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Preface

Proteins are the fundamental units of life as they perform a wide variety of roles and affect virtually
every property that characterizes a living organism. In order to function properly, protein has to be
in their correct three-dimensional structure. If protein folding goes wrong then protein becomes
useless and often harmful for cell, leading to various diseases such as Parkinson’s diseases,
Alzheimer’s disease, Prion disorder and other neurodegenerative disorders. Thanks to rapid
developments in genome sequencing, we can now identify gene responsible for the disease.
However to understand the molecular basis of protein misfolding diseases a deep understanding
of the basic rules governing the protein folding is required. Despite the theoretical and
experimental efforts of many laboratories in the last 50 years, our comprehension of the
mechanism by which protein attains their native structure is still incomplete. The advent of single-
molecule manipulation techniques such as optical tweezers has allowed us to revisit protein folding

with a completely new approach.

One approach to study protein folding is to use traditional ensemble techniques, such as nuclear
magnetic resonance, circular dichroism, hydrogen/deuterium exchange mass spectroscopy.
Although these techniques proven very informative, they are limited to the description of the
overall properties of a large population of the molecules; the output of these measurements is the
ensemble average generated from a large, and often dephased, population of molecules, in which
time dependent dynamics of the individual molecules as well as rare but potentially important
molecular events are hidden. These technical limitations have been overcome using single-
molecule spectroscopy techniques which follow real time trajectories of single molecules, and
study kinetics and thermodynamics of bimolecular reactions, also detect possible intermediates.
Due to these advantages of single-molecule field, the main objective of my thesis was to go beyond
traditional ensemble techniques and study the protein folding at single-molecule level. This thesis
reports the application of dual-beam optical tweezers and molecular dynamics simulation to the
study of protein folding and protein-ligand interactions. The focus of this dissertation was to
understand the complex folding behavior of HIV-1-protease and to study the effect of ligand

binding on mechanical properties of Acyl-CoA-binding protein. The thesis is organized as follows.

Vi



Chapter 1 explains the basic principles of force spectroscopy techniques, with a focus on optical
tweezers, describe some of the theoretical models used to analyze and interpret single-molecule
manipulation data. It also highlights on some recent and exciting results that have emerged from

single-molecule research field on protein folding and protein-ligand interactions.

Chapter 2 gives the brief introduction of optical tweezers, its working principle and dual-beam
optical tweezers setup at the University of Modena and Reggio Emilia. In the second part of this

chapter, there is a brief description of model systems that | have used for my doctoral studies.

Retroviral protease from human immunodeficiency virus type 1 (HIV-1-PR) is essential for the
maturation of the virus and therefore, it has been identified as potential targets for anti-AIDS
therapies. Since it plays an essential role in the life cycle of the HIV virus, many drugs has been
designed so far to inhibit the activity of HIV-1-PR, but all these attempts have failed. One possible
reason for these failures could be a poor understanding of the molecular behavior of this protein.
Folding mechanism of HIV-1-PR has already been studied by traditional bulk techniques. These
studies had given the information of overall thermodynamics and kinetics of the process, but they
failed to provide insight into the ensemble of folding routes that individual molecules follow to
reach native state. To shed light on the molecular behavior of HIV-1-PR we decided to study
unfolding and refolding processes of this protein using optical tweezers. With the help of molecular
dynamics (MD) simulations, we gain the atomistic details of these processes. This study has been
described in chapter 3.

Acyl-CoA-binding protein (ACBP) is involved in various biochemical processes such as signal
transduction, regulation of lipid and energy metabolism, gene regulation and many more. It is well-
known that ACBP binds to the acyl CoA esters with a broad range of acyl-chain length (Cs-C2.).
This ligand binding may affect the molecular processes of ACBP. Using OT and MD simulations,
we have investigated the effects of ligand binding on unfolding and refolding processes of ACBP.
Chapter 4 explains different methods such as force-ramp, force-jump we have used to extract
kinetic parameters of ACBP. The results obtained from our studies were compared with the

previous ACBP alone (without ligand) single-molecule study.

Finally, chapter 5 summarizes the conclusions of this thesis.

Vil



Chapter: 1

Conformational dynamics of single protein
molecules studied by direct mechanical
manipulation



Chapter 1: Conformational dynamics of single protein molecules

studied by direct mechanical manipulation

Abstract

Advances in single-molecule manipulation techniques have recently enabled researchers to study
a growing array of biological processes in unprecedented detail. Individual molecules can now be
manipulated with sub-nanometer precision along a simple and well-defined reaction coordinate,
the molecular end-to-end distance, and their conformational changes can be monitored in real time
with ever improving time resolution. The behavior of biomolecules under tension continues to
unravel at an accelerated pace and often in combination with computational studies that reveal the
atomistic details of the process under investigation. This chapter exclusively focuses on
mechanical manipulation methods, specifically optical tweezers and atomic force microscopy
(AFM), and illustrate the main experimental strategies used in these techniques. Briefly, it
highlights on some pivotal single-molecule studies aimed at solving exciting biological problems,
also describes some theoretical models used to analyze single-molecule force spectroscopic data.
At the end of this chapter, the results that have emerged from single molecule force spectroscopy

on protein folding and protein-ligand interactions has been reviewed.

Keywords: Single-molecule force spectroscopy, OT, AFM, Protein folding.

This work is published in Advances in protein Chemistry and Structural Biology, 92 (2013) 93-133.



Introduction

Sophisticated bulk methods have been developed to characterize the conformational changes of
proteins as they carry out their biological functions. Traditional techniques such as circular
dichroism, nuclear magnetic resonance (NMR) spectroscopy and hydrogen/deuterium exchange
mass spectrometry [1-3] have been extensively used to study the structure and dynamics of
proteins, both free in solution or bound to their molecular partners. These bulk studies have been
very informative but limited to the description of the overall properties of a large population of
proteins. This is because the output from these measurements is the ensemble average generated
from a large, and often dephased, population of molecules, in which the time-dependent dynamics
of the individual molecules, as well as rare but potentially important molecular events, are hidden.
These technical limitations, which have restrained our ability to decipher the intricacies of many
molecular processes, have recently been overcome with the advent of single-molecule methods.
These novel experimental approaches enable us to follow the real-time trajectories of single
molecules and describe the inherent heterogeneity of biological processes that are stochastic in
nature. Briefly, these single-molecule experimental techniques are discussed below. The contents

of this chapter are taken from [4] with permission.

Mechanical manipulation of single protein molecules

Just as chemicals and heat can be used to perturb the system under study, so can force be used for
the same purpose. Force and the end-to-end distance of a protein molecule constitute the main
variables during a mechanical manipulation experiment. Many methods have been developed to
directly manipulate biomolecules, among them optical tweezers and AFM are the most popular
experimental methods. Briefly, these techniques are explained below.

Optical tweezers

Ever since the pioneering work of Arthur Ashkin in the 1980°s [5], optical tweezers have continued
to evolve and improve to tackle ever more complex systems. An optical trap can be formed by
focusing a collimated beam of light through a microscope objective with a high numerical aperture.
In this way, small objects of high refractive index can be optically trapped and manipulated. For a

detailed description of the principles behind optical trapping, which is beyond the scope of this



chapter, the reader is referred to previous publications [5-7]. There are three main geometries that
are nowadays used in optical tweezers setups (Figure 1-1). In all cases the molecule under study
is tethered between an optically trapped bead and: i) a substrate, ii) a second bead held at the end
of micropipette by suction, or iii) another bead held in a second optical trap. In all cases, the force

applied to the molecule is modulated by varying the distance between the two tethering points.

Motor protein
Protein

Surface

Figure 1-1 Optical tweezers experimental geometries. A) A single-beam optical tweezers setup
where the molecule of interest is tethered between an optically trapped bead and a surface. The
movements of the protein along the surface are revealed by the motions of the bead in the trap.
B) A single-beam optical tweezers experimental setup where the protein is attached to two
polystyrene beads through two double stranded DNA handles. One bead is held in the optical trap
while the other is held at the end of a micropipette by suction. The micropipette can be
mechanically moved relative to the trap, to induce the unfolding or refolding of a protein
molecule. C) A double-beam setup where the protein molecule is tethered through DNA handles

between two optically trapped beads. Adapted from [4] with permission.

Different approaches can be taken to manipulate a molecule. In what follows is a brief
description of the experimental strategy used in: i) constant-velocity (also force-ramp), ii)
constant-force (also force-clamp), iii) passive-mode, and iv) force-jump experiments. In constant-
velocity experiments the force is increased and relaxed at constant speed (nm/s), to obtain force
vs. extension cycles as shown in figure 1-2A. During stretching, the force is raised until the
molecule is observed to unfold. This event is marked by a sudden increase in the extension of the
molecule, as it goes from its compact native state (N) to a more extended unfolded state (U).
During relaxation, the molecule is typically observed to refold around at ~ 5-10 pN, through a
sharp transition that restores the original extension of the molecule. The changes in contour length
of the protein associated with the unfolding and refolding events can be estimated by fitting the
force-extension traces with the worm-like chain (WLC) model [8-10]. Constant-velocity

experiments can provide information on both kinetics and thermodynamics of a protein folding

4



reaction. Kinetic parameters, such as rate constants and position of the transition state along the
reaction coordinate, can for example be estimated by analyzing force distributions.
Thermodynamics information (e.g. unfolding free energy) can instead be recovered by analyzing
irreversible work distributions, see section “Theoretical models of single-molecule force
spectroscopy” for details. In constant-force experiments the force applied to the molecule is kept
constant through a feedback mechanism, while changes in the extension of the molecule are
monitored over time (Figure 1-2B).

A C = &
g 20 Refolding time
14 E‘ 15 Unfolding time
2
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10s
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density
Figure 1-2 Basic mechanical manipulation experiments using optical tweezers. A) Constant-
velocity experiment showing a two-state unfolding/refolding event. The arrows indicate the
pulling direction. B) Constant-force experiment showing a molecule fluctuating between an
unfolded (U) and folded (N) state. The dwell times of the unfolded and folded states contain both
thermodynamic and kinetic information. A) and B) adapted from [4] with permission. C) Force-
jump experiment. The force is rapidly jumped between two different set values, to increase the

probability of observing unfolding/refolding events, see text for details. Adapted from [11] with
permission.



In these measurements, rate coefficients can be obtained directly from the lifetimes of the
folded and unfolded states, and free energies can be calculated from the ratio of the kinetics
coefficients. As the molecule unfolds or refolds, the force is kept constant by reducing or
increasing the distance between the tethering surfaces, respectively. These movements, which are
controlled by the feedback mechanism, can however take place only at a certain rate and, because
of this constant-force measurements can sometimes provide misleading results. This is the case for
example when the response rate of the feedback mechanism is slower than rate at which the
molecule can fluctuate. In these cases in fact, short-lived transitions are missed, leading to average
dwell times biased towards larger values [12]. This potential instrumental artifact can be avoided,
or at least reduced, by studying molecular fluctuations through passive-mode measurements. In
this case, no feedback is employed. Instead, the distance between the tethering surface and the
optical trap is kept constant, while force is allowed to increase or decrease as the molecule unfolds
or refolds, respectively. In these experiments, the response time of the system is dictated by the
corner frequency of the trapped bead, which is typically much higher than the response frequency
of a feedback mechanism. Consequently, passive-mode measurements are better suited to study
rapid conformational transitions. On the other hand, as no feedback mechanism is used, reliable
passive-mode measurements require high mechanical and optical stability of the instrument itself.

Constant-force or passive-mode measurements can be effectively used to study molecular
fluctuations at equilibrium only when, in a certain range of forces, the rate of both the forward and
reverse reactions is high enough to allow the acquisition of a large number of events in a relative
short amount of time. This however is not always the case, as for some molecules unfolding and
refolding occurs at quite different forces. In these instances, at any given force, either the unfolding
or refolding rate is so low that the acquisition of a significant number of events would require very
long recordings. To overcome this problem, force-jump experiments can be performed. In a force-
jump experiment the force is increased (jJumped) or decreased (dropped) quickly to a preset force
value and kept constant with a feedback mechanism until an unfolding or refolding event is
observed (Figure 1-2C). These experiments allow the direct measurement of rate constants in force
ranges where the probability of observing either an unfolding or refolding event is high [13].

Alternative, novel and hybrid optical tweezers instruments

Single-molecule manipulation instruments are advancing at a rapid pace. Considerable effort has
been spent on designing optical tweezers that measure other single-molecule parameters such as
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rotation or torque in combination with force and extension [14]. The ability to measure torque has
significant importance because it addresses many aspects of cell and protein biology such as
transcription, replication, recombination and protein folding [15]. The measurement of torque can
be achieved with magnetic tweezers, a popular instrument due to its simple and cheap [16]. Spatial
and temporal resolution of magnetic tweezers may in the near future advance to sub-nanometer
precision, possibly with newly emerging camera technology that enhances the rate of data
acquisition [16].

The integration of dual beam optical tweezers with magnetic tweezers allows manipulation
of a single molecule with nanometer precision. This hybrid instrument has been used to investigate
awide range of complex system such as higher order chromatin interaction, DNA-DNA interaction
mediated by proteins, measurement of intermolecular friction and localization, and binding
strength analysis of DNA bound proteins [17]. The combination of magnetic or optical tweezers
and fluorescence microscopy is a powerful tool for DNA manipulation and has been used to study
DNA supercoiling, the dynamics of diffusion, hopping of plectonemics in DNA, and the torque
and twist DNA-breathing dynamics [18, 19].

A recently designed Quad-trap optical tweezers instrument was used to study the
condensation of bacterial chromosome DNA [20]. The instrument was able to independently trap
four polystyrene beads at the same time, allowing the simultaneous mechanical manipulation of
two independent DNA molecules. With this method, the authors were able to detect the complex
and dynamic interactions of DNA and histone-like nucleoid structuring protein (H-NS), which is
involved in mediating DNA-DNA contact. This remarkable technical feature helped explain the

mechanism and role of H-NS in chromosomal DNA condensation.

Sample preparation

A major issue in optical tweezers experiments is to find an efficient method to manipulate the
molecule of interest. Biomolecules such as proteins and RNAs are typically too small to be directly
manipulated with micrometer-sized optical tweezers beads, as the tethering surfaces would come
so close to each other that they would interact. To avoid these unspecific and unwanted
interactions, a method has been developed that relies on the use of two DNA molecular handles
(Figure 1-1B and C) [21]. One end of each handle (~ 500-1000 bp DNA molecule) is attached
covalently to the side chain of a cysteine residue. The other end is attached to a polystyrene bead
through either biotin-streptavidin interactions, or digoxigenin/antibody interactions. The handles
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act as spacers between the protein and the beads to avoid unwanted interactions between the
tethering surfaces that would compromise the experiment. This optical tweezers manipulation
method was employed for the first time in 2005 [9], and it is now used by a growing number of
laboratories around the world [22-26]. For details on how the DNA-protein coupling reaction is

performed, reader can refer [27].

Atomic force microscopy

Atomic force microscopy (AFM) was initially developed for high-resolution imaging of surface
contours of microscopic samples [28] and it still primarily serves this function. Later, AFM has
also evolved into a versatile technique to manipulate single molecules and characterize their
mechanical properties, in a mode of operation called “force spectroscopy” or “force measuring”
mode. AFM force spectroscopy has been used to study a number of biological systems, including
binding of antibodies to their antigens [29], ligand to receptors [30], binding forces of
complementary DNA strands [31], conformational changes in biological polymers [32], and to
study the mechanical properties of a large variety of protein molecules [33-36].

When AFM is used to study protein folding, the molecule of interest, typically a
polyprotein made of a linear array of a globular domain, is tethered between a flat surface, usually
made of gold, and a silicon nitrite AFM tip (Figure 1-3A). One end of the polyprotein interacts
with the gold surface through thiol groups of terminal cysteine residues, while the other end
adheres to the tip unspecifically. The polyprotein is then stretched and relaxed by modulating the
distance between the tethering surfaces, while the force applied on the molecule is determined by
measuring the deflection of the cantilever. As the tip is pulled away from the surface the tension
along the polymer increases until one globular domain stochastically unfolds. Upon unfolding, the
contour length of the polymer suddenly increases, generating a sharp drop of the force on the
cantilever. As the stretching of the polymer continues, all the other domains subsequently unfold
generating a series of sudden force drops that give rise to a peculiar saw-tooth like pattern in the
force-extension curve, where each peak corresponds to the unfolding of one domain (Figure 1-
3B). The rising phase of each peak reflects the elastic properties of the stretched polymer, while
the distance between peaks is proportional to the number of amino acid constituting the protein
domain. As in optical tweezers experiments molecular handles are necessary to keep the two

polystyrene beads away from each other, in AFM studies the need for polyproteins comes from



the necessity of keeping a certain distance between the tip and the substrate. At short distances, in
fact, tip-surface interactions could become the dominant features of a force trace. Different
methods have been devised to generate a linear array of a globular domain, as described in [21,
37-40]. AFM force spectroscopy experiments on polyproteins can be performed at different pH
and ionic strengths, as well as in the presence of other molecules to study the effect of binding
partners on the energetics of the protein [41, 42].

A B
Laser
Photodetector
Unfolding force of a single protein
Cantilever
> \
a
8
Polyprotein ]
w
Gold-coated @ ) —
surface [N Extension (nm)

Piezoelectric
actuator

Figure 1-3 An AFM experiment. A) In a typical AFM experiment polyprotein constructs are
picked up and unfolded by the cantilever tip. The position of the tip is determined by a
photodectector from the deflection of a laser beam. B) The sequential unfolding of single proteins
within the polyprotein construct results in a characteristic sawtooth pattern in the force vs.
extension trace. Adapted from [4] with permission.

AFM and optical tweezers are complementary techniques for the study of the mechanical
properties of biomolecules. An AFM cantilever has a higher root-mean square (RMS) force noise
(~15 pN) than an optically trapped bead (~0.1 pN). As a consequence, optical tweezers is the
technique of choice to study processes that take place at low forces, such as the refolding of a
protein that typically occur in a 5-10 pN force range. In addition, the shallower harmonic potential
of an optical trap compared to an AFM cantilever, makes laser tweezers a better technique to
observe a molecule hopping between different molecular states. In fact, the steeper is the harmonic
potential, the larger is the kinetic barrier that the system molecule-force transducer must overcome
to hop between a folded and unfolded state of the molecule. On the other hand, optical tweezers
are usually unable to measure forces that are larger than 100 pN, while AFM can measure forces
even in the nanonewton range. It follows that AFM is the technique of choice to measure the

rupture force of single covalent bonds (~2 nN) [43], the force at which polysaccharides switch to



different conformations (~270 pN) [44], or to characterize the mechanical properties of proteins
that unfolds at high forces [45].

Theoretical models of single-molecule force spectroscopy

The mechanical manipulation of single molecules using optical tweezers and AFM can yield
valuable information about the free energy surface of a single-molecule reaction. In this section,
using basic thermodynamic and kinetic principles, the effect of mechanical force on the energy
landscape of molecule is explained. Then, some theoretical models used to analyze and interpret

single-molecule manipulation results are discussed.

Effect of force on the thermodynamics of a single-molecule reaction

The effect of force on a two-state reaction in which A is converted into B is depicted in figure 1-4.
Along the mechanical reaction coordinate i.e extension of the molecule, states A and B occupy free

energy minima separated by a distance Ax.

Xy Xt

Reaction coordinate

Figure 1-4 Energy landscape for a two-state unfolding reaction. The dotted-line curve is the free
energy surface at force = 0 and the solid-line curve at force = F. The force F tilts the energy
landscape by a factor Fx where x is the extension of the molecule. Adapted from [4] with

permission.
The free energy difference between A and B at zero force is

AG(F =0) = AG® + kgTIn (%) (1-1
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Where AGY is the standard state free energy, keT is the thermal energy, and [A] and [B] give the
probabilities of populating states A and B in single-molecule experiments. To a first approximation,
when a force F is applied to a molecule each point of its energy landscape is lowered by an amount
equal to FAX, where Ax is the distance between the point of interest and the native state. As a
consequence, an applied force tilts the free energy surface along the mechanical reaction
coordinate [46], such that

B
AG(F) = AG® — F(Ax) + kgTin (%) (1-2)
At equilibrium, 4G =0 and
AG® = —kpTInK,,(F) + FAx (1-3)

Equation (1-3) holds true only if the position of A and B along the reaction coordinate are
unaffected by force. For most reactions, however, this is not true. Let’s consider for example the
case of a protein that under tension transits from its native state to its unfolded state. In this case
the extension of the native state, and thus its position along the reaction coordinate, can to a good
approximation be considered unchanged, but the extension of the unfolded state instead will
significantly increase. This increment in the average end-to-end distance of the unfolded state
corresponds to a change in the free energy of the system, as

AGO = - KBTlTl Keq (F) + FAx — AGstretch(F) (1 - 4)

Where AGstretch (F) is the free energy change due to stretching of the unfolded state at force F.
When a molecule is manipulated at close to equilibrium conditions, it unfolds and refolds through
transitions that take place around a force (F12) at which the molecule has equal probability of being
either in its folded or unfolded state. At F1/2, Keg =1 and

4G° = Fyjolx = AGitrercn () (1-5)

Under these experimental conditions, Fip4x can be calculated as the area under the
unfolding/refolding rips observed in force vs. extension curves. This free energy can then be

compared with that measured in bulk measurements after subtraction of AGstretch (F1/2), Which can
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to a good approximation be calculated as the area under the WLC force-extension curve integrated

from zero to the extension of the unfolded molecule at F12 [9, 10].

Effect of force on the Kinetics of a single-molecule reaction

As we know from transition state theory the rates of unfolding (k,°) and refolding (k?) of a

molecule at zero force are

—-AG
k=4 exp( kBTu> (1-16)
—-AG
0 _ f —
kg —Aexp( kT ) 1-7)

Where A is the natural frequency of oscillation, AGy and AGs are the activation energies for
unfolding and refolding, respectively. In the presence of force the unfolding (AGy) and refolding
(AG¢) activation energies will be lowered by an amount equal to F-Axyand F-Axs, respectively,
where Axy and Axs are the distances to the transition state from the unfolded and folded states [47].
It follows that the unfolding and refolding rates at force F are given by:

ky(F) = kg (FAX”) 1-8
u(F) = ki exp (= (1-8)
ke(F) = k? (_FAxf) 1-9
£ (F) = kj exp|\—— (1-9)
From the ratio of ky(F) and k«(F), the equilibrium constant can be calculated as:
F Ax
Keq(F) = KJy exp( ) (1-10)
kgT

Where KeqC is the equilibrium constant at zero force and Ax = Axy + AXs. It is worth pointing out
that in the above kinetics models the position of the transition state along the reaction coordinate
is considered to be independent from the applied force. This approximation is usually correct when
we consider very narrow range of forces. For more general cases, however, force-induced shifts in
the position of the transition state must be accounted for. To this end, several improved models

have been proposed and applied to different systems, as for example in [48-50].
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Extracting kinetic parameters from force distributions

In constant-velocity optical tweezers experiments (Figure 1-2A), above 3-4 pN the rate at which
the force is applied on the molecule, loading rate r (dF/dt in units of pN/s), typically becomes
constant [9, 10]. This allows us to analyze experimental data with analytical models, as explained
below.

For a first order reaction with negligible refolding rate, the time dependence of the probability that

the molecule has not unfolded is [51]:

dPs(t)
dt

= — k(P (0) (1-11)

If force varies linearly with time t as F = r* t, where r is the loading rate, then variable t can be
changed to F in the above equation as

dPe(F)  ky(F)

dF T

P; (F) (1-12)

Integrating the above equation from 0 to F and using equation (1-8) we get

0
ukp T (1 — exp(Fx, /ksT)) (1-13)

In{P;(F)} = —

From equation (1-13), the probability of unfolding as a function of force (Py(F)) can be derived as

kOkgT

P (F)=1—-P:(F)=1— exp <— (exp(Fxy,/kgT) — 1)) (1-14)

u

By differentiating Pu(F), which is a sigmoidal function of force, we can calculate the probability

density as
dp, kS kOQkgT
— = —exp(Fx,/kgT) xexp | — (exp(Fxy,/kgT) — 1) (1-15)
dF T Xy

Following similar steps the probability density function for the refolding force can be calculated

as:
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kKOkgT
__fB
ex”(( rf ) 1)>

Normalized distributions of the unfolding and refolding forces of a molecule manipulated at

kSkgT x
o exp /:XB (exp( i{,)—l))
dP; Kk f
- = Texp(— Fx;/kgT) *

(1-16)

constant loading rate can be fit to equations (1-15) and (1-16) in order to estimate rate constants
at zero force (k.°, k) and distances to the transition state (xu, Xf) [11, 52]. Often however,
experimental force distributions are analyzed with a slightly different method. When exp(Fxu/ksT)

> 10, which is usually the case with biomolecules, equation (1-13) can be written as

kOQkpT
n{Pr(F)} = — =22 (exp(Fxy/k5T)) 1-17)
Which can then be linearized as

in{r n(1/P;(F))} = ™8T 4 (x, /kyT) F (1-18)

u

Through similar considerations, for the refolding process, we have

k$kpT
xf

In{—rin(1/B,(F))}=1In + (xf/kgT) F (1-19)

Equations (1-18) and (1-19) are often used to fit In[rIn[1/N]] and In[-rIn[1/U]] vs. force graphs,
where N and U are the folded and unfolded fractions, respectively, which are calculated by
integrating the histograms of the force distributions over the corresponding range of forces [10,
13, 53].

Extracting thermodynamic parameters from non-equilibrium measurements

When the rate at which force is applied on a molecule is faster than its slowest relaxation rate, the
unfolding and refolding processes occur out of equilibrium. Under these experimental conditions,
the free energy change of the process is not equal to the work done on the molecule, and cannot
be calculated as the area under the unfolding/refolding transitions. However, fluctuation theorems
have been developed to extract equilibrium information from non-equilibrium measurements [54].

The first of these theorems to be successfully applied to single-molecule experimental data was
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presented by Jarzynski [55]. He derived an equality that relates the free energy difference AG(z),
separating states of a system at positions 0 and z along a reaction coordinate, to the work done to
irreversibly switch the system between the two states:

exp[—BAG(z)] = LimNy_ < exp[—f wi(z,17)] >y (1-20)

Where < > denotes averaging over N work trajectories, wi(z,r) represents the work of the i-th of N
trajectories, and r is the switching rate. The first application of this method in single-molecule
force spectroscopy was reported by [56]. They manipulated a PSab RNA hairpin out of equilibrium
with optical tweezers and applied Jarzynski’s equality to the irreversible work trajectories to
extract the unfolding free energy of the molecule. Although effective for near-equilibrium
processes like that observed for the P5ab RNA hairpin, in far from equilibrium systems Jarzynski’s
equality is hampered by large statistical uncertainties due to the exponential averaging of low work
values [57]. These large uncertainties can be significantly reduced by using Crook’s fluctuation
theorem (CFT). CFT relates the amount of work done on a molecule that unfolds and refolds out
of equilibrium, with the free energy change of the process [58]. Let Pu(W) and Pr(W) denote the
probability distributions of the work performed on a molecule that is pulled (U) and relaxed (R)
an infinite number times. The CFT then predicts that

P, (W) W — AG) (1—21)

Pa(W) eXp( kT

Where 4G is the free-energy change between the final and the initial states of the molecule, and
thus equal to the reversible work associated with this process. The value of 4G can be determined
as the point of intersection of the unfolding and refolding work distributions, where W = AG
(Figure 1-5). When the overlapping region of the two distributions is small because the
unfolding/refolding process occurs very far from equilibrium, Bennett’s acceptance ratio method
[59] is often used to reduce the uncertainty in the estimation of 4G. CFT has already been applied

in several single molecule manipulation studies, as in [23, 60, 61].
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Figure 1-5 Work distributions Pu(W) and Pr(W) for RNA unfolding (solid curve) and refolding
(dash curve) at different loading rates. The point of intersection of the two distributions gives 4G
= 110.3kgT. Adapted from [60] with permission.

Extracting Kinetics and thermodynamic parameters from equilibrium fluctuations

As discussed above, in constant-force and passive-mode measurements some molecules can be
observed to fluctuate at equilibrium between different molecular conformations (Figure 1-2B).
Although different theoretical approaches could be used, hidden Markov models (HMMSs) are
often the methods of choice to extract kinetics and thermodynamic information from these
experimental data [12, 22, 62-64]. HMMs are powerful statistical tools introduced by Baum and
colleagues in the late 1960s and early 1970s [65, 66], and were later implemented for speech
processing applications by Baker [67]. Figure 1-6 shows a general HMM, where the X; represents
the hidden state sequence, O; the observation sequence, and A and B are the matrices of state
transition and observation probabilities, respectively. HMM predicts the most likely state sequence
Xiwhich has the maximum probability to give the observation sequence Oi by constructing a model
using A and B matrices [68].

In the analysis of single-molecule force spectroscopy data, the HMM assumes that the
observation sequence (force or extension trace) is generated by a Markov process in which the
molecule makes history independent transitions governed by a transition matrix among its different
conformational states. At a given force, each state of a molecule can be defined by the distribution
of extension or force values. The HMM analysis provides the transition probability matrix T that

can be used to calculate the matrix for rate constants K using the relation 7' = exp(KAt), where At
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is the data acquisition time [69]. Using this method, rate constants can be calculated at different
forces (F) and plots of Ink vs. F can be fit to linearized forms of equations (1-8) and (1-9) to
estimate the distances to the transition state and the rate constants at zero force. The ratio of the
rate constants (Keq) will provide information about the free energy of the reaction according to

equation (1-4).

Markov process: X — Xyi— X, sy — Xp_i

Observations: 0, 0, 0, - Or_,
Figure 1-6 A general HMM where the hidden state sequence X; is related to the observation

sequence O; by observation probability matrix B and transition probability matrix A. Adapted

from [68] with permission.

With the advent of new experimental strategies, novel theoretical models have also been

developed and applied to different systems. Reader can refer [48, 70, 71].
Biological Applications

Mechanical processes in the cell

A wide variety of cellular processes involves molecules that generate or are subjected to
mechanical forces [46]. Molecular motors such as kinesin convert chemical energy into
mechanical work and movement, usually through ATP hydrolysis [72]. Mechanosensors go
through subtle conformational changes in response to mechanical stimuli to initiate signaling
cascades [73]. Proteins can also be unfolded by force, for example by translocases, to target them
for degradation or transport across membranes [74, 75]. Conversely, proteins perform work, and
thus measurable force, through the compacting of their polypeptide chains during spontaneous
folding. Following section briefly describes some recent studies on the conformational dynamics

involved in protein folding and protein-ligand or protein-protein interactions.

Protein folding

Folding into a three-dimensional form is pivotal for the function and specificity of most proteins.

The early classical experiments of Christian B. Anfinsen showed that a protein can spontaneously
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fold into thermodynamically stable states in vitro and thus that all the necessary information for
the process is encoded in the amino acid sequence [76]. Far from being a simple task, especially
in the case of larger and of multi-domain proteins, the mechanism of protein folding has been
studied extensively over many decades. Yet, our understanding of this complex process is still
incomplete. Proteins fold within a biologically relevant timescale of microseconds to seconds
despite the astronomical amount of conformations available to them, a paradox so famously stated
by Cyrus Levinthal [77, 78]. The paradox, which highlights the fact that protein folding would be
impossible with a random search through conformational space, ultimately through simplified
models and pathways, led to the idea of folding funnels [79-83]. In this view, the folding of protein
molecules is described as diffusion of a statistical ensemble over a funnel-shaped energy landscape

with possibly numerous parallel pathways (Figure 1-7A) [80, 84].

Potential energy

A 4

Conformation

Figure 1-7 The funnel-shaped energy landscape for protein folding. A) Proteins are currently
thought to fold to their native state by diffusion over a multi-dimensional funnel-shaped energy
landscape. Adapted from [80] with permission. B) Two-dimensional scheme of the ruggedness of
an energy landscape. Two main conformations are accessible with multiple smaller kinetic traps
that are either short-lived (solid arrows) or long-lived (dotted arrows) conformations. E represents

the height of the activation barrier for one such conformation. Adapted from [85] with permission.

The funnel shape provides an energetic bias towards folding into the native state and this
can be described with two seemingly counteracting properties; a decrease in 1) configurational
entropy (which is unfavorable) and 2) potential energy (which is favorable) [86]. The funneled
energy landscape contains all the information to describe the path a protein can take on route to its

native state. Theory predicts that a rugged energy landscape, with many small minima, will lead
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to slower folding (Figure 1-7B) and this was recently demonstrated experimentally with spectrin
domains [87, 88].

The ensemble view suggests that due to the ruggedness of the energy landscape a fraction
of the molecules will fold slowly, due to trapping in energy minima, while other molecules will
fold fast without populating intermediate states. This phenomenon is known as kinetic partitioning
and explains the multi-phasic kinetics observed in many systems [89]. Kinetically trapped
intermediate structures visited along a folding trajectory may be on-pathway, and thus productive
towards the native state, or off-pathway misfolded states, which can form aggregates and lead to
serious diseases (see section “Intermediate states, misfolded states, and beyond”).

Traditional bulk techniques, such as NMR and protein engineering phi-value analysis [90],
have unlocked a wealth of knowledge on the folding process but these methods are limited by an
ensemble-averaged experimental output. Computational approaches to folding have also
significantly enhanced our understanding but despite recent reports of millisecond-long
simulations [91] they have mostly been limited to probing a relatively short timescale using small,
fast folding proteins [92]. Single-molecule mechanical manipulation methods have added a new
dimension to protein folding studies. The early mechanical manipulation instruments were only
able to directly detect the unfolding process of single molecules, leaving the refolding process
silent. The first of these experiments were performed simultaneously with AFM and optical
tweezers on the giant muscle protein titin [93-95]. Quickly the field developed and the refolding
of a single molecule into its native state was observed [9, 96]. In the following years came a surge
of exciting results, establishing single-molecule force spectroscopy, often in combination with MD

simulations, as a powerful tool to study protein folding.

Folding pathways and the energy landscape

Statistical ensemble views of protein folding predict that a rapid hydrophobic collapse into a subset
of globular, unspecific structures, are the initial and necessary reduction in a polypeptide’s
available conformational space. This collapse has been difficult to study from the bulk viewpoint
due to the averaging of pathways and ensembles [97, 98]. AFM constant-force mode was used to
study the early events of folding of individual ubiquitin molecules, induced by rapid force
quenching [34]. Garcia-Maynes et al. were able to directly observe a collapse into an ensemble of
lower energy structures for ubiquitin prior to folding into the native state. Polyubiquitin molecules
were first unfolded followed by quenching to low force allowing the molecules to refold.
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Subsequently, the molecules were unfolded again to monitor whether the proteins had folded into
their native state. The natively folded ubiquitin molecules unfolded in discrete steps but structures
apparently collapsed during refolding, unfolded in various size steps and had less mechanical
stability. By varying the refolding time, they were able to extract the kinetics of the refolding
process and showed that the collapsed states folded in a fast phase followed by a slower phase
involving a barrier separated two-state mechanism.

The presence of multiple pathways is implied in the three-dimensional funnel-shaped
energy landscape but experimental evidence for this phenomenon has remained limited [99, 100].
This is in part due to differential populations of pathways, where some pathways may be rarely
visited by a protein. He et al. studied a slipknot protein by combining AFM and course-grained
SMD simulations [101]. They found that the protein could untie the slipknot and unfold through
either a two-state or a three-state mechanism, suggesting parallel pathways. SMD simulations
revealed that the intermediate state in the three-state pathway was formed only if the unfolding
initiated from the C-terminus and key structural elements were found that prevent the formation
of a tightened knot structure in both pathways. The results support the idea of kinetic partitioning
and thus add to a growing number of evidence suggesting it to be a general mechanism in protein
folding.

Force acts on proteins locally in contrast to the global effect of temperature and chemicals.
Furthermore, during mechanical manipulation the molecule is tethered, restraining its
conformational flexibility. Certainly the unfolded state in these experiments is stretched as
opposed to a random coil for freely diffusing molecules. A question therefore arises on whether
the folding pathways are the same or not when determined with chemical/thermal denaturants or
with force. Originally, both experimental and computational studies suggested that force-induced
unfolding differs from that induced by chemical/thermal denaturants [102, 103]. Recently,
however, evidence has emerged for similar pathways to exist. Simulations have suggested that at
sufficiently low pulling speeds, where the molecule is able to sample a large part of its
conformational space, mechanical unfolding pathways may start to resemble those observed in
chemical denaturation studies [104]. A force-induced pathway-switch has indeed recently been
observed experimentally for an SH3 domain in the low-force regime using optical tweezers [105].
Here, two different pulling axes were tested and one of them revealed two distinct and parallel

unfolding pathways, giving evidence of a multi-dimensional energy landscape. Using both

20



constant-velocity experiments at different velocities and force-jump experiments, the authors
determined the unfolding rates for both pulling axes. Although the absolute unfolding rates
determined in bulk and using mechanical manipulation cannot generally be compared (due to
contributions from the DNA handles and beads, however, a very recent study reports a data
analysis method that accounts for these effects [106]), the effects of mutations on the rates could
be compared in this study. The rates analysis indicated that the transition states in bulk and on the
single-molecule level were populated to a similar extent, suggesting similar pathways.

Similar mechanical and chemical denaturation pathways have been suggested for acyl-CoA
binding protein (ACBP) [53]. The structure and position along the reaction coordinate of the
transition state of this small globular single-domain protein was investigated using a combination
of optical tweezers and ratcheted MD simulations. Through both equilibrium and non-equilibrium
optical tweezers experiments, Heidarsson et al. determined the “mechanical” Tanford B value
(mpT), which is analogous to a Tanford p-value in bulk studies [12, 107]. This value, which takes
values between 0-1, can be regarded as a measure of the nativeness of the transition state and the
determined mPt value for ACBP was very similar to the f-value in bulk [108]. An almost identical
mpr value was also confirmed by ratcheted MD simulations, which were then used to estimate the
structure of the transition state in atomic detail. The structure resembled the structure observed in
bulk through phi-value analysis and NMR chemical shifts [109, 110]. It may therefore be protein-
specific whether mechanical and chemical/thermal transition states and unfolding pathways are
similar or not.

Related to transition states is the transition path, which is the seemingly instantaneous
transition across the transition state barrier and includes all the mechanistic details of how a process
happens. Transition path times, the actual time it takes to cross the barrier (not to be confused with
transition rates which describe the frequency of barrier crossing), are impossible to measure by
bulk methods as this is entirely a single molecule property. Yu et al. characterized the energy
landscape of prion protein using optical tweezers [111]. From constant-force experiments they
reconstructed a detailed free energy landscape and, using Kramers theory of barrier-limited
diffusion, were able to directly determine the transition path times and folding rates. They found,
in accordance with results from single-molecule fluorescence and MD results [91, 112], that

transition path times are in the order of ~2 us. Importantly, given the size of the prion protein this
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study re-iterated that transition path times are relatively insensitive to protein size whereas folding

rates can vary by many orders of magnitude.

Molecular response to force, secondary structure and topology

A remarkable feature of mechanical manipulation techniques is the ability to probe folding using
various reaction coordinates. Almost any pulling geometry can be chosen by changing the position
of the residues that define the load application. This offers the unique opportunity to directly
explore the anisotropy of the energy landscape. Carrion-Vazquez et al. were the first to exploit this
and using AFM they found that the direction of force application can dramatically change the
mechanical stability of ubiquitin molecules [113]. Similar energy landscape anisotropy has been
demonstrated with the green fluorescent protein (GFP) [45]. Dietz et al. performed AFM
experiments on GFP using five different pulling geometries by varying the placement of cysteine
residues which serve as attachment points in the polyprotein constructs (Figure 1-8A). The
mechanical stability of GFP displayed large variability depending on the pulling axis. From the
resulting unfolding force distributions (Figure 1-8B) and using Monte Carlo simulations, the
height of the transition state barriers and the potential energy well width of the native state could
be determined. Remarkably, whereas the unfolding rates were not significantly affected by pulling
direction, the width of the potential energy well showed significant variation, indicating either
brittle or compliant behavior depending on the pulling geometry. Ultimately, the authors were able
to describe the GFP structure in terms of different directional spring constants (Figure 1-8C),
highlighting the anisotropic nature of its energy landscape. These and similar studies demonstrate
how directional control can allow exploration of regions of the energy landscape that are

inaccessible to conventional methods.
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Figure 1-8 The anisotropy of GFP energy landscape probed with AFM. A) Five different pulling
geometries of GFP were studied by generating polyproteins with various attachment points
through cysteine mutations. The numbers correspond to the cysteine residues and the arrows show
the pulling axis. B) Unfolding force distributions of the different variants. The solid lines represent
results of a Monte Carlo simulation to reproduce the experimental data. C) Mechanical stability
(indicated by the width of arrows) and directional spring constants of GFP (indicated by the color

of arrows). Adapted from [45] with permission.

The determinants of anisotropic mechanical response are likely to be encoded in the
structural architecture of proteins, involving features such as secondary structure, topology, and
long-range contacts. It has been demonstrated that the mechanical stability of proteins is highly
dependent on secondary structure. Proteins consisting mainly of -sheets are better able to resist
mechanical denaturation than a-helical proteins, and this has been attributed to the extensive
network of hydrogen bonding in B-sheet proteins in contrast to mainly hydrophobic interactions
between helices [114, 115]. Secondary structure also correlates with the distance from the native
state to the transition state (xu), where helical proteins have larger distances indicating softer, more

compliant structures [116].
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Topology, the arrangement of secondary elements along the sequence, has been shown to
be important for cooperative folding during mechanical manipulation experiments. In T4 lysozyme
(T4L), the A-helix is at the amino-terminal end but is part of the C-terminal structural domain.
Shank et al. generated a circular permutant of T4L, effectively placing the A-helix at the C-
terminal, and performed constant-velocity experiments using optical tweezers [61]. Even though
the experiments provided only non-equilibrium information, equilibrium properties of the system
could be revealed using CFT (see section “Extracting thermodynamic parameters from non-
equilibrium measurements”). In traditional ensemble studies, T4L unfolds in a single cooperative
transition and this was also observed for the wild-type protein in constant-velocity experiments.
However, the circular permutant displayed a three-state mechanism in which the N-domain now
unfolded before the C-domain, indicating a decoupling of the two domains, which reduced
cooperativity.

The mechanical properties of partially folded intermediate states are particularly
interesting. Molten globule intermediate states have significant native-like secondary structure but
lack the characteristic stable tertiary interactions of the native state. EIms et al. studied the molten
globular state of apomyoglobin using optical tweezers [12]. They found that compared to native
states, the molten globule is highly deformable (compliant), rendering its unfolding rate more
sensitive to force, and speculated that this may be a general feature of molten globules.
Surprisingly, the native state of ACBP has been shown to be even more deformable than the molten
globule of apomyoglobin, a feature that may be important for its function as a lipid transporter
[53]. The possibility that some intermediate states and even some proteins are more sensitive to
force than others implies also that nature may have evolved this feature into proteins so that cells

use less energy to unfold proteins that are targeted for degradation or translocation.

Intermediate states, misfolded states, and beyond

The role of intermediate states in protein folding has been debated and whether they are productive
to the native state has remained an open question. Cecconi et al. used optical tweezers to
characterize the refolding of ribonuclease H (RNase H) [9]. RNase H has been suggested to refold
through a molten-globular intermediate state but it was unclear whether this state was on- or off-
pathway [117]. By using constant-force experiments they observed that within a narrow range of
forces the molecule “hopped” between the unfolded state and the intermediate state. In some cases,

the hopping came to an abrupt stop followed by a further compaction into the native state. This
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compaction occurred in the vast majority of cases directly from the intermediate state, providing
direct evidence that it was on-pathway to the native state.

Predicted intermediate states have also been confirmed using force spectroscopy. Soluble
N-ethylmaleimide—sensitive factor attachment protein receptor (SNARE) proteins mediate
membrane fusion and are particularly important in vesicle fusion for neurotransmitter release
[118]. Different SNARE proteins, attached to the vesicle membrane and the plasma membrane,
are thought to assemble into a parallel four-helix bundle and it has been suggested that the bundle
then zippers towards the membrane, producing sufficient force to enable fusion. The zippering
action has, however, not been supported by direct evidence and the assembly intermediates have
eluded detection. Using optical tweezers and some clever protein engineering, Gao et al. showed
that a neuronal SNARE complex zippers in three distinct stages [119]. By applying forces in the
same range as occurs during fusion, they were able to stabilize a half-zippered intermediate. The
proposed zippering mechanism spawned from this study significantly impacts the study of
neurotransmitter release.

Protein folding mechanisms have not evolved to perfection and can sometimes lead to
incorrectly folded states. Misfolded proteins have attracted significant attention due to their well-
established link to many severe diseases such as Alzheimer’s, Parkinson’s and Creutzfeldt-Jakobs’
[120]. As the prime cause of the latter, the infectious form of the prion protein is one of the most
widely studied misfolding systems. Yu et al. studied the prion protein using optical tweezers and
found that folding occurred in a two-state mechanism, contrary to previous reports. They observed
that besides the native state, three distinct short-lived misfolded states were also populated (Figure
1- 9A) [26] . These states were only accessible from the unfolded state, and could thus be classified
as off-pathway, and remarkably, they were more frequently accessed than the native state under
tension. A mutant that had higher aggregation propensity in bulk, populated two of the three
misfolded states more frequently. The results of this study challenge the assumption that an on-
pathway intermediate is responsible for aggregation and suggest that prion misfolding is mediated
from the unfolded state, not the native state (Figure 1-9B).

Interestingly, proteins not directly linked to misfolding diseases have been shown to
populate misfolded states. The ubiquitously expressed protein calmodulin (CaM) transduces
changing levels in intracellular Ca?* concentrations and is one of the most extensively studied

calcium binding protein. Despite extensive information on CaM structural states and complex
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formations from traditional methods, single-molecule methods have been able to impressively
mine new features of its folding mechanism. Besides characterizing in detail the folding network
of four distinct on-pathway states, Stigler et al. observed two additional misfolded states that were
the result of incorrect pairing of EF-hands [64]. This misfolding slowed the overall folding kinetics
of otherwise fast-folding individual domains.

Non-native interactions are not necessarily unwanted as elegantly demonstrated by [121].
The mechanosensory polycystin-1 PKD domain has been shown to be mechanically stronger than
its native state predicts and MD simulations had suggested that this is due to a rearrangement
leading to non-native hydrogen bonds that resist unfolding. Using genetic engineering, the authors
produced mutant proteins that were designed to prevent formation of these non-native bonds. They
subsequently showed through AFM experiments and MD simulations that despite having a
negligible effect on the native state stability, the mutations caused dramatic mechanical
destabilization. Thus, formation of non-native interactions during the mechanical unfolding of the

PKD domain seems crucial for mechanical stability and, by inference, mechanosensory function.
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Figure 1-9 Misfolded states in single-molecule experiments. A) Extension vs. time traces of the
prion protein. Left panel: The unfolded state frequently transitions into two distinct and short-
lived misfolded states, M1 and M2. The inset shows a zoom into the region defined by the blue
square. Right panel: Rarely, a third and longer-lived misfolded state was populated. B) An
illustration of the folding/misfolding scheme of the prion protein along with the transition rates to
the different misfolded states under tension. Adapted from [26] with permission.
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Functional non-native interactions have also been suggested for coiled coils, molecules that
have various roles in the cell often connected with sensing or generating force.

The coiled coils have characteristic abcdefg heptad repeats that engage in the dimer
interface and native coiled coil dimer formation depends on the correct pairing of the a and d
positions. Sometimes alternative pairings are formed when one helix is shifted, usually by one
heptad repeat, and coiled coils have been suggested to undergo helix sliding to populate these so-
called staggered helices. The non-native conformations may be important for biological function
but have eluded detailed characterization due to their instability. Using high-resolution optical
tweezers, Xi et al. studied two very stable coiled coils a variant of the GCN4 leucine zipper (pIL)
and a heterodimeric coiled coil (pER)). The authors were able to directly observe partially folded
states where the difference in the number of folded residues suggested these states to correspond
to one helix shifted by one to three heptad repeats or in other words staggered helices. These states
were populated less than 2% of the time with lifetimes decreasing inversely with the number of
shifted heptad repeats. Usually, the partially folded states would only be accessed from the
unfolded state (misfolding) but occasionally (<10%) the native state would transit directly into
these states, which the authors interpreted as evidence for helix sliding.

Protein folding studies have greatly benefited from the advent of single-molecule
manipulation studies from which new and exciting information continue to emerge. Kinetic
partitioning seems to emerge as a general feature of protein folding kinetics and the frequent
observation of misfolded states, even in small proteins thought to be efficient folders, challenge
the idea of a highly evolved folding process. However, the traditional focus of protein folding
studies needs to broaden from mostly single-domain proteins to more complex systems, as only a
handful of larger proteins and double-domain systems has been explored on the single-molecule
level. The current development of novel and hybrid instruments promises the ability to tackle ever

more complex proteins and determine the details of multi-domain protein folding.

Protein-ligand and protein-protein interactions

Proteins interact with a multitude of binding partners in vivo and these interactions naturally affect
the proteins structure and energetics. Molecular chaperones interact with proteins to improve the
fidelity of their folding process, sometimes by rescuing misfolded states [122]. The binding of

various ions can activate proteins by inducing conformational change, such as in the case of
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calcium sensors, to initiate signaling pathways [123]. Conformational dynamics and flexibility are
the hallmark of protein interactions [124] and single-molecule force spectroscopy is now being
used to probe these events in significant detail.

Mechanical stability is largely governed by specific non-covalent interactions in the protein
and ligand binding can induce conformational changes in the protein structure that lead to changes
in mechanical stability. Alterations in mechanical stability upon ligand binding can therefore serve
as an intrinsic reporter to identify the functional state of protein at the single-molecule level [125].
The effect of ligand binding on the mechanical stability of a protein is not trivial to predict. Using
AFM, only moderate increases in mechanical stability were observed upon ligand binding to
mouse dihydrofolate reductase (DHFR) [126] and to Im9 [127] while strong enhancement of
mechanical stability occurs when protein G interacts with an Fc fragment from IgG. Stabilization
of enzymatically inactive conformations by inhibitors might have significant importance in
biomedical applications and drug design. For instance, the role of DHFR in cell proliferation and
growth has rendered this enzyme a target for anticancer drug therapy [128]. Through AFM
experiments Ainavarapu et al. showed that binding of the cancer chemotherapeutic agent
methotrexate (MTX) to DHFR increases the mechanical stability of the enzyme [129]. The
correlation between this result and the decrease in the degradation rate of DHFR inside the cell,
supports the idea that force-induced denaturation is necessary for translocation and degradation of
this protein. Also, through similar experiments, Junker et al., have shown that simultaneous
binding of MTX and the cofactor NADHP to DHFR increases the lifetime of one intermediate
state of the protein, suggesting that MTX and NADHP could inhibit DHFR by trapping it in an
enzymatically inactive intermediate structure [126].

Several proteins, like CaM, are activated by calcium ion binding, which allows them to
interact with a vast array of binding partners. Using optical tweezers, Stigler and Rief studied CaM
folding under conditions approaching physiological Ca®* concentrations [24]. Variations in Ca?*
concentrations led to dramatic changes in the folding/unfolding kinetics of CaM. At high Ca?*
concentrations, CaM folding was characterized by a complex network of on- and off-pathway
intermediate states (Figure 1-10A). At low Ca?* concentrations, the folding network remained the
same but the mechanical stability of the protein drops and the unfolding and refolding rate
constants changed significantly (Figure 1-10B). In the absence of Ca?*, the CaM folding network

was essentially reduced to a two-state mechanism (Figure 1-10C).
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Figure 1-10 Calcium binding modulates the mechanical folding behavior of CaM. Force vs.

extension cycles of CaM with varying Ca?* concentration. A) 10 mM Ca?*, B) 100 um Ca?*, and
C) 0 mM Ca?*. The lower panels show force vs. time traces, where the two beads tethering the
molecule are kept at a constant distance. At high Ca?" concentrations, CaM populates four
intermediate structures between the unfolded and folded states, each color-coded. At lower Ca?*
concentrations, the same folding pattern is observed but at low forces. Under apo-conditions (0
mM Ca?*) the kinetic pattern changes drastically and CaM fluctuates between only two states.

Dotted lines in upper panels represent WLC fits to the data. Arrows indicate pulling direction.
Adapted from [24] with permission.

Chaperones interact directly with polypeptide chains to increase the efficiency of folding.
Some chaperones can prevent misfolding and aggregation, or facilitate protein translocation across
membranes or for degradation [75]. However, the mechanism by which folding pathways are
affected by chaperones is poorly understood. Bechtluft and co-workers used optical tweezers in
combination with MD simulations to study the effect of the chaperone SecB on the folding
pathway of maltose binding protein (MBP) [130]. They observed that, in the absence of SecB,
MBP populated a molten-globule-like compacted state before folding into its native structure.
Upon addition, SecB binds to the molten-globule state, stabilizing it and preventing the formation
of stable native tertiary contacts of MBP. The effect of SecB on the structure of MBP might explain
the mechanism by which this chaperone facilitates translocation of this protein through cellular

membranes, as the absence of stable tertiary contacts likely facilitate the passage of the protein

29



through the translocation machinery. This work demonstrated how effective optical tweezers
approaches can be to elucidate the effect of chaperones on protein folding landscapes.

Kim et al. developed an elegant optical tweezers method to perform repeated measurements
of the binding/release kinetics between receptor and ligand [131]. Using this novel method, they
were able to investigate the interaction between the A1 domain of von Willebrand factor (VWF)
and the leucine-rich repeat (LRR) domain of glycoprotein Ib o subunit (GPIba) by tethering the
two molecules together via a flexible linker (Figure 1-11A).
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Figure 1-11 Novel approach to studymg receptor-ligand binding/unbinding kinetics. A) The
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experimental setup. Left: The Al domain-GPIba LRR domain construct. Right: the optical
tweezers setup. B) Force vs. extension trace for one cycle of stretching (black) and relaxing (red).
C) Constant-force experiments were performed to determine the survival probability of the bound
state as a function of time at different force values. D) A model of the Al- GPlba flex-bond and
the associated rate constants. Adapted from [131] with permission.
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Force experiments at different pulling rates and constant-force showed that the A1l- GPlba
interaction exists in two states (Figure 1-11B and C), which the authors referred to as a flex-bond.
One state was observed at low force whereas the other was mechanically more stable and had
much longer lifetime. The kinetics of the bond formation (Figure 1-11D) help to explain how
platelets bound to VWEF are able to resist force to plug arterioles and how increased flow activates

platelet plug formation.

Future perspectives

Single-molecule methods are making an impact in many aspects of cellular and molecular biology,
and several new and exciting developments are on the horizon. Intrinsically disordered proteins
(IDPs) are a recently recognized group of proteins where the central paradigm of a folded
functional protein is challenged [132]. These proteins have seemingly no defined structure
allowing significant functional plasticity but their properties are just beginning to be studied on
the single-molecule level. So far, IDPs have exclusively been studied with single-molecule
detection techniques but mechanical manipulation should offer an attractive approach to tackle
IDPs as well. Optical tweezers have already successfully manipulated objects in living cells [133].
The dream is that near-future instrumental and methodological advances will allow us to directly

observe life unfold by watching individual molecules in vivo, in real time.
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Chapter: 2

Optical tweezers and Model systems



Chapter 2: Optical tweezers and Model systems

Abstract

Force spectroscopy has been emerging as very promising approach to study biological processes
at single-molecule level. This chapter provides a brief overview on optical tweezers (OT), the
physics behind optical trapping, the instrumental details of the OT setup at the University of
Modena and Reggio Emilia and briefly describes the biological models used for these studies.
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Part — A: Principles of Optical trapping and optical tweezers

Introduction

Optical tweezers (OT) invented by Arthur Ashkin and colleagues in 1986 [1], uses radiation
pressure to accelerate, decelerate, deflect and even stably trap tiny objects. Ashkin and co-workers
found that, by focusing a laser light beam through a microscopic objective, particles with high
refractive index, such as glass, plastic, were attracted to intense regions in the beam and could be
held permanently at a focal point. Later in 1987, Ashkin and co-workers made the discovery of
damage free optical trapping and manipulation of biological samples using infrared lasers [2]. This
discovery opened new doors for a revolutionary use of the OT in biology. Since then OT has
developed very rapidly. OT has been modified several times by many groups to study different
aspects and applications of biological objects [3, 4]. Coupling OT with other techniques such as,
fluorescence spectroscopy, Raman spectroscopy significantly expands the capabilities of the
traditional OT, allowing the manipulation of more complicated biological systems, providing
additional variables such as torque or the simultaneous use of additional forms of single-molecule
manipulation and detection [5]. After gaining tremendous success over last four decades,
nowadays OT became an important tool to study different biological systems like nucleic acids,
RNA, molecular motors, proteins.

Physics behind OT

The basic principle behind OT is the momentum transfer associated with bending light. Light

carries momentum that is proportional to its energy and in the direction of propagation. Light
consists of photons, a photon of wavelength A has a momentum P = h/k (or hk) where h is Plank’s
constant, % is A/2x, and k is a wave number. When light hits the dielectric object, it changes its
direction due to reflection or refraction, which result in a change in the momentum of light. For
the conservation of momentum, the affected object must undergoes an equal and opposite
momentum change. This gives rise to a force acting on the object. The forces involved in the
transfer of momentum from focused laser light to microscopic objects are in order of piconewton,
but is sufficient to move micron size objects within a specific region.

In instances where the diameter of trapped particle is larger than the wavelength of light,

the trapping phenomenon is explained by a simple ray optics (Mie regime). Consider a focused
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beam of light with a Gaussian intensity profile hits the dielectric object with high refractive index

than surrounding medium, situated off axis in the beam (Figure 2-1A).
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Figure 2-1 Schematic showing working principle of OT with the help of ray optics diagram. A)
A laser beam is focused by a high quality microscope objective to spot in the specimen plane.
This spot create an “optical trap” which is able to hold a small particle at its center. B) A focused
beam of light with Gaussian intensity profile hits a high refractive index dielectric object. Due to
this light-bead interactions, object feels scattering and gradient forces. The refraction of rays of
different intensity (due to gradient) through the particle results in a change in total momentum of
the exiting light beam, lead to reaction force on the object, which pushed it at highest light

intensity of beam. Adapted from [6].

After interaction with object light rays bend according to the law of reflection and
refraction. This changing direction of a beam changes the momentum of exiting light beam i.e.
prior to entering into the object, rays travel parallel with zero vertical momentum, but after
defection they pick up vertical momentum because any change in the direction of light by
reflection or refraction, will results in a change in the momentum of light. For each ray in the beam

the component of momentum flux parallel and perpendicular to the optic axis are given as:
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(dp/dt)parallel =ng(W/c) cos 6
and

(dp/dt)transverse =nNp (W/c)sin 8

Where, W is the power of laser light, ¢ is speed of light, & is the angle of ray to the optic axis, and
ng is the refractive index of the surrounding medium. As momentum is a conserve quantity, change
of momentum of the light by its interactions with the object will exert an equal and opposite change
momentum on the object, which gives rise to a force that pulls bead into the highest intensity

region of light beam. The total force on an object due to refraction of light is:

Foeaa = = ) (dp/dt)in = (dp/dt)ous

rays

Where, Yrays = Momentum flux over all rays passing through the bead.

The sum of the forces from all rays get split into two components; Fs, the scattering force,
pointing in the direction of incident light (z, see axis in figure 2-1B), and Fq, the gradient force,
arising due to the gradient of the Gaussian intensity profile and pointing in the direction of the x-
y plane towards the centre of the beam (dotted line). The gradient force is a restoring force that
pull the bead at the centre of the beam. If the contribution to Fs of the refracted rays is larger than
that of the reflected rays by focusing the light then a restoring force is also created along the z-
axis, and stable trap will exist. Whenever the bead gets displaced from the trap center, the restoring
force of optical trap works like an optical spring which pulls it back to the center. The foremost
condition to make OT works is gradient force should be greater than scattering force (Fg>Fs). The
equilibrium position is reached when the scattering force and gravity (which act to push bead
downwards) is balanced by the axial gradient force (which pushes the bead upwards) [6].

To trap bead at a particular point in space, the beam of light must be focus (Figure 2-1B).
However, in this situation scattering forces due to reflected rays pushes bead in forward direction.
Therefore, for the effective trap in a single-beam trap, it is essential that the back aperture of the
objective must be completely filled by the light beam so as to compensate the scattering force, the
failure of this condition lead to the axial escape of the bead from the trap. Thus, it is necessary to
have large focal cone angles of the beam, larger is the focal cone angle, stronger is the backward
forces that oppose escape of the bead from the trap. For the stable trap and to avoid the use of large
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focal cone angles of the beam, in 2003 Smith and coworkers developed new method called dual-
beam trap which uses two opposite laser beams to trap an object at common foci of the beam
(Figure 2-2A).
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Figure 2-2 Dual-beam optical trap. A) Two low NA laser beams allowed to pass through back
aperture of high NA ojectives and bead is trapped at their commom foci. In this method, scattering
forces caused by reflected rays get cancelled, while gradient forces gets double up and stable trap
is formed. B) Light momentum force sensor. In this set up, each objective used twice, to focus
one beam and to collect other beam for analysis. Narrow cones used here allows the collection of
nearly all the light even after singificant deflection of the beam. When the external force is applied
on the bead, the bead moves slightly downwards and the light is refracted asymetrically. By

collecting all the light momentum leaving the trap, it is possible to measure the force acting on
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the bead as F= (W/c)* (x/RL), where W is the light intensity, c is the speed of light, x is the offset
measured by photodetector and RL is the focal length of the lens. Adapted from [7].

In this method, two laser beams can be aligned to generate a dual-beam gradient trap. It
consists of two microscopic objectives facing each other which focuses two separate laser beams
at the common spot. Scattering forces generated by reflected rays (providing equal laser power)
are canceled out, while transverse gradient forces get double up and stable trap is generated. This
method uses low numerical aperture beams that are focused by high numerical aperture objectives.
Each objective used here has dual functions; to focus one laser beam and collect the other for
analysis. Directly measuring the change in momentum flux of trapping beam, the force applied to
trapped object is determined. Developed by Smith and co-workers this method represents the best
way to measure optical trap forces than previous methods [8-10], as it does not depend on particle’s
size and shape, buffer viscosity, refractive index, or laser power variation. One cannot apply this
technique to measure forces in a single-beam trap as single beam of light with small cone angle
cannot trap a bead effectively [7].

Dual-beam OT is used to characterize force induced unfolding and refolding of HIV-1-

protease and ACBP.
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OT setup at University of Modena and Reggio Emilia
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Figure 2-3 Schematic of dual beam OT setup at University of Modena and Reggio Emilia. The

system is described in details elsewhere [11].
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Figure 2-4 Picture of dual-beam OT setup at University of Modena and Reggio Emilia.

Fluid chamber
An experiment is carried out in fluid chamber. It contains two coverslips spaced 200 uM apart by
parafilm layers and sealed by heat. The pipette is drawn from ~100 um glass tubing down to point

with an opening of ~0.5 uM. It consists of three channels: Upper, middle and lower (Figure 2-5).

Dispenser

Figure 2-5 Picture of a fluid chamber (24mm x 60mm x 0.2 thick).

Each channel has one inlet and outlet for fluid. Streptavidin beads are flown through lower
channel, while anti-dig beads with molecule are flown through upper channel. Two dispenser tubes
present in the chamber; connecting lower and upper channel to middle channel that control the

flows of beads. One bead is held at the end of glass micropipette by means of suction while another
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one is trapped at the common foci of two objectives. Molecule of interest is stretched and relaxed
multiple times by moving fluid chamber, and thus the micropipette to the optical trap. The
movement of the fluid chamber is controlled by a piezoelectric actuator. The movement of two
beads determines the extension of the molecule, while force applied on the protein is determined
by measuring the change in the momentum flux of the light beams leaving the trap. The bead on
micropipette is monitored by a “light lever” system (Figure 2-6) that track the position of the fluid
chamber. During the experiment, beads are micropipette is visualized using LED (A= 465 nm) and

a CCD camera.
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Figure 2-6 Light lever system. Adapted from [11].
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Part — B: Model Systems

Introduction

The selection of a good model system is an essential step in research. About one-third genomic
proteins are single-domain proteins. A single-domain protein is a relatively simple system that
allows us to study basic principles of protein folding that would not be easily accessible using
more complex multi-domain proteins. For the work presented in this thesis, we have chosen two
different single-domain proteins namely, Human Immunodeficiency Virus-1 Protease (HIV-1-PR)
and Acyl-CoA-binding protein (ACBP). The wealth of structural information already available for
both proteins makes them particularly well-suited to study unfolding/folding reactions at single-

molecule level. These proteins are described in detail below.

Human Immunodeficiency Virus type 1-Protease

Before going into the details of HIV-1-PR, first briefly I will explain the life cycle of HIV and
importance of HIVV-1-PR in the life cycle of the HIV virus.

Approximately three decades ago Acquired immunodeficiency syndrome (AIDS) was first
time reported by the US Centre for Diseases control. Few years later it was found that Human
immunodeficiency virus (HIV) is a causative agent for AIDS [12]. HIV was characterised into two
main categories, HIV-1 and HIV-2. It was found that, compare to HIV-2, HIV-1 was more
infectious and virulent. In a short time, it spread around the globe taking over millions of lives.
After the invention of this dread disease, enormous efforts have been made to develop effective
therapeutics for AIDS. Time to time different classes of anti-HIV drugs has been designed. Major
classes were first HIV entry inhibitors (Els), the nucleoside reverse transcriptase inhibitors
(NRTIs), the non-nucleoside reverse transcriptase inhibitors (NNRTIs), maturation inhibitors
(MIs) and Integrase inhibitors (l1s). Each class of these drug acts as a particular aspect of the viral
life cycle, used to increase therapy efficacy therefore decrease the viral resistance. Despite of all

efforts, unfortunately there is no cure for HIV and still it remains a serious public problem.

Life cycle of HIV and Role of HIV-1-PR

HIV belongs to retroviruses class. Life cycle of HIV consists of following steps. i) HIV virus enters

in the body by various ways, then it finds T-cells and attaches to the receptors on the cell surface.

i) virus then enters into the cell’s cytoplasm and RNA is released. iii) reverse transcription occurs
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and cDNA is produced. iv) cDNA further moves from the cytoplasm to the nucleus and integrates
into host DNA. v) DNA undergoes transcription and translation and newly synthesized viral
protein chains are produced. vi) newly synthesized long precursor strand requires a specific
enzyme for cutting activity. This task is performed by HIV-1-PR, it cuts long chains of proteins
into more manageable lengths that will then produce new active copies of the virus.
vii) protein gathers into vesicles called virions and are then released from cells. viii) virus moves

on and spread infection to other cells.

HIV-1-PR: Target for anti-AIDS therapies
From the life cycle of HIV, it is very clear that HIV-1-PR plays an essential role [13], without the

activity of HIV-1 protease HIV virions remain uninfecious. Any mutation in HIV protease or
inhibition of its activity disrupts HIV’s ability to replicate and further infection to other cells.
Therefore, since 1990’s HIV-1-PR became prime target for anti-AIDS drugs therapies and
emerged as a major class of HIV protease inhibitors (Pls) today. Protease inhibitors help to stop
the protease from cutting the proteins, so new copies of the virus do not contain any protein chains,
and therefore it remains non-infectious. There are total eight approved HIV Pls; amprenavir,
atazanavir, fosamprenavir, saquinavir, indinavir, lopinavir/ritonavir, nelfinavir, and ritonavir.
Although effective during initial phase, these drugs were compromised by inconvenience, toxicity
and less resistance to viral activity. One possible reason for ineffectiveness of these drugs could
be a poor understanding of the molecular behavior of HIV-1-PR.

Structure
HIV-1-PR is a homodimer with 99 residues per subunit with only one binding site. Each subunit
comprises of nine beta strands and one alpha helix. The X-ray crystallographic structure of the
dimeric and monomeric form of HIV-1-PR is shown in figure 2-7. More than 140 structures of
HIV-1-PR, its mutants, enzyme complex with inhibitors have been reported so far. Structural
database of HIV-1-PR is available at the National Cancer Institute (http://www-
fbsc.ncifcrf.gov/HIVdb/). Under biological conditions, HIV-1-PR takes about 50 seconds to reach
its native conformation [14].

To study HIV-1-PR at single-molecule level following mutations has been made by
standard genetic techniques; i) Arginine at position 87 was replaced by Lysine (R87K) to generate
the monomeric form and ii) Leucine at position 5 and Asparagine at position 98 were replaced by

54



Cysteines (L5C, N98C) to attach DNA handles to perform optical tweezers experiments (Figure
2-7).

Figure 2-7 Structure of HIV-1-PR. A) Dimeric form of HIV-1-PR. B) A monomeric form of
HIV-1-PR generated through site-directed mutagenesis, Arginine at position 87 replaced by
Lysine (shown in green). Also, two amino acids Leucine and Asparagine at position 5 and 98 has

been replaced by cysteine residues (shown in red).

Folding
Due to the importance of HIV-1-PR as a target for anti-AIDS therapies, enormous efforts have

been taken in understanding the structures of the wild-type and variant HIV-1-PR forms. Likewise,
the maturation process leading to the active dimer [15], compromising the folding of monomer, its
cleavage from the polyprotein and the assembly of the monomers into the dimer, has been
intensively investigated as each one of these steps could be potentially blocked to inhibit HIV
replication [16, 17] . Simulations has suggested the existence of multiple pathways in unfolding
and refolding processes of monomeric HIV-1-PR [18]. However, to date, no experimental
evidence of this folding scenario has been provided. Folding mechanism of HIVV-1-PR has been
studied by a wide range of ensemble techniques such as differential scanning calorimetry, NMR
[19], urea denaturation [20] and sedimentation equilibrium studies [21]. Although these studies
have provided information on the overall thermodynamics and kinetics of the process, none has
provided insight into the ensemble of folding routes that the individual molecules follow to reach
their native state (N), as these experimental methods provide only average information. We address
to this in chapter 3. Using optical tweezers and MD simulations, we characterised unfolding and

refolding trajectories of monomeric HIVV-1-PR at single-molecule level.
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Acyl-CoA binding protein

Structure and functions
ACBP is a member of long chain fatty acid-CoA (LCFA-CoA) binding protein family. First time

it was discovered in 1983 in brain and designated as diazepam binding inhibitor (DBI). ACBP
found in a wide range of animals, including mammals, plants, yeasts, and insects. ACBP is a
topologically simple and highly conserved 86 residue protein made of four alpha-helices (Hi-Ha).
Four helices are organized in a unique up-down-down-up skewed bundle. Helix 2 (Hz) forms the
central point and it has nonpolar contacts to other three helices. Hi and Ha run antiparallel to H;
while Hs runs almost parallel to H.. Hydrophobic interactions between four helices form a stable
three-dimensional structure which gives “shallow bowl” like appearance. The NMR solution

structure of bovine ACBP is shown in figure 2-8.

'/’

Figure 2-8 Acyl-Coenzyme A binding protein (ACBP).

H4

The ACBP gene codes for an approximately 10 kDa protein that binds to acyl-CoA esters of
chain length (C4-C22) with high affinity and specificity [22-24] . In vitro and in vivo experiments
suggests that ACBP performs a wide range of functions, involved in multiple cellular tasks, for an
instance ACBP has been recognized as being important for biosynthesis of fatty acids, membrane
biogenesis, vesicular trafficking and donation of acyl-CoA esters for 8 oxidation [25-27]. It also
involves in gene regulation, signal transduction, regulation of lipid and energy metabolism [28].
ACBP plays functional role in binding and transporting of acyl-CoA esters [25]. In vitro
experiments showed that ACBP acts as an intracellular acyl-CoA transporter and pool former for
acyl-CoA esters in order to function as intermediates in lipid metabolism [27, 29, 30]. Because of
all these functions and knowing the fact that the genomic ACBP gene has all the characteristics of
a housekeeping gene [31], indicate that ACBP is a housekeeping protein involved in acyl-CoA
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metabolism, and it is not a protein with specific functions confined to specific cells [26, 32, 33].
Since its significant contribution in many biological processes, ACBP has been the subject of
considerable interest for decades. In human ACBP gene is responsible for various diseases such

as anxiety disorder with panic attack and type 2 diabetes [33, 34].

ACBP-Ligand complex

Present at several hundreds of uM in the cell, the majority of acyl-CoA esters are bound with

ACBP. ACBP has specific binding sites for ligands located in the bottom inner surface. The
arrangement of ligand is so that polar parts are exposed to the surface of the complex whereas the
hydrophobic groups turn inward. A unique electrostatic network involving side chain of Try28,
Lys32, Lys54 and 3’-phosphate plays key role in binding. More detailed information about ACBP-
ligand interaction is given in [24]. ACBP-ligand complex has been studied by a variety of bulk
methods [22, 35-37]. Using titration microcalorimetry, Rasmussen et al. showed that binding of
acyl-CoA esters to ACBP is strongly chain length dependent. Rasmussen and coworkers were
successful to determine the binding affinity of ACBP with acyl-CoA esters of different chain
lengths [22]. Dissociation constant for ACBP-Octanoyl CoA (Cs), ACBP-dodecanoyl CoA (Cio)
and ACBP-hexadecanoyl CoA (Cis) was found to be 0.24*10° M, (0.65+ 0.2)*10® M and (0.45+
0.2)*10® M respectively. This study not only showed that binding affinity increases with
increasing chain length but provided also evidence which clearly demonstrates that ACBP can
mediate transport of long-chain acyl CoA esters from one membrane to another membrane. NMR
studies by Kragelund et al. have also provided three-dimensional structure of recombinant bovine
ACBP complexed with hexadecanoyl-CoA (Cie) [24]. Despite of all these information mechanical
properties of ACBP-ligand complex remains unexplored. Our understanding of ACBP-ligand

complex is still incomplete.

Folding
ACBP have a built-in pliability which is thought to be important both for binding to ligands of

different size and length and also for ligand delivery. Heidarsson et al. were the first one to study
the mechanical properties and the energy landscape of ACBP at single-molecule level using optical
tweezers and ratcheted molecular dynamic simulation [38]. The results of their studies showed
that, when manipulated from its N- and C-termini, ACBP unfolds and refolds in two-state manner

and it is characterised by the more extended transition state (TS) to date known for a single globular
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protein. The position of TS was observed about halfway between the native state and unfolded
state, around 5.5 nm from native state. Ratcheted MD simulation has also provided a possible
structure of the transition state. Though this study was successful, but it was restricted to the
characterization of unfolding/refolding trajectories and the energy landscape of ACBP alone that
is in the absence of its ligand. This study further creates many interesting questions for the ACBP-
ligand complex. For an instance, how ligand binding will affect the mechanical properties of
ACBP, i.e. unfolding and refolding of ACBP will still be a two-state process in the presence of
ligand? Will there be any change in the mechanical stability upon ligand binding? We started to
address this in chapter 4. Using optical tweezers and molecular dynamic simulations, we have

investigated the effect of ligand binding on unfolding and refolding processes of ACBP.
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Protein sequences

The amino acid sequences of HIV-1-PR and ACBP along with the sites of mutations are shown in

figure 2-9 and 2-10. All mutations were generated by standard genetic engineering techniques.

HIV-1-PR

HIV-1-PR: Dimeric form

PQITLWEKRPINTIRIGGQLKEALLDTGADDTVIEEMNLPGKWEKMIGGIGGFIKVRQYDQYDQINEIAGHKAIGT
VLVGPTPVNIIGRNLLTQIGATLNF

HIV-1-PR: Monomeric form
5C
PQITLWEKRPLVTIRIGGQLKEALLDTGADDTVIEEMNLPGKWEKMIGGIGGFIKVRQYDQYDQINNEIAGHKAIGT
VLVGPTPVNIIGRNLLTQIGATLNF
K 98C

Figure 2-10 Protein sequence and sites of mutation of HIV-1-PR. The sites of Cysteine
substitutions that define the pulling axes are indicated in red. To generate monomeric form of
HIV-1-PR Arginine at position 87 was replaced by Lysine (R87K), is shown in blue.

ACBP
H1 H2 H3
— + » —
ACBP 1SQAEFDKAAFEVKHLKTKPADEEMLFIYSHYKQATVGDINTERPGMLDFKGEKAKWDAWNELKG

H4

TSKEDAMKAYIDKVEELKKKYGIB6

Figure 2-10 Protein sequence and sites of mutation of ACBP. The sites of Cysteine

substitutions that define the pulling axes are indicated in red.
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Chapter: 3

The complex folding behavior of HIV-1-protease monomer
revealed by optical-tweezer single-molecule experiments and
molecular-dynamic simulations



Chapter 3: The complex folding behavior of HIV-1-protease
monomer revealed by optical-tweezer single-molecule experiments
and molecular-dynamic simulations

Abstract

We have used optical tweezers and molecular dynamics simulations to investigate the unfolding
and refolding process of a stable monomeric form of HIV-1-protease (PR). We have characterized
the behavior under tension of the native state (N), and that of the ensemble of partially folded (PF)
conformations the protein visits en route to N, which collectively act as a long-lived state
controlling the slow kinetic phase of the folding process. Our results reveal a rich network of
unfolding events, where the native state unfolds either in a two-state manner or by populating an
intermediate state I, while the PF state unravels through a multitude of pathways, underscoring its
structural heterogeneity. Refolding of mechanically-denatured HIV-1-PR monomers is also a
multiple-pathway process. Molecular dynamics simulations allowed us to gain insight into
possible conformations the protein adopts along the unfolding pathways, and provide information
regarding possible structural features of the PF state.

Keywords: Single molecule studies, protein folding, HIV-1-protease, intermediate states, MD

simulations

This work is published in Biophysical Chemistry journal, 195 (2014) 32-42.
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Introduction

Human Immunodeficiency Virus type 1 protease (HIVV-1-PR) is a dimeric aspartyl protease, made
of two identical monomers of 99 residues each, which plays an essential role in the life cycle of
HIV [1]. The virus expresses its protease embedded in a polyprotein, where it is largely monomeric
[2] and the monomer adopts a fold very similar to that observed in the functional and mature dimer
[3-5]. The structures of the wild-type and variant HIV-1-PR forms have been widely studied
because of the importance of this enzyme as a target for antiviral therapy [6, 7]. Likewise, the
maturation process leading to the active dimer [8], comprising the folding of the monomer, its
cleavage from the polyprotein and the assembly of the monomers into the dimer, has been
intensively investigated as each one of these steps could be potentially blocked to inhibit HIV
replication [9-11].

In spite of its small size, the folding process of the HIV-1-PR monomer seems quite
complex as compared to that of typical proteins of similar length. Under biological conditions, it
takes about 50 s to reach its native conformation, not involving any proline isomerization, and
events occurring at least on two different time scales were identified in stopped-flow fluorescence
experiments [12]. The native conformation itself appears more complicated than that of proteins
of similar size. In fact, if we quantify the complexity of the native topology with the Plaxco’s
contact order CO [13], we find that compared to proteins of similar size, such as ACBP (CO=11),
protein G (CO=9), CI2 (CO=10) and SH3 (CO=10), the monomer of the HIV-1-PR has a higher
CO of 15.

Simulations have suggested the existence of multiple pathways in the unfolding and
refolding processes of HIV-1-PR monomer [14]. However, to date no experimental evidence of
this complex folding scenario has been provided. Several studies have examined the folding
mechanism of HIV-1-PR using a variety of ensemble techniques, such as differential scanning
calorimetry [15], NMR [16], urea denaturation [17] and sedimentation equilibrium studies [18].
Although these studies have given information on the overall thermodynamics and kinetics of the
process, none have provided insight into the ensemble of folding routes that the individual
molecules follow to reach their native state (N), as these experimental methods provide only
averaged information. The advent of single molecule techniques, such as optical tweezers, has

made it possible to revisit protein folding with a new approach, allowing us to go beyond the
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ensemble average and to dissect folding mechanisms in unprecedented detail. Through mechanical
manipulation, it is possible to follow in real time the trajectories of individual molecules and to
describe the inherent heterogeneity of biological processes that are stochastic in nature, such as the
folding of a polypeptide chain into a functional protein [19-24]. Moreover, these studies can be
complemented by state-of-the-art molecular dynamics (MD) simulations, which, through a
comparative analysis with the experimental data, can provide atomic details of the process under
investigation [25, 26].

In this study, we used optical tweezers and MD simulations to shed light on the HIV-1-PR
folding mechanism. We manipulated a stable monomeric form of HIV-1-PR to show that it unfolds
mainly along two trajectories, sometimes populating a mechanically stable intermediate state.
Taking advantage of the slow folding kinetics of HIVV-1-PR observed by fluorescence and circular-
dichroism experiments [12], we were also able to manipulate partially folded (PF) conformations
that the molecule adopts along its journey to the native state. Our data indicate that the PF state is
long lived, compact and structurally inhomogeneous, unfolding along a multitude of trajectories
when mechanically stretched. State-of-the-art MD simulations revealed the sequence of events
characterizing the unfolding and refolding trajectories, providing insight into possible structural
features of the intermediate states populated by the protein and suggesting a role for non-native

contacts in the unfolding process. The contents of this chapter are taken from [27] with permission.

Results

In order to study the folding process of HIV-1-protease at the single-molecule level while avoiding
the complication of monomer/dimer equilibria [28], the R87K substitution was introduced [29] in
the Q7K/C67A/C95A protease variant [30]. Cysteine residues were also introduced at the N- and
C-terminal ends of the protein by engineering the L5C and N98C substitutions. Urea denaturation
of the protease variant, as monitored in solution by tryptophan fluorescence, was reversible and
well described by a two-step process (Figure 3-1), as previously reported for both the well-
characterized dimeric, but inactive, HIV-1 protease variant and the monomeric (inactive) protein
form described by Noel et al. [12]. However, the mutant is marginally stable (4G°=9.84+1.34
kJ/mol) and prone to aggregation. Thus, suitable preparation protocols had to be set up to generate
protein-DNA chimeras for use in single-molecule experiments (see section “Materials and

methods” for details).
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Figure 3-1 Equilibrium folding properties of the L5C/R87K/N98C HIV-1-PR variant.
Fluorescence emission of protease samples (2 UM in 20 mM sodium phosphate buffer, pH 6.0, 1

Emission maximum (nm)

mM DTT) containing increasing (empty symbols) or decreasing (closed symbols) urea
concentrations was measured at 25 °C (excitation light, 290 nm) at equilibrium. The wavelength
of the maximum of emission spectrum was plotted as a function of urea concentration. The curve
shows the common fit to a two state model (equation 3-1) with a AG® for folding of -9.84 +1.34

kJ/mol and an m value of 2.85 + 0.42 kJ/mol.

Single monomers of HIV-1-PR were manipulated as depicted in figure 3-2. The molecules
were stretched and relaxed by moving the pipette relative to the optical trap, while the applied
force and molecular extension were measured as previously described [19, 31]. As the protein
unfolds and refolds under tension its extension suddenly changes, generating discontinuities (rips)
in the stretching and relaxation traces that can be analyzed to gain insight into the kinetic and
mechanical properties of the molecule [20]. We used this experimental approach to explore the
unfolding and refolding processes of native and partially folded conformations of the monomeric
HIV-1-PR.
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Figure 3-2 Experimental setup and structure of HIV-1-PR. A) Individual molecules were
manipulated by means of DNA handles (~ 500 bp DNA molecules) covalently attached to cysteine
residues engineered at positions 5 and 98. Each DNA handle is tethered to a functionalized bead,
as previously described [19, 32]. B) NMR structure of the monomeric form of HIV-1-PR (Protein
Data Bank code 1BVG).

The native state unfolds along two main pathways

To study the unfolding trajectories of the native state of monomeric HIV-1-PR, experiments were
performed in which the force applied on the protein was first ramped (~ 5 pN/sec) to 55 pN to
induce the unfolding of the molecule; then, it was decreased (~ -5 pN/sec) to 2 pN and kept constant
at such low value for 90 s, before the next stretching-relaxation cycle started. In the absence of
force the HIV-1-PR monomer takes ~ 50 s to refold into its native state from an urea-induced
denatured state [12]. In the present experiments, the HIV-1-PR is given approximately twice as
much time (90 s) to fold into N because under tension, although very small (2 pN), folding is
slowed down [33, 34]. The force applied on the molecule is never lowered to zero, in order to
avoid direct contact between the polystyrene beads, which would generate unwanted interactions

between the tethering surfaces. The unfolding events observed during the first stretching of the
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molecule, which corresponds to the unfolding of the native state, are indistinguishable from those
observed during subsequent stretching-relaxation cycles, suggesting proper folding of HIVV-1-PR
during the 90 s wait period. It is worth mentioning that these experiments are technically very
challenging for two main reasons. First, the interaction between digoxigenin and antibodies usually
cannot stand forces larger than 25-30 pN. However, in spite of its poor thermodynamic stability,
HIV-1-PR monomer is a mechanically resistant protein and force must be raised up to 55 pN to
ensure complete unfolding. As a consequence, in each experiment many tethered molecules had
to be tested to find one that could withstand such high tension for at least one cycle. Second, at 2
pN of force the two tethering surfaces are quite close to each other and in a 90 s period of time
there is always a good chance that another molecule gets tethered between them, causing the end
of the measurement.

Under these experimental conditions, the HIV-1-PR monomer was observed to unfold
through two main mechanisms, as shown in figure 3-3. In 64% of the cases, it unfolded in an all-
or-none fashion, transiting from N to the unfolded state (U) along a two-state unfolding pathway.
Other times (31%) it unfolded in a three-state manner, populating an intermediate state (1). Only
rarely (5% of the cases) it unraveled through different mechanisms (Figure 3-S1). During multiple
stretching/relaxation cycles, the same molecule is observed to take different unfolding pathways
(Figure 3-3). When the HIV-1-PR unfolds in a two-state fashion, it generates a single discontinuity
in the stretching trace at ~ 25 pN, which corresponds to the sudden increase in the extension of the
molecule as it passes from its compact native state to its extended unfolded state (average rip width
d =22 + 4 nm), left trace in figure 3-3B. The increment in contour length (4Lc) upon unfolding of
the molecule was estimated by fitting the force-extension curves to the worm-like chain model
[35, 36]. This analysis yielded a AL of 30 £ 3 nm, which compares well with the value of 31.5 nm
expected for the complete unfolding of the molecule (see section “Materials and methods”).
Analysis of the force distribution of the two-state unfolding events (Figure 3-3C) provided
information on the unfolding rate constant (k%) and distance (x*y) between the native state and the

transition state along the reaction coordinate [19, 37].
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Figure 3-3 Forced unfolding of the monomeric HIV-1-PR native state. A) Three superimposed
stretching (red) and relaxation (blue) cycles acquired by manipulating one HIV-1-PR molecule at
100 nm/s (~ 5 pN/sec). The molecule unfolded twice in a two-state manner, and once it populated
an intermediate state I. B) Stretching traces from panel A) shifted laterally for clarity. The native
state (N) transits into the unfolded state (U) through an all-or-none transition on the left trace,
while it populates an intermediate state (1) in the other case. C) Force distribution of the two-state
unfolding events (n = 105) fit to a probability distribution function [38], (red line, equation 2), to
estimate the position of the transition state along the reaction coordinate and the zero force
unfolding rate. The best fit (least squares) values gave x*, =1 + 0.1 nm and k% = 7 (+/-1) x 10’3
s'1. D) and E) show the force distributions of the first and second unfolding events along the three-
state unfolding pathway (n = 46) and the corresponding fit to the probability distribution function
(red lines). The best fit values gave x*, = 0.5 + 0.1 nm and k% = 4 (+1) x 102 s for D), and x}, =
0.5+ 0.1 nm and k% = 6 (1) x 102 s for E). Force distributions of C), D) and E) were also
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linearized and analyzed as previously reported (equation 3) [25, 37] in F), G) and H) respectively.
This analysis provided kinetic values quite similar to those reported above, that is x*, = 1 + 0.1
nm and k% = 8 (1) x 103 s'* for F), x*, = 0.7 £ 0.1 nm and k% = 3 (+0.6) x 102 s for G), and x*,
=0.6 +0.1 nmand k% =5 (+0.7) x 10 s for H).

However, it is important to notice that rate constants estimated through optical tweezers
experiments contain contributions from experimental parameters, such as DNA handle length and
bead size; thus, they cannot be compared directly to rate constants of the free protein in solution
[37]. On the contrary, the estimated x7, value reflects an intrinsic property of the molecule. The
distance x?, is a measure of the mechanical compliance of the native state, i.e.: how much it can
be deformed along the pulling axis without crossing the transition state. The larger is x’y, the more
pliant a protein structure is. Analysis of the force distribution of figure 3-3C yielded a x*, of 1 +
0.1 nm, indicating that the compliance of HIV-1-PR’s native state is relative large compared to
that of other all- strand protein [39-41]. This unusual pliability of the three-dimensional structure,
if maintained in the dimeric species, might play a role during the catalytic activity of the enzyme,
allowing the protease to adopt the proper conformations to interact with its substrates.

When the HIV-1-PR unfolds in a three-state manner (Figure 3-3B, right trace), it first
populates an intermediate state | at ~ 25 pN (N-I transition; average rip width d = 17 + 4 nm), and
then it transits into its unfolded state at higher forces, (1-U transition; average rip width d =7 + 3
nm). The partial unfolding of the protein into I results in a change in contour length 4L of 22 + 4
nm, while the subsequent unfolding of the intermediate state results in a AL of 9 £ 3 nm. The sum
of the two 4L, values (31 + 5 nm) is consistent with the full unfolding of the protein. Assuming a
value of 0.36 nm/residue, a AL of 9 = 3 nm for the I-U transition indicates that ~ 25 residues are
structured in the intermediate state [42]. Analysis of the unfolding force distributions provided

kinetic information on the unfolding transitions (Figure 3-3).

Partially folded conformations unfold along multiple pathways

During the ~ 50 s needed to fold, the molecule likely explores different conformations before
finding its native state. To gain insight into this ensemble of partially folded conformations, we
performed measurements in which individual HIV-1-PR molecules were pulled before they could
reach their native state. In these experiments, a tethered molecule was stretched and relaxed

multiple times between an upper and lower force value (55 pN and 2 pN, respectively), with no
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waiting time at low tension. Under these conditions, the whole stretching-relaxation cycle takes
only 20 s to be completed. Thus, an unfolded HIV-1-PR has no time to fold back into its native
state before it is pulled again, and the molecule is stretched while being in one of the many possible
partially folded (PF) conformations it adopts en route to N, which collectively we call the PF state.

In these measurements, the HIV-1-PR monomer unfolds either through an all-or-none
transition (23% of the cases) or, more often, in a three-state manner involving an intermediate state
(71% of the cases), as shown in figure 3-4. Only rarely (6% of the cases), it unfolds through

different mechanisms (Figure 3-S1). The same molecule is observed to take different unfolding

pathways when stretched and relaxed multiple times (Figure 3-4).
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Figure 3-4 Forced unfolding of partially folded (PF) conformations of HIV-1-PR monomer. A)

Two superimposed force vs extension cycles acquired by stretching and relaxing one HIV-1-PR

molecule at 100 nm/s. B) Stretching traces of panel A), where the molecule transits into the
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unfolded state either through an all-or-none transition (left trace), or by populating an intermediate
state | (right trace). C) Force distribution of the two-state unfolding events (n=139). D) Force
distribution of the first unfolding events along the three-state unfolding pathway (n=432). E)
Force distribution of the second unfolding events along the three-state unfolding pathway
(n=432). Fit of these data to a probability distribution function (red line, equation 2) [38] yielded
x’y=0.3£0.1 nm and ko = 3 (+0.5) x 102 s, F) Plot of In[r In[1/N(F,r)]] vs force for the force
distribution of E), and corresponding fit (black lines, equation 3) [37] yielding a x’, = 0.4 + 0.1
nm and ko = 2 (¥0.2) x 102 s,

The sharp transitions characterizing the stretching traces indicate that the PF state is a well-
defined thermodynamic state, separated from other states of HIV-1-PR by free-energy barriers.
The 4L, associated to the two-state unfolding events (Figure 3-4B, left race) was estimated to be
31 + 3 nm, a value that is quite similar to that measured for the unfolding of the native state,
revealing a native-like extension of the PF conformations. Similarly, the changes in contour length
associated to the three-state unfolding pathway were estimated to be 22 + 3 nm for the first
transition, and 7 = 2 nm for the second one, summing to a total AL. of 29 + 4 nm.

The ensemble of conformations associated with the PF state are, overall, less stable than
the native state, unfolding mostly at 10 pN (Figure 3-4C). However, unfolding events at higher
forces are also observed, resulting in a broad force distribution. The shape and broadness of the
force distribution suggests a continuum of two-state unfolding pathways, characterized by
different kinetic barriers. Interestingly, the force distribution of the first unfolding event along the
three-state unfolding pathway (Figure 3-4D) has a shape similar to that of figure 3-4C. These
similarities suggest that the heterogeneity of the observed unfolding pathways most likely reflects
a heterogeneity of the initial states of such pathways, indicating a high structural variability of the
PF state. After crossing the first barrier for unfolding, the molecule transits directly into the
unfolded state (23% of the cases), or is kinetically trapped into an intermediate state that then
unfolds at higher forces (71% of the cases). However, the unfolding force distribution of the
intermediate state (Figure 3-4E) is not scattered and can be well fitted by a two-state unfolding

probability function, suggesting a well-defined molecular conformation for the intermediate.
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HIV-1-PR monomer refolds through multiple pathways

Refolding of the monomeric HIV-1-PR is also a multi-pathway process, where the molecule
regains its original extension either gradually, or through one or more transitions (Figure 3-5).
Notice that the refolding events displayed in this figure do not lead directly to the native state of
the protein because, as mentioned above, folding into N is a very slow process. Mechanically
denatured HIV-1-PR monomers compact into partially folded (PF) conformations that take at least
50 s to transit into the native state [12]. This PF-N transition is not detected in our measurements,
implying that the change in extension involved in the associated folding process is too small to
give rise to a noticeable signal in our recordings. These results indicate that the PF state is similar
in compactness to the N state. The shape of the force distributions of figure 3-5D, 5E and 5F reveal
the presence of multiple refolding pathways associated to the refolding events shown in figure 3-
5B and 5C. No correlation has been noticed between type of refolding trajectory and type of

unfolding events observed in the following stretching trace.
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Figure 3-5 HIV-1-PR monomer refolds through multiple pathways. When the tension applied on
a mechanically denatured HIV-1-PR monomer is relaxed, the molecule regains its original
extension through either: a gradual compaction without any sharp transition (55% of the cases,
panel A); a single sharp transition associated to a AL. of 31 + 4 nm (28% of the cases, panel B),
or a two-step process with a first (small, AL = 8 £ 3 nm) and second (large, 4ALc = 26 = 5 nm)
transition (12% of the cases, panel C)). Only rarely, it regains a compact conformation through
different trajectories (5% of the cases; figure 3-S1). D), E) and F) show the force distributions of
the refolding events indicated by *, # and ¢, respectively.

Molecular Dynamics Simulations

State-of-the-art ratcheted MD simulations of the mechanical denaturation of the HIV-1-PR
monomer were carried out to gain insight into the molecular states visited by the protein during
forced unfolding [43-45]. Starting from an equilibrated native-like conformation with a reference
distance between Cys5 and Cys98 of 2.1 nm, and using a biasing algorithm to make the simulations
feasible in a reasonable amount of time (see section “Materials and methods” for details) we
calculated 7 unfolding trajectories in explicit solvent at a constant force of 20 pN. Snapshots of
the molecular conformations visited by the protein during the forced denaturation are displayed in
figure 3-6. The first elements to lose structure are hairpin 1 (residues 10-23) and a helix (residues
87-93); then, B strand 83-87 is removed from the 23-34 loop, leaving hairpins . (residues 43-58)
and B3 (residues 59-75) as the only native secondary structure (see figure 3-2B). Only at the end

of the simulation, these two 3 structures are disrupted, in an undefined order.
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Figure 3-6 Molecular dynamics simulation of the forced unfolding of the HIV-1-PR monomer.
Snapshots of the molecular structures visited by the protein along the unfolding trajectories at
increasing distance d between Cys5 and Cys98. The RMSD values indicate the structural
variability within each set.

The seven trajectories mainly differ from each other for number and type of non-native
interactions. Figure 3-7 shows the average number of non-native interactions as a function of the
distance d between Cys5 and Cys98. Two trajectories display the formation of a limited number
of non-native contacts (up to 5, points marked with #), which do not involve well-defined regions
of the protein. In the other five trajectories, the number of non-native contacts can reach values
between 8 and 10 (points marked with *). The regions of the chain involved in these contacts are

more restrained, as shown in panel B of figure 3-7 (see also Table 3-S1 in the Supplementary data).
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Figure 3-7 Non-native contacts forming during the forced unfolding of the HIVV-1-PR monomer.
A) Average number of non-native contacts as a function of the distance d between Cys5 and
Cys98. Each color marks a different unfolding trajectory. The maximum number of non-native
contacts is around 5 (#) in two of them, while in the other cases it ranges between 8 and 10 (*).
B) The horizontal bar highlights the secondary structures of the protein, while the red connectors

indicate non-native contacts forming in at least 2% of the time in a given trajectory.

If we assume that some non-native contacts can stabilize certain secondary and tertiary
structures, then the observed heterogeneity along the experimental unfolding pathways (Figure 3-
3), in terms of presence or absence of an intermediate state, might reflect the variability in number
and type of non-native contacts forming during the forced unfolding process. Moreover, by
comparing the end-to-end distance d of the conformations displayed in figure 3-6 with the
unfolding transitions (rips) observed during the experiments (Figure 3-3), we can propose that
hairpins 2 and Bz are structured, at least to some extent, in the intermediate state observed by

optical tweezers. In fact, at d ~17 nm, corresponding to the rip width of the N-I transition along
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the three-state unfolding pathway (Figure 3-3B), B2 and B3 are still partly formed, and surrounded
by the structure-less part of the chain, with which they make a variable number of tertiary contacts.

Biased MD simulations were also carried out to gain insight into the mechanism by which
denatured HIV-1-PR monomers travel toward the native state. Four refolding trajectories were
simulated in explicit solvent at a constant force of 5 pN, starting from fully-elongated structures
(right-most conformation in figure 3-6). None of the simulations reached the native state of the
protein. Rather, the molecules got trapped into partially folded conformations, characterized by
native secondary and tertiary contacts in hairpins B2 and B3, and non-native contacts between
segments 24-34 and 83-93 (Figure 3-8). The overall structures of these conformations are rather
heterogeneous, displaying a mutual RMSD of 0.47 nm. However, the distance between Cys5 and
Cys98 is 1.3 £ 0.4 nm, which is essentially indistinguishable from that measured in the native state
(0.6 + 0.4 nm). Therefore, the trapped conformations displayed in figure 3-8 appear to share
common features with the PF conformations observed in single-molecule experiments, both for

their native-like extension and for their structural heterogeneity.

Figure 3-8 Molecular dynamics simulation of the refolding process of the HIV-1-PR monomer.
Four superimposed structures adopted by the protein at the end of refolding simulations carried
out at 5 pN. The trajectories ended with non-native conformations in which segments 24-34
(green) and 83-93 (blue) cannot build the native B sheet.
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Discussion

The monomer of the HIV-1-PR is a complex protein, with a non-trivial B-rich native conformation
and a particularly lengthy dynamics. This complexity is not always apparent in bulk experiments,
in which the overall experimental signal is the average over a very large number of molecules. In
fact, the fluorescence signal recorded in the equilibrium titration experiment shown in figure 3-1
is compatible with a simple two-state model. Single-molecule force spectroscopy offers a powerful
approach for deciphering the intricacies of complex folding scenarios. Through mechanical
manipulation it is nowadays possible to follow the actual dynamics of single molecules as they
undergo their transformations, avoiding the inherent averaging of ensemble methods. In this paper,
we use optical tweezers and biased MD simulations to uncover information inaccessible to more
traditional experimental techniques.

The molecular states and unfolding/refolding pathways of HIV-1-PR revealed by our
studies are schematically depicted in figure 3-9. Starting from the native structure, the protein can
either unfold directly, or through an intermediate state. Analysis of the force distributions of the
unfolding events (Figure 3-3) suggests that the first kinetic barrier of the three-state pathway is
probably different from that of the two-state pathway, both because of its position along the
reaction coordinate (x,=0.5 + 0.1 nm versus X, =1 + 0.1 nm, respectively) and its height (k% =
(1) x 102 s versus k% = 7 (1) x 103 s2, respectively). These data support the idea that the
bifurcation of the energy landscape of HIV-1-PR’s native state does not take place after a major
kinetic barrier, common to both pathways, as reported for other proteins [46]. Rather it takes place
early on during the unfolding process [20]. The structure of the intermediate state populated by the
protein is not known. However, the comparison of the rip width (~ 17 nm) of the N-I transition of
the three-state unfolding process (Figure 3-3B) with the extension of the molecular conformations
visited by the protein during the MD simulations (Figure 3-6), seems to indicate that hairpins 32

and s are still at least partially structured in the intermediate state.
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Figure 3-9 Sketch of the unfolding/refolding pathways and molecular states populated by the
HIV-1-PR monomer. The native state unfolds along two main pathways, one involving an
intermediate state. The unfolded state follows multiple trajectories to refold first into a structurally
heterogeneous PF state, which then transits into the native state slowly. The PF state can unfold

either in a two-state manner or, more often, by populating an intermediate state.

The heterogeneity of the unfolding pathways of the HIV-1-PR monomer has been
previously proposed by Bonomi et al. [14], from calculations of the free-energy surface of the
protein with a structure-based model. However, no specific intermediate state was observed. These
results agree well with our data if we consider that, according to our MD simulations, the
intermediate state could be stabilized by non-native contacts, and thus could not be detectable in
structure-based models which, by definition, do not describe non-native interactions. It should also
be noticed, however, that the pathways described in this paper apply only to the folding behavior
of the molecule under tension. The folding pathways followed by HIV-1-PR free in solution might
differ.

Refolding of the mechanically-denatured HIV-1-PR monomer into its native state is a
multi-path process characterized by partially folded (PF) conformations that altogether act as a
long-lived state controlling the slow kinetic phase of the process. In approximately half of the
folding trajectories, the PF state is reached without encountering any major free-energy barrier

(Figure 3-5A). As a consequence, the overall folding Kinetics is presumably solely controlled by
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the large free-energy barrier between the PF and the native state. In the other half of the cases, the
HIV-1-PR monomer folds towards the PF state by crossing different kinetic barriers, thus
generating broad refolding force distributions (Figure 3-5). The PF state is quite compact and its
transition into the native state is undetectable in our measurements. Nonetheless, despite this
experimental limitation, we were able to gain insight into this long-lived state by pulling on it and
generating unfolding events (Figure 3-4). The resulting broad and skewed distribution of unfolding
forces suggests that the PF state comprises a structurally heterogeneous set of conformations that
unravel through a multitude of unfolding pathways. All MD simulations of the refolding process
lead to trapped non-native states that might share common features with the PF conformations.
They are characterized by a native-like arrangement of hairpins B2 and B3, but a non-native
positioning of the hydrophobic core of the protein. In the native conformation, the segment 83-86
is inserted in the looped segments 21-24 and 31-34 to form a B-sheet, which is further stabilized
by the B-strand 74-78. In the conformations displayed in Figure 8 not only this B-sheet is not
present, but also the relative positioning of segment 83-93 with respect to segment 24-34 is such
that the molecule has to swell to reach a native-like conformation.

Despite the heterogeneity of the PF conformations, in ~ 70% of the unfolding trajectories
the molecule populates an intermediate state that unravels producing a well-defined force
distribution. This intermediate state appears to have similar properties to those of the intermediate
state observed when pulling on the native state (Figure 3-3). The height (k%) and position (x’,) of
the unfolding energy barriers are similar, and the changes in contour length associated with their
unfolding are within the standard deviations. Likewise, their mechanical resistances are similar, as
shown in figure 3-3E and 4E. These similarities might reflect common structural features of the
two intermediate states, where hairpins 32 and B3 could be, at least partially, folded in both cases.
However, our results do not allow for definitive conclusions on this matter and extracting detailed
structural features of the two intermediate states will require further dedicated experiments.

Being a key enzyme in the maturation of the human immunodeficiency virus, the HIV-1-
PR is the target of drugs used in anti-AIDS therapy. In essentially all these therapeutic approaches,
molecules are designed to target the active site of the protease to inhibit its function. However,
being associated with the error-prone replication mechanism of a retrovirus, the protease mutates
under drug pressure, altering the binding site of the inhibitors and generating, in the process,
pharmacological resistance. The intermediate states revealed in our study can be regarded as non-
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conventional targets for molecules that, by stabilizing partially folded conformations, can block
the maturation of HIV-1-PR, thereby inhibiting production of mature viral particles. Much work
remains to be done to implement such a strategy. In particular, a systematic NMR study of the
denatured state of the HIV-1-PR by itself, and in presence of selected exogenous molecules might
be very helpful in this regard. Within this context, and in keeping with the fact that folding
inhibition can be viewed as an extreme form for allosteric inhibition, one can refer to Kunze et al.
[47] where it is reported that structure-based computational screening of dynamic pockets of the
HIV-1-PR has allowed the identification of small molecules displaying robust (IC50 ~ 10-20 uM)

inhibition.

Materials and methods

Protein Expression

Plasmid pJF19, a pXC35 derivative encoding the Q7K/C67A/C95A variant of HIV1-1-PR was a
kind gift of Dr. Celia Schiffer (University of Massachusetts Medical School, Waltham, USA).
Starting from this plasmid, a construct expressing the double cysteine, monomeric

L5C/R87K/N98C protein variant used in single molecule experiments was generated with the
QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene) in conjunction with the following
oligonucleotides:

oligol: 5’>-GCCGCAGATTACCTGCTGGAAACGCCCGC-3’,

oligo2: 5’-CCGGTGAACATTATTGGCAAAAACCTGCTGACCCAG-3’,
oligo3: 5’-GGCGCGACCCTGIGCTTTTAGGGATCC-3’,

Where the codons introducing the L5C (oligol), R87K (oligo2) and N98C (oligo3) amino acyl
substitutions are underlined. The mutagenic reaction was performed according to manufacturer’s
instructions, while all other required DNA handling steps were carried out according to established
protocols [48, 49]. Both DNA strands of the insert of the resulting plasmid were sequenced to
confirm the presence of the desired mutations and to rule out the introduction of unwanted ones.
The engineered protein was overproduced using the Escherichia coli TAP106 strain as the
expression host, under the growth and induction conditions reported elsewhere [12, 28].
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Protein purification

The recombinant protein was isolated from inclusion bodies under denaturing conditions, and
stored frozen in dried form until needed. Cells obtained from a 5 L culture were resuspended in 20
mM Tris-HCI, pH 7.5, containing 1 mM EDTA, 1 mM 2-mercaptoethanol (buffer A) and 0.2
mg/ml mg/ml lysozyme, and disrupted by applying five cycles of 1 min sonication (Branson,
Model 250 sonicator) on ice. After centrifugation of the homogenate at 20000xg for 20 min at 20
°C, the recombinant protein was purified from inclusion bodies according to the protocol described
in [50] Briefly, inclusion bodies were washed once with 2 M urea, 0.2% Triton X-100 in buffer A,
once with 2 M urea in buffer A, and twice with buffer A. For each washing, 5 ml of buffer per
gram of the initial cell pellet was used and the resuspended sample was centrifuged at 20000xg for
30 min at 20 °C. The pellet was dissolved in glacial acetic acid (60 mg/ml) and then diluted with
50% acetic acid to a concentration of 12 mg/ml. After centrifugation at 45000xg for 30 min, the
supernatant was passed through a 0.22 um filter and chromatographed on a Sephadex G-75
Superfine column (2.6 cm x 85 cm, 450 ml) equilibrated and eluted with 50% acetic acid. Fractions
containing homogenous protein, as judged by SDS-PAGE, were pooled, brought to dryness under
vacuum and stored at -80 °C. The resulting protein was monomeric as judged by dynamic light

scattering measurements and analytical gel filtration.

Protein preparation for single molecule experiments

DNA handles were prepared essentially as described by [28, 32]. The following oligonucleotides
were obtained from Primm srl (Milan, Italy) and they were used to amplify a 558 bp portion of the
pGEMEX-1 vector.

oligo4: 5°Biotin-CAAAAAACCCCTCAAGACCC-3'
oligo3: 5’ Digoxigenin-CAAAAAACCCCTCAAGACCC-3'
oligo6: 5" Thiol-GCTACCGTAATTGAGACCAC-3'

Handles (400-500 ng) were generated by PCR using ten 1.2 ml reaction mixtures. The two
types of handles were generated using oligo6 with either oligo4 or oligo5. The reaction mixture
contained 0.5 uM oligo4 or oligo5, 0.5 uM oligo6, 0.04 ng/ul p-GEMEX, 0.025 U/ul Tag-
polymerase in PCR Buffer (Qiagen) 16.2 mM DTT, 1.5 mM MgCl.. Amplification was performed
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by applying 34 cycles consisting of denaturation at 94 °C for 45 s, annealing at 67 °C for 40 s for
oligo4 or annealing at 63°C for 40 s for oligo5, and extension at 72°C for 90 s.

After purification with a HiSpeed Plasmid Maxi Kit (Qiagen), the DNA handles were
attached to the protein by following the procedure described in [28, 32] with. In the light of the
observed tendency of the protease to aggregate at concentrations above 1 mg/ml, activation of
cysteine residues was carried out on the denatured protein, which was refolded before the
attachment of the DNA handles.

The lyophilized purified protease (1 mg) was resuspended in 20 mM Na-phosphate, pH
6.5, containing 1 mM DTT and 7 M guanidine-HCI (200 pl). After 30 min incubation at 25 °C the
sample was diluted to 3 mg/ml protein concentration (270 uM) with 20 mM Na-phosphate, pH
6.5, 1 mM DTT to lower the guanidine-HCI concentration to 4 M. DTT was removed by
centrifugal chromatography on Bio Spin P6 columns (Bio-Rad) equilibrated and eluted with 20
mM Na-phosphate, pH 6.5, 4 M guanidine-HCI. The resulting protein (typically 80-100 uM) was
reacted with 2- to 5-fold molar excess of dithiodipyridine (DTDP) added from a 10 mM stock
solution in 20 mM Na-phosphate, pH 6.5, 4 M guanidine-HCI, 15% (v/v) acetonitrile. The reaction
mix was incubated at room temperature for 30 min, which were sufficient to bring about the
complete derivatization of the protease cysteine residues, as judged spectrophotometrically by
monitoring absorbance changes at 343 nm [28, 32].

The sample was then diluted to a protein concentration of 0.33 mg/ml with 20 mM Na-
phosphate, pH 6.5, 4 M guanidine-HCI. Excess DTDP was removed by dialysis at 4 °C against 0.1
M formic acid (two 1 | changes for 4 h each) and 30 mM formic acid, pH 2.8 (1 I, overnight). After
centrifugation at 19000xg for 30 min at 4 °C to remove precipitated material, protein refolding
was started by sample dilution in 5 volumes of 10 mM Na-acetate, pH 6.0, to shift the pH to 4.0,
and dialysis for 4 h at 4 °C against 4 | of 20 mM Na-phosphate buffer, pH 6.0, which was made
partially anaerobic by bubbling nitrogen gas. After concentration in centrifugal filter units
(Millipore) followed by centrifugation at 16000xg for 30 min at 4 °C, the protein (0.6-0.8 mg/ml)
was stored in aliquots at -80°C.

Attachment of the DNA handles to the protein was performed as described in [28] using
an optimized DNA/protein ratio of 1:1 (mol/mol) instead of the 5:1 ratio suggested in Cecconi et
al. [28]. Attachment of the DNA handles to the protein was verified by SDS-PAGE on 6% gels
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prepared in TBE buffer. The coupling of protein—DNA chimera to polystyrene beads was
performed as described in Cecconi et al. [28].

Denaturation/renaturation studies

Protein was refolded as described above by skipping the cysteine activation step. Protein folding
and unfolding was studied by monitoring fluorescence emission changes of protease samples (2
MM) in 20 mM Na-phosphate buffer, pH 6.0, 1 mM DTT and decreasing or increasing urea
concentration at 25°C with a Cary Eclipse fluorimeter (Varian; excitation light, 290 nm). At least
5 spectra were recorded after reaching equilibrium. The maximum wavelength of the emission
spectrum was plotted as a function of urea concentration and the data were fitted to the two-state

process equation:

RT
A max obs = 7\'maxF + O‘maxU - kmaxF) * ( —mxx + AGO ) (3 - 1)
1+ (ex (—))

RT

(—m * X + AGO)
exp | —————

where AG? is the unfolding free energy, x is the denaturant concentration, R is the gas constant
(8.314 J/(K*mol)), T is the absolute temperature (283K), m is a measure of the dependence of AG
on the denaturant concentration, Amax F IS the maximum wavelength of the native emission
spectrum and Amax u is the maximum wavelength of the unfolded emission spectrum. This analysis

yielded a 4G °=9.84+1.34 kJ/mol.

Optical tweezers experiments

Single molecule manipulation experiments were performed using a custom-built optical tweezers
instrument with a dual-beam laser trap of 840 nm wavelength [25]. The experiments were
conducted at room temperatures in 10 mM Tris-HCI buffer, pH 7.0, 250 mM NaCl, 10 mM CaCl»
or in 20 mM Na-phosphate buffer, pH 6.0, with similar results. DNA-protein constructs were
manipulated between a 3.10 pum antidigoxigenin-coated bead (Spherotec) held in the optical trap,
and a 2.2 um streptavidin-coated bead (Spherotec) held at the end of a micropipette by suction.
The force applied to the molecule was varied by moving the micropipette relative to the optical
trap by means of a piezoelectric flexure stage (MAX311/M, Thorlabs, Newton, NJ). The applied
force was determined by measuring the change in light momentum of the laser beams leaving the
trap [31], while changes in the extension of the molecule were determined by video microscopy

[31]. The molecules were stretched and relaxed at a constant speed of 100 nm s, while force and
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molecular extension were recorded at a rate of 40 Hz. Only those molecules that displayed the

characteristic DNA overstretching transition at 67 pN were used in the analysis [19].

Changes in Contour Length of HIV-1 PR
Theoretical changes in contour lengths (ALc) upon unfolding/refolding of HIV-1-PR were

calculated as described [19]. The distance between position 5 and 98 in the native structure was
measured using the NMR structure of HIV-1-PR (Protein Data Bank code 1BVG).

Analysis of unfolding force distributions

Unfolding force distributions of two-state unfolding events were fit to the probability distribution

function [38]:
0 E:

k®, Fx*,
P(F) = <T> exp(Fx*, /kpT) exp[—((k°, ksT)/(rx*,))(exp < kBT> -] B-2)

where k% is the unfolding rate at zero force, r is the loading rate (pN s2), x7y is the distance from
the native state to the transition state along the reaction coordinate, kg is the Boltzmann’s constant

and T is the absolute temperature.

The same force distributions were also fit to the equation [25] [37]:

In [rln[ ! ” =In (koukBT> + (x*y/kgT)F (3-3)
N(F,1) x¥, ul B

where N(F,r) is the fraction of folded molecules at force F and loading rate r (opN s%). N(F,r) can
be calculated by integrating the unfolding force distributions over the corresponding range of

forces. Equation 3-3 can be used to fit In[rIn[1/N(F,r)]] vs. F graphs.

Simulations
Unfolding simulations were carried out with the Amber03 force field [48], using a modified
version of the GROMACS package [51, 52] . The system is solvated with 35000 water molecules
in a fixed box of sides 6x6x30 nm. The temperature is maintained at 300 K by Nose-Hoover
thermostat [53].

First, we carried out a 100 ns MD simulation at constant forces of 8 pN, 16 pN, 22 pN and

35 pN. This time is much shorter than that needed for the system to undergo any consistent
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conformational change. Thus, the simulations provided reference distances d between the Cys5
and Cys98 positions. According to these simulations (Figure 3-S2), the application of a force on
the two cysteine residues up to 22 pN sets the protein in a stationary initial conformation
characterized by varying average values of d, ranging from 0.2 nm (calculated with respect to the
native conformation) at 8 pN to 2.1 nm at 22 pN. Application of a force of 35 pN does not increase
the average value of d beyond 2.1 nm. Such increase of d is due to the fact that the termini of the
chain, which eventually, in presence of another monomer, build the dimeric interface of HIV-1-
PR, are weakly stabilized in the monomer, and consequently can be unraveled even by the
application of small forces (Figure 3-S3). Since the transitions observed in the optical tweezer
experiments occur typically at forces of ~20 pN or higher, we used 2.1 nm as the reference distance
between the cysteine residues in the native state.

The biasing scheme is that described in ref [25]. However, the ratchet is here applied both
on the distance d between Cys5 and Cys98 and on the RMSD to a fully-unfolded, linear

conformation of the protein. The biasing potential has thus the form

Urat® = 1ka(pa(®) — mingr<; pa(t))” + 3k, (pr (£) — mingi, pr(¢))° (3-4)

where
pa(t) = (d(t) — 30nm)?

and

pr(t) = [RMSD(t)]?,

the harmonic constants being kg = kr = 1 kJ/mol/nm?.

A contact between residues is defined if any pair of their atoms is closer than 0.35 nm.
Non-native contacts are calculated as contacts between residues which are separated by at least 3
other residues along the chain, and which are at least 2 residues away from pairs of residues which
form native contacts. They are considered relevant if they appear in at least 2% of the time in a

given trajectory.

Conclusions

For the first time we study the folding mechanism of HIV-1-protease monomer at the single-

molecule level, revealing information inaccessible to more traditional ensemble techniques. Our
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results not only shed light on a complex protein folding network, improving our understanding of
the basic rules governing the folding of a polypeptide chain into a functional three-dimensional
structure. They also provide information which may be used at profit from an applicative point of
view, as the intermediate states revealed by our measurements can be regarded as non-
conventional targets for drugs that, by stabilizing partially folded conformations, may eventually
block productive folding of HIV-1-PR.
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Supplementary Data

The complex folding behavior of HIV-1-protease monomer
revealed by optical-tweezer single-molecule experiments and
molecular-dynamics simulations
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Figure 3-S1 Rare unfolding and refolding trajectories for HIV-1-PR. Occasionally (5% of the

cases) the native state unfolds along trajectories that do not resemble those shown in figure 3-3

(main text). Sometimes it populates multiple intermediate states, as shown in panel A).

Sometimes it unfolds only partially through an event resembling the N-I transition of figure 3-

3B. Sometimes it unfolds in a three-state manner with a small transition followed by a larger

one. Similarly, the partially folded (PF) state occasionally (6% of the cases) follows rare

unfolding trajectories, like the one shown in panel B). A rare relaxation trace characterized by

multiple refolding events is shown in panel C).

25
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Figure 3-S2 Histograms of the distance d between Cys5 and Cys98 obtained from 100 ns plain

MD simulations at 300 K at different forces. Dashed curves indicate histograms obtained from

the second third of the simulation, while solid curves indicate histograms obtained from the last
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third of the simulation. A similar position for a pair of corresponding histograms indicates that

they represent a stationary state.

,‘J.y

'n_/
Figure 3-S3 Final conformations of HIV-1-PR after 100 ns MD simulation with an applied force
of 8 pN A) and 35 pN B).

100

A 75 == B

48— ==

35— 1.5__

25— - 1.2 __

20— . 1.0-- B

17—
0.8--

11— - 0.6--
0.5~ B

1 2 1 2 3

Figure 3-S4 DNA-protein chimera preparation. A) SDS-PAGE (16 % (w/v)
acrylamide/bisacrylamide) of a sample of the purified L5C-R87K-N98C HIV1 PR (lane 2); the
mass of protein standards (in kDa, lane 1) is indicated. The gel was stained with Coomassie blue.
B) SDS-PAGE (6% (w/v) acrylamide/bisacrylamide), in TBE buffer [1, 2] of the product of the
DNA-protein coupling reaction (lane 2). An aliquot of the control reaction from which the
protein was omitted was loaded on lane 3. Single handles (558 bp DNA molecules) run at

position a, while two handles attached to each other via a disulfide bond between the thiol groups
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present at one end of each molecule run at position ¢ [2]. After reaction of the DNA handles

with activated HIV-1-PR, two new bands appear in the gel (lane 2). The band at position b

corresponds to HIV-1-PR bound to one handle. The other band at position d corresponds to HIV-

1-PR bound to two handles. No additional bands at higher mass were detected, indicating no

reaction of the handles with covalent oligomeric forms of HIV-1-PR deriving from the reaction

of cysteine residues of two or more proteins. Lane 1 show a 100-10000 bp DNA ladder

(Fermentas), with the size of some of the fragments indicated in kbp. The samples were

denatured in the absence of reducing agents to avoid cleavage of disulfide bonds, and the gel

was stained with ethidium bromide.

Table 3-1 List of non-native contacts forming in at least 2% of the time in each of the five

unfolding trajectories. Numbers indicate the amino acids involved in the non-native contacts.

Trajectory 1 Trajectory 2 Trajectory 3 Trajectory 4 Trajectory 5
2351 17 17 16 17
24 70 18 19 17 19
2551 19 110 26 51 28 51
3165 883 24 51 26 82 29 51
3365 20 67 2470 27 51 3051
3367 2167 2551 27 82 3171
34 67 2168 26 51 28 51 3172
36 66 24 70 2751 28 80 32 67
36 67 26 82 3165 28 81 3270
47 80 27 82 3363 28 82 3272
66 76 28 81 3365 3165 3365
69 86 28 82 3367 3363 3367
69 87 3165 3370 3365 3370
70 87 3170 36 67 3367 3372
7186 3172 36 70 3370 36 67
7187 3363 3671 3372 36 70
75 86 3365 36 72 34 67 36 72

42 78 37 67 36 67 4163
45 62 38 67 3670 50 82
50 82 3872 3672 69 76
69 86 39 67 3767 69 86
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69 87
70 86
71 86
7187

41 63
47 80
59 70
69 86
69 87
70 86
71 86
75 86
87 98

38 67
41 63
47 80
5970
69 86
69 87
7186
74 86
75 86
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Chapter: 4

Effect of ligand binding on the (un)refolding
processes of Acyl-CoA-binding protein



Chapter 4: Effect of ligand binding on the (un)refolding processes of
Acyl-CoA-binding protein

Abstract

Acyl-CoA-binding protein (ACBP) is a topologically simple and highly conserved 86 residue
protein made of four a-helices (H1-Ha4) organized in a unique up-down-down-up skewed bundle.
ACBP is involved in various cellular processes, including fatty acid elongation and membrane
assembly, and it binds acyl-CoA esters with a broad range of acyl-chain length (C4.C22). We have
previously described the behavior under tension of ACBP, revealing an unprecedented extended
transition state (TS) located almost halfway between the unfolded and native states (Heidarsson et
al., JACS, 2012). Here we use single-molecule optical tweezers and MD simulations to investigate
the effect of Octanoyl-CoA (Cs) binding on unfolding and refolding processes of the ACBP. Our
results show that Octanoyl-CoA binding enhances the activation free energies for the unfolding,
without affecting the position of the transition state along the reaction coordinate. It follows that
ligand binding increases the mechanical resistance of the protein, without changing its mechanical
compliance. These results can be rationalized in terms of key interactions Octanoyl-CoA
establishes with helices 2 and 3, comprising the structured part of the intermediate state. The
effects of ligand binding on ACBP’s mechanical properties are discussed in terms of protein

function.

Keywords: Single-molecule studies, ACBP, Octanoyl-CoA, MD simulation.
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Introduction

Proteins interacts with a multitude of binding partners in vivo and these interactions naturally
affect protein structure and energetics. These binding partners play a crucial role when interacts
with proteins as these interactions helps in many biological processes, such as signal transduction,
molecular transport, cell regulation, gene expression control, enzyme inhibition, antibody—antigen
recognition, and even the assembly of multi-domain proteins. Therefore, it is clear that the
biological function of a protein depends on its interaction with ligand molecules.

Mechanical stability of the protein, is largely governed by specific noncovalent interactions
and ligand binding can induce conformational changes in the protein structure that lead to changes
in mechanical stability. Alternation in the mechanical stability upon ligand binding can therefore
serve as an intrinsic reporter to identify the functional state of the protein. Knowing the resistance
of the protein is important because many processes in living systems such as cell division,
locomotion, enzyme activity depend critically on protein conformation changes and mechanical
rigidity. Thus, understanding protein structure requires that the folding process must be studied in
the presence of their binding partners. Understanding the principles of how a protein interacts with
its natural ligands, will allow the development of other more potent substances that might serve as
drug candidates. Therefore, since decades protein-ligand interactions have been studied both by
traditional bulk methods [1-5] and single-molecule manipulation techniques [6-9]. As bulk
methods are limited to the description of the overall properties of a large population of the
molecules, it is advantageous to use single-molecule methods to study these interactions. ACBP is
one such protein which binds with a medium and long chain of acyl-CoA esters. ACBP has been
an excellent molecule to study as a wide range of kinetic and structural information has already
known.

Long chain acyl-CoA esters function as a substrate and intermediate in lipid biosynthesis
and catabolism and also play a role in regulating carbohydrate metabolism, protein sorting, gene
expression, and signal transduction. Therefore, they are essential for numerous cellular function
[10, 11]. ACBP is very simple and highly conserved 10 kDa protein binds to medium and long-
chain acyl-coenzyme esters (C14—C»2) with high specificity and affinity (Kqg, 1-10 nM) [12]. First
time it was discovered in 1983 in the brain and labelled as a diazepam-binding inhibitor (DBI)

[13]. Now a days it is commonly referred as ACBP. It is a protein from long-chain fatty acyl-

102



Coenzyme A (LCFA-CoA) binding protein family found in all eukaryotes ranging from yeast to
mammals [14]. Previous in vitro studies has indicated that ACBP is essential for various
biochemical processes. For an instance, it plays an important role in the transport of acyl-CoA
esters and it also deliver acyl-CoA esters to phospholipid [15, 16], glycerolipid [17], and
cholesteryl ester synthesis [18]. ACBP is also involved in gene regulation, signal transduction,
regulation of lipid and energy metabolism, vesicular trafficking, membrane biogenesis and many
more functions [19]. The broad range of distribution throughout the animal and plant kingdom and
its high degree of similarity among the different tissues and species suggest that ACBP is a
housekeeping protein which was supported by Mandrup et al. whose study has proven that
genomic gene of ACBP has all characteristics of a housekeeping gene [20].

ACBP is made up of four a-helices. The four a-helices are Hy of residues 3-15, H> from
21-36, Hs; 51-62 and Has; 65-84. ACBP is arranged in a very unique up-down-down-up manner.
The compact form of the ligand organized so that polar parts are exposed to the surface of the
complex whereas the hydrophobic groups turn inwards. The unique electrostatic network
involving side chains of Tyr28, Lys32, Lys54 and the 3’-phosphate plays an important role in the
binding. Ligand has both hydrophilic and hydrophobic determinants for making favorable
interactions with ACBP. The molecular weight of the ligand is one-tenth of that of ACBP and is
expected to have a significance influence on protein when binds to its ligand.

ACBP-ligand interactions has already been studied by bulk methods [17, 21, 22]. The
results of these studies provide information not only on the ACBP binding affinity towards
different acyl-chain length, but it also gives the structural information of ACBP with its ligand
[23]. Despite of this fact, none of the above studies have provided information on mechanical
properties or the energy landscape of ACBP. Previously, our group has characterized mechanical
pathways of ACBP at single-molecule level using optical tweezers (OT) and Ratcheted molecular-
dynamics simulations (RMSD). This study has shown that under tension ACBP reveals an
unprecedented extended transition state (TS) that is located almost halfway between the unfolded
and native states [24]. This study was restricted to ACBP alone (without its ligand), therefore we
decided to go one step further and characterize mechanical pathways of ACBP in the presence of
one of its ligand using OT and MD simulation. In the present study, using same earlier
experimental conditions, we have characterized molecular processes of ACBP in the presence of

Octanoyl CoA, Cg and compare our results with ACBP alone.
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Materials and Methods

Protein Expression, Purification, and sample preparation

The double cysteine variants ACBP*®® was expressed in Escherichia coli BL21(DE3)-pLysS cells
transformed with a pET3a expression vector containing the mutated bovine ACBP gene [25].
Purification was performed as previously described in [26]. DNA handle preparation, their
attachments to the protein and the coupling of protein-DNA chimera to polystyrene beads were

performed as described in [27].

Optical tweezer experiments

We use DNA molecules as molecular handles to tether ACBP between two polystyrene beads, one
2.2 um streptavidin-coated bead (Spherotec) is held at the end of a micropipette by suction, while
the other 3.10 um anti-digoxigenin-coated bead (Spherotec) is held in the optical trap. DNA
handles allows us to manipulate protein while keeping tethering surfaces away from each other so
that they does not interact and causes unnecessary non-specific interactions. For these experiments
the DNA handles were attached to two cysteine residues present at position 1 and 86. The
experiment is conducted at room temperature in 10 mM Tris-HCI buffer, pH 7.0, 250 mM NaCl,
10 mM CaCl2, and 44uM Octanoyl-CoA. The force applied to molecule is varied by moving the
micropipette relative to the optical trap by means of a piezoelectric flexure stage (MAX3311/M,
Thorlabs, Newton, NJ). The applied force was determined by measuring the change in the light
momentum of the laser beams leaving the trap [28], while changes in the extension of the molecule
were determined by video microscopy [28]. Molecules those showed the characteristic DNA

overstretching transition at 67 pN were considered in the analysis [29].

Changes in contour length of ACBP

Theoretical changes in the contour length (ALc) upon unfolding/refolding of ACBP is calculated
as: (Number of residues between the attachment points* distance between two amino acids) -
Distance between the attachment points in the folded structure. The number of amino acids: 85;
Distance between two amino acids= 0.36; Distances between position 1 and 86 in the folded
structure were measured using the solution structure of ACBP = 2.3nm (Protein Data Bank code
INTI). We calculated a AL of 28.3 nm for ACBP1-86. Experimentally, ALc of ACBP
associated with unfolding and refolding events was estimated by fitting force vs. extension cycles
with WLC [30]. For ACBP, 1-86 was pulling axis of our experiment.
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Results

Force-ramp experiment

Force-ramp is the first type experiment we have performed after tether is found between two beads.
In this experiment, individual ACBP molecules were stretched and relax multiple times by moving
the micropipette relative to trap. Piezoelectric stage moved with constant velocity (nm/sec) in one
dimension to generate almost constant loading rates of pulling (pN/sec), likewise we have recorded
data for various pulling speed (nm/s). The force applied on the protein can be determined by
measuring the change in momentum flux of the light beams leaving the traps, while the extension
of the molecule can be determined by measuring the bead separation distance [28]. Force is
increased until a molecule unfolds. Unfolding event (rip) is marked by a sudden increase in the
extension and decrease in the force of the molecule, as it goes from native compact state to
extended unfolded state (Figure 4-1B), while it refolds (zip), it generates transition in the opposite
direction as it restores its original extension. In the presence of Octanoyl-CoA, ACBP unfolding
occurs at ~12 pN, while refolding occurs at ~ 4 pN. From this data one can calculate the unfolding
and refolding force distribution (shown in figure 4-2D and E), which can be used to calculate the
average unfolding and refolding forces at any given loading rate. Kinetic parameters such as rate
constants and position of the transition state along the reaction coordinate can be calculated from
force distributions. The force-ramp experiment is very simple and powerful way to profile the

molecular transition.

A.

Acyl-CoA binding protein
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Figure 4-1 Mechanical manipulation of a single ACBP molecule by optical tweezers. A)
Experimental strategy showing a single ACBP is mechanically manipulated between two
polystyrenes beads by means of DNA molecules (~500 bp) that are covalently bound to two
cysteine residues located at positions 1 and 86, therefore cysteine pair 1-86 is the pulling axis of
experiment (shown by arrowhead line). During the experiment ACBP stretched and relaxed by
moving the pipette relative to the optical trap, while monitoring force and extension. B) Force vs.
extension cycle obtained by stretching (red) and relaxing (blue) of ACBP bound to Octanoyl-CoA
complex with optical tweezers. Sudden discontinuity (rip) in the stretching trace ~12 pN
corresponds to the mechanical denaturation of ACBP. During stretching the end-to-end distance
of molecule suddenly increases as molecule goes from its compact native state (N) to extended
unfolded state (U) (N to U transition). On the other hand, upon relaxation molecule regain its
original extension, indicated by sudden decrease in the molecular extension (U to N transition)
~4 pN. C) Multiple force-extension traces superimposed, at constant speed of 50nm/sec.

Contour length measurement (ALc)

In order to check whether molecule has completely unfolded or not we also did change in the
contour length measurements. Figure 4-2 shows fitting of force vs. extension cycles for unfolding
and refolding with worm-like chain model (WLC). WLC fitting yielded a AL of 25.95 + 2.10
(n=85) nm for unfolding, which compare well with the value of 28.3 nm (within a standard
deviation) expected for the complete unfolding of the molecule (see section “Materials and
methods ). AL value for refolding yielded, 26.52 + 3.8 nm (n=85).
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Figure 4-2 WLC fitting. A) Force vs. extension cycle of ACBP in the presence of Octanoyl CoA.
B) and C) shows WLC fits (dashed line) to unfolding and refolding transitions, respectively. D)
and E) are the distribution of the contour length changes for unfolding and refolding respectively.
WLC fitting yielded a AL¢ of 25.95 + 2.10 (n=85) nm for unfolding and 26.52 + 3.8 nm (n=85) for
refolding. The data is collected at 40 Hz rate.

Figure 4-3 shows the average unfolding and refolding forces as a function of loading rates
for ACBP and ACBP-Octanoyl CoA. From figure 4-3A it is clear that in the presence of Octanoyl-
CoA, ACBP becomes more mechanical stable, while ligand binding does not affect the refolding

process as there is no change in the refolding forces (Figure 4-3B).
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Figure 4-3 A) and B) are the average unfolding and refolding forces measured at different loading
rates for ACBP (blue dots) and ACBP-Octanoyl CoA (red dots) respectively. In the presence of
Octanoyl-CoA, ACBP becomes slightly more mechanical stable, while the refolding forces
remain the same.

Determination of rate constants and position of TS

Unfolding and refolding force distributions can be used to calculate the position of the transition
state along the pulling axis and the rate coefficient at zero force. The two state unfolding and
refolding processes can be analysed with probability density function [31]:

For unfolding:

i . ; .
P(F) = (k°,/r)exp(F x*,,/kg T) exp - (%) exp (Z—;‘) -1 (4-1)
For refolding:

[ (KOfkpT Fx* ]
P(F) = (K0 /r) exp(F /ey T) exp | = (227 exp (2) - 1 (4-2)

Where k°, and k°f are the rate of unfolding and refolding at zero force respectively, r is
the loading rate (pN/s), x*, and x*f are the distances to the transition state from native and
unfolded state respectively. F is the applied force, ks is Boltzmann constant and T is the absolute
temperature. The unfolding and refolding force distributions can be fitted with probability density
functions equations (4-1) and (4-2) to extract as the best (least square) parameters, the rate of
unfolding and refolding at zero force (k. and ki) from intercepts and distances to the transition
state from native state (x¥,) and unfolded state (x*f) via slopes (Figure 4-4A and B) (for more
details see section “Theoretical models of single-molecule force spectroscopy” of chapter 1). This
analysis yielded: k°,=4.99( 4.21)E-7 sec™, x¥, =5.9 + 0.35 nm, and k°;= 7.57(+3.02)E+3 sec’
L x¥:=7.8+0.36 nm.

Similarly, for a two state system, in the case of force increasing linearly with time, then

position of TS and rate constants can be obtained from following equations [32, 33]:

kemkQkpT
xty

In{rin(1/N(F,7r))} = In + (x¥ /kgT) F (4-3)

And for refolding
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kmk§kpT
x*f

In{—rin(1/U(F,r))} = In — (x* s /kgT)F (4—4)
Where, N(F,r) and U(F,r) are the fractions of the folded and unfolded molecules at
various forces F which can be calculated by integrating the histograms of the force distributions
over the corresponding range of forces, r is the loading rate (pN/s). Equations (4-3) and (4-4) can
be used to fit In{r In(1/N(F,r))} vs. F,and In{—rIn(1/U(F,r))} vs. F to estimate distances to
TS and rate constants from the slope and intercept of the graphs respectively (Figure 4-4C). This

analysis yielded: k°,= 3.48(+6.59)E-7 sec™, x*, = 6.1 + 0.73nm, and k°;= 6.75(+ 4.93)E+3 sec’
1 x*:=8.0+0.63 nm.
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Figure 4-4 A) Unfolding force distribution (red) fitted to the probability density function

P(F)=(k,Ir)exp (FxXu/keT)exp[-((k.’k T)/(nXu))(exp(FXu/k T)-1)], where k. is the unfolding rate at zero
force, r is the loading rate, X'y is the distance to the transition state from native state, kg is the
Boltzmann’s constant and T is the absolute temperature. B) The refolding force distribution (blue)

was also fitted with probability distribution function P(F)=(ke/r)exp(Fx's IksT)expl-((kk T)/(rxs
))(exp(FxXs/k T)-1)], where k¢ is the refolding rate at zero force, X't is the distance to the transition

state from unfolded state. The unfolding and refolding force distribution at a loading rate of 2.9
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pNstand 26.1 pNs™ respectively. Blank lines are the fitting lines produced by fitting distributions
with these functions. The best fit (least square) values give X',= 5.9 + 0.35 nm and x't= 7.8 + 0.36
nm and rate constants for unfolding and refolding are k,%: 4.99(+4.21)E-7 sec! and ks %
7.57(3.02)E+3 sec* respectively. C) Shows a plot of In [rIn(1/N)] and In [-rIn(1/U)] vs. Force.
N and U are the folded and unfolded fractions respectively. Red solid circles and stars represent
unfolding data collected at 2.9 and 5.9 pN/s. Blue solid circles and stars represent refolding data
collected at 26.1 and 15.3 pN/s respectively. Fit of the unfolding data with equation yielded: k,°=
3.48(% 6.59)E-7 sec!, x'u = 6.1 + 0.73nm. Fit of the refolding data with equation yielded: ks °=
6.75(x 4.93)E+3 sec?, x'r= 8.0 + 0.63 nm.

Table 4-1 shows the kinetic parameters obtained by force-ramp method.

Variant Experiment Xu (Nm) X¢ (Nm) k(s k(s 1)
ACBP-Octanoyl  Force-ramp 50+035 7.8+036  4.99(x421)E-7  7.57(3.02)E+3

Table 4-1 Shows kinetic parameters obtained with force-ramp experiment.

Force-Jump experiment

If a molecule unfolds and refolds at equilibrium, then constant force measurements can be done,
in which the force is kept constant to preset value with feedback mechanism and molecular
extension is monitored over time. In these experiments, rate coefficients can be obtained directly
from the lifetimes of the folded and unfolded states. To perform these experiments the only
condition is that the rate of unfolding and refolding reaction should be high enough so that a large
number of recordings is done in a shorter period of time.

In the presence of Octanoyl-CoA, ACBP unfolds ~ 12 pN and refolds ~ 4 pN (see figure
4-1B). Because of the large hysteresis we cannot held force constant at equilibrium position, let’s
say around 8pN, as in this case molecule is far away from its unfolding or refolding forces and
therefore to acquire a significant number of events, it requires long hours of recordings. Recording
data for such a long time needs instrumental stability that our setup does not have. To overcome
this problem, one can do another type of constant force experiments called force-jump
experiments, in which the force is jumped between two constant force values. First it jumped to a
force value which is close to unfolding force, and then force kept constant with feedback
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mechanism until there is a change in the molecular extension then immediately force is jumped
down to another force value which is close to refolding force and it kept constant until extension
changes. By doing so we have characterized unfolding and refolding processes of ACBP-Octanoyl
CoA.

A typical force-jump experiment with ACBP-Octanoyl CoA is shown in figure 4-5A. At
the beginning molecule is folded at 4 pN, force is increased (jumped) from 4pN to 9.5 pN and then
it held constant through the feedback mechanism until a change in the molecular extension, it
marks unfolding event. At this point force is decreased (dropped) down to 4 pN and held constant
until decrease in the molecular extension, this marks the refolding event. Then force is raised again
and a new cycle can start. For each cycle, we can measure the time molecule takes to unfolds (1)
and to refolds (tr). We measured unfolding and refolding cycles for several cycles. Then we can
plot dwell-time distribution of these measured times. Dwell-time distribution can be well fit with
exponential function to estimate the rates of unfolding and refolding at these two specific forces
(Figure 4-5B and 5C). Then we can change force values, let’s say 5 pN for refolding and 10 pN
for unfolding and repeated same procedure and measured tu and tf values directly at that forces.
Repeating same procedure for several force constants values, unfolding and refolding rates were
measured through single exponential fit. Further, we can plot the estimated rates as a function of
force which can be fitted to the Bell’s model to calculate distances to the transition state and rate

constants for unfolding and refolding.

Determination of rate constants and position of TS

The two states unfolding and refolding processes of ACBP-Octanoyl CoA can be analyzed with
phenomenological Bell model, which postulates that the unfolding and refolding rate constants
depend exponentially on force [32, 34].

For unfolding:

ky(F) = k°, exp(Fx, /kgT) (4-5)

For refolding:

ke(F) = k% exp(—Fx;/kgT) (4 —6)

In logarithmic form equation (4-5) and (4-6) can be written as:
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Ink,(F) = Ink®, +(Fx, /kgT) 4-7)
Ink¢(F) = Ink® — (Fx;/kpT) (4-198)

Where, k°, and k°; are unfolding and refolding rate constants of molecule at zero force,
Xu and x¢ are the distances to the transition state from native state and unfolding state respectively.
F is applied force, kg is the Boltzmann constant and T is absolute temperature. Data obtained from
force-jump experiments can be fitted with equations (4-7) and (4-8) to estimate rate constants and
distances to the transition state from intercepts and slopes of the graph respectively (Figure 4-6).
This analysis yielded: k°, = 2.91(+5.27)E-7 sec™, xy= 6.0 + 0.73 nm, and k°;= 5.44(+ 4.92)E+3

sect, xf=7.9+0.73 nm.
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Figure 4-5 A) Two-force jump cycles. The black trace shows how extension of molecule
suddenly increases or decreases respectively. The red trace shows the force applied on molecule.
Panels B) and C) shows dwell-time histograms of the folded and unfolded states measured at 9.5
pN and 4.0 pN respectively. Solid lines (black) are the single exponential fits to the data. Force-

extension data is recorded at the rate of 100 Hz.

Figure 4-6 shows the graph of In k vs. F for ACBP-Octanoyl CoA obtained through force-

jump experiment.
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Figure 4-6 Plot of the logarithm of the unfolding (red dots) and refolding (blue stars) rate
constants measured through force-jump experiments at different forces. Solid lines are fits with
bell model. Fit with the unfolding data with equation (4-7) yielded: k= 2.91(5.27)E-7 sec?, xu
= 6.0 + 0.73 nm. Fit of the refolding data with equation (4-8) yielded ki’= 5.44(+4.92)E+3 sec™,
Xf=7.9+0.73 nm.

Table 4-2 shows the kinetic parameters obtained by force-jump method.

Variant Experiment  xy (nm) X¢ (Nm) k(s k(s 1)
ACBP-Octanoyl Force-jump 6.0+0.73 7.9%0.73 2.91(x5.27)E-7 5.44(+ 4.92)E+3

Table 4-2 Shows kinetic parameters obtained with force-jump experiments.

Comparison of force-ramp and force-jump results for ACBP-Octanoyl CoA
and ACBP

Table 4-3 summarizes the kinetic values obtained with force-ramp and force-jump method for
ACBP-Octanoyl complex and ACBP alone.

Variant Experiment  x, (nm) Xs (NmM) k(s k(s 1)
ACBP-Octanoyl Force-ramp 59+035 7.8+0.36 4.99(x4.21)E-7 7.57(£3.02)E+3
Force-jump  6.0+0.73 7.9+0.73 2.91(5.27)E-7 5.44(+4.92)E+3
ACBP Force-ramp 54+0.18 6.7+0.16 2.84(x1.00)E -5 3.79(x0.80)E+3
Force-jump  55+0.60 6.5+0.30 3.12(+2.50)E -5 4.25(+0.66)E+3
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Table 4-3 Comparison of kinetic parameters obtained with force-ramp and force-jump
experiments for ACBP-Octanoyl and ACBP. Upon ligand binding rate of unfolding decrease by
magnitude of two, while the refolding rates remain unaffected which means that ligand bind to
ACBP only after protein gets folded. The rate constants obtained through OT measurements
contains contribution of DNA handles, beads therefore they cannot be compared with intrinsic
rate constants of the protein.

If we compare results obtained from force-ramp and force-jump experiments for ACBP
bound to Octanoyl-CoA with kinetic data obtained previously for ACBP alone [35], we can clearly
observe that the distances to the transition state, both from the native state and the unfolded state
are same (within a standard deviation) in both cases (ACBP-Octanoyl CoA and ACBP alone, as
Xu and x¢ remains about the same), while in the presence of ligand unfolding rate constants
decreased by 2 order of magnitude (changes from 10E-5 to 10E-7, Table 4-3), because of this there
IS increase in the height of barrier that therefore leads to increase in the mechanical resistance of
ACBP. The refolding process seems unaffected as ki remains same upon Octanoyl-CoA binding.
The possible explanation for this can be, probably Octanoyl-CoA bind to ACBP only after the
protein has folded. An unfolded ACBP first fold into its native state and then Octanoyl-CoA bind.
In this way the ligand does not affect the refolding process.

Molecular Dynamics Simulations

To gain insights into the molecular mechanism by which Octanoyl-CoA affect the unfolding and
refolding processes of ACBP, MD simulations were performed in collaboration with Dr. Luca
Bellucci and Dr. Stefano Corni.

Figure 4-7 shows the force vs. distance (extension) traces generated by MD simulation.
Black trace shows the mechanical denaturation of ACBP alone (APO) and in red is the ACBP
bound to Octanoyl-CoA (HOLO). From the graph it is clear that when ACBP bound to Octanoyl-
CoA, it became more mechanically resistant than ACBP alone.
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Figure 4-7 Force vs. distance trace of ACBP-Octanoyl CoA (red) and ACBP alone (black)

respectively.

To understand the mechanism by which Octanoyl-CoA affects the unfolding process of
ACBP we should look in detail at how Octanoyl-CoA interacts with the protein. The NMR
structure of ACBP-Octanoyl CoA is shown in figure 4-8A which clearly shows that, Octanoyl-
CoA interacts mostly with helices H> and Hs. The transition state of the mechanical denaturation
of ACBP has been proposed by Heidarsson et al.[35] (see figure 4-8B), where helix Hi is
completely unfolded, Hs is partially unfolded and H. and Hs are still folded. According to this
structure the extension of the transition state is determined primarily by the denaturation of H1 and
H4, which are helices with which the ligand does not interact, therefore, there is no change in the
position of the transition state, while the structured part of the transition state that probably is
responsible for the height of the unfolding activation barrier is made of helices Hz and Hs with
which the ligand interacts and probably stabilizes and therefore, we need additional force to cross
the kinetic barrier, hence there is an increase in the mechanical stability of ACBP.
A. B.
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Figure 4-8 A) Three-dimensional structure of ACBP-Octanoyl CoA complex determined by
NMR. B) Proposed structure of transition state,where helix Hy is completely unfolded, Hs is
partially unfolded and Hz and Hs are still folded [35].

Figure 4-9 shows the snap shots of mechanical denaturation of ACBP and ACBP-Octanoyl
CoA. We see that the unfolding of helices H1 and Hs take place more or less in the same manner
in the two cases (ACBP and ACBP-Octanoyl CoA), and this is probably why the ligand does not
affects the position of the transition state, while if we look at the structure having an extension of
about 6 nm, which is more or less the extension of the transition state, in this case we see helices
2 and 3 slightly separated by force while in this case they are held together by the ligand, and this
might be the mechanism by which the ligand increases the height of the unfolding activation

barrier.
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Figure 4-9 MD simulations of mechanical unfolding of ACBP A) and ACBP-Octanoyl-CoA B).
Snapshots of molecular structures visited by the protein along the unfolding trajectories at
incresing distace between Cysl and Cys86 (end-to-end distance is shown in right side of figure
4-8B).

From OT and MD simulations, we can say that Octanoyl-CoA binding changes kinetic
parameters of ACBP. As protein-ligand interactions play a crucial role in almost all biological
processes, studying these interactions will not only help us understand biological processes at the

single molecular level but also help to design new drugs.

Conclusions

For the first time we have studied unfolding and refolding processes of ACBP-Octanoyl CoA
complex at the single-molecule level using optical tweezers and MD simulations. In conclusion
we can say that:
e Octanoyl-CoA binding decreases the unfolding rates of ACBP without changing the
position of the transition state.
e Octanoyl-CoA binding increases the mechanical resistance of ACBP without changing its
mechanical compliance.
e Octanoyl-CoA binding has no effect on the refolding rates of ACBP, suggesting that
binding takes place after protein folding.
e MD simulations suggest that the effect of ligand binding on the unfolding and refolding
processes of ACBP are due to interactions that Octanoyl-CoA undertakes with helices H»
and Ha.
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Chapter: 5

Conclusions



Chapter 5: Conclusions

Optical tweezers (OT) is an established tool in the field of life sciences and enable us to revisit
protein folding with a completely new approach. Protein folding is one of the major unsolved
challenges for modern biophysics. This thesis reports single-molecule studies on two proteins,
HIV-1-protease and Acyl-CoA binding protein. Using custom-built dual beam optical tweezers
and Molecular Dynamics (MD) simulation we have characterized unfolding and refolding
pathways of these proteins. In both projects my role was i) to carry out optical tweezer experiments.
ii) analysing experimental data with different theoretical models. iii) interpretation of the analysis

in terms of structure and possible energy landscape and iv) writing manuscripts.

HIV-1-Protease (HIV-1-PR) is dimeric in nature. To study HIV-1-PR through OT
experiments, a monomeric form of HIV-1-PR was generated by site-directed mutagenesis. Along
with it some molecular biology such as, generation of DNA handles, and their covalent
attachments to the protein has been done by our collaborator Martina Caldarini from Department
of Physics, University of Milan, Italy. When manipulated from native state, we have observed that
the molecule unfolds mainly along two pathways, either it unfolds in two state manner (64% cases)
or it populated an intermediate state (30% cases), which might be characterized by the native-like
arrangement of hairpins 2 and 3. Taking an advantage of its slow folding process, we have also
characterized the unfolding behavior of the ensemble of partially folded (PF) conformations the
molecule visits en route to the native state, which collectively we call the PF state. Our results
reveal a variety of unfolding trajectories, reflecting the structural heterogeneity of this state.
Remarkably, in 70% of the cases, partially folded conformations populate an intermediate state
that might share common features with that observed during the unfolding of the native structure.
Refolding of denatured HIV-1-PR molecules is also a multi-path process characterized by different
intermediate states and energy barriers. In order to gain atomistic detail of the (un)folding
processes of monomeric HIV-1-PR, MD simulation has been done in collaboration with Dr. Guido

Tiana from Department of Physics, University of Milan, Italy.

Here for the first time, we have investigated unfolding and refolding pathways of
monomeric HIV-1-PR at single-molecule level. Intermediate state (I) observed in our experiments
can be regarded as the potential target for anti-AIDS therapies. A possible future study could be
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to find out the exact structure of I, to then design a drug that can block I, thereby not allowing the
molecule to go into its native state, which is the functional state of the protein. In this way one can
block the activity of HIV-1-PR and therefore HIV.

Acyl-CoA binding protein (ACBP) functions as an intracellular carrier of acyl-CoA esters
binding to medium and long chain acyl-CoA esters (Cs-C22). Ligand binding may affect the
molecular processes of ACBP. Therefore, the focus of my second project was to study the effect
of ligand binding on unfolding and refolding processes of ACBP at single-molecule level.

To perform experiments using OT, we have received samples (ACBP-DNA chimeras)
from Dr. Pétur Heidarsson from Department of Biology, University of Copenhagen, Denmark. The
first type of experiment we have performed was force-ramp method in which we moves
micropipette relative to optical trap, downwards and upwards movement of micropipette leads to
stretching and relaxation of ACBP. We stretched/relaxed molecule at different constant pulling
speeds in order to generate constant loading rates (pN/s). When manipulated ACBP unfolds ~
12pN while refolds ~ 4 pN in the presence of ligand (Octanoyl-CoA). Unfolding and refolding
force distributions generated from these experiments were then analysed with different theoretical
models in order to calculate kinetic parameters. We have also performed force-jump experiments
where the force was jumped between two preset values, one close to the average unfolding force,
and one close to the average refolding force. By measuring the time that each molecule took to
unfold and refolds, we have plotted dwell-time distributions. Fitting exponential function to these
distributions provides rate constants for unfolding and refolding. By analysing this data with Bell’s
model, we extracted kinetic parameters. Kinetic parameters obtained from force-ramp and force-

jump were in agreement.

Comparing our results with previous studies of ACBP alone, we observed that in the
presence of Octanoyl-CoA, ligand binding increases the height of kinetic barrier, without changing
the distances to the transition state (as xu and Xr remains same in our experiments). Also in the
presence of ligand, ACBP became more mechanically stable. In our experiments we have not
observed any change in the refolding process of ACBP. MD simulation is a complementary
technique to gain atomistic details of the (un)folding pathways. In collaboration with Dr. Luca
Bellucci from Department of Physics, University of Modena and Reggio Emilia, Modena, Italy,
we have performed MD simulation on ACBP-Octanoyl CoA and ACBP alone. When manipulated
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from its native state in the presence of Octanoyl-CoA, we observed an increase in the mechanical
stability of ACBP. From the snapshots of mechanical denaturation of ACBP-Octanoyl CoA
complex, we can say that ligand binds to Hz and Hs helices of the ACBP, which is the structural
part of an intermediate state. For complete denaturation of ACBP this part should break, requiring
additional force that increases the kinetic barrier. Ligand does not binds to Hy and Hs which are
responsible for the mechanical compliance of ACBP, therefore it does not change its compliance.
Our MD results are in agreement to OT results.
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Protein folding studies at single-molecule level using optical tweezers and MD simulations,
14 October, 2014, Soft Matter Lab, Bilkent University, Ankara, Turkey.
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