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Zusammenfassung v

Kräfte sind in der Natur allgegenwärtig. Sie beeinflussen und kontrollieren viele lebensnotwenige Prozes-
se wie Zellmotilität und -adhäsion, Blutgerinnung, oder Pathogen:Wirt Interaktionen. Auf molekularer Ebene
werden Kraft-aktivierte Prozesse von Kraft-sensitiven Proteinen eingeleitet, die durch externe mechanische Sti-
muli getriggert werden und komplexe Ereignisketten in Gang setzen. Abgesehen von Regulation und Aktivie-
rung einzelner Proteine können Kräfte auch Interaktionen zwischen mehreren Proteinen entgegenwirken. Dies
erschwert beispielsweise Protein-basiertes Binden von Pathogenen an Wirtszellen. Um zahlreiche biologische
Prozesse, die unter Krafteinfluss stattfinden zu verstehen, ist es notwendig, den Einfluss mechanischer Stimu-
li auf einzelne Proteine und Protein:Protein Interaktionen zu untersuchen. Auf dem Level einzelner Proteine
werden Kräfte beispielsweise durch hydrodynamischen Widerstand, Membrandeformationen, oder Spannun-
gen an Zell-Zell und Zell-Extrazellulären Kontakten ausgeübt 1. Die Größenordnung der Kräfte, die dabei auf
einzelne Proteine wirken, reicht von wenigen Pikonewton für einzelne Muskelproteine während Muskelkon-
traktionen2 bis hin zu einigen Nanonewton für Proteine, die Pathogen Adhäsion vermitteln3.
Magnetische Pinzetten (engl. Magnetic tweezers, “MT”) sind ein Instrument für Einzelmolekül Kraftspektro-
skopie (engl. single-molecule force spectroscopy, “SMFS”), mit dem die Reaktion einzelner Proteine auf kon-
stante Kräfte untersucht werden kann. Das Spektrum der Kräfte, die mit MT angelegt werden können, reicht
von 0.01 pN bis hin zu 100 pN und deckt damit einen großen Bereich physiologisch relevanter Kräfte für Pro-
teinaktivierung undProtein:Protein Interaktionen ab.DasVerhalten einzelner Proteine ist aufgrund verschiede-
ner Entfaltungspfade und thermodynamischer Stochastik inhärent heterogen. MT können diese Heterogenität
auflösen, da sie das Verhalten einzelner Moleküle untersuchen. Zugleich können MT viele Proteine gleichzeitig
über lange Zeiträume hinweg beobachten, was es ermöglicht, seltene Zustände wahrzunehmen und zu charakte-
risieren. Daher sind MT ideal geeignet, um die Stabilität von Protein:Protein Interaktionen zu charakterisieren,
Kraft-aktivierte Proteine zu untersuchen, oder die freie Energielandschaft von Proteinfaltungen abzubilden. Im
Rahmen der Arbeit, die ich hier präsentiere, habe ich die Möglichkeiten von MT voll ausgeschöpft und sowohl
Protein:Protein Interaktionen, als auch einzelne Proteine untersucht.
Die meisten Strategien, um Proteine für MT SMFS an magnetischen Kugeln zu befestigen, basieren auf der
nicht-kovalenten, aber sehr stabilen Bindung zwischen dem Protein Streptavidin (SA) und dem kleinen Mole-
kül Biotin. Wir haben ein Protokoll entwickelt, um die Anbindungsgeometrie von SA an magnetische Kugeln
präzise zu kontrollieren. Dies erhöht die Lebensdauer der SA:Biotin Interaktion drastisch 4 (Kapitel 3). In Zu-
kunftwird dieses Protokoll dadurch langeMessungen bei hohenKräften erleichtern.Darauf basierend, habe ich
die (Ent-)Faltungskinetik und mechanische Stabilität einiger medizinisch relevanter Proteine und Protein:Pro-
tein Wechselwirkungen untersucht.
Von Willebrand Faktor (VWF) ist ein multimeres, vaskuläres Glykoprotein, das wesentlich in die Blutgerinnung
involviert ist. Für diese Funktion wird VWF durch erhöhte hydrodynamische Kräfte bei vaskulären Verletzun-
gen aktiviert. Zentral für diese Kraftaktivierung ist die Länge der VWF Multimere, da die Spitzenkräfte, die auf
sie wirken abhängig vom Quadrat ihrer Länge sind 5;6. Im Rahmen meiner Dissertation habe ich MT verwendet,
um eineKonformationsänderung in derD’D3Domäne vonVWF zuuntersuchen (Kapitel 4). Unsere Ergebnis-
se zeigen eine starke pH-Abhängigkeit derKonformationsänderung, die zwei ungebundeneCysteine –Cys1099
und Cys 1142 – freilegt und damit die Multimerisierung von VWF ermöglicht. Darüber hinaus stellten wir fest,
dass Koagulationsfaktor VIII einen Einfluss auf die Kinetik der Konformationsänderung hat, was eine unbe-
kannte Bindungsstelle in der D Domäne nahelegt.
Während meiner Dissertation kam es zum Ausbruch eines neuartigen Coronaviruses (SARS-CoV-2), der zu ei-
ner globalen Pandemie führte 7–9. SARS-CoV-2 Infektionen werden durch das Binden der Rezeptor-bindenden
Domäne (“RBD”, lokalisiert an der Spitze jedes Spike Proteins) an den menschlichen Rezeptor ACE2 einge-
leitet. Die virale Anbindung passiert in der dynamischen Umgebung der Atemwege, wo mechanische Kräfte
der Bindung ununterbrochen entgegenwirken. Wir haben eine neue Methode entwickelt, um die Wechselwir-
kung zwischen Rezeptoren und Liganden unter Kraft zu untersuchen 10 (Kapitel 5). Im Kontext von SARS-
CoV-2 haben wir mit dieser Methode die RBD:ACE2 Wechselwirkung bezüglich ihrer Stabilität und Affinität
charakterisiert. Wir haben drei Techniken — MT-basierte SMFS, AFM-basierte SMFS und computer-basierte
nicht-Gleichgewicht Molekulardynamik Simulationen — verwendet, um die Interaktion im gesamten physiolo-
gisch relevantenKraftbereich zuuntersuchen. So konntenwir eine deutlich erhöhteKraftstabilität undAffinität
der SARS-CoV-2 RBD:ACE2 Interaktion gegenüber der SARS-CoV-1 RBD:ACE2 Interaktion (Auslöser der
Epidemie von 2002–2004) mit allen drei Techniken nachweisen. Konzeptuell konnten wir darüber hinaus zei-
gen, dass unsere Methode in MT nachweisen kann, wenn Moleküle die Interaktion zwischen RBD und ACE2
blockieren. Damit bietet sich unsere Methode an, um potentielle therapeutische Antikörper im Hinblick auf
ihre blockierenden Eigenschaften zu untersuchen. Basierend auf diesen Ergebnissen haben wir unsere Experi-
mente mit aktuellen Varianten des SARS-CoV-2 wiederholt, um diese mit dem Wildtyp (WT) bezüglich ihrer
Kraftstabilität und Affinität zu vergleichen (Kapitel 6). Indem wir die Kraft-abhängigen Lebenszeiten der In-
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teraktion nach null Kraft extrapoliert haben, konnten wir vorher veröffentlichte Affinitätsdaten akkurat repro-
duzieren11–17. Dabei wiesen wir höhere Affinitäten für alle Varianten verglichen mit dem WT nach. Trotz der
Unterschiede in der Affinität konnten wir zeigen, dass nur die α Variante signifikant Kraft-stabiler ist als der
WT. Unsere Ergebnisse deuten darauf hin, dass Kraft-Stabilität die virale Übertragbarkeit komplementär zu ei-
ner erhöhten Affinität vergrößern kann.
Zusammenfassend habe ich mit meinen Resultaten bestätigt, dass MT ein wertvolles Instrument sind, um viel-
fältigeAspekte einzelner ProteinfaltungenundProtein:ProteinWechselwirkungen zuuntersuchen. Ich erwarte,
dass die von uns entwickelte, verbesserte Anbindungsstrategie von großem Nutzen für viele zukünftige Protein
SMFS Experimente sein wird. Außerdem hoffe ich, dass unsere Methode zur Untersuchung der Stabilität von
Rezeptor:Ligand Interaktionen zukünftig verwendet werden kann, um Antikörper Bindungen nachzuweisen
sowie die Bindung anderer Viren an ihre Wirtszellen, die unter dynamischen Bedingungen zustande kommen,
zu charakterisieren.
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Forces are omni-present in nature, governing many vital processes including cell motility and adhesion,
blood coagulation, or host:pathogen interactions. At the molecular level, they can induce processes by trigger-
ing force-sensing proteins, which react to external mechanical stimuli and initiate complex signaling cascades.
Besides regulating and triggering individual proteins, mechanical forces also counteract protein:protein inter-
actions (PPI), impeding for example protein-mediated pathogen attachment to host cells. Studying how force
influences force-sensing proteins and how it affects PPI is thus fundamental to understanding many biological
processes. On the protein-level, mechanical force can be generated by hydrodynamic drag, membrane deforma-
tion, or stresses at cell-cell and cell-extracellular matrix junctions1. The magnitude of forces acting on individual
proteins can be diverse, ranging from a few piconewton for individual muscle proteins during muscle contrac-
tion2 to several nanonewton for proteins mediating pathogen adhesion3.
Magnetic tweezers (MT) are a single-molecule force spectroscopy (SMFS) technique enabling investigation of
the force-response of individual proteins. They can access a force range from 0.01 to 100 pN, which is phy-
siologically relevant for many conformational changes in force-activated proteins and PPI. By investigating the
force-response of individual molecules, MT can capture population heterogeneity caused for example by dif-
ferent (un-)folding pathways and thermodynamic stochasticity. At the same time, they allow multiplexing and
long-term measurements, enabling observation of rare events. Thus, MT are ideally suited to characterize the
stability of PPI, investigate force-activated proteins and map the free energy landscape of protein unfolding.
With the work presented in this thesis I take full advantage of the diverse capabilities of MT for studying indi-
vidual proteins as well as PPI.
Most tethering strategies used for protein SMFS experiments with MT rely on coupling proteins to magnetic
beads using the non-covalent, but highly stable bond formed by the protein streptavidin (SA) and the small
molecule biotin. Developing a protocol for precisely controlling the anchoring geometry of SA, we were able
to increase the lifetime of the SA:biotin interaction drastically4 (Chapter 3). Our coupling strategy facilitates
future long-term and high-force measurements. Building upon this method development, I investigated the
(un)-folding kinetics and stability of a range of medically relevant proteins and PPI.
Von Willebrand Factor (VWF) is a multimeric, vascular glycoprotein crucially involved in hemostasis. Its hemo-
static function is activated by increased hydrodynamic forces acting at sites of vascular injury. Crucial for its
function is the enormous length of VWF multimers, as the peak hydrodynamic forces acting on VWF scale with
the square of the multimers’ length5;6. Using MT, I revealed a conformational transition, opening an interface
in the D’D3 domain. Our results show pH-dependent destabilization of the D’D3 interface, priming VWF for
multimerization by exposingCys1099 andCys1142 (Chapter 4). The stability of theD’D3 interface is increased
by coagulation Factor VIII – suggesting a binding site within the D3 submodules.
During my dissertation a novel Coronavirus (SARS-CoV-2) emerged, causing a global pandemic7–9. SARS-
CoV-2 infections are initiated by binding of the receptor binding domain (RBD), located at the tip of each
spike protein to the human angiotensin converting enzyme 2 (ACE2) receptor. Viral attachment takes place
in the dynamic environment of the respiratory tract where mechanical forces constantly counteract the attach-
ment. Pioneering a novel tethered-ligand assay, we were able to characterize the RBD:ACE2 interactions under
force10 (Chapter 5). We combined three techniques – MT SMFS, atomic force microscopy-based SMFS, and
in-silico steered molecular dynamics simulations – to investigate the bond under the whole physiologically re-
levant force range. We could show that the SARS-CoV-2 RBD:ACE2 interaction has a higher force-stability
compared to SARS-CoV-1 (the causative agent of the 2002–2004 epidemic) across all three techniques. In a
proof-of-concept measurement with free ACE2 we could furthermore show that our MT assay is sensitive to
agents blocking the RBD:ACE2 interaction, suggesting it as a potential screening tool for e.g. therapeutic an-
tibodies or small-molecule drugs. Building upon this initial work, we implemented variant-of-concern (VOC)
mutations located in the RBD into our tethered ligand assay, comparing their force-stability in MT with the
force-stability of the wild type (wt) (Chapter 6). Extrapolating our force-dependent lifetimes to zero force, we
could accurately reproduce affinity data reported in the literature11–17, finding an increased affinity for all VOC
compared to wt. Despite these differences in affinity, only the αVOC showed a statistically significant increase
in force-stability compared to the wt. Our results suggest that – at least in some cases – force-stability is a better
predictor of viral transmissibility than affinity.
Taken together, my results highlight that MT are a versatile tool to study proteins and PPI. I anticipate the
value of the improved tethering strategy for future measurements and the use of the novel tethered ligand assay
for studying antibody blocking or force stability of other viruses binding their hosts in dynamic, force-exposed
environments.
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1
Context

This chapter introduces relevant biological background on proteins and the fundamentals
of single-molecule force spectroscopy. It gives a detailed description of the basic principles
of magnetic tweezers (MT) and presents an overview of state-of-the-art research in protein
force spectroscopy using MT. This provides the necessary background for putting my re-
search on protein interfaces examined with MT into context. An outline of the work pre-
sented in this thesis is included at the end of this chapter.

1.1 Proteins

Proteins play a crucial role in most biological processes from deoxyribonucleic acid (DNA)
replicationon amicroscopic scale towoundhealing ormuscle contractionon amacroscopic
scale. The human proteome alone containsmore than 17800 different proteins fulfilling di-
verse tasks18.
At the same time all proteins consist of the samebuildingblocks: 20 different amino acids19.
The amino-acid sequence of each protein is encoded by DNA with three nucleic acid bases
encoding for one amino acid. Amino acids are interconnected by peptide bonds (Figure
1.1, bottom, orange), creating the so-called polypeptide backbone of long polypeptide chains.
The ends of these chains are referred to as ”N-terminus” (where the NH2 group is located)
and ”C-terminus” (where the COOH group is located)19. The sequence of amino acids is
called ”primary structure” (Figure 1.2A).
The order of amino acids in the primary structure can be diverse; accordingly, the final

Figure 1.1: Schematic of a peptide bond. The pep-
tide bond (bottom, orange) is formed between the
C-terminus (carboxyl, COOH) of one amino acid
and the N-terminus (amino group, NH2) of a se-
cond amino acid under release of an H2O molecule.
R1 and R2 represent different side chains.

fold of proteins can vary drastically from protein to protein. On a more local folding level,
however, re-occurring patterns emerge that are found in almost any larger protein. These
folding segments are referred to as ”secondary structure”. Even though there are multiple se-
condary structure elements, the two most common ones are α helices and β sheets, joined
together by short, flexible loops19;20 (Figure 1.2B).αhelices consist of a chain of amino acids
twisting around itself, while β sheets are formed by several chains of amino acids arranging
next to each other in parallel or anti-parallel conformation. These structural elements are
stabilized purely by hydrogen bonds between the N–H and C=O atoms in the polypeptide
backbone19. The ”backbone structure” is the same for every amino acid, but the side chains
have different properties including hydrophobicity/-philicity, charge, and size. Although
not directly involved in secondary structure bonding, these side chains influence secondary
structure formation due to their properties: Not every primary sequence is equally likely to
formα helices or β sheets. Proline and glycine for example very rarely formα helices due to
their rigidity and conformational freedom, respectively.
The next level in structure formation is the ”tertiary structure” (Figure 1.2C), describing
the three dimensional fold of the protein. This level is heavily influenced by the side chain
properties of the amino acids. Generally, it is energetically favored that hydrophobic, non-
polar secondary structural elements and side chains are packed together and shielded by
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2 Chapter 1: Context

hydrophilic structures against solvent exposure in the mostly aqueous surrounding of pro-
teins19. This process is referred to as the hydrophobic collapse.
Multiple tertiary structured proteins arranging into a larger complex is called the ”quater-
nary structure”. Not all proteins exhibit this level of structure. Examples for proteins that
do are hemoglobin, where two pairs of different subunits arrange into a quaternary struc-
ture able to bind four oxygen atoms, or the tetramer streptavidin, consisting of four equal
subunits with one binding site for the small molecule biotin each (Figure 1.2D, Chapter 3).
The function of most proteins is closely related to and dependent on their fold. Misfolded

Figure 1.2: Local and global protein structure.
A The peptide chain synthesized from individual
amino acids without any geometrical information
is called ”primary structure”. Each letter corre-
sponds to one amino acid. B The ”secondary struc-
ture” describes local structures. C The protein fold
is described as ”tertiary structure” D The ”quater-
nary structure” describes combinations of several
tertiary structures. All structures show (parts) of the
tetrameric protein streptavidin (PDB-ID: 6M9B 21)
and were rendered using VMD 22.

proteins in turnoften lose their functionality and can cause severe disease ormalfunctions in
organisms, such as human Alzheimer’s disease (related to the Amyloid precursor protein),
Parkinson’s disease (related to α-synuclein), Huntington’s disease (related to Huntingtin)
disease, or type II diabetes (related to islet amyloid polypeptide) to name but a few23;24.
The basis for understanding these diseases is solving the protein structure and understand-
ing what leads to misfolding. The most established techniques to solve protein structures
are cryo-electron microscopy (cryo-EM)25;26, X-ray crystallography27, and nuclear magne-
tic resonance (NMR) spectroscopy28. Depending on the proteins’ complexity the proce-
dure of solving its structure can be very difficult. Thus, many protein structures are still
unknown, even though the primary structure is well-established and proteins can often be
readily synthesized. In-silico structural predictions on the basis of the amino-acid sequence
would thus be favorable. However, even though secondary structure prediction on the basis
of the primary structure is relatively simple29;30, prediction of the tertiary structure is much
more complex31. Recently, however, novel approaches utilizing machine learning lead to
extreme advances on this field32–34.
Protein function critically depends on the protein structure. Solving the structure thus
helps to understandprotein functionality inmany cases. There are, however proteinswhich
change their conformation triggered by external stimuli, thus obtaining the ability to per-
form new functions. These stimuli include chemical stimuli such as ligand binding, photo-
physical stimuli such as illumination, or mechanical force1. For these proteins dysfunc-
tionality cannot only be caused by misfolding in the native state, but also by reduced/no
response to the external stimulus. Studying these proteins under trigger-conditions is thus
interesting and at the heart of understanding their functionality.

1.2 Single-Molecule Force Spectroscopy

Forces are omni-present innature. On themolecular level, they governmany important pro-
cesses including DNA compaction, cell motility, cell adhesion, or blood coagulation. These
processes in turn are governed by conformational changes of individual, force-sensitive ma-
cromolecules, including nucleic acids and proteins. Understanding their force-response
is the basis of understanding the processes themselves. The force-response of biological
macromolecules, however, is inherently heterogeneous, reflectingdifferent (un-)foldingpath-
ways and thermodynamic stochasticity. Measuring force-response in bulk assays does not
reflect this heterogeneity, and less populated states and pathways cannot be resolved. Single-
molecule force spectroscopy (SMFS) experiments overcome this limitation by investigating
the influence of force on individual macromolecules. Over recent years, multiple SMFS
techniques have been developed, allowing the effect of force on individual molecules to be
precisely studied.
For SMFS experiments, molecules of interest (MOI) are tethered between a surface and a
force probe, enabling the stretching of the tetheredmolecule and the applicationof precisely
controlled force and force loading rates2;35. The type of force probe and mode of force ap-
plication is different for each SMFS technique.
Atomic forcemicroscopy (AFM)-based SMFS (Figure 1.3A) is one of themost established
SMFS techniques35;39;40. For AFM-SMFS, the MOI is tethered between a glass surface and
a silicon nitride microcantilever acting as force probe2. Increasing the distance between sur-
face and cantilever by either retracting the cantilever or the surface stretches the MOI and
thus applies a force. The applied force is, according to Hooke’s Law, directly proportional
to the deflection of the cantilever: F = k · x, with k being the spring constant of the can-
tilever. The deflection is measured by means of the position of a laser that is reflected off the
backside of the cantilever onto a position-sensitive detector. In this manner, force-distance
curves can be recorded. The MOI is stretched until the tether ruptures. Subsequently, a
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Figure 1.3: Overview of themost common SMFS techniques. AAFM-based force spec-
troscopy. In AFM-based single-molecule force spectroscopy, the MOI is tethered between
a surface and a cantilever. Force is applied by increasing the distance between surface and
cantilever. The position of a laser beam reflected off the cantilever is detected on a quad-
rant photo diode (QPD) and relates to the cantilever position and thus the applied force.
B OT-based SMFS (Dumbbell assay). In OT, a dielectric bead is trapped by a strongly fo-
cused laser beam. The MOI is tethered between this bead and either a surface (”tethered
assay”), a surface-bound receptor (”interaction assay”), or a second trapped dielectric bead
(”Dumbbell assay”). Force is applied by moving the laser focus. CMT-based SMFS. In MT,
the MOI is tethered between a magnetic bead and a surface. Force is a applied by a magnetic
field gradient, pulling the magnetic bead upwards. The molecule of interest that is depicted
in the three SMFS modalities is the small protein domain ddFLN436 (PDB-ID: 1KSR, ren-
dered using VMD22), whose unfolding kinetics were carefully analyzed using SMFS and
that is now often employed as a fingerprint3;37;38. DTypical force ranges of the three SMFS
techniques.

piezo-electric scanner can move the sample stage, the cantilever can approach the surface,
tethering a new molecule and the process can be repeated.
AFM-SMFS has proven to be a powerful tool to study unfolding of numerous proteins,
nucleic acids, and even covalent bonds 41–47. However, the high cantilever stiffness as well
as rapid drift impose a lower bound of ∼ 10 pN onto the forces accessible in classic AFM-
SMFS experiments (Figure 1.3D)48;49. Application of lower forces, mimicking many phy-
siologically relevant conditions, is thus difficult with this SMFS technique.
Optical tweezers (OT) are a versatile tool for SMFS experiments, based upon trapping par-
ticles optically in the focusof a laser beam. For this purpose, a laser is focused to adiffraction-
limited spot with a high numerical aperture microscope objective. Dielectric particles close
to the laser focus experience a restoring force towards the focus. Attaching one end of the
MOI to a trapped dielectric bead allows force-application either by tethering the other end
of the MOI to a surface (”tethered assay”), through interaction with a surface-bound inter-
action partner (”interaction assay”), or by tethering the other side of the MOI to a second
trapped dielectric bead, altering the relative position of either of the beads (”Dumbbell as-
say”, Figure 1.3B). The force acting on the molecule of interest is directly proportional to
the displacement of the bead from the focus x: F = k · x with k being the spring constant or
stiffness of the trap, which depends on the steepness of the optical gradient, the laser power
and the polarizability of the trapped object. The displacement is most commonly measured
by detection of the scattering profile in the back focal plane.
OT offer excellent spatio-temporal resolution and can arbitrarily manipulate the bead in
three dimensions. Amongst others, they have been used to characterize processive nucleic
acid enzymes50, forces exhibited by individual proteins51, the mechanical unfolding of pro-
teins52, andnucleic acid structures53. However, limitations ofOT include local heating and
photo-damage of the sample due to the high laser intensity required for optical trapping.
Furthermore, they are incapable of multiplexing, limiting the throughput of this technique
considerably35.
Other, more recently developed force spectroscopy techniques include centrifugal single-
molecule force spectroscopy (CSMFS)54–56. Here, the MOI is tethered between a vertical
glass surface and a bead inside a flowcell. The flowcell is illuminated from above and the
transmitted light is bundled by an objective and imaged using a camera. The whole setup
is arranged horizontally inside a centrifuge rotor. By spinning the centrifuge, centrifugal
forces in a range of (10−4 – 104) pN act upon the beads and thus the tethered molecules.
Adjusting the acceleration and the size of the utilized beads, the force-loading ratio can be
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controlled55. CSMFS furthermore allows multiplexing.
Another less frequently employed SMFS technique is acoustic force spectroscopy (AFS)57.
Similar to CSMFS, the MOI is tethered between a glass surface and a bead inside a flowcell.
Here, force is applied by an acoustic signal, generated by a piezo plate that is attached to the
upper glass slide. Bead positions are recorded with an inverted microscope.

1.3 Magnetic Tweezers

1.3.1 Background

MT are a versatile tool to apply external forces and torques to biological (macro-)molecules.
For this purpose, the MOI is tethered between a glass surface and a ∼ µm-sized superpara-
magnetic bead inside a flowcell (Figure 1.3C). In a magnetic field, superparamagnetic beads
are magnetized and precise forces can be applied by a magnetic field gradient:

−→
F =

1

2

−→
5(−→m ·

−→
B ) (1.1)

with F being the applied force, m the magnetization, and B the magnetic field. Magnetic
field gradients can either be generated using permanent or electromagnets located above
the flowcell. The simplest and most common method employs two permanent magnets ar-

Figure 1.4: MT setup. A Schematic of a conven-
tionalMTsetup. Aflowcellwith tetheredMOIs and
reference beads (”Ref. bead”) stuck to the flowcell
bottom is illuminated from above with a collimated
LED light. Transmitted light is imaged with an ob-
jective and a lens onto a camera. The objective can
be moved in z direction with a piezo. Fluid inside
the flowcell can be exchanged with the help of a peri-
staltic pump. Magnets are installed in a vertical con-
figuration above the flowcell. By reducing their dis-
tance to the flowcell the force can be increased. B
Field of view in our current setup (appendix Section
C). More than 150 beads can be tracked simultane-
ously. Inset: Individual bead with diffraction pat-
tern. Diffraction pattern changes depending on the
relative distance between bead and objective and is
used to measure the tether extension.

ranged in vertical, anti-parallel configuration (i.e. south pole of one and north pole of the
other magnet facing the flowcell) with a small, 0.5 to 1 mm gap in between them (Figure
1.4A, referred to as ”Conventional MT”)35;58. However, there have also been approaches
using permanent magnets in a horizontal configuration, making use of the altered distance-
force relation59. Unlike AFM or OT, MT naturally operate in constant force mode. In the
simplest setup where forces are exerted by means of two permanent magnets, the magni-
tude of the force can be altered by changing the height of the magnets with respect to the
flowcell. Reducing their distance will increase the magnetic field acting on the superparam-
agnetic bead, pull it upwards and thus generate a higher force on the tethered MOI. With
commonly used 5mmN52magnetized neodymiummagnet cubes, spaced 1 mm from each
other and commercially available Dynabeads™ MyOne™ (#65001, Invitrogen™, diam-
eter 1 µm) or Dynabeads™ M-270 (#65305, Invitrogen™, diameter 2.8 µm), this allows
force application in a range of 0.01 to 70 pN. Decreasing the gap distance between the two
magnets or utilizing larger superparamagnetic beads increases the applicable forces consid-
erably59;60. Alternative configurations of permanent magnets have been used for different
applications58. A second possibility for force-application involves utilization of electromag-
nets61. This offers the advantage of more flexible and faster, non-mechanical adjustment of
forces. However, they suffer from a range of limitations. To increase the accessible force
range with electromagnets, the coils are typically wrapped around soft iron or mu-metal
pole pieces, introducing considerable hysteresis in themagnetic field depending on the func-
tion of the applied current35. Furthermore, high currents creating high magnetic forces
generate significant heat necessitating cooling35.
Regardless of the magnet modality or geometry, MT cannot only apply vertical forces, but
also induce torque to rotationally constrained molecules. This feature of MT has been used
to extensively characterize mechanical properties of nucleic acids58.
The extension of the tethered MOI is indirectly determined by camera-based tracking of
the (x, y, z)-position of the superparamagnetic bead. For this purpose, the bead is imaged
using an inverted microscope (1.4A). Beads are tracked slightly out of focus, inducing a
diffraction ring pattern depending on the relative distance between objective and bead (Fi-
gure 1.4B, inset)62;63. The center of the diffraction pattern determines the (x, y) coordinates
with sub-nanometer resolution64, while the z position is determined with≈ nm resolution
by comparing the diffraction pattern with a look-up table. The look-up table is created for
each bead at the beginning of the experiment by applying a low, constant force and scanning
the objective over a range of≈ 10 µm, while recording the pattern at each relative objective-
bead distance.

1.3.2 Force calibration

In order to apply precisely controlled forces with conventional MT, the relationship be-
tween magnet-flowcell distance and applied force needs to be accurately determined. The
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force acting on each bead can be calculated based on its Brownian motion in the plane per-
pendicular to force application35;63. For this purpose, the time-span in which the fluctua-
tions are recorded needs to be larger than the characteristic time τC of the tether:

τC,≤1pN =
8 · π2 · η ·R · LP · LC

F · ε2
(1.2)

for F ≤ 1 pN and

τC,>1pN =
12 · π2 · η ·R · LC

F · ε2
(1.3)

for F> 1 pN, where η is the viscosity, R the bead radius, LP the persistence length of the
tether, LC the contour length of the tether, F the force, and ε the statistical accuracy65;66.
This ensures that the tether has sufficient time to explore hiswhole spacial freedomat a given
force. Furthermore, the frequency at which the fluctuations are recorded needs exceed the
corner frequency fc:

fc =
F

2π · z · (6π · η ·R)
(1.4)

where F is the applied force, z is the tether extension, η is the viscosity and R is the bead ra-
dius. Principally, the force can be calibrated based on either x- or y-fluctuations. The fluctu-
ation amplitude in both directions are, however, different: In the direction where the beads’
magnetization is aligned with the magnetic field, the fluctuation amplitude only arises from
tethermotion. Calibrationbased on this direction is referred to as ”short-pendulumcalibra-
tion”67. In the perpendicular direction, the bead rotation is not constrained by the magne-
tic field and thus adds upon tether fluctuations, leading to a larger fluctuation amplitude.
Thus, the bead radius adds to the tether length67–69. This complicates the calculation of
the force, as different angular displacement of bead and tether need to be considered in the
calculation67. Calibration along this axis is referred to as ”long-pendulum calibration”67.
The force can be calculated based on the equipartition theorem as :

F = kBT · z/δ2x (1.5)

where kB is the Boltzmann constant, T the temperature, z the tether extension and δ2x the
variance of the lateral bead position63;70. Hereby the tether length should be known, for
example by using a specific DNA construct with a known length. The relation between
distance and force is double exponential63;65.
The accuracy of this simple calibration is impaired by instrument limitations: Due to fi-
nite shutter time, bead positions are averaged and high frequency fluctuations average out.
Furthermore, frequencies larger than half of the shutter frequency are affected by aliasing
and thus shifted to lower frequencies. Both effects lead to a reduction of variance and an
overestimation of force65. Several methods have been introduced to overcome this limita-
tion including an increase of the camera frequency65, calculating the power spectral den-
sity (PSD) and combining this with a correction of acquisition artifacts and low-frequency
drift66;68;71, as well as using the Allan variance72;73.
Calibration is facilitated by using long tethers as it reduces the corner frequency. In the-
ory, calibration can be performed with long (DNA) tethers and the found force-distance
relationship can be utilized for any measurement, also with shorter tethers. However, this
approach suffers from bead-to-bead magnetization variability, causing a slightly different
force-distance relationship for each magnetic bead69. In the case of commercially available
streptavidin-coatedDynabeads™M-270 (#65305, Invitrogen™), this variability is roughly
10 %74–77. This problem can be circumvented by a bead-specific force calibration. It is not
necessary to fully calibrate each tether, but it suffices to measure bead fluctuations only at a
small number of distances. This allows a correlation parameter, c, to be found relating each
beads’ force-distance relationship to the master calibration curve obtained by long-tether
calibration via F (d) = c · Fmaster(d)

63;69 with d being the magnet-flowcell distance.

1.3.3 Advantages and applications

MT offer a range of advantages, making them a valuable tool for SMFS experiments. With
an applicable force range from 0.01 to∼ 100 pN, conventional MT provide access to a phy-
siologically relevant force regime inaccessible in AFM experiments, but comparable to OT.
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Compared to OT however, MT do not suffer from optical heating or photodamage. They
are simple to implement and offer the possibility of measuring many molecules at the same
time, increasing throughput and thus enabling observation of rare events78. While OT and
AFMboth cannot apply constant forceswithout implementing extensive feedback controls,
MT inherently apply constant forces, allowing long-term measurements of the kinetics of
the same molecules at low forces (Figure 1.5). Such long-term measurements are facilitated
by utilizing a reference bead stuck to the bottom side of the flowcell which can be used to
correct for large drift by subtracting it from the trajectories of tethered beads. In addition
to stable long-term measurements, MT allow buffer exchange in between measurements of
the same molecule making them a valuable tool to study the dynamics of macromolecules
under different conditions.
Originally pioneeredbyCroquette and coworkers70,MTwere initiallymainly used to study
nucleic acids58;59;70;79, where it is particularly interesting to apply torque (in combination
with linear force). In this context, MT were used to study mechanical properties of DNA,
such as its buckling transition, plectoneme formation, or force-induced melting58;80–82.
Apart from studying mere mechanical properties, MT were used to study DNA-protein
interactions and how they affect structural properties of the DNA58;83–86.
To improve certain aspects ofMT, researchers came upwithmodifications, such as combin-
ing MT with flow stretching for improved detection of slow or intermittent enzymatic ac-
tivities87, or increased throughput88. Furthermore, different magnet geometries have been
used to improve torque measurements, yielding freely orbiting MT (FOMT), or magnetic
torque tweezers58. In the past, several groups started to also employ MT for investigation
of proteins78;89.

Figure 1.5: 144 h-long measurement at
constant force in MT. Measurement of the
small protein domain ddFLN4 in magnetic
tweezers at 7.3 pN over the course of 144
hours. ddFLN4 transitions throughout the
whole measurement from the native state (N)
via an intermediate state (I) into the unfolded
state (U) and back. Data were recorded at 58
Hz and a reference bead was subtracted.

1.4 Proteins in Magnetic Tweezers

The structure of proteins is critical for their function, as discussed in Section 1.1 (”Pro-
teins”). There are proteins that can undergo externally triggered conformational changes,
changing their functionality. Triggers include light, hormones, neurotransmitters, or force,
to name but a few1. Proteins changing their structural conformation leading to changes in
functionality upon force-application are referred to as ”force-activated”. MT-based SMFS
experiments can shed light upon the processes underlying force activation.
Beyond studying force-activated proteins, MT SMFS can also be used to investigate the free
energy landscape of protein folding in general, giving access to biologically relevant, but
rarely populated folding states. Furthermore, protein:protein interactions can be studies
with MT.

1.4.1 Theory

When applying a constant force to a protein tether in MT, initially unfolded protein and
linker parts (if present) are stretched (Figure 1.6B,∆L). At protein-specific sufficiently high
forces, proteins unfold. In MT, this relates to sudden increases in tether extension without
corresponding changes in the x- or y-coordinate (Figure 1.6A, B, ∆z). Here, the extension
increment ∆z is directly proportional to the number of amino acids in the unfolded pro-
tein structure90. From the measured increment at a given force F, the contour length of the
unfolded protein structure can be calculated using polymer-elasticity models. A commonly
employed model is the worm-like chain (WLC) model, which assumes a continuous, flexi-
ble, and isotropic rod that is subjected to Brownian motion. A simple approximation of the
force-extension relation of a WLC with≈ 1 % relative error91 is:

FLP

kBT
=

1

4
(1− x

LC
)−2 − 1

4
+

x

LC
− 0.8(

x

LC
)2.15 (1.6)
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with F being the applied force, LP being the persistence length (a measure for the polymer
stiffness; typical values for unfolded protein chains reported in literature are in the range
of 0.4 to 0.58 nm38;90), kB the Boltzmann constant, T the temperature, LC the contour
length, and x the measured extension. Another polymer elasticity model typically used for
relating measured extension to contour length in SMFS experiments is the freely jointed
chain (FJC) model which describes the polymer as a chain of rigid segments of fixed length
with equiprobable bond and torsion angles92. Both are reported to produce equivalent re-
sults78.
In addition to giving information about the contour length of the unfolded protein seg-

Figure 1.6: Proteins in magnetic tweezers. A
x (top), y (middle), and z (bottom) trajectory du-
ring equilibrium measurement of protein un- and
refolding at constant force inMT. Protein unfolding
events (”unfolding”) are marked by sudden exten-
sion increase ∆z in the z trajectory without corres-
ponding steps in the x or y trajectory of the bead.
Refolding events (”refolding”) are marked by exten-
sion decrease. Within a certain force range, unfol-
ding and refolding of the protein are possible. Keep-
ing the force constant in this force range results in
multiple un- and refolding events allowing force-
dependent dwell times τfolded and τunfolded in
the folded and unfolded states of one individual pro-
tein to be measured. B When starting at a low force
F2 < F1 in A, the protein is predominantly folded.
Increasing the force to a higher force F3 >F1 results
in stretching of unstructured protein parts accord-
ing to the WLC model (∆L). If the force is suffi-
ciently high, protein domains unfold leading to an
increase in extension ∆z. Some unfoldings are re-
versible (as in this figure) and protein domains can
refold when decreasing the force, allowing subse-
quent repeated unfolding. C Schematic of a one di-
mensional Gibbs free energy landscape describing a
two-state single-barrier model sufficient to describe
many protein unfolding kinetics. Two states (I, II)
are separated along the reaction coordinate x by an
energy barrier. Application of force (orange) adds
a negative term - Fx to the Gibbs free energy and
tilts the energy landscape, thus shifting the thermo-
dynamic equilibrium towards the second state by de-
creasing the energy difference∆G0 to∆GF .

ment, MT measurements can also give access to the protein folding and unfolding kinetics.
At constant forces, where there is a non-zero probability for the protein to be folded or
unfolded, the lifetime τ in the folded or unfolded state can be directly inferred from the
distribution of observed dwell times τfolded/unfolded in the respective state (Figure 1.6A,
τfolded/unfolded). The lifetimes are inversely proportional to the folding and unfolding
rates kfolded/unfolded.
In many cases protein unfolding and refolding can be described as a two-state system, where
the Gibbs free energy G has two minima (Figure 1.6C, state I [folded] and state II [un-
folded]) along the reaction coordinate x, separated by a single energy barrier∆G0. In ther-
mal equilibrium, both states are populated with a ratio of e∆G0/kBT and the rates depend
exponentially on the distance between energy minimum and energy barrier along the reac-
tion coordinate. Application of a force F adds an additional energy term −Fx to the free
energy. This results in a decreased energy barrier∆GF, leading to a shift of the equilibrium
state population to e(∆G0−Fx)/kBT . The effect of force on the rates is described by the Bell
model93. Assuming no change in∆x, the force-dependent rates are given by:

kfolded/unfolded = k0,folded/unfolded · e
∓

F ·∆xfolded/unfolded
kBT (1.7)

with k0,folded/unfolded being the rates at zero force and xfolded/unfolded being the dis-
tance between the twominima and the energy barrier. Measuring the rates at different forces
thus allows extrapolation of rates in the absence of force as well as distances to the transition
state.

1.4.2 Short tether force calibration

Bead-to-bead variability in magnetization can lead to inter-bead force differences at a given
flowcell-magnet distance of up to ≈ 10 % when using commercially available streptavidin-
coated Dynabeads™ M-270 (#65305, Invitrogen™), as discussed already in Section 1.3.2
(”Force calibration”). Circumventing this problem by a bead-specific calibration as dis-
cussed in Section 1.3.2 is challenging when working with proteins. Protein tethers with-
out handles usually have a length between 20 and 300 nm78. Apart from increased rel-
ative length error impeding force-calculation according to equation 1.5, this presents the
challenge of an extremely high corner frequency (see equation 1.4), complicating calibra-
tion based on brownian fluctuations67. In this case, it is of great advantage to calibrate the
forces along the direction perpendicular to the magnetic field67–69. As described in Section
1.3.2, the beads’ radius then adds to the tether length, leading to an effective tether length
of leffective = ltether + rbead, significantly decreasing the corner frequency and facilitating
calibration.
An alternative approach for force calibration uses the force-dependent protein unfolding
step sizes of a polyprotein. Measuring the step sizes at multiple magnet distances, a WLC
model can be fitted to obtain the corresponding forces78.

1.4.3 Attachment strategies

In order to take full advantage of the opportunities of MT to apply forces up to 100 pN,
or measure protein dynamcis at lower forces over the course of hours and days38;78, stable
protein tethering is crucial. In the past, several approaches have been described in literature.

1.4.3.1 Surface attachment

In the past, various approaches have been proposed for (non-)covalent (site-specific) attach-
ment of proteins to a glass surface for SMFS experiments inMT. In the beginning of protein
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pulling experiments in MT, proteins were often non-covalently attached to surfaces by un-
specific physical adsorption94, or site-specific attachment using antibodies95;96, or Ni-/Cu-
NTA chemistry. The latter attachment requires a His-tag on the protein of interest97–101.
When applyinghigher forces, ormonitoringproteins over a long time, these tethering strate-
gies based on non-covalent surface tethering suffer from reduced force-stability. The most
common covalent surface-coupling strategy employed in MT was originally described for
AFM SMFS experiments102;103. It involves Halo-tagged proteins binding to chloroalkane
ligands on a glass surface89;90;104–111. This tethering strategy offers extreme force-stability
exceeding 2 nN103. It suffers, however, from the disadvantage that the Halo-tag itself can
unfold under force, possibly interfering with the protein unfolding signal. A covalent al-
ternative to the Halo-tag is the SpyCatcher:SpyTag system. Inspired by the FbaB protein
domain, forming an exceptionally stable isopeptide bond between Lys and Asp, Zakeri et
al. engineered a peptide tag (”SpyTag”, 13 amino acids) and aprotein bindingpartner (”Spy-
Catcher”, 138 amino acids) 112. They forma covalent bondunder diverse conditions includ-
ing pH, temperature, and buffer. SpyTag and SpyCatcher react within minutes and their
bond exceeds forces up to 1 nN112. By integrating a SpyTag into either protein terminus
and functionalizing the surface with SpyCatchers, this system was used for multiple protein
SMFS experiments in MT113–118.

Figure 1.7: Attachment strategy used for pro-
tein measurements in this thesis. The attach-
ment strategy is based upon a protocol described
earlier 38. Proteins used for measurements in this
thesis are expressed with three N-terminal glycines
and a C-terminal ybbR tag 119. This allows eSortase
A-mediated covalent coupling (drawn in red) to an
elastin-like polypeptide (ELP) linker 120 (drawn in
green). The 120 nm long linker increases the dis-
tance of the protein and the magnetic bead from
the surface, minimizing unspecific interactions and
shows no unfolding transitions upon force applica-
tion. The C-terminus of the protein is biotinylated
in an sfp-mediated coupling of coenzyme A (CoA)-
biotin to the ybbR tag on the protein. Streptavidin-
coated magnetic beads can then bind to the bi-
otin and thus tether the protein of interest allow-
ing site-specific force application. Controlling the
anchoring geometry of streptavidin on the magne-
tic beads increases the lifetime of the non-covalent
biotin-streptavidin interaction and allowsweek-long
measurements on the same tether under force 4;38

(Chapter 3).

1.4.3.2 Bead attachment

One of the most common approaches to attach proteins of interest to magnetic beads is
based upon the non-covalent, but extremely stable bond formed by the tetrameric pro-
tein streptavidin (SA), or its close relative avidin and the small molecule biotin89;90;94–101;104

106–111;115;117;118. While SA-coatedmagnetic beads arewidely commercially available63, pro-
teins of interest can be biotinylated with an Avi-tag63 or an enzyme-mediated fusion of a
CoA-Biotin to a protein-bound ybbR-tag38. Stability of the biotin-SA bond can be fur-
ther increased when controlling the anchoring geometry of SA on the beads4 (Chapter 3).
Covalent alternatives for protein-bead attachment include the utilization of Halo- and/or
SpyCatcher/-Tags113;114. Other alternatives involve EDAC-mediated direct coupling of the
proteins’ carboxyl group to an amine-coated bead121, or direct protein binding to an anti-
body-coated bead105.

1.4.3.3 Protein attachment via linkers and handles

Tethering proteins directly between surface and magnetic beads results in extremely short
tether lengths, as mentioned in Section 1.4.2 (”Short tether force calibration”). This drasti-
cally increases the chance of unspecific bead-surface interactions. Using passivating agents
such as bovine serum albumin or casein certainly reduces this. Increasing the tether length
by use of handles, or polyproteins, however, is even more effective. Handles inserted be-
tweenprotein and surface in the past include small protein domains, such as thewell-charac-
terized titin I91 (formally I27) domain106;107;116–118, or IgFLNa 1-3 domains98. Their well-
characterized unfolding was then also used as a fingerprint to identify specific tethers117.
Other approacheswere baseduponmeasuring long polyproteinswithmultiple repeats90;104

113;114. Recently, elastin-like polypeptide (ELP) linkers were described for protein SMFS ex-
periments in MT38 (Figure 1.7). Being unstructured, they do not unfold under mechanical
forces and thus do not interfere with investigation of unfolding of the protein of interest.
Expressing them with a cysteine at one terminus and a sortase/ybbR tag at their other ter-
minus allows covalent surface- and protein attachment38.

1.4.4 Applications

All advantages listed in Section 1.3.3 (”Advantages and applications”) also apply to protein
SMFS experiments with MT. Particularly the possibility to multiplex and apply physiologi-
cally relevant forces< 10 pN to proteins makes MT complementary to other SMFS tech-
niques. Proteinunfolding canbe studiedby force jumpprotocols, where high forces causing
protein unfolding are applied in turn with low forces, allowing reversible protein structures
to refold (Figure 1.6B). In this way, sequential unfolding of multiple protein domains can
be observed and this can be used to identify specific tethers if the force-response of a pro-
tein is known. Apart from jump protocols, MT can mimic AFM or OT measurements by
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increasing the forcewith a specific constant or changing force-loading rate. Due to the expo-
nential force-distance relationship, the magnet needs to be lowered in a logarithmic fashion
when using conventional MT. Unlike the AFM that has a lower bound in force-loading rate
due to drift and fluctuations, MT can in principle go arbitrarily low in force-loading rate.
Protein subdomains folding reversibly have an equilibrium force, where they unfold and
refold with the same probability as shown in Figure 1.6A. Ramping the force around this
equilibrium allows to obtain force-dependent dwell times in the folded and unfolded state
and according to Equation 1.7, the lifetimes and rates at zero force can be extrapolated. This
in turn gives access to the free energy landscape (Figure 1.6C). This can also be done in the
presence of interaction partners, studying their effect on force-stability and binding kinet-
ics. Furthermore, MT can be used for binding studies of force-activated proteins: In some
force-activated proteins force-induced conformational changes reveal cryptic binding sites
for potential binding partners, whose binding can then be quantified in MT. Recently, MT
were also used to directly probe the stability of the bond formed by receptor ligand pairs by
directly applying force to them and investigating bond dissociation. The following sections
give an overview over proteins studies in MT.

1.4.4.1 Protein unfolding dynamics

The muscle protein titin is with 3.7 MDa the largest known human protein, containing
a variable number of immunoglobulin (Ig) domains2. Spanning an entire half sarcomere,
titin filaments experience forces between 4 and 15 pN in vivo, making MT the ideal tool
to study them under physiologically relevant force2. There have been several MT studies
investigating the behavior of Ig10 and Ig91 domains under force89;109;111. They found that
Ig domains have an equilibrium force of around 5.4 pN, extending or shortening by ∼ 13
nm89. At 5.7 pN, individual titin Ig domains generate peak work of 46 zJ, which is compa-
rable to the mechanical energy delivered by a myosin power stroke2. On the basis of their
characterization in MT it was concluded, that Ig domains play a crucial role in muscle con-
traction. Saving elastic energy by unfolding at forces> 6 pN, they can subsequently release
it during muscle contraction upon re-folding2;89;90;109;111.
Talin is a protein critically involved in cell-cell contacts and cell adhesion by linking the
integrin-mediated cell–matrix contacts to the actin cytoskeleton via its binding partner vin-
culin110. Its C-terminal rod-domain consist of 13 helical bundles110 with 11 (partially cryp-
tic) vinculin binding sites. These binding sites are exposed upon force-activation of talin97

(see in Section 1.4.4.2). Unfolding of talin is thus crucial for successful cell adhesion and
has been studied in multiple MT-based SMFS experiments: The folding kinetics of a full
FL-talin rod were determined and traced back to individual subdomains110. Tapia-Rojo
et al. focused on studying force-dependent unfolding kinetics of the weakest of all talin
domains, the R3 domain, which harbors two vinculin binding sites and is thought to be
the precursor of talin-mediated adhesion107. Application of ”mechanical noise” (fluctuat-
ing forces, applied with electromagnetic tweezers) shows that talin can filter out mechanical
noise, but detect periodic force signals 107. Tapia-Rojo et al. interpret this as talin acting as a
”mechanical bandpass filter”, reading and interpreting frequency-dependentmechanical in-
formation through its folding dynamics107. For their study they used ”magnetic tape-head
tweezers”, tape-head-based electromagnetic tweezers allowing rigorously fast adjustment of
the magnetic field at a bandwidth of∼10 kHz108.
Another naturally force-activated protein that was studied in MT is von Willebrand Fac-
tor (VWF)38. VWF is a multimeric, vascular glycoprotein travelling through blood in a
globular conformation. Upon sensing increased hydrodynamic forces - as present at sites of
vascular injury - VWF unfolds. This exposes binding sites for platelets that form a hemo-
static plug attaching to collagen-bound VWF at the injured vessel wall. MT were used to
characterize A2 domain unfolding in the presence and absence of calcium38. Furthermore,
MT studies could reveal low-force dynamics of dimeric stem opening and closing happen-
ing at forces around 1 pN. This likely constitutes a critical first step in the force activation
of VWF38.
Other proteinswhose un- and refolding dynamicswere investigatedwithMT include bacte-
rial adhesionProtein L61, the SH3 domain of SRCKinase117, the intrinsically disordered
neurofilament low (NFL) protein tail122, andCpa protein, mediating pathogen adhesion
of Streptococcus pyogenes113.
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1.4.4.2 Binding studies

Vinculin-binding toα-actinin 1 and talin is crucial for cell adhesion and cell-cell contacts
and critically relies on force. Early experiments combined MT SMFS with single-molecule
fluorescence experiments to show that vinculin binding to talin was increased after force ap-
plication to talin97. For this purpose, a conventional MT setup was complemented with a
total internal reflection (TIRF) objective to monitor Alexa488-labelled vinculin molecules
after force application to tethered talin. Combining both single-molecule techniques, del
Rio et al. could show that the number of vinculin molecules bound to talin increased with
increased stretching force applied to talin. This offers evidence that talin needs to be force-

Figure 1.8: Tethered ligand assay to study recep-
tor:ligand interactions. Atethered ligand assay can
be used to characterize receptor:ligand interactions.
Receptor (blue) and ligand (red) are connected by a
flexible linker (black). Upon force application the
bond eventually breaks, but both interaction part-
ners are held in proximity by the linker. By decreas-
ing the force, receptor and ligand can rebind and be
probed again.

activated by conformational changes exposing cryptic binding sites prior to vinculin bind-
ing97. Adapting this protocol, Yao et al. performed a similar experimentwith vinculin bind-
ing to α-actinin 1, after force application of the latter. This revealed that similar to talin,
α-actinin 1 needs to be force-activated prior to vinculin binding 100. In following studies,
the binding of vinculin to talin or α-actinin 1 was studied more closely using MT-SMFS
experiments only. It was shown that vinculin inhibits refolding of talin and unbinding is
induced by forces larger than 25 pN101. Le et al. used a tethered ligand assay (Figure 1.8)
to access the binding kinetics of vinculin and talin / α-actinin 1116. Therefore, vinculin
and talin / α-actinin 1 were connected by a flexible peptide linker and the resulting fusion
construct was tethered in MT. Upon applying high forces, the receptor:ligand bond breaks,
but both interaction partners are held together by the flexible peptide linker. When lower-
ing the force, the same receptor ligand pair can rebind and be probed again in MT. In this
way, Le et al. obtained force-dependent lifetimes of vinculin binding. Later, real-time force-
dependent vinculin head binding to talin R3 domain was measured and a conformational
transition in talin upon vinculin binding was resolved. This conformational change was re-
ported to induce an energy penalty positively depending on the applied force. The authors
hypothesized this to be a negative feedback loop to stabilize force on focal adhesions106.
Another assay combining single-molecule fluorescence with MT SMFS experiments was
presented to show force-dependent enzyme:substrate interactions 123;124. To this end, 6-hy-
droxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK) was labelled with Cy3 and
Cy5 molecules and force-dependent conformational dynamics were probed using Förster
resonance energy transfer (FRET) in the presence and absence of enzymatic substrates. U-
sing this combined approach, Guo et al. were able to directly observe entropy trapping in
the enzyme-substrate reactive transition state.
Other binding studies conducted with MT SMFS experiments include the folding dyna-
mics of protein L in the presence and absence of the chaperone trigger factor104, the
energy landscape of aptamer-protein interactions (for Ara h 1 and hIgE protein)94, and
force-dependent collagen cleavage throughmatrix metalloproteinase-1 (MMP-1)95;96.

Taken together, MT have proven to be a valuable tool for studying (un-)folding kinetics
and obtaining the free energy landscape for individual proteins, as well as investigating pro-
tein:protein interactions. Thus, MT have the potential to be used for studying many more
proteins and their interactions.

1.5 Outline

The work included in this thesis contributes to the growing field of protein single-molecule
force spectroscopy with MT by providing methods as well as describing findings of studies
on medically relevant proteins. Chapter 3 to Chapter 6 are either already published or are
intended to be published in a similar way as presented in the respective chapter. The pre-
sented work was thus a team effort. A statement on my contribution to the presented work
is given at the beginning of each chapter. The content of the thesis is as follows:

Chapter 2 provides a collection of protocols and methods used for multiplexed protein
force spectroscopy with MT. It includes a detailed description of the expression and pu-
rification of elastin-like polypeptide (ELP) linkers, flowcell functionalization, and measure-
ment preparation, as well as measurement optimization.

Chapter 3 presents a method for extremely stable, non-covalent anchoring based upon the
streptavidin (SA):biotin linkage. We engineer SA to precisely control its anchoring geom-
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etry and thus significantly increase its bond lifetime with biotin. With our results, we fur-
thermore conceptually highlight that affinity is unequal to force-stability. The work pre-
sented in this chapter is of great value for protein-coupling to SA-coated magnetic beads
for MT experiments and enables week-long measurements on the same protein. Besides
for MT experiments, the stable SA:biotin linkage can also be advantageous for any (force-
spectroscopy) technique relying on stable, non-covalent, specific anchoring.

Chapter 4 shows results obtained when studying the force-activated blood protein von
Willebrand Factor (VWF). Here, we use MT force spectroscopy to reveal and character-
ize a previously unknown conformational transition in the N-terminal D’D3 domain, in-
volved in VWF multimerization. Our results furthermore contribute to the understanding
of factor-VIII binding to VWF.

Chapter 5 introduces a novel tethered ligand assay allowing to characterize receptor:ligand
interactions under force. With this assay, we study the interaction of the severe acute res-
piratory syndrome coronavirus (SARS-CoV) with its human receptor angiotensin convert-
ing enzyme 2 (ACE2) using the two single-molecule force spectroscopy techniques MT and
AFM.We complement our resultswith steeredmolecular dynamics (SMD) simulations and
are able to match results from all three techniques. Comparing SARS-CoV-1 and SARS-
CoV-2 RBD:ACE2 interactions, we find significant differences in force-stability through-
out all techniques.

Chapter6presents results on the force-stability of current SARS-CoV-2variants of concern
(VOC)α,β, γ, and δ based on the assay presented in the previous chapter. By extrapolating
the force-dependent lifetimes to zero force, we can accurately reproduce reported affinities
measured with bulk-assays. We find that all VOCs have a higher affinity for ACE2 than the
wildtype. Opposed to this, we findα to be the only VOC with a significantly stronger bond
to ACE2 under force than the wildtype, suggesting that force-stability might contribute to
increased transmissibility complementary to zero-force affinity.

Chapter 7 summarizes the findings presented in the previous chapters and discusses their
value for the current state-of-the-art in proteinMTsingle-molecule force spectroscopy. Fur-
thermore, ideas are given how to continue and advance the research presented in this thesis.

Appendix C presents a newly assembled custom MT setup that was used for most mea-
surements described in this thesis.





2
Multiplexed Protein Force Spectroscopy

With Magnetic Tweezers - Protocols

Abstract

Single-molecule force spectroscopy (SMFS) with magnetic tweezers (MT) is a valuable tool
for studying the force-response of individual proteins, or characterizing the stability of pro-
tein:protein interactions. Here, we describe a selection of protocols enabling multiplexed,
specific SMFS using MT. Our coupling strategy relies on eSortase A-mediated protein cou-
pling to elastin-like polypeptide (ELP) linkers attached to an amino-silanized glass surface.
This ensures stable covalent bonding, and increased distance between bead and surface,
which minimizes unspecific bead:surface interactions. Protein-tethering is achieved by bi-
otinylation of the protein and coupling to streptavidin-coated magnetic beads. Our cou-
pling strategy results in stable protein tethering, enabling long-term MT measurements.

2.1 Introduction

Figure 2.1: Attachment strategy. The attachment
strategy is basedupon aprotocol byLöf et al. 38. Pro-
teins are expressed with three N-terminal glycines
and a ybbR tag at their other terminus 119. This al-
lows eSortase A-mediated covalent coupling to an
elastin-like polypeptide (ELP) linker 120. The C-
terminus of the protein is biotinylated in an sfp-
mediated coupling of coenzyme A (CoA)-biotin to
the ybbR tag on the protein. Streptavidin-coated
magnetic beads can then bind to the biotin and thus
tether the protein of interest allowing site-specific
force application. Controlling the anchoring geom-
etry of streptavidin on the magnetic beads increases
the lifetime of the non-covalent biotin-streptavidin
interaction and allows week-long measurements on
the same tether under force 4;38.

For protein SMFS in MT, protein constructs are tethered between a surface and a magnetic
bead. Precisely controlled forces are applied by a magnetic field gradient either generated
with electro- or permanent magnets, pulling the magnetic bead upwards and thus stretch-
ing the protein tether61;63. Conformational changes are tracked by indirectly monitoring
tether extension through the position of the magnetic bead63.
Stable tethering is crucial not only for studying high-force behaviour, but also for enabling
long-term measurements. In the past, many different covalent and non-covalent tether-
ing strategies have been presented. Most protein:bead attachment strategies rely on the
non-covalent, but highly stable interaction between the tetrameric protein streptavidin,
or its close relative avidin and the small molecule biotin89;90;94–101;104;106–111;115;117;118. Me-
thods to covalently attachproteins to a surface includeutilizationofHalotags89;90;104–111, or
the SpyTag:SpyCatcher interaction112–118. However, all these surface-attachment strategies
suffer from the small length of protein tethers typically on the order of 20 to 100 nm, result-
ing in a small distance between the magnetic bead and the surface. This fosters unwanted
unspecific bead:surface interactions. Addition of a linker either between the surface and the
protein or between the protein and the bead reduces this effect.
Here, we present a selection of protocols allowing multiplexed protein force-spectroscopy
with magnetic tweezers over long measurement periods and with minimal unspecific sur-
face interaction due to a flexible elastin-like polypeptide (ELP) linker between the surface
and the protein (see Figure 2.1). The protocols described here are for N-terminal protein

This Chapter is an invited chapter in the lab protocol seriesMethods inMolecular Biology.
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attachment to ELP linkers. For C-terminal attachment, proteins need to carry a C-terminal
LPXTGG motiv and ELPs an N-terminal GGG motif. All other steps are identical.

2.2 Materials

All chemicals used, if not further specified, were supplied by Carl Roth (Karlsruhe, Ger-
many) or Sigma-Aldrich (St. Louis, MO, USA). All buffers and media were sterilized by
autoclaving or sterile filtration.

2.2.1 ELP preparation

2.2.1.1 Buffers and media

LB-Kana media

• 25 g LB media (Carl Roth, #6673.2)

• 1 l MilliQ

Dissolve LB media in MilliQ using a magnetic stirrer. Autoclave before adding 50 µg/ml
Kanamycin in a sterile environment.

ZYmedia

• 10 mg/ml trypton (Carl Roth, #8952.3)

• 5 mg/ml yeast extract (Carl Roth, #2363.2)

Refer to section 2.3.1 for making this media.

1000x trace metal solution (100 ml)

• 36 ml MilliQ

• 50 ml 0.1 M FeCl3 in 0.12 M HCl

• 2 ml 1 M CaCl2

• 1 ml 1 M MnCl2-4H2O

• 1 ml 1 M ZnCl2

• 1 ml 0.2 M CoCl2-6H2O

• 2 ml 0.1 M CuCl2-2H2O

• 1 ml 0.2 M NiCl2-6H2O

• 2 ml 0.1 M Na2MoO4-2H2O

• 2 ml 0.1 M Na2SeO3-5H2O

• 2 ml 0.1 M H3BO3

Except for FeCl3, stock solutions of individual metals are autoclaved and solutions stored
at room temperature. FeCl3 is filtered through a 0.42 µm sterile, hydrophilic filter.

50x 5052 solution (500 ml)

• 500 ml MilliQ

• 25 % (w/v) Glycerol (Sigma-Aldrich, #G5516)

• 12.5 % (w/v) Glucose (Sigma-Aldrich, #49163)

• 10 % (w/v) Alpha-lactose monohydrate (Sigma-Aldrich, #L8783)
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All substances are dissolved during autoclaving.

50x M solution

• 1.25 M Na2HPO4

• 1.25 M KH2PO4

• 2.5 M NH4Cl

• 0.25 M Na2SO4

The solution is autoclaved after dissolving all substances.

ZYM media (for 1 l)

• 958 ml ZY media

• 0.2 ml 1000x trace metal solution

• 2 ml MgSO4 solution (1 M)

• 20 ml 5052 solution (50x)

• 20 ml M solution (50x)

Refer to section 2.3.1 for making this media.

Autoinduction media

• ZYM media

• 1 µg/ml Kanamycin

Refer to section 2.3.1 for making this media.

Lysis buffer, pH 8.0 at RT

• 50 mM TRIS

• 50 mM NaCl

• 10 % (w/v) Glycerol (Sigma-Aldrich, #G5516)

• 0.1 % (v/v) Triton X-100

• 5 mM MgCl2

This buffer is filtered through a 0.22 µm hydrophilic filter after adjusting the pH with
NaOH/HCl.

Coupling buffer, pH 7.2

• 50 mM Disodium phosphate

• 50 mM NaCl

• 10 mM EDTA

This buffer is filtered through a 0.22 µm hydrophilic filter after adjusting the pH with
NaOH/HCl.

CD buffer, pH 7.2 at RT

• 25 mM TRIS

• 72 mM NaCl

• 1 mM CaCl2

This buffer is filtered through a 0.22 µm hydrophilic filter after adjusting the pH with
NaOH/HCl.
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2.2.1.2 Instrumentation

• Autoclave

• Incubator/shaker for overnight bacterial cultures (5 – 7 ml, shaking at 220 rpm at 37
◦C)

• Large shaker for expression culture (2 l glass falcons, shaking at 105 rpm at 37 ◦C)

• Centrifuge for high speed spinning (6 000 g) of large (∼400 ml) volumes at 4 ◦C

• Centrifuge for high speed spinning (15 000 g) of medium (∼15 ml) volumes at 4 ◦C

• Centrifuge for lower speed spinning (3 200 g ) of medium (∼15 ml) volumes at 40
◦C

• Table top centrifuge for spinning 1 ml at 20 000 g at 4 ◦C

• Heatbath

• Gel electrophoresis equipment to run and visualize a protein gel

2.2.1.3 Further reagents

• Glycerol stock / clones of ELPs. Plasmids are provided on Addgene by Ott et al.120

(Addgene accession number 90472)

Competent cells: NiCo21 (DE3)

Vector: pET28a (Resistance: Kanamycin)

• Amino acids: Glycine, valine, proline

• Salt: NaCl

• For lysis: DNAse I (Roche, #10104159001), Lysozyme (Carl Roth, #8259.1), Pro-
tease Inhibitor (cOmplete, Roche, #45582400)

• TCEP Bond breaker solution (Thermo Scientific, #77720)

• Precast, stain-free protein gel, any kD (BioRad, #456-8126); protein ladders, GGG-
dye (e.g. GGG-SGSGSG-Cy3, available at peptide elephants), and Maleimide dye
(e.g. Atto 647N maleimide, Sigma-Aldrich, #05316-1MG-F)

2.2.2 Flowcell preparation

2.2.2.1 Buffers

Hepes Buffer
Dissolve 50 mM Hepes in MilliQ, adjust the pH to 7.4 using NaOH and HCl, and sterile
filtrate through 0.22 µm filter.

Coupling Buffer
See Section 2.2.1.1.

2.2.2.2 Instrumentation

• Reverse tweezers (see Figure 2.12, ”Tweezers”)

• Humidity chamber (see Figure 2.12)

• Hot plate

• Optional: Holder for reverse tweezers (see Figure B.4)
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2.2.2.3 Further reagents

• (3-Aminopropyl)dimethylethoxysilane (Amino-Silane, abcr, #146193)

• H2SO4

• H2O2

• Glass slides (see Figure 2.12, Carl Roth, #LH26.1)

• Perforated top-glass slides (Carl Roth, #LH26.1) with two holes (r = 0.5 mm, spaced
5 mm from the edge, and cut into the glass with a laser cutter) as in- and outlet

• sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC;
Thermo Fisher, #22322)

• Cys-6xELPs-LPETGG (see Section 2.3.1)

• Cysteine

• Polystyrene spheres (Polysciences, Inc., #07310)

2.2.3 Measurements

2.2.3.1 Proteins

• Proteinof interest: Theproteinof interest should feature anN-terminal triple glycine
motif for eSortaseA-mediated ligation to theLPETGGtag of theELP linker. Our at-
tachmentprotocol further relies on a ybbR-tag (with the amino acid sequenceDSLE-
FIASKLA)on theother sideof theprotein,which is thenbiotinylated via sfp-mediated
CoA-Biotin coupling.

• 4’-phosphopantetheinyl transferase (Sfp) enzyme 119

• Enhanced, pentamutant sortase A (with mutations P94R, D160N, D165A, K190E,
and K196T, ”eSortase A”)125;126

2.2.3.2 Measurement buffer

Generally, the measurement buffer depends on the protein of interest and the scientific
question that should be answered. Using our coupling strategy it should be noted, that
sfp and eSortase A activity rely on the presence of magnesium and calcium, respectively. In
order to enable sfp-mediated biotinylation via CoA-Biotin attachment to the ybbR tag, as
well as eSortaseA-mediated protein coupling to ELP linkers, it is thus crucial to ensure pres-
ence of magnesium and calcium. We typically operate with 10 – 100 mM MgCl2 during
sfp-mediated biotinylation and 1 mM CaCl2 for eSortase A-mediated protein:ELP attach-
ment.
During the measurement, we use the same buffer with 0.1 % Tween-20 added to it in order
to minimize unspecific bead:surface interactions.
The measurement buffer is filtered through a 0.22 µm hydrophilic filter.

2.2.3.3 Instrumentation

• FC holder (see Appendix B)

• MT Setup

2.2.3.4 Further reagents

• Casein (Merck, #C4765)

• Coenzyme A (CoA) - Biotin (Sichem, #SC-8618)

• Streptavidin-coated Dynabeads™ M-270 (Invitrogen™, #65305)
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2.3 Methods

2.3.1 ELP preparation

This is a protocol for recombinantly expressing and purifying ELP linkers, whose plasmid
is provided on Addgene by Ott et al.120 (Addgene accession number 90472). The ≈ 300
amino acid ELP linkers with a contour length of ≈ 120 nm and a molecular weight of
≈ 24.9 kDa have the repetitive amino acid sequence [(VPGEG)-(VPGVG)4-(VPGAG)2-
(VPGGG)2-(VPGEG)]6 and additionally possess a single N-terminal cysteine and the C-
terminal sortase recognition motif LPETGG. They do not feature a His-tag as constructs
with His-tag seemed to be less stable in MT measurements with decreased pH (for example
used in this thesis in Chapter 4 when studying VWF dimers).
Expression in E. coli and purification are based upon a protocol established by Dr. Wolf-
gang Ott120. As the construct does not have a tag for purification via an affinity column,
purification relies on an iterative change between high temperature/salt condition (where
ELPs precipitate) and low temperature condition (where ELPs go into solution).

2.3.1.1 Protein expression

This protocol starts from either a glycerol stock of NiCo21 (DE3) cells or a clone.

Under sterile hood (see Figure 2.2):Day 1: Overnight culture

• Add 7 ml LB Kana into 15 ml falcon

• Dip pipette tip into glycerol stock / clone (very light dipping already enough!) and
drop it into falcon

• Shake: 220 rpm, 37 ◦C for 15-18 h (overnight)

Figure 2.2: Overnight cultures for ELP expression. Necessary for overnight cultures are:
LB media with 50 µg/ml Kanamycin (see Appendix 2.2), 15 ml falcons, 10 ml pipette tips
+ a pipetboy, and 2.5 µl pipette tips + a pipette. After filling 7 ml LB media + Kanamycin
into the falconswith the pipetboy, a 2.5 µl tip is carefully dipped into the glycerol stock (very
light dipping already enough!) and the tip is dropped into the falcon. The glycerol stock is
kept in an isolation rack to ensure continuous freezing.

Preparation for the next day (see Figure 2.3):

• PrepareZYmedia and add 10 gr glycine, 5 g proline and 5 g valine; Mixwithmagnetic
stirrer

• Autoclave ZY media

• Autoclave 2l Erlenmeyer flask

Under sterile hood (see Figure 2.4):Day 2: Expression

• Prepare ZYM and then autoinduction media by adding the antibiotic; Mix by gently
shaking the bottle

• Add 400 ml autoinduction media into autoclaved 2 l Erlenmeyer flask
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Figure 2.3: ZYmedia for ELP expression. All ingredients (left) are mixed with a magnetic
stirrer until they are completely dissolved. Media is filled into a glass bottle (middle) and
autoclaved (right).

• Add the 7 ml overnight culture to the autoinduction media

• Shake: 105 rpm, 37 ◦C for 24 h

Figure 2.4: Expression culture for ELP expression. ZYM media is made from previously
prepared ZY media with amino acids by adding trace metals, MgSO4, M, and 5052. 0.1
mg/ml Kanamycin is added to avoid bacterial contamination. Overnight cultures are added
into ≈ 400 ml autoinduction media. Expression culture is transferred into a shaker, where
it shakes overnight. Shaking frequency is adjusted such that there is foam at the surface of
the fluid in the Erlenmeyer flask. In the photos shown here, two expression cultures are
prepared from two overnight cultures.

See Figure 2.5 Day 3: Harvest

• Centrifuge cells: 6 000 g, 4 ◦C, 15 min

• Discard supernatant (SN)

• Collect pellet into 50 ml falcon and spin down: 1 000 g, room temperature, 1 min

• Weigh pellet and store at -80 ◦C (facilitates lysis, can be stored up to weeks)

2.3.1.2 Protein purification

Preparation (Figure 2.6): Day 4: Purification

• Thaw cell pellet in a mixture of ice/water (Figure 2.6A)

• Heat water bath to 65 ◦C

• Prepare final lysis buffer (Figure 2.6B, C):

100 ml lysis buffer

10 µg/ml DNAse I, dissolved in lysis buffer

100 µg/ml Lysozyme, dissolved in lysis buffer

1 Protease inhibitor tablet/100 ml lysis buffer

1 mM TCEP

General consideration: ELPs are dissolved at low temperatures and precipitate at high tem-
peratures/high salt.
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Figure 2.5: Harvest of ELP expression cul-
ture. A Expression culture after 6 h of shak-
ing at 37 ◦C. B Expression culture after 24 h
of shaking at 37 ◦C. C Preparation for har-
vesting cells: Expression culture, centrifuga-
tion tubes for 370 ml, and a plastic spatula are
required. Expression culture is distributed be-
tween centrifugation tubes and centrifuged. D
Supernatant is discarded and pellets are col-
lected into 50 ml falcon with the spatula. E
Pellet is spun down and frozen at -80 ◦C.

Figure 2.6: Preparation for lysis. Cell pel-
let stored at -80 ◦C after the harvest is thawed
in an ice/water bath. Final lysis buffer is pre-
pared by adding DNAse, lysozyme, protease
inhibitor, and TCEP. For mixing, measure-
ment cylinder is closed with a parafilm and
mixed by repeatedly inverting until protease
inhibitor tablet is completely dissolved.

i. Resuspend cell pellet in final lysis buffer (∼ 1.43 ml/g) (Figure 2.7A)
Note: It is important to solve thepellet in as little volume as possible to allowcrowding
of the ELPs!

ii. Sonicate 2 x 7 min on ice with 5 min on roller bank at 4 ◦C in between (Figure 2.7B,
C) to cool down fluid

iii. Centrifuge lysate: 15 000 g, 4 ◦C, 1 h (Figure 2.7D)

iv. Transfer SN into new tube (Figure 2.7F)

v. Heat SN to 65 ◦C in heatbath for 20 min (Figure 2.8A)

vi. Cool on ice for 20 min (Figure 2.8B)

vii. Put on roller bank at 4 ◦C for 30-60 min

viii. Centrifuge: 15 000 g, 4 ◦C, 15 min (Figure 2.8C)

ix. Transfer SN into new tube (Figure 2.8D)
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Figure 2.7: Lysis (steps i. - iv.). Pellet is sol-
ubilized in lysis buffer (A) and sonicated twice
for 7 min on ice (B) with 5 min in between on
roller bank at 4 ◦C to cool down (C). Lysate is
centrifuged (D) and supernatant (cloudy, E) is
transferred into new tube (F).

Figure 2.8: First purification cycle (steps v. -
ix.). All proteins in supernatant are denatured
in a heatbath at 65 ◦C. Solution is white and
cloudy afterwards (A, ”Heatbath”). ELPs fold
back during 4 ◦C step. Solution looks similar
to before (B, ”Ice”). After centrifuging, super-
natant is yellow and clear (C) and is collected
in new tube (D, ”Keep SN”).

x. Add 3 M NaCl (solution should turn cloudy) (Figure 2.9A, B)

xi. Heat SN to 65 ◦C in heatbath for 20 min (Figure 2.9C)

xii. Centrifuge: 3 220 g, 40 ◦C, 20 min (Figure 2.9D)

xiii. Discard SN and invert falcon to allow pellet to dry completely

xiv. Resuspend pellet in 2 ml MilliQ + 1.5 mM TCEP (Figure 2.10A)

xv. Transfer into 2 ml eppi

xvi. Cool on ice for 10 min

xvii. Centrifuge: 20 000 g, 4 ◦C, 5 min

xviii. Save SN in new eppi (Figure 2.10B)

xix. Take away∼ 2 – 5 µl for protein gel

xx. Add 3 M NaCl *

xxi. Heat SN to 65 ◦C in heatbath for 30 min (Figure 2.10C)

xxii. Centrifuge: 20 000 g, 24 ◦C, 5 min (Figure 2.10D)

xxiii. Discard SN (pellet should be yellowish clear now) **

xxiv. Resuspend pellet in 1 ml coupling buffer (Figure 2.10E)

xxv. Cool on ice for 5 min

xxvi. Centrifuge: 20 000 g, 4 ◦C, 5 min



22 Chapter 2: Multiplexed Protein Force Spectroscopy With Magnetic Tweezers - Protocols

Figure 2.9: Second purification cycle (steps
x. - xiii.). Proteins are denatured under high
salt (A, B) and heat conditions and solution
turns cloudy (C, ”Heatbath”). Solution is cen-
trifuged at 40 ◦C (D) and supernatant is dis-
carded, while pellet with denatured ELPs is
kept.

xxvii. Save SN into new eppi

xxviii. Freeze using liquid nitrogen (Figure 2.10F)

Figure 2.10: Third purification cycle (steps xiv - xxviii). Pellet is resuspended on ice (A). ELPs go into solution and are in the supernatant after cold centrifugation step
(B). ELPs are again denatured and flakes appear in the previously clear solution (C, ”Add NaCl and heatbath”). After hot centrifugation step, pellet is clear with a slightly
yellowish tint (D ”Hot centrifuge and keep pellet”) and is resuspended in buffer (E). ELPs are shock-frozen in liquid nitrogen (F).

xxix. Long-term storage at -80 ◦C

Note: If the pellet in step ** is not yellow, the protocol can be repeated from * until the end.

• Run protein gel to test

Cys-6xELP-LPETGG: By coupling to a maleimide-dye.

Cys-6xELP-LPETGG: By coupling to a GGG-dye (e.g.: GGG-tagged GFP) in
a eSortase A reaction.

Note: As the ELPs don’t have a tryptophan, they are invisible under UV light and can only
be indirectly visualized via gel electrophoresis by checking the coupling to fluorophores via
their tags.
Note: Sortase-mediated coupling relies on MgCl2. Coupling buffer contains EDTA, mak-
ing the coupling highly inefficient. Therefore, a small protein sample (∼ 2 – 5 µl) should
be taken away one step before * and saved for the gel.
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Figure 2.11: Native protein gel to check
ELP coupling. A native protein gel is used
to check ELP-coupling. Gel is loaded with
prestained (lanes 9, 13 - 15) and unstained lad-
ders (lanes 1, 8) and with 7 µl sample to check
for coupling (top, left). Gel runs at 150 V for
∼ 50 min (top, right) and was visualized un-
der UV light (bottom). ELPs were labelled
with GG-Cy3 binding to the LPETGG motif
in a eSortase A-mediated reaction. Lanes 2 -
7 show different eSortase A incubation times,
from 15 min to 40 min in steps of 5 min. Effi-
ciency of eSortase A ligation seems to increase
with time. In line 10, attachment of an Atto-
647N dye with a maleimide to the N-terminal
cysteine of ELP is successfully tested. Line 11
and 12 are tests with ELP + Cy3 dye without
eSortase A and only ELP, respectively.

2.3.2 Flowcell preparation

This is a protocol for flowcell (FC) preparation that is based upon protocols of Ott et al.120

and Löf et al.38.

2.3.2.1 Amino-silanization

Prior to functionalization, glass slides are amino-silanized:

• Sonicate glass slides in 50% 2-propanol and 50% MilliQ solution (this works best in
a teflon slide holder)

• Rinse glass slides with MilliQ

• Freshly prepare a 1:1 mixture of H2SO4 and H2O2 in a glass beaker

• Incubate glass slides in this mixture for 20 min

• Rinse glass slides with MilliQ
Note: The glass slides should now be hydrophilic.

• Store glass slides in MilliQ until silane solution is prepared

• Silane solution:

– 88 % Ethanol

– 10 % MilliQ

– 2 % silane

• Rinse slides in 99.8 % Ethanol and directly transfer them into silane solution

• Incubate them in the silane solution for 60 min

• Rise slides in two beakers of ethanol and two beakers of MilliQ

• Blow-dry slides under N2 and dry them at 80 ◦C

Glass slides are stored under argon atmosphere and stay reactive for several months.



24 Chapter 2: Multiplexed Protein Force Spectroscopy With Magnetic Tweezers - Protocols

2.3.2.2 Flowcell functionalization

Glass slides are handled with reverse tweezers. The minimal number of FCs functional-
ized at a time is two, as they need to be sandwiched on top of each other for incubation of
reagents (see Figure 2.13). During incubation steps, sandwiched FCs are stored in a humid-
ity chamber unless stated otherwise.

Figure 2.12: Preparation for flowcell functionalization. Two amino-silanized glass
slides are functionalized at a time. They are handled with reverse tweezers (”Tweezers”) and
incubated in a humidity chamber. Incubation time is controlled with a timer.

• Dissolve 10 mM sulfo-SMCC in 50 mM Hepes buffer (pH 7.4) by vortexing

• Apply 180 µl sulfo-smcc solution onto the middle of an amino-silanized glass slide
(Figure 2.13A, B) and sandwich two glass slides (Figure 2.13C) before incubating
them in the humidity chamber for 45 min (Figure 2.13D)

Figure 2.13: Application of reagents onto flowcells. A-B Dissolved reagent is applied
to the middle of one slide. C The other slide is inverted with reverse tweezers and slowly
lowered onto the fluid. Fluid is distributed between the slides by capillary forces. D Slides
are stored in the humidity chamber during incubation.

• Preparations during incubation

– Prepare six 800 ml glass beakers

* Wash with 2-Propanol and MilliQ

* Fill with MilliQ

– Dissolve powdered cysteine in 1 ml Coupling Buffer by vortexing to obtain a
final concentration of 10 mM and adjust the pH to 7.3 using NaOH

– Thaw ELPs on ice

• Separate sandwiched slides (Figure 2.14A, B), drain remaining fluid (Figure 2.14C),
and wash them individually successively in the six beakers of MilliQ water (Figure
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2.14D-F). In the beginning, there will be a complete layer of water on the sulfo-
SMCC-covered side of the slide. Over the course of the six beakers, this water layer
decreases more and more. The aim is that after six beakers the slide can be pulled out
of the water with no fluid film remaining.

Figure 2.14: Washing flowcells. A The upper glass slide is carefully shifted against the
lower one to create an overhang, which can be clamped with tweezers. BTweezers are used
to pull the upper glass slide off the lower one. C Remaining fluid is drained onto wipe. D
- F Slides are rinsed in 800 ml glass beakers filled with MilliQ water. They are moved into
the water and slowly pulled out, such that the water film has time to retract.

Note: Carefully mark which side of the glass slide is the one coated with sulfo-SMCC!

• Apply 100 µl Cys-6xELPs-LPETGG in coupling buffer (pH 7.2) onto the sulfo-
SMCC-coated side of one slide and sandwich two glass slides before storing them
in the humidity chamber for> 60min (identical to procedure in Figure 2.13).

– During incubation: Prepare 4 fresh beakerswithMilliQ according to the upper
description

• Separate sandwiched slides andwash them individually successively in the fourbeakers
of MilliQ water (identical to procedure in Figure 2.14).

• Apply 180 µl 10 mM cysteine (pH 7.3) onto the ELP-coated side of one slide and
sandwich two glass slides before storing them in the humidity chamber for > 60
min

• Preparations during incubation:

– Re-fill 4 beakers with new MilliQ

– Shortly before washing:

* Sonicate polystyrene beads (diluted 0.6:2000 in EtOH)

* Sonicate 2non-functionalized, perforated top slides 10min in50:50MilliQ
and 2-propanol. Rinse them afterwards with 2-propanol and MilliQ be-
fore blow-drying them with N2

• Separate sandwiched slides andwash them individually successively in the fourbeakers
of MilliQ water.

• Add 130 µl of polystyrene bead solution on the two slides and wait for the ethanol
to slowly evaporate (best in a closed petri dish)

• Heat for 5 min at> 70 ◦C

• Wash slides in two beakers of MilliQ water

2.3.2.3 Flowcell assembly

After FC functionalization, FCs are assembled from one functionalized bottom slide and
one perforated, unfunctionalized top slide.

• Cut separation layer out of parafilm according to a template (Figure 2.15A)
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Figure 2.15: Flowcell assembly. A Separation layer is cut out of parafilm with a scalpel
according to a template (outer rectangle dimensions: 59 mm x 21.5 mm, inner rectangle
dimensions: 54 mm x 4 mm) B Parafilm is aligned on the unfunctionalized top-slides, such
that the perforations are not covered. It is brought down onto the glass with a pipette tip.
C Functionalized bottom slide is sandwiched onto the other side of the parafilm, such that
the functionalized side faces the parafilm. D Slides are heated on a hot plate at > 70 ◦C
while removing air bubbles in the parafilm around the cut-out with a pipette tip.

• Align parafilm cut-out on unfunctionalized top slide such that perforations are not
covered (Figure 2.15B). Carefully bring it down with a pipette tip. Sandwich func-
tionalized bottom slide onto parafilm such that functionalized side is on the inside
(Figure 2.15C)

• Heat assembled FCs at> 70 ◦Cwhile pressing them togetherwith a pipette tip, until
parafilm is molten (Figure 2.15D).

• Allow assembled FCs to cool down before using them for experiments

FCs can be stored in a dark, dry place at room temperature for up to 2 months.

2.3.3 Protein measurements

Prior to protein measurements, the magnet needs to be calibrated to obtain the relationship
between the distance of the magnet to the flowcell and the applied force. As calibration of
short tethers is cumbersome due to their high corner frequency, we typically record a master
calibration curve using 21 kbp DNA tethers. The force is then calibrated based on tether
fluctuations by calculating theAllan deviation and averaging overmultiple tethers. This has
been described previously73;74.
Note: Using commercially available streptavidin-coated Dynabeads™ M-270 (#65305, In-
vitrogen™), there is a bead-to-bead variability in force of roughly 10 %74–77 due to differ-
ences in magnetization. This problem can be circumvented by a bead-specific force calibra-
tion. It is not necessary to fully calibrate each tether, but it suffices to measure bead fluc-
tuations only at a small number of distances. This allows to find a correlation parameter c,
relating each beads’ force-distance relationship to the master calibration curve obtained by
long-tether calibration via F (d) = c · Fmaster(d)

63;69 with d being the magnet-flowcell
distance.
Note: For fields of view only one order of magnitude smaller than gap distance between the
two magnets, it should be carefully assessed whether the force is constant throughout the
whole field of view.

2.3.3.1 Measurement preparation

Flowcell passivation • Implement FC into FC holder (Figure 2.16A, B; for a technical drawing of the FC
holder, see Appendix B)

• Add 200 µl 1% casein solution (5% Casein solution diluted to 1% in MilliQ) into the
inlet and incubate for>1 h

• Install FC holder with FC onto the sample stage of MT setup and introduce tubing
into the outlet (Figure 2.16C)

• After casein incubation: Flush with 1 ml measurement buffer
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The protein of interest is biotinylated via sfp-mediated attachment of CoA-Biotin to its Protein biotinylation
ybbR tag in a bulk reaction. The active site of sfp needs a magnesium ion for coordination
and proper function. Accordingly, enough MgCl2 should be provided in the measurement
buffer. sfp-mediated ligationofCoAwith a ybbRtaghasnoback-reaction. Thus, biotinyla-
tion can be performed overnight at 4◦C, or for one hour at 37◦C, depending on the stability
of the protein of interest.
Typical concentrations during the biotinylation reaction are:

• 50 – 150 nM protein of interest

• 50 – 75 µM CoA Biotin

• 2 – 5 µM sfp

• 10 – 100 mM MgCl2

Note: If the concentration of the protein of interest is high, it can be beneficial to perform
the biotinylation with higher protein concentrations and afterwards dilute the biotinylated
protein.

eSortase A addition• Dilute eSortase A

• Add 1 µl diluted Sortase to protein mix

• Final protein-mix parameters are:

– Final volume: 80 – 100 µl

– Final biotinylated protein of interest concentration: ∼ 20 nM

– Final eSortase A concentration: ∼ 1 – 2 µM

Surface coupling• Add 80 to 100 µl protein mix into the FC and incubate for 20 – 30 min

• Flush with 1 ml measurement buffer with tween to remove unbound protein.
Note: The eSortaseA-mediated protein attachment to ELPs has a back-reaction. The
incubation time of the protein in the FC is thus critical (see Section 2.3.3.2)

Wash 30 µl magnetic beads three times in 200 µl measurement buffer with tween: Magnetic bead preparation

• Fill 30 µl bead solution into eppi

• Bring permanent magnet close to the eppi to collect beads on one side. This can be
achievedwith a neodymiummagnet orwith amagrack (e.g. Merck, #GE28-9489-64)

• Remove fluid on the other side of the beads

• Add new fluid and mix by vortexing or shaking

• After three washing steps, dissolve dry beads in 120 µl measurement buffer + tween.

Protein tethering• Add 8 – 30 µl bead solution into the FC

• Wait for beads to sink to the bottom of the FC

• Remove unbound beads by flushing with 1 ml measurement buffer + tween.

Select beads and define regions of interest (ROIs) around them for diffraction pattern- Bead selection and look-up table
based extension tracking. For beadswith a 2.8 µmdiameterweused∼10 to 15µm2 squared
ROIs. Beads should be selected in a way that no diffraction patterns of other beads are
visible inside the ROI. Before starting measurements, a look-up table is generated for each
bead:

• Move magnets to a distance corresponding to ∼ 2 pN (for two 5 mm neodymium
cubes (W-05-N50-G, Supermagnete, Switzerland) with a gap distance of 1 mm, this
is∼ 5 mm from the FC)

• Iterativelymove the objective upwards in steps of 100 nmwhile recording the diffrac-
tion pattern at each relative objective-bead distance
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• For the measurement, move the objective to the position in the middle of the look-
up table (i.e. for a 10 µm large look-up table, it would be moved to 5 µm above its
starting position)

During the measurement, the current diffraction pattern of the bead is compared to the
look-up table and thus the tether extension is tracked.

Figure 2.16: Measurement preparation. A
Flowcell is placed with perforations facing up-
wards in metal frame with cutout for observa-
tion from the bottom with an inverse micro-
scope. B Custom PTFE FC holder with in-
let and outlet cylinders is installed on top. C
FC holder is mounted onto the setup. Com-
ponents of the setup include (top to bottom):
LED for illumination, translation and rota-
tion motors for magnet movement, magnet,
FC holder (”FC holder”) with tubing con-
nected to the outlet, motorized sample stage
with micrometer screws for positional adjust-
ment, optical components (objective, mirror,
and lens, covered with a black cloth to min-
imize background light), camera, and pump
with liquid waste.

2.3.3.2 Measurement optimization

Our attachment protocol is based upon eSortase A-mediated covalent protein coupling to
ELP linkers38;127. To optimize the yield of the measurements, we found five parameters to
be critical:

• ELP concentration

• Protein of interest concentration

• eSortase A concentration

• Incubation time

• Concentration of magnetic beads

Thefirst four points are highly inter-dependent, as the intermediateLPET· state in the eSor-
tase A-mediated coupling is prone to hydrolysis and a back-reaction of the ligation can take
place127. Thus, the efficiency of protein attachment can decay for prolonged reaction times,
high eSortase A concentrations, or low protein/ELP concentrations. If the concentration
of the protein of interest is high, optimization of the other parameters is not highly critical.
However, if the concentrationof the protein of interest is low, optimization canbe crucial to
obtain higher yields during measurements. Due to potential differences in tag-accessibility,
the optimization process should be repeated for every new protein construct.
After protein ligation, magnetic beads are flushed into the FC, allowed to sink down, and
after ∼ 30 s settlement time, all unbound beads are flushed out again. Even if the protein
concentration is not high, it is not necessarily better to increase the bead concentration for
increased yield. As the ELP functionalization as well as the protein distribution on the sur-
face is not homogeneous, too many beads can increase the amount of multiply tethered
beads. Furthermore, too high crowding within the FC can lead to tracking artifacts due to
overlapping regions of interest. Therefore, the initial bead concentration should be care-
fully chosen.
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2.3.3.3 Amulti-channel flowcell holder

FCs can only be used once, as proteins cannot be removed from ELP linkers without hy-
drolyzing them and making them useless for binding new proteins. The measurement op-
timization process described above can be very cumbersome, if each FC can only be used to
test one condition. To avoid this problem, multi-FCs can be employed (Figure 2.17).
For this purpose, silanized glass slides are functionalized as described above, before sticking

Figure 2.17: An alternative multi-channel flowcell holder. AA functionalized bottom
slide is stuck onto the backside of a commercially available multi-channel slide and inte-
grated into a modified FC holder. B FC holder is mounted onto the setup.

them on the backside of a commercially available µ-Slide VI 0.4 (# 80606, Ibidi). The six-
channel FCs can be implemented into a modified FC holder (see Figure B.2 and Figure B.3)
and installed onto the sample stage of an MT setup. Each channel can then be used sepa-
rately, allowing to test six conditions on one slide. Even though these six-channel slides offer
great advantages for optimization purposes, they also bear some disadvantages: Because of
the size of inlet and outlet as well as the size of the magnet holder, only one FOV can be
screened in vertical direction. Also, due to increased height of the channels, forces are lim-
ited, as the magnets cannot be brought as close to the bottom slide as for conventional FCs,
where the minimal bead-magnet distance is given by the height of a single parafilm layer in
addition to the 170 µm of the top glass slide. This needs to be considered as an offset for
force-application as well, when wanting to use the identical force-calibration as for regular
FCs.





3
Designed Anchoring Geometries

Determine Lifetimes of Biotin-Streptavidin
Bonds Under Constant Load and Enable

Ultra-Stable Coupling

Summary

The small molecule biotin and the homotetrameric protein streptavidin (SA) form a sta-
ble and robust complex that plays a pivotal role in many biotechnological and medical ap-
plications. In particular, the SA-biotin linkage is frequently used in single-molecule force
spectroscopy (SMFS) experiments. Recent data suggest that SA-biotin bonds show strong
directional dependence and a broad range of multi-exponential lifetimes under load. Here,
we investigate engineered SA variants with different valencies and a unique tethering point
under constant forces using a magnetic tweezers assay. We observed orders-of-magnitude
differences in the lifetimes under force, which we attribute to the distinct force-loading ge-
ometries in the different SA variants. Lifetimes showed exponential dependencies on force,
with extrapolated lifetimes at zero force that are similar for the different SA variants and
agree with parameters determined from constant-speed dynamic SMFS experiments. We
identified an especially long-lived tethering geometry that will facilitate ultra-stable SMFS
experiments.

3.1 Introduction

The non-covalent, high-affinity binding of the small molecule biotin to streptavidin (SA) is
ubiquitously used in a variety of biological, chemical, biophysical and pharmaceutical ap-
plications128–130. Biotin can readily be covalently attached to nucleic acids79;131;132, pro-
teins133;134, or linker molecules135. SA is stable over a wide range of conditions and easy to
handle128. Owing to the specificity of the binding, as well as the robustness of the complex,
the interaction has in particular become a popular tool in the context of single-molecule
force spectroscopy (SMFS) assays136–139. It serves as amolecular handle to anchormolecules
of interest and apply forces and torques to them80;86;111;132;140–144. The long lifetime of the

This Chapter was published by Gruber, Löf, and Sedlak et al. with Gruber, Löf, and Sedlak as equally con-
tributing first authors atNanoscale 4. It was reproducedwith permission from theRoyal Society ofChemistry. My
contribution: For this paper, I was involved in designing the research, streptavidin-functionalization of magnetic
beads, performing and analyzingmagnetic tweezer data, analyzingAFM imaging data, andwriting themanuscript.
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SA-biotin complex under external forces has enabled constant-force SMFS experiments last-
ing for hours and even up to weeks in magnetic tweezers (MT)38;89. Despite its widespread
use, SA’s tetravalency poses a problem, in particular in SMFS applications, since it is a pri-
ori ambiguous which of the four subunits biotin binds to. This ambiguity results in four
different force-loading geometries for a given attachment of the SA tetramer (Fig.3.1)145.
Furthermore, if SA is non-specifically attached – as is the case in many commercially avail-
able SA-coatedmagnetic beads – a variety of attachment points combinedwith tetravalency
results in an even larger range of possible force-loading geometries38;146.

Figure 3.1: SA’s tetravalency results in different force-loading geometries. A Crystal
structure of the SA tetramer (PDB-ID: 6M9B21, rendered using VMD22 with the four sub-
units shown indifferent colors. Fourboundbiotinmolecules are shown inpurple. The light
blue anchor marks the attachment point (C-terminus of subunit D).B Schematic represen-
tation of the tetramer structure. The colored barrels represent the four subunits. Arrows
indicate the initial force-loading directions in the SMFS experiments: The light blue anchor
marks the C-terminus of subunit D used for site-specific immobilization. Purple arrows in-
dicate the four possible directions of pulling biotin out of the different binding pockets.
Under constant load, the complex will rotate and rearrange in such a way that the sum of
forces acting on it equals zero. Depending on which subunit biotin is bound to, the orien-
tation of the complex will be different resulting in different force propagation pathways.

Atomic forcemicroscopy (AFM)-based constant speed SMFS experiments have recently
shown that the force needed to unbind biotin from the SA binding pocket is strongly de-
pendent on the force-loading direction147;148: Tethering SA by a single defined residue and
pulling biotin out of one of the binding pockets results in different force-loading geome-
tries, depending on which SA subunit the biotin has bound to. For some of the pulling
directions, the SA subunit is deformed such that the energy barrier of the binding is de-
creased, causing lower biotin unbinding forces148. However, the influence of the tethering
geometry of SA on the lifetime of the SA-biotin interaction under constant forces is cur-
rently unknown.
Here, we employ engineered variants of SA with different defined valencies and a unique
tethering point to restrict and control the number of possible force-loading geometries for
SMFS measurements. We use AFM imaging to verify the valencies by showing that only
the competent subunits can bind biotin. Furthermore, we employ isothermal titration
calorimetry (ITC) to directly measure the binding enthalpies of the different SA variants.
With an MT assay we assess the stability of the SA-biotin interaction under different levels
of constant load and demonstrate large differences in the lifetime depending on the attach-
ment geometry. The different stabilities give rise to multi-exponential lifetime distributions
for multivalent constructs. We observe an exponential decrease of lifetimes with increasing
force, with parameters for the force dependencies fully consistent with findings from con-
stant speed SMFS experiments. By using one well-defined attachment and a monovalent
SA construct, a single extremely stable population is achieved. We expect our results to be
highly relevant for force spectroscopy, and, in general, to improve assayswhere the SA-biotin
bond is under load, e.g. through fluid flow or rinsing steps.
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3.2 Results and Discussion

To systematically investigate the stability of the SA-biotin complex under constant mechan-
ical load,weprepared tetra-, tri-, andmonovalent variants of SA.These comprise four, three,
and one functional subunit(s), while the remaining subunits are incapable of biotin binding
(4SA, 3SA, and 1SA; Fig. 3.2A) due to three mutations located around the binding pocket
(N23A, S27D, S45A)149. In addition, a variant consisting of four non-functional subunits
(0SA) was prepared. All variants possess a single cysteine residue at the C-terminus of their
subunit D, allowing for site-specific immobilization 140;145;148. For 3SA and 0SA, subunit D
is non-functional, whereas for 1SA and4SA, it is functional (Fig.3.2A; for details onprotein
engineering see Materials and Methods).

3.2.1 AFM imaging reveals binding stoichiometry

To verify the valency of the different variants, we incubated them with biotinylated 250
bp double-stranded DNA constructs and directly visualized the resulting SA-biotinylated
DNA complexes by AFM imaging (Fig. 3.2B and Fig. 3.4-3.7). An excess of biotinylated
DNA over SA (approximately twenty-fold for 4SA and 3SA, and four-fold for 1SA and
0SA) was used to ensure that SA molecules with DNA strands bound to all functional sub-
units could be observed. Indeed, a maximum of four, three, and one bound biotinylated
DNA strand(s) was observed for 4SA, 3SA and 1SA, respectively, confirming the expected
valencies (Fig. 3.8). In the case of 0SA, no SA-biotinylated DNA complexes were observed.

Figure 3.2: Probing SAvariantswith differ-
ent valencies byAFM and ITC.A Schematic
structure of SA constructs with different va-
lencies. 4SA (left), 3SA (middle), and 1SA
(right) have four, three and one functional
subunit(s) (colored), respectively. The remain-
ing subunits (gray) are incapable of binding bi-
otin. All constructs have a single C-terminal
cysteine at their subunitD–nonfunctional for
3SA, functional for 1SA and 4SA– for site-
specific immobilization (light blue line). The
light blue anchors mark the anchoring site of
SA for the SMFS experiments, while the pur-
ple arrows indicate the possible directions in
which biotin can be pulled out of the bind-
ing pockets. BAFM images of 4SA (left), 3SA
(middle), and 1SA (right) with the maximal
number (four, three, and one, respectively)
of biotinylated DNA strands bound. Arrows
mark the SA molecules. Height range of color
scale is 2 nm. C Isothermal titration calorime-
try data of free biotin binding to SA of differ-
ent valencies. Colored dots are the measured
heat release per mole upon adding biotin to
SA plotted against the molecular ratio (biotin
per SA) in the measurement cell. Lines are fits
to the data (taking the discreteness of the mea-
surement into account). For details of the fits
see supplementary material.

3.2.2 Thermodynamic parameters determined by isothermal titration
calorimetry

Next, we performed isothermal titration calorimetry (ITC) measurements to determine the
thermodynamic parameters of biotin-binding to the different SA constructs in the absence
of force (Fig. 3.2C). In principle, ITC allows determination of the stoichiometry, the affin-
ity, and the binding enthalpy. To ensure good comparability across measurements, we used
the same biotin stock solution with an estimated 5% uncertainty in absolute concentration
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for all measurements. The uncertainty in the concentrations of the SA stocks was estimated
to be 10% (see Materials and Methods). Fits to the ITC data give values for the binding sto-
ichiometries of 1.0 ± 0.2 for 1SA, 3.3 ± 0.5 for 3SA, and 3.9 ± 0.6 for 4SA (Fig.
3.2C), in excellent agreement with the results from AFM imaging (Fig. 3.2B and Fig. 3.8).
The largest contributions to the measurement errors result from the uncertainties in con-
centration. The uncertainties of the values increase with the number of available binding
sites, because a given uncertainty in protein concentration has a larger impact on the un-
certainty with increasing stoichiometry. Due to limitations of our instrument and the very
high affinity of biotin to SA, the binding constant could not be obtained directly and we
can only determine that the affinity is higher than 1 nM. We obtained binding enthalpies
per binding site of −(25.0 ± 1.3) kcal

mol for 1SA, −(25.6 ± 1.4) kcal
mol for 3SA and

−(26.1 ± 1.3) kcal
mol for 4SA (Fig. 3.9). These results agree well with enthalpies mea-

sured in previous studies145;150;151. Within experimental errors, the binding enthalpies per
binding site for all SA variants are the same, suggesting that in the absence of force all sub-
units are equivalent with regard to biotin binding and that no effects of binding geometries
or binding cooperativity come into play.

3.2.3 Single-moleculeMTmeasurements determine lifetimes under force

To directly measure the lifetimes of the SA-biotin interactions under constant force and to
investigate the influence of different force-loading geometries, we performed MT measure-
ments using the different SA variants (Fig. 3.3). In MT, the molecular construct of interest
is tethered between the bottom surface of a flow cell and a superparamagnetic bead (Fig.
3.3A). By applying a magnetic field, generated by permanent magnets, a constant force is
exerted on the bead and thereby on the tether59;70. We track the 3D position of the bead
and the extension of the tether can be determined with nanometer resolution. Importantly,
with our MT setup we can track approximately 100 beads in parallel, enabling us to obtain
good statistics in a short amount of time 38. In addition, MT provide excellent force and
drift stability, facilitating long measurements38, which are critical due to the high stability
of the SA-biotin bonds.
For the MT measurements, the small protein domain ddFLN4 (fourth F-actin cross-linker
filamin rod domain of Dictyostelium Discoideum37) was biotinylated and covalently cou-
pled to the bottom surface of a flow cell by an elastin-like polypeptide (ELP) linker120. The
different SA variants (4SA, 3SA, or 1SA) were site-specifically and covalently immobilized
onmagnetic beads via polyethylene glycol (PEG) linkers, by reacting theC-terminal cysteine
of subunit D with a thiol-reactive maleimide group on the PEG linker (Fig. 3.3A). The SA-
functionalized beads were introduced into the flow cell and one of the functional subunits
of the respective SA construct bound to the biotinylated ddFLN4, thereby tethering the
magnetic bead to the surface. Upon force application, the molecular linkers are stretched
and ddFLN4 unfolds in a characteristic two-step manner38;152 (Fig. 3.3B). We use the dis-
tinct two-step unfolding pattern as fingerprint to identify specific, single-tethered beads, i.e.
beads that are bound to the surface via a single SA-biotin interaction.

3.2.4 MTmeasurements at 65 pN reveal different lifetime populations

In a first set of measurements, beads were subjected to a constant force of 65 pN and the
time until bead rupture was recorded. The rupture events are attributed to the unbinding
of biotin from SA, as this is the only non-covalent bond within the tether connecting the
beads with the surface and as the ddFLN4 protein fingerprint allows us to limit the analysis
to correctly tethered beads.
Measurements of 1SA, the monovalent variant, exhibited a survival time distribution that
is well described by a single-exponential fit (Fig. 3.2C, red) with a lifetime of τ1 = 7.2 h ±
0.2 h (2.61 · 104 s ± 680 s; see Materials and Methods for details of the fits). The fitted
lifetime is in good agreement with the 6.7 h reported recently for a smaller data set 38. The
single-exponential lifetime suggests the presence of a single population, consistent with the
expectation that for 1SA only subunit D (attached to the bead via its C-terminus) is capable
of binding biotin. All 1SA-functionalized beads are thus tethered in the same geometry,
resulting in one well-defined force-loading direction.
3SA is complementary to the 1SA variant, in the sense that all but the attached subunit
are functional, so that three different pulling geometries are possible for 3SA. The lifetime
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Figure 3.3: Lifetimes of SA-biotin interactions under constant force. A Schematic of MT experiments (not to scale). SA (4SA, 3SA, or 1SA) is site-specifically and
covalently immobilized onmagnetic beads via the singleC-terminal cysteine at its subunitDusing aPEG linkerwith a thiol-reactivemaleimide group. Biotinylated ddFLN4
is covalently immobilized on the bottom slide of the MT flowcell via an ELP linker. Binding of the biotin to one of the functional subunits of the respective SA construct
tethers the beads by a single SA-biotin bond. Force is exerted on the magnetic beads by permanent magnets positioned above the flowcell. B Time trace of the tether
extension during an MT measurement. At the beginning of the measurement, beads are subjected to two 5-min intervals at 25 pN, to observe unfolding of ddFLN4 in
a characteristic two-step pattern (left and middle zoom-in), which serves as fingerprint to identify specific, single-tethered beads. Short low force intervals (0.5 pN) allow
for ddFLN4 refolding. Tethers are then subjected to a constant force of 65 pN and the time until bead rupture due to unbinding of biotin from SA is monitored (right
zoom-in). C Survival fractions at 65 pN as a function of time for 1SA (red), 3SA (green), and 4SA (blue). 1SA data were fit with a single exponential (red line) with a mean
lifetime of 2.6 · 104 s. 3SA data were fit with a two-component model (Materials and Methods) with a short lifetime of 199 s and a long lifetime of 3.6 · 103 s (green
line). 4SA data are well described by the predicted response from the combination of 1SA and 3SA lifetimes that takes into account the binding site stoichiometry (black
dashed line, not a fit). The inset shows a zoom on the first hour of the data. D Lifetimes for 1SA (τ1) and for the long- and short-lived 3SA interactions (τ2 and τ3) as a
function of applied force. Data points are from fits of the survival fractions in panel C and in Fig. 3.11. Error bars are from the bootstrap analysis. Solid lines are fits of
the Bell model. E Lifetimes at zero force τ0 from fits of the Bell model in panel D. FDistances to the transition state∆z from fits to the Bell model. Error bars in E and F
correspond to 95% confidence intervals from the fits.

measurements reveal much shorter overall lifetimes for 3SA compared to 1SA (Fig. 3.3C,
compare red and green data points). In addition, the data are not well described by a single
exponential, suggesting that the different possible pulling geometries for 3SAgive rise to dif-
ferent lifetimes. The 3SA data are well described by a fit with the sum of three exponentials
and we find two relatively short and one longer lifetime (fitted lifetimes are 98 s ± 12 s,
365 s ± 30 s, and 3100 s ± 230 s). A simpler model that combines the two shorter
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lifetimes into one exponential,

f(t) =
f2
3

· [1 · exp(−t/τ2) + 2 · exp(−t/τ3)]

, fits the 3SA data almost equally well (Fig. 3.3C, green). From this fit we obtain the two
distinct lifetimes as τ2 = 3600 s ± 350 s and τ3 = 199 s ± 10 s, where the weighting
factors of the fit formula are chosen such that two thirds of the interaction of biotin and
3SA exhibit the short lifetime and one third exhibits the long one. We hypothesize that the
longer-lived population corresponds to binding to one subunit, while the other two sub-
units exhibit lifetimes under mechanical tension that are similar.
Using steered molecular dynamics simulations, Sedlak et al.148 have shown that for pulling
biotin out of subunit A or C of SA tethered by the C-terminus of subunit D, the molecular
linker adjacent to biotin gets pushed against a flexible peptide loop, significantly lowering
themechanical stability of the binding pocket. For pulling biotin out of subunit B, the same
effect occurs, yet markedly less pronounced. Therefore, we assign the longer lifetime for the
3SA construct to biotin unbinding from subunit B. The shorter-lived population that com-
prises approximately two thirds of all unbinding events is consequently assigned to the sum
of unbinding events from subunits A and C. Remarkably, the lifetime of this shortest-lived
population at 65 pN is 130-fold lower than the one observed for the 1SA construct and even
the long lifetimeobserved for 3SA is still approximately one order ofmagnitude shorter than
the lifetime observed for 1SA.
For 4SA,weobserve a rapid initial decayof bonds, but also very long-lived tethers (Fig. 3.3C,
blue). Since for 4SA all force-loading geometries realized in 3SA and 1SA are possible, we
expect a combination of the short-lived populations observed for 3SA and the long-lived
population observed for 1SA constructs. Based on this assumption, we co-plotted a predic-
tion for the 4SA survival fraction over time as given by

f(t) =
f3
4

· [exp(−t/τ1) + exp(−t/τ2) + 2 · exp(−t/τ3)]

using the lifetimes obtained from fitting the 1SA and 3SA data (Fig. 3.3C, black dashed
line). The prediction using the fitted lifetimes from the 1SA and 3SA data closely matches
the experimentally determined lifetimes for the 4SA variant, confirming the validity of our
lifetime model and suggesting essentially random binding to the different subunits.

3.2.5 Lifetimes depend exponentially on applied load

To determine the force dependencies of the lifetimes, we performed a set of experiments at
lower forces on the 1SA and 3SA constructs. The lifetime data at 45 and 55 pN are well
described by the single and double exponential models used at 65 pN for 1SA and 3SA,
respectively (Fig. 3.11). We found that all observed lifetimes (τ1−τ3) systematically increase
with decreasing force (Fig. 3.3D). For example, τ1 for 1SA increases to 11.5 h ± 0.4 h at
45 pN. The force dependencies of the lifetimes are well described by the Bell model93 with
an exponential dependence on the force:

τ(F ) = τ0 · exp(
−F∆z
kBT

)

where ∆z is the distance to the transition state, τ0 the lifetime in the absence of force, and
kBT the Boltzmann constant times the absolute temperature (Fig. 3.3D). From fits of the
Bell model, we find similar lifetimes in the absence of force for τ1, τ2, and τ3 in the range
of τ0 ∼ 50 h (Fig. 3.3E). In contrast, the fitted distances to the transition state ∆z are
significantly different for the three lifetimes. ∆z is smallest for 1SA and increases for the
long-lived and again for the short-lived 3SA population (Fig. 3.3F). The observed conver-
gence of lifetimes, within error, at zero force would be expected, since in the absence of
force the force-loading direction should be irrelevant. The orders-of-magnitude differences
between lifetimes under force for the different force-loading directions is accounted for in
the Bell model by the different distances to the transition state, which correspond to the
slopes of log(lifetime) vs. applied force (Fig. 3.3D). With the caveat that extrapolation over
orders-of-magnitude to zero force is necessarily somewhat imprecise, wefindoff-rates at zero
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force k0,off = τ−1
0 of 2 to 8 ·10−6s−1 from our constant force measurements in the MT,

well within the range of results from dynamic AFM force spectroscopy measurements that
reported values of 10−5s−1 to 10−7s−1 for the 1SA construct from fits of the Bell-Evans
model to data at defined loading rates147;148;153. The observed off-rates at zero force from
force spectroscopy are also in reasonable agreement with the value of 6.1 · 10−5s−1 deter-
mined in bulk from a radiolabeled biotin assay149. Further, we find reasonable agreement
between∆z1SA = 0.09nm ± 0.03nm from fits of the Bell model to constant force MT
data and the values in the range of 0.13 to 0.23 nm from fits of the Bell-Evans model to
constant retraction velocity AFM data147;148. The small value of ∆z1SA corresponds to a
highly cooperative unbinding transition and ensures high stability even under load. In con-
trast, ∆z for the force-loading directions probed with the 3SA construct are larger, which
can likely be attributed to the molecular mechanism observed in constant-speed force spec-
troscopy experiments combinedwith all-atom steered-molecular dynamics simulations: For
certain pulling directions, the SAbinding pocket is deformedbefore biotin leaves the pocket
and, consequently, the unbinding pathway is altered, resulting in lower unbinding forces for
measurements at constant retraction velocities148, and in shorter lifetimes for constant force
experiments.
More importantly, from an application perspective, the force-loading geometry that yields
the longest lifetime corresponds to pulling biotin out of the binding pocket of the subunit
that is C-terminally tethered. The lifetime for this geometry is, at the forces probed here,
almost two orders-of-magnitude larger than for the other possible geometries. Thus, it is
highly beneficial to utilize this geometry in applications for which high yield of tethers with
high force stability is desirable.
Importantly, this can straightforwardly be realized employing the 1SA variant used in our
experiments.
Finally, we note that the lifetimes obtained for the site-specifically attached 4SA used here
were, both for the longest- and for the shortest-lived population, appreciably higher than
the respective lifetimes measured for commercially available SA-coated beads (Dynabeads
M-270 Streptavidin, Invitrogen/Thermo Fisher)38 or beads randomly coupled via lysine
residues138. This difference may be explained considering that the SA-biotin complex can
withstandhigher forceswhen loadedwith force fromtheC-terminus as compared topulling
from the N-terminus, as it has recently been demonstrated for 1SA in AFM SMFS147;154.
The attachment of commercially available beads is likely not site-specific, resulting in a va-
riety of pulling geometries, whereas in the custom SA constructs, force was specifically ap-
plied from the C-terminus, ensuring highest stability.

3.3 Conclusions

To conclude, we show that the lifetimes of the SA-biotin interaction subjected to constant
mechanical load strongly depend on the force-loading geometry and exponentially decrease
with increasing force. Different geometries arise from binding of biotin to one of the four
binding pockets of SA and result in lifetimes under force that differ by orders-of-magnitude,
despite identical thermodynamic stabilities for binding to the different subunits and similar
extrapolated off-rates at zero force. Our results illustrate that it is, in general, not possible
to infer the mechanical stability of a receptor-ligand complex from its affinity and binding
enthalpy.
Such differences between thermal and forced dissociation of molecular complexes are plau-
sible considering the high-dimensional binding energy landscape. Unbinding pathways un-
der mechanical load can be very different from each other and also very different from the
thermally preferred ones, as it is also observed e.g. for the force-induced melting of double-
stranded DNA in shear- or zipper-geometry155. For proteins, similar behavior of monova-
lent SA has recently been employed by Erlich et al. to create a force hierarchy of receptor-
ligand complexes156. Also, the mechanically most stable receptor-ligand complex measured
to date3 has just ordinary thermodynamic binding characteristics.
Our work provides a clear route to improving the yield of force spectroscopy experiments
and in general of assays where SA-biotin is used for attachment and experiences mechanical
loads, e.g. due to fluid flow or magnetic actuation. For measurements utilizing the SA-
biotin interaction as a handle, and in particular for constant force SMFS measurements, it
is highly beneficial to implement a specific SA tethering geometry that yields a single pop-
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ulation with high lifetime to enable long measurement durations even at high forces. The
tethering geometry that we identified as the one yielding the longest lifetimes can be easily
realized in experiments by employing the 1SA variant presented in this study. Thus, our re-
sults give a straightforward approach for highly specific and stable experiments that employ
the SA-biotin linkage.

3.4 Materials and Methods

3.4.1 Expression of SA constructs

Non-functional SA subunits are created by mutating three amino acids (N234A, S27D,
S45A) as described by Howarth et al.1. Amino acid sequences of all subunits are pro-
vided in the section “Sequences of the protein constructs” below. Functional and non-
functional SA subunits were expressed separately and then mixed to obtain SA of differ-
ent valencies: Tetravalent SA (4SA), trivalent SA (3SA), monovalent SA (1SA), and non-
functional SA (0SA). 4SA and 1SA contained a unique cysteine for surface immobilization
at the C-terminus of one functional subunit. 3SA and 0SA contained a unique cysteine for
surface immobilization at the C-terminus of one non-functional subunit. To select for the
correct SA stoichiometry, the cysteine-labeled subunit further contained a polyhistidine tag
for purification by nickel-immobilized metal ion affinity chromatography. The unique sub-
units used for purification and immobilization were incubated either with a 10-fold excess
of untagged functional (4SA or 3SA) or untagged non-functional (1SA and 0SA) subunits
to assemble the SA tetramers with defined valencies.
All SA subunits were cloned into pET vectors (Merck Millipore, Burlington, USA). SA
plasmidswere transferred toE. coli BL21(DE3)-CodonPlus cells (AgilentTechnologies Inc.,
Santa Clara, USA) and expressed in SB medium. 15 ml of preculture, which was grown
overnight at 37 ◦C, was used to inoculate 500 ml of SB medium containing the appropriate
antibiotic. Cells were grown at 37 ◦C. At an OD600 of 0.8, expression was induced with
0.2 mM IPTG and the temperature was reduced to 18 ◦C for 16 h. The cultures were spun
down so that bacterial pellets formed, which were then stored at - 80 ◦C.

3.4.2 Purification of SA constructs

All steps were performed on ice or at 4 ◦C, respectively. SA cell pellets were thawed, sus-
pended in 5 ml/g Bacterial Protein Extraction Reagent (B-PER, Thermo Fisher Scientific,
Waltham, MA) and incubated with 1 µg lysozyme and 0.05 µg DNAse I per gram bacterial
pellet on a rolling shaker for 20 minutes. To ensure full break-up, cells were subsequently
sonicated. The lysed cells were then centrifuged. The supernatantswere discarded. The pel-
lets were resuspended in lysis buffer (PBS, 1 mM DTT, 0.1% Triton X-100). Sonification,
centrifugation and resuspension were repeated four to five times until the supernatant was
a clear liquid. The pellets were then resuspended in denaturing buffer (PBS, 6 M guanidine
hydrochloride), sonicated and centrifuged. This time, supernatants contained the protein.
Supernatants were filtered through a sterile 0.22 µm filter. Then, the absorption at 280 nm
was determined. Denatured subunits were mixed in a 1:10 ratio (subunits with and with-
out polyhistidine tag). The mixture was then slowly diluted into 500 ml PBS and stirred
overnight using a magnetic stirrer. This solution containing the refolded and reassembled
SA was loaded onto a Ni-NTA column (HisTrap FF, GE Healthcare, Chicago, USA). We
employed a gradient elution (increasing the imidazole concentration from 20 to 250 mM)
to elute SA from the column and selected for those SA containing a single polyhistidine tag
(elution fractions were checked by SDS-PAGE). Elution fractions containing the protein
were dialyzed against PBS and then stored in PBS at 4 ◦C. We found SA to be functional
(such that successful MT experiments were possible) even after two years of continuous
storage in PBS at 4 ◦C after purification.

3.4.3 Expression and purification of ddFLN4

The recombinant ddFLN4 construct157 expressed in E.coli (with the internal cysteine at
position 18 mutated to serine) was a kind gift from Lukas F. Milles. At its C-terminus,
the ddFLN4 construct possesses a polyhistidine-tag for purification and a ybbR-tag. At its
N-terminus, the construct possesses a short linker sequence (MGTGSGSGSGSAGTGSG)
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with theN-terminalmethionine being followed by a single glycine. Due to efficient cleavage
of themethionine byE.colimethionine aminopeptidases, the glycine is available for Sortase-
catalyzed ligation.
TheddFLN4genewas synthesized codon-optimized for expression inE.coli as a linearDNA
fragment (GeneArt – Thermo Fisher Scientific, Regensburg, Germany), and inserted into
pET28a vectors via Gibson assembly (New England Biolabs, Frankfurt, Germany). Pro-
tein expression in E.coli NiCo21 (DE3) (New England Biolabs) and purification via the
polyhistidine-tag were carried out as previously described157.

3.4.4 Preparation of biotinylated DNA

To prepare biotinylated DNA, we performed a polymerase chain reaction using a biotiny-
lated primer and a regularDNA reverse primer. As the templateDNA,we used the pET28a
vector encoding for the functional SA subunit. Primers (BIO-TEG(Biotin-Triethylenglycol)-
5’-atggaagcggggattaccggc-3’ and5’-ctgaccgctccaagtcgtagcg-3’)werepurchased fromEurofins
Genomics, Ebersberg, Germany. For purification of the PCR product, we performed size-
exclusion chromatography (with a Superdex 75 Increase 10/300 GL column) on an Äkta
Explorer FPLC system (GE Healthcare, Chicago, USA) using PBS as running buffer.

3.4.5 AFM imaging

SAconstructswere reducedusing 50mMdithiothreitol andmixedwithbiotinylated 250bp
double-strandedDNAinPBSbuffer,withDNAbeing in excess to ensure that SAmolecules
with themaximumpossible numberofboundDNAstrands canbeobserved. A1:20SA:DNA
stoichiometry was chosen for 4SA and 3SA, and a 1:4 stoichiometry for 1SA and 0SA, with
a final DNA concentration of approximately 4 nM.
Preparation of poly-l-lysine (PLL) coated mica substrates for AFM imaging was performed
analogously to a recently described protocol158;159. After at least 1 h of incubation, 20 µl
of the SA–DNA mix were incubated on a PLL-coated substrate for 30 s, which was sub-
sequently rinsed with water and finally dried in a gentle stream of nitrogen. The posi-
tively charged PLL allows for stable attachment of negatively charged DNA and of DNA-
streptavidin complexes. Free streptavidin without bound DNA strands, however, does not
stably attach to the substrate.
AFMimages of 1µmx1µmor 2µmx2µmand1024 x 1024pixelswere recorded in tapping
mode in air, using anMFP-3DAFM(AsylumResearch, Santa Barbara, CA) and cantilevers
with silicon tips (AC160TS, Olympus, Japan), with a nominal spring constant of 26 N/m
and a resonance frequency of approximately 300 kHz. Raw image data were processed u-
sing SPIP software (v6.5.1; Image Metrology, Denmark). Image processing involved plane
correction (third order polynomial plane-fitting), line-wise flattening (according to the his-
togram alignment routine), and Gaussian smoothing (for zoom-ins only).

3.4.6 Isothermal titration calorimetry

ITCwas performed at 25 ◦Con aMicroCal iTC200 (Malvern,Worcestershire, UK). 8.0mg
Biotin were weighed out and dissolved in 40 ml PBS to obtain a stock solution of about 820
µM. SA was dissolved in PBS, using Zeba Spin Desalting Columns, 40K MWCO (Thermo
Fisher Scientific, Waltham, USA) for buffer exchange. The concentration of SA was de-
termined from the absorption at 280 nm using a spectrophotometer (NanoDrop 1000,
Thermo Fisher Scientific, Waltham, USA) and a molar attenuation coefficient of ε280 =
167,760 M−1 cm−1. SA was used as analyte, biotin as titrant. A 10-fold concentration of
biotin was used for 1SA, a 30-fold excess for 3SA, and a 40-fold excess for 4SA, as the ratio
of the measurement cell volume to the total titrant volume is five to one.

3.4.7 Fitting of the ITC data

ITC data are fitted as described in the Appendix of the “ITC Data Analysis in Origin®
Tutorial Guide” by MicroCal, LLC. In brief, the fit is approached as follows: First, the
concentration of receptorRi and ligandLi molecules in the sample cell after each injection
i of volume ∆Vi has to be calculated. With V0 as the volume of the measurement cell and
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X as the ligand concentration in the syringe, we can set up the following relations

Ri+1 ·∆V0 = Ri · V0 − 0.5 · (Ri+1 +Ri) ·∆Vi
Li+1 ·∆V0 = Li · V0 − 0.5 · (Li+1 + Li) ·∆Vi +X ·∆Vi

These formulas take into account that with each injection of volume∆Vi, the same volume
∆Vi is displaced from the measurement cell containing both ligands and receptor at the
current concentration – on average 0.5 · (Ri+1 +Ri).
We obtain the recursive relations

Ri+1 = Ri ·
V0 − 0.5 ·∆Vi
V0 + 0.5 ·∆Vi

Li+1 =
X ·∆Vi + Li · (V0 − 0.5 ·∆Vi)

V0 + 0.5 ·∆Vi
For a set of identical binding sites, the fraction bound for eachRi andLi, can be calculated
according to

f = 0.5 · (1 + Li

n ·Ri
+

Kd

n ·Ri
−

√
(1 +

Li

n ·Ri
+

Kd

n ·Ri
)2 − 4 · Li

n ·Ri
)

where n is the stoichiometry andKD is the affinity constant. The total heatQ that would
be released going from (R0, L = 0) to (Ri, Li) is then calculated by

Q = n · f ·H ·Ri · V0

whereH is the binding enthalpy per mole. In the experiment not the total heatQ, but the
difference in heat between two injections is measured

∆Qi = Qi −Qi−1 + 0.5 · (Qi +Qi−1) ·
∆Vi
V0

where the last term takes into account that also the molecules contained in the replaced vol-
ume∆Vi contribute to the heat while being pushed out of the measurement cell.
For fitting the data, initial values for n,KD andH are guesses. Then all ∆Qi for all injec-
tions are calculated and compared with the experimental values. The values for n,KD and
H are then improved and the procedure is repeated until no further improvement of the fit
occurs.
Wenote that due to the discretization of themeasurement, the fit does not represent an ideal
sigmoidal binding curve (which would be obtained for an infinite number of infinitesimal
injections). Instead, the data points represent discrete heat differences between distinct in-
jections, i.e. they canbe rather seen as an average over a certain part of the ideal binding curve
(Fig. 3.10). Due to the high affinity of the SA-biotin interaction, the saturation of receptors
is very abrupt and leads to a sudden change in the released heat. Averaging over this part of
the ideal binding curve leads to data points that are no longer on the ideal binding curve.
Since the heat released in a single injection is always plotted against the final molecular ratio
(the ratio after the injection), this discretized curve is shifted to the right of the underlying
ideal binding curve (Fig. 3.10). Nevertheless, n and H can be reliably obtained from the
fit, which takes into account the discretization. The true value forKD can however (for the
SA-biotin system) not be measured.

3.4.8 Functionalization of magnetic beads with SA constructs

5 µM of 1SA, 3SA, or 4SA were supplemented with 5 mM Bond-Breaker TCEP Solution
(Thermo Fisher Scientific). After 30 minutes, the mixture was purified using Zeba Spin
Desalting Columns, 40K MWCO (Thermo Fisher Scientific) equilibrated with coupling
buffer (50 mM NaCl, 50 mM NaHPO4, 10 mM EDTA, pH 7.2) according to the manu-
facturer’s instructions.
Bifunctional polyethylene glycol of 5,000 g/mol molecular weight with an N-hydroxysucci-
nimide group at one end and a maleimide group at the other (NHS-PEG5000-MAL, Rapp
Polymere, Tübingen, Germany) was dissolved in 50 mM HEPES, pH 7.5, to a final concen-
tration of 25 mM and immediately used to incubate superparamagnetic beads with amine
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groups (Dynabeads M-270 Amine, Invitrogen/Thermo Fisher). After 45 min, beads were
washed extensively first with DMSO and then with ultrapure water. Beads were then incu-
batedwith the respective SA construct in coupling buffer for 90min and extensivelywashed
with measurement buffer (20 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2,
0.1% (v/v) Tween-20, pH 7.4).

3.4.9 Magnetic tweezers setup

MT experiments were performed on a previously described custom setup38;160. The setup
employs a pair of permanent magnets (5×5×5 mm3 each; W-05-N50-G, Supermagnete,
Switzerland) in vertical configuration59. The distance between magnets and flow cell (and,
thus, the force) is controlled by a DC-motor (M-126.PD2; PI Physikinstrumente, Ger-
many). An LED (69647, Lumitronix LED Technik GmbH, Germany) is used for illumina-
tion. A 40x oil immersion objective (UPLFLN 40x, Olympus, Japan) and a CMOS sensor
camera with 4096×3072 pixels (12M Falcon2, Teledyne Dalsa, Canada) allow to image a
large field of view of approximately 440 × 330 µm2 at a frame rate of 58 Hz. Images are
transferred to a frame grabber (PCIe 1433; National Instruments, Austin, TX) and ana-
lyzed with a LabView-based open-source tracking software64. The bead tracking accuracy
of the setup is ∼ 0.6 nm in (x, y) and ∼ 1.5 nm in z direction. 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 Physikinstrumente). Force calibration was conducted as described by
te Velthuis et al.68 based on the transverse fluctuations of long DNA tethers. Importantly,
for the small extension changes on the length scales of our protein tethers, the force stays
essentially constant38, with the relative change in force due to tether stretching or protein
unfolding being< 10−4. Force deviations due to magnetic field inhomogeneities across the
full range of the field of view are< 3%. The largest source of force uncertainty is the bead-
to-bead variation, which is on the order of≤ 10% for the beads used in this study38;59;62;77.

3.4.10 Magnetic tweezers experiments

Preparation of flow cells was performed as described38. In brief, aminosilanized glass slides
were functionalized with elastin-like polypeptide (ELP) linkers120, possessing a single cys-
teine at their N terminus as well as a C-terminal Sortase motif, via a small-molecule crosslin-
kerwith a thiol-reactivemaleimide group [sulfosuccinimidyl 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate; Sulfo-SMCC, Thermo Fisher Scientific]. Flow cells were then assem-
bled from an ELP-functionalized slide as bottom and a non-functionalized glass slide with
two small holes for inlet and outlet as top, with a layer of cut-out parafilm (Pechiney Plastic
Packaging Inc., Chicago, IL) in between to form a channel. Flow cells were incubated with
1% casein solution (Sigma-Aldrich) for 1 h and flushedwith 1 ml (approximately 20 flowcell
volumes) of buffer (20 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.4).
CoA-biotin (New England Biolabs) was coupled to the ybbR-tag of the ddFLN4 construct
in a bulk reaction in the presence of 5 µM sfp phosphopantetheinyl transferase119 and 10
mM MgCl2 at 37 ◦C for 60 min. Afterwards, ddFLN4 was diluted to a final concentration
of approximately 20 nM in 20 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2,
pH 7.4, and incubated in the flow cell in the presence of 2 µM evolved pentamutant Sor-
tase A125;126 for 30 min. Subsequently, the flow cell was flushed with 1 ml of measurement
buffer (20 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 0.1% (v/v) Tweene-
20, pH 7.4). Finally, beads functionalized with the respective SA construct were incubated
in the flow cell for 60 s, and unbound beads were flushed out with 2 ml of measurement
buffer.
At the beginning of each measurement, the tethered beads were subjected to two 5-min in-
tervals of a constant force of 25 pN to allow for identification of specific, single-tethered
beads by the characteristic two-step unfolding pattern of ddFLN437;38 (Fig. 3.3). Only
beads that showed the ddFLN4 pattern were analyzed further. Importantly, essentially no
specifically attached beads ruptured during this phase of the measurement. After 30 s at a
low resting force of 0.5 pN, beads were subjected to a constant force of 65 pN for either 15
h (4SA and 1SA) or 5 h (3SA), or 55 and 45 pN for 25 h (1SA) and 10 h (3SA), respectively
and the time until bead rupture was monitored. All measurements were performed at room
temperature (∼ 22 ◦C).
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3.4.11 Analysis of magnetic tweezers measurements

Lifetimes were determined from the survival fraction vs. time data. Datasets at 65 pN (Fig.
3.3C) have > 50 tether rupture events for each SA construct. Number of events at lower
forces are indicated in Fig. 3.11. To estimate the robustness of fits and determine errors
for the fitted parameters, we used a bootstrapping procedure. From each experimental data
set, 1000 synthetic data sets of the same number of observations were generated by random
drawing of data points from the experimental data set with repeats. Synthetic data sets were
fit individually and the uncertainties on the final parameters reported are standard devia-
tions over the bootstrap ensemble. We tested different models for each data set at 65 pN to
investigate the robustness of the analyses with respect to different modeling choices. The
models, fitted parameters, and quality of fits are summarized in the table below. The quality
of the fits was evaluated by considering the residuals defined as

Res =
(
∑N

i=1 ·(fexp,i(ti)− fi(ti))
2)0.5

N

where fexp,i are the measured survival fractions and fi are the modeled survival fractions
at times ti. N is the number of data points in each data set. The models used in Fig. 3.3
and Fig. 3.11 are the first for each construct. We note that while the fitted values change
depending on modeling choices (number of exponentials, inclusion of a scale factor in the
fit), our key findings are independent of the modeling choices made.
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3.5 Supplementary Material

3.5.1 Tables

Data
Set

Model Fitting Parameter
(65 pN Data)

Resi-
duals

1SA f(t) = f1· exp(-t/τ1) f1 = 0.92 ± 0.01
τ1 = 2.61·104 s ± 680 s

0.0041

f(t) = exp(-t/τ1) τ1 = 2.61·104 s ± 680 s 0.0073

3SA f(t) = f2
3 · [exp(-t/τ2) + 2 · exp(-t/τ2)] f2 = 0.95 ± 0.01

τ2 = 3.61·103 s ± 350 s
τ3 = 199 s ± 10 s

0.0034

f(t) = 1
3 · [exp(-t/τ2) + 2 · exp(-t/τ2)] τ2 = 3.36·103 s

τ3 = 167 s
0.0042

f(t) = f2
3 · [exp(-t/τA) + exp(-t/τB) + exp(-t/τC )] f2 = 0.97 ± 0.01

τA = 98 s ± 12 s
τB = 365 s ± 30 s
τC = 3.1·103 s ± 230 s

0.007

f(t) = f2· exp(-t/τ2) f2 = 0.87
τ2 = 560 s

0.010

4SA f(t) = f3
4 · [exp(-t/τ1) + exp(-t/τ2) + 2 · exp(-t/τ3)] f3 = 0.86 ± 0.01 0.0073

f(t) = 1
4 · [exp(-t/τ1) + exp(-t/τ2) + 2 · exp(-t/τ3)] None 0.0142

Table 3.1: Models for biotin-streptavidin lifetimes. Errors were determined from boot-
strapping.

3.5.2 Sequences of protein constructs

Functional SA subunit:
MEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRYVLTGRY
DSAPATDGSGTALGWTVAWKNNYRNAHSATTWSGQYVGGAEARINTQWL
LTSGTTEANAWKSTLVGHDTFTKVKPSAAS
Functional SA subunit with C-terminal cysteine and His-tag:
MEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRYVLTGRY
DSAPATDGSGTALGWTVAWKNNYRNAHSATTWSGQYVGGAEARINTQWL
LTSGTTEANAWKSTLVGHDTFTKVKPSAASCLEHHHHHH
Non-functional SA subunit:
MEAGITGTWYAQLGDTFIVTAGADGALTGTYEAAVGNAESRYVLTGRY
DSAPATDGSGTALGWTVAWKNNYRNAHSATTWSGQYVGGAEARINTQWL
LTSGTTEANAWKSTLVGHDTFTKVKPSAAS
Non-functional SA subunit with C-terminal cysteine and His-tag:
MEAGITGTWYAQLGDTFIVTAGADGALTGTYEAAVGNAESRYVLTGRY
DSAPATDGSGTALGWTVAWKNNYRNAHSATTWSGQYVGGAEARINTQWL
LTSGTTEANAWKSTLVGHDTFTKVKPSAASCLEHHHHHH
ddFLN4 (C18S) construct with N-terminal glycine and short linker sequence, and
C-terminal His-tag and ybbR-tag:
MGTGSGSGSGSAGTGSGADPEKSYAEGPGLDGGESFQPSKFKIHAVDPD
GVHRTDGGDGFVV TIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVIN
LTLDGDNVNGFPKTVTVKPAPSG HHHHHHGSDSLEFIASKLA
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3.5.3 Figures

Figure 3.4: AFM imaging of 4SAwith biotinylated DNA.Representative AFM image
of 4SA and biotinylated 250 bp dsDNA after incubation in a 1:20 ratio. Arrowheads mark
streptavidinmolecules, with the color of arrowheads indicating the number of boundDNA
strands (yellow – one, green – two, red – three, blue – four). For 4SA, up to four bound
strands were observed. A full quantification from multiple images is shown in Fig. 3.8.
Height range of color scale is 2.5 nm.
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Figure 3.5: AFM imaging of 3SA with bi-
otinylated DNA.Representative AFM image
of 3SA and biotinylated 250 bp dsDNA af-
ter incubation in a 1:20 ratio. Arrowheads
mark streptavidin molecules, with the color of
arrowheads indicating the number of bound
DNA strands (yellow – one, green – two,
red – three, blue – four). For 3SA, up to
three bound strands were observed. No 3SA
molecules with four strands were observed.
A full quantification from multiple images is
shown in Fig. 3.8. Height range of color scale
is 2 nm

Figure 3.6: AFM imaging of 1SA with
biotinylated DNA.Representative AFM im-
ages of 1SA and biotinylated 250 bp dsDNA
after incubation in a 1:4 ratio. Arrowheads
mark streptavidin molecules, with the color of
arrowheads indicating the number of bound
DNA strands (yellow–one, green – two, red –
three, blue – four). Only 1SA molecules with
a single bound DNA strand were observed.
A full quantification from multiple images is
shown in Fig. 3.8. Height range of color scale
is 2 nm.
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Figure 3.7: AFM imaging of 0SA with bi-
otinylated DNA. Representative AFM im-
ages of 0SA and biotinylated 250 bp dsDNA
after incubation in a 1:4 ratio. Only free DNA
strands not bound to 0SA were observed. Free
0SA molecules could not be observed since
they do not stably attach to the positively
charged poly-L-lysine coated mica substrate.
Height range of color scale is 2 nm.

Figure 3.8: Number of biotinylated DNA
strands bound to SA of different valen-
cies. The numbers were obtained from mul-
tiple AFM images as described in the Mate-
rials and Methods. Representative AFM im-
ages are shown in Fig. 3.4-3.7. All images in-
cluded in the analysis had comparable height
and lateral resolution. The total number of
SA molecules observed was 1SA: 33, 3SA: 43,
4SA: 18. The AFM image analysis confirms
the valency of the SA molecules: The number
of biotinylatedDNA strands bound to one SA
molecule is strictly limited by the number of
functional subunits.

Figure 3.9: Binding enthalpies per bind-
ing site for biotin binding to different SA
variants. Values are determined from fits to
the ITC data sets shown in Fig. 3.2C (one
ITC titration for each construct). Error bars
are computed by taking into account the un-
certainty in the stock concentrations, assum-
ing an uncertainty of 10% in SA concentra-
tion and a 5% uncertainty in biotin concentra-
tion. Within experimental errors, the binding
enthalpies for all SA variants are the same, sug-
gesting that in the absence of force all subunits
are equivalent with regard to biotin binding
and that there are no effects of binding geom-
etry or binding cooperativity.
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Figure 3.10: Discretization effects in ITC binding curves.Theoretical binding curve for
n=1.0, KD =10−9 MandH= -2.5 kcal/mol. For a large number of very small injections, an
ideal binding curve is obtained (black). With small numbers of injections (blue or red), the
curve deviates from the ideal binding curve. For only five injections (red), different parts of
the curve, which are averaged, are indicated by the numbered red areas in the background of
the plot. For flat parts of the curve (area 1, 4 and 5) the discretization only has minor effects,
while for the steep parts of the curve (area 2 and 3) the average points are no longer on the
ideal curve. Fitting the discretized data, H and n can still be reliably determined. However,
the value for the affinity KD can not be reliably obtained. See the “Fitting of the ITC data”
section in the Materials and Methods for details.

Figure 3.11: Survival fractions of 1SA and 3SA at 45 pN and 55 pN. A Survival frac-
tion as a function of time for 1SA under constant forces of 45 pN and 55 pN. Data sets
include 42 and 34 beads for 45 pN and 55 pN, respectively. Solid lines are fits of the sin-
gle exponential model highlighted for 1SA in Table 1. From the fits, the lifetimes are τ1 =
4.1 · 104 s ± 1.4·103 s at 45 pN and τ1 = 3.1 · 104 s ± 1.6 · 103 s at 55 pN (errors are from a
bootstrap analysis, see Materials and Methods). B Survival fraction as a function of time for
3SA under constant forces of 45 pN and 55 pN. Data sets include 42 and 73 beads for 45
pN and 55 pN, respectively. Solid lines are fits of a double exponential model highlighted
for 3SA in Table 1. From the fits, the lifetimes are τ2 = 1.4 · 104 s ± 1.3 · 103 s and τ3 =
2.3 · 103 s ± 1.1 · 102 s at 45 pN and τ2 = 3.2 · 103 s ± 2.2 · 102 s and τ3 = 4.5 · 102 s
± 1.3 · 101 s at 55 pN (errors are from a bootstrap analysis, see Materials and Methods).
All measurements used the same procedures –including the identification of the ddFLN4
unfolding fingerprint– as the experiments shown in Fig. 3.3A, B, except for the value of the
force in the final plateau.





4
A Conformational Transition of Von

Willebrand Factor’s D’D3 Domain Primes
It For Multimerization

Summary

Von Willebrand factor (VWF) is a multimeric plasma glycoprotein that is critically involved
in hemostasis. Biosynthesis of long VWF concatemers in the endoplasmic reticulum and
the (trans-)Golgi is still not fully understood. Weuse the single-molecule force spectroscopy
technique magnetic tweezers to analyze a previously hypothesized conformational change
in the D’D3 domain crucial for VWF multimerization. We find that the interface formed
by submodules C8-3, TIL3, and E3 wrapping around VWD3 can open and expose two
previously buried cysteines that are known to mediate multimerization. By characterizing
the conformational change at varying levels of force, we are able to quantify the kinetics of
the transition and the stability of the interface. We find a pronounced destabilization of the
interface upon lowering the pH to 6.2 and 5.5. This is consistent with initiation of the con-
formational change that enables VWFmultimerization at theD’D3domain by a decrease in
pH in the trans-Golgi network and Weibel Palade bodies. Furthermore, we find a stabiliza-
tion of the interface in the presence of coagulation factor VIII (FVIII), providing evidence
for a previously hypothesized binding site in submodule C8-3. Our findings highlight the
critical role of the D’D3 domain in VWF biosynthesis and function and we anticipate our
methodology to be applicable to study other, similar conformational changes in VWF and
beyond.

4.1 Introduction

Von Willebrand Factor (VWF) is a large plasma glycoprotein, critically involved in primary
hemostasis. Long VWF multimers travel in the blood stream in a globular conformation
and undergo conformational changes upon sensing increased hydrodynamic forces, present
e.g. at sites of vascular injury75. Through these changes, VWF exposes binding sites for
blood platelets161. After binding to collagen in the injured vessel wall, force-activated VWF
thus enables formation of a hemostatic plug, built by multiple platelets binding to it162

(Figure 4.1A). The peak hydrodynamic forces acting on VWF scale with the square of its

This manuscript is based on a manuscript by Gruber, Löf et al. with Gruber and Löf equally contributing
first authors (under review at Blood Advances). My contribution: For this paper, I was involved in designing the
research and performing MT experiments. I analyzed the data and wrote the manuscript with input from Prof.
Jan Lipfert, Dr. Achim Löf, Dr. Martin Benoit, and Prof. Maria Brehm.
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Figure 4.1: Von Willebrand Factor (VWF)
domain structure and magnetic tweezers
assay. A Domain sequence of a full VWF
monomer 162. Domains are scaled to length.
The propeptide is cleaved by furin before ma-
ture VWF concatemers are secreted into the
bloodstream. Binding sites of different inter-
action partners of VWF are indicated. B Ma-
ture monomers are dimerized via C-terminal
linkage of the CK domains in the endoplas-
mic reticulum (ER) and subsequently multi-
merized via N-terminal linkage of two D’D3
domains in the trans-Golgi network. C Crys-
tal structure of the D’D3 domain in its closed
conformation (PDB accession code 6N29) 164.
The D’D3 domain comprises six submodules:
TIL’ and E’ (“D’ submodules”) project out,
while C8-3, TIL3, and E3 form a wedge
with the larger VWD3 module (“D submo-
dules”). Cysteines for multimerization are
buried in the interface and indicated by yel-
low spheres. The crystal structure was ren-
dered using VMD 22. D Schematic of VWF
dimer inmagnetic tweezers. VWF is covalently
attached to a flow cell surface via an elastin-
like polypeptide (ELP) linker. Coupling to
a paramagnetic bead is achieved via a stable
biotin-streptavidin linkage. Reference beads
are baked to the surface to account for drift.
Force is applied through two permanent mag-
nets above the flow cell.

length5;6. VWF’s occurrence in form of ultra-large concatemers, reaching lengths up to 15
µm upon unfolding6;163, is thus vital for effective force-activation through hydrodynamic
forces at sites of vascular injury.
Biosynthesis of such long concatemers is a highly complexprocess165–168: VWF is expressed
as a prepropeptide, comprising a short signal peptide and the prodomains D1 and D2 in
addition to the domains featured in mature VWF158 (Figure 4.1A). The signal peptide is
cleaved during transport of proVWF to the endoplasmic reticulum (ER), where numer-
ous cysteine bridges form, which shield most domains against unfolding under force169. In
the ER, monomers dimerize via formation of three cysteine bridges between the C-terminal
cystin knot (CK)domains163;169 (Figure 4.1B) and glycosylation is initiated. After dimeriza-
tion, proteins are transferred to the Golgi (pH 6.2), where the stem region of VWF dimers
is compacted into a “dimeric bouquet”170 and VWF is extensively posttranslationally mo-
dified by N- and O-glycosylation, sialylation and sulfation. In the trans-Golgi network,
furin cleaves off the propeptide162;166;169;171;172, dimers assemble into a helical shape and
multimerize by interdimer cysteine bonding at positions Cys1099-Cys’1099 and Cys1142-
Cys’1142 in the N-terminal D’D3 domains. The multimers are stored in Weibel-Palade
bodies (WPB) (secretory granules) at an even lower pH of 5.4 and secreted into the blood-
stream163;168.
To ensure unrestricted functionality, it is of vital importance that all cysteine bridges form
natively. Most disulfide bridges are formed in the ER – with the notable exception of the
two cysteine bridges (Cys1099-Cys’1099 and Cys1142-Cys’1142) in the D’D3 domain me-
diating VWF multimerization172. A crystal structure of the monomeric D’D3 domain at
neutral pH, characteristic of the ER, has revealed a wedge-like conformation of the D as-
sembly164. In this conformation, the C8-3, TIL3, and E3 submodules make close contact
with the VWD3 domain (Figure 4.1C), effectively burying the cysteines at positions 1099
and 1142. This conformation likely prevents premature multimerization in the ER164. It
has been hypothesized that in the acidic pH of the (trans-)Golgi, a conformational change
in the D’D3 domain exposes the cysteines to enable multimerization164. However, details
of this necessary conformational change are currently unknown.
In addition to enabling multimerization, the D’D3 domains serve another function critical
for hemostasis: By binding coagulation factor VIII (FVIII), they protect FVIII from rapid
clearance173 and transport it to sites of vascular injury. Mutations within the VWF D’D3
domain that abrogate or abolish this high-affinity binding lead to type 2N von Willebrand
disease, a condition characterized by reduced plasma levels of FVIII174;175. Structural and
biochemical data reveal binding of the FVIII C1 domain to the D’ modules of VWF and,
additionally, hint at interactions of FVIII with the VWF D3 core164;173;176;177.
Here, we employ magnetic tweezers (MT) to study the conformational change in the D’D3
domain necessary for multimerization as well as the interaction of the D’D3 domain with
FVIII. MT are a powerful tool for single-molecule force spectroscopy, enabling multiplexed
application of a large range of constant forces70;79;132. Recently, assays have been introduced
employing MT for studying force-induced conformational changes in proteins38;78;178. For
this purpose, single proteins are tethered between a glass surface and amagnetic bead. Ama-
gnetic field, generated by electro- or permanent magnets, exerts precisely controlled forces
on the bead and thus the tethered molecule. Conformational changes in the tethered pro-
tein lead to changes in the bead position, which is monitored by video microscopy.
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Figure 4.2: MT force spectroscopy reveals
conformational change in the D’D3 do-
main. AExtension-time trace of aVWFdimer
exhibiting fast, reversible transitions between
three distinct states at forces around 8 pN. At
the start of the measurement, two five min
measurements at 11 pN serve to identify spe-
cific tethers by observing two≈ 35 nm A2 un-
folding events (blue inset, unfolding events in-
dicated by arrows). Subsequently, the force
is decreased from 12 pN to 6 pN in steps of
0.3 pN to systematically study the transitions
between three states, separated by ≈ 7.5 nm.
The population in the respective states shifts
with decreasing force, with an increasing frac-
tion of time spent in the lower extension levels
at lower forces. At forces around 8 pN, tran-
sitions from the M state to the T or B state
are equally likely (orange inset). In the inset,
the three states (Top, Middle, and Bottom)
are indicated by dashed lines and are clearly
visible in the extension histogram. The his-
togram is fit with a triple Gaussian function
(black line, Table 4.1 Equation 10) to extract
relative positions and populations of the three
states. Traces recorded at 58 Hz are smoothed
with an 11-frame moving average filter, and
grey trace in the orange inset shows raw data.
B Histogram of contour length transformed
increment of the wild type dimer and a modi-
fied dimerwith a 20 aa long linker insertion be-
tween VWD3 and C8-3 (position of the linker
insert indicated in C v). Histograms were fit-
ted with a single Gaussian (Table 4.1, Equa-
tion 8) using a maximum likelihood fit. Mean
± std are: LC,wt = 19.0 ± 2.4 nm, LC,linker

= 32.4 ± 4.1 nm. C Steered molecular dy-
namics (SMD) simulations validate molecular
mechanism in the D’D3 domain causing tran-
sitions. i Crystal structure of simulated part of
the D’D3 domain with VWD3 (blue), C8-3
(red), TIL3 (green), and E3 (orange) 164. Ter-
mini aremarkedwith purple spheres. Two cys-
teines involved in multimerization are marked
with yellow spheres. Ca2+ is shown as a sil-
ver sphere. ii Initial state of SMD simulation.
The pulling direction is marked with an arrow.
iii-iv Under the influence of force, E3, TIL3,
andC8-3 are ”peeled”off the largeVWD3sub-
module. v Final state. Subdomain structure is
kept by long-range disulfide bridges 162;164. To-
tal length gain in the simulation is 14.8 nm.
Arrow indicates position of linker insert in red
histogram in panel B.

In this study, we investigate full-length VWF dimers under different levels of constant force
(Figure 4.1D), to directly probe the stability of theD’D3domain. Weobserve fast, reversible
transitions at constant forces around 8 pN that we identify as a large-scale conformational
change in the D’D3 domain (Figure 4.2A). Investigating the force-dependency of the tran-
sitions, we can infer the stability and dynamics of the interface. At the pH present in the
Golgi and WPB, we find a significant destabilization of the interface burying the cysteines
at positions 1099 and 1142 compared to neutral pH, validating the hypothesis that reduced
pH plays a crucial role in VWF’s biosynthesis. Furthermore, we find a stabilization of the
interface in presence of FVIII, strongly supporting the hypothesis of a binding site of FVIII
within the D submodules in addition to the D’ submodules164;177.

4.2 Results

To probe the stability of the wedge-like D3 interface formed by VWD3 with C8-3, TIL3,
and E3, we use an assay that comprises VWF dimers, the smallest repeating subunits of
long VWF concatemers (Figure 4.1D). We tether the dimers in MT between a flow cell
surface and superparamagnetic beads using a previously described coupling strategy based
upon covalent surface attachment via elastin-like polypeptide (ELP) linkers38;120. The other
terminus is attached to a superparamagnetic bead via a non-covalent, highly stable biotin-
streptavidin bond4. In ourMT setups, we apply varying levels of constant force by precisely
adjusting the height of two permanent magnets located above the flow cell (Figure 4.1D).
Among the twelve domains of mature VWF monomers, only the A2 domain is not shielded
against unfolding at comparably low forces by long-range disulfide bridges. The A2 unfol-
ding is thus one of the first responses of VWF to mechanical force and has been extensively
investigated using magnetic38 and optical tweezers6 as well as atomic force microscopy-
based179 single-molecule force spectroscopy. Here, we use the two A2 unfolding events
(one from each monomer in the dimer) as a molecular fingerprint: in the beginning of each
measurement, we apply a force of 11 pN and identify specifically coupled VWF dimers by
observing two≈ 35nm steps that correspond to theA2unfolding signature38 (Figure 4.2A,
blue inset).
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Figure 4.3: The conformational change in
the D’D3 domain is unaffected by other
domains. A Three-state transitions occur in-
dependent of the unfolding of the two A2
domains. Left: Schematic of wild type (wt)
VWF dimer, right: Extension-time trace at
8.3 pN. Three-state transitions are observable
before and after A2 unfolding. Extension
histogram of the segment marked in dark o-
range reveals three distinct states that can be
fitted with a three-term Gaussian (solid black
line). BThree-state transitions occur indepen-
dent of a deletion of the D4 domain. Left:
Schematic of VWF dimer, where both D4 do-
mains are deleted, right: Extension-time trace
at 9.0 pN. Extension histogram reveals three
distinct states that can be fitted with a three-
termGaussian (solid black line). CThree-state
transitions occur independent of a deletion of
the A1 domain. Left: Schematic of VWF
dimer, where both A1 domains are deleted,
right: Extension-time trace at 7.5 pN. Exten-
sion histogram reveals three distinct states that
can be fitted with a three-term Gaussian (solid
black line). D, E Neither midpoint forces (D)
nor∆z (E) (seemain text for a discussionof the
model) of the deletion constructs are signifi-
cantly different from thewt. In the boxplots in
D and E each data point corresponds to an in-
dividual molecule. The line in the boxes indi-
cates the median of all data points, the box the
25th and 75th percentile, and the whiskers the
furthest data point outside the box, butwithin
1.5 times the boxwidth. Number ofmolecules
included inDandE:wt: 33, delD4: 13, delA1:
15.

4.2.1 Conformational transition in the D’D3 domain is revealed by
MT

After selecting specific VWF tethers, we perform an inverted force ramp protocol, starting
at 12 pN and decreasing the force iteratively in steps of 0.3 pN until 6 pN (Figure 4.2A). In
the force-plateaus between 12 and 6 pN, we observe rapid, reversible transitions between a
maximum of three states, named in the following Top,Middle, and Bottom (Figure 4.2A,
orange inset). The population of these states shifts with decreasing force towards the bot-
tom state, and the midpoint force F1/2, at which transitions from the M state to the T or
B state are equally likely, is found to be at around 8 pN. The three states are separated by
two equidistant steps of ∆z ≈ 7.6 nm at the applied forces, suggesting that the transitions
stem from conformational changes that occur in each of the monomers independently.
To uniquely assign the molecular origin of the observed transitions, we performed control
measurements on different domain-deletion constructs, in which individual domains are
deleted, but which are otherwise identical to the wild type dimer. We observe the three-
state transitions independently of A2 unfolding (Figure 4.3A, Figure 4.6A) and indepen-
dently of the deletion of the D4 domain (Figure 4.3B, Figure 4.6A) or deletion of the A1
domain (Figure 4.3C, Figure 4.6B). Furthermore, the characteristic parameters of the tran-
sition, namely the midpoint force and the distance between the states are not altered in the
domain deletion constructs (Figure 4.3 D, E). Therefore, we can exclude an origin within
or related to the A1, A2, or D4 domains. When deleting the D’D3 domain, however, the
transitions vanish (Figure 4.6C), strongly suggesting that a conformational change in this
domain causes the transitions.
Under neutral pH and in the absence of force, the C8-3, TIL3, and E3 submodules wrap
around the large VWD3, forming a wedge-like assembly that buries the two unbound cys-
teines164 Cys1099 and Cys1142 (Figure 4.1C). We hypothesized that by applying force, we
unwrap this assembly and open the interface between VWD3, C8-3, TIL3, and E3. We ver-
ified this hypothesis by inserting 20 amino acids (aa) into the naturally occurring sequence
between the VWD3 and C8-3 submodules (Figure 4.2B, C, “Linker insert”) and evaluat-
ing the distance between the states. As unfolded protein chains exhibit entropic polymer
elasticity and are not completely stretched at the forces we apply, the measured distance be-
tween the states depends on the force at which the transitions occur. For the construct with
the linker insert, the transitions shift to lower forces compared to the wild type construct.
To ensure that the difference in force does not systematically bias the measured distance,
we take into account the stretching elasticity by calculating the contour lengths from the
experimentally observed distances using the worm-like chain model38, assuming bending
persistence length LP = 0.5 nm and contour length LC = 0.4 nm per aa. The contour
length is the length of an unfolded chain of amino acids that is completely stretched and
is thus independent of force. We find that inserting the 20 aa leads to an increase in contour
length by 13.4 nm ± 4.8 nm (Figure 4.2B), in agreement, within experimental error, with
the predicted 8 nm.
As an additional validation, we perform steered molecular dynamics (SMD) simulations on
the D submodules (Figure 4.2C) by fixing the N terminus of the VWD3 submodule and
pulling on the C terminus of the E3 submodule, which mimics force propagation through



Results 53

the D assembly in the MT assay. We find that in the simulations, the externally applied force
opens the interface between VWD3 and C8-3, TIL3, and E3, while the individual subdo-
mains initially remain folded (Figure 4.2C). Comparing the distance of the termini in the
initial structure with their distance at the end of the simulation, we find an increase of 14.8
nm at the high forces of the SMD simulation, which is in good agreement with the experi-
mentally determined length increase, again taking into account the protein elasticity. The
results from pulling a construct with an elongated linker and the SMD simulations validate
and visualize that we are opening the interface in the D3 domain in our MT assay.

4.2.2 Transitions are inhibited in a fraction of D3 domains

The above findings strongly suggest that the observed transitions between three states stem
from independently opening the interfaces in the two D3 domains of the tethered dimers.
Interestingly, three-state transitions are not observed in all specific tethers exhibiting twoA2
unfolding steps. Transitions between three states are observed in roughly 15% of specific te-
thers, while in 36%,weobserve transitions only between two states, however, with otherwise
identical parameters (see next section), suggesting that these correspond to conformational
changes in only one of two D3 domains. The rest of the specific tethers show no transitions
at all, suggesting that no conformational changes in either of the two D3 domains occur.
In some cases, we initially observed three-state transitions, but in a later experiment on the
same tether under the same conditions only two-state transitions. Together, these findings
indicate that the conformational change can be inhibited. Considering that interface open-
ing exposes two unbound cysteines (Figure 4.1C, yellow spheres), a possible explanation
could be formation of non-native cysteine bridges preventing interface formation.

4.2.3 Force-dependent stability of the D3 interface

To extract thermodynamic parameters of the underlying transitions, a triple Gaussian func-
tion (Table 4.1, Equation10) is fit to the extensionhistogram in eachplateauwith three-state
transitions (Figure 4.4A, right). Thresholds are defined at the twominimabetween the three
states (states indicated by dashed lines in Figure 4.4A). Based on the thresholds, the relative
populations of B, M, and T states are determined at each force as the number of data points
below, between, and above the thresholds divided by the total number of data points. The
relative population of the three states shifts systematically with force (Figure 4.4B, circles).
To model the force-dependent fractions, we assume that the D3 interface can be either in
a closed state or in a “peeled off” open state. The external force biases the free energy land-
scape towards the open state and we assume that the free energy difference between the
open and closed interface depends linearly on force as ∆G(F) = ∆G0 − F1/2 · ∆z. Here,
∆G0 is the free energy difference in the absence of force and ∆z is the distance between
the free energy minima along the force direction. Assuming the two D3 domains in the
dimer behave identically and independently, the probability of both domains being open
(Ptop), one domain being open and one closed (Pmiddle), and both domains being closed
(Pbottom) can be described with Equations 1-3 (Table 4.1). Fitting these equations to the
relative population of states (Figure 4.4B, solid lines) yields the fit parameters F1/2, the mid-
point force, at which it is equally likely for the domains to be open and closed, as well as∆z,
the distance between the states. We find an excellent fit of the three-state model to the data
(Figure 4.4B), which confirms the assumption of identical, independent transitions. The
same analysis can be performed for molecules exhibiting two-state transitions, where only
one D3 domain exhibits conformational changes (Figure 4.9A). Here, a two-state model is
fit to the relative state populations (Equation 4-5, Table 4.1), providing an independent fit
of the same parameters (Figure 4.9B). We find that the distributions of fit parameters ob-
tained from analyzing molecules with two- and three-state transitions are nearly identical
(Figure 4.9D, E), which further supports the hypothesis that the underlying processes are
indeed identical and that the intra-D3 domain transition is prevented in a fraction of D3
domains. Taking all fit parameters from two- and three-state transition molecules together
(> 30 molecules; Figure 4.4D, E, solid lines) we find F1/2 = 8.3 ± 1.1 pN and∆z = 7.6 ± 1.7
nm (mean ± std), which corresponds to a mean free energy of ∆G = F1/2 ·∆z = 9.0 ± 2.3
kcal/mol and provides a measure of the interface stability.
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Figure 4.4: Stability and dynamics of the
D3 interface probed by MT force spec-
troscopy. A Extension-time traces of VWF
dimers in MT. Three-state transitions shift
with decreasing force towards the bottom
state. The three states (Top, Middle, and
Bottom) are indicated by dashed lines. His-
tograms of the extensions are shown on the
right. Black lines show triple Gaussian fits. B
Analysis of the relative population of the dif-
ferent states as a function of force. Circles re-
present experimental data with each circle cor-
responding to a 5 min force plateau. A three-
state model assuming two independent tran-
sitions fits the experimental data well (solid
lines, Table 4.1, Equations 1-3). Fit parameters
are the mid-force F1/2 (here F1/2 = 7.85 pN),
at which domains are equally likely open or
closed, and the distance between the states∆z
(here ∆z = 6.5 nm). C Pseudo dwell time dis-
tributions. Pseudo dwell times for open and
closeddomains are calculated fromdwell times
in the top, middle, and bottom state. For each
plateau, pseudo dwell times are determined
and fit with an exponential to determine the
mean dwell times for each force. Mean dwell
times in the open (open circles) and the closed
state (filled circles) depend exponentially on
the applied force (solid lines are exponential
fits, Table 4.1, Equations 6-7). D Histogram
of mean midpoint forces determined from fit-
ting the two or three-state model (panel B, Fi-
gure 4.9B). The solid line is a Gaussian fit with
mean ± std: 8.3 ± 1.1 pN. EHistogram of∆z
determined from fitting the two or three-state
model (panel B, Figure 4.9B). The solid line is
a Gaussian fit with mean ± std: 7.6 ± 1.7 nm.
Histograms in D and E show distributions of
33 molecules.

4.2.4 Kinetics of the conformational changes in the D3 interface

In addition to providing insights into the force-dependent equilibrium, our MT extension
time traces can reveal kinetic information from the transitions at different forces. Using the
same thresholds as for state-population analysis, we identify dwell times (Figure 4.4A, τ ;
Figure 4.8A, B) as times that are spent in one state before crossing the threshold. The dwell
times in the three-state transitions, however, reflect the kinetics of two equal processes hap-
pening independently at the same time. To access the dwell times of individual domains,
τopen and τclosed, dwell times in the middle plateau are divided by two and associated with
the dwell times in the bottom state and the top state, respectively. This procedure to ob-
tain so-called pseudo-dwell times for individual domains takes into account the number of
domains opened and closed in each state and weighs the measured dwell times according-
ly89;180. We find the pseudo-dwell times for each plateau to be exponentially distributed
(Figure 4.8C, D). The force-dependent mean pseudo dwell times are well-described by ex-
ponential, Arrhenius-like relationships93 (Table 4.1, Equations 6 and 7; Figure 4.4C, Figure
4.9C, solid lines). Fitting parameters τ0,open and τ0,closed are the lifetimes of the open and
closed conformation at zero force and ∆zopen and ∆zclosed are the distances to the tran-
sition state along the pulling direction. The sum of ∆zopen and ∆zclosed (3.1 nm + 4.7
nm = 7.8 nm) is found to be in excellent agreement with ∆z obtained from fitting rela-
tive state populations, which provides a consistency check between equilibrium and kinetic
analysis and suggests that there is a single dominant energy barrier along the reaction path-
way. The extrapolated lifetimes at zero force of the closed conformation τ0,closed are in
the range of hours. In comparison, the lifetimes of the open states in the absence of load
τ0,open are much shorter, only on the order of milliseconds. The extrapolated lifetimes
at zero force provide another route for calculating the mean free energy: ∆G0,τ = kBT
· log(τ0,open/τ0,closed) = 9.3 ± 1.7 kcal/mol, in excellent agreement with the ∆G0 value
computed from the force-dependentpopulations in theprevious section (Figure 4.5C).The
good agreement between the free energy differences obtained from equilibrium and lifetime
analysis provides another consistency check between the thermodynamic and kinetic anal-
yses.

4.2.5 Lowering pH destabilizes the D3 interface

Weanalyzed the equilibriumandkinetics of the conformational changeunder different phy-
siologically relevant conditions (Figure 4.5). Specifically, we compared pH 7.4, characteris-
tic of blood, with the lower pH conditions of pH 6.2 and 5.5, representative of the condi-
tions in the trans-Golgi network and WPB, respectively. We find that the extension change
∆z is insensitive to pH (Figure 4.5B), suggesting that the overall fold of the D3 domain and
geometry of the transition is not affected in this pH range. However, we find a significant
destabilization of the interface (p < 0.00412; two-tailed t test for two independent means,
performed on F1/2), reflected both in a lower midpoint force (Figure 4.5 A, yellow [pH
7.4]: 8.3 ± 1.1 pN, orange [pH 6.2]: 7.2 ± 0.8 pN, and red [pH 5.5]: 6.6 ± 0.5 pN), and
a corresponding decrease in ∆ G0 (Figure 4.5C, pH 7.4: 9.0 ± 2.3 kcal/mol, pH 6.2: 6.8
± 2.3 kcal/mol, pH 5.5: 6.3 ± 1.5 kcal/mol). Furthermore, the D3 interface becomes more
dynamic and in particular the extrapolated lifetime in the open conformation is increased
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Figure 4.5: The stability of the D3 inter-
face is modulated by pH and FVIII bind-
ing. A Midpoint force F1/2 for different
buffer conditions (pH 7.4 [yellow]; pH 6.2 [o-
range]; pH 5.5 [red]; pH 7.4 + EDTA [green];
pH 7.4 + FVIII [purple]). Buffer composi-
tions are listed inTable 4.2. TheD3 interface is
destabilized by decreasing pH, not affected by
addition of EDTA (removing the Ca2+ from
the binding loop in VWD3), and stabilized
by addition of FVIII. The difference between
F1/2 at pH 7.4 and pH 6.2 is highly significant
at p < 0.00412 (two-tailed t test for two inde-
pendent means). The difference between F1/2

at pH 7.4 and pH 7.4 + FVIII is highly signifi-
cant at p<0.00781 (two-tailed t test for two in-
dependent means). B There are no significant
differences in ∆z values under all conditions.
In the boxplots in A and B each data point cor-
responds to an individual molecule. The line
in the boxes indicates the median of all data
points, the box the 25th and 75th percentile,
and the whiskers the furthest datapoint out-
side the box, but within 1.5 times the box
width. C Free energy differences between the
open and closed state of the D3 interface. The
free energy differences were obtained from the
equilibrium data as F1/2 ·∆z and from the ki-
netics as kBT·log(τ0,closed/τ0,open. The data
fall along the 45◦ line (dashed), indicating that
the two estimates give consistent values. Com-
parison of the different conditions reveals a
lower free energy difference for decreased pH
of 6.2 and 5.5, indicating a destabilization of
the domain at low pH. Number of molecules
for the five conditions: pH 7.4: 33; pH 6.2:
11; pH 5.5: 4; pH 7.4 + EDTA: 16; pH 7.4 +
Factor 8: 5.

by decreased pH from 0.004 s at pH 7.4 to ∼ 0.3 s at pH 6.2 and pH 5.5, suggesting an
approximately 10-fold higher exposure of the cysteines buried by the D3 interface at acidic
pH.
Previously, it was reported that for successful VWF multimerization low pH and Ca2+ are
required163. To investigate the role of Ca2+, we performed measurements in the presence
of 10 mM EDTA, to chelate divalent ions. In contrast to decreased pH, we found that
EDTA does not significantly affect the stability of the interface (Figure 4.5A-C). The fact
that the addition of EDTA does not alter the stability of the interface could either indicate
that Ca2+ ions have only limited influence on the interface or that structural ions, e.g. the
ion positioned in a Ca2+ binding loop in VWD3 (Figure 4.2C, i), are so stably bound that
they are not efficiently removed by EDTA.

4.2.6 FVIII binding stabilizes the D3 interface

We next used our MT assay to probe the transitions in the D3 domain in the presence of
FVIII. We find a highly significant stabilization (p < 0.00781; two-tailed t test for two in-
dependent means, performed on F1/2) of the D3 interface in the presence of ≈ 640 nM
FVIII. FVIII has been reported to predominantly bind to the D’ submodules176;177. Based
on point mutations in the C8-3 domain, which lead to 2N von Willebrand disease pheno-
types with decreased ability to bind FVIII, it was however hypothesized, that FVIII could
also have a less prominent interaction site in the C8-3 module164. Our results strongly sup-
port a binding site in the D3 domain, as FVIII directly impacts the conformational change
of the D3 interface.

There is currently no crystal structure available for a dimerized D’D3 domain. There-
fore, the native force propagation through the D’D3 domain in multimerized VWF is not
known. To assess whether the conformational change in the D3 domain would only play
a role in biosynthesis or might also occur in VWF multimers and potentially be relevant
for VWF force-activation, we investigated an “inverted” VWF dimer that is dimerized via
its D’D3 domains (Figure 4.10). Here, we again observed A2 unfolding events, but no ad-
ditional transitions, suggesting that the transition in the D3 interface only occurs prior to
multimerization at the interface.

4.3 Discussion

VWF multimerization is a crucial process for successful hemostasis. It is known that the
free cysteines Cys1099 and Cys1142, located in the N-terminal D’D3 domains, are cru-
cially involved in multimerization in the trans-Golgi. However, the crystal structure of a
monomeric D’D3 domain at neutral pH shows these two cysteines buried in a wedge-like
structure formed by the VWD3 – C8-3, TIL3, and E3 interface. The details of how the cys-
teines are exposed to enable multimerization were previously unknown. Recently, Springer
and coworkers hypothesized that Cys1099 attacks the cysteine bond between Cys1097 and
Cys1091, forming a new bond with Cys1091 and releasing Cys1097 for disulfide bond for-
mation with Cys1097’ in a second dimer181. However, no matter if Cys1099 or Cys1097
forms an inter-dimer disulfide bond alongside Cys1142, there has to be a prior conforma-
tional change to expose both cysteines buried in the wedge. It has been hypothesized that
this conformational change is induced by the acidic pH in the Golgi apparatus164;181. Here,
we used MT to examine a conformational transition in the D3 domain, peeling submo-
dules C8-3, TIL3, and E3 off the larger VWD3 submodule and thus exposing the unbound
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cysteines. Studying the D3 interaction under various levels of constant force, we obtained
force-dependent populations and rates that we extrapolated to zero load to characterize the
stability of the interface. Both the extrapolated lifetimes and the estimated free energies sug-
gest that the D3 interface is very stable at neutral pH, with a fraction of only about 1 in 107

molecules being in the open conformation at any given time in the absence of force, thus
effectively shielding the free cysteines buried by the interface. At lower pH, characteristic
of (trans-)Golgi and WPB, the D3 interface is significantly destabilized and becomes more
dynamic. The pronounced pH dependency can be rationalized on the molecular level by
the large number of histidine-residues in the interface that can be protonated at acidic pH
and then likely destabilize the interactionbetween the four submodules164. Biologically, the
regulation of the conformational change by pH is of great importance for VWF’s biosyn-
thesis to enable exposure of the buried cysteines involved in multimerization only under the
acidic pH in the trans-Golgi network. The stability of the interface revealed by our assay
suggests that VWF dimers are protected from forming premature cysteine bridges involv-
ing Cys1099 and Cys1142 in the ER, which would have the potential to disturb organized
compaction and multimerization in the trans-Golgi network. Finally, we characterized the
D3 interface opening in the presence of FVIII. We found a statistically significant stabiliza-
tion of the interface, indicating that FVIII not only binds to the D’ modules, but also to
the D modules of the D’D3 domain, as had been suggested by structural and biochemi-
cal information. Our results highlight how complex interactions regulate the biosynthesis
and function of VWF and demonstrate how MT force spectroscopy can probe biologically
relevant conformational changes under a broad range of conditions.
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4.4 Materials and Methods

4.4.1 VWF constructs

Dimeric VWF constructs were designed as hetero-bifunctional dimers, consisting of two
different types of monomers possessing different N-terminal peptide tags. One monomer
possessed a ybbR-tag, allowing for covalent conjugation of CoA-biotin. The second mo-
nomer was equipped with a strep-tag II for high-affinity purification, followed by a tobacco
etch virus (TEV) protease cleavage site 182 and the N-terminal sortase motif GG 183. The
TEV site served two purposes: First, to remove the strep-tag after purification, to avoid in-
teraction with streptavidin on the magnetic beads, and second, to expose the sortase motif
GG, which must be located terminally for the sortase-mediated ligation to the ELP linker.
In addition to full-length dimers, comprising all domains present in mature VWF, also sev-
eral constructs with deletions of certain domains were investigated as controls: delD4, with
a deletion of the full D4 assembly (D4N-TIL4, aa 1873-2255), delD’D3, with a deletion of
the full D’D3 assembly (TIL’-E3, aa 764-1273), and delA1, with a deletion of the A1 do-
main (aa 1272-1462).
Additionally, an “inverted” construct was expressed, which dimerized N-terminally. To
produce such N-terminally, but not C-terminally linked dimers, monomers with muta-
tion p.Cys2771Arg in the CK domain to impair C-terminal dimerization184;185 and with
C-terminal tags for site-specific protein attachment were expressed in the presence of the
VWF propeptide (VWFpp) domains D1 and D2.
Hetero-bifunctional dimers were obtained by co-transfection of HEK-293 cells with two
different plasmids so that the two different types of monomers were co-expressed. Multi-
merization was obstructed by deleting the VWF pro-peptide sequence (domains D1 and
D2, aa 26-763). N-terminal tags were inserted after the required N-terminal signal peptide
(aa 1-25). Plasmid construction, transfection of HEK-293 cells and protein expression were
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Context Formula
Variables and
Fit parameters #

Three-state
transitions
probability
top state

Ptop = 1

(1+e
−

∆z·(F−F1/2)

kBT )2

F Force
kB Boltzmann constant
T Temperature
∆ z & F1/2 fit parameters

1

Three-state
transitions
probability
middle state

Pmiddle = 1

(1+ 1
2 ·e

∆z·(F−F1/2)

kBT + 1
2 ·e

−
∆z·(F−F1/2)

kBT )

F Force
kB Boltzmann constant
T Temperature
∆ z & F1/2 fit parameters

2

Three-state
transitions
probability
bottom state

Pbottom = 1

(1+e

∆z·(F−F1/2)

kBT )2

F Force
kB Boltzmann constant
T Temperature
∆ z & F1/2 fit parameters

3

Two-state
transitions
probability
top state

Ptop = 1

(1+e
−

∆z·(F−F1/2)

kBT )

F Force
kB Boltzmann constant
T Temperature
∆ z & F1/2 fit parameters

4

Two-state
transitions
probability
bottom state

Pbottom = 1

(1+e

∆z·(F−F1/2)

kBT )

F Force
kB Boltzmann constant
T Temperature
∆ z & F1/2 fit parameters

5

Dwell times
open state

τopen(F ) = τ0,opene
( ∆zopen·F1/2

kBT )

F Force
kB Boltzmann constant
T Temperature
∆zopen & τ0,open
fit parameters

6

Dwell times

closed state
τclosed(F ) = τ0,closede

( − ∆zclosed·F1/2

kBT )

F Force
kB Boltzmann constant
T Temperature
∆zclosed & τ0,closed
fit parameters

7

Gauss fit
1 term a · e−( x−b

c )2

a, b, c fit parameters 8

Gauss fit
2 terms

2∑
i=1

ai · e−(
x−bi
ci

)2
ai, bi, ci fit parameters 9

Gauss fit
3 terms

3∑
i=1

ai · e−(
x−bi
ci

)2
ai, bi, ci fit parameters 10

Table 4.1: Equations and fit functions. Equations describing the equilibrium and the
kinetics of the transitions in the D domains assuming independent processes.

performed as described in detail in179. In brief, 2 ·106 HEK-293 cells (DSMZ, Germany)
were transfected in Dulbecco’s modified Eagle’s medium (Life Technologies) containing 10
% fetal bovine serum (Life Technologies),2 µg of each of the two plasmids, and 15 µl Lipo-
fectamine 2000 (Life Technologies).
24 h after transfection, cells were transferred into selection medium containing 500 µg/ml
G418 (Invivogen) and 250 µg/ml Hygromycin B (Invivogen). After 2–3 weeks, the poly-
clonal cell culture was seeded for expression. After 72 h of cell growth, the medium was
exchanged against OPTIPRO serum-free medium (Life Technologies) for serum-free col-
lection of secreted recombinant VWF. The culture supernatant was collected after 72 h and
concentrated using Amicon Ultra-15 MWCO 100 kDa (Merck Millipore).
All dimeric constructs were purified via a HiTrap StrepTrap affinity chromatography co-
lumn (GE Healthcare) using the AEKTA Explorer system (GE Healthcare). As running
buffer, 20mM Hepes, 150mM NaCl, 1mM MgCl2, 1mM CaCl2, pH 7.4, was used. Elu-
tion buffer additionally contained 2:5mM d-desthiobiotin. Eluted VWF constructs were
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buffer exchanged (to the running buffer) and concentrated by centrifuge filtration using
Amicon UltraMWCO 100 kDa (Merck Millipore).

4.4.2 Steered molecular dynamics simulations

The steered molecular dynamics simulation has been performed using the crystal structure
of the monomeric von Willebrand Factor D‘D3 assembly from Dong et al. that has been
resolved using X-ray crystallography (PDB-ID 6n29)164. Further structure preparation as
well as the MD simulations have been done using VMD with the QwikMD plugin22;186.
Standard parameters defined by QwikMD have been used for the simulations. The MD
simulations were conducted using the NAMD molecular dynamics package6 together with
the CHARMM36 force field187;188.
The disulfide bonds that preserve the structure of the individual subdomains were treated
using the classical MD forcefields parameters.
As a first pre-processing step, the original crystal structure was solvated in a box containing
TIP3 water molecules and a NaCl concentration of 0.15 M. Before the pulling experiment,
the protein was relaxed by molecular dynamics simulation for 100 ns. For the steered mo-
lecular dynamics experiment, the water box was enlarged in the pulling direction and the
molecule was pulled at the C-terminal glycine while the N-terminal aspartate was anchored.
The applied pulling speed of 1 A/ns was applied for 150 ns.

4.4.3 MT instrument

MT experiments were performed on a previously described custom setup38;160. The setup
employs a pair of permanent magnets (5×5×5 mm3 each; W-05-N50-G, Supermagnete,
Switzerland) in vertical configuration59. The distance between magnets and flow cell (and,
thus, the force) is controlled by a DC-motor (M-126.PD2; PI Physikinstrumente, Ger-
many). An LED (69647, Lumitronix LED Technik GmbH, Germany) is used for illumina-
tion. A 40x oil immersion objective (UPLFLN 40x, Olympus, Japan) and a CMOS sensor
camera with 4096×3072 pixels (12M Falcon2, Teledyne Dalsa, Canada) allow to image a
large field of view of approximately 440 × 330 µm2 at a frame rate of 58 Hz. Images are
transferred to a frame grabber (PCIe 1433; National Instruments, Austin, TX) and ana-
lyzed with a LabView-based open-source tracking software64. The bead tracking accuracy
of the setup is ∼ 0.6 nm in (x, y) and ∼ 1.5 nm in z direction. 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 Physikinstrumente). Force calibration was conducted as described by
te Velthuis et al.68 based on the transverse fluctuations of long DNA tethers. Importantly,
for the small extension changes on the length scales of our protein tethers, the force stays
essentially constant38, with the relative change in force due to tether stretching or protein
unfolding being< 10−4. Force deviations due to magnetic field inhomogeneities across the
full range of the field of view are< 3%. The largest source of force uncertainty is the bead-
to-bead variation, which is on the order of≤ 10% for the beads used in this study38;59;62;77.

4.4.4 Single-molecule MTmeasurements

Preparation of flow cells was performed as described38. In brief, aminosilanized glass slides
were functionalized with elastin-like polypeptide (ELP) linkers120, possessing a single cys-
teine at theirN terminus aswell as aC-terminal Sortasemotif, via a small-molecule crosslinker
with a thiol-reactive maleimide group [sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohe-
xane-1-carboxylate; Sulfo-SMCC, Thermo Fisher Scientific]. Flow cells were then assem-
bled from an ELP-functionalized slide as bottom and a non-functionalized glass slide with
two small holes for inlet and outlet as top, with a layer of cut-out parafilm (Pechiney Plastic
Packaging Inc., Chicago, IL) in between to form a channel. Flow cells were incubated with
1% casein solution (Sigma-Aldrich) for 1 h and flushedwith 1 ml (approximately 20 flowcell
volumes) of buffer (20 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.4).
CoA-biotin (New England Biolabs) was coupled to the ybbR-tag of the VWF-dimer con-
structs in a bulk reaction in the presence of 5 µM sfp phosphopantetheinyl transferase119

and 10 mM MgCl2 at 37 ◦C for 60 min. Afterwards, VWF dimers were diluted to a final
concentration of approximately 20 nM in 20 mM HEPES, 150 mM NaCl, 1 mM MgCl2,
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1 mM CaCl2, pH 7.4, and incubated in the flow cell in the presence of 2 µM evolved pen-
tamutant Sortase A125;126 for 30 min. Subsequently, the flow cell was flushed with 1 ml
of measurement buffer (20 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2,
0.1%(v/v) Tween-20, pH 7.4). Finally, beads functionalized with streptavidin were incu-
bated in the flow cell for 60 s, and unbound beads were flushed out with 1 ml of measure-
ment buffer.
At the beginning of each measurement, the tethered beads were subjected to two 5-min in-
tervals of a constant force of 11 pN to allow for identification of specific, single-tethered
beads by the characteristic unfolding of the two A2 domains38 (Fig. 4.2A). Only beads that
showed two A2 unfoldings were analyzed further. After 30 s at a low resting force of 0.5
pN, beads were subjected to a forceramp starting at 12 pN and going down to 6 pN in steps
of 0.3 pN, with each plateau of constant force lasting for 5 minutes. All measurements were
performed at room temperature (∼ 22 ◦C).

4.4.5 Data analysis

Data analysis was performed with custom MATLAB scripts. Specific VWF dimer tethers
were selectedon thebasis of the twoA2fingerprintunfoldings, characterizedpreviously38;179.
Extension vs. time traces were subjected to a tether-specific smoothing with a moving a-
verage filter. The number of frames used for the smoothing was determined based on the
distance of the states and the Allan deviation (AD) of the tether (see Figure 4.7): Distance
between the states was determined from fitting a double or triple Gaussian function to the
histogram of the extension in the lowest constant force plateau exhibiting a population in
all two or three states, respectively and evaluating the distance between the peaks, as shown
in Figure 4.7B to the left (1.)). The AD was calculated from a 30 second fragment of the
trace at the lowest constant force plateau exhibiting no transitions and fit with a theoretical
model of an overdamped bead (Figure 4.7B middle (2.))). The AD is defined as

σθ(τ) =

√
1

2
· 〈(θi+1 − θi)2〉 (4.1)

where θi is themean of themeasurement interval of length τ . The angle bracket denotes the
arithmetic mean over all measurement intervals. In other words, the AV is one-half of the
averaged square distance between the means of neighboring intervals72;189;190. Intuitively, it
gives a measure of the spatial resolution after averaging over a time interval τ . Under the as-
sumption that the deviation should be at least four times smaller than the evaluated distance
∆z, a smoothing factor for each trace can be determined by multiplication of the averaging
interval τ , where AD equals ∆z/4, with the measurement frequency. This smoothing fac-
tor is applied to the extension time trace before evaluation of the state-population and the
dwell times in each force plateau.

4.5 Supplementary Material

4.5.1 Tables

Name Ingredients

pH 7.4, near physiological 20 mM Hepes, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2
pH 7.4, near physiological + EDTA 20 mM Hepes, 150 mM NaCl, 10 mM EDTA

pH 6.2 20 mM BisTris, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2
pH 5.5 20 mM Na-Acetate, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2

Table 4.2: Buffers used for MT measurements. The pH of buffers was adjusted with
HCl and NaOH. For the measurement, buffers were supplemented with 0.1% Tween-20 to
reduce unspecific interactions of specific beads.

4.5.2 Figures
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Figure 4.6: Domain deletions to proof ori-
gin of transitions in the D’D3 domain. In-
dividual domains were deleted to verify the
origin of the transitions in the D’D3 do-
main. Apart from deleted domains, con-
structs possessed the same tags and were ob-
jected to the same force protocol as the wild
type. A Heterodimer with D4 domain dele-
tions (schematic of construct shown as in-
set (black frame)). Molecules with D4 do-
main deletions show A2 domain unfoldings
(inset with blue frame) and three-state transi-
tions (inset with orange frame), proving tran-
sitions to be independent of the D4 domain.
Notably, transitions also appear in between
the two A2 unfoldings, suggesting that transi-
tions are also independent of the A2 domain.
B Heterodimer with A1 domain deletions
(schematic of construct shown as inset (black
frame)). Molecules with A1 domain deletions
show A2 domain unfoldings (inset with blue
frame) and three-state transitions (inset with
orange frame), proving transitions to be inde-
pendent of the A1 domain. C Heterodimer
with D’D3 domain deletions (schematic of
construct shown as inset (black frame)). Con-
structs with D’D3 domain deletions show A2
domain unfoldings, but no transitions. This
was checked for > 40 molecules. This indicates
that transitions originate in the D’D3 domain.
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Figure 4.7: Analysis procedure of force ramps with three-state transitions. A Raw
Data, recorded at 58 Hz in one constant force plateau. Thresholds separating bottom (B),
middle (M), and top (T) states are shown as green and blue solid lines. Noise of the trace
induces transitions over the thresholds in addition to transitions caused by domain opening
and closing. Purple box indicates selection of trace analyzed in B3. B Procedure to deter-
mine smoothing factor for dwell time analysis. In a first step, a three-term Gaussian is fit
to the extension histogram and the distance between the fitted peaks indicates the ∆z that
needs to be resolved for dwell time analysis. Dashed lines indicate the T, M, and B state.
Secondly, the Allan deviation for a 30 second time interval at the lowest force plateau is cal-
culated (solid black line, according to Equation 1) and fit with a theoretical model of the
Allan deviation (red dashed line). The Allan deviation is defined as the square root of one-
half of the averaged square distance between the means of neighbouring intervals of length
τ 72. Intuitively, it gives a measure of the spatial resolution after averaging over a time in-
terval τ . Under the assumption that the deviation should be four times smaller than the
distance ∆z (green dashed line), a smoothing factor for each trace can be determined de-
pending on its noise level (blue dashed line). This smoothing factor is applied to the trace
before analyzing dwell times and fractions in a third step. Yellow squares indicate the first
data point after crossing the threshold from below, i.e. transition from B to M or from M
to T; red squares indicate the first data point after crossing the threshold from above, i.e.
transition from T to M or M to B.
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Figure 4.8: Exemplary dwell time evaluation forone plateau of constant force. A Short
segment of a time-extension trace measured for a wild type D’D3 domain VWF dimer ex-
hibiting three-state transitions at a force of 8.4 pN. Raw data is filtered with an 11-frame
moving average (smoothing factor determined according to Figure 4.7). The green hori-
zontal line is the threshold between the bottom state (B) and the middle state (M) and the
blue horizontal line is the threshold between the middle state (M) and the top state (T);
yellow squares indicate the first data point after crossing the threshold from below, i.e. tran-
sition fromB toMor fromMtoT; red squares indicate the first data point after crossing the
threshold from above, i.e. transition from T to M or M to B.BTime trace derived from the
analysis shown in panel A, indicating the current state of D3 domains with “T” correspon-
ding to both domains opened, ”M” corresponding to one domain open and one domain
closed and ”B” corresponding to both domains closed. The time between the transitions
between “B” and “M” and ”M” and ”T” corresponds to the dwell times. To obtain pseudo
dwell time distributions of the individual domains, dwell times in the bottom statewere col-
lected together with half of the dwell times in the middle state for a distribution of τclosed
and dwell times in the top state were collected with half of the dwell times in the middle
state for a distribution of τopen. C, DHistograms of pseudo dwell time distribution in the
closed state (C) and the open state (D) obtained from the analysis shown in panels A and B.
The pseudo dwell times are well described by single exponential fits, shown as solid orange
line. Insets show mean dwell time.
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Figure 4.9: Two-state transitions. A
Molecule showing only transitions between
two states. Same experimental force ramp was
conducted as for molecules exhibiting three-
state transitions (see Figure 4.2). Insets show
two A2 unfoldings, indicating specific dimer
(blue inset), and two-state transitions close to
the midpoint force at 8.1 pN together with
a histogram of the extension (dark blue in-
set). Top and Bottom states are indicated with
dashed lines. Extension was smoothed with
a 9-frame moving average filter. B Two-state
model fit to the fraction of time spent in the
top and in the bottom state. Fit parameters
are the midpoint force and the distance be-
tween the states. C Dwell time distributions
in the top and in the bottom state. Unlike
for the three-state transitions, dwell times for
an individual domain can be determined di-
rectly for two-state transitions. D Distribu-
tions of midpoint forces evaluated from fitting
two- and three-state transition molecules re-
spectively. Solid lines are Gauss fits. Distri-
butions are equal within experimental error.
Mean ± std. are: F1/2,3−state = 8.2 ± 0.9
pN and F1/2,2−state = 8.4 ± 1.2 pN. E Dis-
tributions of ∆z values evaluated from fitting
two- and three-state transition molecules re-
spectively. Solid lines are Gauss fits. Distri-
butions are equal within experimental error.
Mean ± std. are: ∆z3−state = 7.1 ± 2.0 nm
and ∆z2−state = 8.0 ± 1.3 nm. Distribu-
tions in D and E are for 15 three-state tran-
sition molecules and 18 two-state transition
molecules.

Figure 4.10: Physiological force-loading
of an inverted dimer. Same force ramp
as conducted to analyze the two- and three-
state transitions with an inverted dimer (con-
struct shown as inset). In this conformation,
force propagates through the D’D3 domain
as through VWF that is multimerized by cys-
teine linkage in the D’D3 domains (see Fi-
gure 4.1). Extension was smoothed with a 5-
frame moving average filter. In total, >40 in-
verted molecules with two A2 unfoldings were
screened for transitions, but none showed any.





5
A Tethered Ligand Assay to Probe
SARS-CoV-2:ACE2 Interactions

Summary

SARS-CoV-2 infections are initiated by attachment of the receptor-binding domain (RBD)
on the viral Spike protein to angiotensin-converting enzyme-2 (ACE2) on humanhost cells.
This critical first step occurs in dynamic environments, where external forces act on the
bindingpartners and avidity effects play an important role, creating anurgent need for assays
that can quantitate SARS-CoV-2 interactions with ACE2 under mechanical load. Here,
we introduce a tethered ligand assay that comprises the RBD and the ACE2 ectodomain
joined by a flexible peptide linker. Using magnetic tweezers and atomic force spectroscopy
as highly complementary single-molecule force spectroscopy techniques, we investigate the
RBD:ACE2 interaction over the whole physiologically relevant force range. We combine
the experimental results with steered molecular dynamics simulations and observe and a-
ssign fully consistent unbinding and unfolding events across the three techniques, enabling
us to establish ACE2 unfolding as a molecular fingerprint. Measuring at forces of 2–5 pN,
we quantify the force dependence and kinetics of the RBD:ACE2 bond in equilibrium. We
show that the SARS-CoV-2 RBD:ACE2 interaction has higher mechanical stability, larger
binding free energy, and a lower dissociation rate compared to SARS-CoV-1, which helps to
rationalize the different infection patterns of the two viruses. By studying how free ACE2
outcompetes tethered ACE2, we show that our assay is sensitive to prevention of bond for-
mation by external binders. We expect our results to provide a novel way to investigate the
roles of viral mutations and blocking agents for targeted pharmaceutical intervention.

5.1 Introduction

A subset of coronaviruses (CoV) causes severe acute respiratory syndrome (SARS) in hu-
mans. We have seen three major recent outbreaks, including the first SARS pandemic from
2002–2004 (SARS-CoV-1), middle east respiratory syndrome (MERS-CoV) that emerged
in 2012, and the ongoing COVID-19 pandemic (SARS-CoV-2). SARS-CoV-2 particles
carry ∼ 100 copies of the trimeric viral glycoprotein Spike (S) on their surface7, giving the
appearance of an eponymous corona around the virus. Like SARS-CoV-1, SARS-CoV-2 at-
taches to human host cells by S binding to angiotensin-converting enzyme-2 (ACE2)191–195

This Chapter is based on a manuscript by Bauer, Gruber et al. with Gruber and Bauer as equally contributing
first authors (in press at Proceedings of the National Academy of Sciences of the United States of America). My
contribution: For this manuscript, I was involved in designing the research, developing an MT assay for measuring
receptor:ligand interactions, performing MT experiments and analyzing MT data, and writing the manuscript.
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Figure 5.1: Single-molecule assays to
probe the SARS-CoV-2 RBD:ACE2 inter-
face under force. Motivation and overview of
our tethered ligand assay for equilibrium and
dynamic single-molecule force spectroscopy
(SMFS) measurements in magnetic tweezers
(MT) and atomic force microscopy (AFM).
A Schematic of a SARS-CoV-2 virus particle
(green) presenting spike protein trimers (grey)
that can bind to human ACE2 (red) on the
cell surface via their RBDs (blue). The bond
between RBD and ACE2 is formed in a dy-
namic environment, where it must withstand
external mechanical forces (indicated by the
red arrow), e.g. caused by coughing or snee-
zing, in order to allow efficient infection of
the human host cell (orange). BCrystal struc-
ture of the SARS-CoV-2RBD:ACE2complex
(PDB ID: 6m0j) 204. The N- and C-termini
of the RBD (blue) and ACE2 (red) are indi-
catedwith yellow spheres. C Schematic (not to
scale) of the tethered ligand assay in MT. The
tethered ligand construct consists of theACE2
ectodomain (red square) and RBD (blue tri-
angle) joined by a flexible polypeptide linker
(black line) of 85 amino acids (31 nm con-
tour length) or 115 amino acids (42 nm con-
tour length). D Tethered ligand construct in
the absence of force, where the RBD remains
bound to ACE2. E Stylized measurement of
the tethered ligand construct in MT. To probe
RBD:ACE2bonddynamics, time traces of the
tether extension are recorded at different levels
of applied force (indicated at the bottom). At
low forces, reversible transitions between the
bound configuration (interface formed), and
a dissociated configuration (interface dissoci-
ated and peptide linker stretched) are observed
as jumps between two extension levels (red and
blue dashed lines). At higher forces, further
upward steps in the extension trace correspond
to unfolding events of protein (sub-)domains.
From the MT time traces, both the fraction
of time spent in the dissociated state and the
dwell times in the bound and dissociated state
can be determined as a function of applied
force (top). F Schematic (not to scale) of the
tethered ligand construct in the AFM. G Sty-
lized AFM measurement. The cantilever is re-
tracted with constant velocity and the force re-
sponse to the applied extension is shown as a
force-extension curve. With increasing exten-
sion the RBD:ACE2 interface ruptures (blue
star), protein subdomains unfold, and finally
the ClfA:Fgɣ bond ruptures, giving rise to dis-
tinct peaks in the force-extension curve. His-
tograms of rupture forces (top) are compiled
from multiple measurements.

(Figure 5.1A). Specifically, each of the three S1 subunits in an S trimer carries a receptor-
binding domain (RBD) at its tip, which is presented in an up or down conformation and
can bind ACE2 in the up conformation (Figure 5.1B)196. Binding of the virus to host cells
occurs in dynamic environments197;198 where external forces act on the virus particle. In
particular, in the respiratory tract, coughing, sneezing, and mucus clearance exert mechani-
cal forces199;200 that the virus must withstand for productive infection. The magnitude and
dynamics of these forces are not known precisely and likely variable. A rough estimate from
fluid dynamics suggests an upper limit of forces in the range of ∼ 2 pN to 2 nN and con-
versely cellular dynamics generate loading rates of micrometers per minute (estimates are
provided in the methods section).
The SARS-CoV-2 S protein and its interaction with ACE2 have been target of intense re-
search activity, as they are critical in the first steps of SARS-CoV-2 infection and S consti-
tutes a major drug and the key vaccine target in the current fight against COVID-19. Fur-
ther, 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 in-
fections by the two viruses193. Despite its importance, many questions about RBD:ACE2
interactions, particularly about their stability under external forces, are unresolved. Con-
sequently, there is an urgent need for assays that can probe the affinity and kinetics of the
interaction under a wide range of external forces. In nature, receptor:ligand pairs are of-
ten held in spatial proximity by neighboring interactions, creating high effective concentra-
tions. Engagement of multiple interactions have been suggested to be important in other
viral infections, including influenza, rabies, and HIV201–203. Since conventional affinity
measurements do not take into account these effects, there is a need for novel in vitro assays
mimicking these effects when measuring bond characteristics.
Tethered ligand assays have provided insights into a range of critical molecular interactions
under mechanical load54;55;116;205–210. Under constant force, they allow observation of re-
peated interactions of the same binding partners, which are held in spatial proximity under
mechanical control. Therefore, they can provide information on affinity, avidity, on- and
off-rates, and mechanical stability205;209.
Here, we present a tethered ligand assay to determine RBD interactions with ACE2 at
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the single-molecule level subject to defined levels of applied force. Our assay utilizes fu-
sion protein constructs of the SARS-CoV-1 or SARS-CoV-2 RBD and the human ACE2
ectodomain joined by flexible peptide linkers. To probe the linkage under a large range of
mechanical forces and loading rates, we used two highly complementary single-molecule
force spectroscopy (SMFS) approaches: an atomic force microscope (AFM) and magnetic
tweezers (MT) (Figure 5.1C -G).We complemented the experimentswith steeredmolecular
dynamics (SMD) simulations to provide microscopic insights that are inaccessible experi-
mentally.
AFM force spectroscopy can probe molecular interactions and protein stability dynami-
cally35;41;42, typically measuring at constant loading rate, and can investigate even the most
stable host-pathogen interactions (at forces F > 2 000 pN)3. In AFM experiments, the mo-
lecular construct of interest is stretched between a surface and the tip of an AFM cantilever.
The cantilever is retracted at a constant velocity, and the force is monitored from the can-
tilever deflection. Molecular rupture or protein (sub-)domain unfolding events give rise to
a sawtooth-like pattern in the force vs. extension traces (Figure 5.1G). In contrast, MT typ-
ically operate at constant force and can resolve very low forces59;70, down to F < 0.01 pN. In
MT, molecules are tethered between a flow cell surface and magnetic beads. External mag-
nets apply defined and constant stretching forces, and the tether extension is monitored by
video microscopy. In MT, unbinding or unfolding events give rise to steps in the extension
vs. time trace (Figure 5.1E).
Probing our tethered ligand construct by AFM force spectroscopy, we reveal the dynamic
force stability of the assembly. In combination with SMD simulations, we assign the incre-
ments revealed by force spectroscopy and establish the ACE2 unfolding pattern as a mole-
cular fingerprint to select properly assembled tethers. Using MT, we measure the on- and
off-rates at different levels of mechanical load and extrapolate to the thermodynamic stabili-
ty at zero load. We compare the stability of the SARS-CoV-1 andSARS-CoV-2RBD:ACE2
interactions in all three assays and consistently find a lower force stability for SARS-CoV-1
across the different techniques.

5.2 Results

5.2.1 A tethered ligand assay to probe viral attachment under physio-
logical forces using MT and AFM

Wedesigned tethered ligand fusionproteins that consist of the SARS-CoV-1RBDorSARS-
CoV-2RBDand the ectodomain of humanACE2 joined by flexible polypeptide linkers (Fi-
gure 5.1D). Protein constructs were designed based on the available crystal structures204;211

of the SARS-COV-1or SARS-COV-2RBDs in complexwith humanACE2 and carry short
peptide tags at their termini for attachment in MT and the AFM (Materials and Methods).
For MT experiments, the protein constructs were coupled covalently to the flow cell sur-
face via elastin-like polypeptide (ELP) linkers120 and to magnetic beads via a biotin:strepta-
vidin linkage38. Tethering multiple proteins in MT enables parallel measurements of mul-
tiple molecules over extended periods (hours to weeks) at precisely controlled forces38. In
MT, bead positions and, therefore, tether extensions are tracked by video microscopy with
∼ 1 nm spatial resolution and up to kHz frame rates160;212;213. For AFM experiments, we
employ the same tethered ligand construct as used in the MT assay and covalently anchor it
to a glass surface using PEG spacers. The key difference to the MT measurement is the use
of an Fgɣ tag on the protein together with ClfA as a reversible handle system instead of the
biotin:streptavidin linkage to attach it to the AFM cantilever. The ClfA:Fgɣ interaction is
non-covalent, but can withstand extremely high forces of up to 2 nN, making it a reliable
attachment modality with a built-in force fingerprint for AFM force spectroscopy3. To-
gether with stable custom-built AFM setups 214, this enables highly automated and reliable
recordings of specific force-extension traces.

5.2.2 Dynamic AFM force spectroscopy reveals a characteristic unfol-
ding pattern

The AFM traces of the tethered ligand constructs feature a total of five sawtooth-like peaks,
each corresponding to an unfolding or unbinding event (Figure 5.1G, Figure 5.2A, and
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Figure 5.2: AFM force spectroscopy reveals
multiple defined transitions in the tethered
ligand construct. A AFM force-extension
trace of the SARS-CoV-2 RBD:ACE2 te-
thered ligand construct (raw data in light
green, total variation denoised dark green,
recorded at 800 nm/s retraction velocity).
Four defined peaks are clearly visible between
30 pN and 60 pN. The final ClfA:Fgɣ rup-
ture at 1500 pN is not shown for clarity. B
Heatmaps of unfolding curves for the SARS-
CoV-1 RBD:ACE2 fusion construct with
short linker (31 nm, top) and long linker (42
nm, bottom) generated from 151/60 unfol-
ding traces similar to the measurement shown
in A. The colorbar indicates the mapping of
points per bin (ppb) values to each pixel in
the heatmap. CHeatmap of unfolding curves
for the SARS-CoV-2 RBD:ACE2 fusion con-
struct generated from 127 unfolding curves,
including the curve shown in A. Overall, the
unfolding patterns look very similar for SARS-
CoV-1 and 2, the only clear difference is that
the first peak (indicated by a blue star through-
out) is at higher forces for SARS-CoV-2. The
right inset in panel A directly compares the
most probable rupture forces determined by
the Bell-Evans model for the first peak for the
two constructs. The insets in the top of pan-
elsB andC show transformations of the force-
extension data to contour length space (Ma-
terials and Methods). For SARS-CoV-1 two
different length linkers were measured (31 nm
linker in blue and 42 nm in purple); the differ-
ence of 13 nm in contour length for the initial
peak is very close to the expected value.

Figure 5.7). The last (right-most) peak exhibits forces well within the range previously esta-
blished for the ultra-strong ClfA:Fgɣ interaction3, clearly indicating specific attachment of
the protein construct. Consequently, the four peaks at lower forces must correspond to un-
folding and unbinding events in a single tethered ligand construct. To visualize the most
probable force-extension trace, we aligned and superimposed all individual curves215;216

(Figure 5.2B and C). They all feature the final rupture peak assigned to the ClfA:Fgɣ lin-
kage and an initial (left-most) peak typically at lower forces around 26 pN for the SARS-
CoV-1 fusion construct and about twice as high forces for the SARS-CoV-2 fusion con-
struct (around 57 pN; Figure 5.2 A on the right). This initial peak is followed by a trident-
shaped, three-peak pattern at around 40 pN. The released contour lengths corresponding
to each of these unbinding/unfolding peaks were determined from contour length trans-
formations215;217 of each specific curve (see Materials and Methods). The four increments
show the same order and very similar lengths for the SARS-CoV-1 and SARS-CoV-2 con-
structs (Figure 5.2B, C, top insets).
The fact that the first peak (Figure 5.2, blue star) has a notably different force signature

for the SARS-CoV-1 and SARS-CoV-2 constructs, while all other peaks are very similar,
suggests that the first peak involves the RBD domain, which is the only part that is different
between the two constructs. To probe whether the first peak is due to the RBD:ACE2 in-
terface opening or RBD unfolding, we performed control experiments with a longer linker
(115 amino acids (aa) corresponding to ∼ 42 nm contour length, instead of 85 aa or ∼ 31
nm) between the two domains. The measurements with the longer linker reveal an increase
in the contour length released in the first peak by 13 nm, very close to the expected 11 nm,
which strongly suggests that the first peak represents dissociation of the RBD:ACE2 in-
terface (Figure 5.2B). The contour length increments of the first peaks (53 nm and 66 nm
for the short and long linker, respectively), are, however, larger than what is expected from
interface opening only, which would release the linker lengths (31 nm or 42 nm) and in-
volve reorientation of the domains. Conversely, full unfolding of the RBD domain would
release 193 aa or 70 nm contour length, much longer than the increments that are expe-
rimentally observed. Therefore, the first peak must involve interface opening and partial
unfolding of the RBD. Since all measurements were conducted under non-reducing con-
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Figure 5.3: Steered molecular dyna-
mics (SMD) simulations. A SMD force-
extension curve for pulling on the SARS-CoV-
2RBD:ACE2bondwithout additional linker.
Inset (blue frame) shows rendering of the in-
terface opening causing the peak in the trajec-
tory. B SMD force-extension curve for pulling
on tethered ligand SARS-CoV-2 RBD:ACE2
construct (same complex as investigated with
the AFM and MT). Force and pathway of in-
terface opening (indicated with blue circle) are
equivalent to pulling on the interaction with-
out linker as shown in A. Inset (red frame)
shows rendering at the end of the simulation,
when interface is dissociated and ACE2 and
RBD are partially unfolded. C Force distri-
bution of interface opening for SARS-CoV-
1 (blue, most probable rupture force: 499
pN), SARS-CoV-2 (orange, most probable
rupture force: 628 pN), and chimera (green,
most probable rupture force: 597 pN) te-
thered ligand constructs. Chimera is a te-
thered ligand construct with the SARS-CoV-
1 RBD with 12 amino acid replacements ac-
cording to the SARS-CoV-2 RBD. These 12
amino acid replacements in the SARS-CoV-
1 RBD nearly reproduce the force stability
of SARS-CoV-2. Distributions are from 40
replicas for each construct. D Crystal struc-
ture of the SARS-CoV-1 RBD:ACE2 inter-
action (PDB-ID: 2ajf). Residues changed for
chimera are indicated in orange. The thick-
ness of the black lines quantifies the corre-
lation between residues from the RBD and
ACE2 shortly before interface rupture for the
chimera system. The overall correlations be-
tween RBD and ACE2 residues determine the
force propagation pathways through the in-
terface and thus the stability of the interac-
tion. E and F Heatmaps of the change in
correlation of individual spike residues with
ACE2 residues comparing SARS-CoV-1 with
the chimera (E) and SARS-CoV-1with SARS-
CoV-2 (F). Residues were selected based on
proximity to the interface. Modified residues
in the chimera in close proximity with ACE2
are indicated in the y axis labels. Heatmaps
indicate a change in mechanostability pattern
throughout the interface. Difference in the
interaction pattern under force load between
SARS-CoV-1 and SARS-CoV-2 RBD:ACE2
interface help to rationalize their difference in
force stability.

ditions (TBS buffer, see Materials and Methods), we expect disulfide bridges between cys-
teines to be formed, which shield large parts of the RBD structure from force204;218 and
allow only 51 aa to unfold, corresponding to 19 nm contour length, in excellent agreement
with experimentally observed increments (Figure 5.8).
With the first peak assigned to the RBD:ACE2 interface opening and partial RBD unfol-
ding, the subsequent trident-shaped, three-peak pattern is likely due to (step-wise) unfol-
ding of the ACE2 domain. Control measurements with the ACE2 domain only and the
same affinity tags resulted in traces showing the same trident-shaped pattern and no addi-
tional first peak (Figure 5.9), confirming the assignment of the trident-shaped pattern to
the ACE2 domain. Comparing the same constructs with the SARS-CoV-1 and the SARS-
CoV-2 RBD tethered to ACE2, reveals a lower force stability for the SARS-CoV-1 interface
compared to SARS-CoV-2 (Figure 5.2A, histograms). In addition, the AFM data suggest
that, after the opening of the interface, stepwise ACE2 unfolding gives rise to a defined pat-
tern that can be used as a molecular fingerprint.

5.2.3 All-atom steered molecular dynamic (SMD) simulations provide
insights into the unfolding patterns in molecular detail

In an in-silico SMFSapproach, the tethered ligandproteinprobed in theAFMmeasurement
was modeled using QwikMD 186. Based on the available crystal structures, the RBD:ACE2
complex was modeled with and without the polypeptide linkers for both SARS-CoV-1 and
SARS-CoV-2, in a total of 4 different systems (for details, see Materials and Methods). Over
300 SMD simulations were performed employing GPU-accelerated NAMD 3219. The sim-
ulated behavior of the complexes agrees with the AFM experiments, starting with the dis-
sociation of the RBD domain from ACE2 and consecutive partial unfolding of the RBD
(Figure 5.3A, B). In the simulations, the unfolding of parts of the RBD is caused by the
linker that gets stretched after the interface is released from ACE2. After the initial RBD
dissociation, ACE2 unfolds in several substeps. The corresponding force-distance curve
(Figure 5.3B) agrees with the observed unfolding pattern obtained by AFM measurements.
The insets in Figure 5.3A and B show renderings at three different time points to visualize
the forced RBD:ACE2 dissociation observed in SMD and AFM experiments.
Simulations of the RBD and ACE2 without and with the linker showed identical behavior
until the point of the interface dissociation (Figure 3A, B) and the dissociation process was
conserved for both protein models. For collecting statistics, the construct without linker
was used to determine unbinding forces of the RBD:ACE2 interface. The simulations give
26%higher forces for SARS-CoV-2 compared to SARS-CoV-1 (Figure 5.3C). The observed
higher forces for SARS-CoV-2 qualitatively agree with the differences in forces determined
from the AFM measurements with an expected increase in absolute forces due to the much
higher loading rates in the SMD simulation compared to AFM measurements.
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5.2.4 Unfolding patterns across different force-loading rate regimes are
highly reproducible

In contrast toAFMand SMDsimulations, where tethered fusion constructswere subjected
to forces with constant force-loading rate, MT were used to examine the fusion complex
at constant forces, first studying equilibrium binding and dissociation between RBD and
ACE2 at lower forces and then unfolding individual protein domains at high forces (Fi-
gure 5.4A). At forces between 2 to 5 pN, we observe systematic transitions in the extension
traces, with jumps between a high extension “dissociated” and low extension “bound” state
(Figure 5.4A, Equilibrium and Figure 5.5A,B). The transitions systematically shift towards
the dissociated state with increasing force (Figure 5.5A). Alternating between levels of low
force (0.5 pN) and higher forces (15, 20, 25, and 30 pN) (Figure 5.4A, “High Forces”) re-
veals three distinct unfolding transitions. At forces of 15 and 20 pN, one unfolding transi-
tion repeatedly occurs after refolding during a low force interval. This reversible transition
corresponds to the systematic transitions recorded at equilibrium between 2 and 5 pN (Fi-
gure 5.4A blue boxes and Figure 5.4B, blue histogram for high force transitions), while a
subsequent two-step transition above 25 pN (Figure 5.4A, red box and Figure 5.4B, red his-
tograms) is irreversible. Measuring just the ectodomain of ACE2 revealed the same charac-
teristic irreversible two-step unfolding pattern above 25 pNwithout showing the systematic
transitions at lower forces or the reversible unfolding at 15 and 20 pN (Figure 5.11). This
allows a clear assignment of the two irreversible unfolding events to the unfolding of ACE2,
while the equilibrium transitions, observed as reversible steps at 15 and 20 pNare attributed
to the RBD:ACE2 interface opening and partial RBD unfolding, corresponding to the first
peak in the AFM force-distance curves.
Unlike in the SMD simulations, where interface dissociation clearly precedes partial RBD
unfolding, the processes can neither be discriminated within the resolution limits of the
AFM, nor of MT. Thus, we are unable to clearly assign a temporal order or causality in the
in vitro experiments. If the process in the AFM and MT was equal to what SMD simula-
tions showed, the linkerwould be unstretched upon interface dissociation. It is highly likely
that the subsequent partial RBD unfolding should be observable as a separate event at the
loading rates in the in vitro experiments. The fact that both processes are not separable in
both techniques suggests that the clear order found in SMD simulations is an artefact of the
high force-loading rates and that in the experiments partial RBD unfolding might happen
simultaneously or even precede interface dissociation.
Using the worm-like-chain model220 with a persistence length of 0.5 nm38 the contour
length of the observed extension increments in MT are calculated (Figure 5.4B). The mean
values of the increments in MT (Figure 5.4C, MT) are compared to the contour length
transformed increments in the AFM (Figure 5.4C, AFM; all values given in Table 5.1). Stri-
kingly, the increments observed with both single-molecule force spectroscopy techniques
are in excellent agreement, within experimental errors, with each other and with theoretical
expectations based on the crystal structure 204 and the fusion construct design. Comparing
the total length gain from unfolding the tethered ligand ACE2 in the AFM (224 nm) and
MT (233 ± 25.5 nm), reveals quantitative agreement within experimental errors. The first
ACE2 unfolding event (Table 5.1, ACE21) in the AFM almost perfectly matches the first
increment in MT. The second and third ACE2 unfolding (Table 5.1 ACE22 and ACE23)
in the AFM cannot be separately resolved in MT for most molecules and typically occur
as one single large step (Table 5.1 ACE2combined). In a small subpopulation (8 of 42 total
molecules), however, we observed a very short-lived intermediate level, splitting the large
step into a smaller and yet another larger step, matching the increments observed in the
AFM. In summary, ACE2 unfolding provides a highly specific and reproducible molecu-
lar fingerprint across AFM and MT measurements that we subsequently used to select for
specific tethers to probe the RBD:ACE2 interface.

5.2.5 MTmeasurements probe the RBD:ACE2 interaction under load
in equilibrium

After selecting specific tethers based on the ACE2 fingerprint, we analyze the equilibrium
transitions measured in MT at forces between 2 and 5 pN. The transitions systematically
change with applied force: At low forces, the interface is predominantly formed (bound
state), while increasing the force increases the fraction of time with an open interface and
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Figure 5.4: SARS-CoV-2 RBD:ACE2 in-
terface opening and unfolding in MT. A
Extension-time trace of an RBD:ACE2 te-
thered ligand construct in MT shows distinct
transitions at different levels of constant force.
At low forces (labelled “Equilibrium”), we ob-
serve stochastic transitions between two exten-
sion levels, separated by∆RBD≈13.5 nmat a
force of 3.5 pN. In subsequent measurements
at higher forces (labelled “High Forces”), the
force is iteratively altered between 0.5 pN (low
extension) and increasingly higher forces (in-
dicated at the top). At 15 and 20 pN, the
RBD:ACE2 interface ruptures together with
a partial RBD unfolding (∆RBD ≈ 32 nm)
and refolds in the subsequent 0.5 pN inter-
val. At 25 pN, ACE2 irreversibly unfolds in
two steps, first a smaller one (∆ACE2small ≈
30 nm) and then a larger one (∆ACE2large
≈ 135 nm). Grey trace: 5-frame moving a-
verage filtered; Black trace: 40-frame mov-
ing average filtered. B Histograms of unfol-
ding increments at high forces of the RBD
(blue) and the two parts of ACE2 (pink, red)
in MT. The histograms are fitted with a Gaus-
sian (solid black line). Some points are out-
side of the plotting range for clarity but in-
cluded in the fit. C Mean unfolding incre-
ments observed for tethered ligand construct
with constant forces in MT and with constant
loading rate inAFM.Theobserved increments
were transformed into contour lengths using a
WLC model, assuming a persistence length of
0.5 nm in MT and 0.365 nm in the AFM. Val-
ues ± standard deviation for the increments in
MT are: ∆RBD = (51± 10.8) nm,∆ACE21
= (42 ± 5.5) nm, ∆ ACE2combined = (191
± 18.7) nm. Values for the increments in the
AFM are: ∆RBD = 48 nm, ∆ACE21 = 41
nm, ∆ ACE22 = 35 nm, and ∆ACE23 = 148
nm. Values in B and C correspond to mean
values from 42 molecules observed in MT and
127 molecules observed in AFM.

MT increments (nm) AFM increments (nm)

∆RBD 50.7 ± 10.8 48

∆ACE21 42.1 ± 5.5 41

∆ACE22 45.7 ± 14.0 35

∆ACE23 147.6 ± 7.8 148

∆ACE2combined 191.3 ± 18.7 –

Table 5.1: Increments of high-force transitions in MT and unfolding peaks in the
AFM of the SARS-CoV-2 RBD:ACE2 tethered ligand construct. Data are mean and
std for 42 molecules in MT and 127 molecules in the AFM. In MT, the ∆ACE22 and
∆ACE23 are observed separately only in a small sub-population (8 out of 42 molecules).
Mostly they are combined into one step ∆ACE2combined. The large error for the smaller
intermediate step is due to imprecisions in the increment measurement due to the short
lifetime of this state.

a partially unfolded RBD (dissociated state) (Figure 5.5A). Histograms of the tether exten-
sion revealed two clearly separated peaks that are fit well by a double Gaussian (Figure 5.5B;
black lines). By setting thresholds at the minimum between the extension peaks, we defined
populations in the dissociated and bound states. The fraction in the dissociated state (Fi-
gure 5.5C; circles), follows a sigmoidal force dependence. The data are well-described by a
two-state model (Figure 5.5C; solid line) where the free energy difference between the two
states (bound vs. dissociated but still attached to each other with a linker) depends linearly
on the applied force F, i.e. ∆G =∆G0 – F1/2 ·∆z, such that the fraction in the dissociated
state is

fdiss(F ) =
1

(1 + e
−∆z·(F−F1/2)

kB ·T )

(5.1)

where kB is Boltzmann’s constant and T the absolute temperature. F1/2 and∆z are fitting
parameters that represent the midpoint force, where the system spends half of the time in
the dissociated and half of the time in the bound conformation, and the distance between
the two states along the pulling direction, respectively. The free energy difference between
the bound and dissociated state at zero force is given by ∆G0 = F1/2 · ∆z and provides a
direct measure of the stability of the binding interface.
Fromfits of Equation 5.1 to the data for the SARS-CoV-2RBD:ACE2 construct, we found
F1/2 = 3.8 ± 0.4 pN and∆z = 10.2 ± 3.7 nm, and, therefore,∆G0 = F1/2 ·∆z = 5.5 ± 2.1
kcal/mol (data are the mean and standard deviation from fits to biological repeats; see Ta-
ble 5.2 for a summary of all fitted parameters). The value of ∆z determined from fitting
Equation 5.1 is within experimental error in agreement with the distance between the dis-
sociated and bound states ∆zG= 13.5 ± 1.8 nm determined from fitting two Gaussians to
the extension histograms at the equilibrium force F1/2 and evaluating the distance between
the fitted center positions. The observed∆z is also in excellent agreement with the expected
extension change of ≈ 13.4 nm, based on the crystal structure204 (PDB ID: 6m0j) taking
into account the stretching elasticity of the 85 aa protein linker and the unfolding of non-
shielded parts of the RBD using the worm-like chain (WLC) model38;221;222 with a bending
persistence length of Lp = 0.5 nm and assuming 0.365 nm/aa.
In addition to providing information on the binding equilibrium, the MT assay gives ac-
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Figure 5.5: Comparison of mechanical
stability and kinetics of ACE2 binding
to SARS-CoV-1 and SARS-CoV-2 RBD.
A Extension-time traces at different constant
forces for the SARS-CoV-2 RBD:ACE2 fu-
sion construct reveal stochastic transitions be-
tween two extension levels, corresponding to
the bound and dissociated RBD:ACE2 in-
terface, respectively. Increasing the force in-
creases the fraction of time spent in the disso-
ciated conformation. B Expanded views of ex-
tensions at three different forces below, at, and
above the mid-force from the trace in A show
shift towards the dissociated conformation
with increasing force. Same color code as in
panel A. The “dissociated” and “bound” states
are indicated by dashed lines. The histograms
of the extensions are fittedwith a doubleGaus-
sian (solid black lines). CThe fraction of time
in the dissociated conformation determined
from extension-time traces (circles; points de-
termined from the traces in panel B are shown
with matching color codes). The black line is
a fit of Equation 5.1. Fitting parameters F1/2

and ∆x are shown as an inset. D Compari-
son of the F1/2 distribution between SARS-
CoV-1 and SARS-CoV-2 reveal a significant-
ly higher force stability of the SARS-CoV-2
RBD:ACE2 bond (p = 0.00124; two-tailed p-
test). Data points are the fitted F1/2 from
independent molecules. Boxes are the me-
dian and interquartile range. EDwell times in
the dissociated (open circles) and bound state
(filled circles) determined from extension-time
traces for SARS-CoV-1 (blue) and SARS-
CoV-2 (green). Mean dwell times for indi-
vidual molecules were determined from max-
imum likelihood fits of a single exponential to
the dwell time distributions. The circles and
error bars are the mean and standard devia-
tion from log-averaging over 29 (SARS-CoV-
1) and 12 (SARS-CoV-2) molecules. Dashed
and solid lines correspond to the mean of the
exponential fits to the individual dwell times
in the bound state and dissociated state, re-
spectively. The insets visualize dwell times in
MT time-extension traces. F Free energy dif-
ferences between the bound and dissociated
state of the RBD:ACE2 tethered ligand con-
structs. The free energy differences were ob-
tained from the equilibrium data as F1/2 ·
∆x and from the dynamics as log(τ0,bound /
τ0,diss). The data fall along the 45 degree line
(dashed), indicating that the two estimates give
consistent values. Comparison of the SARS-
CoV-1 and SARS-CoV-2 data reveals a larger
free energy difference for SARS-CoV-2, indi-
cating a more stable interface. Distributions
and mean values shown in panel D - F are
for 29 (SARS-CoV-1) and 12 (SARS-CoV-2)
molecules, respectively.

cess to the binding kinetics under force. Analyzing the extension-time traces using the same
threshold that was used to determine the fraction dissociated vs. force, we identify dwell
times in the dissociated and bound states (Figure 5.10A, B), which are exponentially dis-
tributed (Figure 5.10C, D). The mean dwell times in the dissociated state increase with in-
creasing force, corresponding to the intuitive interpretation that the higher the force, the
longer it takes for a dissociated receptor:ligand pair to rebind (Figure 5.5E, dashed green
line). The mean dwell times in the bound state, on the other hand, decrease with increasing
force, albeit only slightly, implying that the higher the force, the shorter the bond stays in-
tact. The dependencies of the mean dwell times on the applied force F are well described by
exponential, Arrhenius-like relationships93

τdiss = τ0,diss · e
∆zdiss·F

kB ·T and τbound = τ0,bound · e
−∆zbound·F

kB ·T (5.2)

where the fitting parameters τ0,diss and τ0,bound are the lifetimes of the dissociated and
bound conformation in the absence of force and ∆zdiss and ∆zbound are the distances to
the transition state along the pulling direction.
The parameters∆zdiss and∆zbound quantify the force-dependencies of the lifetimes of the
respective states, and the slopes in the log(τdiss/bound) vs. F plots (Figure 5.5E) are given
by∆zdiss/bound / kBT.∆zbound is smaller than∆zdiss (by more than a factor of∼ 5), i.e.
dissociation of the bound complex is less force-sensitive than rebinding from the dissoci-
ated conformation. The different force sensitivities can be rationalized from the underlying
molecular processes: The bound complexes feature protein-protein interactions that will
break over relatively short distances; in contrast, the dissociated conformations involve fle-
xible peptide linkers that make rebinding from the dissociated states more force-dependent.
The sum of ∆zdiss and ∆zbound is 7.9 ± 5.1 nm and, within experimental error, equal to
∆z obtained from fitting Equation 5.1, which indicates a single major energy barrier sepa-
rating the bound and the dissociated states.
The extrapolated lifetimes at zero force of the bound conformations τ0,bound are in the
range of 115 s for SARS-CoV-2. In comparison, the lifetimes of the dissociated states in the
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absence of load τ0,diss are much shorter, similar to ∼ 0.07 s (Table 5.2). The extrapolated
lifetimes at zero force provide an alternative route to computing the free energy difference
between the previously described dissociated and bound states at F = 0, which is given by
∆G0,tau = kBT · log(τ0,diss/τ0,bound). We find good agreement, within experimental er-
ror, between the free energydifferences∆G0,tau determined fromthe extrapolated lifetimes
and the values ∆G0 = F1/2 · ∆z from Equation 5.1 (Table 5.2, Figure 5.5F), providing a
consistency check between equilibrium and kinetic analysis. The results show that studying
our tethered ligand assay in MT can yield consistent information on the binding equilibri-
um and on the interaction kinetics under external force.
Comparing the extrapolated lifetimes at zero force and the distances to the transition state
obtained fromMTmeasurements to values obtained fromfitting a dynamic force spectrum
recorded with the AFM, yields reasonable agreement (Figure 5.11). This suggests that both
techniques probe similar pathways.

5.2.6 SARS-CoV-2 attachment ismore stable and longer-lived than SARS-
CoV-1 under constant load

A construct using the same 85 aa linker and attachment geometry, but the SARS-CoV-1
RBDinsteadof SARS-CoV-2RBD, shows aqualitatively very similar force-response inMT,
with stochastic transitions between a bound and a dissociated conformation at an equilibri-
um force below 5 pN and ACE2 unfolding at forces higher than 25 pN. The increments
from unfolding the tethered ACE2 are in excellent agreement both with the increments
from the ACE2 unfolding of the SARS-CoV-2 tethered ligand construct in MT and from
the AFM ACE2 unfolding (Figure 5.9). Furthermore, they happened at comparable forces
as in the SARS-CoV-2 tethered ligand construct and single ACE2 in MT. As for the SARS-
CoV-2 tethered ligand construct, the molecules for equilibrium and kinetic analysis of the
SARS-CoV-1 RBD:ACE2 bond could thus be selected based on the molecular fingerprint
of ACE2 unfolding and directly compared to SARS-CoV-2 tethered ligand constructs.
Fromfits ofEquation5.1, we foundF1/2 =3.2±0.6pN,∆z=9.7±1.7nmand thus∆G0 =
4.4 ± 1.1 kcal/mol for the SARS-COV-1 RBD:ACE2 tethered ligand construct (Table 5.2).
The length increment ∆z is again, within experimental error, in good agreement with the
value determined from fitting two Gaussians to the extension histogram near the midpoint
of the transition (∆zG = 11.3 ± 1.7 nm at F1/2). The slightly shorter extension increment
upon dissociation for the SARS-CoV-1 construct compared to SARS-CoV-2, despite u-
sing 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. Comparing
the two lengths after contour length transformation yields ∆zSARS−CoV−1RBD,WLC =
51.2 ± 7.9 nm and ∆zSARS−CoV−2RBD,WLC = 50.3 ± 7.7 nm, in agreement, within
error. In contrast, the SARS-CoV-1 RBD:ACE2 interface shows a significantly lower mid-
point force F1/2 than the SARS-CoV-2 RBD:ACE2 bond (Figure 5.5D; p = 0.0029 from
a two-sample t-test), in line with the lower unbinding forces for SARS-CoV-1 observed in
theAFM (Figure 5.2B,C) and SMD simulations. The difference alsomanifests in a reduced
mean free energy of the SARS-CoV-1 RBD:ACE2 bond computed both from the mid-
point forces and distances as well as from the rates (Figure 5.5F). Comparing the lifetimes
of the bound and dissociated states (Figure 5.5E, blue and green lines) and extrapolating
the mean lifetimes to zero force yields no significant difference between the lifetimes in the
dissociated conformation (Figure 5.5E, dashed lines, τ0,diss,SARS−CoV−1 = 0.03 ± 0.05
s, τ0,diss,SARS−CoV−2 = 0.07 ± 0.19 s, p = 0.293). In contrast, the extrapolated lifetime
in the bound state at zero force is significantly different at α = 0.1 (τ0,bound,SARS−CoV−1

= 19.0 ± 24.8 s, τ0,bound,SARS−CoV−2 = 114.5 ± 278.8 s, p = 0.072) and more than six
times higher for the SARS-CoV-2 RBD, indicating a lower dissociation rate from ACE2.
Furthermore, the lifetime of the SARS-CoV-2 RBD:ACE2 bond decreases less with force,
i.e. has a shallower slope than the bond lifetime of SARS-CoV-1 RBD:ACE2. Therefore,
the longer lifetimeof the SARS-CoV-2bondcompared toSARS-CoV-1becomes evenmore
pronounced under mechanical load.
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SARS-CoV-2 SARS-CoV-1

F1/2 3.8 ± 0.4 pN 3.2 ± 0.6 pN

∆z (from fit of Equation 5.1) 10.2 ± 3.7 nm 9.7 ± 1.7 nm

∆zG (from fit of two Gaussians) 13.5 ± 1.8 nm 11.3 ± 1.7 nm

∆G0 (=∆z · F1/2) 5.5 ± 2.1 kcal/mol 4.4 ± 1.1 kcal/mol

τ0,diss 0.07 ± 0.19 s 0.03 ± 0.05 s

τ0,bound 114.5 ± 278.8 s 19.0 ± 24.8 s

∆G0,tau (= kBT · log(τ0,diss/τ0,bound)) 4.4 ± 1.7 kcal/mol 3.8 ± 2.0 kcal/mol

∆z0,diss 7.5 ± 2.6 nm 7.0 ± 1.8 nm

∆z0,bound 0.4 ± 2.5 nm 1.5 ± 1.6 nm

Table 5.2: Interaction parameters for ACE2 and SARS-CoV-2 or SARS-CoV-1 RBD
determined using the MT tethered ligand assay. Data are the mean and std from N = 12
and 29 molecules, respectively.

5.2.7 Magnetic tweezers provide a sensitive assay to study molecules
that block the RBD:ACE2 interaction

Apart from providing a tool to assess equilibrium binding and kinetics, investigation of the
tethered ligand assay in MT also allows us to probe the influence of other binding partners
on the bond dynamics. For this purpose, the equilibrium bond dynamics are first recorded
under standard conditions before exchanging the buffer and conducting the same experi-
ment in the presence of the compound of interest. As a proof-of-concept, we investigate the
influence of soluble ACE2 on the bond dynamics (Figure 5.6). First, we recorded the equi-
librium binding of the SARS-COV-2 RBD and the tethered ACE2 in a short measurement
between3.0 and4.5pN,observing the characteristic transitions between thedissociated and
bound conformation (Figure 5.6A, “Without freeACE2”). We then added 3.8 µMfree, sol-
uble ACE2 and increased the force to 7 pN, to ensure the dissociation between the tethered
receptor:ligand pair and enable binding of soluble ACE2, before conducting the same mea-
surement in the presence of the soluble ACE2 (Figure 5.6A, “With free ACE2”). At the
same forces, the system is now predominantly in the dissociated conformation, rebinding
only occasionally. This matches the interpretation of soluble ACE2 binding to the RBD
and thus preventing the tethered ACE2 from binding and transitioning into the bound
conformation. Overall, we find that the number of dissociation and rebinding events is si-
gnificantly reduced in the presence of solubleACE2 (Figure 5.6B, p = 0.022 from a repeated
measures t-test over 6 independent molecules).

Figure 5.6: Blocking of ACE2:SARS-CoV-RBD bond with soluble ACE2. A
Extension-time traces of a SARS-CoV-2 tethered ligand construct in MT around the e-
quilibrium force, first without and then in the presence of soluble ACE2 (∼ 3.8 µM) in
solution. Without soluble ACE2 (top), the RBD:ACE2 bond frequently dissociates and
rebinds (corresponding to changes in the extension level). In the presence of soluble ACE2
(bottom), the bond is significantly longer dissociated already at low forces, rebinding only
a few times (corresponding to a longer time spent at the level of high extension). B Quan-
tification of mean number of transitions per hour during the forceramp shown in A with
and without soluble ACE2 for 6 independent molecules. Error bars indicate standard error
of the mean. The difference is statistically significant with p = 0.0218 (two-tailed t-test for
two dependent means).
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5.2.8 Molecular modeling provides insights into the molecular origin
of higher mechanostability of SARS-CoV-2

In all simulations and experiments, the SARS-CoV-2 RBD:ACE2 complex was shown to
be more resilient to mechanical load than the same complex from SARS-CoV-1. To inves-
tigate the origin of the higher mechanostability of the SARS-CoV-2 complex, we designed
an in-silico protein chimera by combining the SARS-CoV-1 RBD core with SARS-CoV-2
RBD residues located on the RBD:ACE2 interface. Our protein chimera was built using
a homology modeling approach, similar to the protocol previously developed to investi-
gate mechanostable protein folds223. We compared the sequence and structural differences
between SARS-CoV-1 and SARS-CoV-2 by investigating both RBD:ACE2 interfaces in
PDBsum224 and VMD22. While both RBDs have high structural similarity (with a root
mean square deviation of 1.39 Ångstroms), they only share 72% sequence identity, reveal-
ing a total of 64 residue changes between SARS-CoV-1 and SARS-CoV-2 RBDs. After se-
lecting the RBD amino acid residues that form the interface with ACE2 in both structures,
we identified 12 residues that were different in the two SARS’ RBDs. Using the structure
of SARS-CoV-1 as template (PDB ID: 2ajf), Modeller225 was employed to mutate the 12
selected residues (Table 5.3), to create a protein chimera that is identical to the SARS-CoV-
1 sequence except for the 12 mutations that make the interface sequence similar to that of
SARS-CoV-2 (Figure 5.3D).
The RBD chimera enables us to investigate the impact of the interface residues on the me-
chanism of force stability of the RBD-ACE2 complex (Figure 5.3C-F). Although interface
residues are key players in the binding affinity of proteins226, the same does not necessarily
hold true for protein interface mechanostability, where unbinding pathways are frequently
determined by complex force propagation profiles227. Strikingly, SMD simulations of the
chimeric protein reveal rupture forces that are only 5% weaker than the SARS-CoV-2 com-
plex (Figure 5.3C), suggesting that the 12 amino acid substitutions in the RBD of SARS-
CoV-1 are enough to achieve similar force resilience as the SARS-CoV-2 complex. This
observation is noteworthy because it shows that the modified surface residues alone were
enough to significantly change the complex’s resistance to mechanical stress.
To probe the contribution of the individual amino acid modifications, we employed a ge-
neralized correlation approach228 to produce a detailed analysis of the contact network du-
ring thepulling simulations. In short, we calculate the correlationbetween themovementof
residues to determine how cooperative theirmotion is. The higher the correlation, themore
relevant their interaction is for the stability of the complex (Figure 5.3E,F). This analysis re-
vealed that, at high forces, only 7 of these 12 amino acids remain in close proximity toACE2,
directly contributing to the stabilization of the complex. The 7 modifications are indicated
in Figure 5.3E. Moreover, the analysis revealed that the 12 substitutions drastically increase
the overall correlation between the spike residues and the two alpha helices of ACE2’s con-
tact surface (see Figure 5.12). Furthermore, the analysis also revealed that residue N479 in
the chimera and its equivalent Q493 in the SARS-CoV-2 RBD plays a much bigger role in
stabilizing the complex than in the SARS-CoV-1 RBD. This amino acid residue has been
shown to be a key player in the binding of RBD to ACE2229. We could also observe that
correlations between residues from the chimera and ACE2 consistently increased in the re-
gion around modified residue N487. The equivalent residue in SARS-CoV-2 RBD, N501,
is mutated in several SARS-CoV-2 variants of concern. We note that for SARS-CoV-2 the
interactions between RBD and the N-terminal helices of ACE2 (residues 24-83) are found
to be significantly more stable than for SARS-CoV-1, as indicated by the stronger correla-
tions in this region (Figure 5.3E, F).

5.3 Discussion

In order to infect human host cells, SARS coronaviruses engagewith receptors in the turbu-
lent anddynamic environment of the respiratory tract, where forces impact their anchoring.
Force-stability of the RBD:ACE2 bond thus plays a crucial role for the virus to be able to
infect host cells efficiently. Understanding the binding mechanism and being able to assess
the stability of the RBD:ACE2 bond – also under the influence of external agents – opens
opportunities to develop and test drugs and predict fitness advantages of mutated RBDs.
Here, we have reported a tethered ligand assay to study and characterize the stability and
binding mechanism of the SARS-CoV RBD:ACE2 bond with single-molecule precision.
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Using the unfolding of ACE2 as a fingerprint pattern, we were able to bring together equi-
librium studies using MT, high force rupture analysis carried out with an AFM, and mole-
cular insights of the unfolding process obtained by SMD simulations. Combining these ap-
proaches, wewere able to cover a large range of physiologically relevant forces. We compared
the force-stability of the bond of the SARS-CoV-1 and SARS-CoV-2 RBD to human re-
ceptorACE2 and found higher force stability for the novel coronavirus throughout all force
regimes. This is in line with previously published in-silico and in vitro force spectroscopy
studies that found a 20 to 40% difference in the force-stability of SARS-CoV-1 and SARS-
CoV-2RBD:ACE2 interactions230;231. The higher force stability of SARS-CoV-2 engaging
ACE2 might contribute to the fact that SARS-CoV-2 more frequently infects the upper
respiratory tract in addition to deep lung tissue compared to the 2002 SARS variant198;199,
which in turn appears to increase its population spread and to make the new virus harder to
contain. Higher force stability might, therefore, increase transmissibility, which could also
play a role in understanding fitness advantages of newly evolving SARS-CoV-2 variants.
In addition to force stability, we analyzed the binding kinetics of the complex under force
obtained by MT measurements, finding an order of magnitude higher bond lifetime of
the SARS-COV-2 RBD construct compared to the same construct with the SARS-COV-
1 RBD at their respective equilibrium forces. Extrapolating these lifetimes to zero force
yields a more than 5-fold higher bond lifetime (∼ 115 s) for SARS-CoV-2 than for SARS-
CoV-1 (∼ 20 s). We can quantitatively relate our results to studies that have reported equi-
librium dissociation constants and rates for the ACE2 interactions with SARS-CoV-1 and
SARS-CoV-2 using traditional binding assays. While the values reported in the literature
vary significantly, likely due to the different experimental methods and sample immobiliza-
tion strategies used, clear and consistent trends can be identified. The zero-force lifetimes
of the bound complex determined in our assay correspond to rates of koff ∼ 5 · 10−2 s−1

for SARS-CoV-1 and∼ 8.7 · 10−3 s−1 for SARS-CoV-2, well within the ranges of reported
ksol,off values in literature 194;204;232–235 (for an overview see Table 5.4). Our value for the
off-rate of SARS-CoV-2 RBD bound to ACE2 is also in excellent agreement with the value
of (8 ± 5) · 10−3 s−1 extrapolated from previous AFM force spectroscopy experiments236.
In contrast to the difference in off-rates between SARS-CoV-1 and SARS-CoV-2, the (bi-
molecular) on-rates reported in literature are similar for both SARS variants, in the range of
∼ 105 M−1s−1. Consistently, our tethered ligand assay finds similar (unimolecular) on-rates
on the order of∼ 10 s−1. Even though both bulk and single-molecule assays find similar on-
rates for the two SARS viruses, the absolute values are not comparable, as solution-based
assays determine bulk on-rates (with units of M−1s−1), whereas our tethered ligand assay
measuresmolecular on-rates (in s−1). To relate the twoquantities, an effective concentration
ceff can be introduced, such that ksol,on = kon/ceff

205;237;238. The data imply an effective
concentration at zero force on the order of 35 µM for the construct with an 85 aa linker, in
the range of concentrations found for other tethered ligand protein systems237;239. Under
force, the complex will spend more time in the dissociated state (i.e. the force-dependent
effective concentration decreases with applied force), which also explains why we observe
blocking with soluble ACE2, even though the concentration of soluble ACE2 used is∼ 10-
fold lower (3.8 µM) than the effective tethered ACE2 concentration at zero force. Under
force, the complexwill still spend considerable time in the dissociated state, allowing soluble
ACE2 from the solution to bind. Once soluble ACE2 is bound, it will be bound on average
for τ0,bound ∼ 115 s, since it experiences no force, and therefore bias the system towards the
open conformation.
With our tethered ligand assay, we investigated the interaction of an individual RBD:ACE2
interaction. On the virus membrane of SARS-CoV particles, however, spike proteins are
trimeric and multiple trimers are available for binding ACE2, which is known to cluster
on the cell surface192. Previous studies suggest that at high loading rates the force stabili-
ty increases linearly with the number of interaction partners, while at lower loading rates a
square root or logarithmic scaling is observed240;241. Multiple parallel interactions between
RBDs and ACE2 could thus significantly strengthen the overall force stability, in partic-
ular at high loading rates. Our data suggest that if held in close proximity, SARS-CoV-2
RBDs can engage ACE2 rapidly, within τ0,diss ∼ 70 ms. While our assay is different from
the situation in vivo, the tethered ligand mimics the effect of pre-formed interactions by
other RBDs on the same SARS-CoV-2 particle, which suggests that multivalent interac-
tions between the virus and its host cell could form rapidly after an initial binding event,
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additionally providing increased stability of the interaction. We estimate the concentration
of Spike in vivo as∼ 1 pM, based on 7 · 106 viral copies in ml sputum198 and 100 Spike pro-
teins per virus7. This estimated bulk protein concentration in vivo is much lower than the
dissociation constants reported, which are in the range Kd ∼ 1-100 nM for the SARS-CoV-
2 RBD binding to ACE2 and 10-fold lower for SARS-CoV-1 (Table 5.4), 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. In addition, we can demonstrate and quantify blocking of the
RBD:ACE2 bond. We anticipate that it will be a powerful tool to investigate the influence
of mutations on interface stability and to assess the mode of action of potential therapeutic
agents such as small molecules242, neutralizing antibodies 232;243, nanobodies235;244;245, or
designer proteins246;247 that interfere with S binding to ACE2. In particular, the tethered
ligand assay could go beyond standard bulk assays and reveal heterogeneity, include avidity
effects, the ability of direct displacement, and determine drug residence times, in addition
to affinities. Investigating how mutations in the RBD affect force-stability might give valu-
able insights into reasons for fitness advantages of newly emerging variants and might even
provide a tool to predict those advantages based on increased force-stability.

5.4 Materials and Methods

All chemicals used, if not further specified, were supplied by Carl Roth (Karlsruhe, Ger-
many) or Sigma-Aldrich (St. Louis, MO, USA).

5.4.1 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, San Diego, CA, USA) based on a combination of the ACE2 se-
quence fromKomatsu et al.248 available fromGenBankunder accessionnumberAB046569
and the SARS-CoV-1 sequence from Marra et al.249 available from GenBank under acces-
sion number AY274119. The crystal structure by Li et al.211 available from the Protein
Data Bank (PDB ID: 2ajf) was used as a structural reference. The linker sequence and
tag placement were adapted from Milles et al.250. The linker sequence is a combination
of two sequences available at the iGEM parts databank (accession numbers BBa_K404300,
BBa_K243029). We used a similar approach to design the fusion protein with the sequence
of the RBD of SARS-CoV-2 from the sequence published by Wu et al. 251 available at Gen-
Bank under accession number MN908947. A 6x histidine (His) tag was added for purifica-
tion. In addition, tags for specific pulling in magnetic tweezers and the atomic force micro-
scope were introduced: a triple glycine for sortase-catalyzed attachment on the N-terminus
and a ybbR-tag, AviTag, and Fgɣ tag on the C-terminus. In summary, the basic construct
is built up as follows: MGGG-ACE2-linker-RBD-6xHIS-ybbR-AviTag-Fgɣ.
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 pT7CFE1-NHis-GST-CHA
Vector (Product No. 88871). The control constructs with a different sized linker and just
ACE2 were obtained by blunt end cloning adding additional residues to the linker, or de-
leting parts of the construct. Replication of DNA plasmids was achieved by transform-
ing in DH5-Alpha Cells and running overnight cultures with 7 ml lysogeny broth with 50
µg/ml carbenicillin. Plasmids were harvested using a QIAprep® Spin Miniprep Kit (QI-
AGEN, Germantown, MD, USA, # 27106). The used plasmids for force-spectroscopy
measurements were deposited with and can be ordered from Addgene (www.addgene.org):

Plasmid ID

pT7CFE1-MGGG-ACE2-link33nm-SARS-CoV-1-RBD-HIS-ybbr-AviTag-Fgɣ 174831

pT7CFE1-MGGG-ACE2-link33nm-SARS-CoV-2-RBD-HIS-ybbr-AviTag-Fgɣ 174832

pT7CFE1-MGGG-ACE2-link42nm-SARS-CoV-1-RBD-HIS-ybbr-AviTag-Fgɣ 174833

pT7CFE1-MGGG-ACE2-HIS-ybbr-AviTag-Fgɣ 174835
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5.4.2 In vitro protein expression

Expression was conducted according to the manual of 1-Step Human High-Yield Mini
in vitro translation (IVT) kit (# 88891X) distributed by ThermoFisher Scientific (Pierce
Biotechnology,Rockford, IL,USA).All components, except 5Xdialysis buffer,were thawed
on ice. 5X dialysis buffer was thawed for 15 minutes and 280 µl were diluted with 1120 µl
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 IVT expression mix, 50 µl of the HeLa lysate was mixed with 10 µl of
accessory proteins. After each pipetting step, the solution was gently mixed by stirring with
the pipette. Then, the HeLa lysate and accessory proteins mix was incubated for 10 min-
utes. Afterwards, 20 µl of the reaction mix was added. Then, 8 µl of the specifically cloned
DNA (0.5 µg/µl) was added. The reaction mix was then topped off with 12 µl of nuclease-
free water to obtain a total of 100 µl. 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 a ThermoMixer comfort
5355 (Eppendorf AG, Hamburg, Germany, # 5355) 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.

5.4.3 Protein purification

Purificationwas conductedusingHISMagSepharose®Excel beads (CytivaEuropeGmbH,
Freiburg, Germany, # 17371222) together with a MagRack™ 6 (Cytiva Europe GmbH,
Freiburg, Germany, # 28948964) closely following the provided protocol. Bead slurry was
mixed thoroughly by vortexing. 200 µl of homogenous beads were dispersed in a 1.5 ml
protein low binding reaction tube. Afterwards, the reaction tube was placed in the ma-
gnetic rack and the stock buffer was removed. Next, the beads were washed with 500 µl of
HIS wash buffer (25 mM TRIS-HCl, 300 mM NaCl, 20 mM imidazole, 10% vol. glycerol,
0.25% vol. Tween 20, pH 7.8). Expressed protein from IVT was filled to 1 000 µl 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. Sub-
sequently, 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 µl elution buffer (25 mM
TRIS-HCl, 300 mM NaCl, 300 mM imidazole, 10% vol. glycerol, 0.25% vol. Tween 20,
pH 7.8) were 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. The buffer of the eluted protein was exchanged to TRIS
buffered saline (TBS - 25mM TRIS, 72mM NaCl, 1mM CaCl2 at pH 7.2) in 0.5 ml 40k
Zeba spin columns distributed by ThermoFisher Scientific (Pierce Biotechnology, Rock-
ford, IL, USA, # 87767) or 0.5 ml 50k Amicon Centrifugal Filters (Merck KGaA, Darm-
stadt, Germany, #UFC5050BK). Concentrations were determined photospectrometrically
with a NanoDrop and aliquots were frozen in liquid nitrogen.

5.4.4 Atomic force microscopy setup

The AFM force spectroscopy datasets were collected on a custom-built AFM based on an
MFP3D controller (Asylum Research, Santa Barbara, CA, USA). The AFM head was kept
stationary, while the sample stage was moved by an xyz-movable piezo-driven sample stage
(P-313.30D -P-313PicoCube®XY(Z)-Piezoscanner - Physik Instrumente PIGmbH&Co
KG, Karlsruhe, Germany) together with a high-precision xy-nanopositioner (P-621.2CD -
Physik Instrumente PI GmbH & Co KG, Karlsruhe, Germany). Unfolding traces were
recorded by (i) approaching the functionalized sample surface onto the functionalized can-
tilever until the cantilever was indented with 180 pN into the surface, allowing the linkage
between ClfA:Fgɣ to form; (ii) retraction of the cantilever with 0.8 µm/s (except for the
dynamic force spectrum recorded at additional speeds of 0.4 µm/s, 1.6 µm/s and 3.2 µm/s)



Materials and Methods 79

while recording the deflection of the cantilever to obtain a force-distance curve of the me-
chanical response of the protein probed; (iii) after the surface moved 500 nm in z direction
(assuming a complete unfolding) a new position was set by the xy-stage, moving the sam-
ple surface horizontally in steps of 100 nm in a spiral pattern and starting a new acquisition
process in step (i). This process was operated by a software programmed in IgorPro6 (Wave-
metrics, Portland, OR, USA) and the unfolding curves obtained were saved in hdf5 files.
For calibration, the InverseOpticalCantilever Sensitivity (InvOLS)was obtainedby25hard
indentation curves allowing to correlate the movement of the cantilever with the voltage
signal recorded on a quadrant photodetector. The spring constant of the cantilevers were
calibrated based on thermal fluctuations using the equipartition theorem method252;253 re-
sulting in spring constants around 100 pN/nm. The spring constant per measurement are
listed below. To be able to directly compare force values recorded with different cantilevers,
the ACE2 fingerprint pattern was used to normalize the force histograms.
In the course of ameasurement around50000 - 400 000 force-distance traceswere recorded.
Most force-distance traces didn’t show any interactions and only a fraction showed specific
single-molecule unfolding events.
List of spring constants (k) of cantilevers used for individual measurements used for com-
paring forces and contour length increments:
SARS-CoV-2 measurement - Figure 2A (exemplary curve), C and Figure 5.7: k = 101.4
pN/nm
SARS-CoV-1 short linker (33 nm) measurement - Figure 5.2B: k = 108.0 pN/nm
SARS-CoV-1 long linker (42 nm) measurement - Figure 5.2B (top only): k = 109.5 pN/nm
Ectodomain of ACE2 - Figure 5.9: k = 96.0 pN/nm
Dynamic force spectrum - Figure 5.11 k = 97.6 pN/nm

5.4.5 AFM surface and cantilever preparation

Cantilevers and sample surfaceswere both silanized for further functionalization steps. Sur-
face attachment and linkage was obtained by 5 000 Da heterobifunctional NHS-PEG-Ma-
leimide spacers (Rapp Polymere, Tübingen, Germany, # 135000-65-35). Specific protein
attachment was achieved using a sortase-mediated reaction on the sample surface and an 4’-
phosphopantetheinyl transferase (sfp)-mediated reaction for the AFM cantilever ensuring
a well-defined pulling geometry.
The cantilevers (BioLevermini, BL-AC40TS)wereoxidized in anUVozone cleaner (UVOH
150 LAB; FHR Anlagenbau GmbH, Ottendorf-Okrilla, Germany) and after that silanized
for 2 min in 50% (vol/vol) ethanol and (3-aminopropyl)dimethylethoxysilane (abcr GmbH,
Karlsruhe, Germany, AB146193, CAS 18306-79-1). To rinse off the residual silane can-
tilevers were stirred in 2-Propanol (IPA) and in MilliQ. After that, the cantilevers were dried
at 80◦C for 30 min. The heterobifunctional PEG spacers were solved in 100 mM HEPES
(pH7.4) to 50mM.The cantileverswere incubated in droplets of PEGdissolved in 100mM
HEPES (pH 7.4) to 50 mM for 1 h. After a rinsing step the cantilevers were incubated in 20
mM Coenzyme A (CoA) (# 234101-100MG, Calbiochem distributed by Sigma-Aldrich)
dissolved in coupling buffer (50 mM Disodium phosphate buffer, 50 mM NaCl, 10 mM
EDTA, pH 7.2) for 1 h. Droplets with a mixture of 2 µM sfp, 100 mM MgCl2 and 60 µM
ClfA (inTBS buffer) were prepared to attach the ybbR tag of ClfA specifically to CoA.The
cantilevers were incubated in these droplets for at least 1.5 h. To prepare the cantilevers for
the measurement they were rinsed and stored in TBS.
Glass surfaces were cleaned by sonication in 50% (vol/vol) IPA in MilliQ for 15 min. To
prime the surfaces for silanization they were incubated for 30 min in a solution of 50%
(vol/vol) hydrogen peroxide (30%) and sulfuric acid. To wash off the residual solution the
surfaces were washed in MilliQ and dried under a constant stream of N2. For the actual
silanization step the surfaces were incubated in 1.8% (vol/vol) ethanol and (3-aminopro-
pyl)dimethylethoxysilane (abcr GmbH, Karlsruhe, Germany, AB146193, CAS 18306-79-
1). Afterwards, the surfaceswerewashedwith IPAandMilliQ anddried at 80◦Cfor 45min.
To minimize sample volumes for the following incubations, silicone incubation wells (Cul-
tureWell reusable gaskets, Grace Bio-Labs, Bend, OR,USA, # 103250)were placed centered
on the surfaces. Then heterobifunctional PEG spacers were dissolved in 100 mM HEPES
(pH 7.4) to 50 mM and applied to the wells for 1 h. After that, the surfaces were rinsed
with MilliQ and 5 mM Cys-LPETGG in coupling buffer (sodium phosphate, pH 7.2) was
pipetted into the wells and incubated for 2 h. After washing the wells, the purified tethered
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ligand protein was applied in solution together with 1 µM sortase and 10 mM CaCl2 for 25
min. After incubation, the incubation wells were removed and the surface was rinsed with
10 ml TBS.
To validate the functionalization of the cantilever and the surfaces for each measurement
(for each new surface and cantilever), a control surface of the same surface batch was pre-
pared with a GGG-ddFLN4-Fgɣ construct using identical procedures as for the sample sur-
face.

5.4.6 AFM data analysis

Data analysis was carried out in custom Python 2.7 (Python Software Foundation, Wil-
mington, DE, USA) scripts254–256 and Python 2.7-based Jupyter notebooks257.
The rupture forces were detected by a peak detection highlighting drops above the baseline
noise level in total variation denoised (TVD) force-distance traces. A linear slope in force vs.
time was used to determine the loading rate, taking into account 4 nm before the rupture
event. Rupture forces of respective domains in the unfolding pattern were binned to his-
tograms and fitted with the Bell-Evans model yielding the most probable rupture force153.
All curves showing the characteristic unfolding pattern of the tethered ligand protein were
aligned (accounting for the inhomogeneity in PEG lengths) and assembled to heatmaps to
visualize the recurring, characteristic unfolding pattern. The heatmaps contain the raw un-
folding curves in force-distance space binned in 90 bins in both x- and y-axis between -10
pN to 60 pN and -10 nm to 300 nm.
To transform force-extension data into contour length space217, a three-regimemodel byLi-
vadaru et. al258 assuming a stiff element of b = 0.11 nm and bond angle ɣ = 41° was used. A
Gaussian kernel density estimate, with a bandwidth of 4 nm, was applied to the gained con-
tour length data to obtain density curves of each trace. These curveswere aligned in contour
length space using the following process previously described by Baumann et al. 215: “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 superposition
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 alignment. Contour lengths of the individual domains are
determined by a Gaussian fit of each determined peak and subtraction of the respective fit-
ted means.” The datasets can be found at figshare together with all analysis scripts at github
executable with all datasets in google colab.

5.4.7 Molecular dynamics simulation

To examine the stability of the protein complex under mechanical load, we carried out
steered molecular dynamics simulations employing NAMD 3219. Simulations were pre-
pared using VMD22 and its QwikMD186 molecular dynamics interface. The structure
of the complexes was prepared following established protocols227. For the SARS-CoV-
1 RBD:ACE2 complex, the structure had been solved by X-ray crystallography at 2.90 Å
resolution and is available at the protein data bank (PDB ID: 2ajf)211. The SARS-CoV-2
RBD:ACE2 complex had been similarly solved by X-ray crystallography, at 2.45 Å resolu-
tion, and is available at the protein data bank (PDB ID: 6m0j)204. SARS-CoV-1 RBD or
SARS-CoV-2 RBD and the ectodomain of human ACE2 were joined by flexible polypep-
tide linkers. The structure of the complexeswith the linkerswas obtainedusingModeller225

and fitted with VMD22. Disulfide bonds were included following the literature informa-
tion218.
Employing advanced run options of QwikMD, structural models were solvated and the net
charge of the proteins was neutralized using a 75 mM salt concentration of sodium chlo-
ride, which were randomly arranged in the solvent. The overall number of atoms included
in MD simulations varied from approximately 200 000 in the RDB:ACE2 systems with no
linker, to nearly 4 000 000 in the systems RDB:ACE2 connected by flexible polypeptide
linkers. All simulations were performed employing the NAMD molecular dynamics pack-
age219, and run on NVIDIA DGX-A100-based cluster nodes at Auburn University. The
CHARMM force field187;188 along with the TIP3 water model259 was used to describe all
systems. The simulations were performed assuming periodic boundary conditions in the
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NpT ensemble with the temperature maintained at 300 K using Langevin dynamics for
pressure, kept at 1 bar, and temperature coupling. A distance cut-off of 12.0 Å was applied
to short-range, non-bonded interactions, whereas long-range electrostatic interactions were
treated using the particle-mesh Ewald (PME) 260 method. The equations of motion were
integrated using the r-RESPA multiple time step scheme261 to update the van der Waals in-
teractions every two steps and electrostatic interactions every four steps. The time step of
integration was chosen to be 4 fs for all production simulations performed, and 2 fs for all
equilibration runs. For the 4 fs simulations, hydrogen mass repartitioning was done using
psfgen in VMD. Before the MD simulations, all the systems were submitted to an energy
minimization protocol for 5 000 steps.
MD simulations with position restraints in the protein backbone atoms were performed for
1.0 ns and served to pre-equilibrate systems before the 10 ns equilibrium MD runs, which
served to evaluate structural model stability. During the 1.0 ns pre-equilibration, the initial
temperature was set to zero and was constantly increased by 1 K every 1 000 MD steps until
the desired temperature (300 K) was reached.
In all simulations, totaling over 300 SMD simulations, SMD was employed by harmoni-
cally restraining the position of a terminal amino acid residue and moving a second restraint
point at a terminal amino acid residue of the other domain, with constant velocity in the
+z direction. The procedure is equivalent to attaching one end of a harmonic spring to
the end of a domain and pulling on the other end of the spring. The force applied to the
harmonic spring is then monitored during the time of the molecular dynamics simulation.
The pulling point was moved with constant velocity along the z-axis and due to the single
anchoring point and the single pulling point the system is quickly aligned along the z-axis.
Owing to the flexibility of the linkers between the RDB:ACE2 and fingerprint domains,
this approach mimics the experimental set-up. The SMD simulations262 were performed
using the constant velocity stretching (SMD-CV) protocol, with pulling velocity 12.5 and
2.5 Å/ns. With our in-silico SMFS approach, we performed many replicas of simulations
(at least 24 per system). Values for the force on the pulling spring were saved every 50 steps.
The spring constant of the pulling springwas set to 5.0 kcal/mol/Å,while the holding spring
had a constant of 100 kcal/mol/Å. Analyses of MD trajectories were carried out employing
VMD22 and its plug-ins, as well as in-house python-based Jupyter notebooks257. Secon-
dary structures were assigned using the Timeline plug-in, which employs STRIDE criteria.
Force propagation profiles263 were analyzed using generalized cross correlation-based net-
work analysis228. A network was defined as a set of nodes, all α-carbons in our case, with
connecting edges. Edges connect pairs of nodes if corresponding monomers are in contact,
and 2 non-consecutive monomers are said to be in contact if they fulfil the proximity crite-
rion that, namely any heavy atoms (non-hydrogen) from the 2 monomers are within 4.5 Å
of each other for at least 75% of the frames analyzed.

5.4.8 Chimera protein construction

The structures of SARS-CoV-1 and SARS-CoV-2 RBDs complexed with human ACE2
were retrieved from the Protein Data Bank; PDB IDs: 2ajf and 6m0j, respectively. The
RBD:ACE2 protein interfaces were investigated using PDBsum224 and were visually in-
spected using VMD22 to compare the amino acid differences between SARS-CoV-1 and
SARS-CoV-2. Modeller225 was employed to construct the model for the SARS-CoV-1
chimera based on the structure of SARS-CoV-1 (PDB ID: 2ajf) taking into account the
residue substitutions on the SARS-CoV-2 RBD:ACE2 interface (Table 5.3). Crystallo-
graphic water molecules and Zn2+ ions were kept in place while other heteroatoms were
removed. Residues 376–381 that aremissing in the crystallographic structurewere included
into the model using Modeller.

5.4.9 Magnetic tweezers instrument

Measurements were performed on a custom MT setup described previously38;160. In the
setup, molecules are tethered in a flow cell (FC; see next section); mounted above the FC is a
pair of permanent magnets (5×5×5 mm3 each; W-05-N50-G, Supermagnete, Gottmadin-
gen, Germany) in vertical configuration59. The distance between magnets and FC is con-
trolled by a DC-motor (M-126.PD2, Physik Instrumente PI GmbH & Co KG, Karlsruhe,
Germany) and the FC is illuminated by an LED (69647, Lumitronix LED Technik GmbH,
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Germany). Using a 40x oil immersion objective (UPLFLN 40x, Olympus, Japan) and a
CMOS sensor camera with 5120 x 5120 pixels (5120 x 5120 pixels, CP80-25-M-72, Optro-
nis, Kehl, Germany) a field of view of approximately 680 × 680 μm2 is imaged at a frame
rate of 72 Hz. To control the focus and to create the look-up table required for tracking
the bead positions in z, the objective is mounted on a piezo stage (Pifoc P-726.1CD, Physik
Instrumente PI GmbH & Co KG, Karlsruhe, Germany). Images are transferred to a frame
grabber (microEnable 5 ironman VQ8-CXP6D, Silicon Software, Mannheim, Germany)
and analyzed with an open-source tracking software64;264. 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.
Force calibration was performed as described68 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 10−4 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 study59;62.

5.4.10 Flowcell preparation and magnetic tweezers measurements

FCs were prepared as described previously38. High precision microscope cover glasses (24
mm x 60 mm x 0.17 mm, Carl Roth) were amino-silanized for further functionalization
(equal to AFM surface preparation). They were coated with sulfo-SMCC265 (sulfosuc-
cinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate; sulfo-SMCC, ThermoFisher
Scientific, Pierce Biotechnology, Rockford, IL, USA, # 22322). For this purpose, 180 µl
sulfo-SMCC (10 mM in 50 mM Hepes buffer, pH 7.4) was applied to one amino-silanized
slide that was sandwiched with another slide and incubated for 45 min. Unbound sulfo-
SMCC was removed by rinsing with MilliQ.Next, elastin-like polypeptide (ELP) linkers120

with a sortase motif at their C-terminus were coupled to the maleimide of the sulfo-SMCC
via a single cysteine at their N-terminus, by sandwiching two slides with 100 µl ELP link-
ers (in 50 mM Disodium phosphate buffer with 50mM NaCl and 10mM EDTA, pH 7.2)
and incubating them for 60 min. Subsequently, after further MilliQ rinsing to remove un-
bound ELP linkers, free sulfo-SMCC was neutralized with free cysteine (10 mM in 50 mM
Disodium phosphate buffer with 50 mM NaCl and 10 mM EDTA, pH 7.3). 1 µm diame-
ter polystyrene beads dissolved in ethanol were applied to the glass slides. After the ethanol
evaporated, beads were baked onto the glass surface to serve as reference beads during the
measurement. FCs were assembled from an ELP-functionalized bottom slide and an un-
functionalized high-precision microscope cover 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 µl channel. FCs
were incubated with 1% (v/v) casein solution (# C4765-10ML, Sigma-Aldrich) for 2 h and
flushed with 1 ml buffer (25 mM TRIS, 72 mM NaCl, 1 mM CaCl2, pH 7.2 at room tem-
perature).
CoA-biotin (# S9351 discontinued, New England Biolabs, Frankfurt am Main, Germany)
was coupled to the ybbR-tag at the C-terminus of the fusion protein constructs in a 90 -
120 min bulk reaction in the presence of 4 μM sfp phosphopantetheinyl transferase266 and
100 mM MgCl2 at room temperature (≈ 22◦C). Proteins were diluted to a final concen-
tration of about 50 nM in 25 mM TRIS, 72 mM NaCl, 1 mM CaCl2, pH 7.2 at room
temperature. To couple the N-terminus of the fusion proteins carrying three glycines to
the C-terminal LPETGG motif of the ELP-linkers, 100 µl of the protein mix was flushed
into the FC and incubated for 24 min in the presence of 1.3 µM evolved pentamutant sor-
tase A from Staphylococcus aureus125;126. Unbound proteins were flushed out with 1 ml
measurement buffer (25 mM TRIS, 72 mM NaCl, 1 mM CaCl2, 0.1% (v/v) Tween-20, pH
7.2 at room temperature). Finally, commercially available streptavidin-coated superparam-
agnetic beads (Dynabeads™ M-270 Streptavidin, Invitrogen, Life Technologies, Carlsbad,
CA, USA) 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 (2 - 30)min long plateaus
of constant force, whichwas gradually increased in steps of 0.2 or 0.3 pN.Allmeasurements
were conducted at room temperature.
For blocking measurements, recombinant human ACE2 (Gln18-Ser740, C-terminal His-
tag) from RayBiotech (Peachtree Corners, GA, USA, # 230-30165-100 distributed by anti-
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bodies-online GmbH, Aachen, Germany, # ABIN6952473) was dissolved in measurement
buffer for a final concentration of∼ 3.8 µM. Dissolved ACE2 was spun down in a tabletop
centrifuge at 4◦C, 14 000 rcf for 5 min to avoid introduction of larger particles into the FC
that could influence video tracking. 80 µl ACE2 were flushed into the FC and shortly incu-
bated before applying 7 pN to force dissociation of the tethered ligand construct and allow
the soluble ACE2 to bind. Afterwards, a measurement was conducted in the presence of
soluble ACE2.

5.4.11 Data analysis of MT traces

MT traces for thermodynamic bond analysis were selected on the basis of the characteristic
ACE2 two-step unfolding pattern above 25 pN, conducted at the end of each experiment.
For each trace, (x, y)-fluctuations were also 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 reference beads were tracked simultaneously with magnetic beads and reference
traces were subtracted for all measurements to correct for drift. Extension-time traces were
smoothed to one second with a moving average filter to reduce noise. All analyses were
performed with custom scripts in MATLAB.

5.4.12 Estimate of forces on viral particles at the cell surface

The human respiratory system is covered with a thin layer of mucus 267. This layer exerts
drag forces on virus particles bound to receptors. A simple upper estimate of the drag forces
can be computed as follows: F = ɣ · vfluid with ɣ = 3πηr being the Einstein drag coefficient,
η being the viscosity of the mucus layer, and r being the radius of the viral particle, in the
case of SARS-CoV-2 r is in the range (60 nm – 140 nm)268. The rheology of human respi-
ratory mucus has been characterized and values for the viscosity lie in the range of η ∼ (1
Pa·s – 100 Pa·s)267. Estimations for the velocity of particle clearance in the airways suggest
velocities in the range of v ∼ (4 µm/s – 14 µm/s)269. Thus, an upper estimation of the re-
levant drag forces acting on a stationary virus particle in the human respiratory tract is F∼
(2 pN – 2 nN).
The cellular cytoskeleton can generate forces greater than 40 pN on a single bond with ex-
tracellular ligands270. Forces in cellular adhesions can span 10 – 100 pN which can compa-
rably be applied to an attached viral capsid271–273. Cellular movement occurs on the time
scale of up to micrometers per minute274 that can cause mechanical loading on a cell:virus
bond. This sets the conditions viruses have to likely withstand to be able to stay attached to
cells275.
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SARS-CoV-1 SARS-CoV-2

V404 K417

R426 N439

T433 G446

Y442 L455

L443 F456

F460 Y473

P462 A475

P470 E484

L472 F486

Y484 Q498

T487 N501

I489 V503

Table 5.3: Mutations on the interface of SARS-CoV-1 and SARS-CoV-2RBD:ACE2.
Residues are labeled according to the corresponding crystal structure (PDB IDs: 2ajf and
6m0j for SARS-CoV-1 and 2, respectively). Residues highlighted in bold were identified as
important contacts in the simulations (see “Molecular dynamics simulations” section).

Study ACE2 binding to
SARS-CoV-1 RBD

ACE2 binding to
SARS-CoV-2 RBD

Methods and
Comments

Lan et al.204 Kd = 31
ksol,off = 4.3·10−2

ksol,on = 1.4·106

Kd = 4.7
ksol,off = 6.5·10−3

ksol,on = 1.4·106

SPR

Shang et al.194 Kd = 185
ksol,off = 3.7·10−2

ksol,on = 2.0·105

Kd = 44.2
ksol,off = 7.8·10−3

ksol,on = 1.75·105

SPR

Starr et al.232 Kd = 0.12 Kd = 0.039 YDS

Walls et al.233 Kd = 5.0 ± 0.1
ksol,off = 8.7 ± 5.1·10−4

ksol,on = 1.7 ± 0.7·105

Kd = 1.2 ± 0.1
ksol,off = 1.7 ± 0.8·10−4

ksol,on = 2.3 ± 1.4·105

BLI; uses S
protein for
both variants

Wang et al.234 Kd = 408 ± 11
ksol,off = 1.9 ± 0.4·10−3

ksol,on = 2.9 ± 0.2·105

Kd = 95 ± 7
ksol,off = 3.8 ± 0.2·10−3

ksol,on = 4.0 ± 0.2·104

SPR; uses S1
domain for
SARS-CoV-2

Wrapp et al.235 Kd = 325
ksol,off = 112 ·10−3

ksol,on = 3.62·105

Kd = 14.7
ksol,off = 2.76 ·10−3

ksol,on = 1.88 ·105

SPR; uses
ectodomain for
both variants

Table 5.4: Equilibrium binding data for ACE2 binding to SARS-CoV-1 or SARS-
CoV-2 RBD or S1 proteins. Surface plasmon resonance (SPR), bio-layer interferometry
(BLI), and yeast display screen (YDS) studies for both ACE2 binding to RBD constructs
and to the S protein are included; Similarly, Yang et al. observe similar binding constants
and mechanical stabilities for ACE2 binding to either the RBD or S using AFM force spec-
troscopy236. Kd is given in nM, ksol,off is given in s−1, and ksol,on is given in s−1M−1.
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Figure 5.7: Full force-extension curve of
the tethered ligand protein construct in-
cluding the RBD of SARS-CoV-2 and
ACE2. A Complete force-extension curve
showing the entire unfolding and thefinal rup-
ture of the ClfA:Fgɣ linkage. The full curve
shows 4 peaks at lower forces (< 100 pN) and
one final rupture at high forces (> 1 000 pN).
B Inset shows the extension range between 0
and 300 nm showing the low-force unfolding
events attributed to the tethered ligand pro-
tein. The first low-force peak can be identi-
fied as the interface unbinding between SARS-
CoV-2 RBD and ACE2 together with a par-
tial unfolding of the RBD. This peak is fol-
lowed by a trident shaped, three peak pattern
that can be assigned to the unfolding ofACE2,
see main text.

Figure 5.8: Disulfide bridges shield large
parts of the SARS-CoV-1 and SARS-CoV-2
RBD structure. A and B show the sequence
of the SARS-CoV-1 and SARS-CoV-2 RBD
with all cysteines highlighted in yellow. The
disulfide bridges are indicated as lines between
the cysteines in the RBD sequences. These
bridges shield parts of the folded protein struc-
ture from force and thereby restrict unfolding.
The parts of the protein still under force are
highlighted in green, shielded parts in grey.
The sections under force add up to 51 amino
acids (aa, 19 nm for 0.365 nm/aa) for the RBD
of SARS-CoV-1 and 54 aa (20 nm for 0.365
nm/aa) for theRBDofSARS-CoV-2 (these in-
clude all folded residues as captured in the crys-
tal structure). Some parts of the N-terminus
of the RBD used in the tethered ligand pro-
tein are probably not folded but will also get
released together with the linker increment.
The unfolded parts on the C-terminus proba-
bly get stretched already in the initial stretch-
ing of the linkers for attachment and there-
fore will not contribute to the length released
during the (partial) unfolding of the RBD. In
C and D the corresponding RBDs of SARS-
CoV-1 (PDB ID: 2dd8) 276 and SARS-CoV-
2 (PDB ID: 6m0j) 204 are depicted, using the
same color code as in A,B for parts of the pro-
tein under force (green), contributing to the
increments observed, and parts shielded from
unfolding (grey). The orange circles mark the
N- and C-terminal end of the crystal structure
whereas the sequence in (A, B) show the entire
RBD sequence used in the tethered ligandpro-
tein.
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Figure 5.9: Unfolding of individual ACE2 by AFM SMFS. A Schematic of the experi-
mental setup for pulling on individual ACE2 which (identical to tethered ligand proteins).
ACE2 is coupled covalently on an aminosilanized glass surface using heterobifunctional
polyethylene glycol (PEG) spacers. The construct is attached in a sortase-mediated reac-
tion to a CLPETGG peptide attached to the maleimide of the PEG spacer. For reversible
tethering the Fgɣ tag on the tethered ligand protein can be pulled by a ClfA handle. ClfA
is covalently attached to the cantilever in a sfp-mediated reaction, connecting the ybbR tag
to a CoA coupled to a PEG spacer on the AFM cantilever. BHeatmap of AFM unfolding
traces of ACE2. The heatmap of an overlay of 152 aligned curves shows the characteristic
ACE2 trident shaped pattern also observed in the full unfolding of the tethered ligand pro-
tein. On top an alignment of all contour length transformed density curves is shown. The
contour length increments of the ectodomain ACE2 match well with the last increments
of the tethered ligand construct. This allows the assignment of the last three peaks before
the final rupture in the RBD:ACE2 tethered ligand protein to the unfolding of the ACE2
ectodomain. The characteristic ACE2 unfolding pattern can be used as a fingerprint for
identifying single-molecule traces and normalizing force distributions in measurements if
they were recorded with different cantilevers.
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Figure 5.10: Dwell time analysis of the tethered ligand extension-time traces in MT.
A Short segment of an extension-time trace measured for a SARS-CoV-2 RBD:ACE2 te-
thered ligand construct at a stretching force of 3.5 pN.Rawdata at 72Hz are shown in black
and filtered data (50 frame moving average) are shown in green. Assignment of the dwell
times is based on the filtered data. The black horizontal line is the threshold; blue squares
indicate the first data point after crossing the threshold from below, i.e. transition from the
bound to the dissociated state; red squares indicate the first data point after crossing the
threshold from above, i.e. transition from the dissociated to the bound state. B Time trace
derived from the analysis shown in panel A, indicating the current state of the tethered-
ligand system with “1” corresponding to the dissociated state and “0” to the bound state.
The time between the transitions between “0” and “1” correspond to the dwell times. C,D
Histograms of dwell times in the bound state (C) and dissociated state (D) obtained from
the analysis shown in panels A and B. The dwell times are well described by single exponen-
tial fits, shown as solid lines. Insets show the mean dwell times from maximum likelihood
fits of the single exponentials.
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Figure 5.11: ACE2 unfolding events observed in different constructs in MT. A Short
force ramps and unfolding jumps for single ACE2 (top), SARS-CoV-1 RBD:ACE2 (mid-
dle), and SARS-CoV-2 RBD:ACE2 (bottom), measured in MT. Both tethered ligand con-
structs show equilibrium hopping transitions in the range between 2.4 and 4.8 pN, cor-
responding to interface opening and partial RBD unfolding. It is apparent that the transi-
tions are much more rapid, i.e. exhibit shorter dwell times, for SARS-CoV-1 compared to
SAXS-CoV-2. During the force jumps, all constructs show characteristic two-step unfol-
ding, marking unfolding of the ACE2 domains. BHistogram of jump-size distributions of
the 2 step-unfolding events, after contour length transformation (with Lp = 0.5 nm) for all
constructs shown in A. Solid lines represent Gaussian fits to the histograms. Distributions
agree very well across the different constructs.

Figure 5.12: Dynamic force spectrum of the SARS-CoV-2 RBD:ACE2 dissociation
(red star) recorded by AFM SMFS.A Schematic depiction of the dynamically probed te-
thered ligandprotein consisting of a SARS-CoV-2RBDandACE2 joined by a 31 nm linker
in the AFM. The attachment strategy is shown together with the probed protein. B AFM
force spectroscopy measurements were performed with retraction velocities of the sample
surface in relation to the cantilever of 0.4 µm/s (blue triangles), 0.8 µm/s (green squares),
1.6 µm/s (lavender diamonds), and 3.2 µm/s (purple forward triangles). The correspon-
ding rupture force histograms are projected on the right and shown with a Bell-Evans fit
(thin black dashed lines). A global Bell-Evans fit to the most-probable rupture force and
force loading rate of each velocity (large open markers, with errors given as full-width at
half maximum for each distribution) is shown as bold dashed line on the left. The fit yields
a distance to the transition state of∆x = 0.67± 0.06 nm and zero-force off rate k0 = 0.056
± 0.04 1/s.
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Figure 5.13: Depiction of the interface between SARS-CoV-1 RBD-based Chimera
(blue) and ACE2 (red). The two N-terminal helices from ACE2 are highlighted in solid
representations and cyan/green shades. Residues that were modified in the chimera are
shown in orange licorice representations. Black lines indicate residues in close proximity,
and the thickness of the black lines indicates the correlation between their movements. Un-
der high-force load, most of the correlations between the chimeric RBD and ACE2 occur
along the N-terminal helix of ACE2 (green, on top).





6
Stability of SARS-CoV-2 Variants of

Concern Under Constant Force

Summary

Viruses mutate under a variety of selection pressures, allowing them to continuously adapt
to their hosts. Past mutations of SARS-CoV-2 have shown effective evasion of population
immunity and increased affinity tohost factors, such asACE2. In the dynamic environment
of the respiratory tract, the question arises, if not only affinity, but also force-stability of the
SARS-CoV-2:ACE2 bond, initiating infection of host cells, might be a selection factor for
mutations. Here, we use magnetic tweezers (MT) to study the effect of variants of concern
(VOCs) on RBD:ACE2 bond kinetics with and without external load using a previously
established assay. Matching previous bulk-affinity measurements, we find higher affinity for
all VOC compared to wt. In contrast to that, α is the only VOC markedly different from
the wildtype under force. Studying the RBD:ACE2 interactions on a molecular level, we
are able to rationalize this deviation. Our study emphasizes the diversity of contributions to
the assertiveness of variants and establishes force-stability as one of several factors for fitness.
Understanding fitness-advantages opens the possibility for prediction of likely mutations
allowing rapid adjustment of therapeutics, vaccination, and intervention measures.

6.1 Main Text

Viruses quickly diverge into variantswith small genomic changes. This canbe facilitated, for
instance, by random mutations due to errors in RNA replication. Most of these mutations
are silent or inviable, but some result in increased fitness or effective evasion of population
immunity. This causes an evolutionary advantage that allows the variant to supersede exist-
ing variants, as it was observed for example by the emergence and quick spread of variants of
concern (VOC) of SARS-CoV-2 (Figure 6.1B,C). Interestingly, adaptations associatedwith
increased fitness of SARS-CoV-2 often go along with higher affinity to host factors12;277.
Attachment of SARS-CoV-2 to the human host factor ACE2 takes place in the dynamic
environment of the respiratory tract, where external forces, caused for example by breath-
ing or coughing, constantly counteract attachment (Figure 6.1A). For successful infection,
it is thus crucial to establish a robust, force-enduring bond to the host. In this study, we
investigate the SARS-CoV-2 attachment to ACE2 under external force using a previously e-
stablished assay10 and compare the wildtype (wt):ACE2 bond stability to the bond stability

This manuscript is in preparation. My contribution: For this paper, I was involved in designing the research,
performing MT experiments, and MT data analysis, and writing the manuscript.
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Figure 6.1: A single -molecule tethered li-
gand assay to study RBD binding to ACE2
for current variants of concern of SARS-
CoV-2. A One SARS-CoV-2 virion in grey
presents its spike protein trimers containing
three RBDs (blue) ready for binding to hu-
man ACE2 (red). Attachment occurs in the
dynamic environment of the respiratory tract,
where the interaction must withstand exter-
nal forces (black arrow). B Crystal structure
of SARS-CoV-2 RBD (blue) bound to ACE2
(red) (PDB-ID 6M0J) 204. Termini of protein
chains are marked as yellow spheres. Point
mutations featured in current variants of con-
cern (VOCs) are indicated in cyan. Crys-
tal structure was rendered using VMD 22. C
Zoom into interface in the regions indicated in
B. Top: RBD residue 501 featured in VOCs
α, beta, and gamma forms a hydrogen-bond
with ACE2 residue 41 204. Bottom: RBD
residues 484 and 417 featured in VOCs beta
and gamma form salt bridges and hydrogen
bonds with ACE2 residues 31 and 30 respec-
tively 11;204. Bridges and bonds are indicated
as black dashed lines. D Schematic represen-
tation of the tethered ligand construct in MT.
SARS-CoV-2 RBD (blue) is tethered via a fle-
xible peptide linker to ACE2 (red). The con-
struct is covalently attached to the glass sur-
face via an ELP linker (for details see Materials
and Methods), and to a streptavidin-covered
magnetic bead via biotin at the C-terminus of
the protein construct. E Representative time
vs extension trace recorded with MT shows
binding and dissociation of the SARS-CoV-
2 RBD:ACE2 interaction at plateaus of con-
stant force. With increasing force, the inter-
face is predominantly dissociated. Dwell times
in the dissociated state (τd) and in the bound
state (τb) are indicated. F Segment of the trace
in E at 3.5 pN, where it is equally distributed
between the bound (b) and dissociated (d)
state. The fraction dissociated at this force is
thus 0.5. G For all plateaus of constant force
shown in E, the fraction dissociated are deter-
mined, and fittedwith a two-statemodel. F1/2

and ∆z (shown as inset) are obtained from the
fit. H Dwelltimes in the bound and dissoci-
ated state for the molecule shown in E-G are
determined in each force plateau and fit with
an exponential model.

of VOCs. Doing this, we can not only reproduce zero-force equilibrium affinities, but com-
pare the zero-force behavior tobond lifetimes of the receptor bindingdomain (RBD):ACE2
complex under force. This allows us to draw conclusions on the influence of differentmuta-
tions in the VOCs on the (force-) stability of their bond to ACE2. We design fusion protein
constructs comprising the ectodomain of the humanACE2 receptor connected to theRBD
of the SARS-CoV-2 virus and its VOCs by a flexible polypeptide linker (Figure 6.1D). At-
taching these tethered ligand constructs to a glass surface on one end and to a magnetic bead
on the other end allows to probe the stability of the RBD:ACE2 interaction at varying con-
stant forces usingMT.At low forces (< 10 pN), the linker ensures receptor and ligand prox-
imity upon unbinding, allowing them to re-bind. We can thus study repetitive binding and
dissociation of the same SARS-CoV-2RBDandACE2 interactionunder different constant
forces (Figure 6.1E). At low forces (< 2 pN), we find the bond to be predominantly formed,
while increasing the force leads to elongated periods with a dissociated bond. Quantitating
this behavior gives access to two key characteristics of the system: F1/2 is the force at which
it is equally likely to find the system in a bound or dissociated conformation (Figure 6.1F,
b(bound), and d(issociated)). It is determined by fitting a two-state model to the fraction
dissociated (fdiss) as a function of force (Figure 6.1G):

fdiss(F ) =
1

(1 + e
−∆z·(F−F1/2)

kB ·T )

(6.1)

where kB is Boltzmann’s constant and T the absolute temperature. F1/2 and ∆z are fit-
ting parameters that represent the midpoint force, where the system spends half of the time
in the dissociated and half of the time in the bound conformation, and the distance be-
tween the two states along the pulling direction, respectively. The fraction dissociated is
calculated for each plateau of constant force by dividing the time spent in the dissociated
conformation by the total plateau time. Second, the mean dwell times of the dissociated
and bound state, τdiss and τbound (Figure 6.1F, τdiss, τbound), are determined for each
force (Figure 6.1H, circles). The force-dependent dwell times are fitted with an exponential
model (Figure 6.1H, lines), and subsequently averaged over all measured molecules (Figure
6.2C). While the intersection of the fitted dwell times in the dissociated and bound state
provides an alternative route to the midpoint force, extrapolation of the fits to zero force
yields lifetimes of the bond under no force, relating to the affinity of the binding partners.
We introduced themutations featured inα (B.1.1.7),β (B.1.351), γ (P.1), and δ (B.1.617.2)
(Figure 6.1B,C, Table 1) into our tethered RBD, and thus compared the characteristics of
the RBD:ACE2 bond for the different VOCs. Comparing F1/2 for different variants (Fi-
gure 6.2B), we find no statistically significant difference between SARS-CoV-2 wt and β
(p-value > 0.80, two-tailed t-test, 13 vs. 10 molecules, respectively), wt and γ (p-value >
0.26, two-tailed t-test, 13 vs. 14 molecules, respectively), nor between wt and δ (p-value>
0.99, two-tailed t-test, 13 vs. 20 molecules, respectively). However, the difference in F1/2
between wt and α is statistically very significant (p-value< 0.000515, two-tailed t-test, 13
vs. 11 molecules, respectively). This can be rationalized considering the interactions of the
residues featured in the respective VOC with residues of ACE2. In wt SARS-CoV-2, N501
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Figure 6.2: Effects of current VOCs on in-
terface stability and affinity. A Represen-
tative force-dependent fraction dissociated for
one wt (red), and one α (orange) tethered li-
gand molecule. Points represent experimen-
tal data and solid lines represent two-state fit.
B Boxplot of midpoint forces determined for
wt, α, β, γ, and δ VOCs and K417N, and
E484K single mutations. F1/2 of α (4.5 ±
0.33) pN and K417N (2.7 ± 0.27) pN devi-
ate highly significantly from wt (3.8 ± 0.44)
pN (p-values p< 0.000515andp<0.000045,
respectively). β (3.8 ± 0.28) pN, γ (4.0 ±
0.57) pN, δ (3.8 ± 0.25) pN, and E484K (3.4
± 0.70) show no statistically significant differ-
ence to the wt. C Exponential fit to the force-
dependent dwell times in the bound (solid
lines) and dissociated (dashed) state of wt and
variant constructs. Color-coding matches D.
Inset shows fit and experimental data around
the respective midpoint forces for wt and α.
D Boxplot of pseudo-KD = τup/τdown for
the different mutants with τup and τdown ob-
tained from fits shown in C extrapolated to
no force. E Dissociation constant normalized
to the wt (Kd/Kd(wt)) determined from our
measurements (x) and compared to traditional
bulk affinity measurements (SPR or BLI) in
literature 11–17. Statistics in panels B - D re-
flect 13 molecules (wt), 11 molecules (α), 10
molecules (β), 14 molecules (γ), 20 molecules
(δ), 6 molecules (E484K), and 6 molecules
(K417N).

forms a hydrogen bond with Y41 of ACE2204. Structural modeling predicts that mutation
N501Y, though impeding the original hydrogen bond, allows formation of two new hydro-
gen bonds with ACE2 residues D38 and K353. Additionally, it causes a strong π stacking
interaction between Y501 and Y41, potentially explaining the higher force stability of theα
variant278. β and γ VOCs feature mutations at position E484K and K417N/T in addition
to the mutation N501Y. In the wt, the residues at these positions form salt bridges with
residues K31 and D30 of ACE2, respectively11;204. Due to a charge-reversal in the case of
E484K and a charge removal in the case of K417N (β) and K417T (γ), these salt bridges are
disrupted. A significant decrease in force-stability of a tethered ligand construct featuring
only the K417N mutation compared to the wt construct supports the hypothesized influ-
ence of this salt bridge in destabilizing the force loaded complex (Figure 6.2B, turquoise, p
< 0.000045, two-tailed t-test, 13 vs. 6 molecules, respectively). E484K, however, can form
an alternative salt bridge with E3511, compensating the disrupted salt bridge. In agreement
with this interpretation, F1/2 of a tethered ligand construct featuring only the E484K mu-
tation is within experimental error equal to the F1/2 measured for the wt construct (Fi-
gure 6.2B, light green, p-value > 0.19, two-tailed t-test, 13 vs. 6 molecules, respectively).
Taken together, the unreplaced salt bridge between K417 and D30 compensates for the ef-
fect of N501Y in the β and γ VOC, explaining the unaltered force-stability compared to
the wt. The residues mutated in the δ VOC - L452 and T478 - are located further away
from ACE2 residues and there have been no direct interactions described involving these
residues. Therefore, there is no alteration in the force-stability of this VOC.
In addition to comparing bond stability under force, we studied the kinetics of the bond,
analyzing the force-dependent lifetimes of the bound and the dissociated conformation. In
Figure 6.1 G, the mean fitted dwell times of the bound (solid lines) and dissociated (dashed
lines) states as a function of force are compared for wt and VOCs. The increase of the a-
verage time spent in the dissociated conformation with increasing force for all constructs
is due to enhanced linker-stretching, impeding bond re-formation. The force-dependency
of τbound for the different variants is based on the stability of the RBD:ACE2 bond under
force. We find τbound to decrease with increasing force for all variants, however, they differ
from the wt in slope and overall value for different variants. For α, we find higher τbound
than for wt over the whole measured force range (Figure 6.1 G, inset), caused by the higher
force-stability ofα in this force range, also reflected by the higher F1/2 parameter. The other
VOCs are rather similar to the wt in terms of absolute dwell times close to F1/2. The force-
dependence of the bond lifetime (i.e. the slope), however, varies drastically, leading to highly
different extrapolated lifetimes τ0,bound and τ0,diss in the absence of load, relating to the
affinity of both binding partners. From the extrapolated lifetimes, a pseudo-dissociation
constant (“Pseudo-KD”) can be calculated as the ratio of τ0,diss/τ0,bound (Figure 6.2D).
While τ0,bound [s] directly relates to the off-rate (koff = 1/τ0,bound), τ0,diss [s] relates to
the on-rate via kon,sol = 1/(ceff · τ0,diss) due to increased effective concentration in the
tethered ligand construct. Due to identical design of the VOC fusion constructs with ex-
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ception of the point mutations, the effective concentration is the same for all constructs.
Ratios of the Pseudo-KDs are thus comparable to traditional bulk affinity measurements
conducted with SPR or BLI. Comparing the VOC affinities normalized to the wt affinities
with literature values11–17 reveals excellent agreement (Figure 6.2E, Table 1). In accordance
with literature, all VOCs show a higher affinity for ACE2 than the wt, with the affinity
of δ similar to the one of α. This is in contrast to the RBD:ACE2 bond-stability under
force, whereα is the only VOC markedly different from the wildtype. In the dynamic envi-
ronment of the respiratory tract, the distinctly higher force-stability of α could provide an
advantage acting as an evolutionary selection factor.
In conclusion, our assay offers a single-molecule approach for comparing affinities between
wt and VOCs of SARS-CoV-2. As opposed to traditional bulk affinity measurements,
we also provide insights into bond-stability and kinetics under low constant forces, mim-
icking the natural binding circumstances in the dynamic environment of the respiratory
tract. Aside from many other evolutionary advantages caused for example by effective eva-
sion of population immunity, force-enduring attachment provides a larger timewindow for
conformational rearrangements necessary for fusion of the virus with the host-membrane.
Studying force-stability thusprovides valuable informationhelping tounderstand the spread
of current VOCs, and a selection criterion for future variants.

WHO
name

Pango

lineage

Country of

first

observation

Amino acid

exchanges
in RBD

F1/2/

F1/2(wt)
τdiss/
τdiss(wt)

τbound/

τbound(wt)

kD/

kD(wt)

wt 1 1 1 1

α B1.1.7 UK N501Y 1.17 0.21 3.82 0.02

β B1.1.351 South Africa
N501Y
E484K
K417N

1.01 0.37 1.79 0.12

γ P1 Brasil
N501Y
E484K
K417T

1.06 0.27 4.55 0.15

δ B1.617.2 India
L452R
T478K

1.00 0.18 3.52 0.01

Table 6.1: Overview over SARS-CoV-2 variants of concern. Comparison of mean pa-
rameters of SARS-CoV-2 VOC to wt. Statistics reflect 13 molecules (wt), 11 molecules (α),
10 molecules (β), 14 molecules (γ), 20 molecules (δ).
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Conclusions and Outlook

MT-based SMFS is a valuable tool for studying the force-response of proteins. With my
work, I contributed to the growing field of protein SMFS using MT. As described in sec-
tion 1.4.3.2, most protein MT assays so far rely on the biotin:streptavidin bond to couple
proteins to magnetic beads. Together with Dr. Achim Löf and Dr. Steffen Sedlak, I de-
veloped a protocol based on controlling the anchoring geometry of streptavidin that dras-
tically increases the lifetime of this interaction (Chapter 3). This will be beneficial for all
future (force spectroscopy) experiments relying on biotin:streptavidin coupling.
Based on this stable coupling geometry I could shed light on the (un-)folding kinetics and
stability of a range ofmedically relevant proteins andprotein:protein interactions. Together
with Dr. Achim Löf, I examined a structural transition in the D’D3 domain of the mul-
timeric glycoprotein von Willebrand Factor (VWF), exposing two previously buried un-
bound cysteines (Chapter 4). Based on previous hypotheses164;181 and the pronounced pH
dependence of this interaction we could conclude that this transition is crucial for multi-
merization of VWF in the Golgi apparatus. On the basis of our data, we could furthermore
support the hypothesis of a factor VIII binding site in the D submodules; a fact that had
been hypothesized multiple times173;176;177, but was never clearly shown.
The characterized transition is quite relevant for VWF’s biosynthesis, but from what we
know it is not force-, but pH-induced in-vivo. In future, our assay could be used to study
force-induced stem dynamics. Opening of the ”dimeric stem” formed by the six small C-
terminal domains of two VWF dimers is one of the first responses of VWF to force38;158;170.
As the hydrodynamic force VWF multimers experience scales with the square of VWF’s
length5;6, understanding initial length incrementation upon force-activation is particularly
interesting. Preliminary data have been published, showing that stem opening and closing
is observable as extremely fast transitions in MT SMFS experiments, happening at forces of
∼ 1 pNunder physiological conditions38. However, amore detailed analysis of these transi-
tions could shed more light upon the dynamics of stem opening and closing. Cooperativity
in domain opening was hypothesized based on the primary structure of the C domains.
Analyzing the transitions recorded in MT with hidden Markov models could help finding
previously missed states and provide information on this hypothesis. Furthermore, inves-
tigating stem dynamics at physiologically relevant, low pH values could validate the previ-
ously described role of compaction during biosynthesis158;168–170. Lastly, there are point
mutations located in the stem region of VWF, associated with increased VWF activation
leading to an increased risk of arterial thrombosis 279–281. This increased activation could be
caused by altered stem dynamics. Studying VWF dimers with these point mutations and
comparing their stem dynamics to the stem dynamics in wild-type VWF molecules could
shed light on the mechanism causing increased force-sensitivity.
Duringmydissertation anovel SARS-Coronavirus (SARS-CoV-2) emerged, causing a global
pandemic7–9. Pioneering a novel tethered-ligand assay, Dr. Magnus Bauer and I were able
to study the stability of the bond formed by the receptor binding domain (RBD) of SARS-
CoV-2 with the human receptor ACE2, initiating viral cell entry and thus infection (Chap-
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ter 5). We teamed up with Dr. Rafael Bernardi (Auburn University) and in a never-seen-
before way, combined three techniques - MT SMFS, AFM SMFS and in-silico steered mo-
lecular dynamics simulations - to investigate the bond under the whole physiologically re-
levant force range. We could show a significant increase in interface stability comparing
the SARS-CoV-1 (the causative agent of the 2002 epidemic) with the SARS-CoV-2 RBD
throughout all three techniques. In a proof-of-concept study we could furthermore show
that our MT assay is sensitive to agents blocking the RBD:ACE2 interactions, suggesting it
as a potential screening tool for therapeutic antibodies. Building upon this initial work, we
implemented variant-of-concern (VOC) mutations located in the RBD into our tethered
RBD, comparing their force-stability in MT with the force-stability of the wild-type (wt)
(Chapter 6). Extrapolating the force-dependent lifetimes to zero force, we could accurately
reproduce affinity data reported in literature11–17, finding an increased affinity for all VOC
compared to wt. In contradiction to these results, only the α VOC significantly differed
from wt under force. This hints at force as an evolutionary selection criterion, complemen-
tary to zero-force affinity. In future, itwouldbe interesting to combine theproof-of-concept
blocking experiments (Chapter 5) with the experiments performed on the VOC (Chapter
6). Investigating antibody blocking for the wild-type RBD:ACE2 interaction and compar-
ing this to the capability of the same antibodies to block the interaction between ACE2 and
VOCs, our assay could give information on immune escape of C1 or C2 ABs binding to
the RBD282. For this purpose, however, the currently limited throughput of our experi-
ments needs to be drastically increased. This could probably be achieved by higher protein
concentration gained from protein expression in insect cells (as opposed to currently used
in vitro expression). Furthermore, a switch in attachment chemistry, replacing the sortase-
mediated protein:ELP attachment with another attachment not relying on sortase, could
be beneficial to increase experimental throughput. As discussed in more detail in section
2.3.3.2, sortase-mediated coupling is reversible, requiring careful optimization. Replacing
the sortase tags on proteins and ELPs with OaAEP1 tags for example, covalent ligation of
the two proteins would no longer rely on sortase, but on more robust, irreversibleOaAEP1-
mediated attachment283. This would drastically facilitate measurement optimization and
would probably also lead to higher yield and measurement throughput. The successful uti-
lization of OaAEP1- mediated attachment was already shown in the context of AFM SMFS
experiments40;127.
In the long run, it would be interesting to combine MT SMFS experiments with the capa-
bility of single-molecule fluorescence detection. The value of combining these two single-
molecule techniques has been shown previously in the context of vinculin binding stu-
dies97;100 (Chapter 1.4.4.2). In these experiments, however, force-application and fluo-
rescence detection were carried out sequentially. In order to perform both processes si-
multaneously, MT setups need to be modified to allow simultaneous camera-based bead
tracking for MT and fluorescence detection. Such setup designs have been presented pre-
viously123;284–287. With the ability of simultaneous force-spectroscopy and fluorescence de-
tection, force-activatedproteins canbe stretched and successful activation canbemonitored
in real-time by binding of fluorescently-labelled ligands. Implementing excitation lasers
with two different wavelengths into these setups would even increase measurement pos-
sibilities by allowing single-molecule FRET-based force-activation studies or distance mea-
surements upon force activation. Together with my Master student Nina Beier, I started
setting up an MT setup designed to enable exactly these types of measurements. Due to
lack of time, however, only one laser wavelength was implemented up to now. A detailed
description and characterization of this setup can be found in her Master’s thesis alongside
initial proof-of-concept total internal reflection fluorescence (TIRF) measurements. In fu-
ture, a second laser needs to be implemented and further characterization measurements
need to be performed, before being able to exploit the whole intended functionality of this
setup.
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Figure B.1: Technical drawing FC holder bottom. Bottom of regular FC holder; made either of aluminium
or iron.
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Figure B.2: Technical drawing multichannel FC holder top. Top of multichannel FC holder; made either
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Figure B.3: Technical drawing multichannel FC holder bottom. Bottom of multichannel FC holder; made
either of aluminium or iron.
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C
Custom MT Setup

Most measurements presented in Chapters 3 and 4 were conducted on a custom setup presented in detail in Dr.
Achim Löfs dissertation76. The measurements presented in Chapters 5 and 6, as well as some of the measure-
ments in Chapter 4 were conducted on a newly built MT setup, which was assembled and characterized by my
Bachelor student Benedikt Böck with my support (Figure C.1A, B). The characterization of the setup can be
found in his Bachelor thesis. The camera we implemented has 5120 x 5120 pixels, allowing a FOV of 680 x 680
µm at unprecedented resolution (Figure C.1C, D) and a maximal frame rate of 72 Hz. The setup was calibrated
with M270 beads according to a description in the PhD thesis of Dr. Philipp Walker74 (Figure C.2). Here is a
list of components installed in this setup:

part name vendor

LED M625F2 Thorlabs

fiber coupler PAF2-7B Thorlabs

multimode fiber M76L01 Thorlabs

optical rail X48-0.5 Newport

mounting adapter EQ80-E Newport

mounting adapter EQ80-I Newport

cage system CP02T Thorlabs

translation motor M-126.PD2 Physical Instruments

rotation motor C-150.PD Physical Instruments

motor controllers C863 Physical Instruments

translation stages M-UMR8.25 Newport

objective RMS40X-PFO Olympus

piezo positioner P-726.1CD Physical Instruments

piezo positioner controller E753 Physical Instruments

mirror 30D20ER Newport

tube lens SWTLU-C Olympus

CMOS camera CP80-25-M-72 Optronis

framegrabber CYT-PCE-CXP4 Bitflow

syringe pump ISM596 Ismatec

Table C.1: Parts implemented into custom MT setup used for most experiments. System was controlled
with a custom LabView Code64.
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Figure C.1: Custom MT Setup. Custom MT setup. A CAD drawing of MT setup. B Foto of setup with
components indicated. CCalibration slide for FOV size determination. FOV size is 680 x 680 µm. D Flowcell
with M270 dynabeads. More than 150 beads can be tracked simultaneously.

Figure C.2: Calibration of customMT setup. The setup was calibrated with double-stranded, 21 kbp DNA
according to a protocol in Dr. Philip Walkers dissertation 74. DNA was attached to an amino-silanized glass
slide via dig-antidig interaction and to a streptavidin-coated M270 dynabead via a biotin handle. Magnets were
moved to a distance of 0.1 mm from the surface of the flowcell and subsequently moved upwards in steps of
0.1 mm. The time spent at each distance was increased according to the expected corner frequency, based on
previous calibrations. A Forces were calculated based on the Allan variance68;72;73. Grey circles correspond to
force-distance relations of 18 DNA tethers. Red circles and errorbars show mean and standard error of the
mean for these 18 tethers. Blue curve shows a double exponential fit (a1 · e−x/b1 + a2 · e−x/b2 + c) with fit
parameters: a1 = 10.13, b1 = 0.31, a2 = 74.53, b2 = 1.51, c = -0.08. Force-distance curves of the same molecule in
two different field of views (FOVs) with the molecule being in the center in FOV1 and in the right upper corner
in FOV2 were compared and showed no qualitative difference. Thus the magnetic force applied throughout
the whole FOV seems to be approximately constant. This measurement should however be repeated with more
molecules to verify the finding. BOverstretching of double-strandedDNA.To check ifmaximal forces> 65 pN
can be obtained, the DNA overstretching transition around 65 pN can be used. In a force-extension plot it is
characterized by a sudden lengthening in extension by a factor≈ 1.7 at forces around 65 pN58;74. The blue curve
is is the force-extension when increasing the force, while the red curve is the force-extension when decreasing it.
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