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Zusammenfassung

Einzelmolekiil-Cut-and-Paste (SMC&P) ist eine vielseitige Technik im Feld der Nanotechnologie,
die mittels der Kontrolle von einzelnen Molekiilen Bottom-up-Assemblierungen erméglicht. Mit
Hilfe eines Rasterkraftmikroskops konnen Molekiile in beliebigen Mustern auf einer Oberflache
mit einer Genauigkeit in der Grof3enordnung von Nanometern angeordnet werden. So an-
geordnete Molekiile konnen dann tiber Fluoreszenzmikroskopie detektiert werden, was eine
zeitaufgeldste Untersuchung auf Einzelmolekiilebene erméglicht.

Die vorliegende Arbeit verfolgt die Integration funktioneller Enzyme als Transfermolekiil in
SMC&P. Im Prinzip kdnnen Enzyme iiber SMC&P auf einer Oberflache angeordnet und deren
Aktivitat iiber floureszente Reaktionsprodukte beobachtet werden. Dies erdffnet spannende
neue Moglichkeiten Enzyme auf Einzelmolekiilebene zu untersuchen. Beispielsweise konnen
Einzelmolekilmethoden wie SMC&P zeitaufgelostes Enzymverhalten offenlegen, wie zum
Beispiel die Existenz von Verzogerungsphasen oder spontanem Aktivitatsanstieg. Zusatzlich
wiirde SMC&P auch eine statistische Analyse der Verteilung der katalytischen Aktivitét in einer
Population von Enzymen ermdglichen. Solche statistischen Analysen sind in Untersuchungen
eines Gesamtensembles von Molekiilen inhdrent unmoglich, da nur das durchschnittliche
Verhalten einer Population zu einem bestimmten Zeitpunkt berichtet beobachtet werden kann.
Schlief3lich bietet die Fahigkeit, Molekiile auf einer Oberflache spezifisch anzuordnen, die
Moglichkeit, das dynamische katalytische Zusammenspiel zu untersuchen, wenn Enzyme
in verschiedenen Mustern angeordnet sind, wodurch Informationen iiber geometrie- und
dichteabhéngige Prozesse gewonnen werden konnen. Werden mehrere verschiedene Enzyme zu
einem multifunktionalen Netzwerk arrangiert, konnte das Zusammenspiel zwischen Enzymen,
die fiir verschiedene Reaktionsstufen in komplexen biologischen Prozessen verantwortlich
sind, besser verstanden und charakterisiert werden.

Die zugrundeliegenden Arbeit wird zunichst durch einen Uberblick iiber relevante Hin-
tergrundinformationen in den wissentschaftlichen Kontext eingeordnet. Dies umfasst sowohl
die Funktion von Enzymen aus einer biophysikalischen Perspektive, als auch eine Einfithrung
in Technik und Theorie von Einzelmolekultechniken. Weiter werden die biochemischen,
biophysikalischen und biotechnologischen Eigenschaften jedes ndher beleuchteten Enzyms
genauer diskutiert. Die benotigten Schliisselmethoden in Molekularbiologie, Einzelmolekiil-
Kraftspektroskopie und Fluoreszenmikroskopie werden dargelegt.

Es wurden umfangreiche Strategien fiir die Fluoreszenz- oder Biolumineszenz-Detektion
jedes untersuchten Enzyms entworfen, um letztlich, Netzwerke von Enzymen mittels SMC&P
zu schaffen. Griindliche Tests und Charakterisierungen potentiell interessanter Enzyme und
deren jeweiligen Fluoreszenz-Auslesesysteme werden vorgestellt und diskutiert. Neben der
Entwicklung von Strategien zur Enzymaktivitaitsmessung wurde das Repertoire der SMC&P-
Handhabungsstrategien erweitert. Dariiber hinaus wird die erfolgreiche Implementierung
eines komplett DNA-freien SMC&P-Systems demonstriert, das insbesondere fiir die Bottom-
up-Assembly von DNA-bindenden Enzymen von vorteil ist. Dieser methodische Fortschritt
ermoglicht ein potentiell neues Paradigma fiir zukiinftige SMC&P-Experimente.






Preface

Single-molecule cut-and-paste (SMC&P) is a versatile technique in the field of nanotechnology,
merging bottom-up assembly and single-molecule directed control. With the aid of an atomic
force microscope, molecules of interest are arranged in specifically designed patterns on a
surface with precision on the order of nanometers. Arranged molecules may then be detected
via fluorescence, enabling time-resolved analysis of single molecules.

Soon after SMC&P was successfully tested as a proof of principle, it was quickly realized
that this technique had great potential to investigate single-molecule activity beyond mere fluo-
rescence. For example, DNA aptamers were assembled on the surface, forming sites in which a
target ligand’s structure was stabilized and its fluorescence enhanced [1]. Furthermore, SMC&P
offers absolute control of the placement of molecules on a surface, thereby circumventing many
difficulties that arise from stochastic immobilization. For example, SMC&P enables precise
placement of molecules within the center of nanoaperatures [2], decreasing the heterogeneity
of fluorescence intensity and lifetime.

The work presented in this thesis pursued integration of functional enzymes into SMC&P
as transfer cargo. In concept, enzymes can be arranged on a surface via SMC&P, and their
activities monitored via fluorescent output. This opens up several exciting possible avenues of
enzyme investigations on the order of single molecules. Firstly, single-molecule measurements
such as SMC&P can reveal time-resolved enzyme behavior, such as bursts of activity or periods
of stalling. Additionally, with the assumption that the nontrivial process of protein folding
leads to a spectrum of final folded states - and accordingly a spectrum of final functional
states - SMC&P would also enable assessment of the distribution of catalytic activity within
a population of enzymes. Such statistical analyses are inherently impossible in bulk studies,
where only the mean behavior within a population at any given moment is reported.

Lastly, the ability to specifically arrange molecules on a surface offers the possibility
to investigate dynamic catalysis when enzymes are arranged in various patterns, gleaning
information into geometry- and density-dependent processes. Moreover, were several different
enzymes arranged into a multifunctional network, the interplay between enzymes that are
responsible for different steps in complex biological processes could be better understood and
characterized.

Relevant background information to provide context of the scientific work is discussed in
Chapters 1 - 3. An overview of enzyme function from a biophysical perspective is presented
in Chapter 1. This chapter also discusses the heterogeneity of enzyme populations and the
corresponding investigative value of single-enzyme analysis. Chapter 2 provides an introduction
to the technology and theory pertinent to single-molecule probing. In particular, the AFM, total
internal reflection fluorescence microscopy, and SMC&P are discussed. Chapter 3 elaborates
on the the core library of enzymes of interest investigated in this work. The biochemical,
biophysical, and biotechnological properties of each enzyme are discussed at length, providing
a basis to understand the function of the enzymes within the framework of this thesis as well
as the scientific community’s general interest in these particular enzymes.
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The key methodologies utilized in this work are outlined in Chapters 4 and 5. Extensive
molecular biology techniques were employed to design, express, purify and test enzymes of
interest as well as related materials. Chapter 4 provides a broad description of these techniques,
with particular attention given to non-standard methodologies or unique protocols developed
for this work. Chapter 5 briefly describes the methods employed in single-molecule force
spectroscopy and fluorescence microscopy within this work.

The principle results in this thesis are detailed in Chapters 6 - 8. Unique strategies for
fluorescent or bioluminescent readout were explored for each enzyme of interest, with the
eventual goal of integrating networks of enzymes of interest into SMC&P. Rigorous testing
and characterization of enzymes of interest and their respective fluorescence readout systems
are presented and discussed in Chapter 6.

In addition to development of enzyme activity measurement strategies, the repertoire of
SMC&P handling strategies was expanded. The incorporation of monovalent Strep-Tactin and
its peptide ligand Strep-Tag II as a handling system between cantilever and transfer construct
is presented in Chapter 7. Furthermore, the successful development of completely DNA-free
SMC&P - which may prove advantageous for bottom-up assembly of DNA-binding enzymes
- is introduced in Chapter 8. This methodological advancement in particular represents a
potentially new paradigm for future SMC&P experiments.
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Scientific Context






Enzymes: Biological Machinery

Overview

Chemical reactions are an integral component of life at all scales, from the nanoscopic to
the macroscopic. Energy sources must be broken down, new molecular structures built, and
biophysical information relayed. Even the simplest organisms yet discovered - arguably single-
celled bacteria - undertake hundreds of distinct chemical reactions in order to survive and
replicate.

Through billions of years of evolution and natural selection, nature has found a remarkable
strategy to coordinate chemical reactions within biological systems: encoded into an organism’s
genome and synthesized from the elemental building blocks of amino acids and nucleic acids,
enzymes are highly specialized biological catalysts with a vast array of functions. Virtually all
chemical steps of metabolism, signal transduction, and cell growth utilize enzymes in order to
precisely and efficiently carry out the required reactions.

The production and activity of enzymes is undeniably of great interest across a broad
range of fields, from medicine and pharmacology to renewable energy and basic physics. The
following section seeks to lay out the fundamental principles of enzymes from biophysical and
biochemical perspectives, as well as contextualize the motivation for the results presented in
this thesis.

1.1 Catalysis within Biological Systems

In its most fundamental sense, a chemical reaction occurs when the electrons from one atom’s
orbital shell are transferred to or shared with another atom, and typically results in the formation
or destruction of a covalent bond between the two atoms. The primary physical force driving
such a process is the release of energy that leaves the system in a more energetically stable
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configuration. The thermodynamic favorability of a process can be expressed with the change
in Gibbs free energy, which is given by:

AG = AH — TAS (1.1)

where the change in free energy AG is a function of the change in enthalpy AH, temperature
T and the change in entropy AS. For any given process, if AG < 0 then the system overall
releases energy into the surroundings and is considered to be exergonic. In other words, this
process is energetically favorable and it will likely occur spontaneously without the addition
of external energy. This is in contrast with an endergonic process with AG > 0, which requires
an input of external energy in order to proceed.

However, even if a process has net change in free energy AG,.; < 0 and is overall exergonic,
the forward reaction may require the system to first proceed through an intermediate state of
higher energy. This initial endergonic step prevents the complete reaction from proceeding
spontaneously. This so-called energy barrier between the starting and end states has an
associated activation energy E, that must be overcome in order for the reaction to proceed.
Random thermal energy fluctuations on the order of kzT alone may allow the system to
overcome the barrier, although the rate of the reaction may possibly be so slow to the point of
being statistically impossible to occur. For such chemical reactions, catalysts are crucial for
overcoming the energy barrier and driving the reaction forward.

For a non-spontaneous reaction, the formation of the intermediate state between reactants
and products is typically the slowest step, as it is the highest-energy state the system must
occupy throughout this process. In general, catalysts propel otherwise slow reactions forward
by stabilizing the intermediate state and therefore lowering the activation energy required to
overcome the energy barrier (Figure 1.1). The conversion of reactants R to intermediates I and
finally to products P can be understood schematically by:

k
R——1—P (1.2)

whereas the conversion in the presence of a catalyst C can be understood schematically by:

k
C+R CR=——=CI—CP—C+P (1.3)

such that the rates of the limiting steps of intermediate formation obey k; << k. The formation
of the intermediate, whether it occurs spontaneously or catalyzed, is considered a reversible
process. The final step of the product formation is usually fast and considered irreversible,
especially for reactions that have AG,,; << 0. Importantly, the catalyst is not consumed
and does not change AGy,; of the reaction. However, by simply lowering the energy barrier,
catalysts are capable of expediting chemical reactions by many orders of magnitude.
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Figure 1.1: Visual representation of a chemical reaction. The chemical conversion of reactants to products
requires overcoming an energy barrier with activation energy E,. The introduction of a catalyst lowers E,, and
thereby increases the likelihood that the reaction proceeds. The net change in free energy AGy.; of the reaction
is unaffected by the presence or absence of the catalyst. However, as the catalyzed reaction has a much lower
energy barrier that can more easily be overcome by thermal fluctuations, the rate of the reaction is likely several
orders of magnitude faster with the catalyst than without.

Biological systems require programmable machinery that can efficiently and specifically
catalyze chemical reactions under biologically relevant conditions. Moreover, it is crucial that
these catalysts are regulated according to the organism’s momentary needs. Nature’s elegant
solution is for organisms to synthesize their own genetically-encoded catalysts - i.e., enzymes -
from fundamental biological building blocks such as amino acids and nucleic acids.

Enzymes perform several basic functions that enable them to catalyze such chemical
reactions. Firstly, like most catalysts, enzymes stabilize a transition state between substrate
and product. The enzyme forms temporary bonds with the substrates via reactive or charged
motifs, producing an intermediary transition state. The products finally form as the reaction
completes and are ejected from the enzyme’s active site, thereby recovering the original state
of the enzyme. The conversion of substrates S to intermediates I and finally to products
P in the presence of enzyme E can be understood schematically with an expansion of the
Michaelis-Menten model of enzyme activity:

E+S~=ES<=EI—EP—E+P (1.4)

Compared to the same reaction in the absence of the enzyme, the intermediate state is much
more likely to occur, as the enzyme stabilizes this configuration and thus decreases the activation
energy required to overcome the energy barrier. In other words, enzymes have a high binding
specificity for the transition state, as was first proposed by Linus Pauling [3]. Many biological
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reactions can effectively only proceed with the assistance of an enzyme, as the timescales of the
uncatalyzed reactions are extremely slow. For example, the yeast enzyme OMP decarboxylase
catalyzes the decarboxylation of orotidine monophosphate to form uridine monophosphate
with an estimated reaction rate of 18 ms, while the uncatalyzed reaction has an estimated
reaction rate on the order of 78 million years [4]. This attribute of transition state stabilization
is shared by most catalysts, as per their definition. However, enzymes possess other abilities
that enable them to further facilitate chemical reactions in ways that inorganic catalysts often
cannot.

Enzymes often couple an energetically unfavorable reaction to a favorable one, such that
the negative AG,,; of the overall process enables the thermodynamically unfavorable reaction
to occur. Reactive energy carrier molecules - namely adenosine triphosphate (ATP) - are
frequently used as energetic fuel for endergonic reactions. Enzymes hydrolyze the y-phosphate
or f-pyrophosphate of ATP - both highly exergonic reactions - while simultaneously catalyzing
another reaction that on its own would have AG,,; < 0 [5]. This step is critical to many
metabolic reactions, as energy must be expended in order to construct complex forms of higher
energy states from much simpler molecules.

Lastly, if the chemical reaction requires two or more substrates, enzymes will often bind both
components with high affinity so as to increase the local concentration of the substrates. This
is critical for reactions where at least once substrate is found in relatively low concentrations,
and Brownian diffusion would not reliably bring the two reactants into contact long enough
for a reaction to occur.

Through a combination of these three major properties of enzymes, biological systems are
able to undertake the chemical reactions necessary for their function. Furthermore, enzymes of-
fer a means of biology-based regulation of these reactions. In contrast to spontaneous reactions,
enzyme-catalyzed reactions can only occur at biologically-relevant timescales in the presence
of an enzyme, which is subject to regulation by the host organism. Enzymes therefore function
like on/off switches for such reactions, allowing tight control of biochemistry by modulating
enzyme expression. Gene expression is subject to intricate systems of transcriptional and
translational regulation, which are informed by parameters such as environmental factors or
cell cycle stage. Enzymes are also sensitive to signals in the form of other molecules or covalent
modifications such as phosphorylation, which may induce activation or inhibition depending
on the enzyme in question. These signals can fine-tune the function and activity of enzymes,
producing a remarkably elegant network of biochemical reactions and responses.

1.2 Orders of Protein Structure

Protein structure - and by extension enzyme structure - is conceptualized as four levels of
organization (Figure 1.2). The primary structure of a protein is the linear sequence of amino acid
residues that form the polypeptide, with synthesis starting at the amino terminus and ending at
the carboxyl terminus. The protein is initially highly unstructured and takes the conformation
of a random coil. Hydrogen bonds, ionic interactions, and van der Waals interactions arise
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Figure 1.2: The four levels of protein structure. The primary structure consists only of the linear sequence
of amino acid residues that form the polypeptide chain. The secondary structure results from the formation
of noncovalent bonds between neighboring residues into stable motifs, such as a-helices and S-sheets. The
hydrophobic residues cluster towards each other to minimize their contact with the aqueous environment and
are shielded by hydrophilic residues, forming the final folded protein and the tertiary structure. The quaternary
structure is a multimeric complex assembled from distinct subunits.

between neighboring residues as the polypeptide grows. These weak noncovalent interactions
confer a favorable decrease in enthalpic energy of the protein and drive the assembly of
secondary structures. Some of the more canonical motifs, such as a-helices and f-sheets, are
ubiquitously found in most proteins. Under oxidizing conditions, rigid disulfide bonds may
additionally form between nearby cysteine residues. Simultaneously, if a stretch of amino acids
cannot form such stabilizing bonds, it will instead remain in an unstructured flexible loop that
does not adopt a predictable shape. These so-called intrinsically disordered proteins range in
scope from linker regions between structured domains to fully unstructured proteins.

Although individual secondary structure motifs are likely quite stable, the interactions
between secondary structures linked by flexible loops allow the protein to adopt additional
conformations and further stabilize into a tertiary structure. In particular, the hydrophobic
residues cluster together in the core of the protein, shielded by hydrophilic motifs that can
favorably interact with the surrounding aqueous environment. The primary thermodynamic
force driving this process is a net gain in entropy compared to the partially folded conformation.
Although the completely folded and stabilized conformation has fewer degrees of freedom
on its own, the exposed hydrophobic residues of the partially folded conformation create a
highly structured hydration shell in the aqueous environment, as they cannot form hydrogen
bonds with the water molecules. This hydration shell limits the free conformational states of
the water molecules, making this state entropically unfavorable. Consequently, sequestering
the hydrophobic residues from the aqueous environment confers a relative increase in entropy
and decrease in free energy.

Finally, the quaternary structure arises should the folded protein assemble into a complex
with other folded proteins. While some proteins do not possess quaternary structures, as
they do not normally form stable complexes with other subunits, most proteins naturally
form multimeric complexes and are fully functional only when the complex is assembled. For
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example, the subunits of the oxygen-carrying hemoglobin complex are only functional in the
assembled tetramer, thus the quaternary structure is critical to the protein’s function [6, 7].

1.3 Protein Folding as a Thermodynamic Process

Similar to the progress of chemical reactions, the folding of a nascent protein into a three-
dimensional structure is based on the system exploring new conformations to achieve a state
of lower energy and therefore higher stability. The so-called "native” state of a protein is the
conformation it occupies when it is optimally folded for stability and functionality. Remarkably,
some proteins can fold spontaneously and rapidly into the native state, as demonstrated
by Anfinsen et al. [6, 8], even when chemically denatured and renatured in the absence of
protein translation machinery found in vivo. However, as noted by Cyrus Levinthal, the large
number of degrees of freedom in an unfolded polypeptide chain produces an astronomical
number of conformational states that the protein may adopt [9-11]. This so-called Levinthal’s
paradox predicts that random sampling of conformation states to reach the native state in
such a complex system would require timescales far beyond the bounds of what is possible for
biological systems. In order to efficiently adopt the native state, protein folding must therefore
be a thermodynamically-guided process rather than relying on random sampling.

It should be noted that the exact mechanisms by which proteins fold from a disordered state
to the final native state are hotly debated. In general, two major theories have emerged. The
classical view proposes that a nascent protein is guided through a series of discrete intermediate
states along a single defined pathway [12]. More recent elaborations informed by experimental
investigations describe small cooperative units of folded protein motifs termed "foldons”, which
sequentially fold to achieve the native state (or unfold to achieve a denatured state). From
a thermodynamic perspective, this model proposes ladder-like steps of conformational free
energy that the protein occupies in between the disordered and native states [13, 14].

Alternatively, the energy landscape theory of protein folding proposes that it is for most
proteins a nonlinear process. Within this theoretical framework, the conversion of the unstruc-
tured protein into a stably-folded state is often abstracted with an energy landscape (Figure 1.3).
Here, the entire protein is funneled simultaneously as an ensemble - rather than sequentially
as segments - towards states of increasingly lower free energy [15, 16]. The dynamic nature
of proteins allows them to adopt momentary structural conformations - i.e. conformational
substates. As a protein folds, it can sample nearby substates in the thermodynamic energy
landscape with an overall tendency to adopt states of lower free energy, although it can over-
come small energetic barriers with thermal energy fluctuations. This system explores substates
of increasingly lower free energy, and the protein folds and stabilizes until it reaches a local
energetic minimum from which it cannot escape [17-19].

Molecules that fold into a local energetic minimum with significant energy barriers will
remain in such a stable conformation, even if that conformation is not the absolute minimum
or native state. Such is the case with misfolded proteins, i.e. stably-folded proteins in a non-
functional conformation. A non-functional protein may have improperly aligned residues in its
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Figure 1.3: Spontaneous protein folding according to energy landscape theory. Newly-translated proteins begin
as unstructured random coils. Nearby amino acid residues form secondary structures via weak noncovalent
interactions, and the hydrophobic residues are shielded from the aqueous environment in the center of the protein
globule. The protein explores substates of increasingly lower free energy and is able to surmount small energy
barriers due to random thermal energy fluctuations. Refolding continues until the protein adopts a conformation
in a significant local energy minimum from which it cannot escape. This stable conformation may be the native
state (blue pathway) or a misfolded state (red pathway). Once the protein occupies a stable state, it is unlikely to
escape from the energy minimum unless external energy is applied to the system.

binding site or a disordered scaffold. In an extreme case of a denatured protein, the secondary
structures may be completely dismantled and the hydrophobic residues exposed such that
the protein precipitates from solution. Without the application of external energy to push
the protein into a conformation of higher energy, the protein cannot refold and will remain
non-functional.

In nature, proteins may not reliably fold into a functional native state merely by sampling
nearby substates, as the energetic barriers between the random coil state and the native state are
too large. To assist the folding of such proteins, molecular chaperone proteins bind and stabilize
them in various transition states, thereby guiding the nascent protein into the native state.
Chaperones may also facilitate the assembly of some highly intricate multi-molecular complexes
such as nucleosomes. Even under ideal conditions - i.e. biologically relevant temperature, salt
concentration, oxidation, etc. - proteins in a nascent random coil or molten globule state are
not guaranteed to spontaneously adopt the correct native conformations.

Moreover, the production of chaperone proteins by the host organism is often a response
to environmental stresses. The free energy associated with a given substate depends on many
factors, such as ambient temperature and salt concentration. A change in the conditions under
which the protein folds will affect the relative stability of each substate and modulate the
energetic landscape of folding. Significant changes to the ambient conditions may alter the
folding landscape so dramatically that a nascent protein is no longer able to spontaneously fold
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into the native state. Similarly, a shift to hostile conditions may cause previously folded proteins
to spontaneously unfold and denature, as the native state is no longer thermodynamically
favored.

To combat these effects, biological systems again make use of molecular chaperones. Various
specialized chaperones stabilize the native state conformation of other proteins in order to
discourage denaturation under stressful conditions. Such conditions activate the genes for
these chaperones via regulatory pathways that respond to external stimuli. Consequently, the
organism is able to respond directly to environmental changes that would otherwise interfere
with correct protein folding. Chaperone proteins allow biological systems to carefully manage
the intricate process of protein folding, especially when spontaneous formation of the native
state is not possible [7, 20, 21].

According to the energy landscape theory of protein folding, the maturation of proteins into
various folded conformations can be broadly described as a nonlinear process. It is probability
dependent according to the thermodynamic landscape and sensitive to any factors that affect
the free energy of substates within the folding landscape. However, biological systems have
developed strategies to facilitate the production of functional proteins. Particularly stable
substructures - e.g. « helices and f sheets - form in the initial stages of protein folding,
followed by rapid funneling into energetic minima. Additional assistance from chaperone
proteins propels nascent or misfolded proteins into the correct states. The combination of
thermodynamics and coordinated intervention allows biological systems to reliably produce
and organize proteins into functional folded states.

1.4 Enzyme Structure and Function

Enzymes are classically understood as protein-based, although more recently it was discov-
ered that catalytic RNA molecules termed “ribozymes” are capable of catalyzing biochemical
reactions and play pivotal roles in regulation of gene expression [22]. Additionally, a small
population of enzymes such as the ribosome are formed as a complex of protein and nucleic
acids. As the results in this work concern exclusively protein-based enzymes, the following
section focuses on the maturation of this class of enzymes and neglects ribozymes and hybrid
enzymes. However, all enzymes - regardless of their exact composition - possess a direct
connection between structure and function.

Enzymes in their folded state are often globular proteins composed of hundreds of amino
acids, although only a small subset thereof directly participates in catalysis. The active site
contains a multitude of residues whose coordination allows them to bind and orient the
substrates. This requires precise positioning of critical residues that not only have affinity
for the substrates, but additionally stimulate formation of the transition state to catalyze the
reaction. There may also exist other binding sites for regulatory molecules that enhance or
suppress enzyme activity by inducing conformational changes that effect the geometry of
the active site. The rest of the protein acts as a scaffold to support the active site and other
secondary binding sites (Figure 1.4).
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Figure 1.4: Structure of an enzyme bound to a substrate. Most of the protein structure (gray) serves as a
scaffold to support active residues. The binding site (blue) contains residues that form noncovalent interactions
with the substrate (black) in order to hold it in place. The active site (red) contains the catalytic residues that
participate direction the chemical reaction. || Image created by Thomas Shafee and used with permission under the

Creative Commons [by Thomas Shafee [CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)], from Wikimedia
Commons].

ACTIVE SITE

Mutations in the catalytic residues will frequently completely abolish catalytic activity. If a
catalytic residue is removed due to a deletion mutation, the enzyme may not form the required
transient bonds with the substrate in order to stabilize the intermediate state. Similarly, if a
residue in the binding site is replaced with another with a markedly different side-chain - e.g. a
polar and charged glutamate residue replaced with a nonpolar alanine residue - the enzyme
may lose affinity for the substrate entirely.

The active site of enzymes and binding sites of proteins in general is certainly crucial for
their function. However, the importance of the scaffold cannot be ignored. Mutations in the
scaffolding outside the catalytic residues can also have dramatic effects on enzyme function, as
the scaffold is responsible for aligning the residues responsible for binding and catalysis. Even
a minor change to the orientation of the catalytic residues can disrupt enzyme function if the
catalytic residues can no longer correctly bind the substrate or stabilize the intermediate state
[18].

However, mutations are not the only source of variable enzyme structure. Individual proteins
with identical primary structures may present radically different higher-ordered structures.
The momentary environmental conditions of the system influence the energy landscape. For
example, elevated temperature alters the relative free energy of various conformational states,
thereby making the native state energetically less stable than a denatured state for many
proteins. The presence of molecular chaperones may additionally guide the protein towards
particular substates. Consequently, the final folded state of a protein cannot necessarily be
predicted from primary structure alone.
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Furthermore, the energy landscape is itself a statistical description of the potential states a
protein may occupy [17]; the thermal energy of the system confers a small degree of randomness
and allows the system to explore nearby substates without the need of a specific external driving
force. The energy landscape of protein folding is generally biased towards the native state as
proteins dynamically sample the folding energy landscape. However, this allows for multiple
folding paths for the same nascent protein. These paths may be discrete, branched, converging,
or diverging, although a unified consensus on the exact mechanisms has so far not been
reached by the scientific community. Regardless, a feature that is widely accepted is that for
any protein there exist a multitude of final folded substates of nearly equal free energy [15]. As
protein folding is probability-driven, two individual protein molecules can conceivably possess
significantly different final structures - and hence different functional states.

Given that a population of folded proteins - and more specifically enzymes - will display
hidden heterogeneities in their structures, the question remains of how this spectrum of folded
substates affects their function. As bulk studies can inherently only report a mean statistic, they
are ill-equipped to address the potential distribution of behavior. On the other hand, assessment
of isolated individuals within a population enables assembly of more detailed statistical analysis
beyond a simple mean value.

1.5 Insights from Single-Molecule Perspectives

Enzymes are one of the most ubiquitous and indispensable elements found in all known
life. Despite their significance, much of their exact biophysical properties are yet unchar-
acterized. Specifically, the relationships between the amino acid or nucleic acid sequence,
three-dimensional structure and dynamic behavior of the folded enzyme are avidly researched
across many fields. Concerted efforts in crystallographic studies [23-29], mutant studies,
molecular dynamics simulations, and de novo enzyme design [30, 31] have indeed elucidated a
wealth of information about specific enzymes of special interest.

Unfortunately, no single technique can serve as a universal method of exploring this topic.
For example, crystallographic studies provide only static structural information of variable
resolution, and efforts to crystallize many enzymes such as T4 DNA Ligase from the T4
bacteriophage are frequently unsuccessful. Simultaneously, it is not a trivial task to reliably
predict the broad behavior of an protein based solely on its sequence or even its folded structure.
In silico studies such as atomic-level molecular dynamics simulations of smaller proteins are
indeed able to predict their final structure in good agreement with experimentally derived
structures based solely on the primary sequence of amino acids [32, 33]. However, as the
conformational complexity of proteins increases quickly with polypeptide length, hardware
limitations make it impractical to similarly predict the structure of of large and dynamic
proteins. Moreover, computational demand is such that simulations of highly complex systems
are often confined to relatively narrow sampling spaces - e.g. modeling the conformation of a
receptor-ligand pair under force based on known crystal structures [34-36] - and over very
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short timescales. In short, a comprehensive understanding of the biophysical mechanics of
enzyme activity requires cooperative input from diverse disciplines and perspectives.

Within a population of enzyme molecules, the nonlinear and quite nuanced process of
protein folding inevitably leads to a heterogeneous population of folded enzymes that will
range from entirely misfolded to optimally folded into the native state. Considering the direct
connection between enzyme structure and function, this also strongly suggests that a population
of molecules will display a distribution of catalytic activity. At the same time, most standard
means of assessing enzyme activity utilize bulk analysis methods, such as monitoring the rate
of product buildup within a reaction volume. One primary disadvantage of such studies is that
they are by nature only able to report the average behavior within an ensemble, making it
impossible to easily determine the distribution of activities between molecules. Additionally,
bulk studies lack the capacity to time-resolve steps within a chemical reaction. For example, a
hypothetical catalytic mechanism with constant moderate speed and another mechanism with
intermittent bursts of high activity and stalling could display identical average catalytic rates,
even on the level of a single enzyme molecule without time-resolution.

From this dilemma emerges a niche for time-resolved single-molecule enzyme analysis
[37, 38]. While bulk studies are extremely useful for characterizing the average behavior
within an ensemble, a clearer picture of the distribution of activity could elucidate much about
the hidden heterogeneity of specific enzymes or protein folding in general. For example, a
Gaussian distribution and a bimodal distribution with identical mean values would likely
be indistinguishable in bulk assays. However, their implications for energy landscapes - a
central energy funnel versus two significant energetic minima, respectively — or discrete folding
pathways would strongly influence our understanding of the protein folding process. Such
detailed statistical descriptions are only possible through single molecule analysis, where the
behavior of individuals can be isolated from a broader population. Therefore, a more complete
view of proteins and enzymes demands strategies for single molecule probing.
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Single Molecule Probing

Overview

The isolation of the behavior of single molecules - in contrast with bulk or ensemble averaging
- sheds light on the distribution of molecular behavior, and by extension, the distribution
of molecular characteristics. In particular, single-molecule force spectroscopy has been an
invaluable tool in identifying alternative binding modes or unfolding pathways of biomolecules,
which would not be possible through ensemble techniques that can only report the average
behavior. These discoveries have notable implications in free energy landscapes of complex
molecular behavior of proteins - e.g. titin refolding. Within the field of fluorescence microscopy,
observation of single molecules enables statistical analysis of molecular behavior as well as
time-resolved reaction and binding steps - several parameters that are largely inaccessible
in bulk measurements. Additionally, single molecule studies offer the opportunity to better
identify behavior of interest within a potentially noisy system, for example by using fingerprint
domains in force spectroscopy. At the frontier of nanotechnology, bottom-up directed assembly
of single molecules offers incredible potential for the arrangement and study of molecules with
nanometer-control of their positioning.

The study of single molecules is made possible through many elegant techniques that allow
researchers to probe and manipulate matter down to the nano- and atomic-scale. The work here
employs several techniques utilizing the atomic force microscope. Consequently, the following
section seeks to provide a technical and theoretical foundation of these techniques as well as
contextualize the work in the broader field of single-molecule studies.

2.1 AFM-based Single Molecule Force Spectroscopy

The atomic force microscope (AFM), preceded by the scanning tunneling microscope, was
first experimentally implemented in 1986 by Binnig et al. as a tactile imaging technique with
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sensitivity on the atomic scale [39]. In AFM imaging, the bending of the cantilever as it scans or
taps the surface reports the local height of the sample with resolution on the order of angstroms.
The measured heights of all point are then assembled into a topographical image, enabling
high-resolution imaging far below the diffraction limit of traditional light-based microscopy.
Moreover, the AFM can image samples under biologically-relevant conditions without the
need for extra preparatory processing, unlike most forms of electron microscopy. The decades
following its introduction saw extensive development and refinement of the AFM as a tool for
not only atomic-scale imaging, but also force spectroscopy.

The AFM utilizes a cantilever with a very fine tip (typically a few nanometers in diameter) to
mechanically probe a surface and any molecules that might be immobilized on it. A fundamental
principle of cantilever-based probing is the relationship between the applied force and the
corresponding induced bend in the cantilever. Assuming the cantilever acts as an ideal spring,
the bend of the cantilever under force is determined by Hooke’s Law:

F=kx (2.1)

where the force F required to displace one end of a spring by a distance x is determined by the
spring constant k. After calibrating the spring constant of a given cantilever, it is possible to
calculate the force applied for a given displacement, or vice-versa.

Modern iterations of the AFM - especially when used to probe biological molecules under
buffer - most often detect the cantilever deflection by a laser beam reflected from the back of
the cantilever to a quadrant photodiode. As the cantilever bends due to an applied force, the
laser is reflected at a slight angle, which is detected by the photodiode as increased or decreased
signal in the quadrants. Hence, the force applied to the cantilever at any given moment is
readily measured via the cantilever deflection (Figure 2.1a). It is also necessary to calibrate
the inverse optical lever sensitivity (InvOLS) to translate the photodiode output in volts to an
absolute distance in nanometers. Given a known spring constant k, this information can then
be used directly in AFM imaging or used to calculate the force exerted on the cantilever via
Hooke’s Law.

Although initially envisioned as an imaging tool, the was AFM used to mechanically probe
surface-immobilized biomolecules only a few years after its invention [40-42]. Together with
similar force-transducing techniques such as magnetic tweezers [43] and optical tweezers
[44, 45], diverse biomolecules were investigated for their mechanical properties during this
time. Since then, the AFM has proven itself an invaluable tool for the mechanical probing of
biomolecules via single-molecule force spectroscopy (SMFES) [46, 47]; specific or nonspecific
adhesion of the cantilever tip to molecules on the surface enables investigation of diverse
molecular characteristics, such as protein unfolding and refolding [48], receptor-ligand un-
binding [36, 49], effects of mutations or ligand binding on mechanostability [50, 51], and DNA
sequence-dependent stability [52, 53].

In AFM-based SMFS, the cantilever first binds to surface-immobilized molecules upon
approach to the surface. As the cantilever retracts away from the surface, a force is exerted
and transduced through the molecules spanning the cantilever tip and the surface, thereby
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bending the lever and deflecting the laser spot proportional to the force (Figure 2.1a). The lever
continues to retract, thereby increasing the applied force and stretching linker molecules and
free peptide chains, until one of two events happens: (1) one or more motifs within the path of
force propagation suddenly unfold and extend, e.g. protein unfolding, or (2) the noncovalent
bonds between the cantilever and the surface-immobilized molecules completely rupture, e.g.
a receptor-ligand complex unbinds. Either case will allow the cantilever to relax, and it will
return to an undeflected state. In the case of mere extension of bound molecules, the continued
retraction of the lever will again apply a force until the noncovalent bonds finally rupture and
sever the force propagation pathway (Figure 2.1b-c). The cantilever is then free to probe another
spot on the surface. With optimized protocols recently developed for high-throughput probing,
tens of thousands of force traces are acquired in an experiment, enabling the acquisition of
large data sets and exceptional statistical analysis.

Historically, AFM-based SMFS has utilized the strategy of nonspecific pulling of polypro-
teins. When mechanically probed and fully extended from both termini, the polyprotein - e.g.
immunoglobulin (Ig)-like tandem repeats of titin - produces predictable sawtooth-like unfolding
patterns [54, 55]. This strategy was extended to probe the unfolding of other proteins, where
a domain of interest was embedded between Ig domain repeats in a recombinant chimeric
construct, and the observed extra peak corresponded to the unfolding of the domain of interest
[56-60]. Although this strategy does enable identification of single interactions with reasonable
certainty of the pulling geometry, the overall interaction efficiency of nonspecific polyprotein
pulling is low - especially when compared to more recently-developed techniques. This creates
a practical difficulty in the acquisition of large data sets. Polyprotein expression also has
drawbacks from a molecular biology perspective, as recombinant expression in bacteria is often
limited by an upper threshold of total construct size. Considering that an employed sequence
of Ig repeats alone is typically around 100 kDa in size, successful expression of the full chimeric
construct is often not possible, especially for larger proteins of interest. Lastly, the unfolding
forces that can be probed are limited by the strength of nonspecific cantilever adhesion, thereby
prohibiting measurement of mechanically exceptionally stable motifs.

More recent efforts in AFM-based SMFS benefit from several programmable assets that
increase probing specificity as well as statistical analysis. First and foremost, functionalized
cantilevers that present a receptor or ligand with specific affinity for the surface-immobilized
molecules is crucial for probing in well-defined and consistent geometries. As an unfunction-
alized cantilever tip readily adheres indiscriminately to any surface-immobilized molecules
without preference for motif or interface, likely only a very small percent of the data set
represents the intended probing geometry. In contrast, utilizing a robust receptor-ligand pair
split between the cantilever and surface greatly increases the reliability of mechanical probing,
as receptor-ligand binding is favored over nonspecific adhesion. Exemplary receptor-ligand
pairs that present high affinity and specificity include engineered antibody-peptide interact-
ions [61, 62], streptavidin-biotin binding [49, 63-65] and cellulosomal adhesion complexes
[34, 35, 66, 67].
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Figure 2.1: AFM-based single molecule force spectroscopy, shown here in a cartoon schematic. (a) Immobilized
molecules are probed via specific handles on both the cantilever and surface and the force is measured via the
laser deflection. The receptor-ligand complex (orange and blue) forms when the cantilever approaches the surface.
Since there is no tension applied to the system, the cantilever is relaxed and the laser is centered on a photodiode.
As the lever retracts, tension is applied to the system and the probed molecules are stretched. This in turn creates
a slight bend in the cantilever and deflects the laser at an angle. Since the bend of the lever is determined by the
spring constant, it is possible to calculate the force exerted on the lever and in turn molecules at any moment
based on the displacement of the laser. (b) The mechanical probing unfolds internal domains in the polyprotein
and finally ruptures the receptor-ligand complex. As the cantilever retracts, force propagates through the series
of molecules and stretches the polymers. First the PEG linkers (black) extend, and the force increases as the
cantilever pulls further away. Eventually the exerted force is large enough to unfold the domain of interest (green).
As the cantilever continues to retract, the unfolded domain of interest extends with a contour length increment
that corresponds to the length of the domain’s peptide backbone minus the length of the folded protein. Finally,
the high force pulls apart the receptor-ligand complex. The force drops to baseline levels as the cantilever is
completely relaxed, at which point it probes another molecule and repeats the process. (c) Corresponding force
traces highlight the stretching of PEG linkers (black trace), sudden unfolding and extension of the protein of
interest (green trace), and unbinding of the receptor-ligand complex (orange and blue trace).
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A key feature of SMFS is the utilization of previously characterized domains that demon-
strate predictable unfolding patterns, such as Ig repeats. Often referred to as "fingerprint”
domains, these features help to identify single, specific interactions among data sets where
typically 80-99 % of curves contain measurement artifacts - i.e. curves with no interaction,
multiple interactions, or unspecific adhesion events [47]. This eliminates some of the need for
“guess-work” of which curves reflect specific interactions and which do not. While polyprotein
SMEFS employs the sawtooth patterns of titin Ig repeats as a fingerprint, receptor-ligand based
SMFS ideally includes analogous fingerprint domains. One or more fingerprints may be in-
cluded within the force propagation pathway - usually in a recombinant chimera construct with
the surface- or cantilever-immobilized proteins - as a reporter for both specific adhesion and
single-molecule probing. They also often demonstrate fast and reliable refolding, which is espe-
cially useful for fingerprinting cantilever-immobilized molecules over thousands of repeated
probing events [34, 36, 47, 49, 68, 69]. Compared to massive Ig repeats, fingerprints typically
consist of a single relatively small domain. From a molecular biology perspective, smaller
and readily soluble fingerprints are highly advantageous for chimeric protein expression and
stability. For example, the fourth filamin domain from Dictyostelium discoideum termed ddFLN4
is a convenient 11 kDa, and has demonstrated robust expression in recombinant constructs
with other proteins or peptides of interest [36, 49, 70].

Owing to improved robustness and statistical yield from recent AFM-based SMFS develop-
ments, the distribution of protein behavior can be more completely understood. For example,
alternative binding modes [68] and unfolding pathways [35] in the mechanically stable cel-
lulosomal proteins were recently identified, thereby demonstrating the unique investigative
value of single-molecule studies. By nature, ensemble averaging is only able to report mean
behavior, while single-molecule studies enable identification of distinct behaviors within the
same system. This process requires above all large amounts of usable data. In the case of
AFM-based SMFS, improvements to experimental strategies - namely receptor-ligand SMFS -
have indeed increased the efficiency of specific single-molecule probing. Additionally, robust
strategies to identify exactly these specific single-molecule events - namely the inclusion of
fingerprint domains - greatly enhances data sorting. Ultimately, such rigorous work undertaken
to improve AFM-based SMFS has yielded remarkable properties of specific protein systems.

2.2 Models for Mechanical Protein Probing

The following section briefly discusses key models within force spectroscopy pertaining to
polymer elasticity and rupture force distributions. Details regarding the mathematical and
theoretical framework of force spectroscopy analysis can be found in several in-depth review
articles and theses with elegant derivations of the mathematical models [47, 71-74].

In a very broad sense, these models seek to examine mechanically-driven biomolecular
unfolding or unbinding processes within a thermodynamic framework. Protein folding and
unfolding along a certain reaction coordinate can be abstracted as a free energy landscape, as the
precise behavior of a peptide chain with potentially millions of atoms in variable environments



20 2. Single Molecule Probing

cannot be trivially predicted or calculated. In SMFS, molecules are mechanically loaded such
that the free energy landscape is altered. This can increase the probability that they escape
stable, folded conformations and are driven into unfolded or unbound states that are normally
less likely due to large energy barriers.

The theoretical framework is founded in the seminal work of Bell [75], and was later nearly
simultaneously established by Evans and Ritchie [76] and Izrailev et al. [77] This so-called
Bell-Evans model predicts a log-linear relationship between the loading rate under which a
protein is mechanically stretched and the most probable rupture force, and is commonly used in
SMFS analysis. In the context of AFM-based SMFS, the cantilever behaves as a Hookean spring
with a known spring constant that is used to measure the force exerted on surface-immobilized
molecules, and the force grows with increasing retraction distance. Simultaneously, the surface-
immobilized molecules and linkers act as entropic springs as they are extended, producing an
overall non-linear increase in force with increasing distance. Assuming a constant increase in
force over time F(t), the Bell-Evans model provides a general expression for the experimentally
measured distribution of rupture forces p(F):

F
_KE) ol = [EED 4
p(F) = D) exp / ) dF (2.2)

0
where p(F) is derived from the force-dependent unbinding rate k(F). Due to the non-linear
increase in force, the loading rate is accordingly not constant during cantilever retraction at
constant speed. Assuming that the system is in equilibrium at sufficiently slow retraction
speeds, the loading rate just prior to an unfolding or rupture event may be calculated from
the given force traces. It is further assumed that only the loading rate immediately prior to
an unfolding or rupture event affects the most probably rupture force. These assumptions are
crucial to the analysis of nonlinearly elastic force transducers - e.g. PEG linkers or peptides -
which would otherwise be unaddressable by the Bell-Evans model in constant speed mode.

Polymer elasticity models are often employed to describe the extension of semi-flexible
polymers. Within the context of SMFS, these models are used to extract contour length
information from the raw end-to-end distance between cantilever and surface. In particular,
the worm-like chain (WLC) model accurately expresses the distribution of conformational
extension states of biological polymers, such as DNA and proteins, as a function of the polymer’s
persistence length. However, the WLC model has no analytical solution for the extension of the
polymer as a function of force. An approximation of the WLC model [78] is used to describe the
mechanical stretching of an unfolded protein domain reasonably well when subjected to forces
of less than approximately 200 pN. Within the framework of the WLC model, the free contour
length parameter L, - i.e. the length of the polypeptide along the contour of the polymer chain
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in a given folded state - can be solved as a function of the persistence length L, extension x
and force F:

FL, 1 2
e A R (2.3)
ksT 4\ L. 4 L,

As the validity of the simple WLC model has an upper force threshold, enhanced models such
as the freely rotating chain model [79] incorporate other parameters in an effort to identify a
unifying model that is valid across a large range of forces.

2.3 Single-Molecule Fluorescence

The property of fluorescence - which is found both in nature as well as synthetic molecules -
occurs when a molecule absorbs the energy from an incoming photon of a particular wavelength
and emits a photon of a higher wavelength as it relaxes back to a ground state. This spectral
shift occurs as a result of non-radiative energetic transitions before photon emission, which
cause the emitted photon to have a lower energy (and therefore higher wavelength) than the
initial photon whose energy was absorbed (Figure 2.2).

Fluorescence microscopy relies on this spectral shift to selectively image molecules of
particular spectral properties, and enables detection of diverse biomolecules of interest. As
the excitation and emission paths are filtered to permit only a narrow range of wavelengths,
typically only the fluorescent molecules of interest are readily detected. These properties grant
fluorescence microscopy several advantages when compared to other microscopy techniques.
For example, fluorescence microscopy enables detection of structures that are otherwise in-
visible in conventional microscopy, such as single molecules. Simultaneously, fluorescence
microscopy enables high-resolution imaging of active “live” samples under native conditions, in
contrast to the highly involved fixation steps required for electron microscopy. The indispens-
able usefulness of fluorescence microscopy has led to the development of numerous specialized
techniques with applications from cell biology to nanotechnology [80-83].

Total internal reflection fluorescence (TIRF) microscopy emerged within the field of flu-
orescence microscopy [84], and provided a strategy to capture images with extremely high
signal-to-noise ratio in a narrow excitation volume. This microscopy technique fundamentally
relies on the refractive and reflective properties of media interfaces to create a narrow excitation
field via an evanescent wave (Figure 2.3). In a typical TIRF microscope, a coverglass slide rests
above an objective with an interface of immersion oil in between. The sample on the coverglass
slide contains an aqueous solution of low refractive index and fluorescent molecules. The
sample is then illuminated with an incoming excitation beam, usually from a diode laser. The
beam approaches the sample at an incidence angle 6, which is measured with respect to the
normal at the refractive boundary. For an interface of two media with different refractive
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Figure 2.2: Jablonski diagram illustrating the principle of fluorescence. The energy from an incoming photon is
absorbed, thereby causing the molecule to reach an excited electronic state of higher energy. As the molecule
relaxes, some of the energy is dissipated through nonradiative transitions. The photon that is emitted through
a fluorescent radiative transition consequently has a lower energy (and therefore higher wavelength) than the
initial absorbed photon.
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Figure 2.3: Principle of TIRF microscopy. The excitation beam approaches the sample at an incidence angle 6.
The excitation beam can achieve total internal reflection within the coverglass slide when 6 passes a threshold
of a critical angle. As the aqueous sample buffer has a significantly lower refractive index than the immersion
oil, the excitation beam cannot pass through the sample-glass interface at this angle, and is instead reflected
back to the objective. A subsequent evanescent wave transmits beyond the sample-glass interface and decays
exponentially. In a typical TIRF setup, this enables excitation of fluorescent molecules within a very narrow field
of approximately 100 nm above the coverglass slide and minimizes background signal from molecules in solution.
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indices ny and nj, the angles of incidence 6; and refraction 8, of light that passes through the
interface is determined by Snell’s law:

nlsin(Gl) = nzsin(eg) (24)

If n; > ny and the incidence angle 0, is increased, the refractive angle 6, increases more quickly.
The critical angle 0, is defined as the incident angle when the refractive angle is 90°, at which
point no light is transmitted through the interface. By solving for 6; when 6, = 90°, Snell’s law
can be rearranged to give the critical angle:

0, = 0, = arcsin (E) (2.5)

ni

If the 6 > 6, the excitation beam can achieve total internal reflection within the coverglass
slide. The excitation beam is able to readily pass through the oil-glass interface at this angle,
as the oil has a high refractive index matched to the refractive indices of the coverglass slip
and microscope objective. However, the low refractive index of the aqueous solution prevents
propagation of the excitation beam through the sample-glass interface, and the beam is instead
reflected back to the objective. A subsequent evanescent wave transmits beyond the sample-
glass interface, which is able to excite fluorescent molecules within its range. As the evanescent
wave decays exponentially from its plane of origin, only molecules within a very limited field
of approximately 100 nm from the coverglass surface are efficiently excited. This presents
a major advantage of minimizing background signal from fluorophores in solution, thereby
enabling precise imaging of molecules within a narrow excitation volume. This technique has
been a valuable asset in systems that normally suffer from high background signal, including
whole-cell imaging [80, 81, 84, 85] and single-molecule fluorescence studies [82, 86, 87].

Forster resonance energy transfer (FRET) occurs between two nearby fluorescent molecules
- a donor and an acceptor (Figure 2.4). The donor molecule is first excited by incoming photons.
From this excited state, the donor molecule then relaxes by transferring energy to a nearby
acceptor molecule via nonradiative dipole-dipole coupling, rather than emitting the energy
as a photon. The acceptor molecule is then excited to a higher energy state and releases a
photon of higher wavelength as it relaxes. Importantly, as dipole-dipole coupling potential
decays exponentially with distance between the donor and acceptor molecules, FRET can only
efficiently occur between molecules within approximately 10 nm or less of each other and in
an amenable orientation. Additionally, the emission spectrum of the donor and absorption
spectrum of the acceptor must have significant overlap in order to produce efficient FRET
[82, 88]. The strict requirements to achieve FRET of the donor and acceptor pair make this
detection method highly selective for specific fluorescent molecules of interest within close
proximity of each other, enabling FRET to be used as a kind of molecular ruler for systems that
may adopt several conformational states [89, 90].
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Figure 2.4: Jablonski diagram illustrating the principle of FRET-based fluorescence. (a) FRET occurs as nonradia-
tive energy transfer via dipole-dipole coupling between two nearby fluorescent molecules. A donor molecule
first absorbs incoming light and is excited to a higher energy state. As the donor molecule relaxes, it transfers
the energy to a nearby acceptor molecule rather than emitting another photon. The excited donor molecule then
fluoresces as it relaxes, releasing a photon of significantly higher wavelength than the initially absorbed photon.
(b) A commonly implemented FRET pair consists of Cy3 as the donor and Cy5 as the acceptor, whose respective
emission and absorption spectra have sufficient overlap for FRET. As dipole-dipole coupling potential decays
exponentially with distance between the donor and acceptor, FRET is limited to molecules within approximately

10 nm or less of each other.
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2.4 Single-Molecule Cut-and-Paste

Bottom-up assembly of biological structures is a key pursuit of nanoscience. With alluring
potential applications in diverse fields across basic research, industry and medicine, many
elegant solutions to this challenge have been devised in recent years.

For example, the creation of engineered protein modules demonstrates a means of di-
recting molecular segregation via cell membrane-like structures [91]. Arguably the most
widely-implemented programmable biological assembly technique to date is DNA origami
[92-94]. Originally conceived of in the 1980’s [95] and made readily accessible by modern
DNA synthesis, DNA origami is the self-assembly of DNA structures in a variety of shapes and
sizes based on specifically designed complementary single DNA strands. DNA origami has
long been established as a proof-of-principle, primarily in the creation of remarkably intricate
structures. However, recent efforts within this field have focused on developing DNA origami
as a functional tool for e.g. activated drug delivery [96] and as a scaffold to arrange molecules
of interest for spatial organization studies [94, 97].

In contrast to self-assembly of nanostructures, directed assembly offers the possibility of
absolute spatial control of molecules of interest. Single-molecule cut-and-paste (SMC&P) -
which combines bottom-up assembly with remarkable control on the level of single molecules
- utilizes the AFM as a tool for molecular positioning rather than solely as a tool for force
spectroscopy. In principle, molecules that are noncovalently immobilized in a so-called "depot”
area on a glass surface are first picked up by the cantilever. The cantilever then travels to a
different area on the glass surface and the molecules of interest are deposited in a so-called
“target” area. As the precision of placement is determined by instrument, piezo stages with
accuracy on the order of 10 nm are implemented for lateral positioning control. This process is
repeated potentially hundreds of times in a row, with the cantilever picking up fresh molecules
from the depot and placing them in new locations in the target (Figure 2.5). The resulting
pattern of arranged transfer construct molecules is imaged with TIRF microscopy (Figure 2.6),
thereby confirming robust and precise placement of molecules on a surface.

This system presents several strict prerequisites. First and foremost, the transfer construct
must be specifically immobilized to the surface and cantilever in order to control the pulling
geometry as well as most probable rupture force. Secondly, this system critically relies on a
programmable rupture force hierarchy. The most probable rupture force between the transfer
construct and the depot area (Fp), cantilever handle (F¢) and target area (Fr) must be tuned
such that Fp < Fc < Fr. This enables the probabilistic yet reliable sequential transfer of the
construct from depot to cantilever to target. Lastly, the transfer construct requires a fluorescent
label, e.g. a synthetic fluorophore, or domain, e.g. GFP, in order to image the pattern with TIRF
microscopy, although this is independent of the transfer process.

SMC&P has previously been successfully carried out with a variety of immobilization and
handling strategies and fluorescent imaging strategies. While the first published SMC&P exper-
iment was relatively simple in design with fluorescently labeled DNA [98], SMC&P schemes
have grown to include functional DNA-RNA hybrid aptamer assembly [1], nanoparticle self-
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Figure 2.5: Schematic of the principle of SMC&P. (a) A transfer construct is designed and expressed with tags or
domains that specifically bind to a cantilever handle as well as surface-immobilized molecules in the depot and
target areas. The most probable rupture forces between the transfer construct and the depot area (Fp), cantilever
handle (F¢) and target area (Fr) are established experimentally via SMFS. (b) A force hierarchy governs the
repeatable transfer of molecules in SMC&P. The force hierarchy is tuned such that Fp < F¢ < Fr. The cantilever
tip approaches the depot area, which allows the cantilever handle to strongly bind a surface-immobilized transfer
construct (1). Retraction of the cantilever tip pulls a transfer construct from the surface by rupturing its bond with
the depot area (2). The loaded cantilever with transfer construct cargo travels to the target area and approaches the
surface, allowing the noncovalent bond with the target area to form (3). The cantilever again retracts, rupturing the
bond between the cantilever handle and the transfer construct. Having deposited a molecule with high precision
in the target area, the unloaded cantilever travels back to the depot area to start a new SMC&P cycle (4).

Figure 2.6: Fluorescently labeled DNA arranged by SMC&P. Single-stranded DNA modified with the fluorophore
Atto-647N was specifically immobilized on the surface and handled by the cantilever via complementary DNA
sequences. The molecules were arranged over hundreds of transfer cycles in the pattern of the Kavli Foundation
logo (red), a sloth hanging from a branch (orange), and a dinosaur (green). The images are composed of 20 stacked
frames from TIRF microscopy acquisition (0.12 s exposure time at ~ 10 W/cm? with red laser excitation.
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assembly [99], protein-DNA hybrid assembly [86, 100, 101], and assembly within nanoapertures
of zero mode waveguides [2]. Most recently, SMC&P schemes with a new cantilever handling
strategy [102] and an entirely DNA-free SMC&P system [103] were successfully implemented,
which are discussed at length in Chapters 7 and 8, respectively.

As was initially envisioned for SMC&P, a paramount goal of the development of this
technique is the incorporation of enzymes in the transfer construct, and the subsequent live
imaging of catalytic turnover via fluorescent products. Similar to SMES, SMC&P offers a unique
opportunity to observe single-enzyme behavior and assess the distribution of behavior in
contrast with ensemble averaging. Moreover, the precise spatial positioning of SMC&P enables
assembly of enzyme networks in various geometries and two-dimensional densities.

2.5 Microfluidics

When working with extremely small volumes or small surface areas, it is often advantageous
to design microfluidic systems to facilitate proper surface functionalization with high precision.
A common strategy is to affix a polydimethylsiloxane (PDMS) chip to a glass surface and use
a pump or vacuum system to apply molecules of interest to the sample channels. Extremely
complex microfluidic chips have been designed that also include a series of control channels
that close or open valves in the sample channels [104].

Such a strategy has proven exceptionally useful in SMC&P (Figure 2.7). As a high flux of
buffer can be pumped through the channels with minimal user intervention, the surface can be
both better and more easily washed after applying molecules of interest. This is of particular
interest especially in the case of fluorescent molecules that create increasing background signal
buildup over time from initial nonspecific adhesion to the depot area followed by dissociation
and re-association in the target area. Additionally, by designing the depot and target areas
within a relatively small distance of each other, the cantilever travel distance is minimized and
any effects of a tilted surface on z-piezo travel distance are limited. Moreover, in the years
when SMC&P was first developed, the lateral piezo stage of the hybrid TIRF/AFM setup had
a limited range of 100 pm, therefore necessitating a means of functionalizing the depot and
target areas within a few micrometers of each other.

However, as the technical aspects of the TIRF/AFM setup have been improved, the lateral
piezo stage range has been enhanced to now travel distances of 1 - 2 cm, allowing a much greater
surface area to be sampled. This in turn allows for a much thicker PDMS barrier between
the channels. With the increased surface area between the barrier and the glass surface,
the likelihood of a leak between the channels is reduced, thereby improving experimental
throughput of this technique.
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Figure 2.7: Surface preparation with a microfluidic system. Channels are assembled on the surface to minimize
the travel distance of the AFM head. A PDMS chip with a reverse-mold of the channel design is affixed to the glass
surface with inlet- and outlet-cannulas inserted to intersect with the channels. Additionally, the inlet cannulas are
connected to fresh pipette tips via flexible tubing, and the outlet cannulas are connected to a peristaltic pump
via flexible tubing. Various liquid samples containing the depot or target anchor molecules, transfer construct,
passivation agents, or wash buffer are applied to the inlet cannulas and pumped through the channels with the
peristaltic pump system. After the surface is prepared, the PDMS system is removed and the surface submerged in

buffer. The AFM cantilever is free to interact with both channels, which are typically on the order of 200 pm wide
with a 50 um barrier in between.
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2.6 Streptavidin and Strep-Tactin in SMFS

The homotetrameric, tetravalent protein streptavidin (SA) from the bacterium Streptomyces
avidinii binds with remarkably high affinity to biotin, a small molecule commonly found in
biological systems, with measured dissociation constant K4 on the order of 1 X 1074 m. As one
of the longest-lived noncovalent bonds found in nature to date, this system quickly became
a subject of great interest as both a model system of noncovalent interactions as well as a
practical tool in bio-related fields [105, 106].

Moreover, extensive research and development of the SA-biotin system has yielded new
ligands and engineered variants of SA. The Strep-Tag II (SII) tag (WSHPQFEK) - an improved
version of its predecessor Strep-Tag - was developed as a short peptide ligand of SA [107] and
is commonly used as a purification tag when fused to a protein of interest [108]. Strep-Tactin
(ST), an engineered variant of SA with improved affinity for SII, was likewise developed to
improve utility of this system [109]. From an investigative perspective, the Strep-family of
interactions has been probed thoroughly using many techniques in order to understand how the
two molecules form such a strong binding pair. Crystallographic analysis [110, 111], molecular
dynamics simulations [112, 113], and single-molecule force spectroscopy [49, 63-65] have all
readily been undertaken in order to elucidate the biophysical principles behind this system.

Despite the prevalence and robustness of SA and ST, the tetravalency exhibited by both of
these complexes is disadvantageous in the context of single-molecule probing. For example,
in AFM-based SMFS with wildtype SA or ST immobilized to the cantilever, there is a high
probability to probe multiple molecules on the surface. Hence, only a very small fraction of the
resulting data likely represents truly single-molecule interactions, thereby limiting the amount
of usable data. Thus, optimized application of the Strep-family of molecules in single-molecule
studies requires improved stoichiometric control of ligand binding.

A heterotetrameric, monovalent version of Strep-Tactin (mST) was introduced and imple-
mented in AFM-based force spectroscopy by Baumann et al.. As the single functional subunit
of mST is also responsible for covalent immobilization via a reactive terminal cysteine, mST
enabled single-molecule probing in a well-defined geometry [69]. Interestingly, it was also
found that the specific pulling geometry of SII strongly affected the rupture force distribution;
SII fused to the N-terminus of a domain of interest resulted in significantly lower forces than a
C-terminally fused tag. In this work, an N-terminally fused SII enabled specific handling in a
lower force regime with a mST-functionalized cantilever. Similarly, a heterotetrameric, mono-
valent variant of streptavidin (mSA) that retained its high affinity for biotin was previously
developed by Howarth et al.[114] This heterotetrameric variant was subsequently implemented
in single-molecule force spectroscopy by Sedlak et al. [49] where it was discovered that the
pulling geometry of mSA strongly influences the rupture force distribution [113]. Reminiscent
of the behavior of SII, N-terminally anchored mSA (N-mSA) unbinds from biotin at significantly
lower forces than C-terminally anchored mSA (C-mSA). Further development of streptavidin
produced a stable monomeric, monovalent variant (mcSA2) [115]. Bauer et al. subsequently
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employed a fusion of mcSA2 and ddFLN4 in AFM-SMFS, where the ddFLN4 motif served both
as a solubility enhancer and a fingerprint domain.

In addition to SMFS-focused AFM applications, monovalent Strep-proteins have also lent
themselves to SMC&P for precise positioning of molecules of interest on a surface. mST was
used as a cantilever handle for SII-tagged transfer constructs [102], and the geometry-dependent
rupture forces of mSA were utilized to form a low-force N-mSA depot area and a high-force
C-mSA target area [103].
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Enzymes of Interest

Overview

The work presented here concerns itself with select enzymes of interest. To that end, this
section seeks to provide pertinent background information to contextualize these enzymes and
why they are broadly of interest for researchers.

In general, the selected enzymes have been already extensively investigated from many
perspectives, and have many shared advantageous characteristics. Primarily, the exhaustive
volume of research conducted previously helped to inform proper protocols for expression,
handling and testing. The following enzymes are also monomeric and do not require special
molecular chaperones for expression in B-strains of Escherichia coli. Furthermore, all enzymes
participate in reactions that have fluorescent or luminescent products - either through their
fundamental function as with luciferases or by design as with enzymes that could (but do not
necessarily) interact with fluorescently-labeled DNA. This is essential to TIRF-based readout of
SMC&P.

3.1 PfuDNA Polymerase

All organisms with the exception of retroviruses store their genetic information in the form of
DNA. Genome replication is a highly coordinated process involving dozens of enzymes, each
with their specific roles to play in copying and repairing DNA.

During cell replication, the entire genome must be efficiently replicated with very low error
rate. In both bacteria and eukaryotes, this task is typically split between several iterations of
DNA polymerase - the enzyme primarily responsible for producing a new strand of DNA based
on a template strand. This process occurs simultaneously for both strands in the double-helix,
resulting in two helices each composed of a template and a newly replicated daughter strand.



34 3. Enzymes of Interest

Importantly, all known polymerases require an RNA or DNA primer in order to synthesize
anew DNA strand from a template. In cells, this is accomplished by a primase, a sort of de novo
polymerase that is incredibly slow and error-prone. Primase first creates a short RNA primer.
After it dissociates, an elongation-specializing DNA polymerase is then able to begin rapid and
accurate DNA replication from this primer sequence. The RNA primers are removed, leaving
gaps in the daughter strand. A repair-specializing DNA polymerase fills in the gaps, and DNA
ligase repairs the nicks, resulting in a double-stranded helix.

In addition to DNA replication, polymerases often possess exonuclease activity. This ability
to excise the terminal nucleotides of a DNA strand - especially in the 3° — 5’ direction - is
crucial for proofreading, as all polymerases have some associated error rate [7].

Research into DNA polymerases is of great interest in biotechnology, especially with regards
to advances in polymerase chain reaction (PCR) strategies. Originally developed in 1983, PCR
has become one of the powerful and ubiquitously-used techniques in molecular biology [116].
Using a thermostable DNA polymerase, stretches of DNA may be amplified exponentially in an
in vitro environment with only the addition of free nucleotides and short single-stranded DNA
primers. The temperature-dependent melting and annealing of DNA is used to accomplish what
is normally carried out by DNA helicase and DNA primase in vivo, and the thermostability of
the DNA polymerase is suited to catalyzing the reaction under the elevated temperatures.

One of the most prominent wildtype thermostable DNA polymerases that has been widely
implemented in PCR and other DNA replication techniques is Pfu DNA polymerase (Pfu DNAP)
from the thermophilic archaeon species Pyrococcus furiosus. Compared to similar thermostable
polymerases such as Tag DNA polymerase, Pfu DNAP has the lowest measured error rate,
making it ideally suited to exactly amplifying DNA of interest [117].

DNA polymerases have undergone extensive mutagenesis and optimization research, and
several biotechnology companies offer proprietary novel polymerases composed of domains
from disparate sources that are exceptionally well-suited for PCR (e.g. Phusion and Q5 DNA
Polymerase PCR systems). Similarly, there is great interest in developing DNA polymerases that
can better tolerate the incorporation of non-canonical nucleotides. This is especially important
in applications of DNA labeling with modified bases.

Recently, a variant of Pfu DNAP that is capable of incorporating specific labeled nucleotides
was developed using rigorous directed evolution [118]. Pfu DNAP was strategically evolved us-
ing compartmentalized self-replication - a specialized self-evolution developed for polymerases.
The polymerase amplifies its own sequence, which is then transcribed and translated in vitro,
and the newly-translated enzyme contributes further to the sequence amplification. As the
reaction volume is increasingly shifted to target conditions, only mutants that are functional
under those conditions will replicate their own sequences to continue DNA amplification and
protein expression. Thereby, it is possible to select for polymerase mutants that are functional
under the desired conditions. In this particular case, canonical unlabeled nucleotide dCTP was
substituted with Cy3- and Cy5-modified dCTP - two substrates that wildtype Pfu DNAP is
unable to incorporate.
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Figure 3.1: Structure of evolved Pfu DNA polymerase E10. The polymerase (green and blue spectrum) catalyzes
DNA replication in the 5° — 3’ direction. In order to bind and replicate the template strand (dark gray), Pfu-E10
requires a double-stranded primed sequence (orange). At the 3’ terminus of the growing strand, the polymerase
attempts to match free nucleotides (magenta) with the next nucleotide of the template strand. When a fit is
achieved, the polymerase catalyzes the formation of a phosphodiester bond of the growing DNA oligomer. This
evolved mutant possess the additional ability to incorporate Cy3- and Cy5-labeled dCTP nucleotides - substrates
that wildtype Pfu DNAP is unable to use. || Pfu-E10 evolved polymerase PDB ID: 4AIL. DOI: 10.2210/pdb4AIL/pdb.
|| Wynne, S., Pinheiro, V., Holliger, P., Leslie, A. G. W. Structures of an Apo and a Binary Complex of an Evolved
Archeal B Family DNA Polymerase Capable of Synthesising Highly Cy-Dye Labelled DNA. PloS ONE, 8(8):€70892,
2013.
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First, three point mutations were strategically introduced to the polymerase to disable the 3’
— 5’ exonuclease activity and uracil-stalling functions, thereby making the polymerase more
error-prone and increasing the mutation rate of its replicants. This Pfu DNAP mutant then
amplified its own sequence with increasing concentrations of Cy-dye labeled dCTP, and mutants
were screened in two steps. The best-evolved mutant E10 (Fig 3.1) remarkably demonstrated an
ability to incorporate the Cy-dye labeled variants of dCTP just as efficiently as unlabeled dCTP.
Thus, Pfu-E10 generated large DNA fragments up to 1 kb with all dCTP bases substituted with
Cy3- or Cy5-labeled dCTP. Moreover, it was also demonstrated that the expanded substrate
palette of Pfu-E10 was limited to the Cy-dye nucleotides rather than the polymerase simply
having no selectivity for its substrates [118]. The solved crystal structure of Pfu-E10 illuminates
some of the modified ways in which the polymerase interacts with its DNA and nucleotide
substrates [28].

Impressively, the E10 mutant contains only five additional point mutations, meaning it
deviates from the wildtype Pfu DNAP by only eight residues. This discrepancy is an exemplary
demonstration of how small changes to the primary structure of a protein can have significant
effects in the folded tertiary structure and hence the protein’s function.

3.2 T7 RNA Polymerase

In most organisms, genomic DNA is used as a template for RNA transcription. This task is
carried out by RNA polymerases, which respond to biochemical cues and specific promoter
sequences to bind a DNA template and catalyze the polymerization of an RNA oligomer in
the 5° — 3’ direction. This step is essential for the production of messenger RNA - which
subsequently provides a template for protein translation - as well as many subclasses of more
recently-discovered small RNA oligomers [7].

Bacteriophages are specialized viruses that prey on bacteria cells. They rapidly infect a
host cell and take advantage of the biochemically rich environment to copy their genome and
produce new virus particles. Following massive bacteriophage reproduction, the host cell may
be immediately lysed in order for the newly-produced virions to continue infection of other
cells and begin the cycle anew. Alternatively, the virus may remain dormant in the host cell
where its genome is integrated with the host DNA or established as a plasmid [119].

A key asset that enables bacteriophages to rapidly reproduce is a repertoire of highly efficient
and relatively simple replication and gene expression machinery. One enzyme in particular
that has gained exceptional attention is RNA Polymerase of the T7 phage (T7 RNAP) [120].
This enzyme is responsible for catalyzing the synthesis of RNA from a double-stranded DNA
template (Figure 3.2). Transcription is initiated when the polymerase binds to a specific promoter
sequence. T7 RNAP then melts the two DNA strands in order to read the individual nucleotides
on the template strand. The enzyme additionally binds free ribonucleotides in solution and
attempts to match them with the next base in the DNA sequence. When complementary
bases align, T7 RNAP catalyzes the polymerization of the nascent RNA strand with the new
nucleotide, and repeats the process for each successive template base.
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Figure 3.2: Structure of T7 RNA Polymerase bound to a DNA template. The 99kDa T7 RNA poly-
merase enzyme (dark blue) binds a double-stranded DNA template (yellow) in a large binding cleft and cat-
alyzes the production of single-stranded RNA (light blue) from the template. || Image created by Thomas
Splettstoesser and used with permission under the Creative Commons [By Thomas Splettstoesser [CC BY-SA 3.0
(https://creativecommons.org/licenses/by-sa/3.0)], from Wikimedia Commons].
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Figure 3.3: ¢$10 promoter sequence of T7 RNA Polymerase. The promoter is divided into two regions, each
partially responsible for RNA transcription. The binding domain is essential for recognition by T7 RNAP. The
initiation domain is responsible for commencing transcription, and T7 RNAP is especially sensitive to mutations
in this domain. Importantly, there is a strong preference for a G nucleotide in the +1 position.

Soon after its discovery and isolation in 1970, T7 RNAP became a focus of studies as a
model enzyme and prominently lent itself to applications in biotechnology. T7 RNAP possesses
several traits that make it an exceptionally useful tool. First and foremost, T7 RNAP consists of
a single 99 kDa protein that is sufficient to execute all steps of transcription. No other proteins
are required for initiation, elongation or termination. This is in stark contrast to most other
eukaryotic and even prokaryotic RNA polymerases that are composed of multiple subunits.
Its monomeric quality negates the need for quaternary structure formation and hence greatly
simplifies recombinant expression and purification compared to multimeric RNA polymerases.

Additionally, T7 RNAP exhibits unusually high specificity for a conserved promoter se-
quence (Figure 3.3). Even so much as a single nucleotide polymorphism in the promoter region
can nearly completely suppress transcription [121]. This makes the T7 RNAP system especially
advantageous for recombinant protein expression systems, as T7 RNAP requires exactly this
sequence and will not engage in so-called "leaky” transcription of unintended DNA targets.
Similarly, T7 RNAP adheres very tightly to small group of transcription terminator sequences,
which decreases the likelihood that a random DNA sequence within a gene of interest will
prematurely provoke termination. The rigid DNA sequence requirements of T7 RNAP allow
researchers exquisite control over recombinant gene expression.

Lastly, transcript elongation under T7 RNAP is especially fast and reliable. T7 RNAP is
approximately five times faster than E. coli RNA polymerase and can synthesize RNA molecules
thousands of bases long without dissociating from the DNA template and hence prematurely
terminating transcription. The combination of these properties make T7 RNAP an indispensable
tool for both in vivo and in vitro gene expression.

Extensive studies have investigated the biophysics behind this remarkable enzyme. Of
particular note, the kinetics of promoter binding and transcription initiation from a biochemical
perspective have been a major focus [122-125]. Understanding the mechanism by which T7
RNAP operates offers not only the possibility to improve the function of the enzyme, e.g. with
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directed evolution, but also to understand RNA transcription in a broader sense with T7 RNAP
as a model polymerase.

Crystallographic structural studies of T7 RNAP bound to the promoter under different
conditions similarly expand an understanding of the enzyme’s action [24, 27]. For example,
Kennedy et. al examined the crystallized polymerase bound to a DNA promoter strand both
with and without free nucleotides bound in the active site. Notably, nucleotide binding in the
initiation phase has distinct mechanism from the elongation phase. The structures revealed
a crucial DNA melting step mediated by the binding of two initiating GTP nucleotides to
stabilize the open promoter in the initiation complex [27]. This observation provides an elegant
explanation for a long-known feature of the T7 RNAP promoter sequence that the polymerase
has a strong bias for a GTP at the +1 position of the nascent transcript [126].

Force spectroscopy has also been a helpful tool in characterizing this enzyme, especially
with regards to DNA interactions. Studies utilizing magnetic tweezers [127] and optical
tweezers [128] have investigated proposed mechanisms of T7 RNAP transcription initiation
and found support for the ”scrunching” model, where T7 RNAP exerts a force on downstream
DNA to unwind the duplex and pull itself forward. The atomic force microscope was also
used to probe the rupture force between T7 RNAP and DNA promoters of various sequences.
The most probable rupture force appeared to be correlated with promoter strength with the
®10 consensus sequence having the highest rupture force, thus offering a potential means of
screening promoter sequences [129].

Ongoing efforts from diverse fields continuously add to a comprehensive understanding
of this enzyme. These developments enhance its utility as a tool of biotechnology as well as
a model enzyme. Implementation of T7 RNAP in a single-molecule analysis technique such
as SMC&P would potentially bridge the gap between bulk kinetic assays and single-molecule
force spectroscopy, thereby revealing a more complete understanding of this enzyme.

3.3 DNA Ligases

DNA repair is crucial to the longevity of genetic information across many generations of cell
replication. Even without the effects of external damage sources such as UV light or heat,
DNA routinely requires nick repair. For example, genomic DNA replication generates a series
of fragmented DNA sequences in the lagging strand. These relatively short oligomers are
bridged by the complementary template strand, making a nicked double-stranded DNA duplex.
Although the DNA sequence may be technically complete on both strands, the nicks must be
repaired to ensure duplex rigidity and stability [7].

The majority of DNA repair is handled by DNA ligase, a large class of enzymes found in all
organisms that catalyze the formation of the phosphodiester bond in the DNA backbone between
two adjacent nucleotides. Unlike polymerases, DNA ligases cannot add single nucleotides to
a growing DNA strand. Rather, they sense nicks or breaks between DNA that is otherwise
already double-stranded and join the 3°’OH and 5’PO, termini of the two DNA fragments.
Furthermore, ligases require a source of chemical energy in the form of an energy carrier;
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DNA ligases from eubacteria employ oxidized nicotinamide adenine dinucleotide (NAD") as a
high-energy cofactor, while most other species - eukaryotic, viral and archaebacterial - use
adenosine triphosphate (ATP).

Although there is limited sequence homology across all ligases, there exist some charac-
teristics that appear to be well-conserved. From a structural perspective, all ligases contain
at the minimum a nucleotidyl transferase (NTase) domain and an oligonucleotide binding
(OB) domain. The NTase domain comprises the primary catalytic site and contains the critical
conserved lysine residue where self-adenylation occurs. The OB domain is required for DNA
binding and polynucleotide recognition, as well as self-adenylation [130, 131].

Moreover, all ligases obey the same general catalytic mechanism. First, the ligase binds
the energy carrier and catalyzes a self-adenylation reaction. Interestingly, this step occurs at a
universally conserved lysine residue in the catalytic site. The activated enzyme then binds the
damaged DNA, and transfers the adenylyl group from the active site to the 5° terminus of the
nick. Finally, the ligase catalyzes the 3°OH terminus nucleophilic attack on the 5’"PO,4 terminus,
thereby ligating the DNA and releasing AMP [23, 26, 130-134]. The mechanism of DNA nick
repair by NAD™- ligases can be presented schematically with:

E + NAD" = E-NAD" — E,, + NMN"* (3.1)
E,s + DNA, = E,,-DNA, — E-DNA_,

E-DNAp s + DNAgy = E- [DNAppA + DNAGy] — E + DNAy + AMP

The ligase enzyme (E) binds NAD" and catalyzes a self-adenylation reaction to covalently
join a conserved lysine residue with the adenylyl moiety (Eys) and releases nicotinamide
mononucleotide (NMN™). The adenylated enzyme binds the DNA at the 5’PO, of the nick
(DNA,) and transfers the adenylyl group (DNApp4). Finally, the ligase catalyzes the nucleophilic
attack from the 3’0OH terminus of the nick (DNApy) to the adenylated terminus, thereby
reforming a phosphodiester bond in the double-stranded DNA (DNA ) and releasing adenosine
monophosphate (AMP).

Mechanistically, DNA repair by ATP-dependent ligases is very similar, with the exception
of the first step; the ligase binds ATP and the self-adenylation reaction releases inorganic
phosphate (PP;):

E + ATP = E-ATP — E, + PP, (3.2)
Eps + DNA, = E,,-DNA, — E-DNA,

E-DNA s + DNAgy == E- [DNAppA + DNAQy] — E + DNA4 + AMP

Most DNA ligases are limited to sealing single-strand breaks in DNA, as with nicked
DNA or sticky-overhang cohesive DNA. However, in the presence of high concentrations of
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polyethylene glycol (PEG) or other crowding agents, a subset of ligases - in particular T4 DNA
ligase - can ligate blunt-end DNA breaks [134, 135]. DNA ligases are also generally unable to
ligate single-stranded DNA fragments, RNA strands, and DNA-RNA hybrid duplexes.

E. coli DNA Ligase (LigA) (Figure 3.4) is an NAD*-dependent monomeric domain of 74 kDa.
Genomic analysis of other species of bacteria has revealed that all species sequenced so far
encode similar NAD"-dependent ligases with a typical amino acid sequence identity of 35 - 50%.
Additionally, crystal structures of DNA ligases from several other bacteria have been solved
and display high degree of structural homology with LigA. Considering the similarities of LigA
with other ligases analyzed so far, there is strong evidence to suggest that DNA ligases across
most - if not all - species of bacteria possess comparable structures based on several conserved
protein folds [132, 133].

Bacteriophage genomes encode relatively small but crucial DNA ligases. As with all ligases,
their primary function is genomic DNA repair, especially during replication. Their fast activity
and small size offer several advantages to laboratory research, thereby making them frequently
the ligases of choice in molecular biology.

The two most commonly used bacteriophage ligases are T4 DNA ligase (T4 DNAL) and
T7 DNA ligase (T7 DNAL). Both ligases readily ligate cohesive DNA ends, and T4 DNAL can
also ligate blunt-ended DNA fragments in the presence of crowding agents such as PEG. These
two ATP-dependent ligases are frequently employed in recombinant cloning to covalently join
DNA sequences from disparate sources.

Compared to bacterial and eukaryotic ligases, bacteriophage ligases are significantly smaller
- 55kDa for T4 DNAL and 41kDa for T7 DNAL. Additionally, both ligases are monomeric,
making them amenable to recombinant expression and purification from e.g. E. coli.

Due to their widespread use in molecular biology and biotechnology, both of these phage
ligases have been the focus of much interest from a perspective of improving their activity and
expression. For example, a chimeric variant of T4 DNAL was designed to have an additional
adenylate kinase domain. This extra domain provided two major advantages over wildtype T4
DNAL. First, the adenylate kinase domain catalyzed the conversion of ADP to ATP - the critically
required energy carrier of the ligase. Therefore, the enzyme could ligate DNA when only
ADP rather than ATP was provided in solution. Secondly, the chimera protein demonstrated
significantly improved solubility and hence purification yield compared to T4 DNAL alone
[136].

While the two ligases have limited amino acid sequence identity, the conserved catalytic
lysine is present in both enzymes. Interestingly, to date there is no available crystal structure of
T4 DNAL due to unsuccessful attempts at crystallization both with and without cofactor bound
[135]. However, the crystal structure of T7 DNAL has been solved, and offers great detail into
the mechanism of ligation for this enzyme [23] (Figure 3.5).

DNA ligases tend to have low tolerance for non-ideal DNA substrates, i.e. DNA that is
mismatched, short, modified or damaged at or near the site of ligation. In a general sense, these
alterations interfere with the binding of the ligase to the DNA substrate. Consequently, the
ligase cannot properly orient the DNA to efficiently catalyze the phosphodiester bond formation.
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Figure 3.4: Crystal structure of E. coli DNA ligase LigA. The 74kDa enzyme utilizes NAD* as a source of
energy to catalyze the repair of nicked DNA. The ligase (blue spectrum) adenylates itself, then transfers the
adenylate (magenta) to the 5’PO,4 terminus of the nicked DNA strand (yellow and orange). The DNA fragments
are bridged by a continuous complementary DNA strand (dark gray). The ligase finally catalyzes the 3’ terminus
nucleophilic attack on the 5’ terminus, thereby repairing the DNA backbone and releasing AMP. The structure
above shows LigA bound to the adenylated DNA intermediate. || E. coli DNA ligase LigA PDB ID: 20WO. DOI:
10.2210/pdb20WO/pdb. || Nandakumar, J., Nair, P., Shuman, S. Last Stop on the Road to Repair: Structure of E.
coli DNA Ligase Bound to Nicked DNA-Adenylate. Molecular Cell, 26(2):257-271, 2007.
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Figure 3.5: Crystal structure of T7 bacteriophage DNA ligase. The enzyme T7 DNAL (blue spectrum) utilizes ATP
(magenta) as a source of energy to catalyze the repair of nicked DNA. || T7 bacteriophage DNA ligase PDB ID: 1A0L
DOI: 10.2210/pdb1A0I/pdb. || Subramanya, H., Doherty, A., Ashford, S. Crystal Structure of an ATP-Dependent
DNA Ligase from Bacteriophage T7. Cell, 85(4):607-615, 1996.

Extensive research has been conducted to investigate and compare the tolerances of different
ligases. For example, DNA ligase from the thermophilic bacterium Thermus thermophilus
displays significantly decreased catalytic efficiency when ligating nicked DNA with an octameric
3’0OH terminal strand and displayed no detectable ligation activity of an hexameric 3’OH
terminal strand. In contrast, T4 DNAL and T7 DNAL were demonstrated to efficiently ligate
the hexameric 3°OH terminal strand, demonstrating that the bacteriophage ligases have higher
tolerances for short DNA [137].

The discrepancy in tolerance for DNA substrates between bacterial and bacteriophage
ligases is largely attributed to their sizes. The length of DNA at which a DNA-binding protein
adheres is referred to as its “footprint”. Within this stretch of DNA, DNA-binding proteins
tend to be highly selective of their substrates. Hence, a smaller footprint enables a protein to
bind more diverse DNA sequences that might be prohibitive for proteins with larger footprints.
LigA has an estimated DNA footprint of 19 bp [133]. The significantly smaller bacteriophage
ligases correspondingly have smaller estimated footprints, with T4 DNAL at 11 bp [138] and
T7 DNAL at 12-14bp [131]. Compared to bacteriophage ligases, LigA is much more sensitive
to DNA modifications or basepair mismatches close to the cite of ligation.

Ligases are indispensable tools in modern molecular biology. Additionally, they provide
a unique opportunity to explore the relationship of structure and function. This is primarily
informed by their highly conserved catalytic lysine, mechanism of action and basic domain
structure across all forms of life. Numerous biochemical and biophysical disciplines contribute
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valuable insight to this broad class of enzymes. This is of special relevance in cases where no
crystal structure is available (as with T4 DNAL). Further investigation from diverse perspectives
into ligases can elucidate more about their mechanisms of action.

3.4 Luciferases

Bioluminescence - or the ability to produce light from biomolecules without the addition of
an external light source - is used by many species from diverse corners of the phylogenetic
tree, including some bacteria, insects, fungi and marine invertebrates. The biological roles of
bioluminescence varies from species to species, and includes predation, mate attraction, and
inter-organismal signaling.

In a general sense, bioluminescence results from a chemiluminescent oxidation reaction
between an enzyme and its corresponding substrate. The reaction that is observed in the
abdomen of the click beetle genus Elateridae was first identified by the french pharmacologist
Raphael Dubois in 1885, who termed the enzyme responsible for the reaction “luciferase” and
its corresponding substrate that is consumed in the reaction “luciferine”. Although initially
these terms referred only to these exact molecules, "luciferase” and "luciferin” have become
catch-all terms for the enzyme and substrate, respectively, responsible for a bioluminescent
reaction. Since their initial identification, luciferases and luciferins from dozens of species have
been isolated and characterized [139, 140].

Nearly all identified luciferases and luciferins have very similar chemical mechanisms of
action. The luciferase binds the small luciferin substrate, and catalyzes the oxidation of critical
high-energy bonds within the luciferase. This reaction releases energy, some of which is emitted
in the form of a photon of a particular wavelength that varies from species to species. As it
is an oxidative process, all luciferase reactions require molecular oxygen. Some additionally
require the energy carrier ATP or metal salts as cofactors to catalyze the reaction [140].

Luciferase and luciferase-like activity is reported in proteins originating from myriad species.
Although not technically classified as a luciferase, the enzyme aequorin from the jellyfish
Aequorea victoria possesses similar catalytic abilities; it oxidizes the luciferin coelenterazine to
produce blue light of wavelength 465 nm. In contrast to luciferases, this enzyme stably binds
coelenterazine without catalysis, and only upon activation by calcium ions does it oxidize
its substrate and emit light. Aequorin is naturally closely associated with green fluorescent
protein (GFP) - one of the most rigorously studied and developed molecules over the century -
where the two molecules form a FRET pair. The energy released from aequorin upon oxidizing
its substrate is absorbed by a nearby GFP, which then releases a photon of green light. The
coordination of a luciferase enzyme and a fluorescent protein is well-documented in other
species as well, such as the sea pansy Renilla reniformis [141] and several species of bacteria
[142].

Interestingly, the overall structures of luciferases and luciferase-like photoproteins are not
necessarily highly conserved, although they may catalyze very similar reactions. For example,
aequorin and R. reniformis luciferase (RLuc) both consume coelenterazine as a luciferin substrate,
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aequorin from A. victoria luciferase from R. reniformis

Figure 3.6: Comparison of the crystal structures of aequorin and sea pansy luciferase. Both aequorin from the
jellyfish A. victoria (a) and RLuc from the sea pansy R. reniformis (b) catalyze the oxidation of coelenterazine into
coelenteramide, which releases a photon in the blue spectrum. Additionally, both enzymes closely associate with
a GFP and form a FRET pair. The structures here show the enzymes (rainbow spectrum) bound to analogues of
coelenterazine (dark gray). Notably, 21 kDa aequorin is significantly smaller than 36 kDa sea pansy luciferase, and
displays no stable -sheet secondary structures. || A. victoria aequorin PDB ID: 1EJ3. DOI: 10.2210/pdb1E]3/pdb.
|| Head, J., Inouye, S., Teranishi, K., Shimomura, O. The crystal structure of the photoprotein aequorin at 2.3 A
resolution. Nature, 405(6784):372-376, 2000. || R. reniformis RLuc PDB ID: 2PSJ. DOI: 10.2210/pdb2PS]/pdb. ||
Loening, A., Fenn, T., Gambhir, S. Crystal Structures of the Luciferase and Green Fluorescent Protein from Renilla
reniformis. Journal of Molecular Biology, 374(4):1017-1028, 2007.



46 3. Enzymes of Interest

Figure 3.7: Crystal structure of NanoLuc. The 19kDa NanoLuc engineered luciferase catalyzes the cleavage
of the luciferin furimazine, which produces a photon of emission wavelength 460 nm. || PDB ID: 5IBO. DOI:
10.2210/pdb5IBO/pdb. || Lovell, S., Mehzabeen, N., Battaile, K.P., Wood, M.G., Encell, L.P., Wood, K.V. 1.95A
resolution structure of NanoLuc luciferase.

they emit photons in the blue spectrum, and are naturally closely associated with a GFP. While
the GFP from both species adopts a readily discernible S-barrel conformation containing a
central chromophore, the structure of the luciferases is far less comparable. To illustrate the
diversity of luciferase structures, the crystallographic structures of 21 kDa aequorin and 36 kDa
RLuc are depicted in Figure 3.6. The enzymes possess not only visibly different scaffolds but
also vastly different complements of catalytic residues [141, 143].

Unlike fluorescent proteins - where the lifetime of light production is limited by bleaching
and quenching effects - luciferases produce light via chemiluminescence. In other words,
since light is produced when the substrate is consumed, a single enzyme could continuously
emit light for an indefinite length of time as long as there is ample substrate and the protein
is not destroyed. This facet is especially useful when continuously imaging samples over
timescales that normally bleach fluorophores or fluorescent proteins, or when an application of
an external light source is not possible or practical for the experiment. Additional developments
in biotechnology - especially in recombinant gene technology - have enabled expression of
luciferases across species. This has been instrumental in widely employing luciferases for
diverse applications in biological research. For example, luciferases have been extensively used
to report gene expression, explore cell signaling, investigate protein-protein interactions, in
vivo biolumniescence imaging and biolumniescence-based FRET (BRET).

Directed evolution and mutagenesis studies have improved the qualities of many wildtype
luciferases, often by increasing protein stability and the relative luminescence. NanoLuc is an
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engineered enzyme derived from the luciferase from deep-sea shrimp Oplophorus gracilirostris.
The wild-type luciferase consists of a heterodimeric complex composed of 35 kDa and 19 kDa
subunits. It was determined that the 19 kDa subunit is responsible for the catalytic activity
of the luciferase, although it expresses poorly and is unstable without the 35kDa subunit.
Rigorous mutagenesis and structural optimization of the 19 kDa led to a stable and efficient
luciferase termed NanoLuc for its relatively small size (Figure 3.7). The improved stability
combined with extensive substrate evolution produced a luciferase system of unprecedented
efficiency [140].
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Methods






Molecular Biology and Biotechnology

Overview

Most proteins and enzymes utilized in this work necessitated extensive preparation and devel-
opment of suitable systems to assess their activity. Several unique assays are described in detail,
specifically with regards to incorporating enzyme activity into single-molecule fluorescence
measurements. However for techniques that are widely-used, broad descriptions of the methods
used therein are given here.

4.1 Recombinant Cloning

Genes of interest were arranged in desired sequences and placed into plasmids suited for
replication and protein expression within select strains of genetically engineered E. coli. All
DNA was stored at 4 °C for short-term use or frozen at -20 °C for long-term storage.

4.1.1 Plasmids

The DNA constructs used within this work are based on the pET21a (+), pET28a (+), pGEX6p2,
and pAC4 vectors. The appropriate proteins of interest, purification tags, handling tags, protease
cleavage sites, aptamer sequences, linkers and miscellaneous other sequences were cloned
within the multiple cloning sites of these vectors.

4.1.2 Primary Genes of Interest

The genes of interest presented in this work are derived from several sources. For most genes
longer than approximately 50 nucleotides, DNA was originally commercially synthesized and
delivered either as a linear sequence containing only the gene of interest or embedded in
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a purified plasmid. Two major exceptions are the genes for E. coli DNA Ligase LigA and P.
furiosus DNA Polymerase Pfu DNAP, which were both amplified via PCR directly from the
genomic DNA of the respective species. Shorter sequences were introduced during the cloning
process either by extension-overlap PCR or as double-stranded DNA fragments derived from
complementary synthesized sequences.

The genes for the following proteins were assembled into plasmids via recombinant cloning:

+ PfuDNA Polymerase (Pyrococcus furiosus)

« Pfu-E10 evolved DNA polymerase (Pyrococcus furiosus)

« T7 RNA Polymerase (Bacteriophage T7)

« LigA DNA Ligase (Escherichia coli)

« T7 DNA Ligase (Bacteriophage T7)

« T4 DNA Ligase (Bacteriophage T4)

« NanoLuc evolved luciferase (Oplophorus gracilirostris)

« Superfolder GFP evolved fluorescent protein (Aequorea victoria)

+ ddFLN4 motif (Dictyostelium discoideum) with a key C18S mutation

Additionally, a single-stranded RNA aptamer was previously evolved to bind the chro-
mophore malachite green (MG), which stabilizes the aromatic groups of the chromophore via
intercalation in the binding pocket [144]. The aptamer binds MG with a measured affinity of
800 nMm, and binding of the aptamer to MG is estimated to increase its fluorescence quantum
yield by a factor of 2360 [145].

A 38-nucleotide minimal version of the malachite green aptamer previously employed in
rolling-circle tandem repeat amplification [146] was employed in rolling-circle transcription.
Additionally, this sequence was cloned into the pET21a (+) E. coli amplification vector in
iterations of one, two, and three repeats separated by TC-repeat linker sequences. To ensure
transcription termination and optimum aptamer folding, the MG plasmids were linearized via
restriction enzyme digest.

4.1.3 Tags for Protein Purification and Specific Handling

Several peptide tags were appended to proteins of interest to enable purification by affinity
chromatography:

« The 6xHis tag is a short sequence of six histidine residues that is often appended to the N-
or C-terminus of a protein of interest. Its small size but strong localized charge makes it
a valuable tool for fast purification of many proteins by Nickel-Ion Immobilized Affinity
Chromatography (Ni-IMAC). In this work, the 6xHis tag was coded into the N-terminus
of several constructs.
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+ The Glutathione S-transferase (GST) tag binds with high affinity to glutathione (GSH),
and consequently was utilized in combination with Glutathione Sepharose columns for
high-purity affinity chromatography.

Several short tags and sequences were employed for covalent modification, immobilization,
cantilever handling, or protein modulation:

+ The ybbR tag is a peptide (DSLEFIASKLA) developed as a minimal sequence of a peptide
carrier protein (PCP), a domain that in nature is covalently modified with Coenzyme A
(CoA) by the enzyme Sfp phosphopantetheinyl transferase (Sfp) at a conserved serine
residue [147-149]. While full PCP domains are on the order of 100 amino acids long,
the ybbR tag is significantly shorter and hence more amenable to fusion with a protein
of interest. The protein of interest can then be labeled with CoA and CoA-modified
molecules such as biotin or DNA [86, 102]. Additionally, this tag enables site-specific
covalent surface immobilization of proteins of interest in AFM-based single-molecule
force spectroscopy experiments [47].

A minimal variant of the GCN4(7P14P) peptide fragment, derived from the yeast transcrip-
tion factor GCN4, constituted the GCN4 tag (YHLENEVARLKK) [150]. This tag binds with
high affinity to the C11L34 single-chain variable fragment antibody, thereby providing a
system to handle proteins with an antibody-functionalized cantilever [61, 86, 102].

« The short peptide Strep-Tag II (WSHPQFEK) binds to tetravalent StrepTactin [109] and
monovalent StrepTactin (monoST) [69]. This tag was utilized as a specific pulling handle
for a monoST-functionalized cantilever. Specifically, the low-force pulling geometry has

an expected rupture force in a range compatible with DNA-immobilized molecules in
SMC&P.

+ The prototypical pathogenic adhesin SdrG binds to the 15-amino acid Fgf sequence
(NEEGFFSARGHRPLD) in a "dock, lock, latch” pathway. The mechanical strength of this
adhesion system has been extensively investigated by Milles et al., and it was determined
that the pulling geometry has a dramatic effect on the expected rupture force of this
complex [36]. When N-terminally immobilized SdrG and Fgp fused to the N-terminus of
a protein of interest are mechanically probed, the expected rupture force is compatible
with N- and C-terminally immobilized monovalent Streptavidin in SMC&P.

 The PreScission Protease cleavage sequence (LEVLFQ/GP) was added for controlled
protease cleavage of the purification tag(s) from several proteins of interest. This was
advantageous for removal of large tags (such as a GST tag) or highly charged tags that
could interfere with protein function or binding (such as a 6xHis tag).

« Linker sequences consisting of glycine, serine and alanine repeats were inserted in select
constructs between domains or tags to improve folding or tag accessibility.
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4.1.4 DNA Amplification and Manipulation

An indispensable tool for cloning is polymerase chain reaction (PCR) of DNA sequences of
interest. The technique enables not only exponential in vitro amplification of DNA fragments,
but also modifications such as the addition of small tag sequences to the DNA at the termini of
the sequences.

PCR reactions for subcloning were carried out with commercially-available PCR master-
mixes, specifically the Phusion HF Master Mix and the Q5 HF Master Mix (New England Biolabs,
Massachusetts, USA). Additionally, commercially synthesized DNA primers (metabion GmbH,
Planegg, Germany; Eurofins Genomics GmbH, Ebersberg, Germany) were employed. Template
DNA was derived from various sources, primarily plasmids.

Enzymatic cleavage and re-assembly of DNA for the purpose of recombinant cloning has
undergone extensive research to develop new protocols and optimize existing ones. Genes
of interest were assembled into plasmid vectors through several recombination strategies
according to what was judged to be the most contextually straightforward strategy:.

« Commercially-available restriction enzymes (FastDigest enzymes and buffers, Thermo
Fisher Scientific) were utilized to cut plasmid DNA or PCR products at specific palindromic
sequences, leaving sticky ends of linear DNA that were ligated by commercially-available
T4 DNA Ligase (Thermo Fisher Scientific).

« Recently, an extremely robust novel DNA recombination method was first developed and
described by Daniel G. Gibson [151], and this strategy is hence often referred to as *Gibson
Assembly”. Discrete fragments of DNA are first designed to have overlapping terminal
sequences, and the DNA can be sourced from in vitro PCR products or miniprepped
plasmids. The DNA fragments are then exposed to an exonuclease enzyme that excises a
length of nucleotides at all 5° termini, thereby creating complementary single-stranded
regions of DNA between fragments that allow them to anneal. Any gaps in the excised
DNA are filled in by a DNA polymerase, and the nicks are sealed by a DNA ligase.
In principle, this produces circular plasmids with newly-inserted genes of interest. In
contrast to several other classical cloning strategies, e.g. restriction enzyme-based cloning,
there is the possibility to seamlessly join genes and avoid DNA scars. However, a critical
requirement is that each DNA fragment is long enough that the 5° — 3’ exonuclease
activity will not completely chew through the extent of a sequence. The commercially-
available NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) containing
all required enzymes was utilized in one-step Gibson Assembly of linear plasmid and
PCR product DNA fragments.

 Blunt-ended DNA - such as PCR products - was also directly circularized without the
creation of cohesive sticky ends via blunt-end ligation. The 5’ termini of the DNA
fragments were first phosphorylated by T4 Polynucleotide Kinase (New England Biolabs),
and subsequently ligated by T4 DNA Ligase (New England Biolabs) in the presence of
polyethylene glycol as a crowding agent.
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All recombinant constructs were first sequenced in the multiple cloning site before proceeding
to expression. DNA sequencing was carried out using cycle sequencing technology by Eurofins
Genomics GmbH utilizing standard primers such as T7 (5 TAA TAC GAC TCA CTA TAG GG
3’) and T7 term (5" CTA GTT ATT GCT CAG CGG T 3’), or custom primers for especially long
constructs that required multiple sequencing reactions.

4.2 Bacteria Manipulation

Bacteria cultures provided a simple and cost-effective means of producing large quantities
of plasmid DNA, isolating single products from recombinant DNA cloning, and expressing
proteins of interest. All employed bacterial strains adhere to S1 safety standards for genetically
engineered organisms.

4.2.1 Chemically Competent Bacterial Strains

Several chemically competent K12-strain and protease-deficient B-strain bacteria species were
employed for DNA amplification as well as protein expression.

+ K12 bacterial strains were utilized during the cloning process for plasmid repair and DNA
amplification. In particular, DH5-Alpha cells (Thermo Fisher Scientific) were commonly
chosen for transformation of newly-created plasmid constructs that required repair and
amplification before sequencing. Mach1 T1R cells (Invitrogen, Thermo Fisher Scientific)
were also chosen for their short replication time, enabling rapid growth of cell cultures.

« B-strain bacteria were primarily utilized for T7 expression of proteins of interest. BL21-
CodonPlus (DE3)-RIPL cells (Stratagene, Agilent Technologies) as well as an improved
alternative strain Nico21(DE3) (New England Biolabs) were transformed with sequenced
plasmids containing genes for proteins of interest.

4.2.2 Transformation

Chemically competent cells were transformed with plasmid DNA containing genes of interest
according to a standard protocol.

In brief, shots of chemically competent cells were stored at -80 °C and thawed on ice shortly
before transformation. DNA samples were gently added to the shots and incubated on ice for
approximately 10 min, followed by a heat-shock at 45 °C for 45s. Antibiotic-free SOC growth
medium was added to the cell shots, and the cells were incubated with shaking at 37 °C for up
to 1h to allow the transformed cells to produce the antibiotic-resistance genes encoded in the
plasmids. Finally, cells were plated to LB-Miller agar plates containing growth nutrients as well
as a selective antibiotic and incubated at 37 °C to obtain colonies. Single colonies could then be
picked to grow cultures for miniprep or protein expression.
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4.2.3 Cultures and Growth Media

Cells were grown in various enriched media in volumes ranging from 5 mL to 500 mL according
to the purpose of the cultures.

For the purposes of amplifying plasmid DNA for sequencing, cloning or in vitro transcription
reactions, transformed Mach1 or DH5-Alpha cells were grown in LB-Miller medium containing
50 pg/mL of the appropriate antibiotic - either Carbenicillin or Kanamycin. Cultures of volumes
5mL - 20 mL were incubated at 37 °C with shaking for approximately 12 h. Cultures were then
spun down to separate the cells from the medium. The medium was discarded and the DNA
was isolated from the cell pellet using a QIAprep Miniprep Kit (Qiagen).

Expression cultures of BL21-CodonPlus or Nico21(DE3) cells were first grown as 20 mL
overnight precultures in LB-Miller medium containing the appropriate antibiotic(s) at 37 °C
with shaking. Precultures were then added to larger volumes of expression-appropriate medium
of up to 500 mL total volume also containing the appropriate antibiotic(s). SB medium with the
timed addition of IPTG to a concentration of 1 mm was used for induced expression for several
constructs. Auto-induction medium (Al medium) based on a protocol originally developed
by Studier [152] was used to support high-density growth of expression cultures as well as
enable automatic induction of protein expression based on the cell consumption of nutrients
in solution. A variation of AI medium that omitted lactose was also used. This formulation
supported high-density cell cultures but required the addition of IPTG to 1 mm to induce protein
expression, which was advantageous for proteins sensitive to aggregation or proteolysis.

Following protein expression, cultures were centrifuged to separate the cells from the
medium. The medium was discarded and the cells were either directly resuspended in buffers
for lysis and purification or frozen away as pellets at -80 °C for purification at a later date.

4.3 Protein Purification

Cell pellets derived from expression cultures were lysed using a combination of hypotonic
buffers, gentle detergents, and intensive sonication. Following lysis, the lysate was centrifuged
to separate the soluble and insoluble fractions. The soluble fraction - which normally contained
the protein of interest - was filter-sterilized to remove larger particulates as well as any
microbes. In order to obtain purified and concentrated stocks of the proteins of interest,
several chromatography techniques - namely affinity chromatography - were used to isolate
proteins based on engineered features. Following purification, select fractions for all constructs
were analyzed via SDS-PAGE or native PAGE to isolate the fraction of optimal purity.

4.3.1 Ni-IMAC

Nickel-Ion Immobilized Affinity Chromatography (Ni-IMAC) was the most prominently used
strategy in this work. To this end, proteins of interest were expressed with a 6xHis tag, a series
of six histidine residues that possesses a strong local negative charge. The histidine residues
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Figure 4.1: Purification of a 6xHis tagged protein by Ni-NTA column. The unpurified soluble fraction of the cell
lysate is suspended in a buffer containing low concentrations of imidazole to discourage binding of untagged
proteins to to the Ni-NTA resin. The column is first flushed with the unpurified soluble fraction, which contains
the 6xHis tagged protein of interest as well as natively expressed proteins from the E. coli genome. The tagged
protein binds with high affinity to the column Ni-NTA resin, while most other proteins flow through the column.
The column is washed and then flushed with a buffer containing highly concentrated imidazole. The imidazole
competes with the 6xHis tag for binding to the resin, and the protein of interest elutes with high purity. || Adapted
from: Erlich, K. R. G4b Biophysics Practical Course Script. LMU Miinchen, 2017 (unpublished).

bind with high affinity to nickel ions, thereby immobilizing the tagged protein of interest in a
Ni-NTA sepharose column (HisTrap HP and HisTrap FF columns, GE Healthcare) while most
other proteins flow out of the column. The protein of interest is eluted with the application of
imidazole, a molecule that resembles histidine and competes for binding to the nickel-embedded
resin (Figure 4.1). The elution step may be executed either isocratically to obtain the highest
concentration of protein or in a gradient to obtain more pure fractions of the protein.

The 6xHis tag was also removed from the protein of interest by directed protease cleavage
following Ni-IMAC purification, as the highly charged 6xHis tag can interfere with protein
function. Specifically, the binding of Strep-Tag II to monovalent StrepTactin is significantly
hindered by the presence of a nearby 6xHis tag [69, 102].

4.3.2 Reverse-His Purification

In cases where many contaminating proteins co-eluted with the protein of interest in the
first round of 6xHis tag-based purification, the construct protein could be further purified.
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Following cleavage of the 6xHis tag via directed protease cleavage, several constructs were
again flushed through a Ni-NTA column. In this case, the protein of interest elutes immediately
at low concentrations of imidazole, while contaminating proteins that bind strongly to the
column via charged motifs remain bound. The contaminating proteins can then be eluted later
with high concentrations of imidazole. This offered a simple and fast strategy to increase the
sample purity of 6xHis tagged proteins.

4.3.3 Glutathione S-Transferase

The Glutathione S-Transferase (GST) tag was additionally implemented to achieve exceptionally
high protein purity after one purification step. The GST tag binds with high affinity to glu-
tathione (GSH), which was immobilized in column via sepharose resin (GSTrap HP and GSTrap
FF columns, GE Healthcare). GST tagged proteins were then eluted with high concentrations
of GSH, which competes with the column resin for binding to the GST tag.

Of note, the GST tag is a very large tag with a mass of 26 kDa. Compared to the 6-amino acid
6xHis tag, this purification tag is often less compatible with proteins of interest, especially larger
constructs due to E. coli generally having difficulty with expressing large proteins. Its bulkiness
could also conceivably block binding sites or interfere with protein function. Therefore, the
GST tag was always cleaved after purification.

4.3.4 Ion Exchange Chromatography

In the case where a molecule has an exceptionally high net surface charge - either positive or
negative - ion exchange chromatography is ideally suited for purification. The column contains
a charged resin that binds oppositely-charged molecules, while similarly-charged or neutral
molecules pass through the column. As the sample is applied under conditions of low ionic
buffer strength, oppositely-charged molecules initially bind strongly to the column. The bound
molecules are eluted by application of a buffer with high ionic strength, such that the ions in
solution compete for binding to the column resin.

DNA-binding proteins often have a net positive surface charge in order to interact favorably
with negatively-charged DNA. Moreover, they also tend to have a specific affinity for heparin,
a highly negatively-charged polymer that resembles that sugar-phosphate backbone of DNA.
These proteins were purified by heparin column (HiTrap Heparin HP column, GE Healthcare)
in a combination of heparin affinity and cation exchange chromatography. Proteins were eluted
at high salt concentration where cations competed for binding to heparin.

Similarly, being a highly negatively-charged molecule due to its phosphate backbone, DNA
and DNA-modified constructs were also purified via ion exchange. This was especially useful
for separating DNA-modified constructs from unreacted CoA-DNA in solution (see In Vitro
Post-Translational Modifications). DNA constructs were purified by anion exchange (HiTrap Q
HP column, GE Healthcare), as their binding to the positively-charged resin was out-competed
by highly concentrated anions in solution.
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4.3.5 Size-Exclusion Chromatography

Purification according to size is exceptionally advantageous after labeling reactions with small
molecules, specifically when the labeled molecule of interest and the small molecule label have
markedly different sizes. The unpurified sample is applied to a column packed with a porous
resin. Small molecules are able to enter the resin beads and their flow speed is hampered. On
the other hand, larger molecules are not able to enter the beads. Instead, they pass by them
and flow through quickly relative to smaller molecules. The eluted fractions are consequently
separated according to size, with the largest molecules eluting first and the smallest molecules
eluting last.

In particular, labeled constructs for SMC&P (see In Vitro Post-Translational Modifications)
were purified via size exclusion chromatography in order to remove unreacted CoA-biotin and
fluorescently-labeled maleimide, both of which would likely be sources of difficulty in SMC&P
if left in solution with the transfer construct.

4.4 In Vitro Post-Translational Modifications

The proteins of interest used in this work relied heavily on in vitro covalent modifications.
These modifications were undertaken with a series of labeling reactions followed by additional
purification steps to remove the unreacted label from solution.

4.4.1 CoA Conjugation via Sfp

Single-molecule probing of immobilized molecules requires specific anchoring in order to
maintain a conserved pulling geometry. To that end, the enzyme Sfp has been extensively used
to covalently join CoA to a ybbR tag in both surface and cantilever functionalization [47]. This
technique was similarly employed here in AFM-based SMFS experiments to directly immobilize
proteins of interest to a CoA-functionalized surface or cantilever.

SMC&P largely takes advantage of the extremely high affinity of complementary DNA
strands as well as the molecule’s stability to noncovalently anchor molecules of interest on a
surface. As such, the protein of interest is assembled into a transfer construct via the addition
of a single-stranded DNA molecule whose complementary strand is covalently attached to
the surface. Initially, this was accomplished with a chimera construct consisting of GFP and
zinc-finger domain, which binds with high affinity to its consensus sequence [101]. After the
Sfp-CoA labeling system was developed, the zinc-finger domain was replaced with the small
ybbR tag to instead covalently join the transfer construct to CoA-modified DNA [86, 102]. A
key advantage of covalently attached DNA is that there is no risk of the protein of interest and
the DNA dissociating from each other in additional purification steps or during an SMC&P
experiment. Additionally, the single-stranded DNA modification enables reliable and long-
lasting immobilization of proteins of interest to the surface.
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Similarly, the high affinity of biotin for Streptavidin was an asset in developing DNA-free
SMC&P. CoA-modified biotin was covalently joined to a ybbR tag to enable specific and efficient
immobilization of transfer constructs to a surface functionalized with monovalent Streptavidin.

Sfp labeling reactions were carried out in 1x Sfp Reaction Buffer (120 mm Tris HCl pH 7.5 at
room temperature, 10 mm MgCl,, 150 mm NaCl, 2 %(v/v) glycerol, 2 mm DTT). Covalent attach-
ment of proteins of interest to CoA-functionalized surfaces or cantilevers was accomplished
with approximately 10 um Sfp and 10 pm ybbR tagged protein in solution. For the covalent
attachment of proteins of interest to CoA-modified DNA or biotin, the CoA-modified molecules
were added to final concentrations between 10 um - 100 pM in solution. Reactions were incu-
bated at room temperature for up to 2 h or at 4 °C for up to 48 h. Protein-conjugated surfaces
and levers were rinsed with the appropriate buffer to remove Sfp and excess protein in solution.
DNA- and biotin-labeled proteins were further purified by anion exchange chromatography
and size exclusion chromatography, respectively.

4.4.2 Maleimide Conjugation

Synthetic fluorophores - especially more recently developed state-of the art dyes - have several
advantages compared to fluorescent proteins. Primarily, they are often much brighter and
more resistant to bleaching [153]. Their increased sensitivity and robustness when compared
to fluorescent proteins makes them an attractive alternative for single-molecule imaging.
Additionally, fluorescent proteins are subject to misfolding and require maturation for the
formation of the chromophore. While synthetic dyes can be quenched via chemical reaction - e.g.
Cy5 is reversibly quenched with TCEP [154] - they are generally more stable than fluorescent
proteins.

Finally, as SMC&P constructs are necessarily chimeric, a bulky fluorescent protein tag
could conceivably create problems for construct expression or protein function. Synthetic
dyes are comparatively small, and a wide range of labeling techniques are available to post-
translationally attach them to a protein of interest via a small tag.

Considering the advantages of synthetic fluorophores, a transfer construct for SMC&P was
designed for such an imaging strategy. A ddFLN4 motif was designed with a C-terminal reactive
cysteine (Cys), which in a reduced state possesses an active thiol that spontaneously forms a
stable thioether bond with a maleimide reactive group. Cys was reacted with commercially
available maleimide modified with a Cy5 or Atto647N fluorescent prosthetic group (Sigma-
Aldrich). Labeling reactions were carried out in 1x Maleimide Reaction Buffer (30 mm Tris-HCl
pH 7.2 at room temperature, 150 mm NaCl). Approximately 150 um purified ddFLN4 and 2.5 mm
fluorescently-labeled maleimide were incubated overnight at 4 °C, followed by biotinylation
for SMC&P and purification by size-exclusion chromatography.

Maleimide-Cys chemistry was additionally implemented for direct immobilization of
molecules to a surface or cantilever. As described previously, this strategy was used to immobi-
lize monovalent Strep-Tactin [69, 102] and Streptavidin [49], which are not compatible with
a ybbR tag. In order to immobilize these molecules to the surface or cantilever, the purified
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proteins were briefly reduced with TCEP beads or liquid TCEP for 30 min at room temperature.
TCEP beads were then removed by membrane spin column purification, and liquid TCEP was
removed by desalting spin column purification. Monovalent Strep-Tactin and Streptavidin
were then applied to the surface or cantilever and incubated for up to 1h at room temperature.
Excess protein was rinsed away with the appropriate buffer.

The single-chain antibody fragment C11L34Ser, which binds the GCN4 tag with high affinity,
was also attached to the cantilever via maleimide-Cys chemistry as described previously
[61, 86, 100, 101]. As folded antibodies often have disulfide bridges in their structure, no
additional reducing agent was applied to to C11L34Ser before immobilization. The purified
antibody was applied directly to the cantilever and incubated for up to 1 h at room temperature.
Excess antibody was rinsed away with the appropriate buffer.

4.5 In Vitro Reactions and Analysis

Several strategies for monitoring enzyme activity were carried out, with special emphasis on
developing a means of monitoring fluorescent products or output signals. The setup of a typical
reaction for each enzyme is described here.

4.5.1 PfuDNA Polymerase Replication

In order to compare activity between Pfu DNAP constructs under various conditions, PCR
screens were devised. A typical PCR screen was prepared as follows:

Pfu DNAP PCR

1x Pfu DNAP Reaction Buffer

200 pM each ANTP

200 nM - 2 pM dA-Cy5, dC-Cy3 or dC-Cy5 (optional)
2.5 uM forward primer

2.5 uM reverse primer

5 - 50 pM plasmid template DNA

1 nM - 1 uM Pfu DNAP

The thermal cycler program used in each PCR depends very heavily on the annealing tempera-
ture of the primers to the template as well as the length of the DNA sequence to be amplified.
Below is an example of a typical thermal cycler program:

PCR Amplification Program
94 °C — 2 min
repeat cycle x35:

94°C - 30s

58°C —>30s

72 °C — 2 min
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72 °C — 15 min
10 °C — hold

However, the elevated temperatures of a typical Pfu DNAP PCR are not relevant for AFM- and
SMC&P experiments, which occur at room temperature. Therefore, it was necessary to devise
a means of detecting DNAP activity at lower temperatures that does not rely on thermally-
driven DNA melting. A single-stranded template oligomer was annealed to a much shorter
complementary strand to act as a primer for the polymerase, thereby enabling low-temperature
replication. Importantly, in contrast to a typical PCR, this strategy does not yield exponential
amplification of the sequence of interest. Low-temperature non-exponential replication was
typically prepared as follows and incubated at 22 °C - 40 °C from 25 min to as long as overnight:

Pfu DNAP Low-Temperature Replication Reaction
1x Pfu DNAP Low-Temperature Reaction Buffer

200 uM each ANTP

200 nM - 2 pM dA-Cy5, dC-Cy3 or dC-Cy5 (optional)
100 nM annealed primed DNA template

10 nM - 1 uM Pfu DNAP

Pfu DNAP reaction products were analyzed by gel electrophoresis. Agarose gels were stained
with Roti-GelStain (Carl Roth GmbH, Karlsruhe, Germany) and subsequently imaged on a
ChemiDoc MP (Bio-Rad Laboratories, Inc., California, USA). Gels were imaged with UV excita-
tion of DNA or LED excitation of incorporated fluorophores, and an appropriate emission filter
for the desired wavelength was used.

4.5.2 T7 RNA Polymerase In Vitro Transcription

T7 RNA polymerase activity was determined by in vitro transcription production of RNA
aptamers [155]. Two types of DNA templates were generated (Figure 4.2): linearized plasmid
templates for run-off transcription, or short circularized templates for rolling circle transcription.
For run-off transcription (Figure 4.2a), a pET21a plasmid was cloned with one (1xMG), two
(2xMG), or three (3xMG) repeats of the malachite green aptamer sequence downstream of the
T7 RNA promoter sequence. Aptamer repeats were additionally separated by stretches of T and
C bases to facilitate correct aptamer folding, as those regions have no self-complementarity
and discourage inter-aptamer annealing. The recognition sequence of the restriction enzyme
EcoRI was included at the downstream 3’ end to enable plasmid linearization, thereby yielding
transcripts of predetermined lengths.

Rolling-circle transcription of MG aptamers (Figure 4.2b) offers a unique strategy of aptamer
generation. Furukawa et al. reported a transcription strategy that yields continuous aptamer
repeat transcripts of potentially ten or more repeats long [146]. Single-stranded template DNA is
precircularized with the aid of a splint strand, and optionally ligated with a 5’ reactive phosphate
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Figure 4.2: RNA aptamer generation strategies. (a) Run-off transcription was accomplished by linearizing several
plasmid templates with the restriction enzyme EcoRI. This enabled generation of RNA aptamer transcripts of
well-controlled lengths. The malachite green aptamer sequence (MG 1-3) was cloned into the pET21a plasmid
downstream of the T7 RNAP promoter sequence in one, two, or three repeats. Sequential MG repeats in the
2xMG and 3xMG templates were separated by stretches of T and C bases (TC) to facilitate correct aptamer folding.
(b) Rolling circle transcription, as described by Furukawa et al.[146], was accomplished with a synthetic DNA
template. Single-stranded aptamer template DNA and single-stranded splint DNA are incubated to pre-circularize
the aptamer template. As the template strand also contains a 5’ reactive phosphate, it can then be ligated with T4
DNA ligase to form permanently circularized aptamer strands. T7 RNAP binds the double-stranded region of the
template strand and transcribes the aptamer sequence, which binds malachite green and enhances its fluorescence.
The polymerase continues transcription of aptamer repeats indefinitely until it eventually dissociates from the
template strand.
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and T4 DNA ligase. Although T7 RNAP strongly favors a double-stranded canonical promoter
sequence to initiate transcription, Furukawa et al. reported efficient promoter-free transcription.
In contrast with run-off transcription, rolling circle transcription produces transcripts of greatly
variable lengths, depending on the dissociation probability of the polymerase from the template.

Both strategies utilize identical DNA sequences for the MG aptamer sequences. Concurrent
with transcription, each aptamer repeat self-anneals as it is transcribed and forms a stem-loop-
stem-loop structure that binds and stabilizes MG, thereby enhancing the fluorescence.

The single-stranded RNA oligomers were either assessed by gel electrophoresis, or used
in conjunction with MG to produce a fluorescent signal with 1.y = 628 nm and A.,, = 654 nm
and measured in real-time on an Infinite M1000 PRO microwell plate reader (Tecan, Zurich,
Switzerland). High-percentage agarose gels were stained with ethidium bromide and imaged
on a ChemiDoc MP (Bio-Rad Laboratories, Inc., California, USA) with UV excitation of RNA. A
typical in vitro transcription reaction was prepared as follows and incubated for variable times
at 22 °C:

In vitro Transcription Reaction

1x T7 RNAP Reaction Buffer

2 mM each rNTP

1.5 U Thermostable Inorganic Pyrophosphatase (New England Biolabs)
30 U RiboLock RNase Inhibitor (Thermo Fisher Scientific)

5 mM TCEP (Thermo Fisher Scientific)

5 nM template DNA

10 nM - 1 uM T7 RNAP

5% (v/v) glycerol

1 uM malachite green (Fluka Analytical) for plate reader assays

As T7 RNAP requires Mg*? ions as a cofactor for transcription, in vitro transcription reactions
were halted by the addition of EDTA to chelate Mg*? ions. This was also crucial for the analysis
of aptamer transcripts by gel electrophoresis, as Mg*? ions catalyze the hydrolysis of RNA
molecules, especially at elevated temperatures.

Following incubation, 25 mM EDTA was added to samples of the in vitro transcription
reactions to chelate Mg*? ions to prevent RNA degradation at high temperatures. Formamide
was added to a final volume of 50 %(v/v) to stabilize a single-stranded conformation of RNA
transcripts. Samples were then heated at 70 °C for 10 min to melt annealed RNA transcripts,
followed by a short incubation on ice at 2 min. RiboRuler Low Range Ladder RNA standard
(Thermo Scientific, Massachusetts, USA) was also used to estimate the size of RNA transcripts
from gel electrophoresis. Typically, a 2 %(w/v) agarose gel without any staining agent in the gel
matrix was prepared, and gels were run until good separation of RNA transcripts was achieved.
Gels were then stained with incubation in ethidium bromide and imaged with UV excitation.
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4.5.3 DNA Ligase Ligation and FRET Signaling

DNA ligase activity under various conditions was determined by DNA band-shift, fluorophore
colocalization and FRET assays. DNA duplexes composed of individually synthesized single-
stranded DNA oligomers were annealed separately by gradual cooling from 80 °C to room
temperature. Sets of duplexes with cohesive sticky ends and 5’ reactive phosphates were
then ligated and analyzed by native PAGE. Gels were imaged on a ChemiDoc MP (Bio-Rad
Laboratories, Inc., California, USA) with LED excitation of fluorophores and an appropriate
emission filter for the desired wavelength. DNA ligase reactions were prepared as follows and
incubated at 22 °C for 2 - 12 h:

E. coli DNAL Ligation Reaction

1x E. coli DNA Ligase Reaction Buffer

250 nM - 1 pM each annealed DNA duplex
25nM - 1 uM E. coli DNAL

T7 DNAL Ligation Reaction

1x T7 DNA Ligase Reaction Buffer

250 nM - 1 pM each annealed DNA duplex
25nM -1 uM T7 DNAL

T4 DNAL Ligation Reaction

1x T4 DNA Ligase Reaction Buffer (Thermo Fisher Scientific, Massachusetts, USA)
250 nM - 1 pM each annealed DNA duplex

25nM - 1 uM T4 DNAL

4.5.4 Luciferase Luminescence

Engineered NanoLuc and wildtype firefly luciferase LuLic are both able to cleave the luciferin
coelenterazine in a reaction that releases a photon. NanoLuc has greatly increased affinity
for the luciferin furimazine, resulting in greater catalytic activity and hence brighter overall
luminescence. Luciferase luminescence reactions were prepared as follows and incubated at
22°C forup to 2h:

NanoLuc Luminescence Reaction

1x NanoLuc Reaction Buffer

60 uM luciferin (coelenterazine or furimazine)
50 pM - 50 nM luciferase (NanoLuc or LuLic)
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AFM Experiment Setup

Overview

AFM experiments were prepared according to robust protocols used previously in numerous
SMFS and SMC&P experiments [36, 51, 69, 86, 102, 156, 157].

5.1 Cantilever Preparation

Cantilevers (Biolever mini BL-AC40TS, Olympus, Japan; MLCT, Bruker, Massachusetts, USA)
were oxidized in a UVOH 150 LAB UV-ozone cleaner (FHR Anlagenbau GmbH, Ottendorf-
Okrilla, Germany). Silanization was then accomplished by incubation in (3-Aminopropyl)
dimethylethoxysilane (ABCR, Karlsruhe, Germany, 50 %(v/v)inEthanol) for 2 min. Cantilevers
were then washed sequentially in toluene, isopropanol, and finally deionized water to remove
excess silane, and subsequently baked at 80 °C for 30 min to catalyze the covalent attachment
of silane to the cantilever surface. Silanized cantilevers were then incubated in 25 mm heter-
obifunctional polyethylene glycol (PEG) crosslinker [158, 159] with N-hydroxy succinimide
and maleimide groups (molecular weight 5000 Da, Rapp Polymere, Tiibingen, Germany) dis-
solved in either 150 mm sodium borate buffer, pH 8.5 or 50 mm HEPES, pH 7.5. The N-hydroxy
succinimide group forms a stable covalent bond with primary amine groups on the silanized
cantilever, and the maleimide group is free to react with thiol or cysteine groups and form a
stable thioester bond with molecules of interest. Unreacted PEG crosslinkers were rinsed off
with deionized water.

PEGylated cantilevers were either reacted directly to handling molecules, or further func-
tionalized with Coenzyme A (CoA) dissolved in Coupling Buffer for 1 h. Unreacted molecules
of interest were rinsed off with an appropriate measurement buffer, and unreacted CoA was
washed off with deionized water. CoA-functionalized levers were then reacted via Sfp to
ybbR-tagged handling molecule. In a typical reaction, cantilevers were incubated for 1-2h
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in a solution of 1x Sfp Reaction Buffer containing 100 um ybbR-tagged molecule and 5 pm Sfp
Synthase. Unreacted handling molecules were washed off with an appropriate measurement
buffer.

5.2 Surface Preparation

Coverglass slips were utilized as surfaces to immobilize molecules of interest for AFM probing.
Surfaces were first sonicated in 50 %(v/v) aqueous 2-propanol for 15 min and oxidized in a
solution of 50 %(v/v) hydrogen peroxide (30%) and sulfuric acid for 30 min. They were then
washed in deionized water, dried in a nitrogen stream and silanized by incubation in (3-
Aminopropyl) dimethylethoxysilane (ABCR, Karlsruhe, Germany, 1.8 %(v/v) in Ethanol) for 1 h.
Silanized surfaces were then rinsed sequentially in toluene, isopropanol, and finally deionized
water to remove excess silane, and subsequently baked at 80 °C for 30 min to catalyze the
covalent attachment of silane to the glass surface. Surfaces were stored long-term under inert
Ar;, to prevent oxidative degradation of reactive amine groups.

Surfaces were freshly functionalized immediately before experimentation. Silanized surfaces
were optionally incubated in 150 mMm sodium borate buffer, pH 8.5 for 30 min in order to
deprotonate primary amine groups prior to PEGylation.

For SMFS experiments, a silicone mask with 1.5 mm-diameter wells spaced 1 mm apart
was sonicated for 15 min first in deionized water and then 50 %(v/v) aqueous 2-propanol. The
mask was then affixed to the silanized surface and briefly baked at 60 °C to improve mask
adhesion. The wells were incubated in 25 mm heterobifunctional PEG crosslinker [158, 159]
with N-hydroxy succinimide and maleimide groups (molecular weight 5000 Da, Rapp Polymere,
Tibingen, Germany) dissolved in either 150 mm sodium borate buffer, pH 8.5 or 50 mm HEPES,
pH 7.5. Unreacted PEG crosslinkers were rinsed off with deionized water. PEGylated surfaces
were either reacted directly to handling molecules, or further functionalized with Coenzyme
A (CoA) dissolved in Coupling Buffer for 1 h. Unreacted molecules of interest were rinsed off
with an appropriate measurement buffer, and unreacted CoA was rinsed off with deionized
water. CoA-functionalized surfaces were then reacted via Sfp to ybbR-tagged molecule. In a
typical reaction, cantilevers were incubated for 1 - 2 h in a solution of 1x Sfp Reaction Buffer
containing 100 pm ybbR-tagged molecule and 100 um Sfp Synthase. Unreacted molecules were
washed off with an appropriate measurement buffer.

For SMC&P experiments, a PDMS microfluidic system — based on the system described by
Kufer et al. [98] — was assembled. The PDMS chip was affixed to the glass surface either after
whole-surface PEGylation (as per an older protocol, similar to SMFS surface preparation) or
directly to the unPEGylated surface prior to in-channel PEGylation (as per an updated protocol).
In either case, the PDMS chip was bonded to the surface briefly at 60 °C for 10 min. For in-
channel PEGylation, the Depot and target channels were incubated in 25 mm heterobifunctional
PEG crosslinker [158, 159] with N-hydroxy succinimide and maleimide groups (molecular
weight 5000 Da, Rapp Polymere, Tiibingen, Germany) dissolved in either 150 mm sodium borate



5.3 AFM Measurement 69

buffer, pH 8.5 or 50 mm HEPES, pH 7.5. Unreacted PEG crosslinkers were flushed from the
channels with filtered deionized water.

Functionalized depot and target channels were finally covalently modified with freshly-
reduced anchoring molecules with reactive terminal cysteine or thiol groups. Anchoring
molecules were incubated in the channels for 1 h. Both channels were then flushed with filtered
PBS to remove unbound anchoring molecules. The channels were then flushed with 0.1 mg/ml
filtered BSA and 0.05% TWEEN20 in PBS to passivate the surface and discourage nonspecific
adsorption. The fluorescent transfer construct was diluted to an approximate concentration of
1nMm in 1x PBS with 0.05 g/L BSA and 0.01% TWEEN20 and incubated in the depot channel
for 1 h. The depot channel was then extensively flushed with 1x PBS to clear the solution and
remove unbound- or nonspecifically-bound transfer construct. The microfluidic system was
then removed and the surface submerged in an appropriate measurement buffer.

5.3 AFM Measurement

A custom-built AFM head and an Asylum Research MFP3D controller (Asylum Research, Santa
Barbara, USA), which provides ADC and DAC channels as well as a DSP board for setting up
feedback loops, were used. Software for the automated control of the AFM head and xy-piezos
during the force spectroscopy measurements was programmed in Igor Pro (Wave Metrics, Lake
Oswego, USA). BioLever Mini (Olympus, Tokyo, Japan) cantilevers were chemically modified
and calibrated in solution using the equipartition theorem [40, 160]. Pulling velocities were set
in a range from 200 nm/s to 3200 nm/s for both SMFS and SMC&P experiments. The positioning
feedback accuracy is 3 nm, although long-term deviations may arise due to thermal drift. For
SMC&P experiments, typical times for one Cut-and-Paste cycle amount to approximately 3 s.

5.4 TIRF Microscopy

The fluorescence microscope of the hybrid instrument excites the sample through the objective
in total internal reflection mode. A Nikon Apochromat 100x NA1.49 oil immersion objective
(CFI Apochromat TIRF, Nikon, Japan) was employed. Laser excitation was achieved with a fiber-
coupled Toptica iChrome MLE-LFA four-color laser (Toptica Photonics, Gréfelfing, Germany),
which is capable of emitting light at 405 nm, 488 nm, 561 nmand 640 nm through one single fiber
mode. Specifically, blue excitation at 488 nm, green excitation at 561 nm, and red excitation
at 640 nm with estimated intensities of approximately 10 W/cm? were utilized to monitor
the fluorescence of various molecules. Emitted light from the sample was separated from
the laser light with a Chroma quad line zt405/488/561/640rpc TIRF dichroic mirror (Chroma,
Bellows Falls, VT, USA) and focused with a 20 cm tube lens. Separation of different emission
wavelengths for simultaneous multicolor imaging was achieved by a Cairn Research Optosplit
III (Cairn Research, Faversham, UK). Images were recorded with a back-illuminated Andor
iXon DV860 DCS-BV EMCCD camera (Andor, Belfast, Ireland) in frame transfer mode with
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1 MHz readout rate at a frame rate of 10 Hz. The camera was cooled and operated at -80 °C.
Fluorescent images were evaluated and processed with the analysis software Image].

5.5 SMC&P Experiments

SMC&P patterns were written typically in 200 - 1000 transfer cycles with 100 - 200 nm spacing
between each deposition point. The pulling speed in the depot was set to 2,000 - 3.200 nm/s
and in the target to 200 nm/s. This corresponds to approximate surface contact times [161]
(dependent on approach/retraction velocity, indentation force and substrate stiffness) of 5 ms
and 80 ms, respectively, and should allow for ligand binding. Considering a single handling
molecule being bound to the cantilever tip and estimating its localization in a half sphere with
r = 30 nm (approximate length of PEG 5000 Da linker), the local concentration of cantilever-
immobilized molecules would be in the micromolar range, which is usually several orders
of magnitude higher than the Ky of high-affinity receptor-ligand pairs. Taking further into
account that bond formation is not diffusion-limited for the SMC&P experiment, successful
attachment is very likely even at the given, short contact times.

Rupture forces and loading rates were evaluated from AFM force distance curves that were
recorded for each pickup and deposition process utilizing the WLC model [162] with quantum
mechanical correction (force spectroscopy data were evaluated in Python 2.7, Python Software
Foundation).
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Enzyme Activity and Fluorescent Systems

Summary

A unifying paradigm of fluorescence was chosen to measure single-molecule catalytic activity,
as it is both feasible with SMC&P and adaptable to diverse readout approaches. However,
most enzymes do not typically participate in fluorescent or bioluminescent processes. Hence,
strategies for fluorescence-based readout of catalytic activity were specifically developed and
characterized for various enzymes. The assays were initially tested and optimized in bulk,
with an eventual goal of integrating the enzymes into SMC&P with fluorescent readouts.
Conceivably, if an enzyme could be implemented in SMC&P as part of the transport cargo, the
activity of individual enzymes could be observed on the surface in relatively simple single-
enzyme reactions with a fluorescent output signal, or in tandem with other enzymes in a
network.

In this chapter, the primary strategies of acquiring fluorescence readout for the enzymes of
interest are described. The major results from the development of these enzyme activity assays
are subsequently presented and discussed. Additionally, a strategy for improved expression
of a recombinant enzyme are described. Details regarding the molecular biology techniques
used to prepare all enzymes as well as all measurement methodologies ares found in Chapter 4.
Buffers and DNA sequences are found in B.

6.1 Pfu-E10 Incorporation of Labeled Nucleotides

A strategy for detection of DNA polymerase (DNAP) activity was devised (Figure 6.1). The
evolved DNAP Pfu-E10 can incorporate Cy3- and Cy5-labeled dCTP into a growing DNA strand
during replication. Hence, a primed DNA template was incubated with Pfu-E10 DNAP in the
presence of unlabeled dNTPs as well as dCTP-Cy3 and dCTP-Cy5, resulting in replicated DNA
adorned with Cy3 and Cy5 labels. In order to observe simple fluorescence, only dCTP-Cy3 or
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Figure 6.1: Incorporation of labeled nucleotides by Pfu-E10 evolved polymerase. (a) This strategy utilizes Pfu-
E10, a primed single-stranded DNA template, unlabeled dNTPs and Cy3- and Cy5-labeled dCTP. (b) Pfu-E10
polymerizes a growing DNA strand labeled with Cy3 and Cy5 molecules, enabling observation of a FRET signal
from nearby fluorophores. Alternatively, dCTP-Cy3 or dCTP-Cy5 may be omitted to instead observe simple

fluorescence.
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Figure 6.2: PCR with Pfu variants, analyzed by agarose gel electrophoresis. PCRs were performed with recombi-
nant Pfu-E10 and wildtype Pfu DNA polymerases at various concentrations, as well as commercially-available
wildtype Pfu as a positive control. GeneRuler 1kb DNA Ladder was used as a mass standard. Expected product
size is 1488 bp.

dCTP-Cy5 were included in the reaction. However, by stochastic incorporation of dCTP-Cy3
and dCTP-Cy5 simultaneously in the replication reaction, it would then be possible to observe
FRET-based fluorescence from nearby Cy3 and Cy5 fluorophores. Importantly, as SMC&P is
undertaken at room temperature, a strategy for low-temperature replication was required.
Single-stranded DNA was pre-annealed to a short primer sequence to allow DNA replication
in the absence of heat cycling.

The activity of recombinant tagged wildtype Pfu and Pfu-E10 polymerases was first com-
pared to confirm the activity of the evolved mutant (Figure 6.2). Both polymerases were
challenged to exponentially amplify a 1488 bp DNA sequence via PCR, and the reactions were
examined with agarose gel electrophoresis. Identical reactions with varying concentrations of
each polymerase were run using a robust plasmid template, primers, and reaction protocol. A
reaction with commercially-available native Pfu DNAP (Thermo Scientific, Massachusetts, USA)
was additionally run as a positive control. GeneRuler 1kb DNA Ladder (Thermo Scientific) was
used as a mass standard to estimate the size of observed bands from each reaction.

Reactions from both wildtype Pfu and evolved Pfu-E10 with intermediate concentrations of
polymerase display PCR activity comparable to the positive control reaction, and the major
product with an expected size of 1488 bp appears readily visible. Importantly, this indicates
that the evolved polymerase has comparable activity to the wildtype variant, and is in good
agreement with the observed behavior of Pfu-E10 previously demonstrated by Ramsay et al.
[118]
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Interestingly, both polymerases tested in a dilution series appear to only facilitate expo-
nential amplification of PCR products within a limited concentration range. At a low enough
concentration, the polymerase presumably becomes the limiting factor in exponential am-
plification. Simply too little DNA is replicated with each cycle, and the final mass of DNA
is below the detection limits of gel electrophoresis. This is evidenced by the reaction with
4.5 nm wildtype Pfu, which does produce a visible product band, albeit in a noticeably lower
concentration than the positive control reaction. Additionally, reactions loaded with higher
concentrations appear unable to efficiently amplify DNA in PCR. One possible explanation
for this behavior is that higher concentrations of DNAP affect primer stability. Alternatively,
individual DNAP molecules may begin to compete with each other for DNA binding to the
point that the replication complex is not sufficiently stable for rapid DNA amplification. This is
somewhat remarkable, as it indicates that the optimal concentration of Pfu DNAP for successful
PCR is a relatively narrow window of a single order of magnitude. In both cases of too high
or too low DNAP concentration, the absence of a product band is also not likely explained
by degradation of PCR products; all visible bands appear sharp, and a smear that is typical of
degraded oligomers is not visible in the gel.

The evolved Pfu-E10 DNAP was then tested to confirm its ability to incorporate Cy3- and
Cy5-labeled dCTP nucleotides, as well as its specificity for exactly those molecules. This was
accomplished by PCR, and the products were assessed by agarose gel electrophoresis (Figure
6.3). The reactions contained 200 200 pm of each unlabeled dNTP supplemented with relatively
low concentrations (200 nm - 2 um) of fluorescently labeled dNTPs. The concentration of labeled
dNTPs was kept low in comparison to unlabeled dNTPs to prevent polymerase stalling in the
event that a particular labeled nucleotide is not an optimal substrate. The gel was then imaged
sequentially with UV light for DNA detection, followed by green LED excitation for Cy3 and
finally red LED excitation for Cy5. The composite multichannel image shows the overlap of
the signals from the three channels.

Analysis of background signal contributed by the free unincorporated fluorescently-labeled
nucleotides shows that each contributes a large signal in their respective channels, visible as
diffuse clouds of fluorescence at these exposure settings. Notably, the stock of Cy5-labeled dATP
appears to be partially hydrolyzed or degraded, as a fluorescent signal is visible both lower in
the gel near the labeled dCTPs as well as higher in the gel near the PCR products. Additionally,
all samples were loaded with 6x DNA Gel Loading Dye (Thermo Scientific), which contains the
dye molecules bromophenol blue and xylene cyanol. These dyes contribute background signals
of their own in both the red and green channels, visible as diffuse clouds at approximately
4 kb and 500 bp, respectively. Interestingly, both of these dyes produce a negative signal in the
UV channel. Despite these sources of background signal, this likely does not interfere with
detection of DNA.

All PCRs produce a clearly visible DNA band with an estimated size of approximately
1500 bp, consistent with the expected size of 1488 bp. Additionally, reactions with Cy5-labeled
dCTP results in a clear colocalizing band in the red channel (lanes 2, 5 and 8). While reaction
with Cy3-labeled dCTP at a higher concentrations results in an increase in signal from the
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Figure 6.3: Incorporation of labeled nucleotides by Pfu-E10, analyzed by agarose gel electrophoresis. PCR
reactions were performed with Pfu-E10 in a standard Pfu reaction protocol additionally supplemented with
relatively low concentrations (200 nm - 2 um) of various labeled nucleotides (lanes 1 - 8). Reactions were incubated
separately with dCTP-Cy3, dCTP-Cy5 and dATP-Cy5 at concentrations of 2 um (lanes 1 - 3) and 200 nm (lanes 4
- 6), as well as with both dCTP-Cy3 and dCTP-Cy5 at a concentration of 1 um (lane 8) and with all fluorescent
nucleotides omitted (lane 7). As additional controls, stock solutions of the individual labeled nucleotides were
analyzed to pinpoint sources of background signal unassociated with PCR activity (lanes 9 - 11). GeneRuler
1kb DNA Ladder (L) was used as a mass standard. The gel was imaged with UV exposure for DNA, green LED
excitation for Cy3 and red LED excitation for Cy5. The multichannel image was assembled by simple overlay of
the three channels, with UV channel in blue, green LED channel in green, and red LED channel in red. Expected
product size is 1488 bp.
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Figure 6.4: Temperature dependence of Pfu-E10 DNAP, analyzed by agarose gel electrophoresis. Linearized
plasmid was labeled with dCTP-Cy5 by Pfu-E10 at various temperatures and with reaction buffers of two set
pH values at 22 °C. Additionally, a negative control sample that lacked DNAP to carry out the polymerization
reaction was included. Samples were analyzed after (a) 25 min incubation, and later after (b) 3 h incubation. The
gels were imaged with UV exposure for DNA and red LED excitation for Cy5. The multichannel images were
assembled by simple overlay of the two channels, with UV channel in blue and red LED channel in red. Plasmid
sequence length is 6103 bp.

visible band in the green channel (lanes 1 and 8), it is unclear if a distinct Cy3 signal is similarly
present with lower concentrations of dCTP-Cy3 (lane 4). This is likely due to fluorescent
crosstalk of DNA stained with Roti-GelStain; this nucleotide stain is optimally imaged with UV
light, but it is evidently still excited by the green LED, as the reaction without any fluorophores
present (lane 7) also produces a signal in the green channel. However, incubation at higher
concentrations (1 - 2 um) of Cy?3 results in a clear increase in signal from those bands in the green
channel. Therefore, it may be inferred that Cy3 is also incorporated at lower concentrations
(200 nm), although the signal is lost in the background crosstalk from DNA staining.

Pfu-E10 appears readily able to utilize base-labeled dCTP-Cy3 and dCTP-Cy5. In contrast,
the reactions with Cy5-labeled dATP produced no detectable colocalization signal in the red
channel, thereby indicating that Pfu-E10 is unable to utilize this molecule as a substrate for
DNA replication. These findings are in good agreement with Ramsay et al. [118], where it was
determined that Pfu-E10 has high specificity for dCTP-Cy3 and dCTP-Cy5 and is not freely
able to incorporate other labeled nucleotides.

As Pfu DNAP is originally sourced from a thermophilic bacterium, it is best suited for
catalysis at higher temperatures. This is exhibited by its application in PCR, where the optimal
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extension temperature is typically 72 °C and the enzyme remains stable above 95 °C. However,
SMC&P experiments are undertaken at ambient room temperature, which is typically 18 - 24 °C.
Therefore, the ability of the polymerase to operate in this temperature range was examined
(Figure 6.4). Moreover, the pH of buffers typically fluctuates over such large temperature ranges.
A standard buffer system for Pfu DNAP typically has a basic pH at room temperature (pH =~
8.8 at 22°C), and when used in PCR at higher temperatures the pH drops to within a more
neutral range (pH = 7.5 at 72 °C). Hence, in order to best facilitate DNAP activity at lower
temperatures, the buffer system also required tuning.

The ability of Pfu-E10 to polymerize sticky overhangs was challenged with a range of
temperatures, most of which far below the optimal catalysis temperature of the enzyme.
Additionally, two buffer systems were tested, one calibrated to pH 7.5 at 22 °C and the other to
pH 8.8 at 22 °C. A plasmid was first linearized with the restriction enzyme Xhol. This enzyme
recognizes the palindromic sequence 5 CTCGAG 3’ and cleaves the phosphodiester bonds
of both strands between C,; and T.,. The resulting 5’ sticky overhangs may be filled in by
DNAP with the sequence 5° TCGA 3’. The reactions were supplied with 10 mm dTTP and 20 um
dCTP-Cy5, and individual reactions were incubated at 22 °C, 30 °C, 40 °C or 72 °C. Samples of
the reactions were analyzed after 25 min of incubation, followed by further analysis after 3 h of
incubation. The gels were then imaged sequentially with UV light for DNA detection, followed
by red LED excitation for Cy5. The composite multichannel image shows the overlap of the
signals from the two channels.

After only 25 min, extensive labeling is observed at higher temperatures under both buffer
systems. However, only very minimal labeling is observed at 22 °C and 30 °C, with stronger
labeling occurring in the lower-pH buffer. After 3 h of incubation, the labeling for all reactions
appears to be superior - as would be expected for relatively slow biological reactions. Of the
two reactions at 22 °C, the reaction undertaken in the buffer of lower pH appears to be more
efficient, in agreement with the 25 min-samples.

It is not surprising that Pfu-E10 is less active at lower temperatures; the structure of wildtype
PfuDNAP was evolved to not only withstand but thrive in higher temperatures, and accordingly
it likely contains many features that are at lower temperatures are too rigid to function at
peak performance. Experimental conditions of SMC&P are therefore not ideal for this enzyme.
However, as seen at lower temperatures in Figure 6.4, the enzyme activity is still in a detectable
range.

In order to maximize enzyme detection on the level of single molecules at low temperatures,
a DNA template with a much longer stretch of single-stranded sequence was designed. Two
synthetic DNA molecules - a template strand and a much shorter primer strand - were annealed
to form a complex consisting of a 16 bp double-stranded primed region followed by 117 bases
of a single-stranded template. According to this intended strategy, DNAP would bind the
double-stranded primed region and proceed to replicate the single-stranded region. However,
a 117-base stretch of single-stranded DNA has a high likelihood of forming transient hairpins
or dimers, which could interfere with DNAP activity in the absence of thermally-driven DNA
melting.
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Figure 6.5: Low-temperature DNAP template, analyzed by native PAGE. (a) Pfu-E10 was incubated with the
low-temperature template in reactions supplemented with dCTP-Cy3 (lanes 1 and 6), dCTP-Cy5 (lanes 2 and 7)
and both Cy3- and Cy5-labeled dCTP (lanes 3 and 8). Control reactions without labeled nucleotides (lanes 4 and 9)
and additionally without Pfu-E10 (lanes 5 and 10) were also prepared. Reactions were incubated for 3h at 22°C
and 40 °C. Samples of all reactions were analyzed by native PAGE, with free dCTP-Cy3 (lane 11) and dCTP-Cy5
(lane 12) additionally analyzed to control for sources of background signal. The gel was imaged with green LED
excitation for Cy3 and red LED excitation for Cy5. The multichannel image was assembled by simple overlay of
the two channels, with green LED channel in green and red LED channel in red. (b) Following green- and red-
channel capture, the same gel was incubated in a solution of ethidium bromide to directly stain DNA. The gel was
imaged with UV exposure for DNA and red LED excitation for Cy5. The multichannel image was assembled by
simple overlay of the two channels, with UV channel in blue and red LED channel in red. As ethidium bromide is
strongly fluorescent in the green channel due to crosstalk, it was not possible to capture a signal from Cy3 at this
stage. The noticeable bend in the gel arises from matrix relaxation when removed from the plastic casing, causing
the gel to slowly deform over time.
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Pfu-E10 was challenged to replicate the single-stranded stretch of the template DNA and
incorporate labeled nucleotides (Figure 6.5). One set of reactions was incubated at 22 °C and
an otherwise identical set were incubated at 40 °C. The primed template was incubated with
Pfu-E10, free dNTPs, as well as labeled dCTP: dCTP-Cy3, dCTP-Cy5, or both dCTP-Cy3 and
dCTP-Cy5 simultaneously. Additionally, control reactions with only unlabeled dNTPs were
prepared. The annealed DNA template in the absence of Pfu-E10 and labeled nucleotides was
examined to control for a band-shift in the DNA. Free dCTP-Cy3 and dCTP-Cy5 were also
examined to identify any sources of background signal from unincorporated labeled nucleotides.
Due to the much smaller size of this DNA template compared to PCR products or plasmids,
the reactions were analyzed by native PAGE instead of agarose gel electrophoresis to improve
resolution of separated DNA molecules.

Following reaction with Pfu-E10 at both 22 °C and 40 °C, fluorescent bands from Cy3 and
Cys5 are visible, indicating incorporation of fluorescent nucleotides and at least partial DNA
replication. However, as evidenced by the lower signal in both the green and red channels in
Figure 6.5a as well as the lack of a noticeable band shift compared to unreacted template strand
in Figure 6.5b, Pfu-E10 is only minimally active at 22 °C.

In agreement with the results observed in Figure 6.4, Pfu-E10 activity quickly increases at
only slightly higher temperatures, in this case 40 °C - visible by strong fluorescent labeling and
a noticeable band shift. The reactions incubated at 40 °C with Pfu-E10 present display a marked
downwards band shift compared to the unreacted template.

This behavior might be somewhat surprising, as DNA is expected to travel in a gel matrix
according to mass, with smaller molecules traveling faster and migrating further down the gel.
Although the replicated DNA is indeed more massive than unreplicated DNA, the migration
patterns of single-stranded and double-stranded DNA are not comparable. While double-
stranded DNA reliably migrates according to size under native conditions, the migration pattern
of single-stranded DNA is far less predictable. This is due to the variable final folded states of
single-stranded DNA - which may form hairpins or dimers between molecules, depending on
the degree of self-complementarity. Therefore, the unreacted template DNA is not necessarily
expected to migrate faster than the replicated DNA, even though it is less massive.

Taking this into account, it may be surmised that the major bands in lanes 6 - 9 constitute
the fully replicated template that is now a fully double-stranded helix decorated with Cy3
and Cy5 labels. However, the smear pattern in these lanes indicates that replication was not
completed for many of the templates complexes. This is likely due to a combination of slower
polymerase activity at lower temperatures combined with the intrinsic off-rate between the
polymerase and the DNA template, resulting in fewer bases successfully replicated before the
polymerase unbinds from the template strand.

Furthermore, the major bands in lanes 1 - 4 and the upper-most bands in lanes 6 - 9 migrate
indistinguishably from the unreacted template samples in lanes 5 and 10. In the case of the
reactions incubated at 40 °C, this indicates that a significant fraction of the template DNA
molecules are nearly completely unreplicated. In the case of the reactions incubated at 22 °C,
this suggests that this template can only be very minimally replicated at room temperature. This
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may be due simply to extremely low DNAP activity at this temperature. Another possibility is
that at such low temperatures, self-annealed hairpin structures or dimers between template
molecules may be stable enough that the template DNA does not reliably adopt a single-
stranded conformation - which is required for replication to occur. These two explanations are
not mutually exclusive, and is likely a combination of the two that results in low or inconsistent
DNAP activity.

Nevertheless, the strategy of a primed template for low-temperature DNA replication
is in principle a viable substrate for Pfu-E10 DNAP. Further optimization of the template
strand - possibly by decreasing the self-complementarity to encourage a truly single-stranded
conformation - could increase Pfu-E10 activity even at room temperature.

6.2 T7 RNA Polymerase In Vitro Transcription Reactions

A system to detect the activity of T7 RNA polymerase (T7 RNAP) by an increase in the
fluorescence of malachite green (MG) was designed and extensively developed. The results
presented in Section ?? largely use data that were originally presented in the author’s master
thesis [155]. The work therein ties very directly into more recent results, as well as constitutes
a basis for an argument for DNA-free SMC&P. Hence, select data have been adapted for
discussion.

Recombinant tagged T7 RNAP constructs were expressed in E. coli and purified using a
variety of affinity chromatography strategies. The catalytic activities of recombinant T7 RNAP
constructs were determined by in vitro transcription (IVT) reaction. Reactions were incubated
at 22 °C to match the temperature under which SMC&P experiments are undertaken (ambient
temperature of approximately 18 - 24 °C). RNA aptamer products were examined directly
by gel electrophoresis or indirectly by MG fluorescence over time with A, = 628 nm and
Aem = 654nm on a plate reader. The production of RNA aptamers of well-defined lengths was
achieved by run-off transcription (Figure 6.6).

As fluorescence is measured in arbitrary units (AU) in plate reader assays, the numerical
fluorescent readout is not intended to be understood in absolute terms. Reactions measured
together within one experiment were carried out under identical conditions, except for tested
variables. However, individual experiments generally had slightly different conditions in either
buffer conditions, reagent conditions or enzyme concentration. Moreover, as the employed plate
reader device is subject to ambient temperature fluctuations, the measurement temperature
was likely also varied between experiments. Lastly, the excitation laser intensity or detection
gain is likely varied. Therefore, distinct experiments should not be compared to each other,
and data should only be numerically compared within a single experiment.

A purified T7 RNAP construct with N-terminal ybbR and C-terminal GCN4 tags was first
assessed for general enzyme activity, and to confirm as a proof of principle that the designed IVT
scheme functions to produce RNA aptamers that can enhance MG fluorescence (Figure 6.7). A
pET21a plasmid with a single MG aptamer sequence downstream of the T7 promoter sequence
was designed and cloned. Following amplification in E. coliand subsequent miniprep, the
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Figure 6.6: RNA aptamer generation by run-off transcription. (a) This strategy employs T7 RNAP, a linearized
DNA template with the sequence for an MG aptamer, INTPs and MG. (b) Linearized plasmid templates enabled
production of RNA aptamers of well-defined lengths by T7 RNAP. RNA transcripts spontaneously anneal due to

self-complementarity. MG intercalates in the binding pocket and its structure is stabilized, resulting in a significant
increase in MG fluorescence.
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Figure 6.7: MG aptamer generation by IVT reaction, examined with MG fluorescence via plate reader. IVT
reactions contained T7 RNAP and the DNA template containing the MG aptamer sequence (blue trace), or omitted
either T7 RNAP (green trace) or the DNA template (red trace). Measurements were performed in triplicate, and

error bars display the standard deviation. Originally presented in [155] and the data have been adapted for this
work.
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plasmid was linearized via an EcoRI restriction site downstream of the MG aptamer sequence
to enable run-off transcription. The T7 RNAP construct was incubated with the linearized
plasmid in the presence of free ribonucleotides to allow transcription of the MG aptamer
sequence. Free MG was additionally present in solution, which provided a fluorescent readout
upon correct aptamer folding and subsequent binding to MG. The fluorescence was measured
via plate reader in intervals of 10 min. As negative controls to identify possible background
sources of fluorescence, this reaction was duplicated with either the DNA template or T7 RNAP
omitted from the reaction. The negative control reactions displayed no significant increase
in fluorescence over time, therefore indicating that the buffer, unbound MG (at least at this
concentration), and other reaction components do not on their own significantly contribute
to the measured fluorescence. In contrast, the complete reaction with T7 RNAP and the DNA
template produced a steadily increasing fluorescence signal over hundreds of minutes. This
demonstrates that the IVT reaction is robust over this timescale and at this temperature of
22°C.

Additionally, as the fluorescent signal remains roughly linear and does not reach a plateau at
these timescales, two things may be inferred: First, the monomeric ribonucleotides in solution
do not appear to be limiting, even after > 10 h of continuous catalysis. Secondly, the lifetime of
the DNA template, T7 RNAP, MG and RNA aptamers themselves is at least long enough that
they do not spontaneously degrade in solution at this timescale and under these conditions.

Several additional pET21a plasmids with MG aptamer repeats were designed and cloned. Ap-
tamer sequence repeats in the DNA templates were separated by regions of T and C nucleotides
to encourage proper folding of individual aptamer repeats and discourage inter-aptamer an-
nealing. The resulting library of DNA templates contained either a single aptamer sequence
(1xMG), two consecutive repeats (2xMG) or three consecutive repeats (3xMG). Addition of more
aptamer repeats was not achieved during the cloning process, likely due to the increasingly
repetitive nature of the plasmids in the multiple cloning region.

The IVT reaction efficiency of each DNA template was assessed by gel electrophoresis
(Figure 6.8). Equimolar amounts of each DNA template were incubated in otherwise identical
IVT reactions at 22 °C for 4 hours. An additional reaction lacking T7 RNAP was included as
a negative control. IVT samples and an agarose gel was prepared according to the standard
protocol found in Chapter 4. RiboRuler Low Range Ladder RNA standard (Thermo Scientific,
Massachusetts, USA) was used as a mass standard to estimate the size of the transcripts from
each reaction.

As the DNA templates are linearized plasmids, each reaction should produce RNA transcripts
of well-defined lengths. Based on the sequence length between the +1 position in the T7
promoter and the EcoRI restriction digest site, the DNA templates have expected transcript
lengths of 119 bases for 1xMG, 205 bases for 2xMG and 237 bases for 3xMG. Analysis of RNA
products shows a single clean band of a uniform length from each reaction. Moreover, the size
of each product is in the expected range. The relative difference in signal between each band is
furthermore to be expected; considering that initiation is the rate-limiting step in T7 RNAP
transcription, it is likely that transcripts are produced in equimolar amounts in each reaction,
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Figure 6.8: IVT RNA products, examined by agarose gel electrophoresis. Identical reactions with equimolar
amounts of linearized 1xMG, 2xMG or 3xMG plasmid template were prepared, in addition to a negative control
reaction that omitted T7 RNAP (-T7). Bands are indicated with arrows for 1xMG (magenta), 2xMG (turquoise)
and 3xMG (orange) IVT reactions. The negative control reaction produces no observable nucleotide products.
Expected transcript sizes in bases are displayed below the visible band of that sample. RiboRuler Low Range
Ladder was additionally loaded as an RNA standard for size estimation.
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Figure 6.9: Fluorescence enhancement efficiency of variable MG repeats, examined with MG fluorescence via
plate reader. Identical reactions with equimolar amounts of linearized 1xMG (magenta trace), 2xMG (turquoise
trace) or 3xMG (orange trace) plasmid template were examined. Measurements were performed in triplicate, and
error bars display the standard deviation. Originally presented in [155] and the data have been adapted for this
work.

and the longer transcripts will have a higher mass and hence produce a stronger signal in gel
electrophoresis. Taken together, this demonstrates a robust, precise IVT strategy to produce
transcripts of well-defined sizes.

Interestingly, a large signal of nucleic acids is found in the pockets loaded with T7 RNAP-
containing samples. This signal is likely from the plasmid template stuck in the pocket due to a
strong interaction with T7 RNAP. This is further evidenced by the presence of two large bands
that have migrated into the gel in the control reaction. As the samples were heat-shocked
in the presence of 50 %v/v formamide - which stabilizes a single-stranded conformation of
nucleic acids by deionizing the polymers - it is likely that the two bands result from a fully
melted single-strands in the lower band and partially- or fully-duplexed DNA in the upper
band. Alternatively, it has been previously shown that it is possible to separate complementary
individual strands of DNA plasmid under denaturing conditions by agarose gel electrophoresis
[163]. The two observed strands could therefore also both result from fully single-stranded
DNA molecules that together form the duplexed plasmid.

The relative efficacy of MG fluorescence enhancement from each DNA template - and hence
aptamer sequence - was examined via plate reader fluorescence measurements (Figure 6.9).
Equimolar amounts of each DNA template were incubated in otherwise identical IVT reactions
at 22 °C, and the fluorescence was measured in intervals of 10 min.

The three linearized DNA templates displayed noticeably different levels of MG fluorescence
enhancement. As would be expected, the 1xMG transcripts confer the lowest fluorescence
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Figure 6.10: Activity of T7 RNAP and DNA-modified T7 RNAP, examined with MG fluorescence via plate reader.
IVT reactions with equimolar amounts of unmodified T7 RNAP (blue trace) and DNA-modified T7 RNAP (purple
trace) were prepared, as well as a negative control with T7 RNAP entirely omitted (green trace). Measurements
were performed in triplicate, and error bars display the standard deviation. Originally presented in [155] and the
data have been adapted for this work.

increase. Additionally, the 2xMG transcripts appear to be approximately twice as efficient
as the 1xMG transcripts. Considering that T7 RNAP likely produces transcript molecules at
similar rates in each reaction, resulting in similar molar amounts of each transcript, it may be
inferred that the 2xMG transcripts are able to efficiently fold into two aptamers and stabilize
two MG molecules per transcript.

In contrast with what might be predicted, the 3xMG transcripts appear to be only of
intermediate efficiency. As gel electrophoresis analysis of the transcripts shows that the greatest
mass of RNA transcripts is produced from the 3xMG reaction (Figure 6.8), the explanation that
IVT of the 3xMG reaction is simply less efficient can likely be excluded. This then suggests that
while the 3xMG transcripts are efficiently produced by T7 RNAP, they do not efficiently fold into
the correct conformation and bind MG. As the 3xMG transcripts are inherently more repetitive
than the 1xMG and 2xMG transcripts, it is likely that the 3xMG transcripts self-anneal into
structures other than the intended aptamer repeats, and hence cannot increase MG fluorescence.
This may be due to an inability to properly stabilize MG in the binding pocket, a decreased
affinity for MG, or a combination of the two.

In order to implement T7 RNAP in SMC&P, a means of specific noncovalent surface
immobilization was required. The ybbR tag of T7 RNAP was therefore covalently reacted
with single-stranded DNA modified with a terminal CoA group via Sfp. The IVT activity of
the modified polymerase was then assessed and compared to unmodified T7 RNAP (Figure
6.10). Equimolar amounts of modified and unmodified T7 RNAP were incubated in otherwise
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identical IVT reactions with the 2xMG plasmid template at 22 °C. A negative control reaction
that omitted T7 RNAP was also prepared. The fluorescence was measured in intervals of 10 min.
As observed previously, IVT reaction with unmodified T7 RNAP increases the measured
fluorescence significantly and steadily over time. In contrast, the reaction with DNA-modified
T7 RNAP does not differ significantly from the negative control reaction with the polymerase
entirely omitted.

Samples of the plate reader-measured IVT reactions were subsequently examined via
agarose gel electrophoresis (Figure 6.11). Samples from two of the replicates of the reaction
containing unmodified T7 RNAP were run as duplicates. A sample from one of the replicates
of the reaction containing DNA-modified T7 RNAP and of the control reaction that omitted T7
RNAP were also examined. RiboRuler Low Range Ladder RNA standard was used as a mass
standard to estimate the size of the transcripts from each reaction.

Consistent with the plate reader measurement of MG fluorescence, IVT reactions with
unmodified T7 RNAP produce a single readily detectable transcript consistent with the expected
size from the 2xMG plasmid template, while the reaction with DNA-modified T7 RNAP does
not produce detectable transcripts. Interestingly, it is also observed that the presence of DNA-
modified T7 RNAP does not hinder the migration of the plasmid template in the agarose gel,
while unmodified T7 RNAP causes much of the plasmid template to be either trapped in the
pocket or smeared near the top of the gel.

Although the unmodified T7 RNAP construct appears to be a functional and efficient
enzyme, the covalent attachment of DNA appears to nullify enzyme activity. As hinted at by
the migration of behavior of the plasmid template in agarose gel electrophoresis, this is likely
due to an inability of DNA-modified T7 RNAP to bind the plasmid template. Rather, the single-
stranded DNA modification out-competes the plasmid template for the polymerase’s active site
due to its covalent attachment to the polymerase and therefore effective local concentration
that can be estimated to be at least in the mM range. In this situation, it may be inferred that the
polymerase is able to only fleetingly bind the plasmid template before it is effectively kicked off
by the covalently attached DNA anchor. Considering that the initiation step is the rate-limiting
step in the T7 RNAP transcription reaction, it is likely that hardly any transcripts of any length
are produced by DNA-modified T7 RNAP.

Historically, SMC&P had relied on single-stranded DNA to immobilize cargo molecules
of interest on a surface in the target area. This strategy is not necessarily compatible with all
molecules of interest, as demonstrated by significantly reduced activity from DNA-modified T7
RNAP.

Considering that T7 RNAP has a high affinity for DNA, the covalently-attached DNA may
compete with the IVT template DNA for binding to enzyme. Additionally, as the DNA anchor
likely has affinity for the enzyme’s binding pocket, the DNA anchor is consequently less free
to interact with its complementary DNA strands on the depot and target surfaces. This would
likely affect the efficiency of SMC&P, resulting in fewer successful transfer events. In conclusion,
T7 RNAP likely cannot be integrated into SMC&P given a DNA-based immobilization scheme.
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Figure 6.11: IVT reactions and T7 RNAP comparison, examined by agarose gel electrophoresis. Identical reactions
with 2xMG plasmid template and equimolar amounts of unmodified T7 RNAP (+T7) and DNA-modified T7 RNAP
(+T7-DNA) were prepared, in addition to a negative control reaction that omitted T7 RNAP (-T7). 2xMG IVT
reaction RNA product is indicated with a blue arrow. Both the DNA-modified T7 RNAP reaction and the negative
control reaction produces no observable nucleotide products. RiboRuler Low Range Ladder was additionally
loaded as an RNA standard for size estimation.
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Moreover, it is conceivable that a DNA-reliant immobilization strategy is similarly not viable
for DNA-binding enzymes in general.

Alternatively, a DNA-free SMC&P strategy could potentially circumvent these difficulties.
By limiting the unwanted affinity of the enzyme cargo and the immobilization molecules,
the enzyme would be free to interact with the target ligands. Simultaneously, the surface
immobilization handles would be better able to interact with the depot and target surfaces.
Such a strategy of DNA-free SMC&P was successfully implemented, and is discussed at length
in Chapter 8.

6.3 DNA Ligase Nick-Sealing of Labeled DNA

A system to detect DNA Ligase (DNAL) activity through fluorescence was contrived (Figure 6.12).
As a general strategy, two pre-annealed DNA duplexes with fluorophores that together formed a
FRET pair were ligated together by DNAL. Each duplex was designed to have complementary 5’
sticky-overhangs and 5’ phosphates to enable cohesive end-joining and subsequent nick-sealing
ligation. After ligation, the covalently joined DNA formed a single duplex with two nearby
fluorophores that together produced a FRET signal. DNA duplexes were necessarily designed
in sets such that they possessed complementary sticky overhangs as well as FRET-compatible
fluorophore pairs.

Ligation reactions were then analyzed by native PAGE rather than agarose gel electrophore-
sis, as the PAGE offers better resolution and separation of extremely short DNA complexes. The
native conditions also preserved the structure of duplexes with long stretches of complemen-
tary bases but simultaneously enabled separation of unligated duplexes, which had only four
basepairs of cohesive overlap. Duplexes - both ligated and unligated - were separated according
to size, and the separated bands were then imaging with LED-based excitation of the fluorescent
labels. Ligation is indicated by a band-shift from lower in the gel (smaller DNA that migrates
faster) to higher in the gel (ligated DNA that is larger and migrates slower). Additionally, a
FRET signal between nearby Cy3 and Cy5 labels was acquired with green LED excitation and
then imaging with the red emission filter. Relative FRET efficiency was compared between
duplex pairs with variable distances between the Cy3 and Cy5 labels.

Of specific interest was the effect of a fluorescent label in the footprint or near the active
site of the ligase. The potential steric clash between the ligase and the fluorophore would
presumably interfere with substrate recognition or transition state stabilization, resulting in
compromised ligation efficiency. Considering that FRET is limited to a maximum distance
between fluorophores of approximately 10 nm, the ligation reaction was tuned to identify a
minimal distance between fluorophores that simultaneously does not drastically hinder ligase
activity.

E. coli DNAL LigA was first challenged to ligate pre-annealed duplexes with cohesive sticky
ends and a variable location of the Cy3 label (Figure 6.13). A reaction with a duplex pair lacking
Cy3 served as a control reaction to benchmark LigA efficiency without any interfering Cy3
label. The control reaction and the reaction with Cy3 14 bp from the nearest nick site appear to
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Figure 6.12: Ligation of fluorescently-labeled DNA by DNA Ligase. (a) Two pre-annealed duplexes are utilized,
both with complementary sticky overhangs and 5 reactive PO4. The duplexes are also both fluorescently labeled
such that the two fluorophores together form a FRET pair (for example, Cy3 and Cy5 as shown here). DNA Ligase
joins the sticky overhangs by sealing the nick in the backbone between the 5’ phosphate and the 3’ end of the
other duplex. (b) Ligated duplexes form a single double-stranded duplex with two fluorophores that form a FRET

pair.
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Figure 6.13: LigA ligation efficiency of fluorescent DNA, analyzed by native PAGE. Equimolar amounts of two
pre-annealed duplexes with cohesive sticky ends were incubated with LigA (lanes 2, 4 and 6), as well as in the
absence of DNAL as negative controls to check for unligated DNA migration (lanes 1, 3 and 5). A duplex with
Cy5 13 bp from the nearest nick was used in all reactions, and was ligated to a complementary duplex in three
variations: lacking Cy3 (lanes 1 and 2), with Cy3 3 bp from the nearest nick (lanes 3 and 4), and with Cy3 14 bp
from the nearest nick (lanes 5 and 6). The gel was imaged with green LED excitation for Cy3 and red LED
excitation for Cy5. The multichannel image was assembled by simple overlay of the two channels, with the green
LED channel in green and the red LED channel in red.
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Figure 6.14: Tolerances of ligases for labeled DNA, analyzed by native PAGE. Equimolar amounts of two pre-
annealed duplexes with cohesive sticky ends were incubated with LigA (lanes 1, 4 and 7), T7 DNAL (lanes 2, 5 and
8) as well as in the absence of DNAL as negative controls to check for unligated DNA migration (lanes 3, 6 and 9).
Ligases were challenged to ligate duplex pairs with Cy3 and Cy5 the following distances from the nearest nick
site: no Cy3 and Cy5 13 bp away (lanes 1 - 3); Cy3 3 bp away and Cy5 13 bp away (lanes 4 - 6); and both Cy3 and
Cy5 7bp away (lanes 7 - 9). The gel was imaged with green LED excitation and a 605/50 emission filter for Cy3,
and red LED excitation and a 695/55 emission filter for Cy5. The multichannel image was assembled by simple
overlay of the two channels, with the green LED channel in green and the red LED channel in red. FRET signal
was acquired by combining green LED excitation and a 695/55 emission filter.

have similar ligation efficiencies. Considering that the footprint of LigA is estimated to be 19 bp
and centered on the nick site [133], it is not surprising that the presence of fluorophores well
outside of the ligase footprint appears to have no effect on ligation efficiency (compare lanes 2
and 6). In contrast, a Cy3 label only 3 bp from the nearest nick site (lane 4) has a noticeable
adverse effect on the ligation efficiency, visible by the less bright higher band in both the green
and red channels when compared to the same reaction with Cy3 much further from the nick
site. Additionally, the lower band in the red channel that represents unligated Cy5-labeled
DNA is comparatively bright in the reaction with Cy3 only 3 bp away from the nick. As this
Cys3 label is well within the footprint of the ligase, it may be surmised that the lower ligation
efficiency results from steric clash between the fluorophore and the ligase.

The relative tolerances of LigA and T7 DNAL for DNA modifications near the nick sites
were directly compared (Figure 6.14). Ligation reactions were incubated with LigA and T7



94 6. Enzyme Activity and Fluorescent Systems

DNAL, as well as in the absence of ligase as negative controls. Ligases were challenged to ligate
duplex pairs containing Cy3 and Cy5 the following distances, respectively, from the nearest
nick site: no Cy3 and Cy5 13 bp away; Cy3 3 bp away and Cy5 13 bp away; and both Cy3 and
Cy5 7bp away.

Compared to LigA, T7 DNAL has a much smaller footprint of approximately 12 - 14 bp
centered asymmetrically on the nick site [131]. T7 DNAL is therefore predicted to have a
better tolerance for fluorophores closer to the nick site, as the ligase binds fewer nucleotides
bordering the nick. In agreement with the results presented in Figure 6.13, LigA appears to
have significantly decreased catalytic activity when incubated with a duplex pair containing
Cy3 a mere 3 bp away from the nearest nick site. T7 DNAL displays a less severe hindrance, as
evidenced by the comparably brighter band in the multichannel image and stronger signal in
the FRET channel. However, this reaction appears overall to be less efficient for both ligases
compared to the reactions without Cy3 present.

This poses an interesting dilemma from the perspective of designing a FRET-based system of
detection: how best to move the fluorophores closer together to increase FRET efficiency while
simultaneously retaining high levels of ligase activity? To further investigate this question,
another duplex was designed to have the Cy3 and Cy5 labels placed symmetrically 7 bp away
from the nearest nick sites. It is also worth pointing out that Cy3 is located on the shorter
strand, and Cy5 on the longer strand, although this should have no practical effects other
than swapping the fluorescence pattern when separating DNA by size. Even though these two
fluorophores are on average closer to the nick sites than the duplex with Cy3 3 bp away and
Cy5 13 bp away, ligation efficiency appears to be much higher for this pair in the case of both
ligases. Furthermore, the shorter distance between the fluorophores is expected to improve
FRET efficiency independent of ligation efficiency. The combination of improved ligation as
well as better FRET leads to a much stronger FRET signal for this duplex pair.

A final duplex was designed with Cy3 and Cy5 located 5 bp away from the nearest nick
sites. The FRET efficiency of this duplex was compared to previously tested duplexes (Figure
6.15). As T7 DNAL appears to have higher ligation efficiencies than LigA when fluorophores
are located near the nick sites, only T7 DNAL was used in this assay. T7 DNAL was challenged
to ligate duplexes with Cy3 and Cy5 the following distances from the nearest nick site were
ligated: Cy3 14 bp away and Cy5 13 bp away; both Cy3 and Cy5 7 bp away; and both Cy3 and
Cy5 5 bp away. Taking into account the 4 bp sticky overlap from the cohesive duplex ends and
a distance conversion factor of 0.34 nm/bp, the total nanometer distances between duplex pairs
are approximately 10.5 nm, 6.1 nm and 4.8 nm, respectively.

Impressively, T7 DNAL appears to efficiently ligate the duplex pair with fluorophores each
5bp away from the nick sites. As this fluorophore pair is only 4.8 nm apart, it is not surprising
that this reaction displays the highest FRET efficiency of the three duplexes examined. Notably,
for the fluorophore pair that is 4.8 nm apart, the signal strongly drops in the green channel,
which in turn creates an orange color in the multichannel image. This is attributed to high FRET
efficiency, leading Cy?3 to fluoresce very little and instead transfer much of the absorbed energy
in a non-radiative manner to nearby Cy5. In this case, ligation efficiency is best estimated by
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Figure 6.15: FRET efficiencies of ligated duplex pairs, analyzed by native PAGE. Equimolar amounts of two
pre-annealed duplexes with cohesive sticky ends were incubated with T7 DNAL, and the relative FRET efficiency
of each ligated duplex pair was compared. Each reaction was run in duplicate, and replicates are in good agreement
with each other. Duplex pairs with Cy3 and Cy5 the following distances from the nearest nick site were ligated:
Cy3 14 bp away and Cy5 13 bp away (lanes 1 and 4); both Cy3 and Cy5 7 bp away (lanes 2 and 5); and both Cy3
and Cy5 5bp away (lanes 3 and 6). Taking into account the 4 bp sticky overlap from the cohesive duplex ends, the
total nanometer distances between duplex pairs are approximately 10.5 nm, 6.1 nm and 4.8 nm, respectively. The
gel was imaged with green LED excitation and a 605/50 emission filter for Cy3, and red LED excitation and a
695/55 emission filter for Cy5. The multichannel image was assembled by simple overlay of the two channels,
with the green LED channel in green and the red LED channel in red. FRET signal was acquired by combining
green LED excitation and a 695/55 emission filter.
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Figure 6.16: Ligation and FRET efficiencies of labeled DNA, analyzed by native PAGE. Equimolar amounts of
two pre-annealed duplexes with cohesive sticky ends were incubated with LigA (lanes 1 - 4), T7 DNAL (lanes 5 -
8) as well as in the absence of DNAL as negative controls to check for unligated DNA migration (lanes 9 - 12).
Ligases were challenged to ligate duplex pairs with Cy3 and Cy5 the following distances from the nearest nick
site: Cy3 14 bp away and Cy5 13 bp away (lanes 1, 5 and 9); Cy3 3 bp away and Cy5 13 bp away (lanes 2, 6 and
10); both Cy3 and Cy5 7 bp away (lanes 3, 7 and 11); and both Cy3 and Cy5 5 bp away (lanes 4, 8 and 12). The gel
was imaged with green LED excitation and a 605/50 emission filter for Cy3, and red LED excitation and a 695/55
emission filter for Cy5. The multichannel image was assembled by simple overlay of the two channels, with the
green LED channel in green and the red LED channel in red. FRET signal was acquired by combining green LED
excitation and a 695/55 emission filter.

comparing the amount of unligated DNA that still remains in the reactions, as the high FRET
efficiency alters the appearance of the ligated product band.

The ligation efficiency and FRET efficiency of Cy3- and Cy5- labeled duplex pairs incubated
with LigA or T7 DNAL are summarized in Figure 6.16. T7 DNAL appears to have high catalytic
activity for all tested duplex, including duplexes with fluorescent labels within 3 - 5 basepairs
of a ligation site. In contrast, LigA activity is significantly hindered by fluorophores near the
active site.

This discrepancy in fluorophore tolerance between LigA and T7 DNAL cannot be explained
by footprint size alone. T7 DNAL is expected to interact directly with nucleotides within 3 - 5 bp
on the 3°OH side and 7 - 9 bp on the 5’POy side of a nick site [131]. This footprint encompasses
several tested duplexes (such as the duplex with Cy3 only 3 bp away from the nick), although
T7 DNAL does not display the same degree of impeded catalytic activity. Rather, it is likely
the three-dimensional interface of ligases and DNA that explains this difference. The smaller
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size of T7 DNAL compared to LigA not only gives it a shorter footprint, but also inevitably
decreases the surface contact area between the ligase and the DNA substrate; LigA wraps
around the DNA helix in almost a 360° arc [133], while T7 DNAL is restricted to only one face
of the helix. The difference in binding geometry likely plays a role in sensitivity to fluorophores
near the nick sites. Fluorescent labels on the bases of nucleotides typically project out into the
major groove of DNA in order to minimize steric clash between the bulky fluorophore and the
surrounding DNA. If T7 DNAL binds the nicked DNA on the opposite side of the helix and
hence does not make physical contact with the fluorophore, then ligation efficiency will likely
not be affected - even if the fluorophore is technically within the footprint area of the ligase.

Furthermore, in the experiments presented here, the employed duplexes both have a 5’
reactive POy at the designed nick sites to facilitate complete ligation on both strands. Therefore,
it is conceivable that many of the ligated duplexes observed in gels are in fact still nicked at
one of the sites.

A potentially valuable continuation of this series of bulk reactions would be to incubate
pairs of duplexes in which only one of the duplexes has a reactive 5’PO4 for DNA ligation.
Considering that when both duplexes have a 5° reactive POy, it is possible that only one of the
two nicks is sealed. In cases where fluorophores are positioned asymmetrically around the nick
sites - e.g. the duplex pair with Cy3 spaced 3 bp away and Cy5 spaced 13 bp away from the
nearest nick sites - one nick may be efficiently sealed but the other not. The partially-ligated
duplexes would still migrate as a larger DNA complex in the gel, thereby incorrectly reporting
the deleterious effects of one fluorophore on the ligation efficiency. By instead testing the nick
sites individually, the effects of specific modifications while simultaneously investigating FRET
efficiency between two fluorophores may be better understood. Similarly, the strand location
of a fluorophore relative to the nick site (i.e. same strand or opposite strand) likely also affects
the ligation efficiency, therefore varying the fluorophore position in that respect could also
further elucidate DNAL behavior.

The most successful ligase scheme so far tested - T7 DNAL and a duplex pair with flu-
orophores spaced 5 bp symmetrically around the nick sites - is a promising candidate as an
enzyme system to be implemented in SMC&P. Further optimization of the system could reveal
additional fluorophore geometries that enhance FRET efficiency or better preserve ligase activ-
ity. Additionally, the fluorophores themselves may be swapped out for versions with better
fluorescent properties and longer lifetimes, e.g. Atto550 and Atto647N. Nevertheless, the combi-
nation of well-preserved ligase activity of T7 DNAL and remarkable FRET efficiency of nearby
Cy3 and Cy5 overall makes this reaction already a potentially highly efficient FRET-based
readout system on the single-molecule level.

6.4 NanoLuc Luciferase Bioluminescence

The activity of the engineered luciferase NanoLuc was first compared in bulk to firefly luciferase
(LuLic) to confirm its greatly improved luminescence. Reactions containing the luciferin
coelenterazine and NanoLuc or LuLic were incubated at room temperature, and the absorbance
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was measured over time via plate reader. In agreement with what is predicted for the engineered
luciferase, NanoLuc was significantly more luminescent than the wildtype luciferase when
compared at equal concentrations. This is due primarily to increased catalytic turnover on the
part of NanoLuc.

A microfluidics system designed for SMC&P was utilized to immobilize NanoLuc on a glass
surface with a well-defined border between the enzyme-containing channels and extra-channel
area of the surface. NanoLuc molecules were covalently immobilized via ybbR tag to a CoA-
functionalized surface, and a buffer solution containing high concentrations of the luciferin
furimazine was added to the surface. For the purposes of imaging, the surface was first adjusted
to the focal plane of the objective by TIRF illumination with the blue laser, which tends to
excite nonspecifically adsorbed contaminating molecules. This provided a means of focusing to
the surface in the absence of specifically immobilized fluorescent molecules of interest. The
laser was then shut off completely, and the blue filter set was removed from the Optosplit to
allow all photons in the blue range to be detected in the emission path.

Although in bulk experiments it was indeed observed that NanoLuc produces significantly
more bioluminescence signal compared to wildtype luciferases, this was still insufficient to
observe luciferase activity on the level of single-molecules with the optics setup available.

6.5 Improved Expression of T7 RNA Polymerase

Although recombinant expression of a protein of interest in E. coli has several advantages -
namely rapid protocols and relatively inexpensive materials - it is a strategy that is often ill-
suited for many proteins. In particular, large proteins are frequently express in a denatured state
that forms an insoluble precipitate during purification. In both eukaryotes and prokaryotes,
complex proteins often require chaperone proteins to assist with proper folding [7, 20, 21],
and such chaperones from another organism are likely not natively present in E. coli. The
absence of such necessary chaperones greatly increases the likelihood that a protein does not
fold correctly and instead folds directly into a denatured state. Although there are methods to
extract the protein of interest from the insoluble fraction and refold them into a soluble state,
initially soluble proteins are nevertheless preferred.

Elaborate specialized protocols are often developed to optimize expression and purification
of particular proteins. Additionally, efficient solubility tags - i.e. highly soluble and relatively
small peptides or proteins that may be fused to a protein of interest to improve its solubility
- are highly sought after. Solubility tags may also have secondary functions in addition to
solubilizing the expressed fusion construct. For example, Liu et al. fused an adenylate kinase
domain to the ATP-dependent ligase T4 DNAL to both greatly increase the expression efficiency
of the ligase as well as confer an ability of the fusion construct to convert ADP to ATP [136].

Wild-type as well as 6xHis-tagged T7 RNAP generally exhibits very poor solubility in
E. coli expression systems, and consequently yields relatively low concentrations of purified
functional protein. Like many individual enzymes, detailed protocols have been devised to
improve expression and purification of T7 RNAP [164, 165].
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Figure 6.17: Improved expression and purification yield of T7 RNAP by fusion with ddFLN4, analyzed by SDS
PAGE. T7 RNAP (100 kDa) and two fusions of T7 RNAP and ddFLN4 (118 kDa) were expressed and purified
according to identical protocols. Following cell lysis and high-speed centrifugation to separate the soluble
supernatant and insoluble pellet, T7 RNAP (orange arrow) is found mostly in the pellet with very little apparent
in the supernatant. T7 RNAP was then purified by Ni-IMAC, and eluted fractions consequently contain low
concentrations of protein. In contrast, two fusions of T7 RNAP with an N-terminal ddFLN4 domain (ddFLN4-T7
RNAP) and a C-terminal ddFLN4 domain (T7 RNAP-ddFLN4) were found mostly in the soluble supernatant
fraction with much less found in the pellet, and subsequent eluted fractions contain high concentrations of protein.
The same mass standard ladder (Precision Plus Unstained Ladder, Bio-Rad) was used in each gel for reference, and
comparable volumes of each sample type were loaded into each gel.
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The 11 kDa domain termed ddFLN4 has previously demonstrated solubility tag-like proper-
ties in the expression of monomeric Streptavidin [70], in addition to serving as a robust finger-
print domain in AFM-based SMFS [36, 49, 70]. When fused either N-terminally or C-terminally
to T7 RNAP, ddFLN4 similarly increased both T7 RNAP solubility as well as fractionation yield
in Ni-IMAC (Figure 6.17). Ni-IMAC purification of 6xHis-tagged and ddFLN4-fused T7 RNAP
yielded peak fractions of approximately 50 um - 150 pm, which is a 100-fold increase compared
to 6xHis-tagged T7 RNAP peak fractions of approximately 500 nm - 1.5 pm.

Normally an enzyme with mediocre yields from recombinant expression in bacteria, ddFLN4
appears to greatly improve solubility of this enzyme. The addition of the small ddFLN4 motif
may therefore be an attractive strategy to improve expression efficiency of enzymes in general,
provided there is care taken to the positioning of the ddFLN4 motif within the fully chimeric

construct.



Strep-Tag Il and Monovalent Strep-Tactin as

Novel Handles in Single-Molecule

Summary

Directed spatial assembly of single molecules on a sur-
face presents an opportunity to precisely control the po-
sitioning, density and geometry of molecules of interest
within an ensemble. In contrast to bulk averaging, this
enables detection and analysis of individual behavior
within such a designed ensemble. The AFM-based tech-
nique of Single-Molecule Cut-and-Paste has been devel-
oped to arrange a variety of biomolecules on a surface
through different handling strategies. This technique
requires cantilever- and surface-handles that simultane-
ously adhere to a prerequisite rupture force hierarchy,
and also do not cross-interact with each other or the
transported molecules. As the molecules of interest
diversify, so too must the handling methods to accom-

Cut-and-Paste

modate their unique characteristics. We demonstrate that a previously-developed monovalent

variant of Strep-Tactin and its corresponding Strep-Tag II peptide ligand comprise a viable
cantilever handling complex for SMC&P. Ultimately, this expansion to the SMC&P toolbox
increases the system’s versatility for new molecules of interest yet to be studied.

This chapter was published by Erlich et al. [102] in Small Methods and adapted with permission from Wiley-

VCH. Copyright ©2017 Wiley-VCH
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7.1 Introduction

The frontier of nanoscale studies frequently presents unexpected challenges that must be
overcome with innovation. As such, universally applicable approaches often do not exist, and
instead diverse methods or tools must be developed. Bottom-up synthetic biology employs
fundamental biological components as the building blocks for artificial biological systems
with novel characteristics. A major endeavor of this broad field is to develop unique molecu-
lar organization techniques, such as engineered protein modules [91] and enzyme cascades
assembled on DNA origami scaffolds [97]. Single-Molecule Cut-and-Paste (SMC&P) is one
such organization technique, merging bottom-up assembly with control on the level of single
molecules. SMC&P utilizes the single-molecule force spectroscopy (SMFS) and lateral surface
positioning of atomic force microscopy (AFM) [39, 166, 167] to deposit molecules of interest
in arbitrary patterns on a functionalized glass surface with nanometer-precision. There exist
several key challenges in SMFS that are constantly improved upon: signal-to-noise limits of
data resolution, and specific handling. Advances in existing tools, such as modified cantilevers
in AFM-based SMFS [168], can greatly improve data quality and expose previously inaccessible
levels of detail. Precise and versatile control of molecules of interest can likewise open up new
avenues of study. For example, protein-labelled DNA tethering strategies in optical tweezers
experiments offer additional flexibility in handling biomolecules for mechanical measurements
[169]. Similarly, SMC&P requires robust immobilization and handling schemes for the specific
and controlled arrangement of diverse biological agents. With a more expansive repertoire of
handling strategies, its components could potentially be tailored to enable arrangement of any
molecule of interest in a well-defined orientation.

During each SMC&P cycle, a non-covalently immobilized transfer molecule of interest is
picked up from a depot area via a cantilever-coupled affinity handle. The cantilever relocates
the transfer molecule to a target area, where it then deposits said molecule and is recycled
back to the depot area to repeat the process. Arrays of molecules are assembled with precise
localization in the target area, where their properties such as their fluorescent behavior in
an ensemble or as individuals can be analyzed. For example, hybrid DNA-RNA molecules
were specifically arranged and immobilized on a surface via complementary oligonucleotides.
The resulting duplexes formed aptamers that stabilized the structure of a target dye molecule,
enabling it to produce a fluorescent signal upon binding the SMC&P-arranged constructs [1].
Proteins have also been integrated into SMC&P, including constructs containing modified
green fluorescent protein (GFP) [170] with different surface-immobilization strategies and a
protein-based handle for the cantilever [86, 101]. Directed placement of molecules within the
nanoapertures of zero mode waveguides with SMC&P is also possible. These nanoapertures
facilitate measurements in a confined volume and improve background fluorescence when
compared to conventional fluorescence microscopy. Importantly, the precise placement of
molecules via SMC&P decreases the heterogeneity of fluorescence intensity and lifetime that
results from stochastic immobilization and quenching effects from the metallic sidewalls [2].
In combination with fluorescence microscopy, SMC&P therefore presents new opportunities to
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examine biomolecular behavior on the single-molecule level with precise control of surface
location and environment.

SMC&P fundamentally relies on a hierarchy of rupture forces of the specific interactions
between the transfer molecule and the depot area (Fp), the cantilever (Fc) and the target area (Fr)
such that Fp < Fc < Fr. Consequently, this system demands a palette of selective immobilization
and pickup methods so that the forces involved are tunable to fit this hierarchy. Furthermore,
an ideal SMC&P scheme uses orthogonal agents that avoid unwanted cross-reactivity. Even
small peptide tags and single-stranded DNA anchors could have adverse interactions between
themselves or with molecules of interest, which in turn could interfere with SMC&P efficiency
or molecule behavior. Therefore, a modular approach to construct design confers a degree of
plasticity and promotes integration of any molecule of interest into SMC&P. By expanding the
selection of cantilever- or surface-handles, the system can be further adapted to specific force
and mechanistic requirements.

Strep-Tactin, an engineered variant of streptavidin, is a tetravalent complex that specifically
binds with high affinity to the short peptide Strep-tag II (SII) [107, 109]. A monovalent version
of Strep-Tactin (monoST) was recently developed and implemented in SMFS as a cantilever-
immobilized handle for protein constructs harboring a SII-peptide [69]. The rupture forces of
SII:monoST were found to be dependent on loading rate as well as location of SII in the protein
construct, with N-terminal SII resulting in much lower rupture forces than C-terminal SII under
identical loading rates. Its tethering geometry-dependent force regime and tunable rupture
forces make the SII:monoST complex a compelling candidate as a handling system for SMC&P.
Moreover, its addition to the growing SMC&P toolbox advances the technique towards the
ultimate goal of enabling precise arrangement of any molecule of interest.

7.2 Materials and Experimental Methods

Preparation of Monovalent Strep-Tactin: A heterotetrameric monovalent version of Strep-Tactin
(monoST) was designed, expressed, purified and reconstituted as previously described by
Baumann et al. [69] In brief, the non-functional subunits and the single functional subunit
harboring a 6xHis tag and a reactive Cysteine residue were separately expressed in E. coli
BL21(DE3)-CodonPlus cells. Inclusion bodies were dissolved and denatured, and the dissolved
inclusion body fractions of the non-functional and functional subunits were mixed in a ratio
of 10:1 respectively. Subunits were refolded by slowly and drop-wise adding to a reservoir of
1x phosphate-buffered saline (PBS). The assembled monoST was purified by Ni-IMAC affinity
chromatography. The fractions containing monoST were isolated and dialyzed against 1x PBS.
Purified monoST was long-term stored at 4 °C in the presence of TCEP beads.

Preparation of sfGFP Construct and DNA Coupling: A superfolder Green Fluorescent Protein
(stGFP) [170] transfer construct was designed, expressed and purified as previously described in
Baumann et al. [69] In brief, the construct harbors an N-terminal Strep-tag II (SAWSHPQFEK =
SII) [107, 109] and a C-terminal ybbR-tag (DSLEFIASKLA) [148, 149] to enable specific cantilever
handling and DNA coupling, respectively. The GFP gene was cloned into a modified pET28a
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vector that contains an N-terminal 6xHis-tag followed by a PreScission Protease cleavage site
(PreSc). The resulting fusion protein (6xHis-PreSc-SII-sfGFP-ybbR) was expressed in E.coli
BL21(DE3)-CodonPlus cells. The sfGFP construct was obtained in the soluble fraction after
cell lysis and purified by Ni-IMAC affinity chromatography. Selected fractions of purified
protein were then dialyzed overnight against storage buffer (50 mm Tris HCI pH 7.5, 150 mm
NaCl, 2mm DTT, 5 %(v/v) Glycerol) and stored long-term at -80 °C. The sfGFP construct was
covalently coupled to DNA via the enzyme Sfp transferase as similarly described by Pippig et
al. [86], which is slightly altered from the protocol of Yin et al. [149] PreScission Protease, Sfp
transferase, and Coenzyme A-modified transfer DNA (biomers.net GmbH, Ulm, Germany) were
incubated with the purified 6xHis-PreSc-SII-sfGFP-ybbR construct at room temperature for 2h
for simultaneous cleavage of the 6xHis tag and covalent coupling of the ybbR tag to DNA. The
reaction was filtered and then stored on ice until application in a microfluidic system.

Preparation of Cantilevers: MLCT cantilevers (Bruker, Camarillo, USA) were silanized in 3-
(Aminopropyl)dimethylethoxysilane and subsequently functionalized with a heterobifunctional
PEG crosslinker [158, 159] with N-hydroxy succinimide and maleimide groups (MW 5000 Da).
Cantilevers were covalently coupled to monoST.

Preparation of Glass Surfaces: Glass cover slips were silanized in (3-Aminopropyl)dimethylethoxysilane
and subsequently functionalized with a heterobifunctional PEG crosslinker with N-hydroxy
succinimide and maleimide groups (MW 5000 Da). Thiol-modified depot and target DNA was
reduced and then purified by ethanol precipitation. A PDMS microfluidic system — based on
the system described by Kufer et al. [98] — was fixed on the PEGylated cover glass. Depot and
target channels were functionalized with their respective reduced DNA, and the sftGFP-DNA
chimera construct was incubated in the depot channel for 1h. The depot channel was then
flushed with 1x PBS to remove unbound- or nonspecifically-bound sfGFP. The microfluidic
system was then removed and the surface submerged in 1x PBS.

AFM/TIRFM Measurements: SMC&P experiments were carried out on a combined AFM/TIRFM
setup, as described previously [156]. The patterns were written in 395 - 487 transfer cycles with
150 - 250 nm spacing between each deposition point. The pulling speed in the depot was set to
2000 nm/s and in the target to 200 nm/s. Rupture forces and loading rates were evaluated from
AFM force distance curves that were recorded for each pickup and deposition process utilizing
the WLC model [162] with quantum mechanical correction. Blue laser excitation at wavelength
488 nm with an estimated intensity of approximately 10 W/cm? was utilized to monitor the
GFP fluorescence. Fluorescent images were evaluated and processed with the analysis software
Image].

7.3 Results and Discussion

A construct consisting of GFP with an N-terminal SII and a C-terminal ybbR tag was previously
expressed and purified, and it was also demonstrated in SMFS that the rupture forces of an
N-terminal SII and monoST were lower than the force required to unfold GFP [69]. This
construct was here employed in SMC&P, where the relatively low rupture forces of N-terminal
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Figure 7.1: Monovalent Strep-Tactin and the GFP transfer construct employed in SMC&P. a) The chimeric transfer
construct consists of a GFP molecule with an N-terminal SII as well as a C-terminal ybbR tag, which is then
covalently coupled to 3’-modified CoA single-stranded DNA via reaction catalyzed by Sfp Synthase. The DNA
anchor binds non-covalently to the surface via a complementary DNA strand. monoST is covalently coupled to the
cantilever, and its single functional subunit targets SII of the transfer construct. b) Repeatable transfer cycling of
SMC&P depends on a force hierarchy determined by DNA hybridization geometry and the SI:monoST interaction.
The cantilever approaches the depot surface, and monoST binds to SII of a transfer molecule immobilized via
complementary DNA in zipper orientation (I). The cantilever retracts and removes the transfer molecule as the
DNA unzips (II). The loaded cantilever then transports the transfer molecule to the target surface where the
transfer molecule binds to complementary DNA in shear orientation (III). Retraction of the cantilever ruptures the
SI:monoST complex, and the cantilever is recycled back to the depot area to repeat the process (IV). The rupture
forces of the transfer construct with the DNA in the depot area (Fp), monoST on the cantilever (Fc) and DNA in
the target area (Fr) are tuned such that Fp < F¢ < Fr.
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Figure 7.2: Typical force-distance curves of single-molecule a) depot pickup and b) target deposition events.
Depot pickup events occur when the transfer construct-surface DNA complex is unzipped, resulting in a plateau
of relatively constant force at ~25 pN (depicted by the dashed grey lines). Target deposition events occur when the
newly established transfer construct-surface DNA complex in shear orientation remains intact, and instead the
SI:monoST complex unbinds. This results in a gradual buildup of force and a sharp unbinding peak at ~SI45pN.
In some cases, no molecules were picked up or deposited, which is reflected in the zero-force curves (bottom-most
traces). The baseline for each curve of SIOpN force is depicted by the dashed black lines.

SII and monoST were advantageous for preserving the fold and thus fluorescence of GFP
during the transport process. The C-terminal ybbR tag was covalently modified with 3’-
CoA single-stranded DNA by the Phosphopantetheinyl Transferase enzyme Sfp Synthase
[148]. Hybridization of the DNA anchor to a complementary DNA strand in either zipper- or
shear-orientation enabled noncovalent surface immobilization to the depot and target areas,
respectively (Figure 7.1a).

SMC&P was executed in a custom-built hybrid AFM/TIRFM instrument [156]. Chimeric
transfer constructs were picked up from the depot area via a monoST-coupled cantilever
and deposited into the target area over 395 - 487 consecutive SMC&P cycles. The technique
fundamentally relies on a hierarchy of rupture forces between the transfer molecule and the
depot storage molecule (Fp), the cantilever handle (F¢) and the target storage molecule (Fr)
such that Fp < Fc < Fr. The rupture forces of DNA duplexes are tuned via duplex length and
pulling geometry (zipper vs. shear) [98]. Additionally, the rupture forces of protein-protein
interactions are influenced by loading rates [47, 61, 69]. In this way, it is possible to optimize a
scheme to consistently transport transfer constructs and regenerate the cantilever (Figure 7.1b).

The distinct behaviors of the depot DNA duplex and the SIl:monoST complex upon unbind-
ing and rupture are illustrated in their respective force curve patterns (Figure 7.2). When pulled
apart in zipper orientation, the basepair-by-basepair unzipping of DNA is described quantita-
tively by an equilibrium thermodynamic model [52, 171], leading to a plateau of constant force.
During a pickup event from the depot area, the 40 bp DNA duplex melts at =25 pN, which
is consistent with previous SMC&P experiments using this same DNA duplex [86, 101]. The
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Figure 7.3: TIRFM image of GFP molecules after SMC&P in thumbs up and dinosaur patterns. The images are
composed of the average pixel intensity of 30 stacked frames from TIRFM acquisition (0.12 s exposure time at
~10 W/cm?) with a blue laser. The patterns consist of 487 deposited molecules spaced 250 nm apart and 395
deposited molecules spaced 150 nm apart, respectively.

non-equilibrium unbinding of the SI:monoST interaction occurs at forces significantly greater
than this value at the given loading rates [69]. Consequently, the transfer-depot DNA duplex
melts while the SIl:monoST bond stays intact, allowing for consistent pickup of molecules
from the depot. The transfer construct is then transported to the target area where it binds
to the surface-immobilized target DNA in shear orientation. The geometry of the 40 bp DNA
duplex confers a substantial increase in rupture force due to force propagation through all
basepairs (a most probable unbinding force of ~65 pN at the observed loading rates around
SI300pN/s) [172]. Meanwhile, the SII:monoST complex ruptures in a non-equilibrium process
at ~45 pN at this pulling speed and apparent loading rate. Thus, the transfer construct detaches
from the cantilever upon retraction and remains deposited in the target area. The cantilever-
coupled monoST complex is now free to pick up a new transfer construct in repeated SMC&P
cycles. This therefore presents the opportunity to carefully tune the expected rupture force of
a protein-based handle by varying the loading rate, while simultaneously incurring minimal
or no effect on the expected rupture force of a DNA-based tether. Hence, the SMC&P force
hierarchy can be further reinforced by adjusting the pulling speed in each step of the cycle to
maximize the difference in rupture force of the cantilever handle and surface tether. Examples
of single-molecule pickup and deposition events demonstrate the plateau-like force curves
observed from basepair-by-basepair unzipping of DNA in the depot area (Figure 7.2a) and the
worm-like chain [78] stretching behavior of the PEG linkers followed by a sharp unbinding
peak of the SIl:monoST complex in the target area (Figure 7.2b). Notably, no additional force
barriers are observed, which is consistent with the GFP and Strep-Tactin fold staying intact
throughout the transfer process.

Following completion of the SMC&P sequence, the GFP-containing transfer molecules
arranged in patterns of a thumbs up and a dinosaur were imaged by TIRF microscopy (Figure
7.3), producing clearly discernible outlines. The previously demonstrated longevity of the
monoST complex after hundreds of pulling events [69] is confirmed here with successful
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SMC&P transport over 487 and 395 consecutive cycles, respectively. Moreover, the rupture
forces exhibited by the SII:monoST complex are in a range that is compatible with the well-
characterized depot-transfer and target-transfer DNA duplex unbinding. Patchiness in the
pattern can be partially attributed to the limited photostability of GFP, likely causing a fraction
of the transfer molecules to photobleach during purification and experimental setup before
imaging. There are also cases where a cycle fails to transport a transfer construct, as SMC&P
and the underlying rupture forces are probability-dependent. Surface defects and densities can
also influence the efficiency of SMC&P. However, the corresponding force-distance curves in
every cycle can control for this; an inherently non-fluorescent or bleached transfer construct
produces a deposition force curve but no fluorescence signal, and a failed transport cycle
produces neither (e.g. the bottom-most force traces in Figure 7.2). Such analysis was previously
executed by Pippig et al. to evaluate a widely-spaced grid pattern of individual GFP molecules
deposited by SMC&P [86]. The same strategy could conceivably be applied to any SMC&P
experiment in which it is necessary to determine exactly which deposition points contain the
transported molecules of interest.

7.4 Conclusion and Outlook

SMC&P is an attractive strategy for the study of enzyme activity, as it enables precise placement
of molecules of interest on a surface with known positioning, in contrast to stochastic surface
immobilization. Moreover, the pattern of molecules to be arranged is completely arbitrary,
allowing unrestricted pattern design for the investigation of the effects of relative geometry
within networks or clusters of enzymes. Single-molecule enzyme analyses may prove to be
indispensable for gaining new insights into the dynamic nature of enzyme networks, such as
cellulosomes. These cellulose-degrading complexes are utilized by many species of cellulolytic
bacteria, and have the critical characteristic that cellulase enzymes are strategically arranged
on a scaffold to increase the efficiency of the catalytic network [173, 174]. As the spatial
organization of the enzymes is a key part of their function in vivo, similarly taking into account
their relative geometry could provide new understanding of the cellulosomal components
on a single-molecule level. Therefore, SMC&P may be an advantageous strategy for directed
arrangement and investigation of this enzyme network.

Identification of diverse surface-immobilization methods is likewise a prerequisite for
SMC&P’s versatility. An intriguing potential use of the SII:monoST complex in SMC&P would
leverage its terminus-dependent rupture force regimes to create SII-harboring depot and target
regions. A monoST-containing transfer construct could be transported from the N-terminal
SII depot (lower rupture forces) to the C-terminal SII target (higher rupture forces) via a
cantilever tag of some intermediate rupture force. This presents an opportunity to forego
DNA-based anchoring systems, which could be crucial for studying DNA-binding enzymes
such as polymerases or ligases.

We have demonstrated that the SII:monoST complex is a viable handle for SMC&P. Although
this study serves mainly as a proof of concept, it is invaluable to the expansion of SMC&P
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that diverse immobilization and cantilever handling options are available. Arrangement of
molecules that perform biological functions — such as enzymes or aptamers - requires careful
consideration of the unique properties, requirements or limitations of each molecule of interest.
Unexpected secondary interactions between a tethering system and an enzyme could hinder
SMC&P transport or interfere with enzymatic activity. In other words, it is possible that
universal means of surface immobilization or cantilever handling may ultimately not exist. It is
therefore advantageous to have a modular system with exchangeable components so that no
molecule of interest must be excluded from study. With the addition of the SII:monoST handle
system to the SMC&P toolbox, we have expanded the handling options available and given
this technique a new degree of flexibility.
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DNA-Free Directed Assembly in
Single-Molecule Cut-and-Paste

Summary

Single-molecule cut-and-paste presents an unprecedented opportunity for the bottom-up assem-
bly of biomolecular networks, thereby enabling time-resolved analysis of complex biological
systems in defined geometries on the single-molecule level. However, this technique requires
versatile handling systems to enable arrangement of diverse molecules. The novel DNA-free
scheme described here facilitates assembly of enzymes and enzyme networks.

8.1 Introduction

The spatial organization of molecules is of key interest in both single-molecule studies as
well as the broader field of nanotechnology. Arrangement of biomolecular structures may be
accomplished via two general approaches: self-assembly and directed assembly. The former
strategy encompasses a wide range of programmable structures, including engineered protein
modules [91] and prominently DNA origami [94, 97] — arguably the most widely-used self-
assembly technique. Notably, a recent novel drug-delivery strategy via activated DNA origami
showed potent tumor-inhibiting activity [96], demonstrating the profound utility of spatially
arranged molecules.

Directed assembly of single molecules is possible with single-molecule cut-and-paste
(SMC&P), merging bottom-up spatial assembly and exceptionally precise control of molecular
positioning. This technique utilizes an atomic force microscope (AFM) cantilever tip to pick
up and deposit single molecules with nanometer precision at defined positions on a surface.

This chapter was adapted from a manuscript that is currently in preparation and is likely to be submitted for
peer-review in November 2018 [103]
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SMC&P relies on a pre-programmed force hierarchy to facilitate the transfer of molecules from
the depot area to the cantilever tip to the target area. The handled molecules are probed via
single-molecule force spectroscopy (SMFS) — which provides critical feedback of the success of
the transfer — and the assembled pattern is imaged via total internal reflection fluorescence
(TIRF) microscopy. Additionally, SMC&P enables precise arrangement of molecules within
nanoapertures such as zero-mode waveguides, thereby circumventing complications such as
interference from metallic sidewalls that inevitably result from stochastic immobilization [2].

Previous iterations of SMC&P have undertaken arrangements and time-resolved fluorescent
measurements of various biomolecules, including labeled DNA, DNA aptamers, green fluo-
rescent protein, nanoparticle recognition sites, and diverse handling tags [1, 86, 98-102, 175]
— demonstrating the versatility of this technique. Furthermore, SMC&P presents a unique
opportunity for investigation of enzymes and enzyme networks on the level of single molecules,
arranged with precisely controlled geometry via directed assembly.

As an emergent technique, SMC&P compels improvements and developments to increase
its robustness. In particular, SMC&P has previously relied on DNA anchoring of molecules
to the surface. Although this strategy confers reliable and stable immobilization of transfer
molecules, its scope is limited. A DNA-based approach is unsuited for the study of DNA-binding
molecules — such as DNA-binding enzymes — as the molecule of interest would bind its own
covalently attached DNA anchor, thereby impacting its behavior as well as SMC&P transfer.
Arrangement of proteins additionally requires synthesizing protein-DNA hybrid molecules
— a process that is often not straightforward. Moreover, SMFS analysis in SMC&P has also
previously had limited applicability; probed molecules have lacked fingerprint domains to
identify specific single events, and the low-force regimes of the handling systems were partly
overlaid with the instrument noise.

Here, we present a revamped strategy that greatly expands the SMC&P toolbox, improves
the technique’s versatility and makes substantial progress towards SMC&P-based investigation
of enzyme networks. The newly developed system is DNA-free, instead relying on a protein-
ligand interaction for surface immobilization. Simultaneously, a reliable fingerprint domain
and increased rupture forces significantly improve SMFS analysis of SMC&P transfer both in
real-time and in statistical analyses.

8.2 Materials and Experimental Methods

The experiments described in the manuscript were performed on an AFM/TIRFM hybrid, the
details of which may be found in Gumpp et al. [156].

AFM Measurements: Measurements employed a custom-built AFM head and an Asylum
Research MFP3D controller (Asylum Research, Santa Barbara, USA), which provides ADC and
DAC channels as well as a DSP board for setting up feedback loops. Software for the automated
control of the AFM head and xy-piezos during the force spectroscopy measurements was
programmed in Igor Pro (Wave Metrics, Lake Oswego, USA). BioLever Mini (Olympus, Tokyo,
Japan) cantilevers were chemically modified (see Preparation of Cantilevers) and calibrated in
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solution using the equipartition theorem [40, 160]. Pulling velocities were set to 3200 nm/s in
the depot and 200 nm/s in the target area. The positioning feedback accuracy is +3 nm. However,
long-term deviations may arise due to thermal drift. Typical times for one cut-and-paste cycle
amount to approximately 3 s in these experiments.

TIRF Microscopy: The fluorescence microscope of the hybrid instrument excites the sample
through the objective in total internal reflection mode. A Nikon Apochromat 100x NA1.49 oil
immersion objective (CFI Apochromat TIRF, Nikon, Japan) was employed. Laser excitation was
achieved with a fiber-coupled Toptica iChrome MLE-LFA four-color laser (Toptica Photonics,
Gréfelfing, Germany), which is capable of emitting light at 405 nm, 488 nm, 561 nm and 640 nm
through one single fiber mode. Specifically, red excitation at 640 nm with an estimated intensity
of approximately 10 W/cm? was utilized to monitor the Cy5 fluorescence. Emitted light from
the sample was separated from the laser light with a Chroma quad line zt405/488/561/640rpc
TIRF dichroic mirror (Chroma, Bellows Falls, VT, USA) and focused with a 20 cm tube lens.
Separation of different emission wavelengths for simultaneous multicolor imaging was achieved
by a Cairn Research Optosplit III (Cairn Research, Faversham, UK). Images were recorded with
a back-illuminated Andor iXon DV860 DCS-BV EMCCD camera (Andor, Belfast, Ireland) in
frame transfer mode with 1 MHz readout rate at a frame rate of 10 Hz. The camera was cooled
and operated at -80 °C. Fluorescent images were evaluated and processed with the analysis
software Image].

Preparation of Monovalent Streptavidin: Monovalent Streptavidin (mSA) with N-terminal
immobilization (N-mSA) was previously expressed, purified and assembled by Sedlak et al.[49]
C-terminally immobilized mSA (C-mSA) was created here using the same protocol. In brief,
three different streptavidin subunits were designed: a functional subunit with a polyhistidine
tag and a single cysteine at its N-terminus, a functional subunit with a polyhistidine tag and
a single cysteine at its C-terminus, and a non-functional subunit (N23A, S27D, S45A) [114].
The three different subunits were cloned into pET vectors and expressed separately in E.coli
BL21(DE3)-CodonPlus. In the following steps, the different subunits were treated separately:
Each harvested cell pellet was dissolved in B-PER reagent. Lysozyme and DNAse was added.
Full cell lysis was achieved by sonication. Inclusion bodies formed and were regained by
centrifuging the solution at 20,000 x g for 30 min and discarding the supernatant. The inclusion
bodies containing pellet was suspended in washing buffer (phosphate buffered saline, 0.1 %
Triton X-100, 1 mm DTT). The centrifugation and washing was repeated until the supernatant
was clear. The inclusion bodies were then dissolved in denaturation buffer (phosphate buffered
saline, 6 M guanidine hydrochloride, pH 7.5). Non-functional and functional subunits (either
with N- or C-terminal tags, again treated separately in the next steps) were mixed in a 10:1 ratio
as given by the absorption at 280 nm. Refolding into streptavidin tetramers was accomplished
by slowly dissolving the mixtures in 500 mL refolding buffer (phosphate buffered saline, 10 mm
fB-mercaptoethanol) and stirring it at 4 °C overnight. The refolding solution was centrifuged
to remove precipitated protein, filtered with a 0.22 pm cellulose filter, and loaded onto a 5mL
HisTrap FF column (GE Healthcare Life Sciences, Little Chalfont, UK). Monovalent streptavidin
was eluted from the column using a linear gradient from 10 mm to 250 mm imidazole. Elution
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Figure 8.1: Dynamic force spectrum of the rupture of N-terminally immobilized SdrG and an N-terminal Fgf} tag
measured with AFM-based SMFS. In this geometry, the SdrG:Fgf bond ruptures between approximately 200 —
300 pN, depending on the loading rate.

fractions were analyzed by gel electrophoresis. The eluted monovalent streptavidin was dialyzed
against phosphate buffered saline, pH 7.4 and stored at 4 °C.

Preparation of SdrG: SdrG N2N3 was previously expressed and purified as described by
Milles et al.[36] In brief, SdrG was expressed in a pET28a vector with a 6xHis-tag and an
N-terminal ybbR tag for covalent immobilization to CoA. A 5mL preculture of LB medium
containing 50 pg/mL Kanamycin grown overnight at 37 °C was inoculated in 200 mL ZYM-5052
autoinduction medium [152] containing 100 pg/mL Kanamycin and grown at 37 °C for 6 h, then
at 18 °C overnight. Cells were harvested by centrifugation at 8,000 x g, and pellets were stored
frozen at -80 °C until purification.

All purification steps were performed at 4 °C or on ice when possible. The bacteria pellet was
resuspended in a Lysis Buffer and cells were lysed through sonication followed by centrifugation
at 40,000 x g for 45 min. The supernatant was applied to a Ni-NTA column for purification
by Ni-IMAC with a buffer containing 200 mm imidazole. Protein-containing fractions were
concentrated in centrifugal filters, exchanged into measurement buffer by desalting columns,
and frozen in aliquots with 10 %(v/v) glycerol in liquid nitrogen to be stored at -80 °C until used
in experiments. The final protein concentration was 848 um as measured by the absorbance at
280 nm via NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA).

N-terminally immobilized SdrG bound to its target peptide ligand Fgf as an N-terminal tag
was additionally probed with AFM-based SMFS to acquire a dynamic force spectrum of the
rupture force (Figure 8.1).

Preparation ddFLN4 Transfer Protein: A transfer construct whose main fold consists of the
fourth filamin domain from Dictyostelium discoideum (ddFLN4) with a crucial C18S mutation
to prevent disulfide bond formation was designed with several handling and purification tags.
The construct harbors an N-terminal Fgf tag (NEEGFFSARGHRPLD) to enable direct binding
to SdrG. An internal 6xHis tag was included for purification by Ni-IMAC. The construct also
harbors an internal ybbR-tag (DSLEFIASKLA) to covalently modify the protein with Biotin. A
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Sortase tag (LPETGG) was also included, although not directly utilized in this work. Lastly,
a C-terminal cysteine (Cys) enabled covalent modification with Cy5. The ddFLN4 gene was
PCR amplified from a synthetic template with primers containing the respective tag coding
sequences. The construct was cloned into a modified pET28a vector (GE Healthcare Life
Sciences, Little Chalfont, UK). The resulting fusion protein (Fg/-ddFLN4-6xHis-ybbR-LPETGG-
Cys) was expressed in E. coli Nico(DE3)-RIPL cells. A preculture of 5 mL LB containing 50 pg/mL
Kanamycin was grown overnight at 37 °C for 16 h. The preculture was then inoculated in 500 mL
of ZYM-5052 autoinduction medium [152] containing 100 pg/mL Kanamycin and grown at
37 °C for 20 h. As the medium is designed to automatically induce expression when the cell
density reaches a critical point such that all glucose is consumed, no addition of an inducing
agent e.g. IPTG was necessary.

All purification steps were performed at 4 °C or on ice when possible. Following expression,
cells were separated from the medium by centrifugation at 500 x g for 20 min. Cells were
then resuspended in His Lysis Buffer (30 mm Tris-HCI pH 7.8, 150 mm NaCl, 20 mm imidazole)
and lysed by pulse sonication. The soluble fraction and insoluble fractions were separated
by centrifugation at 20,000 x g for 45 min. The transfer construct was obtained in the soluble
fraction and filtered with a 0.22 pm syringe filter. The filtered supernatant was purified by
Ni-IMAC on a 5 mL HisTrap HP Ni-NTA column (GE Healthcare Life Sciences, Little Chalfont,
UK) via step gradient elution from 20 mm to 250 mm imidazole (His Elution Buffer: 30 mm
Tris-HCI pH 7.8, 150 mm NaCl, 250 mm imidazole) using an Akta Start HPLC (GE LifeSciences,
Little Chalfont, UK), producing a chromatogram with a single major peak (Figure 8.1).

Selected fractions from the major peak in the chromatogram were analyzed by SDS-PAGE
and Native PAGE. Samples were loaded to a Mini-PROTEAN TGX Stain-Free Precast Gel
(Bio-Rad Laboratories, CA, USA), which contains within its matrix a proprietary imaging
molecule that binds to tryptophan residues and is activated by exposure to UV light. While
this imaging method is much faster than traditional coomassie staining, proteins that have
no tryptophan residues (such as the ddFLN4 construct) do not produce a signal. Therefore,
after first imaging with the stain-free method, the gel was additionally stained with coomassie
blue. This has the advantage of enabling direct discrimination between the ddFLN4 construct
and other co-eluting proteins. Gels were imaged with a ChemiDoc MP (Bio-Rad Laboratories)
using stain-free imaging as well as and coomassie blue imaging. The images were overlaid
using Image Lab software (Bio-Rad Laboratories).

Glycerol (10 %(v/v) final concentration) was directly added to fractions 6 — 8 of purified
protein. Reducing agents were omitted, as their presence would presumably interfere with
cysteine-maleimide coupling later. The protein was finally stored at -80 °C at a final concen-
tration of approximately 700 um as measured by the absorbance at 280 nm via NanoDrop 1000
(Thermo Fisher Scientific, Waltham, MA, USA).

Cy5- and Biotin-Labeling of ddFLN4: The ddFLN4 transfer construct was modified first
with Cy5 in a cysteine-maleimide reaction, followed by Biotin in an Sfp-catalyzed transferase
reaction. Cy5 Maleimide Mono-Reactive Dye (Mal-Cy5, Sigma Aldrich) was dissolved in DMSO
to a stock concentration of 5 mm and stored at -20 °C. The cysteine-maleimide reaction consisted
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Figure 8.2: Chromatogram of ddFLN4 construct purification by Ni-IMAC. The 6xHis-tagged protein was purified
by step gradient and eluted with high imidazole. Fractions 6 - 8 span the majority of the major peak, with a
smaller peak spanning fractions 11 - 13. Note that there is a 6 mL delay in reported percentage elution buffer as
the program does not take into account tubing length and column dead volume. Therefore, the major peak is

observed at 50 % elution buffer, or 135 mm imidazole.
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Figure 8.3: SDS-PAGE and Native PAGE analysis of the ddFLN4 protein construct purification by Ni-IMAC.
The ddFLN4 construct was obtained in the soluble fraction and efficiently eluted by step gradient purification.
Fractions 6 - 8 contained the majority of the protein, visible by the overloaded blue bands. These fractions were
additionally analyzed under native conditions to examine the extent of dimerization via C-terminal cysteine.
Most of the protein is in a reduced state and therefore does not require further reduction before maleimide-Cy5
coupling. Precision Unstained Ladder (Bio Rad) and PageRuler Prestained Ladder (Thermo Fisher Scientific) were
used as molecular mass markers.

of 7 nmol of purified ddFLN4 transfer construct protein and 50 nmol Mal-Cy5 in 1x Cysteine-
Maleimide Reaction Buffer (30 mm Tris-HCI pH 7.2, 150 mm NaCl) in a total volume of 40 puL at
room temperature. The reaction was incubated at temperature for 1 h followed by overnight
incubation at 4 °C. Subsequently, 9 nmol CoA-Biotin (Sigma Aldrich) and 1 nmol Sfp transferase
were added to the reaction volume. Sfp Buffer Reaction Buffer was added to a 1x concentration
(120 mm Tris HCI pH 7.5, 10 mm MgCl,, 150 mm NaCl, 2 % Glycerol, 2mm DTT) to give a final
total volume of 100 pL. The reaction was incubated at 37 °C for 1 h and then overnight at 4 °C.

In order to isolate the dual-labeled ddFLN4 transfer construct, the reaction volume was
purified by size-exclusion chromatography using an Akta Explorer HPLC (GE LifeSciences,
Little Chalfont, UK). A Superdex 75 Increase 10/300 GL column (GE Healthcare Life Sciences,
Little Chalfont, UK) was first equilibrated with Size Exclusion Buffer (50 mm HEPES pH 7.5,
200 mm NaCl, 10 %(v/v) glycerol). The unpurified protein was loaded to the column and eluted
in Size Exclusion Buffer. Chromatograms of the absorbance at 280 nm and 649 nm were collected
during purification (Figure 8.3), and fractions were collected in 100 pL increments.

Fractions from the most prominent peaks were analyzed via SDS-PAGE to determine which
peak contained Cy5-labeled ddFLN4 transfer construct (Figure 8.4). Gels were imaged with a
ChemiDoc MP (Bio-Rad Laboratories) using Epi-red LED excitation and 695/55 nm emission
filter to detect Cy5 and coomassie blue imaging for protein detection. The images were overlaid
using Image Lab software (Bio-Rad Laboratories). The major peak was further analyzed to
identify the optimal fractions (Figure 8.5). Fractions from the major peak as well as secondary
peaks were also assessed for Biotin labeling via Native PAGE (Figure 8.6). Selected fractions that
demonstrated efficient labeling with both Cy5 and Biotin were pooled (2B12-2B10; 2B9-2B7;
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Figure 8.4: Chromatogram of Cy5- and biotin-labeled ddFLN4 transfer construct purification by size-exclusion
chromatography. The absorbance at 280 nm and 649 nm is used to estimate the concentrations of protein and Cy5,
respectively. Selected fractions (bottom purple labels) were further analyzed by SDS-PAGE.

2B6-2B3) and stored at -80 °C at a final concentration of approximately 1 pum as measured by
the absorbance at 649 nm via NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA).

Preparation of Cantilevers: Cantilevers (BL-AC40TS, BioLever mini, Olympus, Japan) were
oxidized in a UVOH 150 LAB UV-ozone cleaner (FHR Anlagenbau GmbH, Ottendorf-Okrilla,
Germany). Silanization was accomplished by incubating the cantilevers in (3-Aminopropyl)-
dimethylethoxysilane (ABCR, Karlsruhe, Germany, 50 %(v/v) in Ethanol) for 2 min. Cantilevers
were washed in toluene, then in isopropanol, and finally in ultrapure water and finally baked at
80 °C for 45 min. For 30 min, the silanized cantilevers were placed in 25 mm heterobifunctional
polyethylene glycol crosslinkers of 5000 Da molecular weight (Rapp Polymere, Tiibingen,
Germany) dissolved in 50 mm HEPES at pH 7.5. The amines on the cantilevers reacted with the
N-hydroxy succinimide on the one end of the crosslinkers. Using ultrapure water unreacted
crosslinkers were washed off, before the cantilevers were placed in 1 mm Coenzyme A dissolved
in coupling buffer (50 mm sodium phosphate, 50 mm sodium chloride, 10 mm EDTA, pH 7.2) for
1h. The maleimide on the other end of the PEG crosslinker and the thiol of the Coenzyme A
formed a stable thioester bond. Unreacted Coenzyme A was washed off by ultrapure water.
For several hours, the Coenzyme A-coated cantilevers were incubated with an Sfp-reaction
mix containing 85 pM ybbR-SdrG, 3 um Sfp transferase, 10 mm magnesium chloride and 50 mm
HEPES at pH 7.5. Sfp transferase covalently joins Coenzyme A on the surface and the ybbR-
tagged proteins [148]. The functionalized cantilevers were washed and stored in phosphate
buffered saline.

Preparation of Glass Surfaces: Glass cover slips were sonicated in 50 %(v/v) 2-propanol in
filtered H,O for 15 min and oxidized in a solution of 50 %(v/v) hydrogen peroxide (30 %) and
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Figure 8.5: SDS-PAGE analysis of selected fractions of labeled ddFLN4 transfer construct purification. In addition
to fractions from size-exclusion chromatography, samples of unreacted ddFLN4, Sfp and Mal-Cy5 were included
as controls. The major peak spanning fractions 2B12 - 2B2 contained a high concentration of Cy5-labeled ddFLN4
as well as a small amount of co-eluted Cy5-labeled Sfp by-product.
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Figure 8.6: SDS-PAGE analysis of selected fractions from the major peak of labeled ddFLN4 transfer construct
purification. In addition to fractions from size-exclusion chromatography, samples of unreacted ddFLN4 and Sfp
were included as controls. The fractions contain a high concentration of labeled ddFLN4 as well as a lesser amount
of co-eluted Cy5-labeled Sfp.
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Figure 8.7: SDS-PAGE and Native PAGE analysis of selected fractions from labeled ddFLN4 transfer construct
purification and binding to C-mSA. Fraction 2B7 from the major peak of Cy5-labeled ddFLN4 binds C-mSA under
native conditions, visible by a band-shift in both Cy5-labeled ddFLN4 and C-mSA. This strongly suggests that at
least the majority of Cy5-labeled ddFLN4 is also biotin-labeled.

sulfuric acid for 30 min. They were then washed in filtered H,O, dried in a nitrogen stream and
then silanized by incubating for 1 h in (3-Aminopropyl)dimethylethoxysilane (ABCR, Karlsruhe,
Germany, 1.8 %(v/v) in Ethanol). The silanized surfaces were incubated in sodium borate buffer
(150 mm, pH 8.5) for 30 min in order to deprotonate primary amine groups.

A PDMS microfluidic system — based on the system described by Kufer et al. [98] — was
fixed on the aminosilanized glass and bonded briefly at 60 °C for 10 min. The depot and target
channels were incubated with a solution of a heterobifunctional PEG crosslinker [158, 159]
with N-hydroxy succinimide and maleimide groups (molecular weight 5000 Da, Rapp Polymere,
Tubingen, Germany) dissolved to 30 mm in 100 mm HEPES pH 8.0 for 20 min. Unbound PEG
was flushed from the channels with filtered H,O.

Concurrently with assembling and functionalizing the microfluidics channels, Monovalent
Streptavidin (mSA) was reduced for covalent attachment to maleimide. Streptavidin with a
reactive cysteine at the N-terminus (N-mSA) and at the C-terminus (C-mSA) was incubated in
5mm TCEP at room temperature for 1h, followed by buffer-exchange to PBS via Zeba Spin
Desalting Columns, 7K MWCO (Thermo Fisher Scientific, Waltham, MA, USA). Freshly-reduced
mSA was immediately applied to the PEG-functionalized microfluidic system, with N-mSA in
the depot channel and C-mSA in the target channel.

N- and C-mSA were incubated in the channels for 1 h. Both channels were then flushed
with filtered PBS to remove unbound mSA. The channels were then flushed with 0.1 mg/mL
filtered BSA and 0.05 % TWEEN20 in PBS to passivate the surface and discourage nonspecific
adsorption. The labeled ddFLN4 transfer construct was diluted to an approximate concentration
of 1 nm in PBS with 0.05 mg/mL BSA and 0.01 % TWEEN20 and incubated in the depot channel
for 1h. The depot channel was then extensively flushed with PBS to clear the solution and
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remove unbound- or nonspecifically-bound ddFLN4. The microfluidic system was then removed
and the surface submerged in PBS.

SMC&P Experiment: The rocket pattern was written in 442 transfer cycles with 200 nm
spacing between each deposition point. The pulling speed in the depot was set to 3200 nm/s
and in the target to 200 nm/s. This corresponds to approximate surface contact times [161]
(dependent on approach/retraction velocity, indentation force and substrate stiffness) of 5 ms
and 80 ms, respectively, and should allow for ligand binding. Considering a single SdrG molecule
being bound to the cantilever tip and estimating its localization in a half sphere with r = 30 nm
(approximate length of PEG5000 linker), the local concentration of SdrG would be in the pM
range. This is several orders of magnitude higher than the measured Ky for the SdrG:Fgf
interaction (400 nm) [36] and the mSA:biotin interaction (<1nm) [49]. Taking further into
account that bond formation is not diffusion-limited for the SMC&P experiment, successful
attachment is very likely even at the given, short contact times.

Rupture forces and loading rates were evaluated from AFM force distance curves that were
recorded for each pickup and deposition process utilizing the WLC model [162] with quantum
mechanical correction (force spectroscopy data were evaluated in Python 2.7, Python Software
Foundation).

8.3 Results and Discussion

Monovalent streptavidin (mSA) — a heterotetrameric complex that binds the small molecule
biotin with high affinity — was recently employed in AFM-based SMFS [49]. Anchored by a
single functional subunit in a well-defined pulling geometry, it was additionally discovered
that the tethering geometry of mSA strongly influences the rupture force of the mSA:biotin
bond; N-terminally tethered mSA (N-mSA) unbinds from biotin at forces around 200 pN, while
C-terminally tethered mSA (C-mSA) unbinds around 450 pN, in both cases depending on force
loading rate [113]. This geometry-dependent behavior was exploited in SMC&P to immobilize
the transfer molecule with both low- and high-rupture forces via the same small biotin label.
The adhesin SD-repeat protein G (SdrG) N2N3 domain from Staphylococcus epidermidis binds
the short peptide from human fibrinogen f (Fgf) with remarkably high AFM-measured rupture
forces of 2nN when probed in the native geometry of C-terminally immobilized SdrG and C-
terminally pulled Fg18. When probed in the non-native geometry of N-terminally immobilized
SdrG, the unbinding forces are in the range of 200 - 300 pN, depending on the loading rate
(Figure S1). These binding pairs of N-mSA:biotin in the depot area, SdrG:Fgf in a non-native
geometry on the cantilever tip and C-mSA:biotin in the target area form the force hierarchy
required for SMC&P.

The fourth filamin domain from Dictyostelium discoideum (ddFLN4) demonstrates reliable
and rapid re-folding as a low-force fingerprint in AFM-based SMFS [70, 176, 177]. A transfer
construct consisting of a modified ddFLN4 motif was designed, expressed and purified with
several key additional sequences. Namely, an N-terminal Fgf peptide sequence — which
would accordingly be pulled C-terminally — enabled specific handling by an SdrG-coupled
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Figure 8.8: Schematic of the molecules used in SMC&P and the mechanism of SMC&P cycling. (A) SdrG is
N-terminally immobilized to the cantilever tip, and monovalent Streptavidin with an N- or C-terminal reactive
cysteine is immobilized on a glass surface. The chimeric transfer construct is composed of a ddFLN4 domain,
which contains an N-terminal Fgf tag for specific handling by the cantilever tip. At its C-terminus, the protein
is additionally modified with biotin via a ybbR tag for specific immobilization on a Streptavidin-functionalized
surface and a Cy5 fluorophore for fluorescence imaging. (B) A force hierarchy governs the repeatable transfer
of molecules in SMC&P. The force required to rupture the N-mSA:Biotin bond in the depot (Fp), the SdrG:Fgf
bond in this geometry on the cantilever tip (Fc) and the C-mSA:Biotin bond in the target (Fr) are tuned such that
Fp < F¢ < Fr. The cantilever tip approaches the depot surface and SdrG binds the Fgf tag of an immobilized
transfer construct (1). As the cantilever tip retracts, the ddFLN4 domain unfolds under force (2). The molecules
are pulled in series until the N-mSA:Biotin bond finally ruptures, releasing the transfer construct and allowing
ddFLN4 to rapidly re-fold (3). The cantilever tip loaded with the transfer construct cargo travels to the target
area and approaches, allowing the C-mSA:Biotin bond to form (4). The cantilever tip again retracts and unfolds
ddFLN4 (5) until the comparatively weak SdrG:Fgf bond ruptures. The unloaded cantilever tip is recycled back to
the depot area to repeat the process (6). Force-distance curves of specific single-molecule interactions show the
ddFLN4 unfolding pattern (purple traces) and a higher final peak associated with the rupture of N-mSA:Biotin in
the depot (green trace) or SdrG:Fgf in the target (orange trace).
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cantilever tip. The ddFLN4 domain also harbored at its C-terminus a ybbR tag followed by a
C-terminal reactive cysteine to enable covalent modification with coenzyme A (CoA)-biotin
and maleimide-Cy5, respectively. The final transfer construct consisted of an efficiently labeled
Fgf-ddFLN4-biotin-Cy5 chimera (details of purification and labeling may be found in Materials
and Experimental Methods) that binds to mSA via biotin and is imaged in TIRF microscopy via
Cy5 (Figure 8.8a).

A custom-built hybrid AFM/total-internal-reflection fluorescence (TIRF) microscope was
employed here for SMC&P [156]. The depot area consists of N-mSA covalently attached to
the surface, and transfer constructs that are specifically immobilized via the biotin label. In
the target area, C-mSA is covalently attached to the surface. A cantilever tip functionalized
with SdrG picks up transfer construct molecules from the depot area and deposits them in the
target area, a process that critically relies on a well-defined hierarchy of rupture forces; the
most probable rupture forces of N-mSA:biotin in the depot (Fp), SdrG:Fgf on the cantilever tip
(Fc) and C-mSA:biotin in the target (Fr) are tuned such that Fp < F¢ < Fr, thereby enabling
reliable transfer of molecules from the depot area to the cantilever tip to the target area.

Repeatable cycling is fundamental to SMC&P (Figure 8.8b). Transfer construct molecules
bound to N-mSA in the depot area are pulled by an SdrG-coupled cantilever tip. The forces
required to rupture both the N-mSA:biotin bond and the SdrG:Fgf are large enough that the
ddFLN4 motif is fully unfolded, visible in single-molecule force-distance curves. Eventually
the weaker non-covalent bond of N-mSA:biotin bond ruptures, the force load is decreased,
and the ddFLN4 motif undergoes rapid refolding. The cantilever tip, loaded with the transfer
construct cargo, is then moved to the target area. As the cantilever tip approaches the surface,
the C-mSA:biotin bond forms, thereby immobilizing the transfer construct to the surface again.
The cantilever tip retracts and again unfolds ddFLN4, visible in single-molecule force-distance
curves. As the C-mSA:biotin bond is stronger, the SdrG:Fgf bond eventually ruptures. The
ddFLN4 motif of the immobilized transfer construct again rapidly refolds, and the cantilever
cycles back to the depot to repeat the process. Force-distance curves captured during SMC&P
reflect the unfolding of the ddFLN4 fingerprint domain followed by a final rupture of either
mSA:biotin or SdrG:Fgp.

The retraction velocities of the cantilever tip in the depot and the target area were tuned to
decrease the overlap of the rupture force probability distributions of the two probed binding
pairs. The rupture force of the SdrG:Fgf bond demonstrates a stronger dependence on loading
rate (Figure 8.1) compared to the N- and C-mSA:biotin bond [113]. This difference in loading
rate dependence was exploited to favor the rupture of the lower-force binding pair and hence
relocate the transfer construct. Fast retraction (3200 nm/s) in the depot made it possible to
increase the likelihood of the rupture of N-mSA:biotin over SdrG:Fgf, while slow retraction
(200 nm/s) in the target favored the rupture of SdrG:Fgf over C-mSA:biotin. Observed final
rupture peaks in both the depot and the target correspond to the approximate expected rupture
forces for the two receptor-ligand pairs at the given loading rates (Figure 8.9).

As a proof of principle, molecules were transferred via SMC&P and arranged in the target
area in a 442-point pattern of a rocket ship (Figure 8.10). Fluorescent immobilized molecules
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Figure 8.9: Forces associated with the final peaks of force traces observed in the depot (top) and target (bottom)
areas during SMC&P. The depot curves correspond to the unbinding of the N-mSA:biotin, while the target curves
correspond to the unbinding of SdrG:Fgp. Each complex has an expected rupture force of approximately 200 pN
at the given respective loading rates. Forces were binned with a width of 16 pN. The histograms are fitted by
Bell-Evans theory (dashed lines) [75, 76].
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Figure 8.10: Cy5-labeled transfer molecules arranged in a rocket ship pattern by SMC&P and imaged with TIRF
microscopy. The image is composed of the average pixel intensity of 20 stacked frames (0.12 s exposure time at
approximately 10 W/cm?) with red laser excitation at 640 nm (left). The pattern consists of 442 points spaced
200 nm apart (right).

were detected via Cy5 excitation at 640 nm and imaged with TIRF microscopy. Patchiness
in the pattern may be partially due to incomplete labeling or photobleaching of transfer
constructs during purification and experimental setup. Additionally, as the underlying rupture
forces in SMC&P are probability-dependent, there are cases where a cycle fails to transport
any molecules. Similarly, there is a certain probability that transfer constructs bound to the
cantilever tip dissociate during transport. Surface defects and densities may also influence the
efficiency of SMC&P, resulting in heterogeneously distributed mSA. However, these variations
may be controlled for by a combination of force-distance curves and fluorescent signal; a
successfully transferred nonfluorescent molecule — due to absence or bleaching of Cy5 -
produces a deposition curve in the target but no fluorescent signal in TIRF microscopy, while
an unsuccessful transport cycle produces neither.

The complement of molecules utilized in SMC&P here offers several advantages compared
to previous iterations. Importantly, this system is DNA-free — a key improvement required
for the assembly of DNA-binding proteins and enzymes that would likely bind a covalently-
attached DNA anchor with high affinity. Not only would this potentially interfere with protein
function, SMC&P efficiency could be impacted as well by reducing the likelihood that the DNA
anchor is free to interact with the surface. The immobilization strategy presented here is likely
orthogonal for most biomolecules, thereby significantly increasing the versatility of the system.

Post-translational labeling of proteins with nucleotides in a controlled manner is also not a
trivial process. As performed previously in SMC&P, proteins may be labeled with CoA-DNA
via a ybbR tag and reaction with Sfp (as was performed here similarly for labeling with biotin),
although this is a step that is necessarily performed post-translationally and in vitro. In contrast,
biotin labeling may be performed in vivo during protein production with additional recombinant
factors, such as an AviTag. Similarly, Cy5-labeling may be replaced with a fluorescent protein
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domain, such as green fluorescent protein. On the other hand, the utilized strategy of cysteine-
based labeling forgoes a need to create large chimeric protein constructs and enables fluorescent
imaging of any protein of interest.

The introduction of the small ddFLN4 fingerprint domain is also exceptionally useful
for force trace analysis. As a well-characterized and reliable fingerprint, ddFLN4 improves
algorithmic curve sorting to isolate single and specific pulling events. Moreover, ddFLN4 was
demonstrated to improve solubility of otherwise insoluble recombinant proteins [70]. In order
to protect a domain of interest from the force propagation pathway, it could be simply inserted
C-terminally of the ybbR tag either via direct chimeric expression as a continuous peptide
chain, or post-translationally, e.g. via Sortase tag-mediated covalent joining [157].

8.4 Conclusion and Outlook

Single-molecule studies offer unique perspectives in the investigation of biomolecular function.
For example, spatial arrangement of isolated molecules opens up the possibility to examine
time-resolved steps within a chemical reaction. Measurements of enzyme activity in bulk — the
most common strategy of assessing enzyme activity, often by monitoring product accumulation
— are by nature only capable of reporting the average behavior within a population. In contrast,
single-molecule studies provide an avenue to examine the distribution of behavior within an
ensemble. Considering the direct connection between enzyme structure and function as well
as the nuanced process of protein folding, it is likely that a population of molecules will display
heterogeneous final folds and accordingly a distribution of catalytic activity. Single-molecule
approaches therefore offer insights into enzyme function that are otherwise inscrutable.

SMC&P enables precise arrangement of networked molecules on a surface in well-defined
geometries as well as within the centers of nanoapertures, demonstrating the unique potential
of this technique. However, the previously established DNA-based SMC&P immobilization
system necessarily limits the range of molecules that may be arranged by bottom-up assembly.
DNA-binding proteins and enzymes would likely display unwanted interactions with the
covalently attached DNA anchor, thereby impacting both enzyme behavior as well as SMC&P
efficiency. The mSA:biotin system introduced here offers an immobilization strategy that is
orthogonal to the function of most enzymes. Furthermore, the diverse reactive tags allow
for flexible construct design, and the utilized construct’s ddFLN4 fingerprint enhances SMFS
analysis. The advances demonstrated here set a methodological foundation for the single-
molecule arrangement and analysis of diverse networked molecules, thereby providing a means
to gain a more comprehensive understanding of biomolecular function.
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Enzyme Networks by Design

A key goal across the broad field of nanotechnology is the precise and reliable control of
molecules of interest, especially within complex systems. The spatiotemporal potential of
specifically arranged enzyme networks cannot be overlooked; the knowledge gleaned from
single-enzyme and networked-enzyme studies would elucidate much about geometry- and
density- dependence, time-resolved behavior, activity heterogeneity, and mechanistic steps in
catalytic processes.

An expanded repertoire of handling strategies improves the adaptability of low-force
SMC&P that employs DNA anchors between the transfer construct and the surface. Although
a DNA-based immobilization system may not be compatible with all molecules of interest -
specifically DNA-binding enzymes - the extreme chemical and thermodynamic stability of
double-stranded DNA is an invaluable asset for maintaining patterns of immobilized molecules
over very long timescales. Therefore, systems in which DNA does not interfere with function-
ality may still benefit from DNA-based immobilization systems or low-force SMC&P, and by
extension the improved versatility of handling options granted by monoST:SIL

Nevertheless, the implementation of DNA as an anchoring strategy is not universally appli-
cable. As demonstrated with T7 RNAP, a covalently-attached DNA strand can interfere with
enzyme function. Simultaneously, should an enzyme of interest bind its covalently-attached
DNA anchor, the DNA strand is no longer free to readily form a bond with complementary DNA
on the depot- or target- surfaces, thereby decreasing the efficiency of initial immobilization as
well as SMC&P.

Importantly, SMC&P has been further developed to include a completely DNA-free system.
The introduction of the mSA:biotin interaction as a long-lived surface immobilization paradigm
and SdrG:Fgp as a cantilever handle paves the way for enzymes to be successfully incorporated
into SMC&P. This strategy offers orthogonality between the cargo and handling systems, thereby
increasing the prospect of high SMC&P efficiency as well as enzyme activity. Furthermore,
the implementation of a ddFLN4 fold as a reliable fingerprint improves statistical analysis of
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SMC&P experiments that were previously not feasible, and the improved solubility gained from
ddFLN4 will likely prove advantageous for enzymes and proteins of interest that otherwise
prove difficult to recombinantly express.

The results presented in this work concerning fluorescent readout strategies for enzymes
of interest constitute the first steps in further development of this dynamic technique for the
arrangement of enzyme networks. In addition to continued optimization of the assays, advances
may surely be made to other aspects of this system. For example, surface passivation may be
improved and tuned to minimize background signal, especially in systems where fluorescent
molecules in solution have a high probability to adhere nonspecifically to the surface and create
confounding background signal.

The work presented here lays a foundation for bottom-up directed assembly of enzyme
networks via SMC&P. Given that a population of enzymes will likely present a distribution of
final folded substates - and consequently a distribution of behavior - hidden heterogeneities of
enzyme activity may be identified with single-molecule analysis. Furthermore, by arranging
enzymes in specific patterns on a surface, the kinetic behavior of enzymes acting in concert
can be probed with time resolution on the single-molecule level. With new advances in
nanotechnology - and SMC&P specifically - a deeper understanding of the nuanced behavior
of biomolecules may be revealed.
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Strep-Tag Il and Monovalent Strep-Tactin as Novel Handles

in Single-Molecule Cut-and-Paste

Katherine R. Erlich, Fabian Baumann, Diana A. Pippig, and Hermann E. Gaub*

Directed spatial assembly of single molecules on a surface presents an
opportunity to precisely control the positioning, density, and geometry of
molecules of interest within an ensemble. In contrast to bulk averaging,

this enables detection and analysis of individual behavior within such a
designed ensemble. The atomic force microscopy (AFM)-based technique

of single-molecule cut-and-paste (SMC&P) facilitates the arrangement of a
variety of biomolecules on a surface through different handling strategies.
This technique requires cantilever- and surface-handles that simultaneously
adhere to a prerequisite rupture force hierarchy, and also do not cross-
interact with each other or the transported molecules. As the molecules of
interest diversify, so too must the handling methods to accommodate their
unique characteristics. Here, it is demonstrated that a previously developed
monovalent variant of Strep-Tactin and its corresponding Strep-Tag Il peptide
ligand comprise a viable cantilever handling complex for SMC&P. Ultimately,
this expansion to the SMC&P toolbox increases the system’s versatility for

of detail. Precise and versatile control of
molecules of interest can likewise open
up new avenues of study. For example,
protein-labeled DNA-tethering strategies
in optical-tweezers experiments offer addi-
tional flexibility in handling biomolecules
for mechanical measurements.”) Simi-
larly, SMC&P requires robust immobiliza-
tion and handling schemes for the specific
and controlled arrangement of diverse
biological agents. With a more expansive
repertoire of handling strategies, its com-
ponents could potentially be tailored to
enable arrangement of any molecule of
interest in a well-defined orientation.
During each SMC&P cycle, a noncova-
lently immobilized transfer molecule of
interest is picked up from a depot area via
a cantilever-coupled affinity handle. The

new molecules of interest yet to be studied.

The frontier of nanoscale studies frequently presents unex-
pected challenges that must be overcome with innovation. As
such, universally applicable approaches often do not exist, and
instead diverse methods or tools must be developed. Bottom-
up synthetic biology employs fundamental biological compo-
nents as the building blocks for artificial biological systems
with novel characteristics. A major endeavor of this broad field
is to develop unique molecular-organization techniques, such
as engineered protein modules!!l and enzyme cascades assem-
bled on DNA-origami scaffolds.”) Single-molecule cut-and-
paste (SMC&P) is one such organization technique, merging
bottom-up assembly with control on the level of single mole-
cules. SMC&P utilizes the single-molecule force spectroscopy
(SMFS) and lateral surface positioning of atomic force micros-
copy (AFM)B-) to deposit molecules of interest in arbitrary
patterns on a functionalized glass surface with nanometer-
precision. There exist several key challenges in SMFS that are
constantly improved upon: signal-to-noise limits of data reso-
lution, and specific handling. Advances in existing tools, such
as modified cantilevers in AFM-based SMFS,® can greatly
improve data quality and expose previously inaccessible levels
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cantilever relocates the transfer molecule
to a target area, where it then deposits said
molecule and is recycled back to the depot
area to repeat the process. Arrays of molecules are assembled
with precise localization in the target area, where their prop-
erties such as their fluorescent behavior in an ensemble or as
individuals can be analyzed. For example, hybrid DNA-RNA
molecules were specifically arranged and immobilized on a
surface via complementary oligonucleotides. The resulting
duplexes formed aptamers that stabilized the structure of a
target dye molecule, enabling it to produce a fluorescent signal
upon binding the SMC&P-arranged constructs.®] Proteins
have also been integrated into SMC&P, including constructs
containing modified green fluorescent protein (GFP)® with
different surface-immobilization strategies and a protein-
based handle for the cantilever.'®!V Directed placement of
molecules within the nanoapertures of zero-mode waveguides
with SMC&P is also possible. These nanoapertures facilitate
measurements in a confined volume and improve background
fluorescence when compared to conventional fluorescence
microscopy. Importantly, the precise placement of molecules
via SMC&P decreases the heterogeneity of fluorescence inten-
sity and lifetime that results from stochastic immobilization
and quenching effects from the metallic sidewalls."”) In com-
bination with fluorescence microscopy, SMC&P therefore pre-
sents new opportunities to examine biomolecular behavior on
the single-molecule level with precise control of surface loca-
tion and environment.
SMC&P fundamentally relies on a hierarchy of rupture
forces of the specific interactions between the transfer molecule
and the depot area (Fp), the cantilever (Fc), and the target area

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim




136

A. Research Article in Small Methods

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

(Fy) such that Fp, < F¢ < Fr. Consequently, this system demands
a palette of selective immobilization and pickup methods so
that the forces involved are tunable to fit this hierarchy. Fur-
thermore, an ideal SMC&P scheme uses orthogonal agents
that avoid unwanted cross-reactivity. Even small peptide tags
and single-stranded DNA anchors could have adverse interac-
tions between themselves or with molecules of interest, which
in turn could interfere with SMC&P efficiency or molecule
behavior. Therefore, a modular approach to construct design
confers a degree of plasticity and promotes integration of any
molecule of interest into SMC&P. By expanding the selection
of cantilever- or surface-handles, the system can be further
adapted to specific force and mechanistic requirements.

Strep-Tactin, an engineered variant of streptavidin, is a
tetravalent complex that specifically binds with high affinity
to the short peptide Strep-tag 11 (SII).3) A monovalent version
of Strep-Tactin (monoST) was recently developed and imple-
mented in SMFS as a cantilever-immobilized handle for pro-
tein constructs harboring an SlI-peptide.'l The rupture forces
of SII:monoST were found to be dependent on loading rate as
well as location of SII in the protein construct, with N-terminal
SII resulting in much lower rupture forces than C-terminal SII
under identical loading rates. Its tethering geometry-dependent
force regime and tunable rupture forces make the SII:monoST
complex a compelling candidate as a handling system for
SMC&P. Moreover, its addition to the growing SMC&P toolbox
advances the technique toward the ultimate goal of enabling
precise arrangement of any molecule of interest.

A construct consisting of GFP with an N-terminal SII and
a C-terminal ybbR tag was previously expressed and purified,
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and it was also demonstrated in SMFS that the rupture forces
of an N-terminal SII and monoST were lower than the force
required to unfold GFP.I") This construct was here employed
in SMC&P, where the relatively low rupture forces of N-ter-
minal SIT and monoST were advantageous for preserving the
fold and thus fluorescence of GFP during the transport process.
The C-terminal ybbR tag was covalently modified with 3’-coen-
zyme A (CoA) single-stranded DNA by the phosphopanteth-
einyl transferase enzyme Sfp synthase.['”) Hybridization of the
DNA anchor to a complementary DNA strand in either zipper-
or shear-orientation enabled noncovalent surface immobiliza-
tion to the depot and target areas, respectively (Figure 1a).

SMC&P was executed in a custom-built hybrid AFM/total-
internal-reflection fluorescence microscopy (TIRFM) instru-
ment.[') Chimeric transfer constructs were picked up from the
depot area via a monoST-coupled cantilever and deposited into
the target area over 395 consecutive SMC&P cycles. The tech-
nique utilizes a hierarchy of rupture forces between the transfer
molecule and the depot storage molecule (Fp), the cantilever
handle (F¢), and the target storage molecule (Fr) such that
Fp < F¢ < Fr. The rupture forces of DNA duplexes are tuned via
duplex length and pulling geometry (zipper vs shear).'”] Addi-
tionally, the rupture forces of protein—protein interactions are
influenced by loading rates.'*'81% In this way, it is possible to
optimize a scheme to consistently transport transfer constructs
and regenerate the cantilever (Figure 1b).

The distinct behaviors of the depot DNA duplex and the
SII:monoST complex upon unbinding and rupture are illus-
trated in their respective force curve patterns (Figure 2). When
pulled apart in zipper orientation, the basepair-by-basepair

I 1l v

&=

g S

D S N

= 3 3

Depot Area Target Area
F, <F. F.<F;

Figure 1. Monovalent Strep-Tactin and the GFP transfer construct employed in SMC&P. a) The chimeric transfer construct consists of a GFP molecule
with an N-terminal SlI as well as a C-terminal ybbR tag, which is then covalently coupled to 3-CoA single-stranded DNA via reaction catalyzed by Sfp
synthase. The DNA anchor binds noncovalently to the surface via a complementary DNA strand. The cantilever is covalently coupled to the single
functional subunit of monoST, which targets Sl of the transfer construct. b) Repeatable transfer cycling of SMC&P depends on a force hierarchy
determined by DNA hybridization geometry and the Sll:monoST interaction. The cantilever approaches the depot surface, and monoST binds to SlI
of a transfer molecule immobilized via complementary DNA in zipper orientation (I). The cantilever retracts and removes the transfer molecule as
the DNA unzips (I1). The cantilever then transports the transfer molecule to the target surface where the transfer molecule binds to complementary
DNA in shear orientation (I11). Retraction of the cantilever ruptures the SIl:monoST complex, and the cantilever is recycled back to the depot area to
repeat the process (V). The rupture forces of the transfer construct with the DNA in the depot area (Fp), monoST on the cantilever (Fc) and DNA in
the target area (Fy) are tuned such that Fp < Fc < Fr.
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Figure 2. a,b) Typical force—distance curves of single-molecule depot pickup (a) and target deposition events (b). Depot pickup events occur when the
transfer construct-surface DNA complex is unzipped, resulting in a plateau of relatively constant force at =25 pN (depicted by the dashed gray lines).
Target deposition events occur when the newly established transfer construct-surface DNA complex in shear orientation remains intact, and instead
the Sll:monoST complex unbinds. This results in a gradual buildup of force and a sharp unbinding peak at =45 pN. In some cases, no molecules were
picked up or deposited, which is reflected in the zero-force curves (bottom-most traces). The baseline for each curve of 0 pN force is depicted by the

dashed black lines.

unzipping of DNA is described quantitatively by an equilibrium
thermodynamic model 22!l leading to a plateau of constant
force. During a pickup event from the depot area, the 40 bp
DNA duplex melts at =25 pN, which is consistent with pre-
vious SMC&P experiments using this same DNA duplex.'®1]
The non-equilibrium unbinding of the SII:monoST interac-
tion occurs at forces significantly greater than this value at the
given loading rates.'"! Consequently, the transfer-depot DNA
duplex melts while the SII:monoST bond stays intact, allowing
for consistent pickup of molecules from the depot. The transfer
construct is then transported to the target area where it binds
to the surface-immobilized target DNA in shear orientation.
The geometry of the 40 bp DNA duplex confers a substantial
increase in rupture force due to force propagation through all
basepairs (a most probable unbinding force of =65 pN at the
observed loading rates around 300 pN s7!).22l Meanwhile, the
SII:monoST complex ruptures in a non-equilibrium process at
~45 pN at this pulling speed and apparent loading rate. Thus, the
transfer construct detaches from the cantilever upon retraction
and remains deposited in the target area. The cantilever-coupled
monoST complex is now free to pick up a new transfer construct
in repeated SMC&P cycles. This therefore presents the oppor-
tunity to carefully tune the expected rupture force of a protein-
based handle by varying the loading rate, while simultaneously
incurring minimal or no effect on the expected rupture force of
a DNA-based tether. Hence, the SMC&P force hierarchy can be
further reinforced by adjusting the pulling speed in each step of
the cycle to maximize the difference in rupture force of the can-
tilever handle and surface tether. Examples of single-molecule
pickup and deposition events demonstrate the plateau-like force
curves observed from basepair-by-basepair unzipping of DNA
in the depot area (Figure 2a) and the worm-like chain (WLC)?3I
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stretching behavior of the poly(ethylene glycol) (PEG) linkers fol-
lowed by a sharp unbinding peak of the SII:monoST complex in
the target area (Figure 2b). Notably, no additional force barriers
are observed, which is consistent with the GFP and Strep-Tactin
fold staying intact throughout the transfer process.

Following completion of the SMC&P sequence, the GFP-
containing transfer molecules arranged in a dinosaur pattern
were imaged by TIRFM (Figure 3), producing a clearly dis-
cernible outline. The previously demonstrated longevity of the
monoST complex after hundreds of pulling events!' is con-
firmed here with successful SMC&P transport over 395 con-
secutive cycles. Moreover, the rupture forces exhibited by the
SII:monoST complex are in a range that is compatible with
the well-characterized depot-transfer and target-transfer DNA
duplex unbinding. Patchiness in the pattern can be partially
attributed to the limited photostability of GFP, likely causing
a fraction of the transfer molecules to photobleach during
purification and experimental setup before imaging. There are
also cases where a cycle fails to transport a transfer construct,
as SMC&P and the underlying rupture forces are probability-
dependent. Surface defects and densities can also influence
the efficiency of SMC&P. However, the corresponding force—
distance curves in every cycle can control for this; an inherently
nonfluorescent or bleached transfer construct produces a depo-
sition force curve but no fluorescence signal, and a failed trans-
port cycle produces neither (e.g., the bottom-most force traces
in Figure 2). Such analysis was previously executed by Pippig
et al. to evaluate a widely spaced grid pattern of individual GFP
molecules deposited by SMC&P.I'!l The same strategy could
conceivably be applied to any SMC&P experiment in which it is
necessary to determine exactly which deposition points contain
the transported molecules of interest.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. TIRFM image of GFP molecules after SMC&P in a dinosaur pat-
tern. The image is composed of the average pixel intensity of 30 stacked
frames from TIRFM acquisition (0.12 s exposure time at =10 W cm™)
with a blue laser. The pattern consists of 395 deposited molecules spaced
150 nm apart.

SMC&P is an attractive strategy for the study of enzyme
activity, as it enables precise placement of molecules of interest
on a surface with known positioning, in contrast to stochastic
surface immobilization. Moreover, the pattern of molecules
to be arranged is completely arbitrary, allowing unrestricted
pattern design for the investigation of the effects of relative
geometry within networks or clusters of enzymes. Single-
molecule enzyme analyses may prove to be indispensable for
gaining new insights into the dynamic nature of enzyme net-
works, such as cellulosomes. These cellulose-degrading com-
plexes are utilized by many species of cellulolytic bacteria,
and have the critical characteristic that cellulase enzymes are
strategically arranged on a scaffold to increase the efficiency
of the catalytic network.2*?] As the spatial organization of the
enzymes is a key part of their function in vivo, similarly taking
into account their relative geometry could provide new under-
standing of the cellulosomal components on a single-molecule
level. Therefore, SMC&P may be an advantageous strategy
for directed arrangement and investigation of this enzyme
network.

Identification of diverse surface-immobilization methods is
likewise a prerequisite for SMC&P’s versatility. An intriguing
potential use of the SII:monoST complex in SMC&P would lev-
erage its terminus-dependent rupture force regimes to create
SII-harboring depot and target regions. A monoST-containing
transfer construct could be transported from the N-terminal SII
depot (lower rupture forces) to the C-terminal SII target (higher
rupture forces) via a cantilever tag of some intermediate rup-
ture force. This presents an opportunity to forego DNA-based
anchoring systems, which could be crucial for studying DNA-
binding enzymes such as polymerases or ligases.
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We have demonstrated that the SII:monoST complex is a
viable handle for SMC&P. Although this study serves mainly as
a proof of concept, it is invaluable to the expansion of SMC&P
that diverse immobilization and cantilever handling options are
available. Arrangement of molecules that perform biological
functions—such as enzymes or aptamers—requires careful
consideration of the unique properties, requirements or limita-
tions of each molecule of interest. Unexpected secondary inter-
actions between a tethering system and an enzyme could hinder
SMC&P transport or interfere with enzymatic activity. In other
words, it is possible that universal means of surface immobiliza-
tion or cantilever handling may ultimately not exist. It is there-
fore advantageous to have a modular system with exchangeable
components so that no molecule of interest must be excluded
from study. With the addition of the SII:monoST handle system
to the SMC&P toolbox, we have expanded the handling options
available and given this technique a new degree of flexibility.

Experimental Section

Detailed information on all sections can be found in the Supporting
Information.

Preparation of Monovalent Strep-Tactin: A heterotetrameric monovalent
version of Strep-Tactin (monoST) was designed, expressed, purified, and
reconstituted as previously described by Baumann et al.'¥l In brief, the
nonfunctional subunits and the single functional subunit harboring
a 6xHis tag and a reactive Cysteine residue were separately expressed
in Escherichia coli (E. coli) BL21(DE3)-CodonPlus cells. Inclusion bodies
were dissolved and denatured, and the dissolved inclusion body
fractions of the nonfunctional and functional subunits were mixed in a
ratio of 10:1, respectively. Subunits were refolded by slowly and dropwise
adding to a reservoir of 1x phosphate-buffered saline (PBS). The
assembled monoST was purified by Ni-IMAC affinity chromatography.
The fractions containing monoST were isolated and dialyzed against
1x PBS. Purified monoST was long-term stored at 4 °C in the presence
of tris(2-carboxyethyl) phosphine (TCEP) beads.

Preparation of Superfolder Green Fluorescent Protein  (sfGFP)
Construct and DNA Coupling: An sfGFPPl transfer construct was
designed, expressed, and purified as previously described by Baumann
et al.l" In brief, the construct harbors an N-terminal Strep-tag Il
(SAWSHPQFEK = SI1)'3l and a C-terminal ybbR-tag (DSLEFIASKLA)(!52¢]
to enable specific cantilever handling and DNA coupling, respectively.
The GFP gene was cloned into a modified pET28a vector that contains
an N-terminal 6xHis-tag followed by a PreScission Protease cleavage
site (PreSc). The resulting fusion protein (6xHis-PreSc-SIl-sfGFP-
ybbR) was expressed in E. coli BL21(DE3)-CodonPlus cells. The sfGFP
construct was obtained in the soluble fraction after cell lysis and purified
by Ni-IMAC affinity chromatography. Selected fractions of purified
protein were then dialyzed overnight against storage buffer (50 x 107 m
Tris HCl pH 7.5, 150 x 107 m NaCl, 2 x 107 wm dithiothreitol (DTT),
5% glycerol) and stored long-term at —80 °C. The sfGFP construct was
covalently coupled to DNA via the enzyme Sfp transferase as similarly
described by Pippig et al.,l'"l which is slightly altered from the protocol
of Yin et al.l?%l PreScission Protease, Sfp transferase, and CoA-modified
transfer DNA (biomers.net GmbH, Ulm, Germany) were incubated with
the purified 6xHis-PreSc-SII-sfGFP-ybbR construct at room temperature
for 2 h for simultaneous cleavage of the 6xHis tag and covalent coupling
of the ybbR tag to DNA. The reaction was filtered and then stored on ice
until application in a microfluidic system.

Preparation of Cantilevers: MLCT cantilevers (Bruker, Camarillo, USA)
were silanized in 3-(aminopropyl)dimethylethoxysilane and subsequently
functionalized with a hetero-bifunctional PEG crosslinker? 28] with
N-hydroxy succinimide and maleimide groups (MW 5000). Cantilevers
were covalently coupled to monoST.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Preparation of Glass Surfaces: Glass cover slips were silanized in
(3-aminopropyl)dimethylethoxysilane and subsequently functionalized
with a hetero-bifunctional PEG crosslinker with N-hydroxy succinimide
and maleimide groups (MW 5000). Thiol-modified Depot and Target
DNA was reduced and then purified by ethanol precipitation. A
poly(dimethylsiloxane) (PDMS) microfluidic system—based on the
system described by Kufer et al.l7l—was fixed on the PEGylated
cover glass. Depot and Target channels were functionalized with their
respective reduced DNA, and the sfGFP-DNA chimera construct was
incubated in the Depot channel for 1 h. The Depot channel was then
flushed with 1x PBS to remove unbound- or nonspecifically bound
sfGFP. The microfluidic system was then removed and the surface
submerged in 1x PBS.

AFM/TIRFM Measurements: SMC&P experiments were carried out
on a combined AFM/TIRFM setup, as described previously.'®! The
dinosaur pattern was written in 395 transfer cycles with 150 nm spacing
between each deposition point. The pulling speed in the depot was
set to 2 um s~ and in the target to 0.2 um s™'. Rupture forces and
loading rates were evaluated from AFM force—distance curves that were
recorded for each pickup and deposition process utilizing a quantum
mechanically corrected WLC model.??! Blue laser excitation at 488 nm
with an estimated intensity of =10 W cm~2 was utilized to monitor the
GFP fluorescence. Fluorescent images were evaluated and processed
with the analysis software Image).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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The experiments described in the manuscript were performed on an AFM/TIRFM hybrid, the
details of which may be found in Gumpp ez al.!" This supporting information specifies methods,
materials and additional data that are relevant for the conduction of the measurements discussed in
the main text.

AFM Measurements

A custom built AFM head and an Asylum Research MFP3D controller (Asylum Research, Santa
Barbara, USA), which provides ACD and DAC channels as well as a DSP board for setting up
feedback loops, were used. Software for the automated control of the AFM head and xy-piezos
during the force spectroscopy measurements was programmed in Igor Pro (Wave Metrics, Lake
Oswego, USA). MLCT cantilevers (Bruker, Camarillo, USA; 20 nm nominal tip radius, pyramidal-
shaped probe) were chemically modified (see Preparation of Cantilevers) and calibrated in solution
using the equipartition theorem.! Pulling velocities were set to 2 um/s in the depot and 0.2 pm/s
in the target area. The positioning feedback accuracy is +3 nm. However, long-term deviations may
arise due to thermal drift. Typical times for one Cut & Paste cycle amount to approximately 3 s in
these experiments.

TIRF Microscopy

The fluorescence microscope of the hybrid instrument excites the sample through the objective in
total internal reflection mode. A Nikon Apochromat 100x NA1.49 oil immersion objective (CFI
Apochromat TIRF, Nikon, Japan) was employed. Laser excitation was achieved with a fiber-
coupled Toptica iChrome MLE-LFA four-color laser (Toptica Photonics, Grifelfing, Germany),
which is capable of emitting light at 405 nm, 488 nm, 561 nm and 640 nm through one single fiber
mode. Specifically, blue excitation at 488nm with an estimated intensity of approximately 10
W/em?® was utilized to monitor the GFP fluorescence. Emitted light from the sample was separated
from the laser light with a Chroma quad line zt405/488/561/640rpc TIRF dichroic mirror (Chroma,
Bellows Falls, VT, USA) and focused with a 20 cm tube lens. Separation of different emission
wavelengths for simultaneous multicolor imaging was achieved by a Cairn Research Optosplit 111
(Cairn Research, Faversham, UK). Images were recorded with a back-illuminated Andor iXon
DV860 DCS-BV EMCCD camera (Andor, Belfast, Ireland) in frame transfer mode with 1 MHz
readout rate at a frame rate of 10 Hz. The camera was cooled and operated at -80 °C. Fluorescent
images were evaluated and processed with the analysis software Image].

Preparation of Monovalent Strep-Tactin

A heterotetrameric monovalent version of Strep-Tactin (monoST) was designed, expressed, purified
and reconstituted as previously described by Baumann ef al.™ In brief, the non-functional subunits
and the single functional subunit harboring a 6xHis tag and a reactive Cysteine residue were
separately expressed in E. coli BL21(DE3)-CodonPlus cells (Agilent Technologies, Inc., Santa
Clara, CA, USA). As individual monomers of Strep-Tactin are not readily soluble, both subunits
formed inclusion bodies, which were dissolved and denatured in solubilization buffer (6 M
Guanidinium HCl, 20 mM Tris HCI pH 7.5). The dissolved inclusion body fractions of the non-
functional and functional subunits were mixed in a ratio of 10:1 respectively by mass (which is also
approximately a 10:1 molar ratio, considering their comparable molecular mass). Refolding of the
subunits was accomplished by slowly and drop-wise adding the denatured protein mixture to a
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reservoir of 1x phosphate-buffered saline (PBS) from a 10x stock (Roche GmbH) and 10 mM (-
Mercaptoethanol, followed by overnight stirring at 4 °C to increase refolding and assembly of the
monomers into tetramers. The assembled monoST was subsequently filtered to remove aggregates,
and loaded to a 5 mL HisTrap FF column (GE Healthcare) for Ni-IMAC purification. The bound
molecules in the column were eluted over a linear gradient ranging from 10 to 300 mM Imidazole
(in 1x PBS, 10 mM B-Mercaptoethanol). The fractions containing monoST were isolated and
dialyzed against 1x PBS. Free reducing agent was omitted from the dialysis solution as it would
later interfere with Mal-PEG immobilization. Therefore, bead-immobilized TCEP was added to the
dialysis tubing. Following dialysis, monoST was long-term stored at 4 °C in the presence of TCEP
beads. Immediately prior to cantilever immobilization, monoST was incubated with fresh TCEP
beads to improve Cysteine reactivity (see Preparation of Cantilevers).

Preparation Strep-tag 11 Fused sfGFP Construct

A superfolder Green Fluorescent Protein (sfGFP)™ transfer construct was designed, expressed and
purified as previously described in Baumann et al.™) In brief, the construct harbors an N-terminal
Strep-tag 11 (SAWSHPQFEK = SII) and a C-terminal ybbR-tag (DSLEFIASKLA)'*"! to enable
specific cantilever handling and DNA coupling, respectively. The GFP gene was PCR amplified
from a synthetic template (Lifetechnologies, Paisley, UK) with primers containing the respective
tag coding sequences. The construct was cloned into a modified pET28a vector (GE Healthcare,
Little Chalfont, UK), which contains an N-terminal 6xHis-tag followed by a PreScission Protease
cleavage site (PreSc), by means of Ndel and Xhol restriction sites. The resulting fusion protein
(6xHis-PreSc-SII-sfGFP-ybbR) was expressed in E.coli BL21(DE3)-CodonPlus cells. To this end, 1
L of SB medium was inoculated with 10 ml of an overnight culture and grown at 37 °C. When an
ODgoo of 0.7 had been reached, overnight expression at 18 °C was induced by adding 0.25 mM
IPTG. Cells were lysed in 50 mM Tris HCI pH 7.5, 150 mM NaCl, 10mM imidazole, 5% Glycerol,
by sonification. The SII-sfGFP-ybbR construct was obtained in the soluble fraction and purified by
Ni-IMAC affinity chromatography on a SmL HisTrap HP column (GE Healthcare, Little Chalfont,
UK) via gradient elution from 10 mM to 250 mM imidazole. Selected fractions of purified protein
were then dialyzed overnight against 50 mM Tris HCI pH 7.5, 150 mM NaCl, 2 mM DTT, 5%
Glycerol, and finally stored at -80 °C at a final concentration of ~20 uM.

DNA-Coupling and PreScission Digestion of sftGFP Construct

The sfGFP construct was covalently coupled to DNA via the enzyme Sfp transferase as similarly
described by Pippig et al.,® which is slightly altered from the protocol of Yin ez al.™”! Importantly,
PreScission protease was concurrently applied to remove the N-terminal 6xHis-tag to ensure SII-
accessibility. 3’-Coenzyme A-modified transfer DNA (CoA-DNA) was synthesized by biomers.net
GmbH (Ulm, Germany). Lyophilized DNA was dissolved in ddH,O to a concentration of 100 mM
and stored at -20°C. The combination coupling-digestion reaction consisted of 160 pmol SII-sfGFP-
ybbR, 100 pmol CoA-DNA, 150 pmol Sfp transferase, and 60 pmol PreScission protease in a total
volume of 30 pL in 1x Sfp buffer (120 mM Tris HCI pH 7.5, 10 mM MgCl,, 150 mM NaCl, 2%
Glycerol, 2 mM DTT), and was incubated at room temperature for 2 hours. As the amount of CoA-
DNA in solution was limiting, the reaction yielded a high percentage of a DNA-coupled SII-sfGFP-
ybbR chimera construct, in addition to a lesser fraction of uncoupled SII-sfGFP-ybbR that cannot
bind specifically to the Depot surface. The reaction was further diluted in 1x Sfp buffer to a total
volume of 100 pL, and filtered with a 0.45 um centrifugal filter unit to remove large aggregates that
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could interfere with the microfluidic channels. The filtered reaction was then stored on ice until
application in a microfluidic system (see Preparation of Glass Surfaces).

Preparation of Cantilevers

MLCT cantilevers (Bruker, Camarillo, USA) were oxidized in a UVOH 150 LAB UV-ozone
cleaner (FHR Anlagenbau GmbH, Ottendorf-Okrilla, Germany) and silanized by incubation for 2
min in (3-Aminopropyl)dimethylethoxysilane (ABCR, Karlsruhe, Germany, 50% v/v in Ethanol).
Cantilevers were washed sequentially in toluene, 2-propanol and ddH,O and then baked at 80°C for
30 minutes. The silanized cantilevers were incubated in sodium borate buffer (150 mM, pH 8.5) for
30 minutes in order to deprotonate primary amine groups. Subsequently, the cantilevers were
incubated for 30 minutes in a solution of a heterobifunctional PEG crosslinker™'®! with N-hydroxy
succinimide and maleimide groups (MW 5000, Rapp Polymere, Tiibingen, Germany) dissolved to
30mM in sodium borate buffer. Unbound PEG was washed from the cantilevers in filtered H,O.
Prior to covalent binding to the cantilevers, monoST was incubated with fresh TCEP beads for 30
minutes, and then filtered with a 0.45 pum centrifugal filter unit to remove the beads. Cantilevers
were then incubated in freshly-reduced monoST at room temperature for 1 h. Finally, cantilevers
were washed and stored in 1x PBS.

Preparation of Glass Surfaces

Glass cover slips were sonicated in 50% (v/v) 2-propanol in filtered H,O for 15 min and oxidized in
a solution of 50% (v/v) hydrogen peroxide (30%) and sulfuric acid for 30 min. They were then
washed in ddH,O, dried in a nitrogen stream and then silanized by incubating for 1 h in (3-
Aminopropyl)dimethylethoxysilane (ABCR, Karlsruhe, Germany, 1.8% v/v in Ethanol). The
silanized surfaces were incubated in sodium borate buffer (150 mM, pH 8.5) for 30 minutes in order
to deprotonate primary amine groups. Subsequently, the surfaces were incubated for 30 minutes in a
solution of a heterobifunctional PEG crosslinker™'” with N-hydroxy succinimide and maleimide
groups (MW 5000, Rapp Polymere, Tiibingen, Germany) dissolved to 30 mM in sodium borate
buffer. Unbound PEG was washed from the surfaces in filtered H,O. Thiol-modified Depot and
Target DNA was reduced with ImM TCEP and then purified by ethanol precipitation. DNA pellets
were dissolved in phosphate buffer (pH 7.2, 50 mM NaCl, 10 mM EDTA). A PDMS microfluidic
system — based on the system described by Kufer er al.'"l — was fixed on the PEGylated cover
glass, and the freshly-reduced Depot and Target DNA were pumped through the two respective
channels and incubated for 1 h. Both channels were then flushed with filtered H,O to remove
unbound DNA. Importantly, the Target channel was then disconnected from the pump and left with
filtered H,O in the channel to prevent drying and discourage nonspecific surface adsorption. The
Depot channel was then flushed with 1 mg/mL filtered BSA and then 0.05% TWEEN 20. The
sfGFP-DNA chimera construct was pumped into the Depot channel and incubated for 1 h. The
Depot channel was then flushed again with 1x PBS to remove unbound- or nonspecifically-bound
sfGFP. The microfluidic system was then removed and the surface submerged in 1x PBS.

SMC&P Experiment

The dinosaur pattern was written in 395 transfer cycles with 150 nm spacing between each

deposition point. The pulling speed in the depot was set to 2 um/s and in the target to 0.2 pm/s. This

corresponds to approximate surface contact times!'” (dependent on approach/retraction velocity,
4
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indentation force and substrate stiffness) of 8 ms and 80 ms, respectively, and should allow for
ligand binding (compare ken(DNA) > 10* M's™ and key(Strep-tactin and SII) > 10* M's™).1% 1]
Considering a single monoST molecule being bound to the cantilever tip and estimating its
localization in a half sphere with r = 30 nm (length of PEG linker), the local concentration of
antibody would be in the mM range. This is several orders of magnitude higher than the measured
K, for the SIl:monoST interaction of 2.3 pM.™ Taking further into account that bond formation is
not diffusion-limited for the SMC&P experiment, successful attachment is very likely even at the
given, short contact times.

Rupture forces and loading rates were evaluated from AFM force distance curves that were
recorded for each pickup and deposition process utilizing a quantum mechanically corrected WLC
model'” (force spectroscopy data was evaluated in Python 2.7, Python Software Foundation).

DNA Oligomer Sequences

thiolated depot oligomer

5" SH-TTT TTT CAT GCA AGT AGC TAT TCG AAC TAT AGC TTA AGG ACGTCA A3’
thiolated target oligomer

5" CAT GCA AGT AGC TAT TCG AAC TAT AGC TTA AGGACG TCAATTTTITT-SH3’
CoA-modified transfer oligomer for protein coupling

5" TTG ACG TCC TTA AGC TAT AGT TCG AAT AGC TAC TTG CAT GTT TTT TTT TTT
TTT - CoA 3’
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Buffers and DNA Sequences

B.1 Buffers for Purification and Reactions

All buffers were prepared at room temperature. Following complete dissolution of solid com-
ponents and pH adjustment, all buffers were filter-sterilized via vacuum filtration through
micropore filter paper or via syringe filtration through a 0.22 um sterile filter. Most buffers
were stored at 4 °C, with the exception of ATP- and NADH-containing buffers stored at -20 °C.

B.1.1 Protein Purification Buffers

+ His Lysis and Wash Buffer
30 mM Tris-HCl
150 mM NaCl
10 mM imidazole
pH=75at22°C

- His Elution Buffer
30 mM Tris-HCI
150 mM NaCl
250 mM imidazole
10 % (v/v) glycerol
pH=75at22°C

« T7 RNAP His Lysis Buffer
30 mM Tris-HC1
150 mM NaCl
10 mM imidazole
4 pg/mL leupeptin
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40 pg/mL PMSF

100 pg/mL lysozyme

5 mM f-mercaptoethanol, freshly added
pH = 7.8 at 22 °C

0.08 % (w/v) deoxycholic acid added after initial incubation in lysis buffer

T7 RNAP His Wash Buffer

30 mM Tris-HC1

150 mM NaCl

10 mM imidazole

5 mM fB-mercaptoethanol, freshly added
pH=78at22°C

T7 RNAP His Elution Buffer

30 mM Tris-HCl

150 mM NaCl

250 mM imidazole

5 mM f-mercaptoethanol, freshly added
pH=78at22°C

GST Lysis and Wash Buffer
30 mM Tris-HCI

150 mM NaCl

1 mM DTT

5 % v/v glycerol
pH=75at22°C

GST Elution Buffer

30 mM Tris-HCI

150 mM NaCl

1 mM DTT

25 mM glutathione, freshly added
5 % v/v glycerol

pH=75at22°C

GST Regeneration Buffer
100 mM Tris-HCI

5 M guanidinium HCI

100 mM EDTA

pH = 8.0 at 22 °C

Ion Exchange Low-Salt Buffer
30 mM Tris-HCI
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150 mM NaCl

1 mM DTT

5 % v/v glycerol
pH = 7.5at 22°C

« Ion Exchange High-Salt Buffer
30 mM Tris-HCl
1 M NaCl
1 mM DTT
5 % v/v glycerol
pH =7.5at 22°C

+ Size-Exclusion Chromatography Buffer
50 mM HEPES
200 mM NaCl
10 % v/v glycerol
pH=75at22°C

« Dialysis Buffer
30 mM Tris-HC1
150 mM NaCl
10 % (v/v) glycerol
(+ 1 mM DTT for select proteins)
pH=75at22°C

« T4 DNAL Dialysis Buffer
30 mM Tris-HC1
50 mM KCl
1mM DTT
0.1 mM EDTA
20 % (v/v) glycerol
pH=75at22°C

« PfuDNAP Dialysis Buffer
30 mM Tris-HCI
100 mM KCl
1 mM DTT
0.1 mM EDTA
10 % (v/v) glycerol
pH=82at22°C
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B.1.2 Reaction Buffers

+ Coupling Buffer
50 mM NaPOy,
50 mM NaCl
10 mM EDTA
pH=72at4°C

« 2x Maleimide Reaction Buffer
60 mM Tris-HCI
300 mM NaCl
pH=75at22°C

+ 10x Sfp Reaction Buffer
1.2 M Tris-HCl
100 mM MgCl,
1.5 M NaCl
20 mM DTT
20 % (v/v) glycerol
pH=75at22°C

+ 10x Pfu DNAP Reaction Buffer
200 mM Tris-HCl
100 mM (NH,),SO;4
100 mM KCl
20 mM MgSO4
1 mg/mL BSA
1 % (v/v) Triton X-100
pH=8.8at22°C

+ 10x Pfu DNAP Low-Temperature Reaction Buffer
200 mM Tris-HCl
100 mM (NHy),SO4
100 mM KCl
20 mM MgSOy4
pH=7.7at22°C

« 5x T7 RNAP Reaction Buffer
200 mM Tris-HCI
30 mM MgCl,
50 mM NaCl
10 mM Spermidine
pH=79at22°C
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« 10x E. coli DNAL Reaction Buffer
300 mM Tris-HCI
40 mM MgCl,
260 uM NADH
10 mM DTT
0.5 mg/mL BSA
pH=8.0at22°C

« 2x T7 DNAL Reaction Buffer
132 mM Tris-HCl
20 mM MgCl,
2 mM ATP
2mM DTT
15 % w/v PEG 3000
pH=7.6at22°C

« 10x NanoLuc Reaction Buffer
1 M Tris-HCI
1.5 M KCI
pH =8.0at 22 °C

B.2 DNA Sequences and Synthetic Oligomers

Synthetic DNA oligomers were typically purified by HPLC and delivered as lyophilized pellets.
The DNA was dissolved in ddH,O and stored at 4 °C, unless stated otherwise. Covalent
modifications include coenzyme A (CoA), 5’ phosphate (P), 5” or 3’ thiol (HS), and terminal or
internal fluorophores (Cy3, Cy5, Atto532, Atto550, Atto647N).

B.2.1 PfuDNA Polymerase Low-Temperature Template

As AFM experiments - and specifically SMC&P experiments - are carried out at room tempera-
ture, it is not possible to rely on thermal melting of DNA strands for DNAP reactions as in PCR.
Simultaneously, Pfu DNAP requires a double-stranded primer region to initiate DNA replica-
tion. Therefore, a DNA duplex with a double-stranded primer region and a single-stranded
replication region was designed. The template and primer strands were pre-annealed prior to
implementation in DNA polymerase reactions by mixing equimolar amounts and incubating at
80 °C followed by slow cooling to 22 °C.

DNAP Template (biomers GmbH, Ulm, Germany)

5 GAG CTA AAC GCT CAC CGT AAT GGT CAG CCA GAG TGT TGA ACG GGA TAG CAG
CCA GTT CGA TGT CAG AGA AGT CGT TCT TAG CGA TGT TAA TCG TGT TCA TAG
CCG AGA ATT CCC CTG GACCCTGAAACAGCAC3
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DNAP Primer (metabion GmbH, Planegg, Germany)
5 GTGCTGTTTCAGGGTC3

B.2.2 Malachite Green Aptamer Sequences

MG Aptamer DNA Template Forward Sequence
5" GGA TCC CGA CTG GCG AGA GCC AGG TAA CGA ATG GAT CC 3°

MG-4 RNA Aptamer (IBA GmbH, Géttingen, Germany)
5" rGrGrA rUrCrC rCrGrA rCrUrG rGrCrG rArGrA rGrCrC rArGrG rUrArA rCrGrA rArUrG
rGrArU rCrC 3’

MG Rolling Circle Template (metabion GmbH, Planegg, Germany)
5 P-GGC CAC AGG ATC CAT TCG TTA CCT GGC TCT CGC CAG TCG GGA TCC ACG TAC
C3%

MG Rolling Circle Splint (metabion GmbH, Planegg, Germany)
5 CCT GTG GCC GGT ACG TGG 3’

B.2.3 T7 RNA Polymerase Promoter DNA

Double-stranded promoters were pre-annealed by mixing equimolar amounts of complementary
strands and incubating at 80 °C followed by slow cooling to 22 °C. The hairpin promoter sequence
was self-annealed by incubating at 80 °C followed by rapid cooling on ice to 4 °C.

T7 RNAP Forward Promoter Full (Eurofins Genomics GmbH, Ebersberg, Germany)
5 GAG ACC ACA CGG CTA ATA CGA CTC ACT ATA GGA AGC G 3’

T7 RNAP Forward Promoter Short (Eurofins Genomics GmbH, Ebersberg, Germany)
5" GAG ACC ACA CGG CTA ATA CGA CTC ACT ATA 3

5’ HS T7 RNAP Reverse Promoter (biomers GmbH, Ulm, Germany)
5" HS-AAA AAA CGC TTC CTA TAG TGA GTC GTA TTA GCC GTGTGG TCTC 3’

3’ HS T7 RNAP Reverse Promoter (biomers GmbH, Ulm, Germany)
5 CGC TTC CTA TAG TGA GTC GTA TTA GCC GTG TGG TCT CAA AAA A-HS 3’

Hairpin T7 RNAP Promoter (biomers GmbH, Ulm, Germany)
5 HS-AAA AAA CTT CCT ATA GTG AGT CGT ATT AGC CGT GTG GTC TCA AAA AAG
AGA CCA CAC GGC TAATAC GACTCACTATAGGAAGTTTTTT?3
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B.2.4 SMC&P DNA

Synthetic DNA oligomers for SMC&P were purchased from biomers.net (biomers GmbH, Ulm,
Germany).

AFM DNA
5 HS-TTTTTT TTT TCT GCA GGA ATT CGA TAT CAA 3’

Depot DNA
5 HS-TTTTTT TTT TTA GCT ATT CGA ACT ATA GCT TAA GGACGT C %

Target DNA
5" TAG CTA TTC GAA CTA TAG CTT AAGGACGTC TTTTTTTTT T-HS 3°

Atto647N Transfer DNA
5 Atto647N-TTT TTG ACG TCC TTA AGC TAT AGT TCG AAT AGCTATTTTTTT TCA
TCG ATA AGC TTG ATA TCG AATTCC TGC AGTTTTT?3’

CoA Protein Transfer DNA, stored at -20 °C
5 TTG ACG TCC TTA AGC TAT AGT TCG AAT AGCTACTTGCATGTTTTTTTTTTT
TTT-CoA 3’

CoA-Cy5 Protein Transfer DNA, stored at -20 °C
5 Cy5-TTG ACG TCC TTA AGC TAT AGT TCG AAT AGC TAC TTG CAT GTTTTTTTT
TTT TTT-CoA 3’

B.2.5 DNA Ligase Substrates

Synthetic DNA oligomers for DNA ligation reactions and FRET studies were purchased from
biomers.net (biomers GmbH, Ulm, Germany), unless stated otherwise. Duplexes of complemen-
tary strands were pre-annealed by mixing equimolar amounts and incubating at 80 °C followed
by slow cooling to 22 °C.

Modifications include 5’ phosphate (P), terminal thiol (HS), and internal fluorescently
labeled thymine bases (dT-Cy3, dT-Cy5, dT-Atto532, dT-Atto550, dT-Atto647N). In the case of
fluorescently-labeled DNA molecules, the number of bases from the nick site to the fluorophore
is additionally listed.

Duplex 1A - 14 bp
5 GTT CGA CCT AAT GGT AGC TGC CTC AAC GAC T(dT-Cy3)C GTC ATC CAC TCG 3’

Duplex 1A - no Cy3 (metabion GmbH, Planegg, Germany)
5 GTT CGA CCT AAT GGT AGC TGC CTC AAC GAC TTC GTC ATC CAC TCG 3’

Duplex 1A 2 - 3 bp
5 GTT CGA CCT AAT GGT AGC TGC CTC AAC GAC TTC GTC ATC CAC (dT-Cy3)CG 3’
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Duplex 1B
5 P-AGT ACG AGT GGA TGA ACGA AGT CGT TGA GGC AGC TAC CAT TAG GTC GAA C
3’

Duplex 2A
5 TGA AGC AGT TGC AGA TGG AGT GCG G 3’

Duplex 2B - 13 bp
5 P-TAC TCC GCA CTC CAT C(dT-Cy5)G CAACTG CTTCA 3’

Duplex 3A - 7 bp
5 TGA AGC AGT TGC AGA TGG (dT-Cy3)GA GCG G 3’

Duplex 3B
5 P-TAC TCC GCT CAC CAT CTG CAACTGCTT CA 3’

Duplex 4A - 7 bp
5 GTT CGA CCT AAT GGT AGC TGC CTC AAC GAC TTC GTG AC(dT-Cy5) AAC TCG 3’

Duplex 4B
5 P-AGT ACG AGT TAG TCA CGA AGT CGT TGA GGC AGC TAC CAT TAG GTCGAAC 3

Duplex 5A - 5 bp
5 TGA AGC AGT TGC AGA TGG AG(dT-Cy3) GCG G 3’

Duplex 5B
5 P-TAC TCC GCA CTC CAT CTG CAACTGCTTCA 3’

Duplex 5B HS
5" P-TAC TCC GCA CTC CAT CTG CAA CTG CTT CA-HS 3’

Duplex 5C - 5 bp
5 TGA AGC AGT TGC AGA TGG AG(dT-Atto532) GCG G 3’

Duplex 6A - 5 bp
5" GTT CGA CCT AAT GGT AGC TGC CTC AAC GAC TTC GTA AGA C(dT-Cy5)C TCG 3’

Duplex 6B
5 P-AGT ACG AGA GTC TTA CGA AGT CGT TGA GGC AGC TAC CAT TAG GTC GAAC 3’

Duplex 6C - 5 bp
5 GTT CGA CCT AAT GGT AGC TGC CTC AAC GAC TTC GTA AGA C(dT-Atto647N)C TCG
35

FRET Long Transfer
5 GAC GTC CTT AAG CTA TAG TTC GAA TAG C(dT-Atto550)A C(dT-Atto647N)T GCA TG
3’
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