protects the
kinase domain from forced unfolding after the dissociation of the
FERM and kinase domains. Second, F3 unfolding involves an
increase in extension of about 30 nm (SI Appendix, Table S1, F3
unfold) and happens when the F2 lobe is still capable of binding
PIP2. All in all, this would mean that FAK has a “safety mar-
gin” up to a total length of 50 nm (10-nm domain dissociation,
12 nm of linker stretching plus at least 28 nm for F3 unfolding)
where it is still catalytically active and also, capable of binding
PIP2. Consistent with our model where force to the C termi-
nus of FAK is applied via paxillin and vinculin (Fig. 7), vinculin
is found to transition from a signaling layer close to the mem-
brane in FAs (which also contains FAK) to a force transduction
layer closer to actin (23). Both layers have an approximate thick-
ness of 30 nm measured vertical to the membrane; therefore,
the average movement of vinculin approximates 30 nm toward
the force transduction layer. This suggests that the 50-nm safety
margin appears sufficient to protect the average engaged FAK
molecules from force-induced deactivation. The fraction of FAK
molecules exceeding this margin would expect to unfold their
F2 lobe, hence losing contact with the membrane but retain-
ing an active kinase. At an average of 30-nm extension, our
data suggest that FAK molecules, after they are extended, no
longer experience significant stretching forces other than what
is required to keep FAK in an extended conformation. Likely,
forces generated in FAs are mainly carried by structural com-
ponents, such as talin and vinculin. In contrast for FAK, force
seems to act as an activation catalyst by operating a digital dis-
tance switch, which is “on” when forces stretch FAK into an open
conformation.

In contrast to force activation of FA signaling, force-induced
changes on structural FA components, such as talin or vinculin,
have been characterized in detail. Mean forces experienced by
talin and vinculin in FAs in cells have been determined to be
in the range of 7-10 pN and around 2.5 pN, respectively (24,
25). However, force estimates from bulk measurements can be
deceiving, since the load could be carried by only a fraction of
molecules, whereas many others might not be engaged. Indeed,
for integrins, average forces have initially been estimated at 1-2
pN (10); however, DNA-based tensions sensors that are irre-
versibly ruptured above a threshold force indicate peak forces
of up to 40 pN for single integrin molecules (26). In our exper-
iments, FERM-kinase separation occurs at around 25 pN at a
pulling speed of 12,800 nm/s. Considering that average cellular
force application in FAs is likely slower or even constant over
certain time periods, it is highly likely that engaged FA molecules
build up sufficient force (at a maximum of 40 pN for integrins)
to separate FERM and kinase domains in FAK. Intriguingly, we
find that unfolding of the FAK kinase domain in the more phys-
iological ATP-loaded state occurs at around 50 pN; therefore,
cellular forces in FAs seem well suited to allow FERM-kinase
separation but not kinase unfolding, which are both prerequisites
for FAK activation.

Force-induced separation of FERM and kinase domains will
expose both the autophosphorylation site in the linker and the
Src phosphorylation sites in the kinase activation loop. Mechan-
ical extension of the Tyr397-containing linker might enhance
Tyr397 exposure and autophosphorylation. This would likely
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Fig. 7. Model of force-induced FAK activation. FAK is recruited into FAs via C-terminal FAT interactions with paxillin and talin. The N-terminal FERM domain
docks via PIP2 to the lipid membrane to promote a primed FAK state where Tyr397 in the linker between FERM and kinase is autophosphorylated. Forces
generated via the actin cytoskeleton pull FAK's C terminus away from the membrane, resulting in kinase release from the FERM domain and membrane. Src
is recruited to autophosphorylated FAK and phosphorylates the exposed FAK activation loop to trigger full FAK activity.

only be the case in transphosphorylation mode, as force would
act against folding back of Tyr397 into the active site of the
same FAK molecule. However, we showed previously that mem-
brane binding and resulting FAK oligomerization are sufficient
to promote highly efficient FAK autophosphorylation also in
the absence of force (14). This study also indicated signifi-
cant membrane-induced conformational changes that expose the
autophosphorylation site but apparently not the kinase active
site, since contrary to domain separation, membrane binding did
not catalytically activate FAK (14). Together, the two studies,
therefore, support a model where initial membrane binding pro-
motes a primed state of FAK by exposing the linker for efficient
autophosphorylation, but subsequent buildup of tensile forces
in FAK exposes the active site for efficient phosphorylation of
the activation loop by Src (Fig. 7). It is the latter event that pro-
motes full catalytic activity of FAK. It was recently shown that the
kinase domain of FAK also contributes to binding to PIP2 mem-
branes (27); therefore, force might be responsible for removing
the kinase from both the FERM domain and the membrane. MD
simulations indeed support such a scenario and found that the
pulling angle can dictate which occurs first (17).

In conclusion, our mechanical analysis of FAK supports a
model where physiological stretching forces in FAs can cause
conformational changes in FAK, promoting its catalytic acti-
vation and thereby, triggering of FA signals. Multiple cellu-
lar studies have previously shown that FAK is activated in
response to various mechanical stimuli (4-6), and our analysis
on single FAK molecules demonstrates the feasibility of direct
force activation of FAK. Force-induced activation of FA sig-
nals is highly relevant in disease. In tumors, stiffening of the
stroma that allows increased force generation triggers strong
adhesion signals that promote tumor invasion (28). Understand-
ing the direct relation between tumor stiffness, force-induced
adhesion signaling, and tumor invasion can, therefore, provide
the basis for the development of specific agents targeting this
mechanism.

Materials and Methods

AFM Setup for Characterizing FAK. To mimic physiological FAK stretching
as occurring in FAs and to identify force-induced structural changes in
FAK under stress, we developed an AFM-based single-molecule force spec-
troscopy assay. This allows for the detection of subtle force-induced events
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for FAK with high sensitivity during its guided stretching. We engineered
FAK proteins to harbor affinity pulling handles for attachment to sample
surface and cantilever. We introduced a ybbR-tag (29) for covalent link-
age to the glass surface and an SlI (30) for reversible tethering to an AFM
cantilever tip functionalized with a monovalent Strep-Tactin (monoST) (26).
Both attachments are formed via heterobifunctional PEG linkers (Fig. 1C
has a schematic of FAK attachment to AFM). Before the experiment, FAK
proteins are covalently immobilized to the glass surface. Typically, sev-
eral thousand single-molecule AFM measurements are then performed,
and force extension profiles are recorded by repeatedly approaching and
retracting the functionalized AFM cantilever at constant speed. The mea-
sured curves are aligned and overlaid to generate heatmaps highlighting
recurring features in the plots. These recurring unfolding events were iden-
tified by creating a most probable unfolding curve as described in Data
Analysis.

In a previous study, the autoregulatory region of FAK was defined as
FERM interacting with the kinase domain (14). Initial AFM experiments were
conducted with full-length FAK (residues 1-1,052 in Fig. 1B, Bottom) and a
construct containing only the FERM and kinase domains (residues 1-686,
FK-FAK in Fig. 1B, Bottom), both equipped with affinity tags at their N
and C termini. These experiments indicated that the FAT domain does not
contribute to the force profile of the autoregulatory region (S/ Appendix,
Fig. S1); hence, subsequent experiments were only performed with FK-FAK.
To mimic the physiological force path through the molecule, we intro-
duced the N-terminal tag close to the lipid binding site, which in vivo
attaches to the cell membrane. To prevent perturbation in protein folding,
we inserted the 11-residue ybbR-tag into an unstructured loop immediately
before the K216AKTLRK PIP2 binding site in the FERM domain. We con-
firm that these insertion mutants retain basal activity of wild-type FAK and
that the FERM domain still maintains the ability to autoinhibit the catalytic
activity of FAK (SI Appendix, Fig. S13). Previous MD simulations confirmed
the PIP2-FERM linkage to be significantly more mechanically robust than
the FERM-kinase interaction at relevant PIP2 concentrations (17), rational-
izing the choice of a covalent handle to mimic of the FERM-membrane
interaction.

FAK Expression. Chicken FAK constructs were engineered to contain the
11-aa ybbR-tag after V215, just before the K216-AKTLRK basic patch
sequence (29), and the 8-aa Sll tag (30) at the C terminus. FAK constructs con-
taining full-length, FERM and kinase, or kinase-only regions were expressed
by transient transfection of HEK293GnT1 cells using polyethyleneimine
as a transfection agent (31). FERM-only constructs were expressed in
Escherichia coli BL21 (DE3) as in ref. 32. All proteins were expressed with an
N-terminal 6xHis tag. Initial purification was performed by Ni-chelate affin-
ity purification (GE Healthcare) followed by protease cleavage to remove
the 6xHis tag. Proteins containing an SIl tag were further purified by
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Strep-Tactin (GE Healthcare) affinity and size exclusion (Superdex 200; GE
Healthcare) chromatography. Proteins without SII tag were further puri-
fied by anion exchange (Source 15Q; GE Healthcare) and size exclusion
chromatography.

Sample Preparation for Surface and Cantilevers. The preparation of the
experiment includes specifically immobilizing (29, 33) the FAK construct on
the glass surface and functionalizing the cantilever with an monoST. This
ensures a well-defined pulling geometry for minimizing multiple interac-
tions. All FAK constructs harbored a ybbR-tag for covalent immobilization
on a glass surface and an Sll for binding to the monoST-functionalized can-
tilever (Fig. 1C). All measured constructs were derived from chicken FAK and
expressed in HEK cells (compare with FAK Expression).

Both cantilevers and glass surfaces were passivated by short 425.39-Da
[SM(PEG)2; PEGylated SMCC cross-linker; Thermo Scientific Pierce] or long
5,000-Da (molecular mass 5,000; Rapp Polymere) heterobifunctional PEG
spacers to avoid unspecific interactions between the cantilever and the glass
surface. The PEG spacers offer an N-hydroxy succinimide group on one side
for attachment to the amino silanized surface of the cantilever. The other
end provides a Maleimide (Mal) group for attachment of the thiol group
found in the Cysteine of the monoST.

For silanization, the cantilevers were first oxidized in a UV ozone
cleaner (UVOH 150 LAB; FHR Anlagenbau GmbH) and subsequently silanized
for 2 min in (3-aminopropyl)dimethylethoxysilane [ABCR; 50% (vol/vol) in
ethanol]. For rinsing, the cantilevers were stirred in 2-Propanol (IPA) in
MilliQ and afterward, dried at 80 °C for 30 min. After that, the cantilevers
were incubated in a solution of 25 mM heterobifunctional PEG spacer and
50 mM Hepes for 30 min (for short PEG first solved in half DMSO and then
filled to 50 mM Hepes). Finally, the monoST was bound to the cantilevers for
1 h at room temperature followed by a washing step in 1x PBS. The func-
tionalized cantilevers were stored in measurement buffer (40 mM Hepes, pH
7.4, 10 mM MgCl,, 200 mM NacCl, 1 mM DTT) until use.

The preparation of the glass surfaces is in a lot of steps similar to the
functionalization of the cantilevers as seen in Fig. 1C. The glass surfaces are
amino silanized followed by a passivation with PEG linkers. The Mal of PEG
offers a binding site for the thiol group of CoA. Via an Sfp-catalyzed reac-
tion, the CoA can bind the ybbR-tag harbored by the FAK protein construct.
This way, the protein gets attached and tethered in an uncompromisingly
specific way.

Before silanization, the glass surfaces have to be cleaned by sonification
in 50% (vol/vol) IPA in MilliQ for 15 min. For oxidation, the glass surfaces are
soaked for 30 min in a solution of 50% (vol/vol) hydrogen peroxide (30%)
and sulfuric acid. Afterward, they have to be thoroughly washed in MilliQ
and then blown dry in an N2 stream. Then, the glass surfaces get silanized by
incubating them in ABCR [1.8% (vol/vol) in ethanol]. Thereafter, they were
washed again in IPA and MilliQ and then dried at 80 °C for 40 min. Then,
the PEG is applied as described for the cantilevers. Subsequent to rinsing, the
surfaces were incubated in 20 mM CoA (Calbiochem) dissolved in coupling
buffer (sodium phosphate, pH 7.2) to react with Mal. After washing the
glass surfaces, 8 plL of the FAK construct (20 M) was mixed with 1 uL Sfp-
synthase (132 uM) and 1 pL of 10x reaction buffer (100 mM Tris, pH 7.5,
100 mM MgCly); then, it was pipetted on the surfaces and incubated for
2 h at room temperature. Finally, the surfaces were rinsed thoroughly in
measurement buffer (40 mM Hepes, pH 7.4, 10 mM MgCl;, 200 mM Nadl,
1 mM DTT).

Force Spectroscopy Experiments. The AFM measurements were conducted
on an Asylum research controller (Asylum Research) providing analog-to-
digital converter and digital-to-analog converter channels as well as a digital
signal processor board for setting up feedback loops. The controller oper-
ated either a custom-built AFM head (34) or an xyz-movable piezo-driven
sample stage. Data were recorded automatically by cycling through the fol-
lowing steps: (i) approach of the functionalized AFM tip to the surface to
allow coupling to the SlI of surface-immobilized FAK; (ii) retraction of the
AFM cantilever with nanometer precision at a constant speed and simulta-
neous recording of the mechanical force response with pN precision; and
(iii) after monoST:SIl separation, the piezo stage of the AFM is moved to
probe a new spot on the sample surface in the next cycle. This process
was operated by using an IgorPro6 (Wavemetrics) program controlling the
z piezo in the AFM head (or sample stage) and the xy piezos. The surface
is sampled in steps of 100-nm distance in a snail trace to avoid probing a
spot multiple times. The BioLever Mini (BLAC40TS) cantilevers (Olympus;
10-nm nominal tip radius, sharpened probe) were indented with 180 pN,
applying no additional dwell time. Cantilevers were chemically modified
(compare with Sample Preparation for Surface and Cantilevers) and were
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calibrated after the measurement using the equipartition theorem method
(28). The datasets were recorded in the course of a few hours and con-
tained around 50,000-90,000 curves saved in hdf5 files for additional data
analysis.

Previous studies on smooth muscle myosin light-chain kinase (10) were
conducted with 5,000-Da PEG linkers at a pulling speed of 800 nm/s. For
this study, these parameters did not provide sufficient force resolution for
clearly identifying contour length increments of the subtle peaks measured.
By using shorter PEG linkers (35) (in this case, 425 Da) and thereby, increas-
ing the loading rate as seen by the molecule, rupture forces of the detected
events could be increased (S/ Appendix, Fig. S13). These higher forces enable
reliable worm-like chain fits for accurate analysis of the contour length
increments.

Data Analysis. To show the characteristic unfolding patterns of the probed
FAK construct, heatmaps were assembled with all curves that showed the
correct total contour length (indicating correct site-specific attachment) as
well as the presence of the characteristic unfolding peaks. Denoised (based
on Savitzky-Golay, length 35, two polynomial for 800 nm/s and length 21,
two polynomial for 12,800 nm/s) force spectroscopy data were aligned man-
ually in force-distance space (only by translating along the distance axis
to account for length differences in PEG); they were binned from —15 to
150 nm in distance and from —15 to 150 pN in force for measurements with
short PEG linkers (425.39 Da) and binned from —15 to 250 nm in distance
and from —15 to 250 pN in force for measurements with long PEG linkers
(5,000 Da) to create a heatmap. The number of bins (equal for both distance
and force axis) is dependent on the curves contained in the heatmap (Fig. 2,
150 bins; Fig. 3, 250 bins; Fig. 4, 250 bins; and Fig. 5, 150 bins).

The denoised data points (Savitzky-Golay) in force—distance space were
binned on the distance axis into 2.5-nm- (for Fig. 2), 3-nm- (for Figs. 3
and 4), and 3.5-nm-sized slices (for Fig. 5) (moving the slice window by
0.2 nm each step), and their densities on the force axis (y axis) were esti-
mated by a kernel density estimate (KDE) with a bandwidth of 0.2 pN
(compare with S/ Appendix, Fig. S14). The resulting most probable values
are then assembled to form the most probable unfolding curve (shown as a
black line in SI Appendix, Fig. S14) and analyzed to find the most probable
unfolding peaks. The FWHM s of the distance slices were then taken as selec-
tion criteria for the unfolding peaks. If slices contain a rupture event, the
drop in force results in broad distributions, thereby clearly deviating from
the noise level. The peaks were first detected by a simple peak detection
based on taking the first order difference and then validated by the FWHM
of the distance slices. To be accepted as a peak, the FWHM of the distance
slices has to be above the FWHM of the KDE of the accumulated FWHMs of
the distance slices of the curve, which gives a good representation of the
noise level of the curve (compare with S/ Appendix, Fig. S14). The procedure
of assembling the most probable curve does not necessarily reproduce abso-
lute rupture forces but yields a good result for the most probable and most
representative pathway (36).

For additional analysis of the contour length increments, each stretch pre-
ceding an unfolding event is fitted with the worm-like chain model. This is
done for every single curve contained in the heatmap. The most probable
contour length for each peak is determined using a KDE. The increments
between these most probable contour lengths were used to compare them
with structural elements of the crystal structure.

Data analysis was completely carried out in Python 2.7 and is available
online together with all used datasets (https:/gitlab.physik.uni-muenchen.
de/Magnus.Bauer/fak_analysis).

MD Simulations. We use the FK-FAK construct developed previously (17) and
solvate the protein in a 150 x 10 x 10-nm box. The total system contains
~1.5 million atoms, including 908 Na+ and 903 Cl— ions, corresponding to
a ionic strength of 0.1 M. We use GROMACS (15), version 2016 for all of our
simulations. As force field, we use Amber99SB-ILDN* force field (16) with
Joung ions (27) and a transferable intermolecular potential with 3 points
(TIP3P) water model (37). We use a time step of 2 fs and freeze all bonds
in our simulations through a linear constraint solver (LINCS) procedure (BP
Hess) of fourth order. Two Nosé—Hoover thermostats, one for protein and
one for nonprotein atoms, were used with a time constant of 0.6 ps to keep
the temperature at 300 K. An isotropic Parrinello-Rahman barostat with a
time constant of 2 ps and a compressibility of 4.5 x 10~° with a reference
pressure of 1 atm was used for pressure coupling. Verlet neighbor lists with a
cutoff of 1.0 nm were used with an initial frequency of 0.03 ps. These param-
eters were automatically updated during the simulations by GROMACS for
optimal performance. For long-range electrostatics, we use a fourth-order
particle mesh Ewald method (38) with a grid spacing of 0.16.

Bauer et al.
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We perform a total of 30 pulling simulations, each with a spring con-
stant of 830 pN/nm: 10 simulations each at the velocities of 1, 1/3, and
1/10 nm/ns. The simulations were performed in the presence of an ATP
molecule and an Mg?* ion. To obtain single-domain pulling simulations, we
start from the coordinates of the full FK-FAK construct and keep only the
residues in the relevant domains. We relax the structures in 100-ns equi-
librium simulations and solvate the FERM domain and the kinase domain
in 67 x 9 x 9 and 100 x 8.5 x 8.5 nm, respectively. These correspond to
534,000 (FERM) and 706,000 (kinase) atoms. In both cases, we remove the
ATP molecule and the Mg?* ion from the simulation. We pull only using
the fastest pulling velocity (1.0 m/s) and otherwise, keep all parameters
unchanged.

We quantify domain unfolding by measuring distances between residues
as follows: for FERM, we used residues 216-362; for the linker, we used
residues 362-418, and for the kinase, we used residues 418-686. \We define
the beginning and end of unfolding events as the times that the distances
reach 10 and 45 nm for FERM, 7 and 15 nm for the linker, and 20 and 75 nm
for the kinase. For the initial conformational activation, we also use a simple
distance criterion: namely, whenever the distance 216-640 exceeds 10 nm.
Since force profiles obtained in MD simulations include several intermediate
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ruptures, we identify peaks through a two-step procedure: (i) a Gaussian
smoothing of the force profiles with an SD consistent with an extension
of 0.1 nm and (ii) finding local maxima of the smoothed force profile in a
window consistent with an extension of +10 nm.
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Supplementary Information

N-C terminal pulling of the FAK construct and full-length unfoldings
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Supplementary Figure S1: NC-terminal pulling of the FAK construct. (a) In initial experiments we attached FAK
with tags placed at the N- and C-termini and retracted the cantilever at a speed of 800 nm/s with 5,000 Da PEG
linkers. The top panel shows the unfolding without ATP present and the bottom with 3 mM ATP in the
measurement buffer. (b) Probing of full-length FAK molecules (1-1052 amino acids) with 800 nm/s with 425.39
Da PEG resulted a longer unfolding pattern accounting for the longer total length. However, the pattern occurring
at 100 nm is the same as in (a) as indicated by the labels below. This leads to the conclusion that the proline-rich
region and FAT domain do not significantly contribute to unfolding of the autoinhibitory structure from (1-686

amino acids). This supports the findings of Goni et al.

Www.pnas.org/cgi/doi/10.1073/pnas.1820567116
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Contour length histograms for Figure 5
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Supplementary Figure S2: Figure 5 with analysis of contour length histograms. The Figure shows the same
heatmaps as in Figure 5 for pullings with PEG 5,000 Da and 12,800 nm/s with added contour length histograms.
Since the persistence length is changing too much over the course of the whole unfolding length, the increments
are not very reliable. This is due to the long PEG linker (low persistence length) that is dominating the persistence
length in the beginning of the curve and the increase in persistence length once parts of the protein get unfolded.
It is possible to conduct WLC fits however the persistence length and contour length as fit parameters are not
stable enough to produce comparable contour length increments. This is in contrast to the measurements with
the short PEG 425.39 Da (Fig. 2, 3, 4) where only the first unfolding is dominated by the persistence length of the
PEG and therefore yields comparable increments for further unfoldings.
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Kinase unfolding in molecular dynamics simulations

The kinase domain, in the presence of ATP, has been observed in AFM experiments
to unfold in two stages. The first step amounts to 13 nm and the second one to 66
nm. In the MD simulations, the kinase domain stretches by 10 nm during or before
FERM unfolding. 7 nm out of this stretching is due to a partial unfolding of the C-
terminal region of the C-lobe, and another 3 nm is due to the lobes rearranging.
While experimentally, kinase unfolding happens fully after the FERM domain unfolds,
this partially unfolded state is observed in all of our simulations, and we consider it
the most likely explanation to this first jump. The further unfolding of the kinase
domain happens through numerous pathways, but we can see that the last part of
the kinase that unfolds is the part of the C-lobe that is before the activation loop (cf.
Sl, where this subdomain is dubbed “CK1”). We note that kinase domain unfolding

leads to FAK deactivation independent from the detailed sequence of events.




156 Chapter 4: Results - Force activation and beyond

90

v=1.00 m/s
v=0.33 m/s
v=0.10 m/s

80 -

70 -

60 -

kinase e-e (nm)

20 -

10 -

0 5 10 15 20 25 30 35 40 45 50 55
FERM e-e (nm)

Supplementary Figure S3: unfolding trajectories visualized in the “phase space” of FERM end-to-end distance

and kinase end-to-end distance. Points are rupture peaks.
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Supplementary Figures S4-6: Order of unfolding between the three constitutive parts of the kinase domain.

Only the 7 simulations consistent with the experiments are considered.
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Supplementary Figure S7: Order of unfolding between the two constitutive parts of the FERM domain. Only the

7 simulations consistent with the experiments are considered.
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Supplementary Figure S8: contact maps of the linker-F1 interaction corresponding to the poses from Fig 5.
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Supplementary Figure $9: the FERM-only unfolding simulations follow the same hierarchy of unfolding events as the

unfoldings in the main text: The linker loses contact with lobe F1 first, then F3 unfolds in 8/10 cases, then F2 stretches.
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Supplementary Figure S10: the kinase-only unfolding simulations follow the same hierarchy of unfolding events

as the unfoldings in the main text: CK2 usually unfolds first, followed by NK and CK1.
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Event MD (nm) AFM (nm) Assignment in AFM
plots
Domain separation 10 first extension (prior

to first unfolding)

Linker-F1 separation | 12 first extension
F3 unfolding 30 29-32 fla+f1b

F2 unfolding 13* 14-19 fic

CK partial 10 13 k1

Kinase rest 70 68 k2

*9 nm increase in the simulations and an estimated 4 nm from a loop region of the ybbR-tag

included in the experimental construct

Supplementary Table S1: Summary of the length changes observed in MD simulations (end-to-end
distance changes) and AFM experiments (contour length increments). Due to the relatively high pulling
speed in experiments (0.1m/s or higher), the MD increments can within the error of the two methods be assumed

to be similar to the AFM increments.
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Supplementary Figure S11: Conformational activation requires more force than linker release. We
compare the rupture forces corresponding to conformational activation (y-axis) with those corresponding to the
linker release (x-axis). Since 6/7 of our simulations required more force for activation than linker release, we

conclude that linker rupture was not observed in experiments.

Kinase activity

An enzyme-coupled spectrophotometric assay was used to determine ATP turnover
of FAK proteins as described by 2. In brief, reactions were performed with 1 pM FAK,
2 mM MgClI2, 1 mM phosphoenolpyruvate, 0.25 mM NADH, 0.08 units/ L pyruvate
kinase, 0.1 units/ L lactate dehydrogenase, and 100 uM E4Y (as polyGlu-Tyr, 4:1
Glu/Tyr; Sigma). Reactions were initiated with 1 mM ATP and NADH depletion was

monitored by UV absorption at 340 nm.
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Supplementary Figure S12: Activity of FAK constructs was measured using a coupled kinase assay and readout
of NADH consumption at 340 nm. Y180, M183 mutations disrupt autoinhibitory interactions between FERM and

kinase domain -. Introduction of tags for AFM experiments do not affect FAK activity or autoinhibition.
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Supplementary Figure S13: Comparison of the FERM construct with different linkers. Depicted is a
comparison of the same FERM only construct (1-405 amino acids) between PEG 5,000 Da on top and PEG
425.39 Da on the bottom showing a much detailed unfolding pattern at 800 nm/s. This way it is possible to gain

information on contour length increments not possible with the curves measured with the long PEG on top.

In all previous experiments we used PEG with an average of 5,000 Da (long PEG),
which has been used as a standard linker length in previous similar experiments.?
Reducing the linker length to dimeric PEG (425.39 Da - short PEG), we indeed

obtained greatly improved plots with reduced noise levels and increased force
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signals. The increase in force signals we attribute to an increase in the average
loading rates due to the the WLC behavior, resulting in higher force peaks. To even
further boost the height of the force drops the loading rates where increased by
using higher pulling velocities, 12,800 nm/s (fast pulling) instead of 800 nm/s (slow
pulling) in some experiments. The experimental conditions indicated above (shorter

linker, faster pulling) were applied accordingly in order to get enhanced results.

Most probable unfolding curve assembly and peak detection
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Supplementary Figure S14: Depiction of the most probable unfolding curve assembly and peak detection.
For assembly of the most probable unfolding curve, the denoised data (Savitzky—Golay) in force-distance space
are sliced in distance-axis slices (2.5 nm) with a moving slice window of 0.2 nm (a) and their densities (b) on the
force axis (y-axis) were estimated by a kernel density estimate (KDE, bandwidth: 0.2 pN) (b). The most probable
value is then plotted in c (red curve) to assemble the most probable unfolding curve. The FWHM of the most
probable values of the KDEs in b are then plotted in d. Afterwards the KDE over the FWHMs of the distance-
slices in d are shown in e, together with their FWHM (red dashed lines). This FWHM value describes the noise
level of the most probable unfolding curve with points deviating showing unfolding events. The most probable
unfolding curve can thereby be analyzed for most probable unfolding peaks (colored triangles on top of the red
curve). A first selection is done by selecting peaks based on its first order difference. Then, the peaks are
evaluated concerning their FWHM value in d. Only peaks above the FWHM of the noise level are accepted as
peaks.
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4.3 Zero-mode waveguides: Towards observing direct turnover

For both investigated kinases we only showed evidences for conformational ac-
tivation not direct turnover. In order to head for direct observation of catalytic
activity it is necessary to have tools for a separate force independent orthog-
onal read out for phosphorylation. Seong et al.??3 introduced a biosensor for
detecting phosphorylation by FAK using fluorescence resonance energy transfer
(FRET) as fluorescencent read out. Nevertheless fairly high fluorophore con-
centrations (M dependent on the Michaelis-Menten constant of the enzyme)
are needed to properly observe enzymatic activity on a single-molecule level
needed for a combined force-spectroscopy /turn over study.

Zero-mode waveguides (ZWM) are small nanometer-sized holes in a metal
layer covering a glass surface. Since the diameter is shorter than the wavelength
of visible light, incident light is unable to penetrate through the hole and causes
an evanescent field decaying within the cavity. Therefore high concentrations
of fluorescent substrates or reporters can be present without spoiling the single-
molecule fluorescence signal.

Here, we designed a model system for mimicking force activation and probed
its behavior. The core builds on a monovalent streptavidin that is saturated by
a biotinylated ligand harboring an affinity tag. This tag enables the removal
and thereby freeing of the biotin binding pocket of mSA. Freeing the binding
pocket opens the possibility for binding of freely diffusing biotin dyes in high
concentration. The binding events after forced removal of the biotin tagged
blocking protein can be observed by force-spectroscopy followed by a single-
molecule fluorescence binding trace. Additionally refinements in the measure-
ment workflow had to be made in order to create a highly orchestrated combina-
tion of AFM and fluorescence microscopy. To be able to record large statistics
of single-molecule fluorescent traces after forced unbinding an automated work-
flow had to be established. The described method is the first step towards a
controlled force spectroscopy measurement in combination with an orthogonal
fluorescent read out. In further experiments the measured components could
be exchanged by a FAK and a fluorescent reporter as shown by Seong et al. 233,
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Single-Molecule Manipulation in Zero-Mode Waveguides

Leonard C. Schendel, Magnus S. Bauer, Steffen M. Sedlak, and Hermann E. Gaub*

The mechanobiology of receptor-ligand interactions and force-induced
enzymatic turnover can be revealed by simultaneous measurements of force
response and fluorescence. Investigations at physiologically relevant high
labeled substrate concentrations require total internal reflection fluorescence
microscopy or zero mode waveguides (ZMWs), which are difficult to com-
bine with atomic force microscopy (AFM). A fully automatized workflow is
established to manipulate single molecules inside ZMWSs autonomously with
noninvasive cantilever tip localization. A protein model system comprising

a receptor-ligand pair of streptavidin blocked with a biotin-tagged ligand

is introduced. The ligand is pulled out of streptavidin by an AFM cantilever
leaving the receptor vacant for reoccupation by freely diffusing fluorescently
labeled biotin, which can be detected in single-molecule fluorescence concur-
rently to study rebinding rates. This work illustrates the potential of the seam-
less fusion of these two powerful single-molecule techniques.

1. Introduction

Total internal reflection fluorescence (TIRF) and atomic force
microscopy (AFM) have previously been successfully combined
to enable joined force and fluorescence spectroscopy.'°l However,
the necessity for a method allowing autonomous optical observa-
tion of molecules manipulated mechanically within a highly popu-
lated fluorescence environment still persists. Whereas TIRF-based
techniques are capable of providing fluorescence readout, fluoro-
phore concentration in solution did not exceed 10 x 10~ m in these
studies. This intrinsic limitation”) drastically lowers or completely
prevents the yield of successful recording of probing and simul-
taneous binding events as biological processes typically take place
at much higher, e.g., micromolar concentrations, due to moderate
affinities (see Figure S1, Supporting Information).

By using zero mode waveguides (ZMWs) these shortcomings
can be mitigated as also concentrations exceeding this limit by
up to three orders of magnitude up to 20 x 107° m!®l provide excep-
tional signal-to-noise ratios. In recent years, ZMWs have shown
their great potential in observing enzyme turnover and single
molecule recruitment events despite fluorophore concentrations
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of hundreds of nanomolar®!% to micro-
molar.®1112  Additionally, since their
readout does not require a specialized
microscope, ZMWs are easily and broadly
applicable. ZMWs are nanometer-sized
cavities within a metal cladding on a glass
coverslip with aperture diameters shorter
than the wavelengths of visible light. Con-
sequently, they pose an optical barrier for
incident light and thereby only an evanes-
cent field emerges with its decay length
being shorter than the height of the cavity.
In turn, the illuminated volume is confined
within the bottom part of the ZMW cavity,
giving rise to its ability of providing excep-
tional signal-to-noise ratios in dense fluo-
rescent environments.

ZMWs used in parallel are a paradigm
for a high-throughput method. Here,
we yet utilize single ZMWs sequentially
which allows for sensitive single molecule observation and con-
stantly provides pristine reaction compartments. Combining
ZMWs with single-molecule force spectroscopy (SMFS) con-
ducted by using AFM creates a powerful technique for joined
force and fluorescence spectroscopy despite high fluorophore
concentration. It allows for mechanical manipulation of single
molecules and, in addition to direct fluorescence readout,
provides mechanistic insights of single molecules indicating
domain unfolding, cryptic binding site opening, fingerprint
unfolding or ligand dissociation.

The combined use of ZMW and AFM has already been
shown feasible in proof of concept studies by using the AFM
cantilever tip in surface scanning mode in order to align tip
and ZMW."314 Yet, manual control, cantilever degradation, and
small datasets have impeded broad applicability. After mechan-
ical manipulation of a force-activatable kinase only a single
possible binding event was reported.'3]

In this study, a revised experimental workflow is employed
to demonstrate the manipulation of single molecules in ZMWs
by means of automated SMFS inside ZMWs and by the use
of a well-defined receptor-ligand model system based on pre-
vious work.['>16] We implemented site-specific covalent immo-
bilization for our receptor-ligand model system and added a
fingerprint protein domain to have clear evidence of probing
single molecules. Along with this, we chose and designed our
model system to deliver a clear one-step, on—off like, fluores-
cence behavior. Once mechanically manipulated it provides
steady fluorescence for the whole observation period. The use
of a noninvasive cantilever tip localization technique and a
revised fabrication of our ZMWs ensures reliable ZMW locali-
zation and precise tip placement. Additionally, we developed
an all-automatic routine for cantilever tip and ZMW localiza-
tion, horizontal drift correction, and autofocus, which allows
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for long-term measurements and single a
molecule interaction yields comparable with
conventional SMFS based on AFM. Fur- ‘
thermore, an oxygen scavenging system ‘/
and antiblinking reagent guarantee steady
fluorescence conditions and prevent photo-
damage to both dye molecules and surface
proteins enabling much longer measure-
ment durations. Through this approach, we
are able to observe reoccupation of mechani-
cally depopulated monovalent streptavidin
molecules by fluorescently labeled biotin.
Our results show the ease of use of sample
preparation and measurements execution
due to automatized and reliable localization
of both cantilever tip and ZMW positions—
making it possible to retrieve large datasets
of simultaneous force extension and fluo-
rescence spectroscopy events to permit the
observation of rare, yet relevant, events.

Cantilever

Biotin-
dye ‘e
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Figure 1. Experimental setup for singe molecule manipulation in a ZMW. a) The bottom of a

2. Results and Discussion

2.1. Autonomous Probing and Noninvasive
Tip Localization

ZMW displays mSA (functional subunit in red, nonfunctional in white) on top of a polyethylene
glycol (PEG) spacing layer (black). ddFLN4 (yellow) serves as a force fingerprint and is attached
to mSA via biotin (blue). The Fg—~ddFLN4-biotin construct is specifically probed with an SdrG
(brown) labeled AFM cantilever. Fluorescently labeled biotin (green and blue) is freely diffusing.
As soon as the Fgf~ddFLN4-biotin construct is pulled out of the mSA binding pocket, the now

vacant biotin binding site is occupied by freely diffusing fluorescently labeled biotin molecules.

A custom built TIRF AFM hybrid”) was
used as a basis allowing for a simultaneous
three laser line excitation and according
fluorescence readout. Additionally, the TIRF
objective can be moved by a z-piezoactuator
to change the focus for tip localization and
ZMW probing. The chip, which in addition to the ZMW arrays
has also micrometer-sized window cut-outs (5 pm x 5 pm) for
tip alignment is located in between the TIRF objective to the
bottom and the AFM head with cantilever to the top (Figure 1a).
We chose TIRF over epifluorescence since in epi-illumination,
these micrometer-sized windows would allow unobstructed
light propagation through the complete height of the sample
resulting in substantial photodamage of the sample.

At the beginning of a ZMW probing cycle the cantilever tip
position is determined (Figure 2a) by recording the white light
transillumination image of the tip above a micrometer-sized
localization window. The resulting absorption profile of the tip
is then fitted by a 2D Gaussian, defining via its centroid posi-
tion the exact tip position relative to the frame of the optical
microscope. As we had shown in a previous study, with this
relatively simple technique the lateral position of the tip can
be determined with nm precision.!'® We then position the tip
in close proximity to the surface (100 nm) and shift the focus
plane of the objective to the very tip of the cantilever. In our
previous work we kept the cantilever in contact with the glass
surface during image acquisition, which may damage the tip.
The improved protocol used here allows long exposure times
and thus high localization accuracy without impeding canti-
lever functionalization by prolonging tip surface contact times.
This enables reliable tip localization without interfering with
the functionalization of the cantilever. Subsequently, the focus
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Binding events are observed via a TIRF microscope from below. b) Reflection electron micro-
scope diagonal view of a ZMW chip after development and prior to aluminum evaporation.
Pillars of cross-linked photoresist form the negative base for the ZMWs. The image shows
sharp edged pillars. c) Scanning electron microscope top-down view of ZMW cavity with 80 nm
radius after the experiment.

plane is shifted to the bottom of the ZMW and the positioning
of the ZMW is performed using its plasmonic transmission
induced by top down white light illumination. The cavity is
then aligned to the cantilever tip and cantilever approach is
initiated. At this point, laser illumination is turned on and
the retraction force curve is recorded synchronously with the
fluorescent signal (Figure 2b). After the curve was recorded
a new localization is initiated and the process repeats
automatically.

Our localization routine allowed to successfully align and
probe ZMWs with 80 nm cavity radii (Figure S2b, Supporting
Information). In order to validate successful tip placement into
ZMWs, the surface contact height of the cantilever measured
by the AFMs z-piezoactuator was used to calculate the height
difference between ZMW aluminum surface and cavity bottom
(Figure S2a, Supporting Information). For automatization, all
ZMWs to be probed and a micrometer sized rectangular locali-
zation window (Figure S2¢, Supporting Information) were
localized at the beginning of an experiment. The preliminary
positions, derived in this way, served as initial seed for ZMW
localization prior to the individual probing. To allow for stable
long-term probing of ZMWs, an instrument drift correction
was implemented. Each time the cantilever is localized anew,
the white light transmission profile of the localization window
was fitted. This fit provided the center position, which was then
compared with the latest derived position of the localization

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Precise tip localization and ZMW probing. a) lllustration of the precise cantilever tip localization procedure. The higher absorbance of
light propagating through the tip is exploited which creates a distinct absorption profile. To prevent long surface contact time of the cantilever tip,
acquisition of tip images is performed at a height of 100 nm above the glass surface. This allows long exposure and thus high photon yield without
excessive surface contact time. The focal plane is changed by automatic movement of the objective to image the cantilever tip at 100 nm height above
the surface. Tip localization is repeatedly performed during the course of an experiment. b) For ZMW probing, the objective which is mounted on a
piezoactuator is vertically moved such that the focal plane coincides with the top of the glass surface plane forming the bottom of the ZMWs. After
localization of the ZMW cavity by its plasmonic transmission the sample is moved horizontally to align the cantilever tip to the ZMW. Cantilever
approach is initiated and laser illumination is provided through a TIRF microscope from below. During the course of an experiment, an autofocus

routine corrects for vertical drift.

window. The deviation between these two values was used to
correct the ZMWs preliminary positions in order to track the
ZMWs despite horizontal drift. Drift in z-direction was com-
pensated by an autofocus routine.

2.2. Blocked Monovalent Streptavidin as
Force-Activated System

To test the performance of the autonomous probing setup, a
monovalent streptavidin'®) (mSA) blocked with a biotinylated
ligand construct (Figure 1la) was used as a force-activatable
system. With a unique cysteine[’ localized at the C-terminus
of its functional subunit, mSA was covalently attached to the
glass bottom of the ZMWs. Its binding pocket was blocked
with a peptide construct N-terminally featuring a short pep-
tide from human fibrinogen 2! (Fgf), followed by a ddFLN4
fingerprint domain'-2%l and a C-terminal biotin. In order to
force unbinding of the biotinylated construct from mSA, we
used interaction of Fgf binding to the adhesin SD-repeat pro-
tein G (SdrG)?%*—covalently anchored to the cantilever and
much stronger than the mSA/biotin interaction. Thus, the
FgB-ddFLN4-biotin construct blocking the mSA was removed
and a biotinylated dye present in excess in the measurement
buffer could bind to the now vacant mSA binding pocket, as the
measurement buffer of phosphate buffered saline (PBS) was
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supplemented with 50 x 10 m Cy5-labeled biotin molecules.
This binding was then recorded together with the force curve
as described in the previous section. The FgfB-ddFLN4-biotin
bound to the SdrG on the cantilever dissociates within tens of
seconds®! freeing it to record the next curve. This provides
cantilever regeneration in between probing for long-lasting
cantilever durability. To stabilize fluorescence, the antiblinking
reagent TROLOX®® and the oxygen scavenging compounds
pyranose oxidase and catalase were added.

2.3. Fabrication of Zero Mode Waveguides

Our ZMW chips were fabricated in-house and were composed
of arrays of ZMW cavities with radii of 80 nm embedded in
a 100 nm thick aluminum layer (Figure 1b,c). The substrate
forming the bottom consisted of borosilicate glass. Besides
these nanophotonic structures, we introduced additional
micrometer sized rectangular windows to our chip design
(Figure S2¢, Supporting Information). These windows are cru-
cial for a combined use of AFM and ZMWs since our AFM
cantilever had to be optically aligned to the frame of the optical
microscope prior to alignment of the cantilever tip to ZMW
cavity. To assure protein immobilization only onto the glass
bottom of the ZMW cavities a material selective passivation
using polyvinylphosphonic acid was applied.?’]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion of Cy5-labeled biotin are very unlikely
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Figure 3. Force extension and fluorescence time traces for mechanical unblocking and binding
event. Force versus extension curve and fluorescence intensity over time during cantilever retrac- the
tion. At the zero time point the cantilever touched the bottom of the ZMW and cantilever retrac-
tion started with synchronized image acquisition. Resulting force versus extension curve (black;
left and top axes) featuring the two step ddFLN4 fingerprint (yellow) unfolding (1) accompanied
by mSA/biotin unbinding (2). The fluorescence signal (green; right and bottom axes) was back-
ground corrected and shows an intensity step increase (3) after the mSA/biotin unbinding. This
step increase is attributed to a single labeled biotin binding to the now vacant mSA (3).

2.4. AFM-Based Single-Molecule Manipulation Experiments

We performed 505 automated mSA/biotin probing cycles inside
ZMWs. In sum, 203 events constitute an interaction between
cantilever tip and surface. 74 out of those probing events show
successful ddFLN4 fingerprint unfolding accompanied by a
biotin unbinding from mSA event (force vs extension, black
graph in Figure 3). From these 74 events, 34 exhibit a single
step increase (longer than 4.3 s) of fluorescence intensity
without interruption after the unbinding event, seen in the flu-
orescence channel (intensity vs time, green graph in Figure 3).
Combined graphs of force versus extension and fluorescence
channel for each of the 34 events are shown in Figures S3-S8 of
the Supporting Information. For these, fluorescence increases
in a single step and stays high without stepwise drops in the
=20 s observation time window. We attribute these 34 events to
single labeled biotin binding to a mechanically vacated mSA.
Upon retraction of the cantilever tip, first the ddFLN4 finger-
print unfolds (Figure 3 sequence 1) with its distinct two-step
unfolding pattern. With further retraction of the cantilever
tip, the biotin of the FgB-ddFLN4-biotin construct is dissoci-
ated from mSA (Figure 3 sequence 2). This frees the formerly
blocked, single binding pocket of mSA making it accessible
for binding of freely diffusing Cy5-labeled biotin molecules in
solution at 50 x 10~ wm, observable by fluorescence increase in
a single step (Figure 3 sequence 3). We also encounter multiple
unfolding events (Figure 4c,d). These feature multiple insepa-
rable ddFLN4 unfolding and biotin unbinding events. In these
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20 cannot explain the origin of the 6 events
described above.

Figure 4b shows a histogram of the
time delay between biotin unbinding and
fluorescence step increase for the
34 events. The time difference between
the peak force of biotin unbinding and
the first time point of fluorescence step
increase (Figure 4a) is plotted for each of the
34 events. Fitting a Poisson distribution for
the probability of exactly one event occur-
ring gives us a binding rate of 1.77 s71. Taking the free biotin
concentration of 50 X 10~ m into account yields a binding on-
rate of (3.5 £ 0.2) x 107 m~! s™'—in reasonable agreement with
the order of magnitude reported in previous studies of the
on-rate (Buranda et al.:?8l 1.3 x 107 m7! 57}, Srisa-Art et al.:[*’]
3.0 x 10° M! st to 45 x 107 M ! s7!, Chivers et al.:3%
2.0x 107 M7 s7h).

3. Conclusion

We have established a method to routinely manipulate indi-
vidual biomolecules inside ZMWs with an AFM cantilever. We
showed that we are able to reliably guide the cantilever into
a multitude of ZMWs with nanometer precision and thereby
probe hundreds of molecules in the course of an experiment
with yields of single molecule interactions in the range of
6.7-14.7% (34 of 505 events, 74 of 505 events) being well in
line with conventional AFM-based SMFS yields (8%).I'°! Due to
ZMWs capability for exceptional fluorescence signal-to-noise,
high fluorophore concentrations can be used. Additionally, our
method drastically reduces the effort for combined SMFS and
fluorescence experiments as its capability for running autono-
mous probing of ZMWs eliminates the need for manual con-
trol and monitoring.

Future investigation of force-mediated biochemical path-
ways of various proteins and enzymes, can readily be probed
with our approach. Immobilization procedures can be adapted

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Time delay between biotin binding after mechanical unblocking and multiple unblocking events. a) The time to refill the empty biotin binding
site in mSA was taken from the peak force (black dashed line) of biotin unbinding from mSA to the first time point of the fluorescence step increase
(green dashed line). b) These time delays, time for a labeled biotin to bind to empty mSA, are plotted in a histogram and fitted by a Poisson distribu-
tion modeling the probability (P) for single event occurrence after certain time delays (At) with binding rate k=1.77 s™'. ¢,d) During the experiments
also multiple tether force patterns occurred with no clear ddFLN4 fingerprint, which were accompanied by multistep increase of fluorescence intensity.
These were attributed to multiple biotins pulled out of multiple mSA. Thus, two labeled biotin binding events were observed, as apparent by the two-

step fluorescence increase.

to site-specifically anchor other proteins to the bottom of the
ZMW cavities, having the ligand fluorescently labeled in bulk
solution. Thus, for example, in the field of mechanobiology,
the unfolding of proteins bearing a possible cryptic binding
site by SMFS and simultaneous observation of ligand binding
to the subsequently exposed binding site can be studied to
identify and characterize mechanosensors and to determine
ligand on-rates. A system that could benefit is smooth muscle
myosin light chain kinase for which experimental results
recently showed new evidence that a potential force-driven
activation pathway may exist.?!! Our method could be used to
observe force-induced substrate binding and enzyme turnover
benefiting from ZMWs ability to observe biological processes
at high, up to micromolar, fluorophore concentrations (see
Figure S1, Supporting Information). For other proteins, as for
example in focal adhesions, which are assumed to bear force-
regulatory functions our technique can help to characterize
them by providing both biochemical and biomechanical infor-
mation.3233 Qur drift correcting, automated workflow, allows

Small 2020, 1906740 1906740 (5 of 7)

for measuring several days without interruption. This enables
probing of an even larger number of ZMWs and will thus fur-
ther improve statistical power.

Regarding systems requiring higher, micromolar concentra-
tions, the inherent limitation is set by the aspect ratio of the
cantilever tip. The crucial factor is not the size of the tip itself
but the diameter of the cantilever at a distance of 100 nm above
the tip. The ZMWs have a height of 100 nm and a cantilever
tip has to fit into the ZMW in order to probe its bottom. This
limits the diameter of the ZMWs which in turn sets a limit
to the concentration applicable. Thus, in order to investigate
these systems, high aspect ratio cantilevers have to be used to
decrease ZMW diameters on a further developed setup. Quite
generally the option to mechanically trigger a biomolecular
reaction and then follow its progress by fluorescent readout
will allow the recording of time traces of the reaction at the
level of individual molecules in a coherent and synchronized
manner, in this case with maximum sensitivity and minimum
background.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Experimental Section

ZMW Fabrication: Arrays of aluminum ZMWs and the additional
structural features were patterned using negative electron-beam
lithography. For this purpose, borosilicate coverslips (Menzel Gliser,
Braunschweig, Germany) measuring 22 mm in diameter were thoroughly
cleaned, exposed to an oxygen plasma and dried at 200 °C for 30 min.
Then, they were successively spin-coated with an adhesion promoter
(Surpass4000, micro resist technology, Berlin, Germany), isopropanol,
and a negative tone resist (ma-N 2403, micro resist technology, Berlin,
Germany). Subsequently, they were covered with a conductive silver
layer. The negative pattern was then imprinted using electron beam
lithography (eLINE, Raith GmbH, Dortmund, Germany). The conductive
silver layer was removed using gold etchant. Following development with
ma-D 525 (micro resist technology, Berlin, Germany), which exposed the
cross-linked tone resist structures and pillars (Figure 1b), a 100 nm thick
aluminum layer was evaporated onto the chip. Lift-off was carried out
in dimethyl sulfoxide accompanied by ultrasound sonication followed by
exposure to an oxygen plasma.

Besides arrays of ZMW, additional structures were incorporated
in the chip design providing large (185 pum x 45 um) and smaller
(5 um x 5 um) rectangular windows for coarse and fine alignment of
cantilever relative to TIRF optics.

Dimension and shape of the individual ZMWs were verified by
reflection and scanning electron microscope images of both negative
ZMW pillars prior aluminum deposition (Figure 1b) and completed
ZMW cavities with 80 nm radius (Figure 1c).

Preparation of Proteins: The mSA molecules with its C-terminal cysteine
and the FgB-ddFLN4—ybbR construct were expressed as described by
Sedlak et al.l'®l SdrG was expressed as described by Milles et al.2%

Surface Functionalization: To assure protein immobilization only
onto the glass bottom of the ZMWs a material-selective passivation
using 2% (v/v) polyvinylphosphonic acid (Polysciences Europe GmbH,
Hirschberg, Germany) solution was applied.?”) The ZMW chip was
cleaned inside a UV cleaner and then immersed in 90 °C 2% (v/v)
polyvinylphosphonic acid solution for 2 min. Then immersed in ultrapure
H,O, dried at 80 °C for 10 min and successively washed in ultrapure
H,O, methanol, and ultrapure H,0. Following this, the chip was first
soaked in (3-Aminopropyl)dimethylethoxysilane (ABCR, Karlsruhe,
Germany) 1.8% (v/v) in ethanol for 1 h, then washed in ethanol and
ultrapure H,O and baked at 80 °C for 1 h. A bifunctional polyethylene
glycol (PEG) linker displaying a maleimide group was used for effective
protein coupling. For this the ZMW chip was incubated with a mixture
of NHS-PEG-Methyl (25 x 107 m, molecular weight 333 g mol™,
Thermo Fisher Scientific, Waltham, MA, USA) and NHS-PEG-Maleimide
(2.5 % 1073 m, molecular weight 513.5 g mol™', Thermo Fisher Scientific,
Waltham, MA, USA) in HEPES (100 x 107 w, pH 7.5).

mSA was coupled via the unique C-terminal cysteine of its single
functional subunit to maleimide displayed by the PEG spacing layer in
coupling buffer (50 x 107> m sodium phosphate pH 7.2, 50 X 107 w
NaCl, 10 x 107 m EDTA, 0.05% (v/v) Tween 20) for 1 h and then
thoroughly washed with PBS (pH 7.4, Merck, Darmstadt, Germany).
The ybbR-tag of the FgB-ddFLN4-ybbR construct was used to
enzymatically couple a Coenzyme A-tagged biotin molecule utilizing
the phosphopantetheinyl transferase Sfp.*4l The enzymatic reaction
was performed at 37 °C for 1 h. Two spin desalting columns (molecular
weight cut-off 7 kDa, Zeba, Thermo Fisher Scientific, Waltham, MA, USA)
were used to remove excess biotin. 100 X 10 m of the Fg3~ddFLN4—
biotin was applied to saturate the mSA surface for 30 min. Unbound
FgB-ddFLN4-biotin was washed away with PBS. For the surface
passivation control experiment the ZMW chip was treated the way
described above. However, this time a different PEG linker NHS-PEG-
Methyl (25 x 107 m, molecular weight 5000 g mol™', Rapp Polymere,
Tibingen, Germany) in HEPES (100 x 1073 m, pH 7.5) was used. Protein
immobilization was omitted and surfaces were treated with 0.05% (v/v)
Tween 20 prior to thoroughly washing with PBS.

Cantilever Functionalization: Cantilevers, BioLever mini (Olympus
Corporation, Tokyo, Japan), displayed SdrG and were prepared as
described by Sedlak et al."®]
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Experiment Buffer: The measurement buffer was composed of PBS
(PH 7.4) with 1 x 10° wm TROLOX ((+)-6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid, Merck, Darmstadt, Germany)
and an oxygen scavenger system comprised of 0.6% (w/v) D-glucose,
pyranose-oxidase (7.5 U mL™", E.C. 1.1.3.10), and Catalase (1700 U mL™",
E.C 1.11.1.6) (PODCAT). Here, pyranose-oxidase proved to be more
suitable than, e.g., glucose-oxidase since products of pyranose-oxidase
catalyzed glucose turnover affects pH to a much less extent.’*l TROLOX
served as antiblinking reagent.?l Together, TROLOX and PODCAT provided
stable and long-lasting fluorescence conditions with low bleaching and
blinking. Cy5-labeled biotin (Click Chemistry tools, Scottsdale, USA) was
used as the freely diffusing fluorescent biotin compound.

AFM-Based Single-Molecule Manipulation Experiments: The start
of the retraction cycle with the start of image acquisition was
synchronized by using a pulse signal output from the AFM controller
to externally control the EM-CCD camera. In this way, fluorescence
readout and force distance data acquisition started simultaneously.
Images were taken with an exposure time of 100 ms which resulted
in an effective frame rate of 106.7 ms. For ZMW probing, cantilever
approach was carried out at 3000 nm s™' velocity and retraction was
performed at 30 nm s™' at a sampling rate of 1500 Hz to a complete
cantilever to surface distance of 550 nm. Conducting the 505 probing
cycles took 5.3 h. Cy5 with a 640 nm line of a 43 mW diode laser
(iChrome MLE-S, Toptica, Graefelfing, Germany) was excited by total
internal reflection.

Cantilever localization was carried out in a 5 um x 5 um glass window
within the aluminum cladding. Therefore, the cantilever was approached
at 3000 nm s7' to the surface and immediately retracted at 2000 nm s~
to a cantilever to surface distance of 100 nm. Image acquisition was
performed with 30 ms exposure time at an effective frame rate of
36.8 ms.

In order to align the cantilever tip to a single ZMW carrying out
the autofocus routine took 8 s. Then the cantilever was moved above
a localization window and cantilever tip localization was performed.
The tip position was fitted and the horizontal drift was corrected using
the absolute position of the localization window. This took roughly 7 s.
Aligning the cantilever tip to a single ZMW was performed within 9 s. All
these steps (total duration 24 s) were necessary to probe the bottom of
a single ZMW. However, when probing ZMW sequentially, cantilever tip
localization and autofocus were only necessary every 6th and 12th time,
respectively, thereby reducing alignment times to 18 s and accelerating
data acquisition. SMFS routine for the AFM controller, MFP3D (Asylum
Research, Santa Barbara, CA, USA), and software for AFM-based single-
molecule manipulation experiments were self-written in IGOR Pro 6
(WaveMetrics, OR, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: Histogram of Michaelis constants (Ky) for 68325 enzyme substrate pairs.

Kw for 68325 enzyme substrate pairs were taken from BRENDA enzyme databasel”
(www.brenda-enzymes.org) representing an updated histogram as seen in Samiee et al./”
Biological processes take place in dense environments with micromolar substrate
concentrations. In this context, the Ky serves as inverse measure of the affinity of the
substrate for the enzyme and in this way indicates substrate concentrations needed to be able
to observe enzyme substrate recruitment in sufficient quantity. Above 1nm to 10 n™m
fluorescent substrate concentration conventional imaging techniques like TIRFM lack

adequate signal-to-noise in order to resolve single molecules. ZMWs, however, allow
1
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experiments with higher substrate concentrations and, thereby, make it possible to observe
substrate enzyme recruitment events in high yield. For a combined use with AFM it the aspect
ratio of the cantilever limits the minimal ZMW radius and thereby the highest applicable

substrate concentrations. Green bar indicates Ky value of 50 nm.
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Figure S2: Tip localization and ZMW probing.

a, In order to validate successful tip placement into ZMWs the cantilever is first approached
onto the aluminum surface in proximity to the ZMW to be probed (1). Then the ZMW chip is
moved such that the cantilever tip coincides with the ZMW cavity (2). The difference between
the two surface contact positions measured by the AFM’s z-piezo actuator gives the
immersion depth of the cantilever tip. b, Excerpt of a ZMW probing experiment. Circles show
positions of probing inside ZMWs. The color of the circles indicates the immersion depth of
the cantilever measured by additional probing the aluminum surface adjacent to each ZMW
position. Grey lines illustrate the path of the cantilever tip during probing and localization
routines. A grey dashed rectangle shows the position of the localization window where the
cantilever localization routines were performed (red diamonds). Two ZMW fell below
brightness threshold at preliminary ZMW positioning and were excluded from probing. The

asterisk (*) marks the position at which the AFM head was lifted and repositioned which lead
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to a small artificial drift. The drift correction routine was able to again successfully align the
cantilever tip to the ZMW probed beforehand and to continue probing of the remaining
ZMWs. ¢, Image taken by a light microscope shows a typical subarray of a ZMW chip with

rectangular windows used for tip localization adjacent to an array of ZMWs.
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Figure S3: Specific force fingerprint and fluorescence step increase events.
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Figure S5: Specific force fingerprint and fluorescence step increase events.
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Figure S6: Specific force fingerprint and fluorescence step increase events.
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Figure S7: Specific force fingerprint and fluorescence step increase events.
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e,f, Force curves are distorted by interference of the AFM’s infrared laser. This occurs only

when the part of the cantilever which deflects the IR-beam is located above localization

windows, in a way that the inclinations of cantilever and window’s aluminum edges coincide.
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Peak duration [s] Number of events | Relative frequency A (1-e%0%7)
[s]

0.2<tp 60 2.8x10° 5.5 %
04<tp 13 6.1x10™ 1.2 %
0.8<1p 3 1.4x10™ 0.28 %

1<tp 2 9.3x10° 0.19 %
1.3<tp 0 0 0

combined ZMW-AFM experiments.

11

Table S9: Results from a surface passivation control measurement. Cy5 labeled biotin was
observed for 180 s through 119 ZMWs. Imaging settings and experimental buffer were the
same as for combined ZMW-AFM experiments. This yields an accumulated observation time
of 21407 s (5.9 h). Peaks with average intensities higher than the smallest fluorescence step
considered in combined ZMW-AFM experiments were identified as fluorescence step with
duration tp. No peaks were found to last longer than 1.3 s. The last column shows the

probability for at least 1 event occurring within 20 s observation time window as used in
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4.4 Dronpa: A light-switchable tethered ligand model system

To extend the toolbox needed for showing direct catalytic turnover of a kinase
an additional construct was designed based on the work of Zhou et al. 2!, Zhou
et al. >3 engineered a synthetic autoinhibited MEK kinase (cp. Section 2.4)
by utilizing a pair of dimerizing fluorescent proteins, pdDronpal.2, that build
a curtain-like assembly to blocks substrate binding to the kinase domain. The
dimer can be photodissociated by 488 nm blue light resulting in a dissociated
dark state allowing kinase activity. The reverse process is also possible by
a photoassociation restoring the dimer induced by an exposure with 405 nm
violet light. As a result the kinase is inhibited again. The final goal would be
to have a FAK kinase domain inhibited in the same way to act as a control
construct for afore mentioned ZWM assays. Hence both activation by force
and optically would be possible to troubleshoot and tune the force-activation
assays probed.

Here the force response of the pdDronpal.2 dimer is probed in a tethered
ligand construct joining both pdDronpal.2 domains with a unstructured linker
sequence. The conformation is switched between dark and bright state and
the corresponding force response is analyzed. The dissociation force of the
dimer is found to be at around 80 pN in a perfect range to be examined in
AFM-based SMFS experiments. Accordingly measurements with both stable
force-induced and light-induced revealing of hidden domains are possible in
opto-biomechanical applications.

Previously described ZMW together with a light switchable kinase would
create a sandbox to play with force-induced phosphorylation events and enables
a force-independent way to test such phosphorylation assays. The combination
of both grants much needed control over all parameters needed to investigate
force activated phosphorylation processes.

Res Johr, Magnus S. Bauer, Leonard C. Schendel, Carleen Kluger, and
Hermann E. Gaub. Dronpa: A Light-Switchable Fluorescent Protein for
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ABSTRACT: Since the development of the green fluorescent protein,
fluorescent proteins (FP) are indispensable tools in molecular biology.
Some FPs change their structure under illumination, which affects their
interaction with other biomolecules or proteins. In particular, FPs that
are able to form switchable dimers became an important tool in the field
of optogenetics. They are widely used for the investigation of signaling
pathways, the control of surface recruitment, as well as enzyme and gene
regulation. However, optogenetics did not yet develop tools for the
investigation of biomechanical processes. This could be leveraged if one
could find a light-switchable FP dimer that is able to withstand

Photo-dissociated dimer

sufficiently high forces. In this work, we measure the rupture force of the

switchable interface in pdDronpal.2 dimers using atomic force microscopy-based single molecule force spectroscopy. The most
probable dimer rupture force amounts to around 80 pN at a pulling speed of 1600 nm/s. After switching of the dimer using
illumination at 488 nm, there are hardly any measurable interface interactions, which indicates the successful dissociation of the
dimers. Hence this Dronpa dimer could expand the current toolbox in optogenetics with new opto-biomechanical applications

like the control of tension in adhesion processes.

KEYWORDS: Optogenetics, biomechanics, Dronpa, single molecule force spectroscopy, atomic force microscopy

ight-switchable fluorescent proteins (Is-FP) like the green

fluorescent protein (GFP) have become an essential tool
in biology for imaging and tracking of processes inside cells.'
Beyond that, optogenetic methods employ them to even
dynamically control such processes.””® These tools exploit the
fact that Is-FPs change their structure upon irradiation with
light of a suitable wavelength. Since the protein function is
directly encoded in its structure, this alters the way the FP
interacts with its environment. For example, light alters the
affinity of light-inducible dimerizers to the corresponding
ligand. Hence, the association of these dimers can be directly
controlled using light pulses.””'* This has been utilized for
subcellular localization of proteins'>~'* as well as gene and
enzyme regulation.”’®"” In the broader context, optogenetic
tools have been employed for achieving synaptic control and to
study signaling network dynamics.

This list of potential applications, however, does not include
methods for biomechnical investigations. It is known that
many processes in cells are controlled by forces.'*"’ Cells
continuously sense their environment using mechanosensors in
the cell membrane, i.e., the focal adhesions. From there, the
signals are transduced and affect the organization of the
cytoskeleton and with it the cell shape or cell migration and
also more complex processes like cell division and differ-
entiation.”®™>” So far, such processes could be potentially
investigated using static FP force sensors that lose their
fluorescence when unfolded”*™*° or FRET based tension
sensors. However, this does not allow for dynamic control or

7 ACS Publications  © xxxx American Chemical Society

triggering of force-induced reactions, e.g., by revealing a cryptic
binding site.*" This lack of mechanobiology applications in the
optogenetics toolbox could be diminished if robust Is-FPs with
a sufficiently high interface rupture force could be found or
designed.

In this work, we investigate the Is-FP Dronpa, which is
known from optogenetics.'”>**
FP found in Pectiniidae corals and has a characteristic f-barrel
structure similar to GFP.** It has a remarkable photostability
and was shown to be switchable more than 50 times between
its dark and bright fluorescent state.’> The binding interfaces
were further modified to yield a dimeric Dronpa variant.'” This
variant has successfully been used to control the accessibility of
the active site of kinases and thus their activity as well as for
gene r<3gulati0n.32’33 Here we investigate the interface
interaction in the pdDronpal.2 dimer®* (see Figure 1a), by
using atomic force microscopy (AFM)-based single molecule
force spectroscopy (SMFS). The results reveal a most probable
interface rupture force of 80 pN in the bright state that is no
longer detectable when switched to the dark state. Hence the
dimer association can be controlled by light as well as by force.
This opens the way for possible applications of this system in
biomechanics studies.

It is derived from a tetrameric
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Figure 1. (a) Crystal structure of the fluorescent and dark state of Dronpa (PDB: 6D39 (bright) and 2POX (dark)). The bright state can be
switched to the dark one by intense irradiation with blue light (1 = 488 nm). The backswitching is triggered by dim light at 405 nm. (b) Scheme of

the experimental setup used for AFM-based SMFS.

a) I r 1 r
C | 'Y
g: b
: 1 : |
1 100 pN
= class 1, N=166
= [ |
§ RO Mg
L class 2l N=44 .
MM«...».MM
0 100 200 300
Extension [nm]
b)
a 80 213 curves
(=
£ 40
fin}
0

40 60 80 100 120
Contour length increment [nm]

8 e
E e ( s F
: 2?' N B
. | 100 pN |
=z /
35 J
[ :"
2 class 3, N=69 p
& Voo d
™ ,MW'MM/
0 100 200 300
Extension [nm]
d)
E 20 87 curves
2 10
0 Ll u

40 60 80 100 120
Contour length increment [nm]

Figure 2. Exemplary force extension curves and contour length histograms with Gaussian fits from SMFS of the pdDronpal.2 dimer. Unfolding
events that are specific for the Dronpa dimer are indicated with arrows. Blue parts are from the PEG stretching as well as the specific
XDoclll/CohE rupture. (a and b) Results of pdDronpal.2 dimers prepared in the bright state. The red part represents the interface rupture, and
the green parts represent the pdDronpal.2 unfolding. Dronpa domains were colored slightly differently to enhance the readability of the scheme.
Violet indicates the events with a supposed simultaneous rupture of the interface and unfolding of one Dronpa subunit. (c and d) Results of
pdDronpal.2 dimers prepared in the dark, nonbinding state. The fit parameters are available in the Supporting Information.

Results and Discussion. In order to characterize
individual pdDronpal.2 homodimers by SMFS, we designed
a protein construct, where we linked two Dronpa domains with
a flexible linker.”® The dimer was further fused to a pulling
handle, a strategy that has already been successfully applied to
probe the unfolding of individual proteins.*”** The linker was
made out of 73 amino acids, which corresponds to a contour
length increment of ca. 28 nm. This increment can be easily
detected in SMFS and thus facilitates the direct and
simultaneous identification of the interface rupture event and
the unfolding of the individual Dronpa domains in a single
experiment. Figure 1b shows the complete scheme of the
SMFS measurement. The protein construct is clamped
between the AFM cantilever and the sample surface and
then pulled apart.***° The specificity of the measurement is
granted by using the XDocIII/CohE cohesin dockerin receptor
ligand pair from R. flavefaciens as a protein handle.*” Both
proteins, the Dronpa dimer and the CohE, were covalently
attached to the cantilever and the sample, respectively, using
polyethylene glycol (PEG) spacers with a molecular weight of
5000 Da. Switching of the Dronpa dimer was achieved via total

internal reflection (TIR) illumination from below the sample
slide. Initially the sample was illuminated with 405 nm light for
a short instance (S s) to prepare the proteins in the bright state
that allows for intramolecular domain association. In the
second part of the experiment, the sample was intermittently
illuminated with 488 nm light in order to switch the domains
to their dark state and to trigger dissociation of the Dronpa
domains.

The force extension curves from the SMFS measurement
were filtered using the specific XDoclIl/CohE fingerprint
interaction. A total of 213 specific curves was obtained for the
domains that were prepared in the bright state (i.e., after 405
nm illumination). They could be classified into two main
classes. Examples of the force extension curves are shown in
Figure 2a. Besides the characteristic peak from the
XDoclll/CohE rupture, the first class contains 166 curves
that show three characteristic peaks (indicated with arrows in
Figure 2a). Remarkably, these rupture events had similar
unfolding forces of around 80 pN. The second class contained
44 curves and revealed only two peaks with similar unfolding
forces. The measurement of the dark state dimers yielded 87
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Figure 3. Normalized rupture force histograms from SMFES. The distribution of the interface rupture was fitted using the Bell—Evans model. The
histograms of the Dronpa unfolding were fitted with normal distributions. (a) Distributions for the Dronpa in the bright state and for the interface.
(b) Comparison of histograms for Dronpa after illumination with 405 nm (bright state) and 488 nm (dark state). The dark state histogram was
composed of curves without an interface rupture event. It presumably contains a contribution from dissociated Dronpa domains in the bright state.

The fit parameters are given in the Supporting Information.

specific curves (Figure 2c,d). Most of the (N = 69) curves
belong to a single class with two Dronpa related peaks.

The contour length increments I. of the force peaks were
calculated from fits based on the worm-like chain model with a
fixed persistence length of 0.4 nm. The results for the bright
state experiment are displayed in the histogram in Figure 2b.
They reveal peaks at 37.8, 72.9, and 109.2 nm. The peak at 73
nm is found in all curve classes. If we consider the . of a single
amino acid to be around 0.35-0.38 nm*' and take into
account that Dronpa has about 210 structured amino acids
with an end-to-end distance of 2.5 nm, it follows that the
expected [ for Dronpa unfolding is in the range from 71 to 77
nm. This is in good agreement with our experimental value.
Therefore, we attribute this force peak to the unfolding of the
Dronpa domains. The remaining peaks at 37.8 and 109.2 nm
in Figure 2b can be explained with the rupture of the interface.
The peak at 37.8 nm is solely attributed to the linker that
connects the two Dronpa domains. Hereby we note that the
measured contour length increment of the linker is indeed
longer than the expected 28 nm calculated from the primary
structure. However, this conclusion is justified because we have
to include the unstructured amino acids from the two Dronpa
domains that were excluded from the previous calculation of
the Dronpa contour length. The contour length increment of
109.2 nm can, however, not be explained by a single domain
unfolding event. Since its length corresponds to the sum of one
Dronpa unfolding and the dimer interface, we suggest that this
unfolding event is linked to the rupture of the dimer and
simultaneous unfolding of one of the Dronpa domains. This is
further corroborated by the fact that the unfolding of the single
Dronpa was always observed after the event with /. = 109.2 nm
(see Figure 2a). As we will show later, it is likely that the
Dronpa domain unfolds first and consequently induces the
rupture of the interface.

In contrast, Figure 2¢ shows that curves with force peaks
associated with the interface, i.e., contour length increments of
37.8 and 109.2 nm, were significantly reduced after
illumination at 488 nm (see Figure 2d). Analysis of the force
extension curves reveals that 80% of the curves (69 out of 87
curves) show only the characteristic signature of the unfolding
of two Dronpa domains but no interface rupture (see Figure
2¢). The remaining 18 curves showed characteristic force
distance traces similar to the ones of the associated dimers
shown in Figure 2a. This indicates that the dimer is either in an
associated or dissociated state. Potential intermediate states
with a lower rupture force, for example, in mixed dimers, where

one of the domains is in the bright and the other in the dark
state, could not be detected. If they exist, they are expected to
be relatively weak. Hence we suggest that the dimer behaves as
an effective two-state system, where the interface rupture can
only be observed using AFM if both Dronpa domains are in
the bright state and associated. This behavior would be
favorable for potential applications. It facilitates the dissocia-
tion under blue light and would compensate for the low
quantum efficiency for the switching from the bright to the
dark state (QE,q = 0.00032), which is much lower than vice
versa (QEg, = 0.37).>**> We note that the observed two-state
behavior might be an oversimplification of the actual processes.
For example, we have no data on the fluorescence during
individual pulling experiments and thus cannot exclude that
the Dronpa domains lose their fluorescence during the
interface rupture. However, since the determined I is in
good agreement with the expected tertiary structure of the
bright state, we assume that the domains remain functional.
In order to understand the mechanics of the dimer rupture,
i.e., the proposed simultaneous rupture of the interface and the
unfolding of the Dronpa domain, we analyzed the correspond-
ing rupture force distributions (Figure 3a). The distribution of
the interface was fitted using the Bell—Evans model.”** The
most probable rupture force for the selected pulling speed of
1600 nm/s was 769 = 1.1 pN, which is comparable to
photochemical single molecule switches.**~*” The histogram
of the Dronpa unfolding was fitted using a normal distribution
with a most probable rupture force of 82.1 + 1.1 pN. Hence,
the individual Dronpa domain is only slightly more stable than
the interface. Its unfolding force is comparable to other
fluorescent proteins with a f-barrel structure.”*® Because of
the overlap of the two force distributions, it follows that
unfolding of a Dronpa domain might occur before the rupture
of the interface as was also suggested from the experiments.
Comparing the rupture force probability distributions of the
dark and bright states shown in Figure 3b, one observes that
they are slightly shifted with respect to each other. The dark
state distribution has a maximum at 77.6 + 2.5 pN and a
standard deviation of ¢ = 10.3 pN. It is thus weaker and has a
broader distribution compared to the bright state with 82.1 +
1.1 pN and 6 = 9.3 pN. The lower unfolding force is in
agreement with research from Mizuno et al. where they found
that illumination of Dronpa with blue light causes flexibility of
the seventh f-strand inside the pf-barrel structure, thus
probably weakening the protein fold (see Figure 1a).* This
effect might facilitate the dissociation of the dimer if it is

DOI: 10.1021/acs.nanolett.9b00639
Nano Lett. XXXX, XXX, XXX—XXX




194

Chapter 4: Results - Force activation and beyond

Nano Letters

switched to the dark state. The fact that there is a difference
between the two distributions is further evidence that the
fluorescent Dronpa domains remain in their bright state during
interface rupture.

In summary, we investigated light-switchable pdDronpal.2-
linker-pdDronpal.2 protein constructs using AFM-based
SMEFS. At a retraction speed of 1600 nm/s, we found that
the interface is able to withstand a force of around 80 pN. This
is a relatively high stability, considering that the dimer is
supposed to be stabilized by hydrophobic interactions.'” It is
notable that most Dronpa domains keep their fold during
interface rupture. Comparing to studies of other f-barrel FPs,
this suggests that Dronpa dimers are likely to remain functional
and associated under the tensile stress that is prevalent under
physiological conditions.”®*® Further, the dimer could be
dissociated under illumination with 488 nm light. The interface
interaction was hardly observed in this case anymore. Taking
into account the loading rate dependence of the interface
strength, we expect a rupture force in the range 20—30 pN
under physiological conditions.”’ This rupture force of the
Dronpa dimer lies above the range of forces that are typically
observed in mechanotransduction and signaling’"**~>* but is
significantly weaker than the forces found during bacterial
adhesion, which can amount to several hundred pNs.*>>*
We thus believe that our results have strong implications for
applications in the study of mechanotransduction and
signaling. Dronpa is sufficiently strong to be used for
manipulation of the conformation of focal adhesion proteins
without the interface being pulled open. One potential
application to achieve this would be the incorporation of
Dronpa dimers into stretchable proteins such as talin that have
cryptic binding sites, which are only accessible under tension.’
Exchange of such cryptic domains with Dronpa dimers that
hold the cryptic domain in the linker region would protect this
binding site from tension forces so that reactions triggered by
binding to this site become controllable by light. Our study
further shows a new way to combine force application and
light-induced conformational switching in AFM-SMFS as a
tool by itself. This opens up the road for experiments, which
employ dynamic force probes with properties that can be
switched during the experiment.

Experimental Section. The experimental procedures for
this study were adapted from previously published proto-
cols.****°”3% Detailed information is given in the Supporting
Information.

Protein Synthesis. The pdDronpal.2-linker-pdDronpal.2
constructs with the N-terminal ybbR-hexahistidine tag and C-
terminal XDoclIII domain from R. flavefaciens were assembled
and subcloned into peT28a plasmids via Gibson assembly. The
protein was expressed in E. coli NiCo21(DE3) cells using an
autoinduction medium and then harvested and purified
employing a standard protocol including Ni-NTA affinity
chromatography.

Sample Preparation. Cover glasses were cleaned and
silanized using (3-aminopropyl)-dimethyl-ethoxysilane. The
amine functionalized surface was subsequently conjugated with
NHS-PEG-maleimide spacers. The maleimide was reacted with
Coenzyme A in order to allow Sfp phosphopantetheinyl
transferase-mediated coupling to the ybbR tag of the Dronpa
construct.

SMFS Measurement. Single molecule force spectroscopy
was performed on a home-built TIRF-AFM.>® TIR illumina-
tion was used for switching of the Dronpa domains, which

restricted the excitation to a volume within 100 nm above the
sample surface. A glucose oxidase-based oxygen scavenging
system (25 U/mL glucoseoxidase, 1700 U/mL catalase, and
0.6% w/v glucose) was used in order to prevent bleaching of
the Dronpa domains.

Data Analysis. Force extension curves were processed and
filtered in a semiautomated way.*” Drift compensation and
peak identification was done for all curves with a tip sample
interaction. The contour length increments of individual
unfolding events were determined with the WLC model
using a persistence length of 0.4 nm.*" Specific curves were
identified by selecting the ones that showed the characteristic
rupture signature between the XDoclII handle and the CohE
pulling domain* as well as the pdDronpal.2 specific peak.
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1 Fitting parameters

1.1 Distribution of Contour Length Increments

The contour length distributions were fitted using a standard distribution (1),

P(m)_a~exp{<$:b)2}. (1)

Table 1: Fitting parameters for the contour length distributions.

Type a b [nm] ¢ [nm]
Linker 56.89 37.80 2.38
Dronpa bright 92.25 72.92 3.40
Double rupture 8.16 109.20 4.24
Dronpa dark 24.04 73.63 5.85

1.2 Rupture Force Histograms

The rupture force distribution of the interface was fitted using the Bell-Evans Model (2),

P(f):a.exp{¥}exp{[1—exp{f;bH}. (2)

The remaining force distributions were fitted using a standard distribution (1).

Table 2: Fitting parameters for the rupture force histograms.

Type a b [pN] c [pN]
Interface 0.147 76.87 6.88
Dronpa bright 0.131 82.14 13.11
Dronpa dark 0.105 77.60 16.28
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Materials and Methods

The experimental procedures for this study were adapted from previously published protocols that can be
found in [1, 2, 3, 4].

Protein Synthesis

The pdDronpal.2 dimers[5] with internal linker[6] and with N-terminal ybbR-hexahistidine tag and C-
terminal XDoclll domain from Ruminococcus flavefaciens[7] were assembled using Genestrings (GeneArt
- ThermoFisher Scientific, Regensburg, Germany). The complete sequence is given below:

ybbr-HIS- linker- linker- Doclll (R.f):

MDSLEFIASKLAHHHHHHGS

GGGSAGGSGSGSSGGSSGASGTGTAGGTGSGSGTGSGGGSGGGSEGGGSEGGGSEGG
GSEGGGSEGGGSGGGS

SGSGSGSVVP

TDLNNIVDGRDATATLTYYAATSTDGKDATTVALSPSTLVGGNPESVYDD
FSAFLSDVKVDAGKELTRFAKKAERLIDGRDASSILTFYTKSSVDQYKDMAANEPNKLWD
IVTGDAEEE

The protein construct for the functionalization of the cantilever was CohE-HIS-ybbR and was already
available in our lab from previous studies.

Subcloning of the Dronpa construct into modified peT28a plasmids was done via Gibson assembly (1h,
50°C).[8] (10 pl 2x HiFi MasterMix (New England Biolabs), 0.1 nmol vector, 0.2 nmol insert). Primers for
PCR amplification were obtained from Eurofins Genomics. E.coli DH5« cells (Life Technologies GmbH)
were transformed with the Gibson assembly product via heat shock at 42°C for 1 min and then incubated
in 1ml SOC medium for 1h at 37°C. 200l of the culture were spread on an agar plate containing
50 ug ml~! kanamycin (Carl Roth GmbH) and grown overnight at 37°C. Single clones were picked and
used for inoculation of an overnight preculture in 5ml LB medium containing 50 pgml~! kanamycin.
Plasmids were purified from the precultures using Spin Miniprep (QIAprep Spin Miniprep Kit, Qiagen)
and send for sequencing (Eurofins Genomics, Ebersberg). E.coli NiCo21(DE3) were transformed with the
plasmid and incubated overnight in a 5ml LB medium containing 50 pg ml~! kanamycin. 200 ml ZYM-
5052 medium[9] with 100 pg mI~! kanamycin were inoculated with the preculture for protein expression
and incubated for 4h at 37°C and 20 h at 18°C. Harvesting of the bacteria was done by centrifugation
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(15 min at 7500 g) and the pellet was stored at -80°C before further processing. The following purification
steps were performed at 4°C or on ice.

The bacteria pellet was resuspended in 40 ml lysis buffer (50 mM TRIS (pH 8.0), 50 mM NaCl, 5mM
MgCly, 0.1% (v/v) TritonX-100, 10% (v/v) glycerol, 30% B-Per (ThermoFisher Scientific)) supplemented
with 100 pg mI~! lysozyme (Carl Roth GmbH) and 10 pg mI~! DNasel (Roche Diagnostics) and sonicated
for 10 min (Sonoplus GM 70, Bandelin).

After centrifugation for 1h at 31000 g the supernatant was collected and filtered through sterile fil-
ters (Rotilabo PES, pore size 0,22 pm, Carl Roth GmbH). The filtrate was applied to a Ni-NTA column
(HisTrap FF 5ml, GE Healthcare) on an Akta Start chromatography system (GE Healthcare) and washed
with 30 ml (25 mM Tris, 300 mM NaCl , 20 mM Imidazole, 10% (v/v) glycerol, 0.25% (v/v) Tween20,
pH 7.8) The protein was eluted (25 mM Tris, 300 mM NaCl , 300 mM Imidazole, 10% (v/v) glycerol,
0.25% (v/v) Tween20, pH 7.8) and pooled. Protein containing fractions were concentrated using ultra-
centrifugtion filters (30kD MWCO, Amicon) while simultaneously exchanging the buffer (25 mM TRIS,
72mM NaCl, 1 mM CaCl, pH 7.2). The protein solution was supplemented with 10% (v/v) glycerol and
its concentration of 281 yM was determined on a spectrophotometer (NanoDrop 1000, Thermo Scientific,
DE, USA) using the calculated extinction coefficient of 88590 M1 cm~! (web.expasy.org/protparam).
Samples were pooled and frozen in liquid nitrogen for storage at -80°C. Quality of the protein synthesis
was assessed using polyacrylamide gel electrophoresis (AnykD™ Mini-PROTEAN®R) TGX™ protein gels,
Biorad).

Sample Preparation

AFM Cantilevers (BioLever Mini, BL-AC40TS-C2, Olympus) and cover glasses (24 mm diameter, Men-
zel Glaser) were cleaned by UV-O3 treatment and immersion in piranha solution, respectively and then
silanized using (3-aminopropyl)-dimethyl-ethoxysilane. The thereby amine functionalized surface was sub-
sequently conjugated with NHS-PEG-maleimide spacers (Mw=5000 g/mol, Rapp Polymer) in HEPES
buffer (50 mM HEPES, pH 7.5).[3] After extensive washing in milli-Q H,0O, the maleimide was immersed
in 1mM Coenzyme A in coupling buffer (50 mM sodium phosphate, 50 mM NaCl, 10 mM EDTA, pH 7.2)
for 1 h. Cantilevers and glass slides were rinsed with water and, if needed, stored in coupling buffer before
the final preparation step. The PEG-Coenzyme A surfaces and levers were functionalized with the protein
of interest via Sfp phosphopantetheinyl transferase mediated coupling.[4] The glass slides and cantilevers
were rinsed and then stored in measurement buffer before the SMFS experiment (25 mM TRIS, 72mM
NaCl, 1mM CaCly, pH 7.2).

SMFS Measurement

Single molecule force spectroscopy was performed on a home build TIRF-AFM.[10] The deflection of the
cantilever was measured using a deflected laser beam. The setup was equipped with a MFP3D controller
(Asylum Research, USA) and the measurement software was programmed in Igor Pro 6 (Wavemetrics,
USA). For each force distance curve, the cantilever was brought into contact with the sample surface and
was then retracted with constant speed of 1600 nm/s. After each curve, the surface was displaced below
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the cantilever in order to assess a new spot. The cantilever was calibrated in a two step procedure. First
the Inverse Optical Cantilever Sensitivity (InvOLS) of the cantilevers was determined from the slope of 30
indentation curves. Second the cantilever spring constant was calibrated using the method described by
Hutter.[11] TIR illumination was used for switching of the Dronpa domains, which restricted the excitation
to a volume within 100 nm above the sample surface. A glucose oxidase based oxygen scavenging system
(25 U/ml glucoseoxidase, 1700 U/ml catalase and 0.6% w/v glucose) was used in order to prevent
bleaching of the Dronpa domains.

Data Analysis

Force extension curves were processed and filtered in a semi-automated way.[1] Drift compensation and
peak identification was done for all curves with a tip sample interaction. The contour length increments of
individual unfolding events were determined with the WLC model using a persistence length of 0.4 nm.[12]
It has to be noted that the WLC model was only applied for forces up to 150 pN, which was sufficient
for the present study. Specific curves, i.e. curves with a single tip sample interaction, were identified by
selecting the ones that showed the characteristic rupture signature between the X module type Ill dockerin

handle and the cohesin pulling domain[7] as well as the pdDronpal.2 specific peak.
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4.5 Different vinculin binding sites use the same mechanism
to regulate directional force transduction

Vinculin couples between cytoskeleton and adhesion receptors in adhesion com-
plexes like focal adhesions and adherence junctions. Thereby vinculin mediates,
transmits and regulates mechanical forces between the coupled proteins. The
structure of vinculin is subdivided in an N-terminal head domain (VH) and
a C-terminal tail domain (VT). In the closed inactive conformation both do-
mains are interacting with each other. This inhibition can be overcome by
interactions with talin or PIP5 resulting in an active open conformation.

Proteins at adhesions like talin offer vinculin binding sites (VBSs). These
are conserved helical motifs that allow association with the VH. Here the me-
chanical stability of the VBS:VH complexes is probed by pulling VBS peptides
derived from talin, a-actinin and Shigella IpaA out of the VH.

Both AFM-based SMFS pulling data and MD simulations reveal higher
unbinding forces for shear-like than for zipper-like pulling. In a physiologi-
cal picture this would support the hypothesis of preferential force orientations
caused by shear-like geometries. This would explicitly reinforce structures of
cytoskeleton filaments in shear-like pulling geometries. The VBS:VH interac-
tion can be fine tuned by conformational changes caused in VH or changes in
the VBS sequence. The interaction between VBS:VH represents a mechanosen-
sitive logic gate that converts the inputs of force and pulling direction into a
specific structural arrangement of adhesion complexes. Details can be found in
the following publication.

Carleen Kluger, Lukas Braun, Steffen M. Sedlak, Diana A. Pippig, Magnus S.
Bauer, Ken Miller, Lukas F. Milles, Hermann E. Gaub, and V. Vogel.
Different Vinculin binding sites use the same mechanism to regulate
directional force transduction. Biophysical Journal, 118(6):1344-1356, 2020.
ISSN 0006-3495. doi: 10.1016/j.bpj.2019.12.042

Reprinted under the terms of the Creative Commons Attribution License
(CC BY-NC-ND 4.0,
https://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABSTRACT Vinculinis a universal adaptor protein that transiently reinforces the mechanical stability of adhesion complexes. It
stabilizes mechanical connections that cells establish between the actomyosin cytoskeleton and the extracellular matrix via in-
tegrins or to neighboring cells via cadherins, yet little is known regarding its mechanical design. Vinculin binding sites (VBSs)
from different nonhomologous actin-binding proteins use conserved helical motifs to associate with the vinculin head domain.
We studied the mechanical stability of such complexes by pulling VBS peptides derived from talin, a-actinin, and Shigella
IpaA out of the vinculin head domain. Experimental data from atomic force microscopy single-molecule force spectroscopy
and steered molecular dynamics (SMD) simulations both revealed greater mechanical stability of the complex for shear-like
than for zipper-like pulling configurations. This suggests that reinforcement occurs along preferential force directions, thus sta-
bilizing those cytoskeletal filament architectures that result in shear-like pulling geometries. Large force-induced conformational
changes in the vinculin head domain, as well as protein-specific fine-tuning of the VBS sequence, including sequence inversion,
allow for an even more nuanced force response.

SIGNIFICANCE The cytoskeleton is known to realign along major force-bearing cell axes, which increases cell
contractility. Our data suggest not only that vinculin transiently reinforces critical linkages of the cytoskeleton to various
adhesion hub proteins, as previously thought, but also that the geometry by which the forces are applied to the vinculin
complexes tunes the mechanical stability such that shear-like pulling geometries outcompete other interactions. By acting
as a mechanosensitive logical gate that converts the inputs force, geometry, and magnitude into distinct structural outputs
with potentially different biological functions.

force the connections between actin filaments and adhesion
proteins like talin, a-actinin, or a-catenin (2). All of these
proteins contain vinculin binding sites (VBSs) that are hid-
den inside mechanically labile helix bundles and are
exposed upon force-induced unfolding (Fig. 1 B; (9-13)).
Remarkably, vinculin uses the same structural mecha-
nism to bind multiple nonhomologous adhesion proteins,
which contain either one (e.g., a-actinin, «-catenin) or up

INTRODUCTION

Wherever cells form force-bearing connections between the
actin cytoskeleton and their extracellular surroundings, the
adaptor protein vinculin is present (Fig. 1 A; (1,2)). This in-
cludes structures like focal adhesions, filopodia, adherens
junctions, and immunological synapses (3-8). Although
vinculin acts as a signaling hub with a multitude of binding

partners, it is best known for its ability to physically rein-
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to 11 helical VBSs (e.g., talin) (14-16). In addition, some
pathogenic bacteria, like Shigella, have evolved invasion
proteins that mimic VBSs to hijack the contractile machin-
ery and enter into the host cell (Fig. 1 A; (17)). So far, more
than 70 confirmed and putative VBSs of different affinity
have been described and can be aligned to a consensus
sequence, as shown in Table S1 (15). X-ray crystallography
revealed that the first domain of vinculin head (Vd1) binds

Biophysical Journal 118, 1-13, March 24, 2020 1
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FIGURE 1

Interaction of vinculin with vinculin binding sites (VBS) in different adhesion structures. (A) Vinculin can be recruited to multiple proteins in

cellular structures, which are associated with adhesions or the cytoskeleton. (B) VBS of proteins like talin, -actinin, or a-catenin are not accessible when
their ABD is not engaged to the F-actin cytoskeleton. F-Actin binding and force-induced unfolding of helical domains exposes the VBS. VBS binding ac-
tivates vinculin by triggering the release of its head from the tail domain. The free vinculin tail can then either engage with the F-actin cytoskeleton or bind to
PIP,-enriched membranes. Thus, a multitude of relative pulling directions between strain gauge proteins and vinculin are possible. (C) Vinculin head domain
1 (Vd1) consists of seven a-helices arranged in two four-helix bundles (Vdla and Vd1b) with a shared long helix (H4). VBSs are short (20-24 aa) a-helical
peptides, which insert into upper subdomain Vdla in a mechanism called helical bundle conversion. To see this figure in color, go online.

to these VBSs using a mechanism termed helical bundle
conversion (14). Insertion of the amphipathic VBS helix
into the N-terminal part of Vd1 converts it from a mono-
meric four-helix to a heterodimeric five-helix bundle
(Fig. 1 C). It has been shown that differences in the VBS
sequence tune affinity to vinculin and can also influence
the mechanical stability of the helical bundles in which
they reside (18). However, it is not clear whether and how
strongly the mechanical stability of the vinculin-VBS
connection itself can be tuned by VBS sequence.

By use of molecular tension sensors, it has been demon-
strated that piconewton (pN) mechanical forces are trans-
mitted across focal adhesion components like vinculin and
VBS-containing proteins such as talin or «-actinin (19—
22). However, tension sensors are not able to resolve molec-
ular details of force transmission and only report average
force over a large ensemble of molecules. Because both vin-
culin and the VBS-containing proteins possess actin binding
domains (ABDs), it is possible that they interact with
F-actin filaments of different relative orientations. Further-
more, they are subjected to interactions with additional

2 Biophysical Journal 118, 1-13, March 24, 2020

binding partners, including paxillin, VASP, Arp2/3, or com-
ponents of the plasma membrane, like phosphatidylinositol
4,5-bisphosphate (Fig. 1 B; (2)). This gives rise to a multi-
tude of different force loading directions of vinculin relative
to the VBSs (Fig. 1 B). Although exposure of cryptic VBSs
has been studied in detail, little is known about the mechan-
ical stability of the vinculin-VBS complex, and even less is
known about how it might be influenced by pulling
geometry.

The strongest hint that the direction of force transduction
across the vinculin-VBS complex plays an important role is
suggested by its binding to talin versus a-actinin: in contrast
to all other VBSs, the VBS of «-actinin only matches the
consensus sequence when it is read in the reverse direction.
X-ray crystallography confirmed that the C- and N-termini
are indeed inverted in the crystal structure (16). This
reversal in VBS binding site orientation comes along with
an inverted domain organization: although the other VBS-
containing proteins are anchored at their N-terminus
(FERM domain in talin, N-domain in a-catenin) and bind
to F-actin with their C-terminus (23,24), «-actinin has an
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N-terminal ABD, and its C-terminal EF-hand domains are
putative anchor points (11). The flipped VBS polarity allows
vinculin to assume the same orientation relative to the
anchor point and the ABD, suggesting that there is high
selection pressure on maintaining this configuration and,
thus, a defined force transduction pathway.

This directly leads to the question of whether VBS orien-
tation indeed causes differences in force transduction across
the vinculin-VBS complex.

Thus, to probe the mechanical response of the vinculin-
VBS complex, we combined data from single-molecule force
spectroscopy (SMFS) measurements performed with the
atomic force microscopy (AFM) and all-atom steered molec-
ular dynamics (SMD) simulations. The setups for experiment
and simulations are designed to be as similar as possible:
in both cases, the first vinculin head domain is fixed at its
C-terminus and binds to VBS peptides, which are pulled at
a constant velocity either via their N- or C-terminus. For
each VBS, this results in two different pulling geometries
(Fig. 1 D). Thus, we can compare the forces at which the
vinculin-VBS complex ruptures when it is subjected to
mechanical force in two different directions. Together, the
different time- and length-scales of experiment and simula-
tion enable us to determine the molecular mechanisms that
underlie the rupture of the complex.

MATERIALS AND METHODS

Selecting VBS from talin, Shigella IpaA, and
a-actinin for detailed analysis

To gain a better overview of VBS sequences, we aligned 75 different
VBSs from nine different proteins, which have been reported in the liter-
ature (Table S1). We chose talin VBS58 (talin residues 2345-2369, Talin
Gene Bank: AAF23322.1) for our analysis, which had shown a strong
interaction in a SPOT-peptide assay (15) and is located in the highly
conserved part of the C-terminal I/LWEQ or THATCH region of talin
(25). Talin VBS58 is located in the atypical 5-helix bundle R13, which
can bind actin. However, it remains under discussion whether this VBS
is actually involved in vinculin binding in vivo (26). Talin VBS11 (talin
residues 820-843) is located in the third rod bundle (R3) (27), which is a
structurally labile 4-helix bundle and thus is likely to unfold early after
the onset of force application to talin (28). R13 and R3 are located on
opposite ends of the talin rod and therefore belong to different focal
adhesion (FA) layers. Although R13 mostly resides in the force trans-
ducing layer and actin regulatory layer (29,30), R3 is in close proximity
to the cell membrane. This exposes them to a different pool of interac-
tion partners. Among the various bacterial interactors of vinculin, we
decided for a binding site of the Shigella invasin IpaA (VBSIpaAl:
IpaA residues 611-632), for which high affinity to both full-length vin-
culin and the first vinculin head domain has been reported (17).
Recently, the dual role of IpaA VBS3 as a talin and vinculin binding
site was described, opening up new possible mechanisms of linking talin
and vinculin via IpaA (31). Instead of only activating vinculin or block-
ing Vdl interaction with talin, IpaA could also have a role in mechano-
transduction by modulating the relative pulling directions of talin and
vinculin. In comparison with all other VBSs, the VBS of «-actinin
(VBSaAct: a-actinin residues 741-764) binds the Vd1 helix bundle in
an inverted orientation. This makes it an interesting target to understand
the directional dependence of VBS-VdI interaction.

Mechanical Stability of the Vinculin-VBS Complex

Generation of proteins and design of peptides

To generate constructs of Vdl, the first 258 amino acids (aa) of vinculin
were cloned into pET28 vectors (Novagen, EMD Millipore, Billerica) con-
taining an N-terminal polyhistidine tag (6xHis) and a PreScission (PreSc)
cleavage site using standard restriction enzyme cloning. Vd1 domain was
flanked by StrepTag II (SII, WSHPQFEK) and ybbR tag (DSLEFIASKLA)
at the opposite ends in both orientations (ypbR—Vd1-SII, SII-Vd1-ybbR).
To ensure flexibility, 4-aa GSGS linkers were inserted between domain and
tags. For full sequences, please refer to the Supporting Material. For VBS
constructs used in isothermal titration calorimetry (ITC) and Native poly-
acrylamide gel electrophoresis, DNA oligonucleotides of around 100-120
basepairs including the VBS sequence and suitable restriction enzyme cut-
ting sites (Nhel/Xhol for N-terminal ybbR tag) were purchased (MWG
Eurofins, Ebersberg, Germany). DNA strands of two opposing directions
were heated up to 95°C for 5 min and cooled down to room temperature
before being cut with corresponding restriction enzymes. The Dictyoste-
lium discoideum fourth filamin domain (ddFLN4) was inserted between
the ybbR tag and VBS flanked by GSGS linker to generate ybbR-—
ddFLN4-VBS. For protein expression, DNA constructs were transfected
into Escherichia coli BL21(DE3)-CodonPlus cells, grown overnight at
37°C, and induced with 0.2 mM isopropyl §-d-1-thiogalactopyranoside at
OD 0.8 (600 nm). After 16 h at 18°C, cells were resuspended in lysis bufter
(phosphate-buffered saline (PBS), 10 mM imidazole supplemented with
10 pug/mL DNase and 100 ug/mL lysozyme), sonicated (3 X 5 min), and
centrifuged down for 30 min at 40,000 g. Lysates were filtered (0.45-um
followed by 0.22-um filter) and loaded onto a HisTrap Ni Sepharose Col-
umn (GE Healthcare) for purification via the 6xHis tag. Equilibration and
washing steps (PBS with 10 mM imidazole) were followed by elution
(PBS with 250 mM imidazole) into 1-mL fractions, which were analyzed
by gel electrophoresis. For storage at —80°C, the proteins were dialyzed
overnight at 4°C against PBS containing 5% glycerol and were shock
frozen in liquid nitrogen. Chromatography-purified VBS peptides of
22 aa in length were purchased (peptides&elephants, Henningsdorf,
Germany). Each peptide was flanked at both ends with a GSGS linker
and contained an N- or C-terminal cysteine residue (C-GSGS-VBS-
GSGS or GSGS-VBS-GSGS-C).

Attachment chemistry for AFM experiments

AFM cantilevers (Biolever Mini 40TS; Olympus, Tokyo, Japan) and glass
coverslips (diameter = 24 mm) were aminosilanized and coated with NHS-
PEG5000-Maleimide, as described in (32). Two different strategies for
immobilization were used: Sfp-mediated reaction via the ybbR tag to
NHS-PEG5000-Maleimide coated with coenzyme A and thiol-coupling
of cysteines directly to maleimide groups (33). Cantilevers coated with
NHS-PEG5000-Maleimide were directly immersed in 25-uL droplets of
0.5-1 mM VBS peptide containing C- or N-terminal cysteine residues.
For immobilization of vinculin, glass coverslips coated with NHS-
PEG5000-Maleimide were incubated for 1.5 h with 1 mM coenzyme A.
Vdl protein (50-100 uM) containing a C- or N-terminal ybbR tag was
mixed with Sfp-synthase (15 uM) and incubated for 1 h at room tempera-
ture. For preparation of surfaces, either small drops of 3 uL were pipetted
onto the glass slide or small drops of 60 uL were pipetted between a sand-
wich of two glass slides. After incubation with protein or peptide, both can-
tilevers and slides were rinsed with PBS. Glass slides were mounted into
custom-designed AFM holders, and cantilevers were immobilized on glass
cones using vacuum grease.

AFM-SMFS measurements

A custom-built AFM similar to the one described in (34) was used in the
force spectroscopy mode to measure retraction curves in a fully automated
way for different pulling velocities. If not noted otherwise, the standard
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retraction velocity was 800 nm/s. During the measurement, the cantilever
(Biolever Mini 40TS; Olympus, Tokyo, Japan) was moved by 100 nm be-
tween every approach-retraction cycle to sample different spots on the pro-
tein-coated surface. Cantilevers were calibrated after each measurement to
determine their exact stiffness (35). Data were analyzed using a custom-
written program for Python 2.7.

SMD/MD methods

The starting coordinates for the simulations were taken from the Protein
Data Bank (PDB). The crystal structures for the Vdl in complex with
TInVBS11 and TInVBS58 were only solved for the proteins derived from
chicken (cVinculin and cTalin) but both have very high sequence and struc-
tural identity to the human homologs (hVinculin and hTalin). ¢Vdl and
hVdl differ only in five positions, and most mutations are very conserva-
tive. None of them is directly involved in VBS binding, and the VBSs
themselves are completely identical between the two organisms. We
are thus confident that our results are not significantly influenced by this
choice. We truncated terminal residues to avoid increased simulation
time or system size due to unstructured regions. We used the following
four structures: c¢Vd1(1-253):cTInVBS11(821-842) PDB: 1ZVZ (15);
cVd1(1-251):cTInVBS58(2345-2365) PDB: 1ZW2 (15); hvd1(1-253):
IpaAl(611-631) PDB: 2GWW (17); hVd1(1-251):hActVBS(741-764)
PDB: 1YDI (16). The missing HI-H2 loop (residues 29-35) was modeled
with MODELER (36). The ad hoc model of full-length vinculin head-talin
VBSI11 is based on the structures of hVcl PDB: 1TR2 (37) and the Vdl-
talin VBS11 PDB: 1ZVZ (15). We first deleted the tail domain and the pro-
line-rich linker from the full-length structure. Then, we aligned the Vd1b
subdomains of both structures and replaced the unbound Vdla with the
bound form. The simulations were set up with the QwikMD plug-in
in VMD (38), and simulations were performed with NAMD2.12 (39).
The plug-in solvated the protein in TIP3P water, charges were neutral-
ized with NaCl, and the final NaCl concentration was set to 0.15 M.
Simulations were performed using a 2-fs time-step, a pressure of 1 bar,
and a temperature of 310 K, controlled with a Langevin baro- and
thermostat. Simulations were run with periodic boundary conditions and
particle mesh Ewald electrostatics. The system was first minimized for
2000 steps, then stepwise heated to 310 K over 145,000 steps, and
subsequently equilibrated for 1 ns. During minimization, annealing, and
equilibration, restraints were kept on the protein backbone atoms, with a
force constant of 2 kcal/(mol x Az)‘ For the SMD runs, the C-terminal res-
idue of VdI was restraint with a force constant of 2 kcal/(mol x Az), and a
moving restraint with a force constant of 7 kcal/(mol x AZ) was put on
either the N- or the C-terminus of the VBS depending on the pulling geom-
etry. The equilibrium position of the SMD restraint was moved with 1 A/ns
(2 A/ns for the full-length model). For the equilibrium molecular dynamics
simulations, we used the same protocol for the equilibration phase. In the
production runs, we restrained the lower part of Vdlb to avoid rotation
of the protein in the water box, which allowed us to use a smaller box
size. This is justified because we were only interested in the polar interac-
tions between Vdla and the VBS, which was not influenced by the re-
straints. Analysis was performed with in-house VMD tcl scripts and
pycontact (40).

RESULTS

Performing AFM-SMFS of the first vinculin head
domain in complex with VBS peptides

To measure dissociation of VBS from vinculin’s first head
domain under force, we employed AFM-SMFS. Short pep-
tides for talin VBS11, talin VBS5S8, «-actinin VBS, and
Shigella IpaA VBS1 were covalently attached to a cantilever

4 Biophysical Journal 118, 1-13, March 24, 2020

tip either at their C- or N-terminus via a cysteine («-actinin
only N-terminus). The first vinculin head domain VdlI (aa
1-258) was immobilized on the surface by covalent attach-
ment to polymer linkers via a ybbR tag at its C-terminus
(Fig. 2). We used a custom-built AFM (34) to approach the
surface to induce complex formation and retracted the canti-
lever at a constant velocity of 800 nm/s. Cantilever retraction
stretches the polymer linker, and the resulting force induces
protein unfolding. As all other bonds in the system are cova-
lent, the final rupture force peak in the AFM trace corre-
sponds to the rupturing of the receptor-ligand complex
Vd1-VBS.

Multiple pathways preceding rupture are seen for
C-terminal pulling of VBS from talin and Shigella
IpaAi

First, we probed Talin VBS11 and VBS58 as well as
Shigella TpaA VBS1 peptides linked to the cantilever via
their C-termini (Fig. 2 A). For this pulling geometry, our
data revealed two prominent unfolding pathways for talin
VBS58: a single peak followed by rupture of the complex
and an unfolding pattern consisting of an intermediate peak
followed by a second contour length increase of 56-58 nm,
with mean rupture forces between 45 and 60 pN (Fig. 2 A).
Dissociation of Vd1 from Shigella IpaA VBS1 occurred at
comparable forces of 45-60 pN; however, the number of
unfolding events with an intermediate step increased to
half of the events. In contrast, talin VBS11 showed almost
no direct unbinding at the length of the polymer linker
(~50 nm) but an additional unfolding pathway with two
intermediate peaks and a higher rupture force. This re-
sulted in a bimodal distribution of rupture forces, which
can be separated into a high-force (>60 pN) and low-force
(<60 pN) population (Fig. 2 A).

N-terminal pulling of VBS from talin and Shigella
IpaA leads to similar rupture forces but different
force-extension traces

To test how the relative pulling direction affects the me-
chanical stability, the N-terminus of talin VBS11 and
VBS58 or Shigella VBS IpaAl was linked to the cantilever
tip (Fig. 2 B). Although pulling these VBSs from their
C-terminus yielded clearly distinguishable two-step unfold-
ing, such events only rarely appeared when pulling VBSs
from their N-terminus (Fig. 2 B). Most traces contained
only a single extension. The mean rupture forces for the
Vd1-VBS interaction were not significantly different from
C-terminal pulling; however, the high-force populations
for VBS11 disappeared. Interestingly, a new behavior was
observed for the bacterial Shigella IpaA VBSI1, consisting
of a second peak at low (30-40 pN) forces (Fig. 2 B). In
summary, we find that forces are similar for both pulling di-
rections (Fig. 2; Table S2). However, there is a significant
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FIGURE 2 AFM-SMEFS data showing directional dependence of the Vd1-VBS complex rupture. Force-extension traces from AFM-SMFS experiments
using the first vinculin head domain (Vd1) C-terminally anchored to a polymer linker on the surface via a ybbR tag and different VBSs (talin VBS11, talin
VBSS58, IpaA VBS1), which were linked to the cantilever by a C- or N-terminal cysteine, were overlaid for representative experiments. Histogram of final
rupture forces including a Bell-Evans fit is shown below (exact values are given in Table S2). (A) C-terminal pulling direction: for all VBSs, an extension
pattern consisting of two peaks can be observed. Only talin VBS11 shows a population of high-force traces with multiple unfolding peaks. (B) N-terminal
pulling geometry: in contrast to C-terminal pulling, no double-peak events are observed in the N-terminal pulling geometry. Only IpaA VBS1 shows unfold-
ing of VdI exceeding the polymer extension length. To see this figure in color, go online.

difference in the unfolding pattern between the two geom-
etries for all VBSs.

SMD simulations reveal atomistic details of the
Vd1-VBS interaction under tension

To gain a better understanding of what causes the differences
in the unfolding trajectories between pulling directions that
we observed during AFM-SMFS experiments, we used

SMD simulations. This allowed us to obtain a more detailed
picture of the underlying conformational changes. To mimic
the conditions of the experiment, we performed constant
velocity SMD, using the crystal structures of the four Vdl1-
VBS complexes probed by AFM as starting coordinates.
Again, we restrained the C-terminus of Vd1 and pulled on
either terminus of the VBS. Restriction of the computation-
ally accessible timescale requires a much higher pulling
velocity (speed of 0.1 m/s, simulation time of 100 ns).
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Two major classes of events can be distinguished in
SMD: dissociation of VBSs from Vd1 and events in which
VBSs remained bound until the end of the simulation
time. In the latter case, the C-terminal vinculin subdomain
Vdl1b started to unfold, either from its C-terminus (helix
H7 in Fig. 1 C) or its N-terminus (helix H4b in
Fig. 1 C) (Fig. S1). Because of the high computational
cost of the simulations, we were not able extend them un-
til complete unfolding of the Vdlb subdomain takes
place, but we expect that the subdomain becomes more
and more destabilized as the unraveling proceeds. Our
simulations thus capture rupture events as seen in those
AFM force curves that show only a single peak with
events in which the VBS peptide unbinds without Vd1 un-
folding (Fig. 3, A and C; Videos S1, S2, and S3). Accord-
ingly, those with two or more peaks are attributed to
events in which Vdlb unfolds before VBS unbinding
(Fig. 3, B and D; Videos S4, S5, and S6). This is in
good agreement with the observed contour length incre-
ment of 56-58 nm between the first and the final peak

in the AFM experiment. AFM traces with more than
two maxima most likely correspond to cases in which
Vdl1b forms a stable unfolding intermediate that could
not be detected by our simulations. A deeper analysis of
the SMD results revealed that the trajectories can be
further divided into those in which the Vdla-Vdl1b inter-
face remains mostly unperturbed and those in which kink-
ing of the helix H4 leads to a large relative reorientation
of the two subdomains (Fig. 3). Once the complex is in
this kinked conformation, the VBS peptide is seen to
either unbind or remain bound while Vdl1b starts to un-
ravel. Results from the simulations are in good agreement
with experimental observations—namely, that N-terminal
pulling favors direct unbinding—whereas a substantial
proportion of trajectories shows Vdlb unfolding for
C-terminal pulling (Fig. 2; Fig. S1). Whereas N-terminal
pulling allows the VBS turn-by-turn to be peeled off in
a zipper-like fashion (Video S3), C-terminal pulling re-
quires the movement of residues along the binding groove
in a more shear-like fashion (Video S1).

A B )
Vd1b unfolding /ii’
Vdia-Vd1b Co Vd1a—Vd1t\>\
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unbinding unfoldlng
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FIGURE 3 Direct unbinding of the vinculin binding peptide (green) from the vinculin head domain or prior unfolding of its Vd1b subdomain (shades of
blue). (A) Direct unbinding of the Vd1-VBS complex is observed in experiments and simulations for both pulling directions. SMD simulations suggest that
unbinding can occur before or after reorientation of Vd1 subdomains. (B) SMD simulations observe more events for unfolding of the Vd1b subdomain for
shear-like pulling. During SMFS experiments, the prominent double-peak unfolding with a contour length increment of 56-58 nm is only observed for the
shear-like pulling geometry (C-terminal for talin VBS and IpaA VBS1, N-terminal for the inverted VBS present in «-actinin). To see this figure in color, go
online.
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The mechanical stability of the Vd1-VBS complex
is independent of helix backbone orientation

Next, we wanted to understand whether the mechanical
anisotropy depends on orientation of the helix backbone.
To this end, we generated a construct using the VBS of
a-actinin for which the position of N- and C-terminus in
the crystal structure is inverted. During AFM measure-
ments, we observed the typical two-step unfolding for
N-terminal shear-like pulling, which all other VBSs
showed upon C-terminal shear-like pulling. SMD simula-
tions revealed a higher stability for the N-terminal pulling
of a-actinin with no unbinding events. In contrast, the
C-terminal zipper-like pulling configuration of «-actinin
VBSs showed unbinding in 8 out of 10 simulations. This
demonstrates, that «-sctinin VBSs indeed act like an in-
verted talin VBS (Figs. S1, D and H and S2). Thus, the me-
chanical anisotropy between zipper-like and shear-like
geometries can exist independently of helix backbone
orientation.

Mechanical Stability of the Vinculin-VBS Complex

Structural details explain directional anisotropy
for Vd1-VBS unbinding

SMD revealed that VBS unbinding occurs via structurally
distinct trajectories: for shear-like pulling, the VBS helix
starts to unwind successively from the end where the force
is applied. When the Vd1-VBS complex is disrupted, this
proceeds until the VBS is either completely unfolded and
unbinds, or it unbinds while it is still partially helical
(Fig. 4 A; Video S1). In some trajectories of talin VBS58,
dissociation was preceded by a stepwise sliding of the
VBS helix within its binding groove, which led to displace-
ments of the nonpulling terminus of up to 15 A (Fig. 4 B;
Video S2). Yet depending on the type of VBS, a significant
subset of simulations did not lead to a complete unbinding,
but instead, the unfurling of the VBS helix was stalled, or
even reverted, after a few residues, and Vd1b started to un-
ravel (Fig. 4 E; Video S5). In 9 of 10 simulations for VBS11
and 5 of 10 simulations for VBS58, the helix-to-coil transi-
tion of the VBS was arrested by the formation of a short
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FIGURE 4 Atomistic details that increase the mechanical stability of the Vd1 (blue)-VBS for shear-like pulling out of the helix from the binding groove.
Representative snapshots from SMD trajectories illustrating different responses of the Vd1-VBS (full data sets: Fig. S4). Kymographs show the time evo-
lution of the secondary structure of the VBS peptide (top: N-terminus, bottom: C-terminus). Solid colors (red, yellow, orange) represent a-helical structure,
unstructured regions are depicted in gray, and pink is used for §-sheet structures. Black arrows indicate representative frames, which are shown in the upper
part of the panel. Shear-like pulling of Vd1-VBS complex can lead to direct unbinding via two mechanisms: (A) partial or complete unfurling of VBS helix
inside the binding groove and (B) stepwise sliding of the whole VBS peptide before unbinding. This leads to a shift of the complete VBS of up to 15 A0
Zipper-like pulling of Vd1-VBS can lead to direct unbinding; however, in contrast to the shear-like pulling, a turn-by-turn helix unbinding is observed. For
shear-like pulling, the following mechanisms impede unbinding: (D) stalling of VBS unfolding, in some cases combined with refolding of the helix; (E)
formation of a $-sheet between a loop in Vd1 and partially unfurled VBS; and (F) in zipper-like direction, the VBS unfolding can also get stalled at specific

amino acids (Fig. S6). To see this figure in color, go online.
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B-sheet between the H1/H2 loop and unfolded VBS residues
(Fig. 4 D; Video S4). In the zipper-like geometry, a stepwise
unfolding of whole helical turns was observed before the
VBS would eventually unbind (Fig. 4 C; Video S3). VBS
unfolding was preferentially stalled at certain amino acids
(Fig. 4 F; Fig. S3); however, the additional mechanisms to
prevent unbinding, like formation of a (B-sheet, were not
observed (Video S6). To investigate more closely how the
unfolding pathways depend on the amino acid sequence of
individual VBSs, we performed further in silico mutation
studies on talin VBS11. A detailed analysis for all simula-
tions can be found in the Supporting Material. In summary,
the unbinding mechanism of the complexes is governed by a
sophisticated interplay between bulky amino acids and
H-bonds (Fig. S3-S5).

Semiquantitative comparison of mechanical
stability of Vd1-VBS complexes

Surprisingly, our AFM data showed that the rupture forces
needed to dissociate the Vd1-VBS complex did not differ
greatly between zipper-like and shear-like geometry.
However, we did observe differences in the ratio of direct
unbinding versus unbinding after vinculin Vd1 unfolding,
both between different VBS sequences and, even more pro-
nounced, between pulling geometries. The zipper geometry
generally favored direct unbinding, whereas both processes
occurred in the shear geometry (Figs. 2 and 3). This compe-
tition between the pathways suggests that their force distri-
butions are overlapping in our pulling velocities, which
biases the measured forces, as described in (41). As a
result, we observe more direct unbinding events the smaller
the mean rupture force is, compared to the unfolding force
of Vd1b and vice versa (Fig. S3). The ratio of unfolding to
direct unbinding (UF/UB) derived from AFM experiments
can thus be used to compare the mechanical stability of the
complexes semiquantitatively. For shear-like pulling, both
AFM experiments and simulations suggest that talin
VBS58 (UF/UB = 0.4) forms the least stable complex
and that talin VBS11 (UF/UB = 2) forms the most stable
complex. The stability of IpaA VBS1 (UF/UB = 1) is
in an intermediate regime. In the zipper-like pulling geom-
etry, the two tested talin VBSs unbind easily (UF/UB = 0),
whereas IpaA VBSI1 binds stably, and Vd1 always unfolds
before unbinding. Because we observed no relationship be-
tween the mechanical stability and the equilibrium affinity
of the VBS for Vd1 (Fig. 2; Fig. S7), the distribution of vin-
culin within adhesions can be fine-tuned by an intricate
combination of the mechanical stability of VBS-containing
domains, the affinities of the exposed VBSs for vinculin,
and the loading geometries of the VdI-VBS linkages.
The simple UF/UB criterion suggests that talin VBSs
bind more stably in the shear-like compared with the
zipper-like geometry. However, a direct comparison be-
tween pulling geometries is only possible when Vd1b un-

8 Biophysical Journal 1718, 1-13, March 24, 2020

folds at the same forces in both configurations. From
Fig. 2, it becomes apparent that this is not necessarily the
case because force is applied once antiparallelly (shear)
and once perpendicularly (zipper) to the long axis of the he-
lix bundle.

The anisotropic force response is recapitulated
using full-length vinculin head

Because this issue is difficult to address experimentally and
because force transmission through the C-terminus of Vdl
is artificially introduced through the design of our truncated
model system, we extended our in silico approach to the
much bigger complex in which a VBS helix is bound to
the full-length vinculin head. This setup leads to a very
similar force geometry but a different force transduction
pathway (Fig. 5). By combining the crystal structures of vin-
culin and the Vd1-TalinVBS11 complex, we created an ad

A Shear-like pulling

Vd1 unfolding

5/10 simulations L

5/10 simulations

Interface
rupture

5/10 simulations P
|

nterface
rupture

FIGURE 5 Simulation of full-length vinculin head for shear- and zipper-
like pulling of talin VBS11. (A) When Talin VBS11 is pulled out of the vin-
culin binding groove by applying force to its C-terminus in a shear-like
configuration, major conformational changes of vinculin can be observed:
extension of the vinculin head domains, which leads to a kinking of the
Vdla-Vd1b interface, the rupture of the Vd1-Vd3 interface, and partial un-
folding of helices in the vinculin head. (B) In the zipper-like geometry,
when pulling on its N-terminus, talin VBS11 can unbind from the vinculin
head without prior extension. When the talin helix remains bound, it in-
duces extension of the vinculin head by rearrangements of vinculin subdo-
mains. To see this figure in color, go online.
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hoc model of the vinculin head-TalinVBS11 complex (see
Materials and Methods). VBS11 was chosen as a binding
partner for closer investigation because it shows the biggest
difference in its geometry-dependent force response, both in
the experiments and in the simulations. Indeed, we were
able to reproduce a differential stability for the two geome-
tries. In accordance with our semiquantitative model, we
again observed more direct unbinding for the zipper-like
geometry (5/10 simulations) than for shear-like pulling
(0/10 simulations) (Fig. 5; Videos S7 and S10). Moreover,
the kinking between Vdla and Vd1b as a response to force
occurred again in some cases.

The full-length vinculin head responds to VBS
helix pulling by rupture of the Vd1-Vd3 interface
and major rearrangement of its subdomains

The simulation of the full-length vinculin head led us to
another striking observation. Besides Vd1 unfolding, we
frequently saw the rupture of the Vd1-Vd3 interface, leading
to a large, force-induced reorganization and extension of
vinculin head of up to 8 nm (Fig. 5; Videos S8 and S9).
This conformational change is solely driven by rearrange-
ment of the head domains and requires no unfolding thereof.
For both shear- and zipper-like pulling, vinculin extended in
half of the cases (5/10 simulations). In contrast, further sim-
ulations suggest that the Vd1-Vd3 interface remains intact
when force is applied parallel to the VBS (Fig. S8), adding
an additional layer of directional sensitivity to the force
response of the Vh-VBS complex. Vd1 and Vd3 are con-
nected by a hinge-like interface that zips open relatively
easily for both force geometries shown in Fig. 5. In contrast,
when the force is applied parallel to the VBS, the Vd1-Vd3
interface is loaded in a shear geometry, and the two domains
remain connected (Fig. S8).

DISCUSSION

Understanding the molecular force response of vinculin
with atomistic-level structural detail is an essential mile-
stone on the way to a full description of force transmission
through adhesion sites because it serves as a central
connector that interacts with numerous competing binding
partners and assumes multiple roles in different adhesion
types (1,2). After the discovery by Huang et al. that vincu-
lin’s tail domain forms a directionally asymmetric catch
bond with F-actin (42), we were able to expand the picture
by showing that the vinculin-head-VBS interaction also ex-
hibits anisotropic mechanical stability. We found that force
application in a zipper-like (N-terminal) pulling geometry is
associated with increased dissociation of the VBS, whereas
the complex is more stable in the shear-like (C-terminal)
pulling geometry (Figs. 2 and 5). Furthermore, our data sug-
gest that intramolecular interfaces within vinculin head are
also sensitive to force direction and that their rupture can

Mechanical Stability of the Vinculin-VBS Complex

trigger large conformational changes (Fig. 5). This furthers
the notion that vinculin is not only a passive force transduc-
tion unit but can rather sense force direction and modulate
the interaction with its binding partners accordingly.

Simulations performed by Huang et al. suggest that the
anisotropy in the mechanical stability of the vinculin-actin
connection strongly biases the polarity distribution of actin
filaments undergoing retrograde flow (42). Based on our
findings, we further propose that vinculin can not only
detect and modulate filament polarity with its tail domain
but also sense relative filament orientation with its head
domain. This could be especially relevant in nascent adhe-
sions, emerging at the leading edge of the cell in the lamel-
lipodium. Because actin fibers in this region are highly
unaligned (43), vinculin and, e.g., talin can interact with fil-
aments pointing in different directions (Fig. 6 A). Our data
suggest that such a configuration results in zipper-like pull-
ing, leading to faster dissociation of the complex (Fig. 6 A).
In mature adhesions, most vinculin is presumably pulled
along the direction of talin, leading to a loading of the
VBS in a shear geometry, albeit in the opposite direction
than in our experiments (Fig. 6 C; (8)). However, it is likely
that the complex is also stable in this direction, allowing
vinculin to reinforce the link between talin and F-actin effi-
ciently (Fig. 6 C). Indeed, a recent study shows that the ten-
sion across talin correlates with the alignment of actin
filaments: high tension is only observed in regions of paral-
lel F-actin bundles, whereas areas of reduced tension across
talin show a decrease in filament alignment (44).

The high spatiotemporal resolution of atomistic SMD
simulations gave us insights into the structural mechanisms
that govern the differences in stability. Whereas the domains
of transmembrane adhesion receptor families like cadherins
or integrins are dominated by $-sheet folds, the intracellular
adhesion protein families examined in this study are mostly
a-helical. In B-sheet proteins, the number of backbone
hydrogen bonds that need to be broken simultaneously reg-
ulates the differences in unfolding strength of shear versus
zipper geometry. In this case, a clear force hierarchy with
high forces for shear and low forces for zipper arrangement
has been reported (45,46). In contrast, unbinding of the
a-helical vinculin-VBS complex is mediated by side chain
interactions stabilizing the helix bundles. In the shear-like
geometry, residues experience high friction as they get
pulled along and eventually out of the groove (Fig. 4, A,
B, D, and E). We found that mechanical strength in this ge-
ometry is modulated by complex synergies of hydrophobic
and polar contacts, which vary between VBSs. A recent
study has shown that these interactions stabilize the helical
conformation of the VBS so strongly that vinculin binding
can trigger a coil-to-helix transition in mechanically over-
stretched talin (47). Interestingly, we can partially observe
this process in our simulations when we see refolding of
the VBS in the binding groove under load (Fig. 4 D). In
contrast, in the zipper-like configuration, the force acts
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FIGURE 6 Possible force responses of the vinculin-VBS complex to different pulling geometries in the cell. (A) Zipper-like pulling of the vinculin-VBS
complex arises when actin fibers are not aligned (e.g., in the lamellipodium). This results in a configuration in which both the Vd1-VBS and the Vd1-Vd3
interfaces are destabilized. This should ultimately lead to increased dissociation of vinculin from the VBS, with a subpopulation of the vinculin molecules
extending before unbinding. (B) Vinculin tail can bind to PIP,, paxillin, or F-actin. The linker region can also interact with other proteins, like VASP or
Arp2/3. This can result in shear-like pulling, which stabilizes the vinculin-VBS interface and promotes extension of vinculin head upon force application.
(C) Engagement to parallel actin fibers results again in a shear-like loading of the Vd1-VBS interface that is presumably stable under force; the same is true
for the Vd1-Vd3 interface. In such a configuration that might be prevalent in mature adhesions, neither unbinding nor vinculin head extension is favored. To

see this figure in color, go online.

perpendicular to the binding groove, and the residues expe-
rience less drag as they get pulled out one by one. In this ge-
ometry, unbinding is regulated mostly by the extraction of
conserved bulky hydrophobic side chains (Fig. 4, C and F;
Table S1). These different unbinding mechanisms explain
why we see a larger sequence dependence for shear-like
pulling. These differences might reflect an adaptation to
the distinct mechanical challenges that each VBS experi-
ences. For example, talin VBS11, which formed the most
stable complex, is exposed early in adhesion formation,
possibly even before talin extension (48,49). It is thus
tempting to speculate that the exceptional stability of talin
VBS11 is a mechanism to stabilize talin’s membrane attach-
ment in very early adhesions (Fig. 6 C; (23)). Intriguingly,
deletion of vinculin leads to a reduced number of nascent
adhesions in the lamellipodium (50). On the other hand, a

10 Biophysical Journal 118, 1-13, March 24, 2020

recent study that challenges the physiological vinculin bind-
ing activity of talin VBS58 could explain its low mechanical
stability (26). If this VBS is not engaged to vinculin in vivo,
there is no need to evolve high mechanical stability.
Although the measured rupture forces of 45-60 pN
exceed the tension that adhesion molecules experience un-
der physiological conditions, it is important to note that
forces derived from AFM-SMFS measurements and SMD
simulations cannot be directly related to forces under phys-
iological conditions because of the higher pulling speed
(AFM = 800 nm/s, SMD = 0.1 m/s, in vivo = 50-
100 nm/s (51)). Extrapolation of rupture forces with the
Bell-Evans model (52) to lower loading rates for the IpaA
VBS1-Vd1 complex suggests that under physiological con-
ditions, unbinding occurs already between 20 and 30 pN
(Fig. S9). Even though these forces are still higher than
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those reported from genetically encoded tension sensors
(19,20), the extrapolation brings the experimentally deter-
mined VBS unbinding and unfolding forces in the same
force range as reported for the more stable talin bundles
(53). Further unraveling of talin could thus act as a force
buffer that competes with vinculin unbinding. So far, no
absolute upper maximum of forces occurring across vincu-
lin has been determined by means of tension sensor
measurements. These measurements average over a large
ensemble of molecules that are present at adhesion sites.
However, a subset of vinculin might still experience higher
force, especially in tissues that have to withstand high
external mechanical load. The challenges associated with
deriving force distributions from tension sensors has been
recently reviewed in (54). Furthermore, the commonly
used tension sensors might not be optimally designed
to assess forces transmitted through the vinculin head. The
fluorophores are inserted between the binding sites for
actin-binding proteins (e.g., VASP, Arp2/3) that interact
with the proline-rich linker and the tail domain (19). There-
fore, they only allow measurement of the tension between
these two points, which is not necessarily equivalent to
the tension transmitted through the vinculin-VBS interface.
This is demonstrated by the fact that the sensors still register
load on vinculin, even when its VBS binding ability is abol-
ished (55).

Our simulations of the full-length vinculin head in com-
plex with talin VBS showed that force across vinculin can
lead to large conformational changes triggered by the disso-
ciation of the interface between the first (Vd1) and the third
(Vd3) head domain. The probability of this interface rupture
is again direction dependent (Fig. 6). Interestingly the
equivalent interface in the homologous protein «-catenin
has been previously reported to be flexible and mechanically
labile (56,57). When the crystal structure of human vinculin
was first solved, the authors hypothesized that the release of
the tail domain could destabilize the compact conformation
of the head domain even in the absence of force (57). Our
data suggest that, once vinculin is under tension, the equilib-
rium shifts even further toward a more open, elongated state.
The recently published structure of full-length talin suggests
an analogous mechanism for the transition from its compact,
autoinhibited conformation to its fully extended form (48).
We want to bring forward two hypotheses for the biological
function of vinculin head extension. First, it might be a
mechanism to protect the bond to the VBS from large force
fluctuations, preventing undesired mechanical failure of the
cell anchorage, as previously shown for the uncoiling of
fimbriae extending the lifetime of the FimH-Mannose catch
bond (58). Second, vinculin, like other force-bearing adhe-
sion proteins, might act as a direction-dependent mechano-
chemical signaling switch (59). This implies that tension
either opens cryptic binding sites or prevents interactions
with certain binding partners. An example for the latter
would be the intramolecular interaction with its tail domain.

Mechanical Stability of the Vinculin-VBS Complex

In the closed conformation, the tail domain binds to almost
all domains of the head simultaneously, which is not
possible in the extended conformation of the head. Vinculin
head extension should destroy this multivalent binding
motif and thus reduce the head-tail affinity. On the other
hand, mechanoenhanced binding of MAPKI1 to the vinculin
head has been recently reported (60,61). However, we want
to point out that our observations are derived from an ad hoc
model of the Vh-VBS complex. The results should thus not
be treated as precise structural models but should rather
motivate to explore the structural plasticity of the vinculin
head experimentally in the future.

CONCLUSIONS

Our combined AFM and SMD simulation studies provide
fundamentally new insights into the mechanical design of
vinculin in complex with its binding partners. We suggest
new mechanisms for how vinculin can act as a mechanosen-
sitive logical gate that converts the inputs force, geometry,
and magnitude into distinct structural outputs with poten-
tially different biological function. We have depicted three
possible outcomes for a simple system consisting of vincu-
lin, a VBS-bearing protein, and F-actin in Fig. 6. The out-
puts are not to be understood as deterministic but rather
probabilistic and will most likely further depend on the
exact angle between the VBS and the pulling direction.
The force response gets even more complicated if the direc-
tionally asymmetric catch bond between vinculin tail and
F-actin is taken into account (42). Even though our reduced
model system does not do justice to the vast complexity that
arises in actual adhesion sites, our work offers a new
perspective on force transduction through vinculin that
will inspire further studies in the future.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.12.042.
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Supplementary Text

Talin VBS11 and VBS58 is outcompeted by Shigella Invasin IpaA1 under equilibrium conditions.
To understand how Vd1 interacts with VBS from Talin and IpaA in absence of force, we studied binding
affinity under equilibrium conditions. Isothermal titration calorimetry (ITC) revealed higher affinity of Vd1
for Talin VBS58 (34 +/- 6 nM) than for Talin VBS11 (304 +/- 63 nM). The affinity of Vd1 for the bacterial
binding site from Shigella IpaA VBS1 (4.9 +/- 0.9 nM) was even higher, than for both Talin VBS (Fig.
S7A). To test whether VBS are able to displace each other from pre-formed Vd1:VBS complexes, we
incubated them at defined ratios and analyzed binding by Native Polyacrylamide Gel Electrophoresis
(Fig. S7). We found that Talin VBS58 displaces Talin VBS11 from its Vinculin bound state. The bacterial
Shigella lpaA VBS1 completely displaces both Talin VBS and is resistant to their addition (Fig. S7).
Thus, affinity of VBS spans two orders of magnitude and is important for competition between VBS for

Vinculin binding.

Detailed description of MD Simulation data for different pulling geometries. We were able to

confirm the most important experimental findings in our simulations. While the shear-like pulling
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geometry, like in the experiments, disfavored direct unbinding in general, the degree to which it does so
depends on the VBS sequence. In contrast to all other tested sites, Talin VBS11 showed no direct
unbinding events for shear-like pulling in the experiment and neither did it in the simulations. However,
in 3/10 simulations Talin VBS11 unfolded to about the middle of the helix (Fig. S1 A, Fig. S3 A).
Moreover, partially unfolded Talin VBS11 showed a high propensity to form a pB-sheet with the H1/H2
loop (9/10 simulations) (Fig. S1 A). In contrast to that, Talin VBS58 exhibited both in experiment and
simulation the highest ratio of direct unbinding vs. prior unfolding. 4 out of 10 trajectories show complete
unbinding and, in all simulations, the VBS lost 50% or more of its helical structure (Fig. S1 B, Fig. S3
B). The mechanical lability is also reflected by the high incidence of sliding events compared to the other
tested sites. VBS58 formed a B-sheet in 5/10 simulations (Fig. S1 B). For the other two tested sites,
IpaA VBS1 and a-Actinin VBS, experiment and simulation are less in agreement. While the experiments
suggest a probability of about 50% for direct unbinding, the simulation showed a strong bias towards
prior Vd1 unfolding. In IpaA VBS1 2 out of 10 simulations showed VBS unfolding of more than 50% but
no complete unbinding, while VBS unraveling stalled in the first third of the helix for the rest of the
trajectories (Fig. S1 C, Fig. S3 C). For a-Actinin VBS none of the 10 simulations showed a direct
unbinding event or even VBS unfolding beyond ~30% (Fig. S1 D, Fig. S3 D). For neither of the two sites
significant B-sheet formation was observed (Fig. S1 C-D). The simulations in the zipper-like pulling
geometry produced more direct unbinding events for all tested VBS. However, we still observed
substantial Vd1b unfolding. Talin VBS11 was the most stable one with 4 of 10 simulations that did not
show any VBS unbinding, 2 unfolded to 30-40%, 1 to more than 50% and 3 unbound completely (Fig.
S1E, Fig. S3 E). Talin VBS58 was again the most labile, with 8 of 10 trajectories that showed complete
unbinding, 1 unfolded to ~30% and 1 showed no VBS unfolding (Fig. S1 F, Fig. S3 F). IpaA VBS1 was
the only tested site that was bound stably enough to induce partial unfolding of Vd1 in the experiments.
However, in the simulations it behaved less stable than Talin VBS11, with 5 of 10 simulations that
showed complete unbinding, 2 unfolding to ~50% and 3 showing no unfolding (Fig. S1 G, Fig. S3 G). a-
Actinin VBS was also rather labile in this force geometry, with 5 of 10 simulations unbinding completely,
3 unfolding to more than 50% and 2 showing no unfolding (Fig. S1 H, Fig. S3 H). This indicates that o-

Actinin VBS behaves like the other VBS despite its inverted sequence and binding orientation.

Detailed analysis of amino acid residues which regulate the mechanical stability of VBS. Next,
we set out to determine the molecular basis for the sequence dependence of the mechanical stability.
To facilitate discussion of equivalent residues between different VBS we enumerate them relative to the
position they take within the binding groove. Henceforth, we will number VBS residues starting at zero
with the conserved hydrophobic residue that interacts with F126vq41, €.9. M822 in Talin VBS 11. From
there we will continue in ascending order towards the C-terminus of all non-a-Actinin VBS. Residues
preceding O will get a negative number (Table S1). For a-Actinin we will follow the direction of the
inverted sequence. As has been shown in the past by X-ray crystallography and sequence alignment,
VBS have a set of mostly bulkier and hydrophobic, residues in conserved positions that insert deeply
into the binding groove of Vd1 (23). They come in pairs every full- and as single amino acids every half-
heptad repeat (VBS positions 0,1, 4, 7, 8, 11, 14, 15 and 18) (Table S1, Fig. S5). It is very likely that the
tight interactions of these residues with Vinculin contribute substantially to the mechanical stability of
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the complex. However, since they are fairly conserved between all VBS, it is likely that more variable
residues also play a role in the observed sequence dependency. To identify additional, more transient,
polar interactions we supplemented our steered with additional equilibrium MD simulations. For our
analysis, we only took H-bonds into account that occur in at least 10% of the frames. H-bond strength
is measured by occurrence frequency. Moreover, the strength of H-bonds formed with terminal residues
is probably overestimated because the charged termini do not occur in the full-length proteins at these
positions. We will therefore consider them only where the interaction is mainly mediated by the side
chains. The data show that the number and strength of H-bonds that each VBS forms with VVd1 differ
significantly both at zero force and under tension (Fig. S5). The only H-bond that was frequently formed
in all 4 tested sites occurs between the side chains of Q19va1 and a serine (or threonine in o-Actinin
VBS) at position 12. The VBS under investigation fell in two categories, Talin VBS11 and IpaA VBS1
form extensive H-bonds with Vd1, while Talin VBS58 and a-Actinin VBS form very few additional
interactions. The number of H-bonds could explain the high and the low mechanical stability of Talin
VBS11 and VBS58, respectively. However, it is not directly evident why the other two sites do not follow
this pattern. To understand better how individual residues contribute to the mechanical stability we
plotted the fraction of time T, (r) that each VBS residue r spends in an unfolded state, the absolute
value of the first derivative |AT,, (r)/Ar| (Fig. S3), as well as the average of both. Larger jumps in the
plots correspond to peaks in the derivative plots. This representation allowed us to identify residues
where VBS unbinding stalls frequently. For shear-like pulling the stalling points are identical with the
peak positions, for zipper-like pulling, they are shifted by +1 relative to the peak. In the shear-like pulling
geometry for Talin VSB11 we observed a sharp drop at position N16vss and a second drop at T11vss.
While T11vss, belongs of the conserved residues that insert into the binding groove, N16ves is part of
the additional polar contacts. In fact, it forms, together with Q19vaq1, the strongest H-bond in the complex
(Fig. S5 and Fig. S3 A). For Talin VBS58 no clear stalling points could be identified, instead they were
broadly distributed over the C-terminal half of the VBS helix (Fig. S3 B). For IpaA VBS1 the stalling
points were not as well defined as for Talin VBS11 but a broad peak occurred around the conserved
positions 12, 14 and 15 (Fig. S3 C). a-Actinin VBS shows a broad peak around position W18ves, a
residue that inserts very deeply into the binding groove (Fig. S5 and Fig. S3 D). In the zipper-like
geometry, the peaks are more uniform between different VBS. Talin VBS11 has sharp stalling points at
positions 0, 3, 6 and 10 (Fig. S3 E). Talin VBS58 is lacking the stalling point at 0, presumably because
we used a structure with no preceding residues. But it has two very well-defined stalling points at
positions 3 and 7 and two more diffuse ones around 10 and 13 (Fig. S3 F). IpaA VBS1 stalls sharply at
positions 0, 3, 7 and more diffusely around position 10 (Fig. S3 G). a-Actinin has sharp stalling points
at 0, 7 and diffuse ones around 10, 11 (Fig. S3 H). Interestingly, all these stalling points are at or right
before the deeply inserted, conserved residues. It thus seems like they act as “stoppers” that need to
be pulled out of the groove one by one in this force geometry before the unraveling can continue. More
work is necessary to reveal the exact mechanism, how sequence fine-tunes the mechanical stability in

this force orientation.
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Insertion of point mutations to change the mechanical stability of VBS. We wanted to see if we
are able manipulate the mechanical stability of a VBS by introducing point mutations in silico. We chose
Talin VBS11 in the shear-like (C-terminal) force geometry as a candidate because of the good
agreement between experiment and simulation. Our initial target for mutation was N8381s because of
the uniquely strong H-bond it forms with Q19va1. Since this residue marks a very sharp stalling point, we
hypothesized that this interaction might stabilize the complex. First, we performed a conservative
N83816Q mutation (Talin VBS11na). As in the wild type we observed no direct unbinding event and no
simulation showed unbinding beyond the C-terminal half of the VBS helix. There was still a major peak
at position 16 in the |AT, (r)/Ar| plots but it was much broader than in the wild type (Fig. S4A). Next, we
performed a N8381sK mutation (Talin VBS11nk) because both Talin VBS58 and IpaA VBS1 have a lysine
at this position. Again, no direct unbinding event was observed but now there was no longer a clear
stalling point at position 16 but a single very broad peak over the whole C-terminal third of the VBS helix.
No simulation unfolded beyond position 11 (Fig. S4B). By introducing a N83816A (Talin VBS11na)
mutation we abolished the possibility of hydrogen-bonding completely and for the first time we observed
an unbinding event. Moreover, the VBS tended to unfold further but most simulations still got stuck
around position 11 or earlier. From this we concluded that N838+s is crucial to stabilize the C-terminal
half of the VBS in the complex (Fig. S4C). However, the VBS remains more stable than e.g. Talin VBS58.
This binding site tends to unbind or unfold completely once its C-terminal half is unraveled. It is thus
very likely that N-terminal residues also play a role in stabilizing the complex. Possible candidates are
Q8253 and R8277 that form stable H-bonds with Vd1.

Supplementary Methods

Affinity measurements using Isothermal Titration Calorimetry

To determine the binding affinity between Vd1 and VBS calorimetric experiments were carried out on a
Malvern MicroCal ITC200 (Malvern, UK) at 25°C. We measured protein concentration for all proteins
using a NanoDrop 1000 (Thermo Scientific, Rockford, USA) and compared the absorbance to values
obtained from the Bioinformatics Portal ExPasy (www.expasy.org) (57). To prevent high oxygen
concentration and buffer mismatch, samples were desalted and exchanged to degased PBS buffer
using Zeba Spin Columns (Thermo Scientific, Rockford, USA) with 7K MWCO. Prior to the measurement
concentration was adjusted to yield 250 pl of 10-20 yM Vd1 in the measurement cell and 60 pl of
ddFLN4-VBS protein at tenfold excess concentration in the syringe.

Preparation of Native Gels

Any kD Mini-PROTEAN TGX Precast Gels (Biorad) were used for analysis of native protein
conformation and binding. A total of 8 pl protein with concentration between 10-30 uM were loaded onto
the gel and run in an SDS-free buffer. For stain-free analysis a ChemiDoc XR System (BioRad) was
used. To detect total amount of protein gels were stained overnight with Roti-Blue colloidal Coomassie
staining (Carl Roth GmbH). Image quantification was performed using ImagelLab (BioRad). For
displacement assays, Vd1 and ddFLN4-VBS were incubated for 10 min prior to addition of the competing
ddFLN4-VBS.
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Supplementary Figures 1: Kymographs for all 10 simulation replicas of each Vd1:VBS
complex in the shear like (A-D) and zipper-like (E-H) pulling geometry

Each panel (A-J) summarizes data derived from one replica. The top two subpanels depict the
time evolution of the secondary structure over the simulation time of 100 ns of Vd1 and VBS,
respectively. Solid colors represent a-helical structures in Vd1a (light blue), Vd1b (dark blue)
and VBS (yellow for Talin VBS11, orange for Talin VBS58, red for IpaA VBS1 and purple for
a-Actinin VBS), unstructured regions are depicted in white, pink is used for B-sheets. The third
subpanel shows the force (black line) and accumulated work (red line), both are averaged over
a 0.5 ns moving window. The bottom subpanel depicts the buried surface area of the VBS
averaged over a 0.5 ns moving window. Unbinding events are marked by a drop of the forces
and the buried surface area to zero and most of the time substantial loss of helical structure
for VBS.

0 20 40 60 80 100
Force [pN]

Supplementary Figure S2: Overlaid double-peaked force extension curves and rupture
force histogram for N-terminal/shear-like pulling of a-Actinin VBS. Despite its inverted
orientation a-Actinin VBS also shows both direct unbinding (not shown) and unfolding before
unbinding. The rupture forces are also similar to those of VBS with regular sequence

orientation.
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G IpaA VBS1 N- termlnaI/2|pper-I|ke

AT /At

Figure S3: Analysis of residue wise VBS unfolding depending on sequence and force
geometry. Plots of the fraction of time T,,(r) that each VBS residue r spends in an unfolded
state (leff) and the absolute value of the first derivative|AT, (r)/Ar| (right) for each simulation
(colored lines) and the mean (black solid line). Peaks in the derivative plot correspond to jumps

in the T,,(r) plots and mark points were VBS unfolding is stalled.
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Figure S4: Analysis of residue wise VBS unfolding for mutations in Talin VBS11. Talin
VBS residue N838+s (black box) was mutated to Q (A), K (B) and A (C) respectively. Plots

show the fraction of time T, (r) that each VBS residue r spends in an unfolded state (leff) and
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the absolute value of the first derivative |AT, (r)/Ar| (right) for each simulation (colored lines)
and the mean (black solid line). Peaks in the derivative plot correspond to jumps in the T, ()
plots and mark points were VBS unfolding is stalled. For comparison, the average curves for

the wild type are shown (dotted line).
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Supplementary Figure S5: Polar and hydrophobic interactions of VBS with Vd1. Overview
of the hydrophobic (gray licorice representation) and polar (colored CPK representation; green polar;
blue basic; red acidic) interactions of VBS with Vd1. The Vd1 residues that form hydrogen bonds with
the VBS are shown in Van der Waals representation. Only hydrogen bonds that occur at least 10% of
the time are considered. The sequence of each VBS is shown on the side and residues that form
hydrophobic interactions are marked with solid grey boxes, those that form hydrogen bonds with dotted
colored boxes. While the number of hydrophobic interactions is fairly conserved, the amount of hydrogen
bonds varies strongly between VBS.
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Supplementary Figures 6: Interpretation of AFM results in the presence of multiple
unfolding pathways. (A) Schematic illustration of the different possible unfolding pathways
for shear-like pulling and the associated forces. (B) Qualitatively the ratio between direct
unbinding to unfolding events depends on the overlap of their force distributions (grey area).
Assuming similar distribution widths, the overlap is proportional to the difference between the
median forces F for each process. Negative AF leads to more direct unbinding, while a positive
AF favors unfolding. Vd1:VBS complexes in the shear-like force geometry have a negative AF
that causes exclusively direct unbinding events. While in the shear-like geometry, AF can
assume a wide range of values depending on VBS sequence. It can be <0 for Talin VBS58,
~0 for IpaA VBS1 and >0 for Talin VBS11.




236

Chapter 4:

Results - Force activation and beyond

A B
== Talin VBS11 VBS11 —
0- == Talin VBs58 1 VBS58 + - o+ o+
-2-| mmmm IpaA VBS1 4 vd1 + + + + +
-4 J B
© -6 4 vd1 :
= g 1 vesss
© VBS11 ]
G310+ ]
X
-12 1 VBS58  VBS11 VBS11 VBS11
0 05 10 15 20 +\ +\ +\ +\
. —> —
Molar Ratio \
. : Vd1:VBS58  Vd1:VBS58
ST e3:014 204103 Vd1:VBS11 Vd1:VBS58
VBS58 674005 34+60 Displacement properties
VBSIpaA1 12.3+0. 49+09
P 12.320.16 VBS11 <VBS58 < VBSIpaA1
AH [kCal/Mol] Kd [nM]
C v VBS11 \ \LSSB aVBS IpaAl v \ VBS1 v \E& aVBs IpaA1 \
1:3 1:10 31 110 31 1:3 1:10 31 1:3 1:10 31 1:3 1110 31 110 31 1:3 1:10 3:1 1:3 1:10 3:1

.'Ilf-:-:g--l- - -:--g-:i.“. -

Unstained Coomassie
D VBS58: IpaA1: VBS58: IpaA:
v VBS58 IpaA1 v IpaA1 VBS58 v VBS58 IpaA1 \ IpaAl VBS58
111 13 111113 111 13 111113 111 13 T 13 111 13 11113
. - _—
Unstained Coomassie
E VBS11: VBSE8: VBS11: VBS58:
v VBS11 VBS58 v VBS58 VBS11 v VBS11 VBS58 v VBS58 VBS11

1 11 13 111 13 1 11 13 111 13 1 1113 1 113 1T 11 13 11113
y I In =

- NHEeeS Y GO
\

Unstained

Supplementary Figure S7: VBS displace each other in a Native Gel binding assay
corresponding to their affinities. (A) ITC measurements of Talin VBS11, Talin VBS58 and
Shigella IpaA1 show that binding affinities for Vinculin first head domain Vd1 range over two
orders of magnitude. Fit values for a representative ITC measurement are shown, indicating
mean value for affinity Kd and enthalpy AH. Errors represent the MSD fit error calculated for a
model with a single association rate. (B) Displacement of VBS from a pre-formed Vd1:VBS
complex analyzed by Native Page. Talin VBS58 displaces Talin VBS11 from a pre-formed
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complex with Vd1. Both Talin VBS11 and VBS58 can be displaced by Shigella VBSIpaA1 but
are not able to compete with it. (C) Binding test of Vd1 and VBS11, VBS58, VBSaAct and
VBSIpaA1. The image shows the gel before (left) and after (right) colloidal Coomassie-staining.
Vinculin Vd1 is labelled V, the VBS are labelled VBS11, VBS58, aVBS and IpaA1 respectively.
Concentration of Vd1 is held constant across all pockets at 4 uM. Vd1 and VBS are mixed at
relative concentrations 1:3, 1:10 and 3:1. (D) The first 6 lanes contain a Vinculin Vd1 reference
band, a VBS11 reference band and mixtures containing Vd1 and VBS11 at relative
concentrations 1:1 and 1:3. Pockets labelled 1:1:1 and 1:1:3 contain Vd1 and VBS11 and a
second VBS, IpaA-VBS1 which was added to the mixture after a 5-minute long incubation
period. 1:1:1 and 1:1:3 indicate the relative concentrations of Vd1, VBS11 and IpaA1. The final
6 lanes include a similar displacement test for IpaA1, where the order in which the VBS are
mixed in the final two lanes is reversed. (E) This image contains a displacement test on Talin-
VBS58 and IpaA-VBS1 that has been performed in an identical to subfigure F.

Supplementary Figure S8: Simulation of full-length Vinculin head for inverse zipper-like
pulling of Talin VBS11.

To realize this loading geometry the VBS termini were anchored and force was applied to the
C-terminus of Vinculin head. In this configuration both the Vd1:VBS and the Vd1:Vd3 interface
are loaded in a shear-like geometry. Since both interfaces are stable in these conditions,
Vinculin head initially responds by reorienting Vd1a relative to Vd1b (middle). At high
extensions Vd1 is strongly deformed, resulting in a zipper-like loading of the Vd1:Vd3 interface.
Despite this potentially destabilizing force geometry rupture of the connection between the two
domains was rarely observed (2/10 simulations). Instead, Vd4 started to unravel (8/10)

simulations (right).




238

Chapter 4: Results - Force activation and beyond

V0: 400 nm/s 945.73 +- 616.75 pN/s
Bl 3347 +-12.35 N

V1: 800 nm/s 2347.5 +- 1616.8 pN/s
5706 +. 1225 pN

5182 +-
V3: 3200 nm/s 14587.0 +- 9036.8 pN/s 0 0
B 51+ 1639 pN

100 = = 2 v2: 1600 s 5893.0 +- 3726.3 pNis
13.03pN

1)
X0=0.830 nm, k off=2.970e-02 Us 0 §

80

60 =

Force [pN]

40 =

20

102 10° 10*
Loadina Rate [bN/s1

Supplementary Figure S9: Rupture force vs. loading rate for C-terminal/shear-like
pulling of IpaA VBS1. Extrapolation of the rupture forces to lower loading rates with the Bell-

Evans model (grey dotted line) suggests that VBS unbinding occurs already between 20 and
30 pN under physiological conditions.
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Supplementary Table S1: Sequence alignment of Vinculin binding sites

Table attached as Excel sheet

Sequence alignment of putative and confirmed VBS sequences from the literature. Protein

Data Bank (PDB) Codes are given for all crystal structures.

Supplementary Table S2: AFM rupture force data

Table attached as Excel sheet

Mean force and FWHM for AFM experiments shown in Fig. 3

Movie S1

Exemplary SMD trajectory for direct unbinding in the shear-like geometry with prior
partial unfolding of the VBS (colors as in Fig.3 and Fig. 4). Top left: Detailed view of the
unbinding of VBS. Upon pulling on its C-terminus the VBS helix starts to unfold, once a
sufficient amount of the contacts with Vd1 are broken it gets pulled out of the binding groove.
Top right: Full view of the Vd1:VBS complex. In this case the p-contact between Vd1a and
Vd1b remains intact and no reorientation of the two subdomains occurs. Bottom: Kymographs
show the time evolution of the secondary structure of the VBS peptide. The moving black line

shows the current time point and the dot denotes the pulling residue.

Movie S2

Exemplary SMD trajectory for direct unbinding in the shear-like geometry with prior
sliding of the VBS (colors as in Fig.3 and Fig. 4). Top left: Detailed view of the unbinding of
VBS. Upon pulling on its C-terminus the VBS helix starts to unfold. When it has unfolded to
about 50% the remaining helical part slides up in the binding groove before it unfolds
completely and finally unbinds. Top right: Full view of the Vd1:VBS complex. In this case the
B-contact between Vd1a and Vd1b is broken and reorientation of the two subdomains occurs.
Bottom: Kymographs show the time evolution of the secondary structure of the VBS peptide.

The moving black line shows the current time point and the dot denotes the pulling residue.
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Movie S3

Exemplary SMD trajectory for direct unbinding in the zipper-like geometry (colors as in
Fig. 3 and Fig. 4). Top left: Detailed view of the unbinding of VBS. Upon pulling on its N-
terminus the VBS helix starts to unfold in a turn wise fashion. This continues until most contacts
with Vd1 are broken and the VBS unbinds. Top right: Full view of the Vd1:VBS complex. In
this case the p-contact between Vd1a and Vd1b remains intact and no reorientation of the two
subdomains occurs. Bottom: Kymographs show the time evolution of the secondary structure
of the VBS peptide. The moving black line shows the current time point and the dot denotes

the pulling residue.

Movie S4

Exemplary SMD trajectory for impeded unbinding in the shear-like geometry by
formation of a g-contact between VBS and Vd1 (same legend as in Fig. 3 and Fig. 4). Top
left: Detailed view of the formation of the p-contact. Upon pulling on its C-terminus the VBS
helix starts to unfold. The unfolded part of the VBS interacts with the H1/H2 loop to form a g-
contact that encompasses one to two residues. Top right: Full view of the Vd1:VBS complex.
In this case the B-contact between Vd1a and Vd1b remains intact and no reorientation of the
two subdomains occurs. However, Vd1b starts to unravel from H7. Bottom: Kymographs show
the time evolution of the secondary structure of the VBS peptide. The moving black line shows

the current time point and the dot denotes the pulling residue.

Movie S5

Exemplary SMD trajectory for stalled unbinding in the shear-like geometry with partial
refolding of the VBS (same legend as in Fig. 3 and Fig. 4). Top left: Detailed view of the un-
and refolding of the VBS in the binding groove. Upon pulling on its C-terminus the VBS helix
starts to unfold. However, when the tension on the VBS decreases due to Vd1b unfolding the
VBS helix reforms partially. Top right: Full view of the Vd1:VBS complex. In this case the B-
contact between Vd1a and Vd1b is broken and reorientation of the two subdomains occurs.
Moreover, Vd1b starts to unravel from both H4 and H7. Bottom: Kymographs show the time
evolution of the secondary structure of the VBS peptide. The moving black line shows the

current time point and the dot denotes the pulling residue.

Movie S6

Exemplary SMD trajectory for stalled unbinding in the zipper-like geometry (same legend
as in Fig. 3 and Fig. 4). Top left: Detailed view of the unbinding of VBS. Upon pulling on its N-
terminus the VBS helix starts to unfold in a turn wise fashion. However, the unfolding process

is stalled and Vd1b starts to unfold instead. Top right: Full view of the Vd1:VBS complex. In
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this case the p-contact between Vd1a and Vd1b is broken and reorientation of the two
subdomains occurs. Moreover, Vd1b starts to unravel from both H4 and H7. Bottom:
Kymographs show the time evolution of the secondary structure of the VBS peptide. The

moving black line shows the current time point and the dot denotes the pulling residue.

Movie S7

Exemplary SMD trajectory for shear-like pulling of the full-length model of Vinculin head
in complex with Talin VBS11 that shows strong Vd1a:Vd1b reorientation (same legend
as in Fig. 3 and Fig. 4; light blue surface Vinculin domain 2-4). The complex is pulled on the
C-terminus of the VBS and anchored at N836 of Vinculin (blinking sphere). This residue marks
the start of the proline-rich linker and is thus the point where forces from F-Actin are transmitted
into the Vinculin head. As observed in some trajectories for the Vd1:VBS complex alone,
pulling leads to reorientation of the Vd1 subdomains and Vd1b start to unfold from H4. The

VBS unfolds partially but remains bound until the end of the simulation.

Movie S8

Exemplary SMD trajectory for shear-like pulling of the full-length model of Vinculin head
in complex with Talin VBS11 that shows rupture of the Vd1:Vd3 interface (same legend
as in Fig. 3 and Fig. 4; light blue surface Vinculin domain 2-4). The complex is pulled on the
C-terminus of the VBS and anchored at N836 of Vinculin (blinking sphere). This residue marks
the start of the proline-rich linker and is thus the point where forces from F-Actin are transmitted
into the Vinculin head. As observed in some trajectories for the Vd1:VBS complex alone,
pulling leads to reorientation of the Vd1 subdomains but instead of strong Vd1b unfolding
rupture of the interface between Vd1 and Vd3 is observed. The VBS unfolds partially but

remains bound until the end of the simulation.

Movie S9

Exemplary SMD trajectory for zipper-like pulling of the full-length model of Vinculin
head in complex with Talin VBS11 that shows rupture of the Vd1:Vd3 interface (same
legend as in Fig. 3 and Fig. 4; light blue surface Vinculin domain 2-4). The complex is pulled
on the N-terminus of the VBS and anchored at N836 of Vinculin (blinking sphere). This residue
marks the start of the proline-rich linker and is thus the point where forces from F-Actin are
transmitted into the Vinculin head. In the beginning of the simulation no VBS unfolding occurs,
instead rupture of the interface between Vd1 and Vd3 is observed. Only when both
subdomains are far separated unbinding of the VBS commences. The same stepwise

unfolding pattern as in the simulations of Vd1:VBS was observed.
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Movie S10

Exemplary SMD trajectory for zipper-like pulling of the full-length model of Vinculin
head in complex with Talin VBS11 that show VBS unbinding (same legend as in Fig. 3
and Fig. 4; light blue surface Vinculin domain 2-4). The complex is pulled on the N-terminus of
the VBS and anchored at N836 of Vinculin (blinking sphere). This residue marks the start of
the proline-rich linker and is thus the point where forces from F-Actin are transmitted into the
Vinculin head. Here the VBS unbinds directly without inducing Vd1 unfolding or rupture of
interfaces. Only slight reorientation of the Vd1 subdomain is observed at the end of the
simulation. The same stepwise unfolding pattern as in the simulations of Vd1:VBS was

observed.

Sequences of Protein Constructs

Streptag Il

ybbR-Tag
DSLEFIASKLA

ddFLN4 Fingerprint Domain
ADPEKSYAEGPGLDGGESFQPSKFKIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYD
VEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKPAP

Vinculin head domain 1 (Vd1) residues 1-258 of vinculin
MPVFHTRTIESILEPVAQQISHLVIMHEEGEVDGKAIPDLTAPVAAVQAAVSNLVRVGKETVQTTEDQIL
KRDMPPAFIKVENACTKLVQAAQMLQSDPYSVPARDYLIDGSRGILSGTSDLLLTFDEAEVRKIIRVCK
GILEYLTVAEVVETMEDLVTYTKNLGPGMTKMAKMIDERQQELTHQEHRVMLVYNSMNTVKELLPVLIS
AMKIFVTTKNSKNQGIEEALKNRNFTVEKMSAEINEIIRVLQLTSWDEDAW

VBS58 residues 2345-2368 of Talin-1 corresponding to helix 58 (Gingras2005)
ILEAAKSIAAATSALVKAASAAQRE
PDB: 1ZW2

VBS11 residues 819-843 of Talin-1 corresponding to helix 11 (Gingras2005)
GEMVGQARILAQATSDLVNAIKDA
PDB: 12VZ

VBSIpaA1 residues 611-632 of Shigella Invasin IpaA
NIYKAAKDVTTSLSKVLKNINK
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PDB: 2GWW

VBSACct residues 757-736 of a-Actinin
VGWEQLLTTIARTINEVENQIL

6xHIS-PreSc-SIl-Vd1-ybbR
MGSSHHHHHHLEVLFQGPGHMSAINSHPEEERMPVFHTRTIESILEPVAQQISHLVIMHEEGEVDGKA
IPDLTAPVAAVQAAVSNLVRVGKETVQTTEDQILKRDMPPAFIKVENACTKLVQAAQMLQSDPYSVPA
RDYLIDGSRGILSGTSDLLLTFDEAEVRKIIRVCKGILEYLTVAEVVETMEDLVTYTKNLGPGMTKMAKM
IDERQQELTHQEHRVMLVNSMNTVKELLPVLISAMKIFVTTKNSKNQGIEEALKNRNFTVEKMSAEINEI
IRVLQLTSWDEDAWSGSGSASDSLEFIASKLA*

6xHIS-PreSc-ybbR-ddFLN4-VBS11
MGSSHHHHHHLEVLFQGPGHMDSLEFIASKLAGSADPEKSYAEGPGLDGGESFQPSKFKIHAVDPD
GVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKP
APGSGSGSGSASGSGSGEMVGQARILAQATSDLVNAIKADAGSGS*

6xHIS-PreSc-ybbR-ddFLN4-VBS58
MGSSHHHHHHLEVLFQGPGHMDSLEFIASKLAGSADPEKSYAEGPGLDGGESFQPSKFKIHAVDPD
GVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKP
APGSGSGSGSASGSGSILEAAKSIAAATSALVKAASAAQREGSGS*

6xHIS-PreSc-ybbR-ddFLN4-VBSIpaA1
MGSSHHHHHHLEVLFQGPGHMDSLEFIASKLAGSADPEKSYAEGPGLDGGESFQPSKFKIHAVDPD
GVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKP
APGSGSGSGSASGSGS [YKAAKDVTTSLSKVLKNINKGSGS*

Pet28-6xHIS-PreSc- ybbR-ddFLN4-VBSAct
MGSSHHHHHHLEVLFQGPGHMDSLEFIASKLAGSADPEKSYAEGPGLDGGESFQPSKFKIHAVDPD
GVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKP
APGSGSGSGSASGSGSGVGWEQLLTTIARTINEVENQILGSGS*
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4.6 Viral attachment of SARS-CoV-X

Viruses hijack cellular components in order to deploy and further distribute
their dangerous cargo. Coronaviruses, like SARS-CoV-2, utilize their spike
proteins to perform a well orchestrated process to get access into the cell. This
process is induced by initial docking of the receptor binding domain (RBD)
of SARS-CoV-2 onto the human Angiotensin-converting enzyme 2 (ACE2) re-
ceptor (cp. Section 2.5). In this study we focus on this initial recognition
interaction. We designed a fusion construct of ACE2 joined with an unstruc-
tured linker sequence to the RBD of SARS-CoV or SARS-CoV-2 as used in
Section 4.4. This way the recognition interaction between virus and human
can be probed. Unfolding traces in different near equilibrium conditions where
recorded using magnetic tweezers. This way we could extract off-rates and get
a detailed picture on what forces are needed to separate the primary complex of
recognition. The described assay offers the possibility to compare attachment
forces of different coronaviruses and to screen inhibiting therapeutics for their
blocking efficiency.

Magnus S. Bauer, Sophia Gruber, Lukas F. Milles, Thomas Nicolaus,
Leonard C. Schendel, Hermann E. Gaub, and Jan Lipfert. A Tethered Ligand
Assay to Probe the SARS-CoV-2 ACE2 Interaction under Constant Force.
bioRziv, page 2020.09.27.315796, 2020. doi: 10.1101/2020.09.27.315796

Reprinted under the terms of the Creative Commons Attribution License
(CC BY-NC-ND 4.0,
https://creativecommons.org/licenses/by-nc-nd/4.0/).
©2020 Bauer et al. %0
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ABSTRACT

The current COVID-19 pandemic has a devastating global impact and is caused by the SARS-
CoV-2 virus. SARS-CoV-2 attaches to human host cells through interaction of its receptor
binding domain (RBD) located on the viral Spike (S) glycoprotein with angiotensin
converting enzyme-2 (ACE2) on the surface of host cells. RBD binding to ACE2 is a critical
first step in SARS-CoV-2 infection. Viral attachment occurs in dynamic environments where
forces act on the binding partners and multivalent interactions play central roles, creating an
urgent need for assays that can quantitate SARS-CoV-2 interactions with ACE2 under
mechanical load and in defined geometries. Here, we introduce a tethered ligand assay that
comprises the RBD and the ACE2 ectodomain joined by a flexible peptide linker. Using
specific molecular handles, we tether the fusion proteins between a functionalized flow cell
surface and magnetic beads in magnetic tweezers. We observe repeated interactions of RBD
and ACE2 under constant loads and can fully quantify the force dependence and kinetics of
the binding interaction. Our results suggest that the SARS-CoV-2 ACE2 interaction has
higher mechanical stability, a larger free energy of binding, and a lower off-rate than that of
SARS-CoV-1, the causative agents of the 2002-2004 SARS outbreak. In the absence of force,
the SARS-CoV-2 RBD rapidly (within <1 ms) engages the ACE2 receptor if held in close
proximity and remains bound to ACE2 for 400-800 s, much longer than what has been
reported for other viruses engaging their cellular receptors. We anticipate that our assay will
be a powerful tool investigate the roles of mutations in the RBD that might alter the
infectivity of the virus and to test the modes of action of neutralizing antibodies and other
agents designed to block RBD binding to ACE2 that are currently developed as potential
COVID-19 therapeutics.

INTRODUCTION

Severe acute respiratory syndrome-corona virus-2 (SARS-CoV-2) is the causative agent of
coronavirus disease-2019 (COVID-19), which emerged in late 2019. SARS-CoV-2 particles
carry ~100 copies of the trimeric viral glycoprotein Spike (S) on their surface', giving the
appearance of an eponymous corona around the virus. Like SARS-CoV-1, which caused an
outbreak in 2002-2004, SARS-CoV-2 attaches to human host cells by S binding to
angiotensin converting enzyme-2 (ACE2)2’ %456 (Fig. 1A,B). Specifically, each S trimer
carries receptor binding domains (RBD) at the tip of the three S1 domain that can bind to
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ACE2 (Fig. 1A,B). Binding of the virus to host cells occurs in dynamic environments” ®
where external forces act on the virus particle. In particular in the upper and lower respiratory
tract, coughing, sneezing, and mucus clearance exert mechanical forces” '* that the virus must
withstand for productive infection. In addition, standard binding assays suggest dissociation
constants for isolated SARS-CoV-2 RBD binding to ACE2 in solution in the range Kq~ 1-100
nM (Supplementary Table 1), while the estimated concentration of S in vivo is ~1 pM, based
on 7-10° viral copies per ml sputum’ and 100 S proteins per virus' — orders of magnitude
lower than the measured K4. To enhance both avidity and force stability, SARS-CoV-2
attachment to host cells very likely involves multivalent interactions. The homotrimeric
nature of S, combined with the dense coverage of the viral capsid surface by S trimers' and
the observation that ACE2 clusters on the apical site of cells® imply a high local density of
binding partners. Consequently, an initial binding event could rapidly lead to further
engagement of additional ligand-receptor pairs'' as has been suggested for a number of other
viruses, including influenza, rabies, and HIV'> 3 Stable binding of S to ACE2 enables
further downstream events such as cleavage of S by furine or TMPRSS2 proteases™ ' '°,
triggering conformational changes, and ultimately fusion with the cell membrane and cellular
entry.

The SARS-CoV-2 S protein and its interaction with ACE2 have been the target of intense
research activity, as they are critical in the first steps of SARS-CoV-2 infection and constitute
a major drug target in the current search for treatments of COVID-19. Further, differences in
binding between ACE2 and the SARS-CoV-1 and SARS-CoV-2 RBDs have been linked to
the different observed patterns in lower and upper respiratory tract infections by the two
viruses’. Despite its importance, many questions about RBD ACE2 interactions, in particular
about their stability under constant external force, are unresolved. Consequently, there is an
urgent need for assays that can probe the affinity and kinetics of the interaction under
controlled external forces and that can mimic the effect of multivalent interactions in vivo by
positioning the ligand-receptor pair in spatial proximity at an effective concentration much
higher than in solution-based methods.

Here we present a tethered ligand assay to determine RBD interactions with ACE2 at the
single-molecule level subject to defined levels of applied force. Our assay utilizes fusion
protein constructs comprising of SARS-CoV-1 or SARS-CoV-2 RBD and human ACE2
joined by flexible peptide linkers (Fig. 1B,C). We hold our tethered receptor ligand constructs
under precisely controlled and constant external force in magnetic tweezers (MT)'® ' (Fig.
1D). Tethered ligand assays have provided insights into von Willebrand Factor binding to
platelets' '°, force-sensing of the cytoskeletal protein filamin®’, rapamglcin-mediated
association between FKBP12 and FRB*', and protein-histone interactions. Their key
advantage is that they allow observation of repeated interactions of the same binding partners
that are held in spatial proximity under mechanical control. Therefore, they can provide
information about affinity, avidity, on- and off-rates, and mechanical stability. Measuring at
the single-molecule level naturally provides access to kinetics and molecular heterogeneity.
Using the tethered ligand assay, we compare the stability of the SARS-CoV-1 and SARS-
CoV-2 RBD ACE2 interactions under mechanical load, measure the on- and off-rates, and
extrapolate to the thermodynamic stability at zero load. Our assay gives direct access to
binding rates of ligand-receptor pairs held in spatial proximity and we anticipate that it will be
a powerful tool to assess the mode of action of potential therapeutic agents (such as small
molecules™, neutralizing antibodies®* *°, nanobodies®® ?” %, or designer proteins™ *°) that
interfere with S binding to ACE2.
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RESULTS

A tethered ligand assay to probe SARS-CoV RBD interactions with ACE2 in MT

We designed tethered ligand fusion proteins that consist of the SARS-CoV-1 or SARS-CoV-2
RBD and the ectodomain of human ACE2 joined by flexible peptide linkers (Fig. 1B,C).
Protein constructs were designed based on the available crystal structures®”** of the SARS-
CoV-1 or SARS-CoV-2 RBDs in complex with human ACE2 and carry short peptide tags at
their termini for attachment in the MT (Fig. 1D; for details see Materials and Methods).
Protein constructs were coupled covalently to the flow cell surface via elastin-like polypeptide
(ELP) linkers® and to magnetic beads via the biotin-streptavidin linkage. Tethering proteins
via ELP linkers in the MT enables parallel measurements of multiple molecules over
extended periods of time (hours to weeks) at precisely controlled forces®. In the MT, bead
positions and, therefore, tether extensions are tracked by video microscopy in (x,y,z) with ~1
nm spatial resolution and up to kHz frame rates”™ % 3”.

Observation of RBD ACE2 interactions under force in MT

After tethering the fusion protein constructs in the MT, we subjected the protein tethers to
different levels of constant force and recorded time traces of tether extensions (Fig. 1E). At
forces in the range of 2-7 pN, we observed systematic transitions in the extension traces, with
jumps between a high extension “open” and low extension “closed” state (Fig. 1E). The
transitions systematically changed with applied force: At low forces, the system is
predominantly in the closed state, while increasing force systematically increases the time
spent in the open state. Histograms of the tether extension revealed two clearly separated
peaks (Fig. 1E, bottom and Fig. 2A,D). By setting thresholds at the minima between the
extension peaks, we defined populations in the open and closed states. The fraction in the
open state systematically increases with increasing force (Fig. 2B,E; symbols) following a
sigmoidal force dependence. The data are well described by a simple two-state model (Fig.
2B,E; solid line) where the free energy difference between the two states depends linearly on
applied force F, i.e. AG = AGy —F ‘Az, such that the fraction in the open state is given by

1
ﬁ)pen(F) = 1+exp(— Az (F=Fy/2)/kpT) M

where kp is Boltzmann’s constant, T the absolute temperature, and F), and Az are fitting
parameters that represent the midpoint force, where the system spends half of the time in the
open and half of the time in the closed conformation, and the distance between the two states
along the pulling direction, respectively. The free energy difference at zero force is given by
AGy= Fip-Az and provides a direct measure of the stability of the binding interface.

From fits to the data for the construct ACE2-linker-SARS-CoV-2 RBD (Fig. 2E), we found
Fip =57+ 12 pN and Az = 12.0 £ 2.2 nm, and, therefore, AGy= Fip-Az = 10.1 + 2.8
kcal/mol (data are the mean and standard deviation from fits to biological repeats; see Table 1
for a summary of all fitted parameters). The value of Az determined from fits of Equation 1 is
in excellent agreement with the distance between the open and closed states Azg = 13.0 + 2.1
nm determined from fitting two Gaussians to the extension histograms at the equilibrium
force F1»and evaluating the distance between the fitted center positions. The observed Az is
also in agreement with the expected extension change of = 13.4 nm, based on the crystal
structure™ (PDB code 6MO0J) assuming that the individual domains (ACE2 ectodomain and
RBD) are rigid and remain folded in the open conformation and taking into account the
stretching elasticity of the 85 amino acid (aa) protein linker using the the worm-like chain
(WLC) model***** with a bending persistence length of L, = 0.4 nm and contour length of
L. = 0.4 nm/aa (Supplementary Fig. S1).
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A construct using the same 85 aa linker and same attachment geometry, but the SARS-CoV-1
RBD instead of SARS-CoV-2 RBD, showed a qualitatively very similar behavior (Fig.
2A,B), with stochastic transitions between an open and a closed conformation. From fits of
Equations 1, we found F, = 3.3 £ 0.4 pN and Az = 9.4 £ 1.9 nm and thus AGy= 4.4 + 1.0
kcal/mol for SARS-CoV-1 (Table 1). The midpoint force and binding energy are, therefore,
approximately two-fold lower for SARS-CoV-1 RBD interacting with ACE2 compared to
SARS-CoV-2 using the same linker and a very similar overall geometry. The length
increment Az determined from fits of Equation 1 is again, within experimental error, in
agreement with the value determined from fitting two Gaussians to the extension histogram
near the midpoint of the transition (Azg = 11.8 = 1.2 nm at F);) and with the expected
extension change of = 12.1 nm taking into account the crystal structure of the SARS-CoV-1
RBD bound to ACE2 *' (PDB code 2AJF). The slightly shorter extension increment upon
opening for the SARS-CoV-1 construct compared to SARS-CoV-2, despite using the same 85
aa linker and a very similar crystallographic geometry is mostly due to the smaller extension
of the WLC at the lower midpoint force for SARS-CoV-1. Control measurements for the
same ACE2-SARS-CoV-1 RBD construct with a 115 aa instead of 85 aa linker show a larger
length increment Az = 14.0 + 2.9 nm upon opening, consistent with the expectation of = 15.1
nm from a longer linker and again with good agreement between the Az value fitted from
Equation 1 and Azg from Gaussian fits of the extension histogram (Table 1).

As an additional control measurement to test for possible influences of the linker insertion and
coupling geometry, we used an inverted geometry with force applied to the N-terminus of the
SARS-CoV-2 RBD and to the C-terminus of ACE2, again with an 85 aa linker. The inverted
construct showed similar stochastic transitions between an open and a closed state
(Supplementary Fig. S2). We found F, =4.2 + 1.0 pN and Az = 11.2 £ 0.8 nm from fits of
Equation 1, again in excellent in agreement with Azg = 10.9 + 3.0 nm. The predicted length
change from the crystal structure is = 6.2 nm, still in rough agreement but slightly shorter than
the experimentally determined value, while the prediction for the opposite geometry was
close to or slightly longer than what was determined from the extension traces. The overall
good agreement between predicted and measured length increments upon opening of the
complexes and the fact that the deviations have the opposite sign for the two different tethered
ligand geometries strongly suggest that the RBD and ACE2 ectodomain remain folded in the
open conformations. Significant unfolding of the domains upon opening of the complex
would increase the observed length increment compared to the predictions that assume folded
domains and lead to systematically larger measured compared to predicted Az values. We note
that some residues are not resolved in the crystal structure and, therefore, not taken into
account in our prediction (Supplementary Fig. S1). The observed deviations between
predicted and measured Az values would be consistent with the unresolved residues at the
RBD C-terminus becoming part of the flexible linker and the missing residues at the N-
terminus remaining folded as part of the RBD. Taken together, the MT data show that our
tethered ligand assay can systematically probe RBD ACE2 binding as a function of applied
force and enables faithful quantitation of the mechanostability and thermodynamics of the
interactions.

The tethered ligand assay gives access to ACE2 RBD binding kinetics under force

In addition to providing information on the binding equilibrium, the tethered ligand assay
probes the binding kinetics under force. Analyzing the extension-time traces using the same
threshold that was used to determine the fraction open vs. F, we identify dwell times in the
open and closed states (Supplementary Fig. S3A,B). We find that the dwell times in the open
and closed states are exponentially distributed (Supplementary Fig. S3C,D). The mean dwell
times in the closed state decrease with increasing force, while the mean dwell times in the
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open state increase with increasing force (Fig. 2C,F). The dependencies of the mean dwell
times on applied force F are well described by exponential, Arrhenius-like relationships *°

Topen(F) = To,open exp(AZopenF/kBT) and Tclosed(F) = To,closed exp(_AchosedF/kBT) (2)

where the fitting parameters Toopen and Tociosed are the lifetimes of the open and closed
conformation in the absence of force and Azopen and Azgioseq are the distances to the transition
state along the pulling direction.

For all constructs measured, the sum Azopen + AZciosed 1S €qual, within experimental error, to
the total distance between the open and closed conformations Az (Table 1), providing a
consistency check between the equilibrium and kinetic analyses. The parameters Azqpen and
Azc10sed quantify the force-dependencies of the lifetimes of the respective states and the slopes
in the log(Topeniciosed) V. F plots (Fig. 2 C,F) are given by Azgpensciosed / k7. For all tethered
ligand constructs investigated, Azcioseq is smaller than Azq,e, (by approximately a factor of ~2),
i.e. opening of the bound complex is less force sensitive than rebinding from the open
conformation. The different force sensitivities can be rationalized from the underlying
molecular processes: The closed complexes feature protein-protein interfaces that will break
over relatively short distances; in contrast, the open conformations involve flexible peptide
linkers that make rebinding from the open states more force dependent.

The extrapolated lifetimes at zero force of the closed conformations T cjosed are in the range of
400-800 s for the SARS-CoV-2 and ~20 s for SARS-CoV-1. In comparison, the lifetimes of
the open states in the absence of load Ty pen are much shorter, in the range of ~1 ms (Table 1).
The extrapolated lifetimes at zero force provide an alternative route to computing the free
energy difference between the open and closed conformations at ' = 0, which is given by
AGogu = kaT - log(Toopen/Toclosed)- For all constructs, we find excellent agreement, within
experimental error, between the free energy differences AGyt, determined from the
extrapolated lifetimes and the values AGy = F,-Az from Equation 1 (Table 1). The close
agreement of the AGot, and AGy values provides another consistency check between the
kinetic and equilibrium analyses. The results show that our tethered ligand assay can yield
consistent and complementary information both on the binding equilibrium and on the
interaction kinetics under external force.

Quantitative comparison of tethered ligand data to free solution binding assays

Traditional binding assays measure the interaction of binding partners in free solution. In
contrast, the tethered ligand assay probes binding between receptor-ligand pairs held in
proximity and under external force. While the situation in vivo is even more complex, the
tethered ligand assay mimics the multivalent interactions that likely occur between viral
particles with multiple trimeric S complexes and the apical surface of cells where multiple
binding partners are in spatial proximity. To compare tethered ligand measurements to
traditional binding assays, it is important to consider the differences between tethered ligand-
receptor systems and cases with binding partners in free solution. The free energies AGy (or
AGyo ) determined in our assay measure the stability of the bound complex with respect to
the open state with the ligand tethered. Consequently, AGo will in general depend on the
length of the linker and the tethering geometry, as we clearly observe experimentally: For the
same set of binding partners, we find significantly different values for AGo for different
tethering geometries. For example, we can compare ACE2 binding to the SARS-CoV-2 RBD
in the two different tethering geometries (10.1 £ 2.8 kcal/mol vs. 6.6 £+ 1.7 kcal/mol; p = 0.04
from a two-sample t-test) or the SARS-CoV-1 data for the 85 or 115 aa tethers (4.4 + 1.0
kcal/mol vs. 6.8 £ 1.0 kcal/mol; p = 0.004). In contrast, binding assays with the binding
partners in free solution are sensitive to the free energy difference between the bound
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complex and the ligand and receptor in solution, which depends on the solution
concentrations.

To compare the two scenarios, it is useful to consider the problem in terms of lifetimes or,
equivalently, (on- and off-) rates'®. The lifetime of the bound complex in the tethered ligand
system Toclosed (= 1/koor) has units of seconds and can be directly compared to the binding
lifetimes (or solution off-rates ko1 off) measured in bulk binding assays. The lifetime of the
open conformation in the tethered ligand assay Toepen (= 1/ko,on) also has units of seconds, but
can not be directly compared to solution on-rates, since for a bimolecular reaction the solution
on-rate ksolon has unit of M's! and depends on concentration. To relate the two quantities,
one can introduce an effective concentration > *"**? of the tethered ligand cefr such that kgpon=
kO,on / Ceff.

We can quantitatively relate our results to studies that have reported equilibrium dissociation
constants and rates for the ACE2 interactions with SARS-CoV-1 and SARS-CoV-2 using
traditional binding assays (for an overview see Supplementary Table 1). While the values
reported in the literature vary significantly, likely due to the different experimental methods
and sample preparation strategies used, clear and consistent trends can be identified. The
lifetimes of the closed complex determined in our assay correspond to rates of kg ofr ~ 5102 s
for SARS-CoV-1 and ~2-10° s for SARS-CoV-2, well within the ranges of reported ksol o
values in the literature” ** *>***> (Supplementary Table 1). Our value for the off-rate of
SARS-CoV-2 RBD bound to ACE2 is also in reasonable agreement with the value of (8 +
5)-10° s extrapolated from AFM force spectroscopy experiments*®. A clear trend is that the
off-rate for SARS-CoV-2 is smaller than for SARS-CoV-1, by about one order-of-magnitude,
indicating a longer lived bound complex for the new SARS variant. In contrast, for the on-
rates most solution binding assays report similar values for the two SARS variants, in the
range of kol off ~10° M's!. Our tethered ligand assay also found similar unimolecular on-
rates for the two SARS variants, similar to ~10° sfl, implying an effective concentration of ces
= ko.on/ ksoron ~ 10 mM. This effective concentration is in the range of concentrations found
for other tethered ligand protein systems' ** *’ and can be understood as the apparent
concentration of one molecule in a sphere of ~4 nm radius, a distance close to distances to the
transition states determined from the data under force and to the approximate mean square
end-to-end distance in solution for a 85 aa peptide.

Taken together, we find that in the absence of applied force, the SARS-CoV-2 RBD remains
bound to ACE2 for ~400-800 s, consistent with traditional binding assays and at least 10-fold
longer than the lifetime of the SARS-CoV-1 RBD interaction with ACE2. The time scale for
binding in free solution is concentration dependent, but for the situation that the binding
partners are held in close proximity, we observe rapid (re-)binding within <I ms in the
absence of force for both SARS variants.

CONCLUSION

We have developed a tethered ligand assay to probe SARS-CoV RBD interactions with ACE2
under precisely controlled levels of applied force. Our approach provides quantitative
information about both binding equilibrium and kinetics. We find that a single SARS-CoV-2
RBD ACE2 interaction can withstand constant loads up to 5 pN (at least for ~minutes time
scales). We observe that the SARS-CoV-2 RBD interaction has a ~2-fold higher force
stability than SARS-CoV-1 using a similar tethering geometry. The higher force stability of
SARS-CoV-2 compared to SARS-CoV-1 observed in our assay at constant force is
qualitatively in line with recent data from AFM force spectroscopy at constant loading rate™.
The higher force stability of SARS-CoV-2 engaging ACE2 might contribute to fact that
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SARS-CoV-2 more frequently infects the upper respiratory tract in addition to deep lung
tissue compared to the 2002 SARS variant” ¥

We find that in the absence of applied force, the SARS-CoV-2 RBD remains bound to ACE2
for ~400-800 s, which would provide a long time window for conformational rearrangements
to engage additional RBD copies on the same S trimer'', to bind to additional S trimers, and
to initiate proteolytic cleavage and downstream processes. Our measured lifetime of the initial
RBD ACE?2 interaction is much longer than the values < 1 s reported for influenza, rabies, or
HIV viruses engaging their cellular receptors measured by AFM or optical tweezers force
spectroscopy' ' % ' which might contribute to SARS-CoV-2 higher infectivity. For
influenza, rabies, and HIV multivalent interactions of the virus with its host cell have been
suggested to play important roles' ' '*. Our data suggest that if held in close proximity,
SARS-CoV RBDs can engage ACE2 rapidly, within Toepen ~ 1 ms. While our assay is
different from the situation in vivo, the tethered ligand mimics the effect of pre-formed
interactions by a subset of the RBDs in the S trimer or by neighboring S trimers, which
suggests that multivalent interactions between the virus and its host cell could form rapidly
after an initial binding event, providing additional stability of the interaction. We estimate the
concentration of S in vivo as ~1 pM, based on 7-10° viral copies in ml sputum’ and 100 S
proteins per virus'. This estimated bulk protein concentration in vivo is much lower than the
dissociation constants reported, which are in the range K4~ 1-100 nM for the SARS-CoV-2
RBD binding to ACE2 and 10-fold lower affinity for SARS-CoV-1 (Supplementary Table
1), suggesting that multivalency might be critical for efficient viral binding. The rapid binding
of RBDs held in proximity to ACE2 revealed by our assay might, therefore, be an important
component of SARS-CoV-2 infections.

We anticipate that our tethered ligand assay will provide a powerful approach to investigate
how the RBD ACE2 binding is blocked or altered by antibodies, nanobodies, or other drugs.
In particular, the tethered ligand assay could go beyond standard bulk assays and reveal
heterogeneity, include avidity effects, and determine drug residence times, in addition to
affinities> . In addition, our approach could provide a tool to characterize emerging mutations
of the viral S protein that alter binding or interfere with antibody recognition24’ 2, Beyond the
current COVID-19 pandemic, our assay provides a new method to probe cell-virus
interactions™ and should be broadly applicable to other host-pathogen interactions.
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MATERIALS AND METHODS

Cloning and Protein Construct Design
Constructs for ACE2-linker-RBD of SARS-CoV-1 were designed in SnapGene Version

4.2.11 (GSL Biotech LLC) based on a combination of the ACE2 sequence from Komatsu et
al®* available from GenBank under accession number AB046569 and the SARS-CoV-1
sequence from Marra ef al.”” available from GenBank under accession number AY274119.
The crystal structure by Li e al.’' available from the Protein Data Bank (PDB accession
number 2AJF) was used as a structural reference. The linker sequence and tag placement was
adapted from Milles ez al.*®. The linker sequence is a combination of two sequences available
at the iGEM parts databank (accession numbers BBa K404300, BBa K243029). We used an
analogous approach to design the fusion protein with the sequence of the RBD of SARS-
CoV-2 from the sequence published by Wu e al.’” available from GenBank under accession
number MN908947. Reverse control constructs with C-terminal ACE2 were designed by
reversing the order of the protein domains. A 6x histidine tag was added for purification. In
addition, tags for specific pulling in magnetic tweezers were introduced: a triple glycine for
sortase-catalyzed attachment on the N-terminus and a ybbR-tag on the C-terminus. In
summary, the basic construct is built up as follows: MGGG-ACE2-linker-RBD-6xHIS-ybbR.
All DNA and protein sequences are provided in the Supplementary Information.

The constructs were cloned using Gibson assembly from linear DNA fragments (GeneArt,
ThermoFisher Scientific, Regensburg, Germany) containing the sequence of choice codon-
optimized for expression in E. coli into a Thermo Scientific pT7CFEI1-NHis-GST-CHA
Vector (Product No. 88871). Control constructs with different sized linkers were obtained by
blunt end cloning with either deleting or adding sequences to linker. Replication of DNA
plasmids was obtained by transforming in DH5-Alpha Cells and running overnight cultures
with 7 ml lysogeny broth with 50 pg/ml carbenicillin. Plasmids were harvested using a
QIAprep® Spin Miniprep Kit (QIAGEN).

In Vitro Protein Expression
Expression was conducted according to the manual of 1-Step Human High-Yield Mini in

vitro translation (IVT) kit (Product No. 88891X) distributed by ThermoFisher Scientific
(Pierce Biotechnology, Rockford, IL, USA). All components, except 5X dialysis buffer, were
thawed on ice until completely thawed. 5X dialysis buffer was thawed for 15 minutes and
280 pl were diluted into 1120 pl nuclease-free water to obtain a 1X dialysis buffer. The
dialysis device provided was placed into the dialysis buffer and kept at room temperature until
it was filled with the expression mix.

For preparing the IVTT expression mix, 50 pl of the HeLa lysate was mixed with 10 pl of
accessory proteins. After each pipetting step the solution was gently mixed by stiring with the
pipette. Then the HeLa lysate and accessory proteins mix was incubated for 10 minutes.
Afterwards, 20 ul of the reaction mix was added. Then 8 pl of the specifically cloned DNA
(0.5 pg/pl) was added. The reaction mix was then topped off with 12 pl of nuclease-free
water to obtain a total of 100 ul. This mix was briefly centrifuged at 10,000 g for 2 minutes.
A small white pellet appeared. The supernatant was filled into the dialysis device placed in
the 1X dialysis buffer. The entire reaction was then incubated for 16 h at 30°C under constant
shaking at 700 rpm. For incubation and shaking an Eppendorf ThermoMixer with a 2 ml
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insert was used. After 16 h the expression mix was removed and stored in a protein low
binding reaction tube on ice until further use.

Protein Purification

Purification was conducted using HIS Mag Sepharose® Excel beads together with a
MagRack™ 6 closely following the provided protocol. Bead slurry was mixed thoroughly by
vortexing. 200 pl of homogenous beads were dispersed in a 1.5 ml protein low binding
reaction tube. Afterwards the reaction tube was placed in the magnetic rack and the stock
buffer was removed. Next, the beads were washed with 500 pl of HIS wash buffer (25 mM
TRIS-HCI, 300 mM NacCl, 20 mM imidazol, 10% vol. glycerol, 0.25 % vol. Tween 20, pH
7.8). Expressed protein from IVTT was filled to 1000 pl with TRIS buffered saline (25 mM
TRIS, 72 mM NaCl, 1 mM CaCl,, pH 7.2) and mixed with freshly washed beads. The mix
was incubated in a shaker for 1 h at room temperature. Subsequently, the reaction tube was
placed in the magnetic rack and the liquid was removed. The beads were washed three times
with wash buffer keeping the total incubation time to less than 1 min. Remaining wash buffer
was removed and 100 pl elution buffer (25 mM TRIS-HCI, 300 mM NacCl, 300 mM imidazol,
10% vol. glycerol, 0.25 % vol. Tween 20, pH 7.8) was added to wash protein off the beads.
The bead elution buffer mix was then incubated for one minute with occasional gentle
vortexing. Afterwards, the reaction tube was placed in the magnetic rack again to remove the
eluted protein. This step was repeated for a second and third elution step. Buffer of the eluted
protein was exchanged to TRIS buffered saline in 40k Zeba spin columns. Concentrations
were determined photospectrometrically with a NanoDrop and aliquots were frozen in liquid
nitrogen.

Magnetic Tweezers Instrument

Measurements were were performed on a custom MT setup described previously®**’. In the
setup, molecules are tethered in a flow cell (FC; see next section); mounted above the FC is a
pair of permanent magnets (5x5x5 mm® each; W-05-N50-G, Supermagnete, Switzerland) in
vertical configuration'’. The distance between magnets and FC is controlled by a DC-motor
(M-126.PD2; PI Physik Instrumente, Germany) and the FC is illuminated by an LED (69647,
Lumitronix LED Technik GmbH, Germany). Using a 40x oil immersion objective (UPLFLN
40x, Olympus, Japan) and a CMOS sensor camera with 4096x3072 pixels (12M Falcon2,
Teledyne Dalsa, Canada) a field of view of approximately 440 x 330 um?® is imaged at a
frame rate of 58 Hz. Images are transferred to a frame grabber (PCle 1433; National
Instruments, Austin, TX) and analyzed with an open-source tracking software®® *. The
tracking accuracy of our setup was determined to be ~0.6 nm in (x, y) and =1.5 nm in z
direction, as determined by tracking non-magnetic polystyrene beads, after baking them onto
the flow cell surface. For creating the look-up table required for tracking the bead positions in
z, the objective is mounted on a piezo stage (Pifoc P-726.1CD, PI Physik Instrumente). Force
calibration was performed as described® by analysis of the fluctuations of long DNA tethers.
Importantly, for the small extension changes on the length scales of our protein tethers, the
force stays constant to very good approximation (to better than 107 relative change). The
largest source of force uncertainty is due to bead-to-bead variation, which is on the order of <
10% for the beads used in this study'”°".

Flowcell Preparation and Magnetic Tweezers Measurements

Flowcells (FCs) were prepared as described previously’. Elastin-like polypeptide (ELP)
linkers® with a sortase motif at their C terminus and a single cysteine at their N terminus
were coupled to aminosilanised glass slides via a small-molecule crosslinker with a thiol-
reactive maleimide group® (sulfosuccinimidyl ~4-(N-maleimidomethyl)cyclohexane-1-
carboxylate; sulfo-SMCC, ThermoFisher Scientific). 1 um diameter polystyrene beads were
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baked onto the glass surface to serve as reference beads during the measurement. FCs were
assembled from an ELP-functionalized bottom slide and an unfunctionalized glass slide with
two holes (inlet and outlet) on either side serving as top slide. Both slides were separated by a
layer of parafilm (Pechiney Plastic Packaging Inc., Chicago, IL, USA), which was cut out to
form a 50 pl channel. FCs were incubated with 1% (v/v) casein solution (Sigma-Aldrich) for
3 to 4 h and flushed with 1 ml buffer (20 mM HEPES, 150 mM NaCl, 1 mM MgCl,, 1 mM
CaCl,, pH 7.4).

CoA-biotin (New England Biolabs) was coupled to the ybbR-tag at the C-terminus of the

fusion protein constructs in a 90 min bulk reaction in the presence of 4 uM sfp
phosphopantetheinyl transferase® and 100 mM MgCl, at room temperature (= 22°C). Proteins
were diluted to a final concentration of about 50 nM in 20 mM HEPES, 150 mM NaCl, 1 mM
MgCl,, 1 mM CaCl,, pH 7.4. To couple the N-terminus of the fusion proteins carrying three
glycines with the C-terminal LPETGG motif of the ELP-linkers, 100 pl of the protein mix
was flushed into the FC and incubated for 25 min in the presence of 200 nM evolved
pentamutant sortase A from Staphylococcus aureus® ®. Unbound proteins were flushed out
with 1 ml measurement buffer (20 mM HEPES, 150 mM NaCl, 1 mM MgCl,, 1 mM CaCl,,
0.1% (v/v) Tween-20, pH 7.4). Finally, commercially available streptavidin-coated
paramagnetic beads (Dynabeads™ M-270 Streptavidin, Invitrogen) were added into the FC
and incubated for 30 s before flushing out unbound beads with 1 ml measurement
buffer. Receptor-ligand binding and unbinding under force was systematically investigated by
subjecting the protein tethers to (90-120) s long plateaus of constant force, which was
gradually increased in steps of 0.2 to 0.3 pN. All measurements were conducted at room
temperature.

Data Analysis
MT traces for analysis were selected on the basis of extension changes between an open and a

closed state at forces between 1.5 and 7 pN, with a gradual shift towards an open state with
increasing force. For each trace, (x,y)-fluctuations were checked to avoid inclusion of tethers
that exhibit inter-bead or bead-surface interactions, which would also cause changes in x or y.
Non-magnetic references beads were tracked simultaneously with magnetic beads and
reference traces were subtracted for all measurements to correct for drift. Extension time
traces were subjected to a 5-frame moving average smoothing to reduce noise. All analyses
were performed with custom scripts in MATLAB.
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Figure 1. A tethered ligand assay probes the SARS-CoV-2 ACE2 interaction in magnetic
tweezers. A Schematic rendering of SARS-CoV-2 (top) binding to human cells (bottom). The
virus binds via its RBD (blue triangle) located at the tip of the S1 domain in each copy of the
S protein trimer and engages the ectodomain of ACE2 (red rectangle) that is anchored to the
cell membrane by its transmembrane domain (black rectangle). B Structure of the SARS-
CoV-2 RBD bound to ACE2 (rendered from PDB entry 6MO0J*%) with the N- and C-termini of
both proteins highlighted in yellow. C Scheme of the fusion protein receptor ligand construct.
Shown is the variant N-terminus-ACE2-linker-RBD-C-terminus. D Schematic of the MT
tethered receptor ligand assay. The fusion protein construct shown in C is attached via an ELP
linker to a flow cell surface and via biotin-streptavidin to magnetic beads (for details of the
molecular handles and protocol used for attachment see Materials and Methods). Permanent
magnets mounted above the flow cell are used to apply calibrated stretching forces to the
tether. E Extension time traces of a ACE2-linker-SARS-CoV-2 RBD fusion construct at
different levels of applied force (indicated above the trace segments). Stochastic transition
between a lower and a higher extension are observed that systematically shift to the higher
extension state with increasing force. The overall shift in extension from plateau to plateau is
due to the stretching response of the tether. Extension histograms (bottom) are shown for the
three plateaus highlighted in color and reveal two distinct peaks. The two peaks are well
described by a double Gaussian fit (solid line, middle panel) and correspond to the open and
closed state of the tethered receptor ligand pair (shown schematically as an inset).
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Figure 2. Comparison of mechanical stability and kinetics of ACE2 binding to SARS-
CoV-1 and SARS-CoV-2 RBDs. A Extension time traces at different levels of applied force
for the ACE2-linker-SARS-CoV-1 RBD fusion construct reveal systematic transitions
between a low extension closed state and a high extension open state. Increasing force
increases the fraction of time spent in the higher extension open conformations. B
Quantification of the fraction open from extension time traces as a function of applied force
(symbols; points determined from the traces in panel A are shown with matching color
codes). The black line is a fit of the model shown in Equation 1. Fitting parameters are shown
as an inset. C Mean dwell times in the open (yellow) and closed (dark red) states as a function
of applied force. Mean dwell times were determined from maximum likelihood fits of a single
exponential to the dwell time distributions. The solid lines are linear fits to the logarithm of
the rate, i.e. to the model shown in Equation 2. D,E,F Same as panels A-C, but for the ACE2-
linker-SARS-CoV-2 RBD construct.
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Table 1. Interactions parameters for ACE2 and SARS-CoV-1 or SARS-CoV-2 RBD
determined using the tethered ligand assay. Data are the mean and standard deviation from
N=6,4,9, and 7 molecules, respectively.

SARS-CoV-2: | SARS-CoV-2: | SARS-CoV-1: | SARS-CoV-1:
ACE2-linker- RBD-linker- ACE2-linker- ACE2-linker-
RBD ACE2 RBD RBD
(85 aa linker) (85 aa linker) (85 aa linker) (115 aa linker)
Fip 5.7+12pN 4.2+ 1.0 pN 33+04pN 3.5+0.7 pN
Az (from fit of | 12.0+2.2 nm 11.2+ 0.8 nm 9.4+ 1.9 nm 14.0 £2.9 nm
Equation 1)
Azg (from fit of | 13.0 £ 2.1 nm 10.9 +£3.0 nm 11.8+ 1.2 nm 12.4+3.9 nm
two Gaussians)
AGo (=Az-F))) 10.1£2.8 6.6+1.7 44+£1.0 6.9+1.9
kcal/mol kcal/mol kcal/mol kcal/mol
T0.0pen (2.4+2.8)10%s | (64+7.5)-10%s | (8.4+7.0010°s | (2.7+1.9)010"s
T0.closed 435+493 s 797 +£907 s 22+49s 14+£7s
AGoau (= ksT - 8.8+2.1 84+2.0 41+1.2 6.5+04
108(T0.0pen/To.closed)) | KCal/mol kcal/mol kcal/mol kcal/mol
AZopen 6.4+13nm 9.4+54nm 6.8+ 1.2 nm 9.4+1.3nm
AZclosed 42+1.4nm 47+£3.2nm 1.9+ 2.3 nm 39+ 1.5nm
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Supplementary Figure S1. Estimation of the length increments Az from crystal
structures. For all constructs, schemes of the closed conformations are shown on the left and
of the open conformations on the right. Closed conformations are based on the crystal
structures” % of RBD bound to ACE2, PDB accession codes 2AJF and 6M0J for SARS-CoV-1
and 2, respectively. Our simple estimates assume no deformations or flexibility of the crystal
structures. For the closed conformations the distances between the N- and C-termini of the
fusion constructs Azeseq are determined from the crystal structure and indicated in the figure
panels. The corresponding distances between the N- and C-termini of the fusion constructs in
the open conformations Az, are estimated as follows: We assume that the RBD and ACE2
domains remain fully folded, but are free to rotate as indicated in the figure panels. The
distance Azgpeq is then given by the sum of the distances between the N- and C-termini of the
individual domains (indicate in the figure panels) and the length of the ELP linker, which was
estimated from the WLC model evaluated at the midpoint force F,, for each construct. The
predicted extension increment Az upon opening is given by Az = AZgpen - AZciosed- A Estimate
of the extension increment for the ACE2-linker-SARS-CoV-1 RBD construct. The extension
of the 85 aa (115 aa) linker at F, = 3.3 pN (3.5 pN) was computed to be 7.0 nm (10.0 nm).
The predicted extension changes are, therefore, 12.1 nm and 15.1 nm, respectively. B
Estimate of the extension increment for the ACE2-linker-SARS-CoV-2 RBD construct. The
extension of the 85 aa linker at F, = 5.7 pN was computed to be 10.1 nm. The predicted
extension change is 13.4 nm. C Estimate of the extension increment for the SARS-CoV-2
RBD -linker-ACE2 construct. The extension of the 85 aa linker at Fy, = 4.2 pN was
computed to be 8.6 nm. The predicted extension change is 6.2 nm. We note that these simple
estimates neglect the effect of several residues at the N- and C-termini of the RBD that are not
resolved in the crystal structures (17 N-terminally and 10 C-terminally for SARS-CoV-2 and
17 N-terminally and 25 C-terminally for SARS-CoV-1).
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Supplementary Figure S2. Mechanical stability and kinetics of the SARS-CoV-2 RBD
ACE2 interaction using an inverted tethering geometry. A Schematic of the fusion protein
construct used for measurements using an inverted geometry compared to the data shown in
Fig. 1 and 2. Here, a flexible peptide linker connects the C-terminus of the SARS-CoV-2
RBD to the N-terminus ACE2 ectodomain. B Schematic of the alternative tethering geometry
in the magnetic tweezers. The assay is identical to the scheme shown on Fig. 1C, except that
now the ACE2 domain is attached via a ELP-linker to the flow cell surface and the RBD
domain is coupled to biotin via the ybbR-tag and attached to streptavidin coated magnetic
beads. C Extension time traces of the tether ligand construct with inverted geometry under
different levels of constant force. The traces again reveal systematic transitions between low
extension and high extension states, corresponding to the unbinding and (re-)binding of the
RBD ACE2 interaction. D Fraction of time in the high extension open state as a function of
applied force. The solid blue line is a fit of Equation 1 with fitting parameters indicated in the
inset. E Mean dwell times in the open (yellow) and closed (dark red) states. Solid lines are fits
of Equation 2.
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Supplementary Figure S3. Example dwell time analysis of the tethered ligand extension
time traces. A Short segment of an extension time trace measured for an ACE2-85 aa linker-
SARS-CoV-2 RBD tethered ligand construct at a stretching force of 6.5 pN. Raw data at 58
Hz are shown in black and filtered data at 12 Hz in red. Assignment of the dwell times is
based on the filtered data. The black horizontal line is the threshold; red squares indicate the
first data point after crossing the threshold from below, i.e. transition from the closed to the
open state; blue squares indicate the first data point after crossing the threshold from above,
i.e. transition from the open to the closed state. B Time trace derived from the analysis shown
in panel A, indicating the current state of the tether-ligand system with “1” corresponding to
the open state and “0” to the closed state. The time between the transition between “0” and
“1” correspond to the dwell times. C, D Histograms of dwell times in the closed state (C) and
open state (D) obtained from the analysis shown in panels A and B (however using a longer
trace, of which the data shown in A and B are just a subset). The dwell times are well
described by single exponential fits, shown as solid line.
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Supplementary Table 1. Equilibrium binding data for ACE2 binding to SARS-CoV-1 or
SARS-CoV-2 RBD or S proteins. Studies for both ACE2 binding to RBD constructs and to
the S protein are included; Wrapp et al. * find K4 = 14.7 nM for ACE2 binding to SARS-CoV-
2 S and K4 = 34.6 nM for ACE2 binding to SARS-CoV-2 RBD, indicating similar affinities.
Similarly, Yang et al. observe similar binding constants and mechanical stabilities for ACE2
binding to either the RBD or S using AFM force spectroscopy”.

Study ACE2 binding to SARS-CoV- | ACE2 binding to SARS- Method and
1 RBD CoV-2 RBD Comments
Ky =31nM Ky =4.7 nM Surface-plasmon
Lanetal? Keoroff =4.310 2™ Ksoloff =6.5:10 °s™" resonance
Ksoton =1.4-10° s'M™" Ksoton =1.4-10° s'M™
185 nM 44.2 nM Surface-plasmon
Shang et al.® | ko =3.7-10s™ Koot =7.8:10%s ™ resonance
Ksolon =2.0-10° s7'M™ Ksolon =1.75-10° s'M™"
Starretal” | 0.12nM 0.039 nM z;zitnd's"'ay
Ky=5.0£0.1nM Ky=12%20.1nM Bio-layer
Walls et al.® | kyyor =8.7 5.1 -107*s™ Ksoloff =1.7 £ 0.8 -107*s™" interferometry; uses
Ksoton =1.7 £ 0.7 -10° s'M™" Ksoton =2.3 + 1.4 -10°s'M™" | S protein for both
variants
408 + 11 nM 95+ 7 nM Surface-plasmon
Wang etal.’ | ko =1.9% 0.4 107" Ksoloff =3.8 £ 0.2:107%s™ resonance; uses S1
Ksoton =2.9 £ 0.2 -10° s"'M™" Ksolon =4.0 £ 0.2:10* s'M™" | domain for SARS-
CoV-2
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Outlook - Whats next?

In a simplistic world, in the end, one would hope to answer the questions
posed in the beginning of a project. However, after finishing this thesis, I feel
like having created more loose ends than I began with. However, that is in
the nature of science, and while knowledge is gained along the way, starting
points to new and exciting discoveries become apparent.! In my opinion the
most urgent question is how the obtained mechanistic molecular details can be
embedded in a larger physiological context on a cellular level. As always, when
doing reductionistic experiments breaking a whole biological system down to an
in vitro assay on a glass surface, this greater picture gets out of focus. However
this reduction is needed to be able to observe basic working principles. This is
the general trade-off between keeping physiological relevance while maintaining
a high degree of experimental control.

Further investigations could be led in a bottom up approach to add more
and more complexity and degrees of freedom to the in vitro system studied. For
example by combining assays probing force together with monitoring catalytic
activity. 239230 Ideally these studies already apply their single-molecule findings
to biological systems in vivo. 237238 For kinases going to biosensors that are both
applicable in enzymatic networks and for in wvitro characterization can be an
option. 233239240 These methods would be equally interesting for MLCK and
FAK to probe their force dependent catalytic activity observed by biosensors.
Additionally developments on the AFM side can give access to a complete new
set of experiments relying on higher resolution.?*"?43 This allows to probe
molecular processes of interest by AFM that usually would only be accessible
by means of magnetic or optical tweezers.

The problem can also be tackled from the opposite side, trying a top down
approach for an in wvivo system. One way is to alter the behavior of single
components in a complex cellular system to regulate and observe its reac-
tion. 231:244246 Of special interest is of course the characterization of the forces
occurring natively in a living organism.?*" 2! This would especially be inter-
esting to see for FAK submodules to be able to judge which parts exactly are
under force. Results from these experiments can put in vitro SMFS experi-
ments in a completely new context and could also suggest new targets with
well defined pulling directions.

In the end, when these in wvitro and in vivo approaches overlap, this will
yield a holistic picture from the smallest player up to a whole organism. As
already stated in the beginning only a highly interdisciplinary effort will succeed
in gathering and joining all those loose ends. Hopefully in the future this
will enable medical advances based on the molecular-level understanding of

LOr the starting point of more loose ends.
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cellular mechanisms. Until then, a lot of work remains to be done protein
by protein, one molecule at a time. Coming back to the beginning to say it
in the Anna Karenina kinase analogy of Leonard and Hurley '°7 (cp. Section
2.3.1): "Every kinase family may [...] be autoinhibited in its own way. Just
as the 'unhappy family’ experience has provided inspiration to dramatists for
centuries, the diverse repertoire of kinase autoinhibition mechanisms provides
nearly inexhaustible material for the structural biologist in search of drama
at the molecular scale.”” Lets hope these dramas stay confined solely to the
molecular scale.
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Protocols

B.0.1 Cantilever preparation

This protocol describes the preparation of 5 cantilevers for an AFM-based SMFS experiment.
Step 1 - Aminosilanization of Cantilevers

Materials
o Plastic petri dish
e Microscope slide
e 4 x glass beakers (2 x 600 ml, 1 x 250 ml, 1 x 150 ml)
e Small glass beaker
o Filter papers
o MilliQ water
¢ (Toluene)
¢ Ethanol p.a.
¢ (3-Aminopropyl)dimethylethoxysilane
e 2-Propanol (IPA)
e Argon
e Ny
Equipment
¢ Pointed self-locking tweezers
e 5 cantilever
e UV-ozone cleaner
e Flow hood

Protocol
Rinse all beakers and tweezers with IPA and MilliQ. Afterwards blow dry beakers with N, stream
before using.

Place cantilevers carefully on a microscope slide. Try to lay the cantilever flat on the slide to
avoid drops that could damage the cantilever tip. Place slide with cantilevers for 15 minutes
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in the UV-ozone cleaner.

Prepare four beakers in the extractor hood:

Small beaker 1 - 3 pl MilliQ water, 1 ml Ethanol, 1 ml (3-Aminopropyl)dimethylethoxysilane
(Beaker 2 - Toluene) this step can be skiped

Beaker 3 - IPA

Beaker 4 - MilliQ

Place the cantilevers carefully in the small beaker and fixate them by pushing them firmly at their
end part onto the bottom of the beaker. After 2 minutes of incubation rinse the cantilevers
in beaker 2 to beaker 4 for at least 10 seconds in each glass. After each beaker (especially
after the first one, second and third one can be skipped) dry the cantilevers on a filter paper.
Attention: Do not touch the glass with the cantilever. Then place the cantilevers on the glass
slide in a petri dish and let them dry for 30 minutes at 80°C. Finally store the cantilevers at a
save place under argon.

Dispose the content of beaker 1 and 2 into the waste for non-halogenated solvents and rinse them
thoroughly with IPA and water. Pour beakers 3 and 4 in the sink.

Step 2 - Functionalization of Cantilevers

Materials
e 3 x plastic petri dishes
e Microscope slide
e 5 x glass beakers (2 x 100 ml, 1 x 150 ml, 2 x 250 ml)
o Filter papers
o Filter reaction tube
e 100 mM HEPES buffer pH 7.4

e 25 mM NHS-PEG5000-MAL MW=5000g/mol (150 pnl - 0.0188g - for 5-6 cantilevers) - or
PEGs of different length

e 1 xPBS
o TCEP beads
o MilliQ water
e Monovalent Strep-Tactin or as alternative a ybbR tagged handle protein of choice
¢ CoenzymeA (CoA)
e FAK measurement buffer
o 2-Propanol (IPA)
« DTT
Equipment
o Pointed tweezers

o Cantilevers prepared in Step 1



e Vortex-Genie 2

e Humidification chamber
e Spatula

o Ultrasonic cleaner

Clean all beakers and tweezers with IPA and MilliQ, then dry with N stream before using.

Add 100 mM HEPES buffer pH 7.4 to a reaction tube with NHS-PEG5000-MAL to gain a PEG
concentration of 25 mM (or 50 mM) and mix it on Vortex-Genie 2 until fully mixed. Pipette
drops of about 25 pl on a petri dish and place the cantilevers directly into the PEG drops. Do
not forget to fixate the cantilevers by pushing the firmly with their end part to the petri dish.
Incubate the cantilevers for 30 minutes.

Alternative 1 - attachment via cysteines (cp. sections 3.3.4/3.4.1 and 3.4.2):

add 1/6 of volume TCEP beads to the sample (for example add 33 pl TCEP beads (0.5 M) to
200 pl monovalent Streptactin (2.5 p1M))

In the meantime mix monovalent Strep-Tactin (2.5 pM) with 1/6 of volume of TCEP beads in
a reaction tube in order to break disulfide bonds between the cysteine residues of the Strep-
Tactin. Stir 2-6 times with the pipette tip. Do not mix it with Vortex-Genie 2! Incubate for
15-30 minutes with end-over-end mixing. After that centrifuge the the mix in 0.45 uM filters
(UFC40LH25 - Ultrafree-CL Centrifugal Filter) at 4000 g for 1 minute and save flowthrough.

Prepare a petri dish with 20 pl drops of Strep-Tactin and one big drop of 1 x PBS. Rinse the
cantilevers in 3 beakers with MilliQ. Before placing the cantilevers in the drop of Strep-Tactin
let them stay for 10 seconds in the 1 x PBS drop. Incubate the cantilevers for 1 hour in a
humidification chamber.

Alternative 2 - attachment via ybbR/sfp (cp. section 3.3.5):

Prepare a petri dish with 20 ul drops of 20 mM Coenzyme A (Calbiochem) in coupling buffer
(sodium phosphate, pH 7.2). Incubate cantilevers for 1 hour. After rinsing in three beakers
of MiliQQ the cantilevers are incubated for at least 1.5 hours in 50-60 1M of the ybbR tagged
handle protein of choice mixed with 2 pM sfp and 10 mM MgCI2.

Prepare measurement buffer and make it sterile with a 0.22 pM filter:

FAK measurement buffer (50 ml)
o 40 mM Hepes pH 7.4 (2 ml - 1 M Hepes)
o 10 mM MgCl2 (500 pl - 1 M MgCl2)
e 200 mM NaCl (2 ml - 5 M NaCl)
e 1mM DTT (50 pl - IM DTT)
MLCK measurement buffer (50 ml)
o 40 mM Hepes pH 7.2 (2 ml - 1 M Hepes)
e 2 mM MgCI2 (100 pl - 1 M MgCl2)
« 1mM DTT (50 pl - 1M DTT)
e Do not include NaCl.
TK measurement buffer (50 ml)

e 40 mM Hepes pH 7.2 (2 ml - 1 M Hepes)
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e 2mM MgCI2 (100 pl - 1 M MgCl2)

e 2mM DTT (100 pl - IM DTT)

 optional: 150 mM NaCl (1.5 ml - 5 M NaCl)
GFP measurement buffer (50 ml)

e 1x PBS (5 ml - 10x PBS)

« 1mM DTT (50 ul - 1M DTT)

Arrange a petri dish with 40 pl drops of measurement buffer or completely fill a small petri dish.
Wash the cantilevers in two beakers of 1 x PBS- or according buffer and place them in the drops
or the filled small petri dish of measurement buffer. Now the cantilevers are ready for use. Use
them as soon as possible and keep them in a safe place.

B.0.2 Surface preparation

This protocol describes the preparation of two glass slides for an AFM-based SMFS experiment.
The preparation will be conducted with the two glass slides in a sandwich arrangement. If you
are preparing only one glass slide you will need the same amount of chemicals otherwise the
distribution of the drops on the glass slide will be worse.

The same protocol can alternatively be conducted in wells created by silicone masks (CW-50R-1.0
CultureWell, Reusable Gasket - Grace Biolabs). These are applied directly onto amino silanized
slides. Incubation steps can be realized with less volume and rinsing steps are conducted by
directly applying a stream of MiliQ into the wells.

Step 1 - Aminosilanisation

Clean glass slides in 1:1 MiliQ and TPA for 10 minutes in ultrasonic cleaner. Rinse glass slides
with MiliQ afterwards.

Activate cleaned glass slides in a 1:1 mixture of H2SO4 and H202. Incubate glass slides for 20
minutes. Rinse glass slides thoroughly in MiliQ. Glass slides should be very hydrophilic now.

Afterwards the glass slides can be silanized. First rinsing them in Ethanol p.a. in a beaker and im-
mersing them completely in a second beaker with 2% Silan 3-Aminopropyldimethylethoxysilane
97% (ABCR) in solution with 88 % Ethanol p.a. and 10 % MiliQ. Add silane before immersing
glass slides. The glass slides are incubated for 1 hour on a shaker. The glass slides are washed
in Ethanol and MiliQ and dried in a N, stream and afterwards dried for 45 minutes at 80. Glass
slides can be stored under argon for further use.

Step 2 - Functionalization

Materials
o 4 x glass beakers (2 x 600 ml, 1 x 250 ml 1 x 150 ml)
o Kim wipes
o Filter papers
o Flat tweezers
o NH2-funtionalized glass slide (22-24 mm depending on sample holders)
e 3 x 1.5 ml reaction tubes

e Styrofoam box
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e Plastic petri dish

e 25 mM NHS-PEG5000-MAL MW=5000g/mol (80 ul - 0.01g)
e (mix in 25 mM NHS-PEG5000-CH3 for less functionalized surfaces)
o Borate buffer
o MilliQ water
« TCEP
e 2-Propanol (IPA)
o Ice
e 100 mM HEPES 7.4
o MgCl2
e NaCl
« DTT
¢ 10 x PBS buffer
Equipment
e Spatula
e 2 x Teflon spacers
o Vortex-Genie 2
o Humidification chamber
o Holders for the AFM experiment
o Ultrasonic cleaner

Protocol
Clean all beakers, tweezers with IPA and MilliQ), then dry with N2 stream before using.

Prepare a plastic petri dish with teflon spacers. Place the glass slides on the teflon spacers.

Add 100 mM HEPES buffer pH 7.4 to a reaction tube with NHS-PEG5000-MAL to gain a PEG
concentration of 25 mM (or 50 mM) and mix it on Vortex-Genie 2 until fully mixed. Pipette
the 80 pl onto one of the glass slides (or at least 10 ul in a well) and build a sandwich with the
other glass slide with the top side facing down. Place petri dish in a humidification chamber and
incubate for 30 minutes.

Fill 3 glass beakers with MilliQ. Separate glass slides and wash each one in all beakers. Use a
kim wipe to dry remaining drops. Wash the glass slides slowly, by dipping them into the beakers,
until the water films on the glass slides disappear completely (dip 20 times fast - every 5th time
slow). Pay attention of remembering the pretreated side of the glass slide and place it with the
untreated side facing down back on the teflon spacer. If using wells the surfaces can be directly
rinsed in a MiliQ stream and blown dry with N2. Add 50 pl of CoA (20 mM) on one off the
washed glass slides (or 10 pl in wells) and build a sandwich with both of the treated sides of the
glass slide facing each other. Let it incubate in the humidification chamber for at least 1 hour.

Prepare two sample holders (control/sample) for the AFM experiment by washing them 15 min-
utes in 1:1 IPA and MilliQ in the ultrasonic cleaner.
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Fill 3 cleaned glass beakers with MilliQ. Separate glass slides and wash each one in all beakers.
Use a kim wipe to dry remaining drops. Wash the glass slides slowly, by dipping them into the
beakers, until the water films on the glass slides disappear completely (dip 20 times fast - every
5th time slow). If using wells the surfaces can be directly rinsed in a MiliQQ stream and blown
dry with N2. Pay attention of remembering the pretreated side of the glass slide and place it
with the untreated side down on a sample holder. Prepare protein as follows and pipette 5-10 pl
on the treated side of the glass surface. Let the protein incubate for at least 1 - 2 hours.

Protein coupling mix
o 8 nl Aliqot (for FAK around 20 pM)
e 1 plsfp (100 nM)
o 1 nl MgClp (1 M)

Prepare measurement buffer according to section B.0.1 and make it sterile with a 22 pM filter.

Wash glass slides with measurement buffer with two pipettes. One with 750 nl for pipetting on
the surface. One with 1000 pl to retract the buffer. Flush at least 3-4 times and then use a
vacuum pump and a syringe to further rinse the surface. The surface should never get dry other-
wise the protein functionalization will be harmed. In the end fill up the holder with 2 ml of buffer.

B.0.3 Mammalian in vitro transcription translation

This protocol describes the usage of the 1-Step Human High-Yield Mini in vitro translation
(IVT) kit (Product No. 88891X) distributed by ThermoFisher Scientific (Pierce Biotechnology,
Rockford, IL, USA).

All components, except 5X dialysis buffer, were thawed on ice until completely thawed. 5X dial-
ysis buffer was thawed for 15 minutes and 280 nl were diluted into 1120 pl nuclease-free water
to obtain a 1X dialysis buffer. The dialysis device provided was placed into the dialysis buffer
and kept at room temperature until it was filled with the expression mix.

For preparing the IVTT expression mix, 50 pl of the HeLa lysate was mixed with 10 pl of ac-
cessory proteins. After each pipetting step the solution was gently mixed by stiring with the
pipette. Then the HeLa lysate and accessory proteins mix was incubated for 10 minutes. After-
wards, 20 pl of the reaction mix was added. Then 8 ul of the specifically cloned DNA (0.5 pg/nl)
was added. The reaction mix was then topped off with 12 ul of nuclease-free water to obtain a
total of 100 pl. This mix was briefly centrifuged at 10,000 g for 2 minutes. A small white pellet
appeared. The supernatant was filled into the dialysis device placed in the 1X dialysis buffer.
The entire reaction was then incubated for 16 h at 30°C under constant shaking at 700 rpm.
For incubation and shaking an Eppendorf ThermoMixer with a 2 ml insert was used. After 16
h the expression mix was removed and stored in a protein low binding reaction tube on ice until
further use.



B.0.4 Protein expression
Antibiotic Recommended Stock Concentration Recommended Working Concentration
Ampicillin 100 mg/mL 100 pg/mL
Carbenicillin 100 mg/mL 100 pg/mL
Chloramphenicol 25 mg/mL (dissolved in EtOH) 25 png/mL
Kanamycin 50 mg/mL 50 pg/mL
Streptomycin 100mg/mL 100pg/mL

Table B.0.1: Antibiotic concentrations for expression and overnight cultures

B.0.5 Monovalent streptactin/streptavidin

This protocol describes the preparation of monvalent Streptactin (monoST) or monovalent Strep-
tavidin (monoSA) for an AFM-based SMFS experiment.

DT - death tactin - unfunctional monovalent subunit of Streptavidin

ST - strep tactin - functional monovalent subunit of Streptactin with Cysteine on N-

terminus/on C-terminus

SA - streptavidin - functional monovalent subunit of Streptavidin with Cyseine on C-

terminus

Materials

Glass beakers
Glass bottles
Falcon tubes
Beckman centrifuge bottles
Styrofoam box
MiliQ water
Ice

NaOH

DTT

Triton X-100

1 x PBS bulffer
BPER buffer
GndHC1

beta-Mercaptoethanol

Buffers

BPER

e Lysis Buffer: 1xPBS, 1 mM DTT, 0,1% Triton X-100

o Protein Denaturation Buffer: 1xPBS, pH 7.5, GndHCl 6 M (95,52 g/ml - 28,659 g / 50

ml), add ~30 pl 5M NaOH

to adjust pH 7.5

o Refolding buffer: 500 ml 1x PBS, 10 mM Beta Mercaptoethanol (350 ul)
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Equipment

Centrifuge
Sonicator

Vacuum pump

Protocol
In the following (SA,ST / DT)

Express (300 ml , 1g / 500 ml, 2g)
Harvest Pellet (5,000 rpm for 10 min) for DT and ST,SA. Store in -80°C

Weigh pellets (previously: ~1g /~5g)

Lyse pellets in 5 ml/g BPER (5 ml / 10ml), add 10 nl/ 20 pl Lysozyme and 5 pl / 20 pl
DNAse

Incubate on rolling shaker in cold room for 20 min
Sonicate each dissolved pellet (2 x 15s / 3 x 30 s)
Centrifuge JA 25.50 20,000 rpm for 30 min

Discard supernatant

Resuspend pellets in 5 ml/g BPER (5 ml / 10ml)
Sonicate each dissolved pellet (2 x 15s /3 x 30 s)
Centrifuge JA 25.50 20,000 rpm for 30 min

Discard supernatant

Resuspend pellets in Lysis Buffer (30 ml / 10 ml)
Sonicate (2 x 15s / 3 x 30 s)
Centrifuge JA 25.50 20,000 rpm for 30 min

Discard supernatant

Resuspend pellets in Lysis Buffer (30 ml / 10 ml) for a second time
Sonicate (2x 15s / 3 x 30 s)
Centrifuge JA 25.50 20,000 rpm for 30 min

Discard supernatant

Resuspend pellets in Lysis Buffer (30 ml / 10 ml) for a third time
Sonicate (2x 15s / 3 x 30 s)



o Centrifuge JA 25.50 20,000 rpm for 30 min

e Discard supernatant

o Resuspend pellets in Protein Denaturation Buffer (5 ml / 13 ml)
o Sonicate (2x 158 /3x30s)
e Centrifuge JA 25.50 20,000 rpm for 30 min

¢ Keep supernatant!

¢ Measure concentrations with nanodrop (A280) against protein denaturation buffer
o Ensure that there is no DNA causing an absorption overlap from (A260)

o Mix SA/ST with DT 1:10 according to the determined concentrations

o Pipette the 1:10 SA/ST:DT-mixture slowly into cold refolding buffer (500 ml)

¢ Close beaker using parafilm

e Leave on magnetic stirrer overnight in coldroom

e Centrifuge (JA10) at 8,000 rpm for 10 min
e Protein will be in supernatant

o Filter through vacuum filter (0.22 pm) into glass bottle

o Load on Akta on two columns ( SA / ST )
o Purification on Akta Explorer

e See His Purification / Nickel IMAC

B.0.6 His bead purification

Purification was conducted using HIS Mag Sepharose Excel beads together with a MagRack 6
closely following the provided protocol. Bead slurry was mixed thoroughly by vortexing. 200 nl
of homogenous beads were dispersed in a 1.5 ml protein low binding reaction tube. Afterwards
the reaction tube was placed in the magnetic rack and the stock buffer was removed. Next, the
beads were washed with 500 nl of HIS wash buffer (25 mM TRIS-HCI, 300 mM NaCl, 20 mM
imidazol, 10 % vol. glycerol, 0.25 % vol. Tween 20, pH 7.8). Expressed protein from IVTT
was filled to 1000 pl with TRIS buffered saline (25 mM TRIS, 72 mM NaCl, 1 mM CaCl2, pH
7.2) and mixed with freshly washed beads. The mix was incubated in a shaker for 1 h at room
temperature. Subsequently, the reaction tube was placed in the magnetic rack and the liquid
was removed. The beads were washed three times with wash buffer keeping the total incubation
time to less than 1 min. Remaining wash buffer was removed and 100 pl elution buffer (25 mM
TRIS-HCI, 300 mM NaCl, 300 mM imidazol, 10 % vol. glycerol, 0.25 % vol. Tween 20, pH
7.8) was added to wash protein off the beads. The bead elution buffer mix was then incubated
for one minute with occasional gentle vortexing. Afterwards, the reaction tube was placed in
the magnetic rack again to remove the eluted protein. This step was repeated for a second and
third elution step. Buffer of the eluted protein was exchanged to TRIS buffered saline in 40k
Zeba spin columns. Concentrations were determined photospectrometrically with a NanoDrop
and aliquots were frozen in liquid nitrogen.
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B.0.7 ELP purification using ITC

Thaw cells on ice and water for 1h

Heat water bath to 65°C

Set large centrifuge to 40°C and let it start spinning to heat up
Resuspend pellets in 10 ml 1x lysis buffer

Add: 10 ng/ml DNAse I (0.001g in 100 ul - 100 pl to buffer), 100 pg/ml Lysozyme (0.01g
in 100 pl - 100 pl in buffer), 1 Protease-Inhibitor-Tablet/100 ml water, 1 mM TCEP (if
ELP has a cysteine)

Sonicate two times for 7 min

Centrifuge lysate: 1 hr, 15,000 g, 4°C JA25.50

Heat to 65°C for 20 min
Cool on ice for 22 min
Incubate 30 min on a tube roller at 4°C

Centrifuge supernatant: 15 min, 15,000 g, 4°C JA25.50

Add 3mM NaCl
Heat up to 65°C for 20 min

Centrifuge supernatant: 15 min, 3,220 g, 40°C

Discard supernatant
Resuspended in 2 ml MiliQ, 1.5 mM TCEP on ice for 10 min transfer to 2 ml reaction tube
Centrifuge at 20,000 g for 5 min at 4°C

Add 3mM NaCl
Heat up to 65°C for 20 min

Centrifuge at 20,000 g for 5 min at room temperature

Discard supernatant
Resupend in 1 ml coupling buffer
Incubate on ice for 5 min

Centrifuge at 20,000 g for 5 min at room temperature

Transfer supernatant to new reaction tube

Aliquot to 100 pl and store at -80°C



B.0.8 Buffers
B.0.8.1 TBS (TRIS buffered saline)
o 25 mM TRIS
o 72 mM NaCl
e 1 mM CaCl2
e pH 7.2

B.0.8.2 TBS Buffer 40x
« 1 M TRIS
e 2.880 M NaCl
o 40 mM CaCl2

B.0.8.3 Coupling buffer
e 50 mM Disodium phosphate

¢ 50 mM NaCl
e 10 mM EDTA

B.0.8.4 Lysis buffer

This is a Lysis Buffer for sonicating cells during during protein harvest after protein expression.

o 50 mM TRIS, pH 8.0
e 50 mM NaCl
o 10 % (w/v) Glycerol
o 0.1 % (v/v) Triton X-100
o 5 mM MgCl2
supplement buffer with:
o DNase 10 ug/ml or 2 U/ml
o Lysozyme 100 ug/ml

e protease inhibitor cocktail

B.0.8.5 HIS Wash/Binding buffer
For purification of Histidine-tagged Proteins with HIS-Trap Columns

Substance molar weight [g/mol] 1x
TRIS-HCI 121.14 25 mM
NaCl 58.44 300 mM
Imidazol 68.08 20 mM
Triton X-100 (can be left out) 0.5 % vol.
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Triton X-100 can cause problems with the UV 280 baseline. Tween 20 can be used as substitute
(0.25 % wvol.).

B.0.8.6 HIS Elution buffer
For purification of Histidine-tagged Proteins with HIS-Trap Columns:

Substance molar weight [g/mol] 1x

TRIS-HCl 121.14 25 mM
NaCl 58.44 300 mM
Imidazol 68.08 300 mM

Adjust stocks to pH 7.8 at room temperature and add 10% vol. Glycerol.
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