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Abstract

The knotted polypeptide chain is one of the most surprising topological features found in
certain proteins. Understanding how knotted proteins overcome the topological difficulty
during the folding process has become a challenging problem. Theoretical studies suggest that
a slipknotted structure can serve as an important intermediate in the transformation from
unknotted structure to a knotted structure. This thesis mainly focuses on the mechanical
folding/unfolding of a slipknotted protein, the ORF109 of the Acidianus Filamentous Virus 3
(AFV3-109), using single-molecule force spectroscopy (SMFS). To show the power of atomic
force microscopy (AFM) in the study of SMFS, an o/} protein, NuG2, is stretched and relaxed
at a single-molecule level using AFM and the mechanical unfolding and folding events are
directly observed. By applying force onto AFV3-109 in different directions, we are able to
untie the slipknot to a linear polypeptide chain, as well as tighten it into a trefoil knot involving
~ 13 amino acid residues. Multiple pathways of untying and tightening are found by both
SMFS experiments and Steered Molecular Dynamics (SMD) simulations, revealing that the
kinetic partitioning mechanism governs the unfolding of the slipknotted protein. In addition,
SMD simulations provide detailed molecular mechanisms of the unfolding of the protein and
the topological changes from a slipknot to a linear chain, as well as from a slipknot to a trefoil
knot. Moreover, the mechanical folding of AFV3-109 is directly observed using optical

tweezers, providing new insight into the folding mechanism of knotted/slipknotted proteins.
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Chapter 1: Introduction

Biomacromolecules, including proteins, nucleic acids, lipids and polysaccharides, play their
specific roles in different biological process. The structure of a molecule determines its
function. Among these biomacromolecules, proteins have the broadest scope of functions due
to their structural diversity. To effectively carry out their biological functions, most proteins
fold spontaneously from linear polypeptide chains into their unique and well-defined three-
dimensional structures in a physiological environment (in vivo) and even in vitro. Therefore,
it is essential to understand how proteins fold into their native structures. In the last a few
decades, efforts from both experimental and theoretical studies have not only greatly expanded
the understanding of protein folding/unfolding, but raised a lot of new interesting questions in
this field as well.1"® One of the most surprising findings is the knotted/slipknotted topology of
the backbone of proteins, which was previously considered almost impossible because of the
topological constraints imposed on such a conformation.®*? However, bioinformatics has
suggested that, actually, many proteins might have knotted backbones and the knot type also
varies.’>?° The proteins with knotted/slipknotted topology and the recent studies on these
proteins will be briefly introduced in this chapter.
1.1 Structure and Folding of Protein
Proteins are a type of biomacromolecule that are essential in almost all biological functions.
The variety of protein structures determines the wide range of biological functions.?*?2 Thus,
it is critical to understand the structure of a protein and the protein folding mechanism.

1.1.1 Protein Structure
Most proteins possess well-defined three dimensional structures. Four levels of structure are

used to describe a protein architecture (Figure 1.1). The primary structure of a protein is



defined as the sequence of the amino acid residues within the main chain of the polypeptide.
The primary structure determines the final three-dimensional structure of proteins.?
Interactions between amino acid residues within the protein lead to regular patterns of local
structure such as o-helix and B-sheet, which are the secondary structures of proteins.?* The
arrangement of multiple secondary structures result in the global three dimensional structure
of a folded polypeptide, which is defined as the tertiary structure.”® Many proteins are
composed of multiple tertiary structures which are arranged in a particular manner. The
quaternary structure refers to the three-dimensional structure of the complex of these tertiary
structures.?
Primary Structure
MKLQLVAVGTKMPDWVQTGFTEYLRRFPKDMPFELIEIPAGKRGKNADIKRILDKEGEQMLAAA

GKNRIVTLDIPGKPWDPQLAAELERWKLDGRDVSLLIGGPEGLSPACKAAAEQSWSLSALTLPHP
LVRVLVAESLYRAWSITTNHPYHRE

] |\ \
Secondary Structure W \‘ \

o-Helix

Tertiary Structure Quaternary Structure

Figure 1.1 Four levels of protein structures.
o-helix and B-sheet are colored in purple and yellow, respectively. The schematics are generated by the Visual
Molecular Dynamics (VMD) 2’ software using the protein YibK (PDB code 1MXI).



Currently, over 100,000 protein structures have been solved and deposited into the protein data
bank (PDB), a database of the three-dimensional structures of proteins and some related
nucleic acids. 28 The protein structures are highly diverse due to the numerous possibilities of
the arrangement of amino acid residues and secondary structures. According to the structures,

proteins can be classified into the following classes as shown in Figure 1.2,29%

e W
S G T
T =

-

All a-Protein All B-Protein a and B Protein

Figure 1.2 Structural classes of proteins.

The schematics are generated by the VMD software. All a-proteins are the proteins that contain predominantly
a-helices (PDB code 2KDL). All B-proteins are the proteins that contain predominantly B-strands (sheets) (PDB
code 1TIT). a- and B-proteins are the proteins containing both a-helices and B-strands (sheets) (PDB code 1PGA).

1.1.2 The Protein Folding Paradox

Despite being able to sample a range of conformations, proteins are capable of folding
spontaneously from disordered polypeptide chains to their correct structures in a physiological
environment within a surprisingly short time after being synthesized. How a protein folds is
one of the greatest current challenges in biological sciences. The challenge of the protein
folding problem is often demonstrated by the Levinthal Paradox, proposed by Cyrus
Levinthal.®! This paradox states that there are a very large number of possible conformations
(319 for a protein of 100 amino acid residues, assuming three possible conformations for each

residue. Consequently, it would take forever for the protein to search every possible

conformation randomly during the folding process and find the correct structure, while it

3



actually only takes from less than a second to a few hours for most proteins to fold. Thus, the
protein must have certain pathways to avoid the random search required to sample all possible
conformations.®! Indeed, theoretical and experimental efforts have been carried out to explain
the folding pathways using several models>®8213238 |n the diffusion-collision model, the
secondary structures form independently before the tertiary structure. These secondary
structures diffuse and collide with each other, resulting in the formation of a compact tertiary
structure.® In the nucleation-condensation model, the hydrophobic polypeptide chain
collapses and stabilizes the secondary structures, i.e. the secondary and tertiary structures form
simultaneously.*® Both of these models have been supported and some proteins combine both
models during the folding process.*! Furthermore, while many proteins can fold to the native
structures themselves under physiological conditions, some proteins require assistance from a
type of proteins called chaperones in order to fold correctly.*244
1.1.3 Funnel Shaped-Energy Landscape

A concept called the folding funnel is often used to describe the rapid folding of proteins.*>4¢
As shown in Figure 1.3, the folding funnel theory assumes that a disordered polypeptide chain
folds along the funnel-shaped energy landscape towards a global energy minimum to achieve
the well-defined native structure. The disordered polypeptide chain has numerous
conformations and very high energy. During the folding process, along the free energy
landscape, some proteins collapse into a compact folding intermediates called the “molten
globule state”, causing the secondary structures to form and the entropy of the water molecules
around the proteins to increase. Then many native contacts between amino acid residues form

to further stabilize the native structure at the global free energy minimum.*>46



Figure 1.3 Funnel shaped-energy landscape of protein folding.
Proteins fold from disordered structures at high free energy to native structure at the bottom of the energy funnel.
Reprinted from (Dill KA & MacCallum JL (2012), Science 338(6110):1042-1046) with permission of AAAS.*

In addition, the surface of the folding funnel is often described to be “rough™ and many local
energy minima, separated by energy barriers, could exist along the folding pathways. Folding
intermediates could be kinetically trapped at these local energy minima.®
1.1.4 Two-State and Three-State Models for Protein Folding Pathway

Proteins can transit between the native and unfolded states upon environmental changes, such
as changes in temperature and solvent. While folding is the transition from an unfolded state
to the native state, the transition from native to unfolded state is called unfolding or
denaturation. The folding/unfolding of many simple and small proteins is approximately
described using two-state model, which assumes that it is all-or-none transition and only fully
folded (native) and fully unfolded states are populated.*’ In the two-state model, there is only
one energy barrier, where the transition state is located, between the native and unfolded states

(Figure 1.4 left).



TS
TS1 TS2

Free Energy
[
=

Reaction Coordinate

Figure 1.4 Protein folding/unfolding pathways.
Left: two-state model. Right: Three-state model with an intermediate state. N, TS, U and | represent native,

transition, unfolded and intermediate states, respectively.

While using two-state model makes it easy to characterize the thermodynamics of protein
folding/unfolding, protein folding can be far more complex and it is often necessary to adopt
more sophisticated models. For this purpose the three-state model is often used as an
alternative, when the two-state model is not sufficiently accurate to describe a
folding/unfolding system. In the three-state model, in additional to the native and unfolded
states, an intermediate state is trapped by two separate energy barriers and situated between
the native and unfolded states (Figure 1.4 right).*® In addition, many proteins fold in more
complex ways that have more than three states.
1.1.5 Mechanical Folding/Unfolding of Proteins

In protein folding/unfolding studies, chemical denaturation is one of the most widely used
methods. A chemical denaturant such as urea or guanidine hydrochloride (GdmCI) can perturb
the native structure of a protein and stabilize the unfolded polypeptide chain. Changing the
concentration of denaturant would change the folded and unfolded fractions of the protein.*®

6



Similarly, a force can be applied to a single molecule protein and acts as a “denaturant” to
trigger the transitions between native and unfolded states of the protein. This is called
mechanical folding/unfolding.®® Zhurkov-Bell-Evans model is often used to describe the

mechanical unfolding of proteins.>*->2

Transition State

Zero force

Free energy

With force

A Xu

AXr
Native State Unfolded State

End-to-end Extension (nm)

Figure 1.5 The effect of force on the energy landscape of protein folding/unfolding.

The blue and black curves are the energy landscapes with and without force, respectively. The unfolding distance
and folding distance are shown by Ax, and Axz, respectively. Adapted from (Jagannathan B & Marqusee S (2013)
Biopolymers 99(11):860-869.) with permission of John Wiley and Sons.5®

The native and unfolded states of a given protein are separated by an energy barrier (Figure
1.5). The distance between the unfolded and transition states is defined as the folding distance
(Axs) and the distance between the native and transition states as the unfolding distance (AXy).
In the absence of a stretching force, the native state thermodynamically dominates due to its

lower free energy. In contrast, when a stretching force is applied to the protein, the free energy



barrier is reduced by the product (Fx) of the force (F) and the distance (x) along the direction
of the force. If the force is high enough to make the free energy of the unfolded state lower
than the free energy of the native state (blue curve in Figure 1.5), ie. Fx>AG,
thermodynamically, the unfolded state would become more stable. What is more, the force
lowers the energy barrier for unfolding by FAxy, which kinetically facilitates the unfolding
reaction. ** Zhurkov-Bell-Evans model assumes a single energy barrier between the native and
unfolded state and the force applied on the molecule does not change the location of the
transition state. In addition, the effect of the shape of the energy landscape is not considered.
The effect of force on the kinetics of protein folding/unfolding is discussed later throughout
this thesis.
1.2 Single-Molecule Force Spectroscopy
Single-molecule force spectroscopy (SMFS) has become a powerful tool for investigating
mechanical folding/unfolding of proteins at the single-molecule level, providing new insights
that are otherwise impossible to obtain using traditional methods. 23545461 SMFS can be
performed using several techniques such as optical tweezers, magnetic tweezers, atomic force
microscopy (AFM), etc. In this thesis, we mainly use AFM and optical tweezers to study the
folding/unfolding of proteins.

1.2.1 SMFS Using AFM
Among the force spectroscopy techniques, AFM is the most widely used due to its ability to
measure large force (10 to 10* pN) and given its excellent spatial (angstrom) and temporal
resolution (ms).>>%272 Figure 1.6 shows the principle of a SMFS experiment using AFM. After
being deposited on a substrate, a single-molecule polyprotein is randomly picked up and

stretched by an AFM tip. The relationship between the restoring force and the extension of the



polyprotein chain can be well described by the worm-like chain (WLC) model of polymer
elasticity®> 3.

kgT 1 X

_ 5, 1 x
F(x)_T[Z(l_Z) _Z+Z]

where, F(X) is the restoring force at the extension of x, kg is the Boltzmann constant, T is the
temperature in Kelvin, p is the persistence length and Lc is the contour length of the polymer.
The WLC model treats the polymer chain as an isotropic rod with continuous flexibility that is
smoothly curved at room temperature. The average cosine of the bending angle, 0, over all
starting positions decays exponentially with the distance, L, at the scale of the persistence
length (p):
(cos6) = exp(—L/p)

The persistence length characterizes the stiffness of a polymer. When the polyprotein is
extended, the force increases non-linearly (Figure 1.6B (1)). As the force accelerate the
unfolding rate of the proteins as previously introduced, one folded domain in the polyprotein
unfolds (Figure 1.6B (2)), leading to an increase of the contour length of the polyprotein
molecule and thus a force drop to a lower value. The force-extension relationship of unfolded
polypeptide chain can be described by the WLC model using a persistence length of 0.4 nm .
Further stretching increases the force and will lead to the sequential unfolding of the domains
in the polyprotein chain, leading to a FEC (FEC) with a saw-tooth pattern appearance. Each
force peak represents an unfolding event of one domain within the polyprotein except the last
force peak, which usually corresponds to the detachment of the polyprotein either from the
substrate or the tip. By fitting the consecutive force peaks in the FEC, the contour length
increment caused by the unfolding of each individual domain from the polyprotein can be

measured.
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Figure 1.6 SMFS experiment based on AFM.

A): Schematic of experimental setup. Tandem polyprotein is deposited on a glass substrate. The movement of the
glass substrate is controlled by a piezoelectric positioner. An AFM tip on a cantilever picks up a polyprotein by
non-specific attachment. A laser beam is reflected on the back of the cantilever and shined onto a photodiode.
The deflection of the cantilever can be measured by monitoring the movement of the laser on the photodiode,
through which the force applied onto the protein is then calculated. B) Schematic of stretching a single-molecule
polyprotein and the corresponding FEC with a saw-tooth pattern. (1) The AFM tip picks up the polyprotein. (2)
As the substrate moves away from the tip, the force is increased according to the worm-like-chain model. (3) One
of the multiple domains unfolds, resulting in the increase of the contour length and the decrease of force. (4) Force
is increased upon further stretching. Reproduced in part from (Li H (2007) Org Biomol Chem 5(21):3399-3406)
with permission of The Royal Society of Chemistry.”

1.2.2 SMFS Using Optical Tweezers
As another powerful force spectroscopy technique, the optical tweezers have been used
extensively in single molecule studies, including protein folding and unfolding, due to their

superior force resolution (0.1 pN) and force range (1 pN to ~100 pN). However, the
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experimental setup is more complex and technically more demanding than AFM.>>" The
optical tweezers are very suitable for monitoring the folding/unfolding of mechanically labile

proteins,>> 7>

A)

— ——
Relaxation Stretching

B) o- i /“2“:\9 :

Unfolding

8- S
=
o Stretching
a, 6 - / o
= & _+Relaxati
O 44 e elaxation
s S, ;

21 _. Refolding W

Extension(nm)

Figure 1.7 Protein folding/unfolding using optical tweezers.

A) Schematic of optical tweezers experiment. The protein is engineered to have two cysteine residues. Each thiol
group of these two cysteine is connected to a double-strand DNA handle with a thiol group at one end through
disulfide bonding. The other end of the DNA handles with antibodies are then coupled with specific antigens on
two polystyrene or silica beads. One of the two beads is fixed on a micropipette and the other is trapped and
controlled by a laser beam. The force in the direction of stretching or relaxation can be determined by the deviation
of the laser beam from the center of the bead. B) Representative traces of stretching and relaxation. Similar as
AFM experiment, when the protein-DNA complex is being stretched (stretching trace colored in blue), the force
is increased. Upon the unfolding of the protein, the force is suddenly released. As the direction of the movement
of the bead is reversed (relaxation trace colored in red), the force is decreasing. Upon the refolding of the protein,

the force is suddenly increased.
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As shown in Figure 1.7, in a typical optical tweezers experiment, the protein is coupled to
DNA handles at each ends through disulfide bonding. The DNA is then coupled with
polystyrene or silica beads that can be either fixed on a micropipette or trapped and moved
by a laser beam. When the bead is trapped by a laser beam, the spatial information can be
obtained by monitoring the movement of the laser beam and the force in the direction of
stretching or relaxation can be determined by the deviation of the laser beam from the center
of the bead. Fitting the FECs from optical tweezers experiments can be more sophisticated
because the DNA handles have a different persistence length (=50 nm)”® than polypeptide (~
0.8 nm)®. In addition, the enthalpic compliance of DNA when being stretched must be
accounted for. The extensible WLC model with an additional parameter of stretch modulus,
Ko (~1000 pN), has been used to describe the extension of DNA more precisely”:

FP_11 x+F_2 1+x F
kBT_4( Lc KO) 4 L. K,

Thus fitting the FECs from optical tweezers experiments requires the combination of the WLC
model on polypeptide and the extensible WLC model on DNA handles.

Both AFM and optical tweezers are useful in SMFS studies. They can complement each other
and provide a lot of valuable information about protein folding/unfolding, which can be
extracted through the simultaneously obtained parameters such as the force, distance and time.
1.3 Steered Molecular Dynamics Simulations

Although SMFS has been proven to be an excellent method for the studies on protein
folding/unfolding, only limited details of the molecular mechanisms are available in SMFS
experiments. Molecular dynamics (MD) simulations compliment the SMFS experiments and
suggest more details of the mechanism of the mechanical folding/unfolding of proteins. A

number of programs have been developed for MD simulations such as CHARMM, NAMD,
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AMBER, etc.8% In MD simulations, the physical movement of atoms is described using
newton’s equations of motion. In particular, steered molecular dynamics (SMD) simulations
provide a way to directly apply forces on specific atoms, which can be used to mimic the SMFS
experiments.
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Figure 1.8 Snapshots from the trajectory of pulling a protein using SMD simulations.
The fixed atom is labeled as the red balls and the atom being stretched is labeled as the green balls. The springs
and arrows represent the force applied on the protein. The schematics are generated by the Visual Molecular

Dynamics (VMD) %’ software using the structure of AFV3-109 (PDB code 2J6B).

In a typical SMD simulation that simulates the pulling on a protein in SMFS experiments, the
structure of protein must be known. Before the pulling, the protein is solvated in either an
explicit solvent or an implicit solvent environment. The energy of the protein-solvent system
is minimized and equilibrated. As shown in Figure 1.8, at the beginning of the pulling, the
coordinate of one atom in the protein structure is fixed (red balls in Figure 1.8) and a stretching
force is applied on another atom (green balls in Figure 1.8) along the opposite direction (the

springs and arrows) of the fixed atom. The protein is then extended along the direction of the
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force and the native structural elements are being broken as the time elapses. The simulation
can be paused or stopped at any time. The coordinates of each individual atom in the protein
structure at each time step are determined and recorded by the simulation program. A trajectory
of the movement of each atom is generated for further analysis. Usually, constant velocity and
constant force modes are used to simulate the stretching of a protein. In the constant velocity
mode, the speed of the movement of the atom being stretched is constant and the force applied
on the atom is calculated and recorded at each time step. Essentially, the SMD simulations in
constant velocity mode mimic the pulling experiments in SMFS at constant pulling speeds and
generate FECs with all the structural information, which can be very useful to estimate the
mechanical stability of the proteins and the mechanism of the unfolding. In contrast, in the
constant force mode, the force is kept constant and the extension of the atom being stretched
is determined and recorded at each time step, leading to a length-time curve. The length-time
curve is particularly useful to identify mechanically stable intermediate states during the
pulling. Through the information provided by the simulation, detailed molecular mechanism
can be drawn to compare with the results from SMFS experiments. Further details about SMD
simulations will be given in Chapter 3 and 4.

1.4 ldentifying Knotted Proteins

The complexity of protein folding makes it very challenging to fully understand the folding
mechanism of proteins. More complex yet interesting challenges have been proposed. One of
the most interesting challenges is that of the protein with knotted topologies.®*2 Knots are very
common in our daily life. Figure 1.9 shows a schematic of a simple trefoil knot. A knotting
loop (yellow) is formed and two ends (red and blue) are threaded through the knotting loop.

Sometimes we hate the knot and need to untie it. For example, our earphone cable often gets
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knotted and it takes forever to untie it. But, more often, we need the knot, for example, a tie
knot or shoelace. It also requires some effort to tie a knot. Similarly, as the protein is a
polypeptide chain, it is, in principle, possible to form a knot. However, most proteins favor
simple topologies as they need to fold efficiently to the native state. It is, therefore, very
interesting to study the proteins that can adopt a knotted topology despite the associated

topological complexity.

Knotting loop

Figure 1.9 Schematic of a trefoil knot.
The knotting loop is colored in yellow. The two ends colored in red and blue are threaded through the knotting
loop. Adapted by permission from Macmillan Publishers Ltd: [Nat Chem Biol] (Mallam AL & Jackson SE

(2012), Nat Chem Biol 8(2):147-153), copyright (2012).%

About two decades ago, knots were not considered to exist in the native state of proteins due
to the topological difficulty of the knotting process. In fact, in 1994, Mansfield published a
paper that questioned the existence of knots in proteins.>%* By analyzing the structures of
about 400 proteins, Mansfield determined that none of the 400 proteins have a knot except one,
human carbonic anhydrase, which appears to have a very shallow knotted topology, though it
has only a few amino acid residues entwined at one end in a loop. Almost at the same time,
Liang and Mislow reported their findings that a few metalloproteins possess a trefoil knotted
topology.?? In those knotted metalloproteins, metal atoms and disulfide bonds are important
parts of the knots. In other words, without those metal atoms and disulfide bonds, the knot
would not exist. The absence of knots in protein structures was interpreted as meaning that the
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folding mechanism of proteins only searches for conformations without knots, to avoid the
high potential energy barrier that associated with the knots.
1.4.1 Discovery

Nevertheless, in 1996, Takusagawa and Kamitori reported that (S)-adenosylmethionine
synthetase (MAT), a protein containing 380 amino acid residues, contains a trefoil knot in its
native structure.!? Residues from 239 to the C-terminus pass through the knotting loop formed
by the residues from 11 to 154 as shown in Figure 1.10. To explain how the knot forms, they
proposed that the B1 strand at the N-terminus of MAT was plugged through the knotting loop

after the synthesis of B9 strand at the C-terminus.

C-term

N-term

Figure 1.10 Trefoil knotted protein MAT.

Top: Schematic of the trefoil knot structure of MAT. The numbers of the start and end of amino acid residues are
shown. Bottom: Proposed folding mechanism for knot formation. After synthesis of the 9, the N-terminus moves
into the knotting loop, and the B1 forms hydrogen bonds (dotted lines) with the 6. Adapted with permission from
(Takusagawa F & Kamitori S (1996), J Am Chem Soc 118(37):8945-8946). Copyright (1996) American

Chemical Society.
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Although this is a good example of a knot identified in a native structure of protein, there are
only ~ 10 amino acid residues at the N-terminus that pass through the knotting loop. In other
words, it was still considered to be a very shallow knot. Thus, more effort in examining whether
proteins contain knots were necessary to move this research area forward.
1.4.2 Expansion

Over time, the development of computer algorithms greatly improved the efficiency of the
search for possible knots in proteins.1%1189 Usuyally, one could pull the two ends of a string
to determine whether it is knotted. However, due to the complexity of protein structures, if the
two ends of protein are not on the surface of the structure when being pulled, they may pass
through a loop and it could untie a knot or even create a new knot. In 2000, Taylor reported a
simple yet sufficient computer algorithm to determine the existence of a knot/knots formed by
the polypeptide chain of proteins.'? The two termini of the polypeptide chain are fixed and the
remaining amino acid residues are made to shrink around the two termini. This method
smooths the polypeptide chain while the two termini are fixed and two parts of the chain (N-
terminus and C-terminus) cannot pass through each other. Ultimately the polypeptide chain
can be reduced to a straight line between two termini if there is no knot. Otherwise, the
polypeptide chain would be blocked by the knot(s). By using this algorithm, the knots in
proteins could be characterized by the number of residues removed from N- and C-termini to

reduce the protein to a straight line, i.e. to remove the knot.
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Figure 1.11 The figure-eight knotted protein (PDB code lyve).

Left: backbone representation of the native structure of 1yve. Right: the figure-eight knotted core in the
smoothed representation of 1yve. Reprinted by permission from Macmillan Publishers Ltd: Nature (Taylor WR,
Nature 406(6798):916-919.), copyright (2000).%°

In this way, Taylor found that acetohydroxy acid isomeroreductase (PDB code: 1yve) contains
a deep figure-eight knot (Figure 1.11). Meanwhile, he proposed that the duplicated domains in
the knotted protein are important in the folding process. This discovery greatly promoted both
experimental and theoretical studies on the knotted proteins.

As more protein structures are solved, the number of knotted proteins keeps increasing. In
particular, Lim et al resolved the structure of the YibK methyltransferase, which contains a
trefoil knot with a chain of ~ 40 amino acid residues knotted by a knotting loop.%* Interestingly,
YbeA-like proteins, another type of methyltransferase, were found to possess similar trefoil
knotted topology as YibK does.®® Because the trefoil knot is the simplest knot, YibK and YbeA

have become very popular models for the studies on the knotted proteins (Figure 1.12).
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Figure 1.12 Structures of YbeA (top) and YibK (bottom).

Both proteins contain a trefoil knot. (a) Ribbon diagram of a monomer subunit, showing the deep trefoil knot at
the C terminus. The knotting loop highlighted in red and the knotted chain highlighted in dark blue. (b) Dimeric
structures of YbeA (top) and YibK (bottom). (¢) Topological diagrams of YbeA (top) and YibK (bottom).

Reprinted from Ref *® with permission of Elsevier.

Beside the trefoil knot and figure-eight knot, more complex knots, such as the three-twist knot
and the Stevedore knot, have been identified in the protein data bank. Until now, about 1% of
the proteins in the PDB contain a knotted topology, and can be classified according to the types
of knots. Figure 1.13 shows four representative proteins that possess four different types of
knots. Accordingly, to systemically identify and classify the knotted proteins, researchers have
built web servers that summarize all the knotted proteins, as well as automatically determine

whether a protein is knotted or not.*"*8:%
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?# < o

oz

Figure 1.13 Three-dimensional structures (top) and topological schematics (Bottom) of proteins possessing

different types of knots.
Adapted from Ref 27 with permissions.

1.5 Folding/Unfolding Mechanism of Knotted Proteins
Although it is now clear that many proteins are indeed knotted, determining the folding
mechanism of knotted proteins remains quite challenging. Both experimental and theoretical
studies have shed light on the folding/unfolding process of the knotted
proteins, 10:11.13.161990.94.97112 Ampng all the knotted proteins, YibK and YbeA have been
chosen as models due to the simplicity of the knot type (the simplest trefoil knot).
1.5.1 Experimental Studies on the Folding and Unfolding of Knotted Proteins YibK
and YbeA
The folding pathways of YibK and YbeA were compared by Mallam and Jackson using
chemical denaturation methods.*> Both YibK and YbeA are dimers in their native states.
Multiple pathways coupled with multiple intermediate states were found during the folding of

YibK, while the folding and unfolding of YbeA only occurs as a simple three-state sequential
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pathway with a single intermediate state. During the folding of both proteins, the dimerization

from monomeric intermediates to dimeric native states is the slowest step.
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Figure 1.14 The folding pathway of (a) YbeA and (b) YibK.
D: monomeric denatured state; I: monomeric intermediate state; N: dimeric native state. Reprinted from Ref %

with permission of Elsevier.

To further study when a protein forms a knotted topology during the folding, Mallam, Rogers
and Jackson designed a clever experiment that covalently circularized YibK by forming a
disulfide bond between the two residues mutated to cysteine at N- and C-termini.%® When the
disulfide bond was formed in the native state, the trefoil knot would remain even when the
protein was then fully denatured by adding a chemical denaturant. They found that the knotted
and denatured polypeptide can fold back to native state, which was not surprising because the
knot had been already formed. Interestingly, when the disulfide bond was formed after the
protein was fully denatured, it could still fold into its native trefoil knotted state. As the
topology of the denatured polypeptide was fixed by the disulfide bond, it would never fold into

its native state if it were unknotted. Thus the denatured state of YibK possesses the same trefoil
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knotted topology as the native state does. YbeA was also studied and showed the same
behavior. This finding successfully identified that the knotted topology exists in the denatured
state when most secondary structure elements of the protein have not been formed.
1.5.2 The Importance of the Slipknotted Topology

Although experimental studies have revealed the folding pathway of a knotted protein, the
protein structure during the folding process remains unclear. Theoretical studies, on the other
hand, have provided invaluable structural information about the folding mechanism.
Sutkowska et al have proposed a possible folding mechanism for YbeA using molecular
dynamics simulations based on a coarse-grained model.X*” As shown in Figure 1.15, there are
five key steps in the folding pathway. In the first step, by crossing two parts of itself, the
polypeptide chain forms a loop, which is the knotting loop. In the second step, one end of the
chain is bent towards the knotting loop to form a hook. Instead of plugging the terminus of the
hook into the knotting loop, which would raise a substantial energy barrier, the middle of the
hook is then threaded into the knotting loop and a slipknot is formed as circled in Figure 1.15.
The threaded loop is then further passed through the knotting loop. The trefoil knot forms when
the terminus of the threaded loop completely passes through the knotting loop. Molecular
dynamics simulations revealed that the pathway with the slipknotted intermediate results in a
greatly reduced the energy barrier, as compared to the pathway that involves plugging the
terminus through the knotting loop.

Thus, the slipknotted topology appears to be important for the folding of knotted proteins. A
slipknot is like a shoelace and it is, technically, not a real knot. Instead of completely threading
one end of the chain through the knotting loop, a threaded loop partially passes through the

knotting loop and the end of the chain remains at the other side of the knotting loop as shown
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in Figure 1.15. King et al have found several rare examples of proteins that have slipknotted
topology in their native conformations.'® Due to its importance in protein structure and folding,
slipknotted proteins have drawn particular attention and will be further discussed in this thesis.
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Figure 1.15 The folding pathway of a trefoil-knotted protein.

Schematics of topologies of polypeptide are shown in the middle. Representative protein conformations are shown
at the right side and the locations of the knot are colored in red. Incorrect folding steps are shown at the left side.
The slipknot conformation is circled. Adapted from Ref'®” with permission of Copyright (2009) National
Academy of Sciences, USA.
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1.6 Force-Induced Topological Change of Knotted/Slipknotted Protein

As mentioned earlier in this chapter, pulling on two ends of a protein is a simple way to test
the existence of a knot. More importantly, the mechanism of pulling knotted/slipknotted
proteins can provide useful insight into the formation of the knot/slipknot. Actually, quite a
few knotted/slipknotted proteins have been pulled in both experimental and computational
studies. 13120

1.6.1 Tightening the Knot

SMD simulation has been generally used to apply external force on certain atoms of proteins
in specific pulling direction in silico. Upon being pulled on its two ends, a knotted protein will
be unfolded and extended and, subsequently, the knot will be tightened. Sutkowska et al have
stretched 20 proteins with a knotted topology by SMD simulations using a coarse-grained
model.*> When a stretching force is applied onto the two ends of a knotted protein, the knot
shrinks and one end of the knot moves along the polypeptide chain with sudden jumps. This is
quite different from the tightening of a homopolymer in which the knot slides off the chain as
a diffusive motion. A possible reason is that some amino acid residues have larger side chains

than others so that those large residues create steric hindrance when the knot moves.

Figure 1.16 Tightened figure-eight knot in phytochrome stretched by SMD simulation.
Adapted from Ref %6 with permission of Elsevier.
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Along with SMD simulations, SMFS is able to experimentally hold a protein and stretch it by
its two ends. Wang et al performed SMFS on a shallow trefoil knot protein, bovine carbonic
anhydrase B, and stretched it to a tightened knot.'?® A figure-eight knotted protein,
phytochrome, was stretched by Bornschlogl et al using SMFS based on AFM, as well as SMD
simulations.!*® The unfolding force of phytochrome was determined to be ~ 70 pN, which is
not as high as many mechanically stable proteins such as the 127 domain of human titin (~200
pN).#° In addition, both their experimental and simulation results revealed that the tightened
figure-eight knot contains 17 to 19 amino acid residues as shown in Figure 1.16. Further
discussion about the tightening of the knot can be found in chapter 4.
1.6.2 Untying the Knot/Slipknot

Almost everyone has the experience of untying a knot or slipknot. By being stretched on the
middle of a knotting loop, the knot can be loosen and then untied. Similarly, SMD simulations
are able to untie a protein knot by applying force on the knotting loop of the protein. Sutkowska
et al used YbeA as a model to demonstrate the feasibility of untying a trefoil knot using SMD
simulations.!’ Different anchor points to apply a stretching force on were chosen. Their results
indicated that the untying of the knot depends on the length of the knotting and threaded loop
and the location of the anchor point of force. As shown in Figure 1.17, in order to successfully

untie the knot, at least one of the anchor points should be located within the knotting loop.
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Figure 1.17 Pulling a protein knot.

Left: three dimensional structure of YbeA. Middle: Schematics of knotted topology and the force anchor points
(red circles). Right: Schematics of possible resultant topologies. The knot can be either untied or not in the cases
of the second and third from top to bottom. Adapted) with permission from (Sulkowska JI, Sulkowski P,
Szymczak P, & Cieplak M (2010) Untying Knots in Proteins. J Am Chem Soc 132(40):13954-13956), Copyright
(2010) American Chemical Society.*’

On the other hand, one can easily untie a slipknot by pulling on its ends, just like when one
unties a shoelace. Recently, SMD simulations on a slipknotted protein, thymidine kinase,
illustrated the unfolding pathways upon stretching on both its ends (Figure 1.18).12! Under a
low pulling force, the shrinking rate of the threaded loop is faster than that of the knotting loop,
meaning that the threaded loop can be pulled out of the knotting loop without the knotting loop
being tightened. This pathway | is called the slip-bonds pathway as the slip-bonds become
more labile when a force is applied. Under a high pulling force, the shrinking rate of knotting
loop increases dramatically and exceeds the shrinking rate of threaded loop, which is then
jammed by the tightened knotting loop. This pathway Il is called the catch-bonds pathway as

catch-bonds become more stable when a force is applied.
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Figure 1.18 Two unfolding pathways of slipknotted protein, thymidine kinase.

The knotted loop and threaded loop are colored in blue and red respectively. At low force, the threaded loop
shrinks faster than the knotting loop, and the slipknot is then loosen and untied (pathway I). At high force, the
knotting loop shrinks faster than threaded loop, and the threaded is then jammed by the tightened knotting loop

(pathway I1). Figure adapted from Ref 12 with permission of American Physical Society.

1.7 Aim of This Thesis

As discussed above, the slipknotted topology is of great importance in terms of its structure
and role in the folding of knotted proteins. Although there are very interesting studies the
slipknotted protein using computational methods, there are comparatively few experimental
studies. SMFS is one of the most suitable tools to investigate the folding and unfolding of this
type of protein as it is able to directly stretch the protein and monitor the dynamics. Inspired
by the pioneer studies introduced above, in this thesis, we mainly focus on the unfolding and
folding of a slipknotted protein using SMFS base on both AFM and optical tweezers.

In order to demonstrate how to use AFM to study the mechanical unfolding and folding of
proteins, in chapter 2, we use a small protein, NuG2, as a model, though it contains no knot or
slipknot. The kinetics of mechanical unfolding and folding of NuG2 is extracted from SMFS
experiments and Monte Carlo (MC) simulations. In chapter 3 and 4, we mainly study the

mechanical unfolding of a slipknotted protein, AFV3-109 using AFM and SMD simulations.
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The slipknotted topology of AFV3-109 is converted to either a linear chain or a trefoil knot
upon stretching in different directions. Multiple pathways are found in the mechanical
unfolding of AFV3-109. Although AFM can be used to study the folding of proteins, our
results show its limitation in detecting the folding of AFV3-109. Hence, in chapter 5 we make
use of the advantage of the optical tweezers, which is more suitable for the study of protein
folding at very low forces, to revisit the mechanical folding of AFV3-109. As a result, a simple
two-state folding is observed, suggesting that the slipknotted topology does not create a high
energy barrier for AFV3-109. In chapter 6, we summarize the conclusions from this thesis and

give our opinions about the future directions of the studies of knotted/slipknotted proteins.
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Chapter 2: Directly Observing the Reversible Two-state Unfolding and
Refolding of an a/f Protein by Single-Molecule Force Spectroscopy Based

on Atomic Force Microscopy

In order to study the folding and unfolding of a slipknot protein, we choose AFM to perform
SMEFS experiments due to its convenience and capability in the study of mechanical unfolding
and folding of proteins. Here we use a small protein, NuG2, as a model to demonstrate the use
of AFM and some general methods used in force spectroscopy studies, though NuG2 contains
no knot or slipknot.

2.1 Studying Protein Folding Using AFM

Protein folding-unfolding is a fundamental event in life, and of vital importance for essentially
every single biological process. Understanding protein (un)folding and misfolding
mechanisms remains a critically important task in life sciences.???> Improvements in
experimental and computational methods continue to cast new insights into this important
problem.237:5455.122-124 The high spatial resolution and fast dynamic response of AFM make it
especially appealing for investigating protein dynamics. However, the relatively poor long-
term stability in force found in AFM makes it challenging to monitor protein folding-unfolding
in real time. Although the development of a lock-in detection scheme has made it possible to
observe protein folding,*?® force drift remains the limiting factor for using AFM in protein

folding studies.'?6-128

Chapter 2 has been published as [He CZ], Hu CG, Hu XD, Hu XT, Xiao A, Perkins TT & Li HB. Direct
Observation of the Reversible Two-State Unfolding and Refolding of an o/f Protein by Single-Molecule Atomic
Force Microscopy. Angew. Chem., 2015, 127: 10059-10063. This chapter is incorporated in this thesis with
permission of John Wiley and Sons, Copyright (2015).
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Recent progress has led to significant improvements in the long-term stability of AFM,
allowing for the folding of small proteins to be directly observed in real time and for the full
characterization of the folding-unfolding energy landscape.>*12°126.129-132 | g ch experiments,
protein folding-unfolding at low stretching forces occur under conditions close to equilibrium,
giving distinct (un)folding events accompanied with protein shortening (or lengthening).
However, reported direct observations of real-time protein folding using AFM are limited to
all-o proteins, such as Ankyrin®? and calmodulin 126129130133 These proteins are
mechanically labile and unfold at low forces, allowing protein folding and unfolding to occur
near equilibrium. However, the direct, real-time observation of the folding of o/p or all-
proteins, which involves the formation of long range interactions so that their native structures
are reached, remains challenging and thus underexplored. Hence, SMFS studies of the folding-
unfolding of these proteins remain limited to non-equilibrium unfolding reactions, where
information about their folding energy landscape remains inaccessible. By leveraging recent
improvements in AFM’s long-term force stability by eliminating cantilever drift caused by its
metal coating,'?” we directly observed the folding-unfolding of a small o/p protein NuG2 in
real time under near-equilibrium conditions. These experiments also enabled us to obtain the
first equilibrium free energy information on the folding-unfolding transition of NuG2 from
single-molecule AFM experiments.

2.2 Results and Discussion

To examine the feasibility of observing the real-rime folding of o/ or all-o proteins, we chose
the fast folding protein NuG2 as a model system. NuG2 is a computationally designed variant

of the protein GB1 and assumes a characteristic 3-grasp fold in which an a-helix packs against

a four-stranded B-sheet (Figure 2.1).122134

30



Figure 2.1 Three dimensional structure of NuG2 generated by VMD using PDB code 1MIO0.

In our previous single-molecule AFM work, we constructed the polyprotein (NuG2)s, which
contains eight identical tandem repeats of NuG2.1% Due to the poor long-term stability of force
measurements arising from the cantilever drift, our previous studies on (NuG2)s were limited
to force-induced unfolding reactions under non-equilibrium conditions.** In such experiments,
the pulling speed had to be greater than 50 nm/s, as the force drift from the cantilever would
overwhelm the experimental signal if the pulling speed were less than 50 nm/s. Figure 2.2
shows typical stretching and relaxation FECs of (NuG2)s obtained using a standard gold-
coated Si3sN4 cantilever (MLCT with a spring constant k. = ~40 pN/nm). Stretching (NuG2)s
resulted in FECs with a characteristic sawtooth-pattern appearance, where each sawtooth peak
corresponds to the mechanical unfolding of one of the NuG2 domains in the polyprotein chain
being stretched. Fitting the unfolding events of NuG2 using the worm-like-chain (WLC) model
of polymer elasticity’”® measures a contour length increment (ALc) of NuG2 of 18 nm upon
complete unfolding, in good agreement with our previous measurements as well as the value
calculated from NuG2’s structure’®. In contrast to the sawtooth-like FECs observed when
NuG2 unfolds, refolding of this protein results in largely featureless spectra, with no clear
refolding events at both pulling speeds of 400 nm/s and 50 nm/s. Large hysteresis exists

between unfolding and refolding traces, suggesting that the unfolding of NuG2 at these pulling
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speeds occurs under non-equilibrium conditions. In addition, drift in the force signal is evident

in the FEC at 50 nm/s (Figure 2.2 bottom).

——Pulling
—_— R elaxation

Force

Extension

Figure 2.2 An FEC measured using conventional gold-coated SisN4 cantilevers.

The sampling frequency for the top curves is 10 kHz and the bottom ones are low-pass filtered with a frequency
of 500 Hz. Thin lines correspond to the global WLC fits with an ALc of 18 nm. The force drift is evident in the
bottom curves), as indicated by the dotted line and the deviation of the WLC fits from the data.

To improve the long-term stability of AFM force measurements, Churnside et al. developed a

simple yet very effective method: they showed that removing the gold coating from the
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cantilevers by wet etching can significantly reduce the force drift of the cantilever (Biolever,
ke =6 pN/nm), and greatly improve the long-term stability of AFM without affecting the signal-
to-noise ratio of force-extension measurements.*?” In this study, the gold coating of BioLever
cantilevers from Olympus was removed using a wet-etching method as described previously!?’
to increase the stability of the experimental system. SMFS experiments were performed on a
Cypher AFM (Asylum Research). Figure 2.3A shows stretching and relaxation curves of
NuG2 at a pulling speed of 400, 50 and 2 nm/s, respectively. In these spectra at 50 nm/s and
2nm/s, features slightly greater than the noise are clearly visible. After filtering the data to 500
Hz using a low-pass filter, sawtooth-like FECs are evident in both the stretching and relaxation
traces. The sawtooth pattern observed during relaxation is very similar to that observed during
stretching. This pattern clearly indicates that NuG2 displays refolding events during relaxation,
which are manifested as the shortening of the taut polypeptide chain and a corresponding
increase in force. Fitting refolding events using the WLC model revealed a ALc of 18 nm,
identical to that of NuG2 unfolding, suggesting that the refolding of NuG2 occurs in a two-
state fashion. It is of note that there are several places in the FECs where the WLC fit deviates
rather dramatically from the data. At such an exceedingly slow pulling speed (such as 2 nm/s),
data does not always follow the WLC fit due to residual force drift and/or drift in the
mechanical loop of the instrument. We occasionally observed rapid hopping events between
single folded and unfolded NuG2 domains in both the stretching and relaxation curves (Figure
2.3B). During this hopping phenomenon, the protein transitions between two states, indicative
of rapid unfolding-refolding transitions occurring close to equilibrium. Such a phenomenon

has been observed in the folding-unfolding of calmodulin?®1% and Ankyrin>4131:132
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Figure 2.3 Improved SMFS experiments using uncoated cantilevers.

A) Comparison of pulling (solid grey) and relaxation (solid black) curves of (NuG2)s at different pulling speeds.
Raw and filtered FECs are shown on the top and bottom, respectively. Dashed lines correspond to the global
WLC fits with an ALc of 18 nm. B) Typical low-pass-filtered pulling and relaxation traces of (NuG2)s at a pulling
speed of 2 nm/s. Occurrences when the protein hops between folded and unfolded states are shown by arrows.

We carried out stretching-relaxation experiments at pulling speeds from 2 to 2000 nm/s, and
measured the pulling speed dependence of the unfolding and refolding force, respectively
(Figure 2.4). The hysteresis between unfolding and refolding forces (which represents the
energy dissipation under the non-equilibrium conditions) becomes smaller upon a decrease in
pulling speed. Additionally, the unfolding force of NuG2 decreases monotonically as the
pulling speed decreases, while the refolding force of NuG2 increases as the relaxation speed

decreases (Figure 2.4B). At the slowest pulling speeds, the unfolding and refolding forces of
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NuG2 are close to each other, indicating that the unfolding and refolding are close to
equilibrium. It is also noteworthy that the pulling speed dependence of unfolding force shows
an inflection point at around 10 nm/s, indicating different pulling speed dependency of the
unfolding forces at different pulling speeds. The unfolding force increases rapidly with
increasing pulling speed at pulling speeds higher than >10 nm/s; however, the unfolding force
becomes less sensitive to pulling speed at extremely slow pulling speeds (<10 nm/s). A similar
change of the pulling speed dependence of unfolding (or unbinding) force has been reported
in numerous previous studies and is often interpreted to be due to two different energy barriers
in the unfolding/unbinding energy landscape or due to the shift of the unfolding pathway. 1*¢-
138 However, for NuG2, this change clearly results from the fact that unfolding and refolding
of NuG2 occur close to equilibrium, rather than from two different energy barriers in the

unfolding energy landscape or a switch of the pathway used for unfolding.t36:13°

In order to estimate the key parameters which characterize the unfolding/folding energy
landscape of NuG2, Monte Carlo simulations that represent the exact experimental conditions
were performed and the resultant data was used to “fit” the dependency between pulling speeds
and unfolding/refolding forces.5">136.140 Representative simulated FECs are shown in Figure
2.5. We found that an unfolding rate ao of 0.04 s and the distance to the transition state Ax,
of 0.42 nm can describe the experimental data well, indicating that NuG2’s mechanical
unfolding transition state is very close to its native state. In contrast, a folding rate at zero force
Bo of 10000 st and a folding distance Ax: of 5 nm were found to be sufficient to describe the
experimental data. This fast-folding rate makes it possible to observe how NuG2 hops between

refolded and unfolded states in real-time. Analysis of these rates using AG® =kgTIn(So/ao)
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implies a free energy difference of ~12.4 kgT between the native and unfolded states at zero

force.
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Figure 2.4 Pulling speed dependence of folding and unfolding.
A) FECs of (NuG2)s polyproteins obtained at different pulling speeds. Pulling curves and relaxation curves are

in grey and black, respectively. B) Pulling/relaxation speed dependency of the mechanical unfolding/refolding
force of NuG2. Dashed lines are Monte Carlo simulation results.
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It is of note that Ax, estimated here (0.42 nm) is slightly larger than that reported in our previous
force-clamp spectroscopy study (0.25 nm), where stiffer cantilevers (with a spring constant of
40 pN/nm) were used than those in the current study (6 pN/nm). Previous force spectroscopy
studies on calmodulin also showed similar discrepancies.”>!?® The reason underlying this

difference is unclear and deserves a systematic investigation.
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Figure 2.5 Representative force-displacement relationships obtained using Monte Carlo simulations.
An unfolding rate ao of 0.04 s%, unfolding distance Ax, of 0.42 nm and a folding rate at zero force 5, of 10000 s’
Lare used. The pulling speed is indicated in the figure.

Unfolding-refolding transitions of NuG2 observed in our AFM experiments were non-
equilibrium in nature, and thus associated with hysteresis. Using fluctuation theorems, one can
relate the work along non-equilibrium trajectories to thermodynamic free energy differences
between states; these methods have been previously used in optical tweezers studies to obtain
information on the free energy of proteins and nucleic acids secondary/tertiary structures.4!-

143 Here we examine the feasibility of using Crooks fluctuation theorem (CFT) 4142 to
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estimate the equilibrium free energy difference AG° between folded and unfolded states from
such non-equilibrium force vs. distance curves in AFM experiments. CFT allows one to relate
this irreversible work done to unfold and refold a protein to AG° through the following

equation:

where Py(w) and Pr(W) correspond to the work distribution associated with unfolding and
refolding of the protein. The intersection of Py(w) and Pr(w) yields the equilibrium free energy
difference of AGP to be 15 ksT between the folded and unfolded states of NuG2. Hence, CFT
can be used in AFM-based force spectroscopy experiments that employ much stiffer probes (6
pN/nm) to determine the equilibrium free energy than those used in optical-trapping

experiments (0.2 pN/nm), given sufficient instrumental stability.
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Figure 2.6 CFT analysis of NuG2 unfolding/folding.

A) A schematic showing the data acquisition process. The area enclosed by the experimental force peak (solid
curve) and WLC fit (dashed curve) is shaded. B) Normalized histograms (dashed lines) represent unfolding (grey)
and refolding (black) work. The intersection of unfolding and refolding work (~ 15 kgT) is measured from the
Gaussian fits (solid thin lines). Note: The Bennett acceptance ratio method'#* should be used to estimate the

intersection more accurately. Here we use Gaussian fits for simplicity, although it may lead to certain errors.
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In this study, we used to two different approaches (Monte Carlo and CFT) to determine the
equilibrium free energy difference between the folded and unfolded NuG2, AG. The two
approaches give similar results (12.4 ksT from MC versus 15 kT from CFT). Both of these
two different approaches have advantages and disadvantages. For Monte Carlo, the AG is
essentially model-dependent, as the rate constants are estimated based on the Zhurkov-Bell-
Evans model. If a different model is used to describe the force-dependent unfolding/folding
reactions, the estimated rates will be slightly different, resulting in different AG. Thus, the error
in estimating the unfolding/folding rate constant using MC approach is relatively large, %°
leading to a relatively large error in the estimated AG (a few ksT). However, the advantage of
Monte Carlo simulations is that one can estimate the AG even if the folding and unfolding are
far from equilibrium. This has been the standard approach in AFM-based protein folding-
unfolding studies.!?®1%° On the other hand, the AG estimated using CFT is not model
dependent. However, the CFT approach does require that the unfolding-folding are close to
equilibrium so that more accurate AG can be estimated. The difference in the estimated AG
using these two approaches may reflect the intrinsic differences of these two approaches and/or
the error in estimating the rate constant using MC.

2.3 Experimental Section

2.3.1 Protein Engineering

The plasmid encoding NuG2 protein was a generous gift from Dr. David Baker from the
University of Washington. The (NuG2)s polyprotein gene was constructed using a recombinant
strategy, as previously described.’®® By digesting the pUC19/NuG2 plasmid with the
restriction enzymes BamHI and Kpnl, we obtained the NuG2 insert containing “sticky ends”.

The NuG2 insert was subsequently ligated by T4 DNA ligase to the corresponding “sticky
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ends” of the pUC19/NuG2 vector, which was obtained by digesting the pUC19/NuG2 plasmid
with Bglll and Kpnl. From this ligation, we obtained the pUC19/(NuG2). plasmid. By
repeating these steps, we obtained the (NuG2)s insert, which was ligated to pQE8OL vector
digested with Bglll and Kpnl to get the final pQE8OL/(NuG2)s plasmid, which was then
transformed into the expression host Escherichia coli DH5a.. 300 mL Luria Broth (LB) medium
, iInoculated by 3 mL of the starter culture of the (NuG2)2 construct, was incubated at 37 °C in
a shaking incubator at 225 rpm. Proteins were over-expressed upon the induction by 1 mM of
isopropyl B-D-1-thiogalactopyranoside (IPTG) at an optical density (ODeoo) of ~0.7 of the cell
culture. Centrifugation was used to harvest the cells 4 hours after the induction. The proteins
were extracted through the lysis of the freeze-thawed cells by lysozyme. Co?* affinity
chromatography (Clonetech) was used for protein purification. The purified proteins were
stored at 4 °C in phosphate buffered saline (PBS) solution at a concentration of ~ 1 mg/mL.
2.3.2 SMFS using AFM

SMFS experiments were carried out on Cypher AFM from Asylum Research. Before each
experiment, we calibrated the spring constant (~6 pN/nm) of each individual AFM cantilever
(Biolever from Olympus) using the equipartition theorem.2# In a typical AFM experiment, we
deposited ~1.0 pL of protein solution (1.0 mg/mL) in PBS onto a clean glass slip covered by
PBS buffer (~50 puL) and allowed the protein to adsorb onto the substrate for ~10 min before
force spectroscopy experiments. Data analysis was accomplished using custom written codes
in IGOR Pro 6. We used the worm-like chain (WLC) model of polymer elasticity " to fit
consecutive unfolding force peaks to obtain the contour length increment upon domain
unfolding. A persistence length of 0.4 nm, which is typical for unfolded polypeptide chains,

was used in all WLC fittings.®®
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2.3.3 Monte Carlo Simulations
The mechanical unfolding of NuG2 was described using the Zhurkov-Bell-Evans model.>*
52136 Eorce-dependent unfolding rate constants can be described as
a(F) = aoexp(FAxu/ksT)
where kg is the Boltzmann constant, T is the temperature in Kelvin, a(F) is the unfolding rate
constants at an external force of F, ao is the unfolding and refolding rate constants at zero force,
and Axy is the distance from native to transition states. The refolding rate constant of NuG2
constant includes a non-exponential force dependence and is described as
B(F)=poexp(-AG(F, F1)/kgT)

where S(F) is the folding rate constant at an external force of F, S is the folding rate at zero
force, and AG(F, Fr) is the free energy change of the complete system (including the
polypeptide chain and the cantilever), from the state prior to folding to the folding transition
state.”1%6 The free energy of the polypeptide chain is calculated as integrals over the WLC,
and the free energy of the cantilever is described as F?/(2kc), where kc is the spring constant
of cantilever, F is the force and F is the force when the protein is at its folding transition state.
We carried out Monte Carlo simulations according to previously described procedures®®4° to
reproduce the force-distance curves of stretching and relaxation of (NuG2)g at various pulling
speeds and measured the average unfolding force and refolding force. In the calculations, both
the elastic response of the polypeptide chain and the cantilever are included in the calculations.
By comparing the MC data versus experimental data, the kinetic parameters ao, fo and Axu,

which define the mechanical unfolding and refolding of NuG2, are estimated.
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Chapter 3: Mechanically Untying a Protein Slipknot

Protein structure is highly diverse when considering a wide range of protein types, helping to
give rise to the multitude of functions that proteins perform. In particular, certain proteins are
known to adopt a knotted or slipknotted fold. In chapter 2, we have demonstrated the power of
AFM for studying protein folding/unfolding. In this chapter, how such proteins undergo
mechanical unfolding was investigated utilizing a combination of single-molecule AFM,
protein engineering, and SMD simulations to show the mechanical unfolding mechanism of
the slipknotted protein, the ORF109 of the Acidianus Filamentous Virus 3 (AFV3-109). Our
results reveal that the mechanical unfolding of AFV3-109 can proceed via multiple parallel
unfolding pathways that all cause the protein slipknot to untie and the polypeptide chain to
completely extend. These distinct unfolding pathways proceed via either a two- or three-state
unfolding process involving the formation of a well-defined, stable intermediate state. SMD
simulations predict the same contour length increments for different unfolding pathways as
single molecule AFM results, thus providing a plausible molecular mechanism for the
mechanical unfolding of AFV3-109. These SMD simulations also reveal that two-state
unfolding is initiated from both the N- and C-termini, while three-state unfolding is initiated
only from the C-terminus. In both pathways, the protein slipknot was untied during unfolding,
and no tightened slipknot conformation was observed. Detailed analysis revealed that
interactions between key structural elements lock the knotting loop in place, preventing it from

shrinking and forming a tightened slipknot conformation.

Chapter 3 has been published as [He CZ], Genchev GZ, Lu H, & Li HB Mechanically Untying a Protein Slipknot:
Multiple Pathways Revealed by Force Spectroscopy and Steered Molecular Dynamics Simulations. J. Am. Chem.
Soc., 2012, 134 (25), 10428-10435. This chapter is incorporated in this thesis with permission of American
Chemical Society, Copyright (2012).
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Our results demonstrate the bifurcation of the mechanical unfolding pathway of AFV3-109
and point to the generality of a kinetic partitioning mechanism for protein folding/unfolding.
3.1 Slipknotted Topology of AFV3-109

Over the last two decades, theoretical and experimental work has significantly advanced our
understanding of how proteins fold.1*®7 Proteins navigate themselves on a high-dimensional
funnel-shaped energy landscape to achieve robust and fast folding. Most proteins do not
possess complex topology, where unfolding most proteins from its N- and C-termini will
simply result in a simple linear polypeptide chain.® However, a small proportion of proteins
have been observed to exhibit complex topologies involving the formation of knots and
slipknots.1® Upon being stretched from N- and C-termini, such proteins would form a
tightened knot instead of a linear polypeptide chain. Despite their complex topology, these
knotted or slipknotted proteins can spontaneously fold into their native conformations in order
to carry out their designated biological functions.’®” Understanding how a linear polypeptide
chain is able to overcome the topological difficulty inherent within these proteins to fold into
such complex topologies has attracted considerable research interest over the past few years.
Both experimental and theoretical work has been used to shed light on the folding mechanism
of such proteins,16:98:101,103.105107.108,116.117.121.147 "1n particular, computational studies have
provided certain mechanistic insights into the folding mechanisms of these proteins. For
example, the formation of a slipknot conformation was suggested as a key intermediate state
to reduce the topological complexity during the spontaneous folding of a knotted protein,
revealing the importance of the slipknot conformation in the folding of knotted proteins.107:108
Technically, a slipknot is not a real knot. In a slipknot, the end of the polypeptide chain is

threaded back after being threaded through the knotting loop, forming a threaded loop akin to
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a shoelace (Figure 3.1). In this case, pulling on the N- and C-termini of a slipknotted protein
will untie the slipknot and lead to a fully extended linear polypeptide chain. Due to its structural
importance and its role in the folding of knotted proteins, we combined SMFS and SMD

simulations to investigate the unfolding mechanism of the slipknotted protein AFV3-109.

Threaded
loop

Knotting
loop

. \

Figure 3.1 The three-dimensional structure of AFV3-109.

AFV3-109 is an o/ protein. A five stranded B-sheet connected by helices and loops forms the core of AFV3-109.
The order of the five strands is B3p1B4B5B2, where B5 is antiparallel to the others. The knotting loop (colored in
yellow) encompasses amino acid residues 8—77, including B2, al, B3, a2, and part of 4. Amino acid residues
from 78 to 106, including part of B4, a3, and B5, are threaded through the knotting loop twice and form a threaded

loop (colored in red).

AFV3-109 is a protein from acidianus filamentous virus 3 with unknown biological
function.® Among the known slipknotted proteins, AFV3-109 has a relatively simple
structure. As shown in Figure 3.1, the core of AFV3-109 is a B-sheet with five p-strands
connected by helices and loops. A clear slipknot conformation is present in AFV3-109 with a

knotting loop (colored in yellow, Figure 3.1) near the N- terminus and a threaded loop (colored
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in red, Figure 3.1) near the C- terminus. As the “reverse” process of folding, the unfolding of
slipknotted proteins will involve untying the slipknot. Understanding this molecular
mechanism of untying a slipknot will help to understand how the protein folded in the first
place. Applying a mechanical stretching force to the slipknotted protein, either through SMFS
experiments or SMD simulations, is an ideal approach to investigating this intricate process.

SMFS has evolved into a powerful tool to probe the mechanical unfolding and folding
dynamics of proteins at the single molecule level 280149153 SMD simulations complement
SMFS experiments and provide invaluable insights into describing atomic level molecular
events that occur during the mechanical unfolding process, while helping to guide new
experimental designs.’®"*>" Both single-molecule AFM and simulation have been used to
stretch knotted proteins in order to study their mechanical unfolding mechanism. These
simulations suggest that the presence of a knot and slipknot in protein structures stabilizes the
protein and that the stretching of slipknotted proteins may involve the formation of an
intermediate state comprising a temporarily tightened slipknot during the mechanical
unfolding process.!?! Single molecule AFM experiments showed that the mechanical
stretching of phytochrome, a protein with a figure-eight knot, leads to a tightened knot that
involves 17-19 residues.'® Here we apply a stretching force to the N- and C-termini of the
slipknotted protein AFV3-109 in order to investigate its mechanical unfolding and folding
mechanism. Due to its slipknot structure, we believe that AFV3-109 can be unfolded and
untied just as a shoelace is untied. Our investigations using single molecule AFM clearly show
that the mechanical unfolding of AFV3-109 unties the slipknot structure, leading to a fully
extended polypeptide chain. The mechanical untying of the slipknot can occur through three

distinct mechanical unfolding pathways: one in a simple two-state fashion, and the other two
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in a three-state fashion that involves the formation of a well-defined intermediate state. SMD
simulations of the mechanical unfolding of AFV3-109 reveal a similar bifurcation
phenomenon, providing a plausible molecular explanation of the mechanical unfolding process
observed in single molecule AFM experiments. These simulations show that the two-state
unfolding process initiates simultaneously from the N- and C-termini, while the three-state
unfolding process initiates only from the C-terminus. In the three-state unfolding mechanism,
the formation of the unfolding intermediate results from the unraveling of the C-terminal
threaded B-hairpin loop, while final unfolding corresponds to a complete unraveling of the
intermediate state. The agreement between single molecule AFM and SMD simulation results
provides a detailed molecular picture of how the slipknotted protein AFV3-109 unfolds; these
results contribute toward a clearer understanding of how slipknotted and knotted proteins
unfold and fold.

3.2 Results

3.2.1 The Slipknot in AFV3-109 Can Be Mechanically Untied.

To investigate the mechanical unfolding of AFV3-109 using single molecule AFM, we
constructed two different AFV3-109-containing polyprotein chimeras (GB1)s;-AFV3-109-
(GB1)4, referred as G4-A-G4, and (GB1-AFV3-109), (n typically varies from 1 to 6), referred
as (G-A)n. In both polyprotein chimeras, mechanically well characterized GB1 domains are
used as fingerprint domains to facilitate the identification of single molecule stretching events
and discerning the mechanical unfolding signatures of AFV3-109, as GB1 unfolds at a
characteristic force of ~180 pN with a contour length increment (ALc) of 18 nm at a pulling

speed of 400 nm/s. 158
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Figure 3.2 The mechanical unfolding of AFV3-109.

(A) Force—extension curves of G4-A-G4. Dotted lines are WLC fits to the force—extension curves. The unfolding
events of the GB1 fingerprint domains are characterized by a ALc of ~18 nm (colored in blue). The mechanical
unfolding of AFV3-109 can proceed through multiple pathways: in curve (a), the unfolding of AFV3-109 is an
apparent two-state unfolding event with a ALc of 38 nm; and in curve (b), the unfolding of AFV3-109 proceeds
in a three-state unfolding pathway involving a stable intermediate state, with a ALc-1 of 12 nm and a ALcq-u) of
27 nm. In some cases, the N—I unfolding event was not observed, and only the I-U unfolding was observed (curve
c). For clarity, the two-state unfolding event is colored in orange, the NI event is colored in red and the I-U
event is colored in green. (B) ALc histograms for mechanical unfolding events of AFV3-109. Gaussian fits to the
experimental data show a ALc of 12 + 1 nm (n = 298, red), 27 £ 1 nm (n = 790, green), and 38 + 1 nm (n = 521,
orange).

Stretching the polyprotein (GB1)s-AFV3—-109-(GB1)s4 yielded force—extension curves with a
characteristic saw-tooth pattern, where the force peaks correspond to the mechanical unfolding
of individual domains in the polyprotein chain, and the last peak generally corresponds to the
stretching and subsequent detachment of the unfolded polypeptide chain. Figure 3.2A shows
representative curves from the unfolding of the G4-A-G4 polyprotein. The unfolding of GB1
fingerprint domains (colored in blue) can be readily identified by their unique unfolding

signatures: unfolding force of ~180 pN and ALc of ~18 nm measured by fitting the worm-
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like-chain model of polymer elasticity to consecutive unfolding force peaks. "3>° As AFV3-
109 is flanked by two (GB1)4 at both N- and C-termini, the observation of five or more GB1
unfolding events in a force—extension curve ensures that the unfolding signatures of AFV3-
109 are included within the force—extension curve. Therefore, unfolding force peak(s)
occurring before GB1 domain unfolding can be attributed to the mechanical unfolding of the
AFV3-109 domain within the polyprotein chain.
In Figure 3.2A, curve (a), the unfolding of AFV3-109 occurs in an apparent two-state fashion
with a ALc of ~38 nm (colored in orange). As there are 109 residues in AFV3-109, the contour
length of the unfolded and fully extended AFV3-109 is 39.2 nm when there is no knot or
tightened slipknot. The distance between the N- and C- termini of AFV3-109 in the native
state, Lo, is 1.2 nm (PDB code 2j6b). Therefore, the complete unfolding of AFV3-109, from
its slipknotted structure to a fully extended polypeptide chain, would result in a ALc of ~38
nm, which is in excellent agreement with the experimentally measured ALc. This result
suggests that upon stretching, AFV3-109 can be mechanically unraveled, and the slipknot
structure is fully untied in a manner akin to how a shoelace is untied.

3.2.2 Untying the Slipknot in Multiple Ways: Bifurcation of the Mechanical

Unfolding Pathways of AFV3-109
In addition to two-state unfolding, we also observed that the mechanical unfolding of AFV3-
109 can proceed via different pathways. Figure 3.2A, curve (b) shows an example in which the
mechanical unfolding of AFV3-109 proceeds in a three-state fashion, with the formation of an
intermediate state that gives rise to two unfolding force peaks for one AFV3-109 domain. The
first unfolding force peak of the three-state unfolding occurs at ~90 pN with a ALc—r) 0f ~12

nm, corresponding to the transition from the native state to an unfolding intermediate state
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(N—1) (colored in red). The second step occurs at ~100 pN with ALcg—uy of ~27 nm,
corresponding to unfolding of the intermediate state (I—>U) (colored in green). The sum of the
two ALc is 39 nm, which is in agreement with the predicted ALc of the complete unfolding of
AFV3-109. This result again suggests that AFVV3-109 has been completely unraveled, and the
slipknot has been untied. It is of note that the unfolding intermediate state is mechanically
stable and unfolds at ~100 pN.

In addition to two- and three-state unfolding, we also observed AFV3-109 unfolding events
that show a AlLcg—u of only ~27 nm (Figure 3.2A, curves ¢ and d), suggesting that the
unfolding of AFV3-109 in this pathway begins from the same unfolding intermediate state as
in the three-state unfolding pathway. It is likely that this unfolding scenario is a special case of
the three-state unfolding pathway, in which part of AFV3-109 in the native state is unfolded
prior to stretching or is unfolded at forces that are below our 20 pN detection limit. The AlLc
histogram of all mechanical AFV3-109 unfolding events displays three well-defined peaks
(Figure 3.2B). Fitting this data using a Gaussian fit shows three ALc of 12 + 1 nm (n = 298),
27 £ 1 nm (n=790), and 37 + 1 nm (n =521), corresponding to the contour length increments
deriving from the N—I, I-U, and N—U unfolding steps. These differences in unfolding
behavior clearly indicate that the mechanical unfolding of AFV3-109 can proceed through
multiple unfolding pathways, specifically, and that such pathways are bifurcated. Since AFV3-
109 is completely unfolded in all three pathways, our results suggest that there are multiple
ways to untie the slipknot and fully extend AFV3-109. The three distinct unfolding pathways
occur roughly at a frequency of 20% (N—I—-U):40% (I-U):40% (N—U) (Figure 3.2B),

revealing the kinetic partitioning that occurs as AFV3-109 is mechanically unfolded.
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3.2.3 The Mechanical Unfolding of AFV3-109 Does Not Involve the Formation of a
Tightened Slipknot.
Coarse grained MD simulations?! on slipknotted protein thymidine kinase suggested that
during the mechanical unfolding of a slipknotted protein, a high stretching force could result
in molecular jamming and lead to the formation of a tightened slipknot as an unfolding
intermediate state. This possibility raises the question whether the unfolding intermediate state
(with a ALca—u)of 27 nm) observed in our AFM experiments on AFV3-109 could correspond

to a tightened slipknot conformation.

Figure 3.3 Comparison between the tightened slipknot of AFV3-109 (A) and tightened figure-eight knot in
phytochrome (B).
The tightened figure-eight knot is more complex and bigger than the tightened slipknot. The tightened figure-

eight knot contains 17 residues and is ~6.2 nm in size.

If a tightened slipknot could form in the mechanical unfolding of AFV3-109, ALca-u)of 27
nm would correspond to the length increment due to untying the tightened slipknot, which
should be the sum of the length of the polypeptide chain trapped in the tightened slipknot and
the size of the tightened slipknot itself. The polypeptide chain trapped in the tightened slipknot

would include residues 73—106 (B4, a3, and part of B5) and would be ~12 nm long. Thus, the
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size of the tightened slipknot would be ~15 nm (27—12 nm). Considering the complexity of
this tightened slipknot and tightened figure-eight knot (Figure 3.3), the size of a tightened
slipknot should be no bigger than a tightened figure-eight knot, which has been estimated to
be 6.2 nm using single molecule AFM and SMD simulations. 1® Therefore, 15 nm is
unphysically large for a tightened slipknot conformation. This result strongly suggests that the
unfolding intermediate state of AFV3-109 observed in our single molecule AFM experiments
does not correspond to the tightened slipknot, and the unfolding of AFV3-109 does not involve
the formation of a tightened slipknot conformation.

3.2.4 The Fusion of (GB1)4 to the C-Terminus of AFV3-109 Does Not Impede the

Folding of AFV3-1009.
In the slipknot structure of AFV3-109, the threaded loop is at the C-terminus. Since the G4-A-
G4 polyprotein is expressed as a continuous polypeptide chain, it is unknown whether the
fusion of (GB1)4 at the C-terminus of AFV3-109 interferes with the intrinsic folding of AFV3-
109. To ensure that the fusion of (GB1)4 to the C-terminus of AFV3-109 does not adversely
affect the intrinsic folding of AFV3-109, we constructed the polyprotein (GB1-AFV3-109), (n
typically varies from 3 to 6) based on the polymerization of Cys-GB1-AFV3-109-Cys using
thiol-maleimide coupling chemistry (see experimental section).!®® In this construct, the C-
terminus of AFV3-109 is free, and the folding of AFV3-109 should not be affected as the

polyprotein (GB1-AFV3-109), is formed only after AFV3-109 has folded properly.
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Figure 3.4 FECs of (GB1-AFV3-109)n.

The mechanical unfolding of GB1 fingerprint domains is colored in blue and characterized by a ALc of 18 nm.
The unfolding events of AFV3-109 are colored according to their unfolding pathways: two-state unfolding is

colored in orange, N-I in red and I-U in green, respectively.

Force—extension curves of (GB1-AFV3-109), are shown in Figure 3.4. We observed that the
unfolding signatures exhibited by AFV3-109 in (GB1-AFV3-109), are identical to those
observed in the original (GB1)s- AFV3-109-(GB1)4 polyprotein; specifically, that in multiple
unfolding pathways, the same average unfolding force and contour length increment are all

demonstrated. In addition, we noticed that in force—extension curves containing more than one
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unfolding event of AFV3-109, a N—I unfolding event is not necessarily followed by an [-U
unfolding event. The N—I unfolding of a different AFV3-109 domain can occur between the
N—I and I—-U events of the preceding AFV3-109 domain, indicating that the mechanical
stability of the intermediate state is comparable to that of the native state. This result strongly
suggests that the C-terminal fusion protein containing (GB1)4 does not adversely influence the
formation of the slipknot structure in AFV3-109 and that the folding of AFV3-109 does not
involve complex chain crossing.
3.2.5 Signatures of the Mechanical Unfolding of AFV3-109

Having identified the mechanical unfolding pathways and mechanical unfolding intermediate
state, we can now characterize these unfolding pathways in detail. The average unfolding force
15110 + 40 pN for N—>U (n=1521), 90 + 30 pN for N—I (n=298), and 100 £ 40 pN for [-U
(n = 790) at a pulling speed of 400 nm/s (Figure 3.5A, C and E). It is evident that the three
unfolding steps have similar mechanical resistance. To characterize the underlying energy
profiles of these distinct unfolding pathways, we carried out pulling experiments at different
pulling velocities (Figure 3.5B, D and F). The pulling speed dependence of the unfolding force
is similar for N—U and I—U, but that the N—I transition differs significantly, which may be
suggestive of the large difference in transition states in these unfolding steps.

We carried out Monte Carlo simulations**! to simulate the unfolding behaviors of AFV3-
109 in order to estimate the distance to the transition state, Axy, and the spontaneous unfolding
rate constant at zero force, oo, for each individual unfolding step (Figure 3.5B, D and F). These
results are shown in Table 3.1. It is worth noting that Ax, for N—U (0.24 nm) is significantly
smaller than that of N—I (0.59 nm), suggesting that the N—U pathway is fundamentally

different from that of N—1I, eliminating the possibility that the N—U pathway is a special case
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of the N—I—U pathway, where the intermediate state was not detected due to insufficient

temporal resolution of this method.
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Figure 3.5 Signatures of the mechanical unfolding of the slipknotted protein AFV3-109.
(A,C,E) Unfolding force histograms for the unfolding step N—I (A), [I-U (B), and N—U (C). (B,D,F) Pulling
speed dependence of the unfolding force for each individual unfolding step. Solid lines correspond to the Monte

Carlo simulation results using ao and Ax, tabulated in Table 1. The red bars represent the standard deviation of

unfolding forces.

Table 3.1. Kinetic parameters characterizing the mechanical unfolding of AFV3-109

Unfolding Event ALc(hm) oo (st  Axu(nm)
N—U pathway 38 1.8 0.24
N—I—U pathway
N—I 12 0.011 0.59
[-U 27 0.72 0.27
N---I-U pathway
N—I N/A N/A N/A
[-U 27 0.72 0.27
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3.2.6  SMD Simulations Uncover the Molecular Mechanism Behind Bifurcation of

Mechanical Unfolding Pathways of AFV3-109.
To understand the molecular mechanism underlying the bifurcation of mechanical unfolding
pathways and the nature of the mechanical unfolding intermediate state of AFV3-109, we
carried out all-atom SMD simulations to simulate the mechanical unfolding of AFV3-109. In
total, 23 simulations were carried out with a total duration of 387 ns.
The first event that occurs when a steering force is applied is the unzipping of antiparallel
strands P45, where the five-strand-P sheet is separated into two parts consisting of B331p4
and P25 strands respectively, forming a quasi-native state (Figure 3.6). The extension gain
from unzipping is approximately 3 nm (where the unzipping of B4p5 is completed when a total
N-to-C extension of 4.5 nm is reached). Upon continued application of stretching force, the
unfolding of AFV3-109 exhibits two distinct types of pathways for all unfolding trajectories:
one with an unfolding intermediate state and one without. These results are summarized in
Figure 3.6, and a description of these pathways is included below.
In the first pathway, unfolding initiates from the C-terminus. The applied steering force leads
to unzipping of antiparallel strands B25 as well as the sliding of a3 through the loop formed
by B2 and al (snapshot 1 in Figure 3.6). This causes the f5a34 arm to become fully extended,
fully exposing the B1pB4 parallel strands to the steering force. During this process, the threaded
loop is pulled out of the knotting loop, leading to the untying of the slipknot in AFV3-109. The
resultant state is mechanically resistant and serves as a well-defined intermediate state (shown
as | in Figure 3.6). Further stretching AFV3-109 leads to the unraveling of this intermediate

state. The major barrier during this process corresponds to the mechanical unraveling of the
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B1B4 (snapshot 2 in Figure 3.6); following the breakage of the 1B4 barrier, there is no further

mechanical barrier, and the protein stretches to a fully extended state.
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Figure 3.6 SMD simulations reveal two distinct mechanical unfolding pathways of AFV3-1009.

Scenario | corresponds to the unfolding pathway involving an unfolding intermediate state, and scenario Il
corresponds to the two-state unfolding pathway. Along each step of the unfolding process, snapshots of AFV3-
109 are shown (as indicated by snapshots 1-3) to indicate the structural changes of AFV3-109 during the
unfolding process. In both scenarios, the slipknot structure was untied, and no tightened slipknot conformation
observed. Interactions (specific or nonspecific) between key structural elements are responsible for preventing
the formation of the “tightened knot” structure. Such interactions, which are indicated in the schematic drawing
of AFV3-109 beside the snapshots, prevent the shrinking of the knotting loop and help untie the slipknot. Red
bars indicate specific interactions between strands B1 and B4, while green bars indicate the non-native interactions
formed after the sliding of strands 1 and B4.
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Detailed analysis of trajectories following this type of pathway reveals that the intermediate
state | always occurs at around 13 nm. However, the initial peak occurs at a much lower
frequency, and in some trajectories, this step does not lead to an observable unfolding force
peak (Figure 3.7). Comparing Figure 3.7 with the contour length figure of the AFM data, we
can conclude the two peaks at 3 and 13 nm correspond to the N—I and [—U transitions,
respectively. Additionally, there are typically more peaks than accounted for by the initial
and intermediate peaks. Figure 3.7 shows a typical trajectory with three extra peaks at 4.5,
5.5, and 7 nm. To further study these peaks, we collected peaks from all trajectories (inset of
Figure 3.7). We found that these extra peaks are mostly caused by friction that occurs when
pulling the threaded loop out of the knotting loop; friction originates from nonspecific
interactions, which are different in different trajectories, and thus occurs at different locations
during different unfolding events. In contrast, the initial (N—1I) and intermediate (I—U)

peaks were due to specific interactions.
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Figure 3.7 Non-specific interactions can lead to extra unfolding force peaks in SMD simulations.

Inset: histogram of the occurrences of the unfolding force peaks with different contour length increments. For
unfolding trajectories following this type of pathway, the intermediate state | always occurs. However, the initial
peak occurs at a much lower frequency, and some extra peaks were observed due to friction when pulling the

threaded loop out of the knotting loop.

In contrast to this, such additional peaks were not observed within AFM experiments. This is
likely due to the pulling speed at which SMD simulations were performed (0.25-50 nm/ns),
which is at least 6 orders of magnitude faster than the pulling speed used in the AFM
experiments; the decreased speed at which AFM experiments are conducted could eliminate
or reduce the friction that causes additional peaks.

In the second type of unfolding pathway, unfolding is initiated from both the N- and C-termini,

where it seems that there is only one major unfolding barrier to unfolding. From the native
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state, the five-strand P sheet breaks into 25 and B3p1P4 beta sheets (Figure 3.6). This is
immediately followed by breakage of parallel strands B3B1B4. Continued application of
steering force leads to the unzipping of anti-parallel strands B2B5 (snapshot 3 in Figure 3.6,
where $2 and B5 are shown in the process of breaking). Following the continuous application
of the steering force, the protein unfolds to full extension. The second pathway corresponds to
two-state unfolding behavior. Unfolding pathways predicted by SMD simulations yield
contour length increments ALc that are identical to those measured by single molecule AFM
experiments, suggesting that the unfolding pathways observed in SMD simulations, likely
correspond to the ones observed in single molecule AFM experiments. Thus, SMD simulations
provide a plausible mechanistic description of the mechanical barrier crossing by AFV3-109
as it is steered along its mechanical unfolding pathways.

For the N—I transition, the major barrier corresponds to the breakage of the interface between
strands 34 and 5 (snapshot 1 in Figure 3.6), allowing for an extension of 12 nm up to the f1p4
barrier. During this process, the threaded loop unravels, and the slipknot structure is effectively
untied, leading to a mechanically stable intermediate state. The subsequent breakage of the
B1B4p strands results in an additional 28 nm extension, corresponding to the I—U transition.
For the N—U pathway, the major barrier is the unzipping of 45 and the concurrent breakage
of B1B4.

In both pathways, it seems that the unzipping of f4B5 is a crucial event in the mechanical
unfolding of AFV3-109. After this event, the unfolding pathways bifurcate into two
macroscopically and microscopically distinct pathways. It is important to note that in both
pathways, the threaded loop is pulled out of the knotting loop, and the tightened knot

intermediate, which was predicted for a different slipknot protein thymidine kinase in coarse
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grain MD simulations, 1! is not observed. This result is in good agreement with our single
molecule AFM results, and thus SMD simulations provide a complementary and plausible
molecular mechanism for the mechanical unfolding of AFV3-1009.

3.3 Discussion

3.3.1 A Kinetic Partitioning Mechanism for the Mechanical Unfolding.

A Kinetic partitioning mechanism has been predicted as a general mechanism that governs
protein folding and unfolding dynamics.®®1%2 Kinetic traps on the folding/unfolding energy
landscape lead to the formation of intermediate states and the bifurcation of folding and
unfolding pathways. A growing number of proteins have shown clear evidence that a kinetic
partitioning mechanism defines their folding/unfolding dynamics.®¢-163-16°> Here, we combine
single molecule AFM and SMD simulations to investigate the unfolding mechanism of AFV3-
109 in detail. Our results revealed that AFV3-109 unfolds via three distinct unfolding
pathways. If the unfolding is initiated at the C-terminus of AFV3-109, a stretching force pulls
the threaded loop out of the knotting loop and an intermediate state forms, where f1 and B4
constitute a shear topology that provides mechanical stability; if the unfolding is initiated from
both termini, the potential intermediate state is avoided, and the protein unfolds in a two-state
fashion. In the latter case, the threaded loop must be pulled out of the knotting loop before the
threaded loop is tightened. This requires that the unraveling of 45 and 25 to be faster than
the unraveling of B1 and 4. These results demonstrate that multiple parallel pathways are
available as AFV3-109 unfolds and unties the slipknot under mechanical force, providing a
clear example of how the kinetic partitioning mechanism determines protein folding/unfolding
mechanisms in general. Since the folding of a slipknotted protein from a completely unfolded

polypeptide chain involves complex chain movement, it is likely that more kinetic traps will
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form along the folding pathway. Thus, kinetic partitioning may be more pronounced in the
folding pathway. SMD simulations provide a detailed description of the molecular events
leading to the unfolding of AFV3-109, revealing that the interactions between [ strands 34 and
B5 are critical for the mechanical integrity of AFV3-109. It is of note that though the disruption
of B4P5 is obligatory for AFV3-109 to unfold, the two pathways bifurcate from this point on,
leading to very different means of untying the slipknot. That these two unfolding pathways are
fundamentally different is shown by the large difference in mechanical unfolding distance
between the two pathways (0.59 nm for N-I-U versus 0.24 nm for N—U). It seems that the
relative stability of the B1p4 sheet may serve as a “gear box” to steer the mechanical unfolding
into one pathway or the other; however, the detailed mechanism in which this “gear box”
operates remains to be elucidated.

Although SMD simulations provide a plausible mechanism for the mechanical unfolding of
AFV3-109, it is important to note that the pulling speed used in SMD simulations (~0.25 m/s)
is orders of magnitude faster than that used in single molecule AFM experiments (~400 nm/s).
Such differences could partially account for the differences between AFM experiments and
SMD simulations. For example, the friction seen in SMD simulations is largely absent in AFM
results. The relative population of different pathways is quite different between AFM
experiments and SMD simulations: in AFM experiments, a large fraction (40%) of AFV3-109
was observed to unfold in a two-state manner, while only a small fraction (~10%) of SMD
trajectories correspond to two-state unfolding.

3.3.2 Comparing All-Atom SMD to Coarse Grain MD Simulations.

The mechanical unfolding of the slipknotted protein thymidine kinase has been previously

studied using coarse grain MD simulations.*?! These simulations suggested two different and
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general mechanical unfolding pathways depending on the relative shrinking rates of the two
loops, which would vary depending on the stretching force. Under low stretching forces, the
threaded loop shrinks faster than the knotting loop and the slipknot loosens. Under high
stretching force, the knotting loop shrinks faster, and the stretching force temporarily tightens
the slipknot. As a result, a tightened slipknot is formed as the intermediate state in this
unfolding pathway.*?! However, in our all-atom SMD simulations on AFV3-109, we did not
observe such a “tightened knot” intermediate state. Instead, we observed that the slipknot
loosens, and an intermediate formed in which the slipknot has been untied and the protein is in
a deformed state, where a shearing geometry provides the necessary mechanical resistance (3
strands 1 and 4). Moreover, in both single molecule AFM experiments and SMD simulations,
we observed that the pulling velocity did not affect unfolding pathways of AFV3-109 in two
vastly different pulling speed regimes (50—4000 nm/s for AFM experiments and 0.25-50
nm/ns for SMD simulations), as the relative ratio between the two pathways remains roughly
the same at different pulling velocities. However, it remains worth investigating whether
pathway switching can occur in the relevant pulling speed regime predicted by coarse grained
MD simulations.®® Coarse grained MD and SMD simulations on two different model proteins
revealed that different slipknotted proteins can unravel following different pathways,
suggesting that detailed interactions in different slipknotted proteins play important roles in
determining their specific unfolding pathways and kinetics. In principle, AFV3-109 could form
a tightened slipknot under a stretching force. The absence of a tightened slipknot intermediate
in our experiments suggests that forming a tightened slipknot may not be energetically
favorable. The formation of a tightened knot requires the rupture of interactions between f3-

strands 1 and 4 and 1 and 3 as well as interactions between -strands 2 and 5. In contrast,
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unknotting would require the rupture of fewer interactions: only those between 3-strands 2 and
5 as well as 4 and 5. Intuitively, unknotting should be favorable. In order to understand why
the “tightened knot” did not form in AFV3-109 more thoroughly, we carried out a detailed
analysis of our SMD trajectories. We found that in both pathways, interactions (specific or
nonspecific) between key structural elements prevent the formation of the “tightened knot”
structure. In scenario I (Figure 3.6), specific hydrogen bonds between f1 and 4 strands are at
the two ends of the knotting loop and form a lock to prevent the loop from shrinking
(highlighted in red in snapshot 1 in Figure 3.6). Thus, no jamming would appear in this case,
and the B1— B4 ruptures after the threaded loop is pulled out. In scenario II, although the B1—4
breaks earlier after the sliding of the two strands, a non-native (weaker) patch forms which
again prevents the knotting loop from shrinking (highlighted in green in snapshot 3 in Figure
3.6). These insights reflect the importance of detailed interactions within protein structure in
determining the unfolding pathways and unfolding mechanism of knotted or slipknotted
proteins.

3.3.3 Implication for the Folding Mechanism of Slipknotted and Knotted Proteins.
Our results on the unfolding of AFV3-109 have interesting implications concerning the folding
mechanism of slipknotted and knotted proteins. Coarse grained MD simulations on the folding
of knotted proteins suggested two different mechanisms for the formation of knotted structures
during the folding of knotted proteins: where the slipknot forms as an intermediate state or
through plug movement of the threaded loop.%” In the N-I-U pathway of AFV3-109, the
formation of the intermediate state involves the unthreading of the threaded loop in the knotting
loop. The reverse of this step would be the formation of the slipknot structure. Our preliminary

refolding experiments by single molecule AFM showed that the unfolded AFV3-109 can refold

64



back to its native state when it is relaxed to zero force (Figure 3.8), suggesting that the folding
of AFV3-109 is a spontaneous process. In addition, AFV3-109 can refold into the unfolded
intermediate state prior to successfully refolding into the native state (Figure 3.8), suggesting
that threading the threaded loop in the knotting loop may represent a major barrier for AFV3-
109 folding. In this sense, the folding of AFV3-109 can serve as a model system to study the
mechanism of slipknot formation in knotted proteins.

Furthermore, our preliminary results show that the folding process of AFV3-109 is slow and
shows large variation from molecule to molecule. For some “efficient” cases, around 10%
AFV3-109 could refold back to its native state in 15 s. For most cases, AFV3-109 does not
fold within our instrument observation time window (~30 s). How nature solves this knotting
problem to make slipknotted and knotted proteins fold efficiently remains an open question.
Jackson and coworkers recently discovered that chaperones can accelerate the folding of
knotted proteins,® raising an interesting question whether chaperones can also facilitate the
folding of slipknotted proteins in a similar fashion. Future experiments will be needed to
examine the molecular mechanism of slipknot formation and whether chaperones can speed

up the folding of slipknotted proteins.
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Figure 3.8 Mechanical folding of AFV3-109.

Unfolded AFV3-109 can refold back to its native state (a) as well as unfolding intermediate state prior to its
complete folding (b). The mechanical unfolding of GB1 fingerprint domains is colored in blue and characterized
by a ALC of 18 nm. The unfolding events of AFV3-109 are colored according to their unfolding pathways: two-
state unfolding is colored in orange, N-1 in red and I-U in green, respectively.

3.4 Experimental Section

3.4.1 Protein Engineering
The plasmid containing the genes that encode the AFV3-109 was purchased from GeneScript.
The protein constructs in this thesis were built using recombinant strategies similar as

described in Chapter 2. By digesting the pUC57/AFV3-109 plasmid with the restriction
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enzymes BamHI and Kpnl, we obtained the AFV3-109 insert containing “sticky ends”. The
AFV3-109 insert was subsequently ligated by T4 DNA ligase to the corresponding “sticky
ends” of the pQE80L/(GB1)4 vector, which was obtained by digesting the pQE80L/(GB1)4
plasmid with Bglll and Kpnl. From this ligation, we obtained the pQE80L/(GB1)s-AFV3-109
plasmid, which was digested with Bglll and Kpnl to get the pQESOL/(GB1)4-AFV3-109
vector. By digesting the pQE80L/(GB1)4 plasmid with BamHI and Kpnl, we obtained a (GB1)4
insert, which was ligated to the pQE8OL/(GB1)s-AFV3-109 vector in order to construct the
final pQE8OL/(GB1)s-AFV3-109-(GB1)4 plasmid. To get the pQE80L/Cys-GB1-AFV3-109-
Cys plasmid, we digested the pQE8OL/Cys-GB1 plasmid with Bglll and Kpnl to obtain the
pQE8OL/Cys-GB1 vector, to which the AFV3-109 insert with a cysteine at the C- terminus

was ligated.

175 kDa

80kDa o G4-A-GA

58 kDa

46 kDa

—
|

Figure 3.9 Coomassie blue stained sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) photograph of protein G4-A-G4

Left lane: pre-stained protein molecular weight marker. Right lane: Protein G4-A-G4
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300 mL Luria Broth (LB) medium, inoculated by 3 mL of the starter culture, was incubated at
37 °C in a shaking incubator at 225 rpm. Proteins were over-expressed upon the induction by
1 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG) at an optical density (ODeoo) of ~0.7
of the cell culture. Centrifugation was used to harvest the cells 4 hours after the induction. The
proteins were extracted through the lysis of the freeze-thawed cells by lysozyme. Co?* affinity
chromatography (Clonetech) was used for protein purification. The purified proteins were
stored at 4 °C in phosphate buffered saline (PBS) solution at a concentration of ~ 1 mg/mL.
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Figure 3.10 The Crosslinking of Cys-GB1-AFV3-109-Cys.
A) The schematic of the crosslinking reaction. B) SDS-PAGE of Cys-GB1-AFV3-109-Cys reduced by DTT

(left lane) and crosslinked by BM(PEG), (middle lane). The right lane is a protein molecular weight marker.

Thiol groups from the cysteines residues at both the N- and C- termini of the heterodimer
protein Cys-GB1-AFV3-109-Cys (G-A) were reduced by 5 mM dithiothreitol (DTT). The
Zeba desalting columns were used to remove the DTT. Then 100 pL of the solution of 50 uM

Cys-GB1-AFV3-109-Cys was allowed to react with 1 uL of the aqueous solution of 5 mM of
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1,8-bis-maleimidotriethyleneglycol, referred as BM(PEG)., for 3 hours at room temperature.
By forming a thioether bond between thiol groups in the heterodimer proteins and maleimide
groups in BM(PEG)2, polyproteins (G-A)n (n ranges from 2 to 6) were formed as shown in
Figure 3.10.1%°

342 SMFS
SMFS experiments were carried out on a home-made AFM®*7 as well as commercially
available AFMs (Cypher and MFP3D AFM from Asylum Research) the same way as described
in chapter 2 (2.3.2) except using MLCT SisNa cantilevers with a spring constant of ~40 pN/nm
from Bruker. In a typical AFM experiment, we deposited ~1.0 uL of protein solution (1.0
mg/mL) in PBS onto a clean glass slip covered by PBS buffer (~50 uL) and allowed the protein
to adsorb onto the substrate for ~10 min before force spectroscopy experiments. Data analysis
was accomplished using custom written codes in IGOR Pro 6. We used the worm-like chain
(WLC) model of polymer elasticity” to fit consecutive unfolding force peaks to obtain the
contour length increment upon domain unfolding. A persistence length of 0.4 nm, which is
typical for unfolded polypeptide chains, was used in all WLC fittings.>®

3.4.3 Monte Carlo Simulations
The mechanical unfolding of protein was described using the Zhurkov-Bell-Evans model. °0-52
5152136 Force-dependent unfolding rate constants can be described as

a(F) = aoeXp(FAxu/ksT)

where kg is the Boltzmann constant, T is the temperature in Kelvin, a(F) is the unfolding rate
constants at an external force of F, ao is the unfolding and refolding rate constants at zero force,
and Axy is the distance from native to transition states. We carried out Monte Carlo simulations

according to previously described procedures*® to reproduce the force-distance curves of
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stretching at various pulling speeds and measured the average unfolding force. By comparing
the MC data versus experimental data, the kinetic parameters ao, and Axy, which define the
mechanical unfolding, are estimated.
3.4.4 SMD Simulations

Both constant velocity and constant force SMD simulations of mechanical unfolding of AFV3-
109 were carried out. The coordinate file for the AVF3—109 slipknotted protein was obtained
from the PDB (PDB code: 2J6B) and a protein structure file (psf) created using the modeling
software Visual Molecular Dynamics (VMD)? and the psfgen plug-in. The protein was
solvated in an explicit solvent environment. The CHARMM?®8 force field topology parameters
were used for the protein, and water was considered using the TIP3P model.*® A total of three
protein-water systems were created containing 45 589, 82 903, 136 947 atoms. Solvent boxes
with length, width, and height dimensions of (10, 6.7, 7.2 nm), (24, 6, 6 nm), and (40.5, 6, 6
nm) were utilized. The system was energy minimized and equilibrated, and the resulting
coordinates and velocities used as starting point for constant velocity and constant force SMD
simulations. The simulations were performed with periodic boundary conditions in the
isobaric—isothermic (NPT) ensemble; electrostatic interactions were computed by the particle
mesh Ewald (PME) method,'® non-bonded interactions were treated with a cutoff using a
switching function beginning at 1.0 nm and reaching zero at 1.4 nm, and the uniform dielectric
constant was set to 1. Pulling velocities used for the constant velocity simulations ranged from
0.25 to 50 nm/ns, and applied forces in the constant force simulations were 500 pN and 1 nN.
The spring constant used in SMD simulations was 7 kcal-mol™t-A™2 (or 486 pN/A). The
simulation program was NAMD. # Data extraction and analysis were performed in VMD and

MATLAB.
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Chapter 4: Mechanically Tightening a Protein Slipknot into a Trefoil Knot

The knotted/slipknotted polypeptide chain is one of the most surprising topological features
found in certain proteins. Understanding how knotted/slipknotted proteins overcome the
topological difficulty during the folding process has become a challenging problem. In chapter
3, we have successfully untied a slipknotted protein into an unknotted polypeptide chain by
stretching its two ends. In principle, by applying force in a proper direction, it is possible to
convert a slipknot to a true knot. Here, we use SMFS as well as SMD simulations to investigate
how the slipknotted protein AFV3-109 is transformed into a tightened trefoil knot by applying
a pulling force. Our results show that by pulling the N-terminus and the threaded loop of
AFV3-109, the protein can be unfolded via multiple pathways and the slipknot can be
transformed into a tightened trefoil knot involving ~13 amino acid residues as the polypeptide
chain is apparently shortened by ~4.7 nm. The SMD simulation results are largely consistent
with our experimental findings, providing a plausible and detailed molecular mechanism of
mechanical unfolding and knot tightening of AFV3-109. These simulations reveal that
interactions between shearing B-strands on the threaded and knotting loops provide high

mechanical resistance during mechanical unfolding.

Chapter 4 has been published as [He CZ], Lamour G, Xiao A, Gsponer J, & Li HB. Mechanically Tightening a
Protein Slipknot into a Trefoil Knot. J. Am. Chem. Soc., 2014, 136(34), 11946-11955. This chapter is incorporated
in this thesis with permission of American Chemical Society, Copyright (2014).
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4.1 Changing the Pulling Direction

Proteins exhibit the remarkable ability of navigating themselves on a complex energy
landscape to achieve robust and fast folding.»®#3® Knotted structures within folded proteins
was previously considered impossible due to the enormous topological difficulty during the
protein folding process.® Indeed, most proteins do not possess knotted topologies. Stretching
such proteins will fully extend them to linear polypeptide chains without any knots. However,
the development of bioinformatics tools has suggested that proteins do exhibit these more
complex topologies, where approximately 1% of proteins in the protein data bank contain
knotted or slipknotted backbones.®1%:16:20107 The knot types vary from the simplest trefoil knot
to the complex Stevedore’s knot. 1'* Web servers have been established to detect knots in
protein structures and we can expect that the number of knotted proteins will continue to
grow.1718% Although it is still debated as to whether and how the knotted topology relates to
biological functions, recent studies have shown that knotted regions are important to both
ligand binding and enzyme activity.1497.102107.108 Degpite their complex topology, these knotted
or slipknotted proteins can spontaneously fold into their native conformations in order to carry
out their specific biological functions.10.13.16.102,107.108.112172173 \ynderstanding how proteins
fold into such complex knotted or slipknotted structures has attracted considerable interests
over the last few years. Experimental and simulation efforts have started to offer insights into
the molecular mechanisms of these complex folding processes,10:14:90.95,98,102-105,107,108,110,112,173-
176 Experimental studies have shown that although knotted proteins can acquire their native
knotted topology spontaneously, molecular chaperones inside the cell can speed up the folding
process of such knotted proteins.®® Simulation studies suggested that the formation of a

slipknot structure can serve as an important intermediate step to reduce the topological

72



difficulty as knotted proteins fold.19":1%8173 However, it is difficult to test this prediction
experimentally, because such a slipknot intermediate lacks most tertiary structure of a folded
knotted protein and it is difficult to detect its formation and conversion into a true knot in
experiments. In contrast to such slipknot intermediate states, slipknot proteins assume well-
defined slipknotted structures with fully formed secondary and tertiary structure in their native
state, which can be readily detected in experiments. Simulation studies revealed that by pulling
a knotted protein from different directions, it is possible to untie a knot or tighten a knot.
Similarly, it should be feasible to untie a slipknot or convert a slipknot into a true knot by
pulling a slipknot from the appropriate directions. Tying a slipknot into a true knot could offer
insights that are relevant for understanding the mechanism and energetics for the conversion
of a slipknotted intermediate to a knotted structure, despite that slipknotted proteins are not
ideal model systems for testing the proposed slipknot intermediate mechanism. Moreover,
tying a slipknot into a tightened knot will provide an invaluable opportunity to study the
refolding process of a slipknotted protein starting from a tightened knot state, which is similar
to the reverse process for the knot-forming process from a slipknot intermediate state. Here,
we use a small slipknotted protein AFV3-109 as a model system*® to study the conversion of
a slipknotted protein into a trefoil knotted structure upon stretching by combining protein
engineering, AFM-based SMFS, and SMD simulations techniques.

AFV3-109 (PDB code 2J6B) is a small protein with a slipknot topology. As shown in Figure
3.1 and 4.1, a knotting loop is formed near the N-terminus (colored in yellow) of AFV3-109,
where a threaded loop near the C-terminus (colored in red) is inserted into the knotting loop.
Just like a shoelace, the protein slipknot can be untied or converted into a tightened knot

depending on where pulling force is applied. Chapter 3 confirmed that slipknotted AFV3-109
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can be untied and fully extended to a linear polypeptide chain by pulling the protein from its
N- and C- termini.!®® If one pulls the threaded loop of AFV3-109, it is possible to pull the
threaded loop through and into the knotting loop to convert a slipknot into a true knot. Using
protein engineering techniques, we engineered a cysteine variant Lys98Cys of AFV3-109 that
allows us to stretch AFV3-109 from theN-terminus and residue Cys98.

Knotting loop Threaded loop

Force \ Force
- I

\ /

’

Disulfide bond

Figure 4.1 Schematic showing K98C as it is pulled from its N-terminus and residue 98.
The threaded loop is colored in red and the knotting loop in yellow. A disulfide bond can be formed by oxidizing

residue Cys98, making it possible to stretch AFV3-109 from its N-terminus and residue Cys98.

To study the mechanical tightening of the protein slipknot located in AFV3-109, we mutated
residue 98 located in the threaded loop (colored in red, Figure 4.1) into a cysteine residue and
fused K98C to the C-terminus of the polyprotein (GB1)s. We found that residue Cys98 can be
readily oxidized to form a disulfide bond between two neighboring (GB1)4-K98C molecules
to form the dimer (GB1)s-K98C-K98C-(GB1)4 (Figure 4.12). The formation of (GB1)4-K98C-

K98C-(GB1)s made it possible to stretch the slipknotted protein AFV3-109 from its N-
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terminus and residue Cys98 to convert the slipknot structure into a tightened trefoil structure.
In this construct, well-characterized GB1 domains, which unfold at ~180 pN at a pulling speed
of 400 nm/s with a contour length increment (ALc) of 18 nm, 8% serve as fingerprint domains
for identifying single molecule stretching events and the mechanical unfolding signature of
K98C.

4.2 Results and Discussion

4.2.1 Tightening the Slipknot into a Trefoil Knot.

Stretching (GB1)4-K98C-K98C-(GB1)4 resulted in FECs that exhibited a characteristic saw-
tooth pattern appearance (Figure 4.2A), where each saw-tooth corresponds to the mechanical
unfolding of one domain in the polyprotein chain; the last peak typically corresponds to the
detachment of the polypeptide chain from either the AFM tip or the substrate. Fitting these
unfolding force peaks using the worm-like chain model of polymer elasticity revealed the ALc
upon domain unfolding. ® Unfolding events that occur at ~180 pN with a ALc of ~18 nm
corresponds to the unfolding of GB1 fingerprint domains (colored in black).?*®%° As two
K98C domains are flanked by (GB1)s repeats in the disulfide bonded dimer (GB1)s-K98C-
K98C-(GB1)4, we can ensure that the two K98C domains have been stretched and extended if
five or more GB1 unfolding events are observed.**1% As shown in Figure 4.2A, we observed
two additional unfolding events with a ALc of ~28 nm and an unfolding force of ~240 pN
(colored in blue) in addition to the GB1 unfolding events (seven for the top trace and eight for
the bottom trace). These two unfolding events can thus be readily attributed to the unfolding
of the slipknotted protein K98C. Most K98C unfolding events occur after GB1 domains have
been unfolded (top trace, Figure 4.2A), suggesting that K98C is mechanically more stable than

GBL. Indeed, the average unfolding force of K98C is ~240 pN at a pulling speed of 400 nm/s,

75



higher than that of GB1 (~180 pN) (Figure 4.2B). It is of note that due to the stochastic nature
of mechanical unfolding, it is possible that some K98C unfolding events occur before all GB1

domains have unfolded (bottom trace, Figure 4.2A).
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Figure 4.2 The majority of K98C unfold in a two-state fashion via pathway 1.

A) Representative FECs involving two-state unfolding of K98C. Dotted lines correspond to WLC fits to the
experimental data. A persistence length of 0.4 nm was used in the WLC fitting. GB1 unfolding events are colored
in black. Unfolding events of K98C are colored in blue. B) Unfolding force histogram of K98C at a pulling speed
of 400 nm/s in the two-state unfolding pathway. The average unfolding force of K98C at 400 nm/s is 240 + 40
pN (average + standard deviation, n=467). C) ALc histogram of K98C in the two-state unfolding pathway.
Gaussian fit to the experimental data measures an average ALc of 27.8+0.5 nm (n=467).

The unfolding of K98C occurs as a single step with a ALc of ~28 nm, suggesting that the
unfolding of K98C occurs in an all-or-none (two-state) fashion (Figure 4.2C). We term this
pathway as pathway I. In addition, the large ALc observed during the mechanical unfolding of
K98C suggests that most of the tertiary and secondary structure of K98C unravels during this

process. ~72% of the unfolding events of K98C follow this two-state pathway.
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As the force is applied on residues 1 and 98 in K98C, the fully extended length of the
polypeptide chain would be 35.8 nm if there were no knotted structure (98 aax0.365 nm/aa).
The distance between residue 1 and 98 in the native state is 3.1 nm. Thus, the complete
unfolding of K98C would result in a ALc of ~32.7 nm if there were no knot formation. The
experimentally observed ALc of ~28 nm is ~4.7 nm shorter than the expected ALc without a
knot. This ~4.7 nm shortening, which corresponds to ~13 residues, can be attributed to the
formation of a tightened knot. This result clearly indicates that upon stretching from residues
1 and 98, the slipknot structure in AFV3-109 does not get untied. Instead, the slipknot is pulled
into a tightened knot, corresponding to the simplest trefoil knot.

4.2.2  Slipknot Tightening Can Be Accomplished through Multiple Pathways, While

the Size of the Tightened Knot Remains the Same.
In addition to the predominant two-state unfolding of K98C, we also observed that the
unfolding of K98C and the tightening of the trefoil knot can occur following multiple different
pathways, involving the formation of intermediate states. As shown in Figure 4.3A, the
unfolding of K98C domains can occur in two steps, giving rise to unfolding events with a ALc1
of ~21 nm for the first step, and a ALc2> of ~7 nm for the second step (Figure 4.3B, red and
green histograms). This result suggests that unfolding of K98C involves the formation of an

intermediate state.
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Figure 4.3 K98C can unfold via a three-state pathway (pathway Il) involving an unfolding intermediate I.
A) Representative FECs involving the formation of the intermediate | for K98C. GB1 unfolding events are
colored in black, and two-state unfolding events are colored in blue. Three-state unfolding events of N-I1 and I-U
in K98C are colored in red and green, respectively. Dotted lines show WLC fits to the experimental data. C) The
contour length increment histogram for the three-state unfolding of K98C through intermediate I. Gaussian fits
(solid lines) to the experimental data measure ALci of 20.8+0.7 nm (n=85), ALc, of 7 £ 1 nm and the sum ALc; +
ALy of 27.84£0.7 nm, respectively. C) and D) Unfolding force histogram of N-I (red) and I-U (green) in three-
state unfolding of K98C. The average unfolding force for N-I is 200+60 pN, and 160 + 60 pN for I-U (n=85).

In this pathway (termed as pathway 1), the native state is more mechanically resistant than the
intermediate state, and unfolds with an average force of ~200 pN (Figure 4.3C), while the
unfolding of the intermediate state, which is termed as ‘intermediate I’, occurs at ~160 pN

(Figure 4.3D). This timing of a higher unfolding force peak followed by a lower force peak is
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indicative of a reverse mechanical hierarchy, suggesting that the mechanical unfolding
intermediate state is protected by the native structure and is subject to the stretching force only
after the native state has been partially unraveled. In addition, it is noteworthy that the sum of
AlLc1 and ALc2 (~28 nm, Figure 4.3B) is the same as that for the two-state unfolding pathway,
suggesting that this three-state unfolding pathway also leads to the formation of a similar
tightened trefoil knot structure when K98C is unfolded and extended to higher extensions. This
three-state unfolding pathway occurs at a frequency of ~13%.

Interestingly, a small percentage of K98C domains (~2%) unfold through a different three-
state unfolding pathway (termed as pathway Il1, Figure 4.4A). Initial unfolding of K98C results
in unfolding events with a ALc of ~7 nm, followed by a second unfolding step of ALc of ~21
nm, which corresponds to the unfolding of a different intermediate state. We termed this
intermediate as ‘intermediate II’. The sum of the ALci and ALcz is 28 nm (Figure 4.4B),
suggesting that this unfolding pathway also leads to the formation of a tightened trefoil knot
structure that is similar in size to that encountered in the first two pathways. Unfolding forces

for the two steps in this pathway are shown in Figure 4.4C and D.
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Figure 4.4 A small percentage of K98C unfolds in three-state fashion involving the formation of an
unfolding intermediate II.

A) Representative FECs of (GB1)s-K98C-K98C-(GB1)s with N-I1I-U three state unfolding of K98C. GB1
unfolding events are colored in black, and two-state K98C unfolding events are colored in blue. Unfolding events
of N-11 and I1-U during the three-state unfolding of K98C are colored in green and red, respectively. The inset
shows ALc histograms for the three-state unfolding events. Gaussian fits (solid lines) to the experimental data
measure ALcy of 7.0+£0.5 nm (n=13), ALc; of 20.8+0.6 nm and the sum ALc1 +ALc; of 27.8+0.5 nm, respectively.
B) Representative FECs showing unfolding events of 11-U only. The inset shows the ALc histogram. Gaussian fit
measures an average AlLcz of 21.0+0.7 nm (n=87). C) and D) Unfolding force distribution histograms of N-II
(green) and I1-U (red) in three-state unfolding of K98C. The Red solid bars are from 11-U events in complete N-
I1-U pathway and red open bars are from 11-U only events. The average unfolding force for N-11 is 280+40 pN
(n=13), 180460 pN for all 11-U events (n=100).

In addition to the observed pathway I-111, we also observed a significant fraction of K98C

unfolding events (~13%) that show only ALc of ~21 nm (Figure 4.4B), suggesting that the
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unfolding of K98C began from the unfolding intermediate state Il as in the pathway Ill. It is
likely that part of K98C in the native state is unfolded at low forces, making the initial
unfolding undetectable because the force is below the force detection limit of our AFM or such
low force events are buried in the region of FECs dominated by non-specific interactions
(Figure 4.4B). Thus, the unfolding events displaying only ALc of ~21 nm likely follow a
pathway similar to unfolding pathway Il1, except that the initial unfolding step of ALc of ~7
nm occurs at much lower forces. It is of note that the unfolding force histogram of 11-U in the
complete N-I1-U pathway matches the high force part of the distribution from the 11-U only
events (Figure 4.4D). For simplicity, we consider both types of unfolding events (7 nm event
followed by 21 nm, and 21 nm only events) as events following pathway |11, which amount to
15% of all unfolding events of K98C. The ALc of pathway Il is indistinguishable from that
ascribed to pathway II; however, it is unknown whether similar structural elements are
responsible for the similar ALc exhibited by the two unique three-state unfolding pathways.
4.2.3 Multiple Pathways Reveal a Kinetic Partitioning Mechanism for Mechanical
Unfolding.
Our results demonstrate that the mechanical unfolding of the slipknotted protein variant K98C
proceeds via multiple parallel pathways, which all result in the tightening of the slipknot into
a trefoil structure. Approximately 72% of K98C unfolded through a two-state unfolding
pathway (pathway 1), with ~13% occurring through intermediate | (pathway Il) and ~15%
through intermediate Il (pathway II1). These results are in agreement with the Kinetic
partitioning mechanism 813165 for protein folding and unfolding, which suggests that kinetic
traps on the energy landscape can lead to the bifurcation of folding/unfolding pathways and

the formation of intermediate states.

81



400

300

200

Unfolding Force (pN)

100

VR ST R T
10 100 1000
Pulling Speed (nm/s)

Figure 4.5 Pulling speed dependence of K98C unfolding.
Two-state unfolding events are colored in blue, and three-state unfolding events (with intermediate ) are colored

in green and red. Solid lines are Monte Carlo simulation results using kinetic parameters tabulated in Table 4.1.

Table 4.1 Kinetic parameters of unfolding events from different pathways®?

unfolding event unfolding force (opN) | ALc(nm) | Axu (M) | ao (s1) | energy barrier (kgT)P
Pathway I | N-U | 240£40 27.7+0.5 | 0.19 0.0012 | 20.5
N-I 200460 20.8+£0.7 | 0.14 0.05 16.8
Pathway I
I-U 160+60 7+1 0.16 0.5 14.5
N-11¢ | 280+40¢ 7 N/A N/A N/A
Pathway I11
11-U | 180+60° 21.0+£0.7 | 0.14 0.05 16.8

a: Alc, contour length increment upon unfolding; Ax,, distance between the native state and mechanical unfolding
transition state; a0, unfolding rate constant at zero force. Data is represented as average + standard deviation.Data
is represented as average + standard deviation. b: Unfolding energy barrier at zero force was estimated based on
ao assuming a prefactor of 108 s1. 77 ¢: Kinetic parameters were not estimated for N—II step in Pathway I1I due
to the small number of events. d: The average unfolding force was calculated based on unfolding events with
clearly identifiable ALci of 7 nm. The number of events is 13. e: The average unfolding force was calculated

based on all unfolding events with ALc, of 21 nm following Pathway I11. The number of events is 100.
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To further investigate the unfolding kinetics of K98C, we performed force-extension
experiments at different pulling speeds. In our experiments, we did not see any obvious effects
of pulling speed on the partitioning of different unfolding pathways. Figure 4.5 shows the
effect that pulling speed has on unfolding forces exhibited by pathways | and Il. To estimate
the kinetic parameters for different unfolding pathways, we carried out Monte Carlo
simulations to reproduce these AFM experiments.***% We found that the kinetic parameters
shown in Table 1 can accurately describe our experimental data. Specifically, simulation
results show that the unfolding distance to the transition state Axy for pathways | and Il is small,
indicative of how brittle the unfolding transition is.*® Due to the low frequency of the unfolding
step N-II (native to intermediate 11) in pathway Il1, we were not able to obtain a pulling speed
dependency or the kinetic parameters for this particular pathway.

4.2.4 K98C can Refold From a Tightened Trefoil Knot Conformation to Its Native

Slipknot Conformation.
By stretching AFV3-109 from its N-terminus and residue 98, we stretched a slipknot protein
into a tightened trefoil knot. Such a tightened trefoil knot provides an invaluable opportunity
to investigate whether a tightened trefoil knot can loosen up to allow the polypeptide to refold
into its native slipknot conformation, which involves the conversion of a trefoil knot into a
slipknot. To investigate this possibility, we carried out refolding experiments on K98C. First,
we stretched K98C to unfold K98C and convert it into a tightened trefoil knot; then we relaxed
the unfolded polypeptide chain quickly to zero force and waited for 10 seconds to allow the
unfolded protein to refold. We then stretched the protein again to examine whether the K98C
has refolded to obtain its native slipknot conformation. Figure 4.6 shows some FECs from the

same molecule during such an experiment. We found that the tightened trefoil knot can refold
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to the native slipknot conformation of K98C upon the relaxation of the pulling force as judged
by ALc (indicated by blue stars). However, the probability of successful refolding of K98C to
its slipknot native state from its trefoil knot conformation is low, as most non-GB1 unfolding
force peaks do not show ALc of ~28 nm (indicated by red stars), suggesting that K98C misfolds
into conformations other than the native slipknot conformation. These results suggest that the
tightened knot does not prevent refolding, but may make the energy landscape more rugged
and complex and the protein more prone to misfolding.

However, a complete characterization of the refolding behaviors of a tightened knot has not
been possible, as such experiments are challenging and require one to hold onto a single
molecule for an extended period of time to carry out unfolding and refolding experiments,
which is currently beyond the capability of our AFM instruments. More robust and specific
attachment chemistry will be required for such refolding experiments and the results will be

reported in the future.
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Figure 4.6 Representative refolding traces of (GB1)4-K98C-K98C-(GB1)a.

During the refolding experiment, the same polyprotein molecule was stretched to unfold all the domains in the
polyprotein chain, and then quickly relaxed to zero force. After waiting for 10 seconds at zero force to allow the
unfolded protein to refold, the protein was stretched again. Unfolding events with ALc of 28 nm (colored in blue
and indicated by blue stars) correspond to the unfolding of refolded slipknot protein K98C, unfolding events with
ALc of 18 nm correspond to the GB1 unfolding events. The unfolding events that give rise to irregular AlLc

(indicated by red stars) are assigned to the unfolding of misfolded K98C domains.

4.2.5 SMD Simulations Reveal Molecular Mechanisms for Slipknot Tightening.
SMEFS experimental results reveal complex unfolding behaviors of K98C when its slipknot is

tightened into a trefoil knot. To extend K98C, it is necessary to disrupt interactions between
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different secondary/tertiary structural elements as well as the hydrophobic core; the AlLc
measured during mechanical unfolding of K98C could provide a glimpse of structural elements
ruptured during unfolding. To further understand the molecular mechanism underlying
multiple unfolding pathways and identify structural elements/interactions critical to the
mechanical unfolding of K98C, we carried out SMD simulations under constant pulling
velocities as well as constant pulling forces.881°2153 Recognizing that the AFM experiments
and SMD simulations are carried out at time scales that differ by more than six orders of
magnitude, we intend to use SMD simulations to obtain a plausible molecular level explanation
of our experimental observations and help design new AFM experiments.

When the force is applied between the N-terminus and residue 98 in SMD simulations, 3
strands B1, B4 and B5 are subject to the applied stretching force, resulting in a bifurcation of
unfolding pathways. In the pathway colored in blue (Figure 4.7), the applied steering force
caused simultaneous unravelling of parallel B strands B1B3p4 and anti-parallel strands B4p5
(as evidenced by the disruption of the backbone hydrogen bonds between these p-strands), the
only major energy barrier between the native and extended tightened knotted state (Figure
4.8A). During this process, the threaded loop (B4B5) is pulled through the knotting loop,
converting the slipknot topology to a trefoil knotted structure. Further stretching causes the

loss of remaining secondary structures and tightening of the trefoil knot.
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Figure 4.7 Distinct mechanical unfolding pathways of K98C as observed through SMD simulations.

Upon stretching from its N-terminus and residue 98, K98C variant of AFV3-109 unfolds via three distinct
unfolding pathways, all of which lead to the conversion of the slipknot into a tightened trefoil knot. Pathway |
(colored in blue) corresponds to the two-state unfolding pathway, and Pathways 11 and Il (colored in red and
green) correspond to unfolding pathways involving distinct unfolding intermediate states. Along each individual
unfolding pathway, snapshots of K98C are shown to indicate structural changes occurring for K98C during the
unfolding process. Structural elements/interactions that are ruptured during each step of the unfolding process are

also indicated.
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It is likely that this trajectory corresponds to the two-state unfolding pathway (pathway I)
observed experimentally. In other trajectories (Figure 4.7, colored in green and red), the first
step corresponds to the unraveling of B1B3B4, while interactions between the B4B5 strands
remain intact, leading to an extension of ~7 nm and the formation of an intermediate state
(termed as intermediate II’). After this initial energy barrier is surmounted, B2B5 in
intermediate I’ is exposed to the steering force directly, and unfolding proceeds via two
pathways. In the pathway illustrated in red (Figure 4.8B), intermediate state I is short-lived.
The B2pB5 is ruptured and the threaded loop containing the intact B4B5 is pulled through the
knotting loop. Further stretching leads to straightening of the helices and unstructured coils, as
well as the formation of a tightened trefoil knot while 45 remains intact. This intact 435 is
mechanically resistant, and serves as another intermediate state (we term it intermediate I”).
Further stretching resulted in the unraveling of 45 and a further extension of the protein by
~6 nm.

Figure 4.8B indicates that energy barriers for this pathway are located at extensions of 1 nm,
7 nm and 20 nm, corresponding to the unravelling of B331B4, B2B5 and P4BS5 respectively. The
intermediate I’ formed at 20 nm extension likely corresponds to the intermediate I observed at
~21 nm in pathway Il in single molecule AFM experiments (Figure 4.2, colored in red), while
the short-lived intermediate II’ is not found in pathway II from experiments. To confirm the
link between AFM experiments and SMD simulations, it will be necessary to use loop
elongation variants to change the ALc of the intermediate state. Such experiments are currently

underway and will be reported in the future.
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Figure 4.8 Results of constant force SMD simulations, showing extension and number of hydrogen bonds

versus simulation time.

A) Two-state unfolding without intermediate state. B) Unfolding with two intermediate states. C) Unfolding with
one intermediate state. Unfolding intermediate states manifest themselves as long plateaus in the Extension-time
curves. The plateau at the extension of ~26 nm corresponds to the yet to be fully tightened trefoil knot. The three

trajectories shown in this figure were run at a constant force of 1200 pN for 200 ps.
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In the pathway colored in green, intermediate state II’ is long-lived (Figure 4.8C). p4p5 and
B2B5 provide the major resistance for intermediate II’ to stretching and are broken almost
simultaneously, where further stretching straightens helices and unstructured coils, and
tightens the trefoil knot formed by the polypeptide chain. Figure 4.8C indicates that the energy
barriers, located at extension of 1 nm and 7 nm, correspond to the unravelling of B331p4 and
B4B5P2. Intermediate II’ at 7 nm likely corresponds to the intermediate state II observed
experimentally in single molecule AFM experiments (Figure 4.3).

SMD simulation results revealed the number of unfolding pathways and the location of
intermediate states, which are largely in agreement with our AFM results, thus providing a
plausible molecular mechanism for mechanical unfolding pathways observed experimentally.
However, it is important to note that despite the similarity between pathways found in SMD
simulations and AFM experiments, the frequency of trajectories in each pathway found in
SMD simulations is different from those observed experimentally. Among constant force SMD
simulations at 1200 pN, the pathway with intermediate 11 was encountered ~85% of the time,
while two-state unfolding pathway and the pathway with intermediate | were observed ~10%
and ~5% of the time, respectively. In contrast, in AFM experiments ~72% of K98C unfolded
through a two-state unfolding pathway, with ~13% occurring through intermediate | and ~15%
through intermediate I1. This difference is likely because SMD simulations are carried out at a
time scale that is ~10° to 107 times shorter than that of AFM experiments. At the SMD
simulation time scale, friction within and between polypeptide chains in the protein structure
become significant while it is less important for the pulling velocity at which single molecule
AFM experiments are performed. It has been suggested that protein unfolding may occur via

different mechanisms depending on the pulling velocity.?®® It is uncertain whether the time
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scale difference between the two techniques is sufficient to explain the difference in trajectory
appearance frequency. Ultrafast AFM pulling experiments!® could possibly bridge the divide
between AFM experiments and SMD simulations.

4.2.6 The Size of Tightened Trefoil Knot is Independent of Unfolding Pathways.
Our results from SMFS experiments showed that the size of the tightened trefoil knot is the
same between all unfolding pathways (~13 aa residues in SMFS experiments). The mechanical
tightening of knotted proteins has been studied previously both experimentally and
computationally,}1>116:119120 |n the study of the mechanical tightening of phytochrome, a
protein with a figure-eight knot topology, the size of the tightened figure-eight knot was found
to involve ~17 aa residues. 1% It is reasonable to assume that a tightened trefoil knot is smaller,
considering the difference in knot complexity between the figure-eight knot and the simplest
trefoil knot.

SMD simulations also provide key information about the size and location of the tightened
trefoil knot within the extended polypeptide chain. In constant velocity SMD simulations
(Figure 4.9), we found that after overcoming frictions along the pulling process, the trefoil knot
became fully tightened at high force (~3000 pN), and the size of the tightened trefoil was ~14
residues, which is in close agreement with that found in the AFM experiments (~13 residues).
The location of the tightened trefoil knot varies in different trajectories. In addition, constant
velocity SMD simulations carried out at different pulling velocities do not show a noticeable
difference in the molecular events along the unfolding trajectories, but show increased friction

experienced by the polypeptide chain at higher pulling velocity.

91



4000
3000
2000
1000

Friction at 155, K3

Knot size: 14 aa

Location: 38-52
0
T ]
0 5 10 15 20 25 30
40004 5m/s
3000 Friction at 155
Knot size: 13 aa
2000
L ion: 38-51
1000 ocation: 38-5
0
T I T T T T |
0 5 10 15 20 25 30
E 4,:.(“:] -11:' I'T'I-‘IS Friction at ES0
% 3000
£ 2000 Knot size: 11 aa
o &
L. 1:](!3 Location: 32-43
| T T T 1 T 1
0 5 10 15 20 25 30
Fricti t L5
4000 30 m/s riction a
3000
2000 Knot size: 15 aa
1000 Location: 31-46
0
| | | | I | 1
0 5] 10 15 20 25 30
4000
3000 Friction at ESO
2000 Knot size: 14 aa
1000 Location: 32-46
0
| | | | ] | ]
0 5 10 15 20 25 30
Extension(nm)

Figure 4.9 FECs from SMD simulations in constant velocity mode.

The knot sizes and locations are labeled at the right of each curve. The locations of significant frictions that resist
the tightening of knot at high forces are labeled above the force peaks.
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In contrast to constant velocity SMD simulations, we found that most of the trefoil knots are
not fully tightened due to steric hindrance/friction as shown in Figure 4.10A in constant force
SMD simulations at 1200 pN. The size of these knots ranges from 14 to 24 amino acid residues
(Figure 4.10B). It is of note that almost all of these knots start and end at residues that have
bulky side-chains, such as lysine (K), isoleucine (1), glutamic acid (E), and leucine (L) (Figure
4.10C). Evidently, frictions between side-chain of these residues and the knotting loop prevent
further tightening of the knot. In addition, half of our simulations show that, on the knotting
loop and threaded loop, the tightened knot forms non-native B-strands, between which the
interactions provide further resistance to stretching and prevent further shrinking of the trefoil
knot (Figure 4.10A, right). Previous simulation studies on tightening protein knots showed

similar frictions. 115116119
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Figure 4.10 Location and size of tightened knots elucidated through SMD simulations.

A) Snapshots of two tightened knots. We found that the knot described in SMD simulations is not completely
tightened. The start and end points of the tightened knot are often residues with bulky side chains. B) The tightened
trefoil knot size histogram. The average size of the tightened trefoil knot in SMD simulations is 20 residues. C)

A histogram of the start and end residues of the tightened trefoil knot.
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To further examine the effect of bulky side chain on knot tightening, we mutated K31, K36
and 155, three bulky residues that prevent knot shrinking/sliding in the simulations, with a
smaller residue, alanine. The distribution of knot locations becomes broader (Figure 4.11),
which indicates that losing the bulky side chain facilitates the sliding of the knot. Thus, it is
reasonable to conclude that the bulkier side chains are responsible for preventing the sliding of
the knot in the simulation. It is of note that such effect does not exist ont the time scale at which
the AFM experiments are performed, because K98C is stretched to a fully tightened trefoil

knot (~13 residues) in the AFM experiments.
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Figure 4.11 Residues with less bulky side chains facilitate the sliding of the knot.
A) Histogram of the start and end residues of the tightened trefoil knot, where residues K31, K36 and 155 were
replaced with smaller residue alanine. B) The tightened trefoil knot size histogram. The average size of the

tightened trefoil knot in SMD simulations is 20 residues.

4.2.7 Major Energy Barriers Do Not Necessarily Arise as a Trefoil Knot is Formed
from a Slipknot.
By correlating our SMFS experimental results and SMD simulations, we identified three
different pathways (N-U, N-I-U, N-II-U), and the likely location of energy

barriers/intermediate states along each pathway. As shown in Figure 4.8, unraveling of B1p3334
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is involved in the unfolding of the native state of K98C within all pathways, demonstrating
their importance in maintaining the mechanical stability of the native state of K98C.

In contrast, the key necessary step towards transforming the slipknot to the trefoil knot is to
pull the threaded loop and the C-terminus into the knotting loop, which requires the rupture of
B2B5. In the two-state pathway (Pathway 1) and the three-state pathway (Pathway Il with ALc1
of 21 nm and ALc2 of 7 nm), the conversion of the slipknot to a trefoil knot occurs after the
major barrier for the unfolding of the native state of K98C (that is the unraveling of f13334)
has been circumvented, and does not result in any experimentally observable event. Therefore,
converting the slipknot to a trefoil knot in these two unfolding pathways (Pathways I and 1)
in the AFM experiments most likely does not involve a significant energy barrier. In
comparison, in most trajectories following Pathway 11, the energy barrier for the unfolding of
intermediate state II’ corresponds to the concurrent rupture of B4B5 and B2B5. Thus, the
conversion of the slipknot to a trefoil knot likely contributes to the experimentally observed
unfolding energy barrier. Since it is the concurrent rupture of B4B5 and B2B5 that gives rise to
the observed energy barrier, which is estimated to ~16.8 ks T assuming a prefactor of 10% s*,177
the barrier caused by rupturing 25 alone should be significantly smaller, although we are not
able to separate the contributions of rupturing p4p5 from those required for rupturing p2p5.
These results suggest that it is possible that topologically converting the slipknot to a trefoil
knot does not involve a significant energy barrier.

Simulations reported by Sutkowska et al proposed that forming a slipknot conformation and
then threading the end of loop can reduce the topological difficulty of folding into a knotted
structure, thus the slipknot can serve as an important intermediate to facilitate the folding of

knotted proteins.?”198.173 It has been challenging to experimentally test this prediction, because
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such a slipknot intermediate lacks most of the tertiary structure of a folded knotted protein and
is difficult to detect its formation and conversion into a true knot in experiments. Although
AFV3-109 is not an ideal model system for testing this prediction, our results on K98C may
nonetheless provide some relevant insights. Compared with the fully structured slipknot of
K98C, the proposed slipknot intermediate lacks most tertiary and secondary structure. It can
be anticipated that the energy required to convert the “unstructured” slipknot intermediate state
to a true knot should be lower than that required for converting the fully structured slipknot in
K98C to a trefoil knot. Thus, our results suggest that converting the slipknot in K98C to a
trefoil knot does not involve significant energy barrier, making the slipknot intermediate
mechanism plausible for the folding of knotted proteins. However, it is important to note that
if significant contacts were to form in the slipknot intermediate state between the threading
and knotting loops (as in the case of intermediate state Il of K98C) during the folding of a
knotted protein, a significant energy barrier might arise for converting the slipknot intermediate
state to the knotted conformation, leading to a deep kinetic trap that may significantly slow
down the folding of the knotted protein.

Furthermore, our AFM experiments also suggest that knot tightening does not increase the
mechanical resistance of proteins as compared to unknotted proteins at the time scale the AFM
experiments are performed; this may be an important distinguishing feature between AFM
experiments and SMD simulations, where friction becomes much more important and

tightening a knot could significantly increase the mechanical resistance.
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4.3 Experimental Section

4.3.1 Protein Engineering
The cysteine variant of AFV3-109 (K98C) was constructed using standard site-directed
mutagenesis methods. Protein (GB1)s-K98C was constructed and expressed the same way as
described in Chapter 3 (3.4.1). The residue Cys98 of K98C was oxidized by air at room
temperature for 2 hours to form a disulfide bond between two neighboring (GB1)4-K98C
molecules to form the dimer (GB1)4-K98C-K98C-(GB1)4 (Figure 4.12).

Lane1 Lane2 Lane3

175 kDa
80 kDa Dimer of

(GB1),-K98C

58 kDa

46 kDa
~— (GB1),-K98C

30 kDa

25 kDa

Figure 4.12 Dimerization of (GB1)4-K98C.

Coomassie blue stained sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) photograph of
(GB1)s-K98C. SDS-PAGE analysis shows that (GB1)4-K98C can be readily oxidized into a dimer (GB1)4-K98C-
K98C-(GB1).. Lane 1: pre-stained protein molecular weight marker; Lane 2: (GB1)s-K98C reduced by DTT;
Lane 3: air oxidized (GB1)4-K98C. Under oxidized condition, most (GB1)4-K98C exists as a dimer (GB1)s-
K98C-K98C-(GB1)a.

4.3.2 SMFS Experiments

SMFS experiments were carried out the same way as described in chapter 3 (3.4.2).
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4.3.3 Monte Carlo Simulations
Monte Carlo simulations were done using the same method as described in chapter 3 (3.4.3).
4.3.4 SMD Simulations
Constant force and constant velocity SMD simulations were performed using NAMD?® and
CHARMM force field with CMAP correction. 198178 The structure of K98C was obtained by
mutating the wild-type AFV3-109 (PDB code: 2J6B) using Visual Molecular Dynamics
(VMD).?" The protein was solvated using FACTS, an implicit solvent environment, and the
ensemble was NVT. 1617 The system was energetically minimized and equilibrated for 1 ns
before applying pulling force on the N-terminus and residue 98. Pulling forces varied from 800
to 1500 pN in constant force mode, and pulling velocity ranged from 1 to 50 nm/ns in constant
velocity mode. Three trajectories were obtained at each constant pulling velocity and constant
force, with the exception that at constant force of 1200 pN, 20 trajectories were obtained. VMD

and IGOR Pro were used for data analysis.
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Chapter 5: Tying a Protein Slipknot against Force

The folding mechanism of knotted/slipknotted proteins has become a challenging question
over the last two decades. Understanding how these proteins fold would be a great achievement
in the field of protein folding. Recent advances in protein folding shed light on this question
using both experimental and computational methods,10-100.101106,110111,180-182  Njost
experimental studies on the folding of knotted proteins have been limited to bulk
experiments,%0.9598.101,102,104-106,109 gingle-molecule fluorescence resonance energy transfer has
been used to study the location, size and movement of the knot in a denatured protein. 18
Experimental study of the folding of knotted protein remains a mystery at the single-molecule
level. The results from AFM-based SMFS in chapters 3 and 4 suggest that it is possible to
observe the refolding of the slipknotted protein AFV3-109.113114148 However, due to the
limitation of force resolution and poor long term stability of AFM, features of folding are still
unclear. Optical tweezers, developed for SMFS experiments, have been proven to be a
powerful tool for protein folding studies due to its superior force resolution and long term
stability.>>"8 |t is possible to work on one single molecule protein for hours using optical
tweezers with very low force drift of the system. Hence, here we make use of the advantages
associated with the optical tweezers to revisit the folding of slipknotted protein AFV3-109 at
single molecule level. Our results from optical tweezers suggest a simple two-state folding for
AFV3-109, which is fairly common for many small proteins. This suggests that tying a protein

slipknot does not necessarily create a topological barrier that is difficult to overcome.
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5.1 Results
5.1.1 Direct Observation of Refolding of AFV3-109

To investigate the folding of AFV3-109 by optical tweezers, we use the previously constructed
Cys-GB1-AFV3-Cys to form a protein-DNA chimera. DNA handles with biotin and digoxin
are coupled to the N- and C-termini cysteine residues of Cys-GB1-AFV3-Cys using the
methods described in the experimental section 5.3.1. GB1 is mechanically stable!®® and
should not be unfolded before the unfolding of AFV3-109, which we have proved in our AFM
experiments in chapter 3 when we are pulling from N- and C-termini of AFV3-109. Only the
unfolding and refolding of AFV3-109 could be observed if the force is limited at a low level

(below 15 pN) and thus the mechanical unfolding and refolding of GB1 will not affect the

analysis of our results.
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Figure 5.1 Representative FEC of stretching and relaxation of AFV3-109 using optical tweezers.
The pulling speed is 20 nm/s. Light blue and light red traces are the raw data for stretching and relaxation at a
sampling rate of 1 kHz, respectively. Traces filtered to 100 Hz are shown in dark blue and red. The pulling

directions are indicated by arrows. The unfolding and refolding events are circled in blue and red, respectively.
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In Figure 5.1, the force peak (blue circle) in the stretching trace, which is similar to the protein
unfolding signature in AFM experiments, corresponds to the unfolding of AFV3-109. In the
relaxation trace, the sudden force increase indicated by the red circle implies a shortening of
the polypeptide chain due to the refolding of AFV3-109. The extension and shortening of the
polypeptide chain during unfolding and refolding transitions are consistent with theoretical
calculations using the WLC model” with a persistence length of 0.8 nm” (ALc(measured)~38
nm). Figure 5.2 shows a narrow distribution of folding force centered at ~4 pN and a broader
distribution of unfolding force ranging from 4 to 12 pN. As applied onto the N- and C-termini
of AFV3-109, the stretching force is unzipping the B1, B4 and B5, which is typically predicted
to be mechanically labile. The low unfolding force (~10 pN) of AFV3-109 obtained from

optical tweezers experiments agrees with this prediction.

0.6 -
>
S) .
o _
5 0.4+
o i
3 &
L 0.2 7
0.0 - [ T [ [ [ [ [
2 4 6 8 10 12 14
Force/pN

Figure 5.2 Normalized histograms of unfolding and refolding forces.
Histograms are experimental results and solid lines are Gaussian fits of unfolding (blue) and refolding (red) forces,
respectively. The unfolding (blue) and refolding forces are 10+1 pN and 3.8+0.7 pN, respectively. The total

number of unfolding and refolding events is 882.
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To further characterize the kinetics of the folding and unfolding of AFV3-109, we extracted
the folding and unfolding rates at different forces from the force-extension data using the
methods reported by Oberbarnscheidt et al'® (see experimental section 5.3.3), which are
plotted in Figure 5.3. As the force is decreased, the unfolding rate is decreased, whereas the
folding rate is increased. When force is below ~4 pN, the folding rate is much faster than
unfolding rate. The histogram of unfolding force in Figure 5.2 also indicates that the unfolding

hardly occured below 4 pN.

In k

Force /pN

Figure 5.3 Force-dependent unfolding rate (blue) and folding rate (red) of AFV3-109.
Filled circles are experimental results and solid lines are fittings using Zhurkov-Bell-Evans model for unfolding
and modified model for folding.

Similar as described in chapter 2 for NuG2, the mechanical unfolding of AFV3-109 can be
described as a(F) = aoexp(FAxu/ksT) using the Zhurkov-Bell-Evans model and the refolding
rate can be described as p(F)=poexp(-AG(F,Fr)/ksT). After fitting our results using these
models, we have measured an unfolding rate at zero force ao of 0.005 s, an unfolding distance

of 3.5 nm and a folding rate at zero force S of 180 s.
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Force-extension experiments are non-equilibrium experiments, as we discussed in chapter 2.
The unfolding and refolding of AFV3-109 clearly shows an energetic hysteresis as shown in
Figure 5.1. Thus, it enables us to determine the equilibrium free energy using Crooks
fluctuation theorem (CFT).1#%142 The histograms of unfolding and refolding work are plotted
in Figure 5.4 using the method introduced in chapter 2. The free energy of AFV3-109 is

measured to be ~ 13.5 ksT by CFT.
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Figure 5.4 CFT analysis of AFV3-109 unfolding/folding.
Normalized histograms (solid lines) represent unfolding work (blue) and refolding work (red). The intersection

of unfolding and refolding work (~ 13.5 kgT) is measured.

To verify the results from CFT analysis, we carried out bulk experiment to determine the free
energy of the unfolding of AFV3-109 to be ~ 7.4 kcal/mol, equivalent to 12.5 keT by measuring
tryptophan fluorescence at different concentrations of guanidine (see experimental section
5.3.4). Itisin close agreement with our result from CFT analysis on the data from SMFS. Thus,
the CFT analysis and chemical denaturation indicate that AFV3-109 has successfully refolded

to its native structure with the slipknotted topology in our SMFS experiments.
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Figure 5.5 Chemical denaturation of AFV3-109 by Tryptophan fluorescence.
The experimental results of fluorescence are shown by the solid triangles and fitted by the solid line using a global
fitting method described in experimental section 5.3.3. The free energy is measured to be ~ 7.4 kcal/mol, which

is equivalent to 12.5 kgT.

5.2 Discussion

5.2.1 Comparison of the Results from AFM and Optical Tweezers Experiments
In chapter 3, we studied AFV3-109 using single-molecule AFM. The results from optical
tweezers are different from the results from AFM.
5.2.1.1 Different Unfolding Behaviors
The unfolding force obtained by optical tweezers is much smaller than the force obtained by
AFM. This can be partially explained by the slower pulling speed used in optical tweezers
experiments. A similar phenomenon was observed in chapter 2 for the unfolding of NuG2. The
unfolding force of NuG2 can be as low as 10 pN at low pulling speed, while it is much higher
at high pulling speeds. More importantly, the unfolding distance of AFV3-109 measured by
optical tweezers (3.5 nm) is dramatically larger than the value measured by AFM (0.24 nm),

which could lead to a much lower unfolding force. For such a long distance from native state
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to transition state, the Zhurkov-Bell-Evans may not be suitable for describing the unfolding.
More sophisticated models such as Dudko-Hummer-Szabo model*®® may provide more
accurate estimation of the kinetics parameters of unfolding. In addition, in our previous study
using AFM, the unfolding of AFV3-109 occurs along two different pathways, two-state and
three-state with an intermediate state at ~ 12 nm. However, in the results from optical tweezers,
we did not observe any intermediate state. This raises the question of whether the same protein
behaves differently in similar but different stretching experiments. Optical tweezers are
different from AFM in terms of the working principle. First, the stiffness of the optical trap
(~0.25 pN/nm) is much less than the stiffness of AFM cantilever (~40 pN/nm). Second, the
molecular linker, i.e. the DNA handle, is much longer in optical tweezers experiment than it in
AFM experiment. Theoretical studies have demonstrated that the stiffness of the cantilever or
optical trap can affect the free energy landscape of the whole system composed of the protein
and the spring and thus affect the kinetics of protein unfolding/folding.' However, there is no
systematic experimental investigation of this issue and so the reason behind this difference
remains unclear.

5.2.1.2 Different Folding Behaviors

On the other hand, our results from the optical tweezers clearly show that AFV3-109 can
always successfully refold to its native state at ~4 pN. However, in the results from the AFM
experiment, AFV3-109 does not always refold to its native state. As previously discussed in
chapters 3 and 4, AFM has its limitation in protein folding studies due to its relatively poor
force resolution and long term stability. In the AFM experiment, when the probe is brought
back to the substrate, it is possible that there is still a residual force that can prevent the folding

of the proteins. As long as the residual force is larger than 4 pN, which is too low to be detected
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in AFM experiments, the folding of AFV3-109 may not be observed. In addition, the lower
stiffness of optical tweezers could also affect the folding kinetics but, again, the effect of the
stiffness on the folding experiment is still unclear. In addition, it is also of note that a small
fraction of the relaxation traces in optical tweezers experiments show that the folding events
of AFV3-109 are not clear two-state transitions as the unfolding events are. Figure 5.6 showed
a different folding pathway with a continuous transition between the unfolded and native states
instead of a sharp transition as shown in Figure 5.1. Currently, we do not have enough data to
reveal the mechanism of this folding pathway. But our results suggest that more effort should
be made to explore the details about this continuous transition. It is possible that in this
pathway, the protein refolds through an equilibrium-like transition similar to the B-S
transitions between double-strand (B-form) and single-strand (S-form) forms of DNA in

stretching and relaxation of a double-strand DNA. 8
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Figure 5.6 Refolding of AFV3-109 through a continuous transition.

The coloring is the same as Figure 5.1. The continuous folding transition is circled in red.
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5.2.2 The Slipknotted Topology Does Not Prevent the Folding of AFV3-109
Theoretical studies have revealed that the formation of a slipknot can greatly reduce the
topological difficulty of the folding from a linear polypeptide chain into a real knotted structure,
which means the energy barrier associated with slipknotted topology during the folding process
is low. Indeed, our results from optical tweezers has demonstrated that AFV3-109 can
successfully fold into a slipknotted structure, even against external force. As we described in
chapter 3, AFV3-109 has ~ 30 amino acid residues including p4 and 5 in threaded loop. The
most difficult part of forming a slipknot is to insert the threaded loop into the knotting loop.
The B1 and B2 stabilizes B4 and B5, respectively, which facilitates the process of loop insertion
and reduces the energy barrier. However, AFV3-109 is a small protein and the topological
hindrance can increase dramatically as the size of the threaded loop increases. Further study
on much larger slipknotted proteins could provide more insights into the mechanism of the
slipknot formation.

5.3 Experimental Section

5.3.1 Preparation of DNA-protein Chimera
The method for preparing protein Cys-GB1-AFV3-109-Cys is described in Chapter 3 (3.4.1).
Two 802-bp DNA handles are prepared by regular PCR reactions with modified primers as
previously reported. 8 IDT company synthesized the primers, 5’thiolmodifier C6-SS- CGA-
CGA-TAA-ACG-TAA-GGA-CAT-C, 5’biotin-CAA-AAA-ACC-CCT-CAA-GAC-CC and
5’digoxigenin-CAA-AAA-ACC-CCT-CAA-GAC-CC. The template, pGEMEX-1 plasmid
DNA, was a kind gift from Professor Xiaohui Frank Zhang at Lehigh University. The Onetaq

DNA polymerase was purchased from New England Biolabs. PCR reactions followed the
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regular protocol with 20 mM DTT added. Hispeed Plasmid Maxi kit from Qiagen was used to
purify the PCR products. After purification, the DNA handles were allowed to react with 1.5
mM 2,2’-dithio-dipyridine (DTDP) to activate the 5’thiol. Excess DTDP was removed by
precipitation of DNA using isopropanol. Before being coupled with DNA handles, 10 uM of
cys-GB1-AFV3-109-cys protein was treated with 2 mM DTT for 2 hours at room temperature.
Zeba desalting columns were used to remove the DTT. Then 1 pL of 1 uM cys-GB1-AFV3-
109-cys was allowed to react with 1 uL of 2 uM DTDP-activated DNA handles in Tris buffer
at pH of 7 overnight at room temperature. Coupled DNA-protein chimera is then diluted to ~
5 nM and stored at -80 C°.
5.3.2 SMFS Using Optical Tweezers

The optical tweezers experiments were carried out using MiniTweezers purchased from
Smith’s Lab according to previously reported method. In each experiment, 1 puL of 0.5%
streptavidin modified polystyrene beads (diameter of ~ 2 um, purchased from Spherotech) was
diluted to 3 mL and injected to the liquid chamber of optical tweezers. A single streptavidin
modified polystyrene bead was captured by a laser beam and fixed by a micro pipette tip within
the chamber. 1 uL of 5 nM DNA-protein chimera was allowed to react with 1 uL of 0.5% anti-
digoxigenin modified polystyrene beads (diameter of ~ 2 um, purchased from Spherotech) for
15 min at room temperature. The mixture was then diluted to 3 mL and injected into the
chamber. A single anti-digoxigenin modified polystyrene bead was captured by laser beam.
The laser beam controlled the movement of anti-digoxigenin modified polystyrene bead
against the streptavidin modified polystyrene bead fixed on the pipette tip to carry out the

force-extension experiments.
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5.3.3  Extracting the Kinetics of Folding and Unfolding
We used previously reported method®1% to analyze the FECs. The FECs were divided into
many small time windows (At) that is small enough so that the force can be considered constant
within a time window. The probability of protein folding/unfolding within within one time
window At can be calculated as P(F)=N(F)/M(F), where the N(F) is the total number of all the
folding or unfolding events at the force of F and M(F) is the total number of time windows at
the force of F. The rate constant of protein folding/unfolding at the force of F can be calculated
as k(F)= P(F)/At.

5.3.4 Chemical Denaturation
Chemical denaturation experiments were carried out on a Cary Eclipse fluorescence
spectrophotometer. The concentration of protein in fluorescence measurement was 0.2
mg/mL. The tryptophan fluorescence of protein at 350 nm was monitored at different
concentration of guanidine hydrochloride. The result of fluorescence is fitted using the
following equation:
f(D) = ((aN+bNxD)+(aD+bDxD) xexp(mx (D-D1/2)/0.592))/(1+exp(mx (D-D1/2)/0.592))
where D is the concentration of guanidine hydrochloride, aN and aD are the y-intercepts of
native and denatured sections, respectively, bN and bD are the slopes of native and denatured
sections, respectively, m is the slope of transition section and Dy, is the concentration of

guanidine hydrochloride at which half of the protein is in unfolded state.
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Chapter 6: Conclusions

6.1 Summary

Protein folding/unfolding has been investigated for years, but there are always new and notable
topics that are interesting. Proteins with knotted/slipknotted topology are certainly one of the
most interesting and challenging problems. This thesis uses a small protein with slipknotted
topology as a model to study the folding/unfolding of a knotted/slipknotted protein. With the
help from force spectroscopy based on AFM and optical tweezers, we have demonstrated how
to change the topology of the slipknotted protein and revealed the folding/unfolding
mechanism.

In chapter 2, we demonstrated the power of AFM in studying the protein folding/unfolding
using modified cantilevers with improved long-term stability and force resolution. We directly
observed the real-time folding and unfolding of a small protein NuG2 near equilibrium,
allowing us to directly determine the equilibrium folding and unfolding free energy of proteins
from single-molecule experiments for the first time. Our studies expand the range of proteins
that can be examined using single-molecule AFM under conditions that approach equilibrium,
which may allow for the examination of elastomeric proteins, such as the giant muscle protein
titin and extracellular matrix protein fibronectin, at the forces that are physiologically relevant.
Such experiments would greatly provide further understanding of the elastic behaviours of
these elastomeric proteins in their biological settings.

In chapters 3 and 4, by combining single molecule AFM and molecular dynamics simulations,
we detailed the complex mechanical unfolding of a small slipknotted protein AFV3-109, as
well as the conversion of its slipknot conformation into a linear chain or a tightened trefoil

knot. By stretching AFV3-109 across its N- and C-termini, we have successfully pulled the
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threaded loop out of the knotting loop and thus untied the slipknot. By stretching AFV3-109
across its N-terminus and residue 98 on the threaded loop, we were able to pull the threaded
loop through and into the knotting loop, thus converting a slipknot into a true knot. The
mechanical unfolding of AFV3-109 can proceed via multiple parallel pathways: AFV3-109
can unfold in a two-state fashion as well as through three-state pathways, involving the
formation of distinct intermediate states. Upon being pulled from its N-terminus and residue
98, the slipknot is stretched into a tightened trefoil knot, which involves ~13 amino acid
residues and leads to a shortening of the fully extended polypeptide chain by ~4.7 nm. SMD
simulation results confirm unfolding pathways that are consistent with our experimental
results, providing a plausible molecular mechanism describing the mechanical unfolding that
either unties the slipknot or tightens the trefoil structure. Our study demonstrates that force
spectroscopy methods are a powerful tool to manipulate the knotted protein structure, paving
the way towards investigating the folding mechanism of highly complex knotted and
slipknotted proteins.

In chapter 5, we revisit the mechanical unfolding and folding of AFV3-109 by applying force
on N- and C-termini using optical tweezers, which provides much better stability and force
resolution than AFM. In contrast with the results from AFM experiments, AFV3-109 is able
to efficiently refold to its native structure with slipknotted topology from a linear extended
polypeptide chain at ~ 4 pN, which is very difficult to detect in AFM experiments. In addition,
the simple two-state folding of AFV3-109 implicates that the energy barrier of forming the
slipknotted topology is not difficult to overcome even against an external pulling force. This
result supports the hypothesis that forming a slipknot can reduce the topological difficulty

during the folding of knotted protein.
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6.2 Future Directions

It is clear that knots exist in proteins and the number of knotted proteins is increasing as more
protein structures are solved. However, only ~1% of the proteins with known structures have
knotted topology.® It is still unclear whether the knot is essential for their biological function
or it is just an evolutional mistake %":102.189.190

A lot of efforts have been put into understanding the relationship between knotted topology
and biological functions of knotted proteins.®"102189.1%0 Thjg s a very challenging task because
the whole structure of a knotted protein would be broken if the knot is untied. A possible way
is to locate the knot in a protein and determine whether it is related to the active site of the
protein. Recent studies have shown that the active sites of proteins can be modified and the
enzymatic activity can be subsequently changed by the presence of a knot™>. Another important
finding is that the knotted topology is able to increase thermal stability!! or resistance against
degradation® of the protein. More efforts are expected to unveil the biological role of the knot
in proteins.

On the other hand, many of the studies on knotted proteins are theoretical studies using
computational methods, e.g. molecular dynamics simulations, which provide a lot of valuable
insights about the folding/unfolding mechanisms,108.110.112.17318L191,192 It i jmportant to verify
these simulation results with convincing experimental evidence. Our study on the unfolding of
AFV3-109 has shown a good way of combining both experimental and theoretical methods.
Furthermore, this thesis only studies the simplest slipknotted protein using force spectroscopy.
However, folding/unfolding could be more complicated when the threaded loop is much larger.

Thus, a slipknotted protein with large threaded loop such as thymidine kinase would be a good
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candidate for studying the topological complexity of folding/unfolding of slipknotted
proteins. 2

Although the folding/unfolding of a slipknotted protein can help us understand the folding of
knotted proteins, studying on knotted protein would be a more direct way for this purpose.
There are many knotted proteins with more complex structures and knot types.?®®” Each
individual type of knot should have different topological complexity during the folding process.
In the bigger picture, other biomolecules such as nucleic acids also possess knotted structures.
For example, pseudo-knots exist widely in RNA and many DNA molecules have knotted
structures.'® An important conference about the knotted structures of protein and nucleic acids
was held in 2014 to discuss the significance of the knot. Interdisciplinary studies, involving
not only physics, chemistry and biology, but mathematics as well, are necessary to expand the
understanding of the knotted problem in biomolecules.

In summary, this thesis has demonstrated that force spectroscopy is a great technique to study
knotted/slipknotted protein experimentally at a single-molecule level. The topology of a
protein slipknot can be altered between linear chain, slipknot and trefoil knot. Future inspiring

studies are expected to further reveal the mystery of knotted/slipknotted proteins.
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Appendix

Protein Sequences

NuG2

MDTYKLVIVL NGTTFTYTTE AVDAATAEKYV FKQYANDNGY DGEWTYADAT KTFTVTE

GB1

MDTYKLILNG KTLKGETTTE AVDAATAEKY FKQYANDNGYV DGEWTYDDAT KTFTVTE

AFV3-109

MLYILNSAIL PLKPGEEYTV KAKEITIQEA KELVTKEQFT SAIGHQATAE LLSSILGVNV

PMNRVQIKVT HGDRILAFML KQRLPEGVVV KTTEELEKIG YELWLFEIQ
K98C (Mutant of AFV3-109)

MLYILNSAIL PLKPGEEYTV KAKEITIQEA KELVTKEQFT SAIGHQATAE LLSSILGVNV

PMNRVQIKVT HGDRILAFML KQRLPEGVVV KTTEELECIG YELWLFEIQ
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