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Preface

In this PhD thesis, three projects are explained that were conducted under the
supervision of Prof. Ciro Cecconi at Department of Physics, Informatics and Mathematics,
University of Modena and Reggio Emilia Italy. Two projects, based on single molecule
manipulation of the protein - human neuronal calcium sensor -1 (NCS-1) using optical
tweezers, are the result of collaboration with Prof. Birthe B. Kragelund at Structural Biology
and NMR laboratory, University of Copenhagen, Denmark. The preparation of protein
samples for single molecule manipulation studies and experiments involving bulk
measurements in the projects were conducted and analyzed at Structural Biology and NMR
laboratory University of Copenhagen, Denmark. The single molecule manipulation
experiments were conducted at optical tweezers lab, Department of Physics, Informatics and
Mathematics, University of Modena and Reggio Emilia Italy and were analyzed in
collaboration with Dr. Alessandro Mossa, Department of Physics, University of Bari Italy.
Another project involving the amyloidogenesis studies of f2-Microglobulin was carried out
in collaboration with Prof. Vittorio Bellotti, Wolfson Drug Discovery Unit, University
College London. In this project theoretical calculations were done at Department of Physics,

Informatics and Mathematics, University of Modena and Reggio Emilia Italy.
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Abstract

The PhD work presented in this thesis is devoted to the understanding of the basic rules
governing three major biophysical processes — protein folding, protein misfolding and
amyloidogenesis. We have used a custom-built dual-beam optical tweezers set up to
investigate the off- and on-pathway trajectories of the protein — human neuronal calcium
sensor -1 (NCS-1). A novel experimental approach has been used to investigate the effect of
Ca”" concentration on the misfolding probability of the protein. The analysis of the single
molecule data was carried out using advanced statistical tools, such as the hidden Markov
model, to gain insight into the salient features of the energy landscapes underlying on- and
off-pathway trajectories of NCS-1. In a separate project, theoretical models have been
developed to describe quantitatively the shear and hydrophobic forces acting on a protein in
a laminar flow, with the aim of elucidating the molecular mechanisms triggering
amyloidogenesis of the protein [2-microglobulin. The work presented in this thesis is

divided in 5 chapters, includes 16 figures and a total of 163 pages.
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1. INTRODUCTION

In the introduction of the thesis an overview has been provided regarding the protein
folding problem which includes brief discussions on protein misfolding and
amyloidogenesis of proteins. In the later sections, single molecule manipulation of
proteins using optical tweezers has been explained which includes the theory of optical
tweezers set up and the recent progress in its instrumentation. The subsequent section of
the introduction includes the theoretical models employed in single molecule
manipulation studies. In last sections, the structure and functionality of the model proteins
studied in the dissertation work along with the objectives behind each project are

explained.

1.1 Protein folding problem

1.1.1 Protein Folding: its relation to structure and functionality of a

protein.

How biomolecules self assemble and attain a particular structure to carry out their
respective functions with great precision, is a major mystery for modern science to
unravel. The mechanism that governs the folding of proteins into unique three
dimensional structures is a complex phenomenon of biomolecular self assembly. These
unique structures which protein molecules attain during their folding process, involves

the assembly of functional groups in close proximity that enable them to carry out
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numerous biological functions. Moreover, for proteins to be functionally active they need
to correctly fold into their lowest energy native state configuration and incorrect or
misfolding of proteins result in many types of diseases [1]. The stochastic mechanism by
which a polypeptide chain, acquire its lowest energy configuration (in a time scale of
microseconds), among an ensemble of numerous possible structures is still elusive.
Moreover, if a molecule reaches its lowest energy native state, through all its possible
conformations then it should take an astronomical amount of time, as stated in the
Levinthal’s paradox [2]. Understanding this complex phenomenon will not only help in
the cure of various diseases related to misfolding of proteins but will give us great insight
into how such tiny molecular machines carry out their functions in our body. The protein
folding problem can be summarized in terms of two key questions: (1) for a given
sequence of amino acids and protein environment what are the factors that determines it’s
native or functional state configuration? (2) What is the thermodynamics and kinetics of
the protein folding reaction and how the energy landscape of the protein look like? The

second problem can be understood from the energy landscape theory of protein folding.

1.1.2 Energy landscape theory; the funnel view of protein folding:

The Levinthal’s paradox of protein folding [2], encouraged researchers to see this
problem as two mutually exclusive events — reaching the global minimum state and doing
that at a fast speed [3]. These two simultaneous events were described as thermodynamic
and kinetic parameters of protein folding reaction. The thermodynamic viewpoint
describes the folding process as path independent where the molecule attains its lowest

free energy state without depending on the initial denaturing conditions while the kinetic
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viewpoint states that the speed of folding is path dependent and is fast because it depends
on the initial denatured condition of the protein. The combination of these two processes
results in the energy landscape theory, that explains the fundamental mechanism of
structure formation of proteins and nucleic acids [4, 5]. The energy landscape describes
protein folding as a statistical mechanics process involving an ensemble of allowed
conformational states of the molecule. In this theory, protein folding can be viewed as a
stochastic diffusive process, in which the molecule tumbles towards its native state
defined as the global minimum energy state configuration [6]. This stochastic search of
the native state takes place over a multidimensional surface representing a configuration
space with free energy of each possible conformation. Fig 1 (a) describes a
multidimensional view of the energy landscape with a funnel shaped energy minima,
involving various parallel pathways towards it [3]. Since the folding of a molecule results
in a decrease in its entropy, the search for the low energy minima on the energy landscape
is a competitive process with it. The multidimensional energy landscape can have many
local minimas depicting a rugged energy surface, which can slow down the folding of the
molecules due to the phenomenon of kinetic partitioning [7, 8]. The ruggedness or local
minimas in the energy landscape occur due to the competitive process of low entropy and
free energy of the molecules. The energy traps or minimas act as hurdle in the folding
process resulting in the intermediate states during the native state journey Fig. 1 (A). The
intermediate states which the protein traverses, can be on pathway towards its native state
or off pathway misfolded states causing aggregation and resulting in numerous diseases
subsequently [1]. Fig. 1 (B) depicts the one dimensional representation of the energy
landscape in which the full multidimensional characteristics are projected onto a single

reaction coordinate that can possibly define the folding reaction. The choice of the
13



reaction coordinate depends on the experimental observable that can best explain the
folding behavior. This simple approach has helped in extracting various features like
barrier heights, intermediate states, multiple pathways and ruggedness of energy
landscape of numerous proteins. However the full multidimensional energy landscape of
a protein is yet to be determined and it is believed that to reconstruct such energy
landscape, single molecule reaction at atomic scale and with temporal resolution of bond
rotations will be required [9]. In this thesis two projects have been explained in which the
energy landscape of both folding and misfolding trajectories of a protein human neuronal

calcium sensor-1 were reconstructed using single molecule mechanical manipulation.
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Figure 1: Energy landscapes governing protein folding reaction. (A) Multidimensional energy
landscape involving various pathways towards the native state of the protein from its fully unfolded
state. The local minimas in the trajectories are the intermediate states which slow down the overall
folding process of the protein [3]. (B) Energy landscape represented on a one dimensional reaction
coordinate. The choice of the reaction coordinate is made according to the experimental conditions.
The strategy of one dimensional energy landscape representation is generally used in extracting
parameters like activation energy barriers, kinetic distances and free energy change of unfolding of
the protein.
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1.1.3 Different models of protein folding:

Apart from the energy landscape theory, various models have been proposed in
understanding protein folding problem such as: a frame work mechanism, hydrophobic
collapse and nucleation condensation model [10, 11]. In the framework model the protein
molecule is considered as made of numerous microdomains that search for their
respective native state configuration. The microdomains in their native states then diffuse
and collide with each other under the influence of external forces that leads to the
formation of micro domain pairs which then collapse into the final native state of the
protein. In the hydrophobic model, the initial collapse of side chains of the molecule
takes place due to hydrophobic interactions resulting in a molten globule state which then
transform into the tertiary structure before the final native state configuration. The
nucleation condensation model explains the formation of a partially stable nucleus which

acts as a seed for the formation of other structures around it.

1.1.4 Forces that govern the folding process of a protein:

The folding process of a protein is initially governed by the hydrophobic collapse of the
molecule in which the hydrophobic residues get buried resulting in a molten globule like
structure. This initial collapse is more entropically driven where the water molecules
surrounding the protein play crucial role in its structuring [12]. The exact mechanism of
the initial hydrophobic collapse of the molecule is still elusive however studies have

shown that hydrophobic effect is the main driving force in the protein folding reaction
15



[13]. Once the molecule attains this initial molten globule like structure, hydrogen
bonding within its secondary structures and between other regions comes into play.
Along with the hydrogen bond formation, van der Waals interactions between atoms,
electrostatic interactions between charged residues, backbone structuring and orientation
of bond angles to overcome the loss in entropy due to native state configuration also takes
place. The forces mentioned above are inversely proportional to the distances between the
atoms and thus their role becomes significant after the initial hydrophobic collapse of the
molecule. The details of how these forces act during the folding process are complex in
nature and considering that the environment of the protein plays a crucial role during its
folding [12], many forces are thermodynamically driven and are still elusive in the

explanation of protein folding [14].

1.1.5 Protein misfolding:

The funnel view of the multidimensional energy landscape of proteins Fig 1 (A), shows
numerous pathways towards the native state configuration. As explained before in
[section (1.1.2)], these pathways include local minimas also known as kinetic traps which
can be both on pathway to the native state or off pathway misfolded state. The off
pathway states occur due to wrongly folded molecules having non native contacts. These
non native contacts happen when the off pathway trajectories become kinetically more
favorable than their on pathway counterparts. The misfolding of proteins causes several
diseases such as Alzhiemers’s, Parkinson’s and Cretzfeldt-Jakob’s and thus has gained a
lot of attention over the years [15]. It has been shown that numerous proteins enter
misfolded states among which many are not related to any disease [15-18]. Recently lot

16



of studies has been done in understanding the characteristics of the misfolded states; the
structural studies of misfolded PDZ domain revealed that it consisted of a misfolded
packed hairpin on a native like scaffold, suggesting that misfolded states can have
compact shapes [19] . Moreover it is proposed that multi domain proteins are more prone
to misfolding due to large number of interacting peptide sequences during their folding
process [20]. However, the initial stages of the misfolding process of proteins is still
elusive and factors responsible for the aggregation and amyloidogenesis of several

proteins, that results into amyloid fibrils formation is still a matter of debate [21, 22].

1.1.6 Amyloidogenesis and Amyloid Fibrils:

Amyloidogenesis is a disease in which proteins misfold and aggregate into long insoluble
structures known as amyloid fibrils that get deposited in organs and cause diseases like
Parkinson’s, Alzheimer’s and type 2 diabetes [21, 23]. Amyloidogenesis is caused by
several proteins and peptides such as P2-microglobulin (f2-m), lysozyme, fibrinogen,
transthyretin (TTR), islet amyloid polypeptide (IAPP), serum amyloid A (SAA) etc [21].
A lot of structural studies have been done on the amyloid fibrils using transmission
electron microscopy, X -ray diffraction and atomic force microscopy. These studies have
revealed that the fibrils usually contain numerous protofilaments [24] that jointly forms
structures like long ribbons or rope like fibrils [24-26]. Moreover it is found that in each
protofilament the protein molecules arrange to form f strands structures, perpendicular to
the axis of fibrils [26]. Apart from structural studies significant progress has been made in
understanding the detailed mechanism of the formation of amyloid fibrils. To elucidate

the aggregation process, numerous models have been proposed such as nucleation growth
17



mechanism, partial unfolding resulting in aggregation of globular proteins, native like
oligomers formation, interaction of proteins with hydrophobic or hydrophilic surfaces etc
[21, 22, 27-33]. However the exact mechanism of initial growth of fibrils is still elusive.
In this thesis the amyloidogenesis of a protein - 2 Microglobulin has been described in

the paper II [chapter 2].

1.2 Single molecule mechanical manipulation using
optical tweezers.

1.2.1 Why single molecule study: Its benefits over bulk studies:

To understand the folding dynamics of a protein, numerous techniques like circular
dichroism, nuclear magnetic resonance (NMR), fluorescence spectroscopy, Small angle
X-ray and neutron scattering etc. have been employed to give information about the
structure and functionality of a protein both in its free and bound forms [34-36]. These
bulk studies have been very informative but often limited to the description of the overall
properties of a large population of proteins. Due to the ensemble averaging over large
number of molecules, the measured properties gives no temporal information of the
processes and they lack details regarding the forces involved in the reactions. Moreover
thermal fluctuations present in the systems are cancelled out in the bulk measurements. A
big assumption in the bulk studies is that the studied processes are homogeneous in
nature, which is very ideal for many systems. However, with the advent of single
molecule techniques the above mentioned limitations have been overcome and these

advanced techniques have revealed unprecedented details of bimolecular processes.
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Using single molecule techniques, the real-time folding (u) trajectories of individual
molecules can now be observed in which the details regarding the intermediate states
involved in the reactions are available, that are generally masked in the ensemble
averaging of traditional bulk studies [17, 37]. Research in single-molecule protein
folding is mainly due to the recent technological advancements in the instrumentation,
particularly in single-molecule fluorescence (FRET) and mechanical manipulation
methods like atomic force microscopy (AFM), and optical and magnetic tweezers. The
applications of single-molecule techniques range from protein and nucleic acid folding
dynamics to structural studies of protein molecules and biomolecular machines [38]. The
advancement of single molecule techniques have reached a level where temporal
information of protein folding processes can now be measured using ultra fast lasers.
Moreover interaction of proteins with water molecules and the role of water molecules in
the folding process can now be investigated [39, 40]. Due to the constraint of space, the
full details about the recent progress in single molecule techniques cannot be provided
here, however the reader is referred to some latest reviews to learn about the advancement
in instrumentation and analysis methods in this field [41-43]. Here our focus will be on
single molecule optical tweezers studies, where I will initially discuss the optical tweezers
methodology, the experimental procedure of single molecule mechanical manipulation,
recent advancement of instrumentation in this field and the theoretical methods generally

applied in the analysis of single molecule manipulation data.
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1.2.2 Biological significance of protein folding studies using

mechanical manipulation techniques:

Protein folding studies using mechanical manipulation techniques like AFM and optical
tweezers not only give insight into the folding trajectories and energy landscapes of
molecules but they also provide information about the mechanical stability of proteins.
The mechanical manipulation of proteins is allowing us to answer many key questions
relevant to structure and functionality of individual proteins. Some of these questions are
. Is it true that proteins that carry out mechanical functions like tenascin and titin should
be more resistant to external forces than non mechanical proteins like enzymes ? How
mechanical stability dictates the structure of a protein? How the functionality of a protein
is related to its mechanical stability? The mechanical stability of proteins play key role in
many biological processes such as in the translocation of mitochondrial proteins, that
involves the electrophoresis of the targeting sequence through the membrane channels
and in subsequent pulling of the target sequence by the proteins, the mechanical stability
of the proteins dictates their translocation [44]. The translocation of misfolded proteins in
the ATP dependent proteases 26S proteosome and ClpXP show similar unfolding process
and dependence of mechanical stability of the degraded protein on the ATP consumption
rate has been shown [45, 46]. The role of mechanical manipulation is significant in the
protein folding mediated by GroEl chaperonin, that undergo conformational changes
during encapsulation process resulting in the unfolding of tethered misfolded proteins
which helps in their correct folding [47]. For proteins like fibronectin and tenascin, their
mechanical stability is very significant for their functionality as these proteins extend and

contract in response to mechanical forces during cell migration in vertebrate embryos
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[48]. The mechanical properties of giant proteins like titin are of great significance for
the tension developed by muscle cells during stretching [49]. The mechanical stability of
many proteins also governs their structures. Proteins with high mechanical stability such
as titin [50], FN-III domain of tenascin [48] and ubiquitin [51] are usually B-proteins, in
which hydrogen bonding network protects the tertiary structure of the protein from
unfolding. Whereas proteins that are prone to unfolding under tension are generally o-
helical in which the only resistance to force is hydrophobic interactions between helices

such as a-spectrin [52], barnase [53] and T4 lysozyme [54] .

1.2.3 Protein folding studies using optical tweezers:

Optical Tweezers:

From early 70s and mid 80s [55-57] , Arthur Ashkin and colleagues published some
remarkable papers that lead to the invention of optical tweezers as a device which can be
used to manipulate tiny objects with high dielectric constant. They found that these
particles with high refractive index are attracted to high intensity regions of laser beams
and thus can be held at a focal point. The basic principle of optical tweezer can be
explained on the basis that the light interacting with a particle can be seen as both
refracted and reflected by the particle. Due to the momentum P = hk (where h is Plank's
constant and k is the wave vector) of light photons impinging on the particle, a reaction
force is experienced by the particle which is equal and opposite to the change in light
momentum. When the dimensions of the particle are much greater than the wavelength of
light (narrow waist or focal point of beam), then the particle will act as positive lens
which refracts photons in a direction towards its focal point and thus it will be trapped in
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the light beam. The above phenomenon can be explained by a simple ray diagram Fig. 2

APfdi=F  Gradien: force
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Single-beam optical trap

Dual beam optical trap

Figure 2: Light momentum effects on a refractive sphere (A). The particle is moved into the intense
part of the light beam, but it is also pushed away from the light source. (B) The scattering force
caused by reflected rays is balanced by the refraction of the high angle rays. (C) Dual-beam trap. The
scattering forces caused by reflected rays are canceled, while the gradient forces are doubled [58].
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In the above diagram for the particle with refractive index ‘n’ greater than that of
surrounding medium ‘ng’ the rays of light either get absorbed or reflected by the object.
As the net momentum is conserved, the rate of change of momentum of the light caused
by its interaction with the object must be equal and opposite to the rate of change in
momentum of the object. For collimated beam of light, with a Gaussian intensity profile
hitting the particle, for each ray in the beam the components of momentum flux parallel

and perpendicular to the optical axis are given as [59].

d w

v = ng <—) cos(6) (1.2.1)
dtparallel c

d w

v = ng <—) sin(0) (1.2.2)
dt transverse c

Where W is the power of the light ray, 6 is the angle which the rays make with the optical
axis and c is the speed of light.

The reaction force (F)) experienced by the particle is equal and opposite to the change in
the light momentum flux summed over all rays passing through the interacting particle is

given as:

dp dp
Fpeas = — Z (E)m - (E)out (1.2.3)

d d .
Where (ﬁ) and (—p) are the rate of change of momentum flux for entering and
in out

leaving the trap respectively. The net change of these fluxes can be calculated using
equation (1.2.1) and (1.2.2). Fig. 2 (A) shows that when the particle in the beam acts as
converging lens then the rays of light in the central part of the light beam gets refracted

downwards from the optical axis while rays interacting at the edge of the particle gets
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refracted towards the axis. Due to the above effect, a force due to change of light
momentum acts downward on the particle which causes the particle to move towards the
axis as a reactionary effect. Apart from this, the particle experiences a downward force
due to scattered rays after refraction. Moreover, the impulsive force due to the reflected
rays moves the particle forward in the light beam. The net effect of above phenomenon is
that the particle moves towards the intense part of the light beam and it is moved forward
due to reflected rays. A better geometry for the trapping of the object is illustrated in Fig
2 (B) in which a more focused light beam is used in which the impulsive force due to the
reflected rays is balanced by the scattering force which acts along the optical axis. The
dielectric object thus gets trapped slightly downwards of the optical axis where the large
focal angle of the beam causes strong backward impulsive force due to scattered rays.
For a single beam trap, thus an objective with high numerical aperture is required such
that it can collect all the rays in the light beam resulting in efficient trapping of the object.
However, the above geometry is not very robust when external forces are applied on the
trapped object and photo detectors are used for measuring the applied force as a function
of change in momentum of output rays from the trap. In this case, the applied force will
deflect the output rays from the trap farther off axis then the input rays and objectives
with even very high numerical aperture will not be able to collect all leaving rays
resulting in poor measurement of applied forces. A more efficient way of countering the
above limitations is the use of double beam optical tweezers set up as shown in Fig 2 (C).
In this setup low beams with high numerical objectives are used such that the trapping
rays form a narrow cone and the most marginal of output rays can be easily collected by
the opposite objective. Even when the object is moved from its trapped position due to an

external force, the deflected rays can be easily collected by the objectives situated near
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the photodetector. Due to the dual beam geometry, the scattering forces generated by
reflected rays are canceled, while the transverse gradient forces are doubled resulting in a

more focused position of the trapped object.

1.2.4 Force sensor theory:

In this section, how the external forces applied on a trapped particle can be measured
from the change in light momentum of the impinging beam is described. In Fig (3), the
geometry of the trapped object is shown. Light with a low beam enters from the left
through an objective with high numerical aperture and is focused at a spot and the light
that leaves the trap is collected by a similar objective. When an external force is applied
on the particle, light exiting the trap has a modified angular distribution due to
asymmetric refraction of interacting rays. A position sensitive detector (PSD) placed at

right collects all the light momentum from the trap which is then used to measure the
force applied on the particle as F = (%) (;—L), where W is the light intensity of the

collected rays at the PSD, c is speed of light, x is deflection of particle in the trap and RL
is the focal length of the lens. This method of measuring the external force on the

molecule from the change in light momentum is developed by Steve Smith [58].
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Figure 3: Light-momentum force sensor. The laser beam entering from the left passes through the
bead, is imaged by the right objective, and exit. Application of an external force to the bead causes it
to equilibrate slightly off center in the trap so that the change in momentum of the deflected beam
exactly balances the external force. The angular deflection, 0, of a ray leaving the trap is transformed
by the right objective into an offset distance, x, such that x/RL= ngsin(0), where ng is the refractive
index of the liquid and RL is the local length of the lens. The transverse light force F felt by a bead as
it deflects a light ray of intensity W through an angle 0 is given by F = (ngW/c)sin(0), where c is the
speed of light. Therefore F= (W/c)(x/RL) [58].

The details of the force sensor theory can be understood from the following derivation:
When light interacts with an object immersed in a transparent liquid of refractive index n;

the momentum flux of the light waves can be written as [59]:

d (i—i) _ (%) S.dA (1.2.4)

Where S is Poynting Vector, dA is element of area normal to S and c is speed of light.
The force experienced by the object due to the light waves is the difference in momentum
flux of light waves entering P;, and leaving the trap P,,,. This force can be calculated by
integrating the light intensity S;,, entering and exiting S,,; a spherical surface with radius

R>>A centered at the focal point. As the incoming waves are normal and the outgoing
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waves emanates from a point source the surface element dA is normal to S;, and S,,; .

Thus the light force acting on the object can be written as:

dp; dP n
oo P APou _ (71)[ (Sin — Soue) dA (1.2.5)

dt dt

To calculate the angular intensity distribution for light entering or leaving the focus we
can write:

1(6,9)rdy = SdA (1.2.6)
where 8 and ¢ are angles shown in Fig. 4, r is a unit vector from the focus, and dy =

dA/R *=d# sin 0 dg is an element of the solid angle.

\

Figure 4: Light ray diagram showing the geometry of the incident beams through the objective and
the exiting beams after interacting with the trapped object. Using the Abbe sine condition the
intensity profile entering the detectors can be calculated from the above geometry [58].

Using the angular distribution of light intensity, the force experienced by the object due to

light can be written as:

n
F= 4_7rlc,U 1(8, p)(i sinbcosp + j sinbsing + k cosf)dy (1.2.7)
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Here I(6, @) is measured in watts/steradian, which is considered negative for rays
entering the trap and positive for rays leaving it. The value for 1(6, ¢) can be calculated
using Abbe sine condition according to which any ray emanating from the principal focus
of objective lens inclined at angle 8 to optic axis but still hitting the lens with radius R
will exit the image side of the lens at a radial distance r Fig. (4) given by:

r = Ryn,sinf (1.2.8)
The rays leaving the trap in a small element of solid angle % can be projected onto an

area element dA’ (rd ¢dr) on a plane placed at the image side then by conservation of

energy the net irradiance at dA’ is given by:

I d
E(r,@)dA = 1(6,¢) é (1.2.9)

Here irradiance is used instead of intensity because it is a measurable quantity. Assuming
that the lenses intercept all the light exiting the trap then equation (1.2.7) can be written

as

1 T T T
F=—[[E@ ¢)(i—=—cosp+ j —sing +k ’nf - (—)2> rdedr (1.2.10)
Cc RL RL RL

Here the integration is done on the image side principal plane of the axis. The transverse
components (i and j) in the above equation can be measured using position sensitive
photo detectors at those principal planes. A dual axis detector gives two different signals

Dx and Dy which is proportional to the sensitivity ¥ of the silicon detectors and to the

sum of local irradiances E(x,y) weighted by their relative distances RL and RL from the
D D

detector center where R, is the detectors half width.

Dx = ¥[f E(x,y)(};C—D) dA = ¥[[ E(r, <p)<”}?§(p) dA (1.2.11)
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rsin(p) dA

1.2.12
R (12.12)

Dy = ¥f E(x,y)(%) an' = [ EGo) (

Where integrals are over the surface of the detector. Thus the transverse components of

light force can be measured from above relations as:

(1.2.13)

The above equations show that the transverse force component does not depend on the
size of the trapped object but it depends only on the instrumental parameters. The force

experienced by the object along the Z axis can be calculated from the following methods:

Z. - Force measurements:

The Z force component from equation (10) can be written as:

E = %ff E(r, (p)\/%— (RLL)Z)rdq)dr (1.2.14)

For the above component of force the light intensity should be modulated such that the
signal from the photo detectors can be converted into force. To carry out the above task a

transmission filter is used whose transmission pattern T can be expressed as:

T= |1- (nerL)z} (1.2.15)

Using the above equation the transmission filter can be used to extract the z force

experienced by the object.
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1.2.5 Dual beam optical tweezers set up at University of Modena and

Reggio Emilia:

The schematic drawing of optical tweezer set up, which we used in our single molecule
manipulation experiments at Department of Physics, Informatics and Mathematics,
University of Modena and Reggio Emilia, is shown in Fig. 5 below. We used a custom
built dual beam set up in which the optical trap is formed using two single beam counter
propagating diode lasers (845 nm) with 150 mW light power. The intensity of the laser
diodes are controlled by two drivers and two temperature controllers are used to monitor
the heating of the lasers. Inorder to collimate the laser beams to a size of 1.6 mm optical
fibers are connected to single lens fiber ports. The linear polarization of the beams is
maintained by feeding the output of fiber ports to a quarter wave plate. The beam then
enters, a half wave plate that changes the linear polarization of the light such that it can
enter a Faraday optical Isolator that prevents the entry of any reflected rays which can
damage the laser diodes. The polarization of the beam is further rotated by a half wave
plate such that it is perpendicular to the optical table. Further a beam expander is used to
double the beam waist to a diameter of 3.2 nm. This beam then enters an objective with
aperture size 8mm, which is large enough to collect all the rays leaving the optical trap
despite of significant deflection of the beam after interacting with the trapped object. The
expanded laser beam then enters a polarizing beam splitter objective (PBS) that directs it
towards a quarter-wave plate (qwp) and a microscope objective lens (OBJ, Nikon Plan
Apo VC, 60x, 1.2 NA),that focuses the beam to a spot where the bead can be trapped.

The quarter wave plate restricts the entry of rays that are reflected from the bead in the
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trap towards the laser. Once the beam leave the trap after interacting with the trapped
object it is collected by another objective and then it is again transformed into
horizontally polarized light from where it is directed to position sensitive detectors (PSD)
via polarizing beam splitter (PBS). A relay lens is then used to reimage the principal
plane onto the photo-detectors because the PSDs cannot be placed at the output principal
plane of the objective, which lies inside the objective. Since the detectors measure only
the light exiting the optical trap, so for each detector only half of the integration required
in Eq. (1.2.11, 1.2.12) is performed. This problem is solved by aligning the detectors on
the optical axis so that when no bead is present in the trap, the output beams are centered
on the detectors and the difference signals vanish, corresponding to zero volts at outputs
Dx and Dy. Since the introduction of a particle has no effect on the beam entering the trap
thus only the rays leaving the object in trap should be considered. For measuring all the
force components, two PSDs are placed at each side of the dual beam optical tweezers.
The light from the trap enters these detectors after being equally divided by a 50:50 non
polarizing beam splitter. A transmission filter is placed before the z-direction photo-
detector in order to make the signal voltage output proportional to the z-force component.
Using this geometry, single molecules are manipulated by placing them between two
polystyrene beads, one held in optical trap (3 um) and another placed at the end of a
micropipette by suction (2.1 um) (Fig 5 (b). The changes in the extension of the molecule
were measured by the movement of the two beads. The position of the bead on the
micropipette is monitored by a “light lever” system that measures the position of the fluid
chamber with which the micropipette is attached (Fig 5 (b)). Light emitting diode (LED)
(465 nm) and a charge-coupled-device (CCD) camera, is used to visualize the bead in the

trap and the fluid chamber with micropipette. The force sensor of this set up is calibrated
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for Stokes drag force and thermal fluctuations using the method explained in [58] and the

force resolution of our set up is 0.1 pN.
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Figure S Block diagram of dual beam optical tweezers at University of Modena and Reggio Emilia
(A). Two diode laser beams with vertical linear polarization pass through polarizing beam splitters
(pbs), quarter-wave plates (qwp) and microscope objective lenses (OBJ). A bead is trapped at their
common foci in circular polarized light. The exiting beams are collected by the opposite objective,
converted to horizontal-polarized light and directed to position-sensitive photodetectors. (B) The flow
chamber comprises two coverslips spaced 200 um apart by Parafilm layers and sealed by heat. The
pipette is drawn from 100-um glass tubing down to a point with an opening of ~0.5 um. The light
lever detection system monitors the position of the fluid chamber.

1.2.6 General procedure of protein folding studies using optical

tweezers:

Sample Preparation:

As the size of biomolecules such as proteins is too small (nm) compared to the
micrometer sized polystyrene beads, a big issue in the mechanical manipulation of these
molecules is to prevent the interaction between the tethering surfaces once they come
close. To solve this problem, a method has been developed in which two DNA molecular

handles are used for attaching the proteins with the two beads [60]. One end of each DNA
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handle (500 bp) is covalently attached to the side chain of a cysteine residue and the other
end is attached to the polystyrene beads as shown in Fig (6). The bead in the trap is
attached to the end of one of the handle by means of digoxigenin/antibody interactions
while the end of another handle is attached to the micropipette bead with biotin-
streptavidin interactions. The DNA molecular constructs in this geometry act as spacers
between the molecule and the beads thereby preventing unspecific interactions during the
mechanical manipulation experiments. Full details regarding the attachment procedure of
DNA handles can be attained here [61]. After the first successful application of this
method in the mechanical manipulation of single protein molecules [37], this
methodology has been extensively used in various single molecule optical tweezers
experiments worldwide [17, 62-64].
Gaussian Iaser b eam
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Digoxigenin

+antibodies \

oy DNAhandles
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Figure (6): Experimental strategy of manipulating single protein molecules. Molecule is attached to
functionalized polystyrene beads by means of 500bp DNA handles. One handle is attached to a
steptarvidin bead placed at the end of a pipette and another handle is attached to digoxygen bead
optical trapped. The molecule is pulled and relaxed by moving the pipette downwards and upwards
respectively. Using this strategy applied force and change in extension of the molecule is recorded
simultaneously [37].
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1.2.7 Various methods of single molecule manipulation using optical

tweezers:

The mechanical manipulation of proteins can be done using three main experimental
strategies namely: Force ramp or constant velocity, force jump and constant force or
hopping experiments. In this section I have explained these methodologies along with the

references of the recent studies in which they have been employed.

Force Ramp or constant velocity:

In this method, single molecules are pulled and relaxed at constant velocity (nm/sec),
which results in force extension curves as shown in Fig 7 (A). Here when the molecule is
pulled, we initially observe a monotonic increase in force with extension, due to
stretching of the DNA handles and then a sharp rip is observed corresponding to the
complete unfolding of two state folding (u) molecule. On further pulling, the stretching of
DNA handles along with the molecule can be observed. The sharp rip during unfolding of
the protein happens such that the extension of the molecule increases with a drop in force
due to upward movement of bead in the trap. Similar process is observed when the
molecule is relaxed back to its native state configuration in which the force increase
during the refolding transition. The values of the unfolding and refolding forces depend
on the pulling speeds and distribution of these forces can be attained at different loading
rates (pN/sec) from several pulling and relaxation cycles. These distributions of forces
can then be fitted by a probability density function to extract the rates of folding and
unfolding at zero force and distance to transition states [see section (1.3)].The above

methodology has been applied in several recent studies [65, 66]. From the force
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extension curve, we can also measure the change in contour length between the native
and unfolded state by fitting the branches before and after the transition with worm like
chain model [see section (1.3)]. The change in contour length also gives the information
about the number of amino acids involved in the unfolding and refolding of the protein.
From these set of data we can also understand whether the protein folds / unfolds at
equilibrium or away from it. If the folding and unfolding trajectories are reversible then
the free energy change of unfolding can be directly measured from the area under the
transition. This value can then be compared with the stability value measured in bulk
studies after correction for the stretching free energy of the molecule. However if the
folding/unfolding trajectories are not reversible, we observe hysteresis in the force
extension curves as shown in Fig 7 (A). For measuring the free energy values from such
data statistical tools like Crooks fluctuation theorem are used to extract equilibrium

information [67, 68] [see section (1.3)].

Constant Force or Hopping experiments:

In this method, constant force is applied on the molecule by means of force feedback
mechanism. When a molecule folds/unfolds, the force applied on the molecule increases/
decreases with the change in extension of the molecule. The feedback mechanism moves
the position of the pipette in response to the above changes and thus maintains the force
at a constant value. The change in extension of the molecule between its different states is
measured in this process as a function of time. In Fig 7 (B), the hopping of a two state
molecule at equilibrium is shown at a constant force along with the probability
distribution of extensions corresponding to the native and unfolded states. From such

traces, the life times of each state can be extracted ( Gy and Gy ) and the cumulative
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distribution of the lifetime values display single exponential behavior, suggesting first
order kinetics of the reaction; see Fig. 7 (C) [69]. The fitting of these distributions provide
the rates of folding and unfolding of the molecule at each force value. These rate constant
values can then be linearly fit using the Bell’s model to extract the rates at zero force and
the distances to the transition states [see section (1.3)]. However for fast fluctuations of
the molecule and for multi state folding process the above method of rate constant
extraction is not very robust. For such processes, hidden Markov model (HMM) analysis
is used that can mimic the ultra fast transitions of the molecule and give the full details of
kinetics of the equilibrium fluctuations [70]. The full details of the HMM method of
analysis is explained in [section (1.3)]. The method of feedback mechanism has several
limitations mainly due to the relaxation time of the piezo stage that moves the pipette for
keeping the force constant. Moreover, when the pipette is moved the feedback requires
relaxation time for its components to become stable before it can respond to another
transition of the molecule. Thus the response time of the feedback limits the timescales at
which the force is kept constant [71]. Moreover, the spatial and temporal resolution of the
instrument is very significant for extracting the kinetics of short lived states of the

molecule.

Constant distance experiments:

In this method, the position of the pipette is kept constant and the force values due to
movement of bead in the trap in response to folding/unfolding of the molecule is
acquired. Since the distance between the trap and the pipette is kept constant, the force
values indirectly describe the different states of the molecule instead of extension values

in constant force experiments. In this method the temporal resolution is higher than in
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constant force traces which depend on the response time of the bead in the trap rather

than the force feedback mechanism as used in constant force experiments.

Force Jump experiments:

When the rate of folding and unfolding of a molecule is slow, it becomes difficult to
acquire lot of transitions in a short amount of time. For such cases, collecting a
statistically good number of folding and unfolding events requires large amount of time
which is experimentally very demanding considering the stability of the set up. This
problem is circumvented by using force jump experiments. In this method, for observing
the unfolding and folding events, the force is quickly increased (jumped) and decreased
(dropped) respectively, to a preset force value and is kept constant with the feedback
mechanism. The force range in these experiments is chosen such that the probability of
folding and unfolding is high in that range. Fig. 7 (D), depicts a typical force jump trace
with extension time and force time cycles. Initially, the force is at 6pN and the molecule
is in its folded state from which it is pulled suddenly by increasing the force to 8.7 pN.
The force is kept at this value and the corresponding stretching of the DNA handles is
observed until a sudden transition occurs due to the unfolding of the molecule. Once the
molecule is unfolded, the force is suddenly dropped to its earlier preset value of 6 pN.
The relaxation of the DNA handles then takes place at this new force which then
terminates with a sharp decrease in extension due to refolding of the molecule. This
process is repeated for number of cycles until a good number of transitions are acquired.
The dwell times of the unfolded (G y) and native states (G ) are then acquired from these
cycles and the single exponential fitting of the cumulative distribution of the lifetime

values then provide the rates of folding and unfolding transitions [69].
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Figure 7: Single molecule mechanical manipulation data (A) Force extension curve of a two state
folding (un) single molecule obtained from force ramp experiments. The unfolding of the protein is at
high force and refolding occurs at lower forces showing non equilibrium trajectory that depends on
the pulling speed[65]. (B) Extension time traces recorded using constant force methodology where the
molecule can be seen as hopping between its two states. (C) Dwell time distributions of each state of
the molecule depicting single exponential behavior from which the rates of folding an unfolding can
be calculated. (D) Force jump trace depicting the extension time and force time data. The molecule is
forced to jump between its different states in a range of forces such that the force is increased or
decreased quickly to a preset values as the molecule folds or unfolds [69].

1.2.8 Recent advancement in optical tweezers instrumentation:

The recent progress in single molecule optical tweezers instrumentation has been focused
in acquiring more details about the biological processes by improving the temporal and
spatial resolution of the set up. Particularly, for single molecule protein folding studies,
stress has been laid in developing ultrafast optical tweezers set ups that can provide more
details about the complex energy landscape of the molecules [17]. A major change has
been provided by the development of dual trap optical tweezers set ups, in which the

thermal drift and fluctuations of the trapped bead is cancelled out due to the dual traps
39



[72]. For single molecule manipulation experiments, novel optical tweezers set ups have
been developed which can be used to measure new parameters such as angular deflections
due to applied torque or rotation of molecules [73]. Torques can now be applied to the
molecules using magnetic tweezers set up which can now reveal details about many
biological processes like transcription, replication and protein folding [74-76]. The
magnetic tweezers have been integrated with dual beam optical tweezers that can be used
in the study of wide range of complex systems such as DNA-DNA interactions, DNA
bound proteins, intermolecular friction etc [77]. Moreover, the recent combination of
optical and magnetic tweezers with fluorescence microscopy have recently provided
unprecedented details regarding DNA supercoiling, dynamics of diffusion, hopping of
plectonemics in DNA [78, 79]. The development of Quad — trap optical tweezers
instrument has opened new avenues in which four polystyrene beads could be
simultaneously trapped independently, with which mechanical manipulation of two

molecules can be done at the same time [80].

1.3 Studying thermodynamics and kinetics of protein
folding using single molecule force spectroscopy.

In biochemical reactions the interacting molecules undergo large conformational changes
which involve both linear and rotational motions. These conformational changes help in
understanding the progress of the reactions where parameters like end to end distance of
the molecule acts as a convenient reaction coordinate. In this section the effect of force on

thermodynamics and kinetics of single molecule protein folding reaction is explained
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considering the end to end distance of the molecule as the well defined reaction

coordinate.

1.3.1 Effect of force on the energy landscape of a molecule:

The change in energy dE of a molecule when it is stretched using optical tweezers or
AFM can be explained using the first law of thermodynamics as:

dE = 0Qrey, + OWppy, (1.3.1)
0Grey, = TdS and 0W,,, = —PdV + [ F dx) are the reversible heat exchange with
surrounding and reversible work done on or by the molecule in quasi static equilibrium
conditions. Where T is temperature, S is entropy, P is pressure, V is volume, F is force,
and dx is change in extension of the molecule. Thus equation (1.3.1) can be expressed

as:
dE = (T(dS)) + (—PdV + f Fdx) (1.3.2)

As T and P are the independent variables in mechanical manipulation experiments the

change in Gibbs free energy gives more relevant information:
dG = —SdT +VdP +fF dx (1.3.3)

At constant T and P , if the molecule is pulled a distance Ax in quasi static equilibrium
conditions then the work done on the molecule will be reversible and will be equal to free

energy change of the system

xo+Ax
dGstretch = f Fdx (1.3.4)
X0
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The energy landscape of a two state protein folding reaction where the molecule goes to
its native state N from its fully unfolded state U at zero force is shown in Fig 8 (A). The
two states of the protein occupy local free energy minima, separated by a distance Ax

along the reaction coordinate that is end to end distance of the molecule. Xy and X;; are
the distance to the transition state from N and U state respectively while AG;; and AGF
are the activation energy barriers for the two states of the molecule. The thermodynamic
free energy change of the molecule is shown as AG®. The free energy change of this two
state reaction is given by:

P{U}) (13.5)

= s 0 —
AG(F = 0) = AG +kBTln<P{N}

In the above equation P{N} and P{U} are the probability of occupying the native and
unfolded states respectively in single molecule experiments. When force is applied to the
molecule, to a first approximation, it can be assumed that each point on the energy

landscape is tilted by an amount proportional to its distance from the native state [81] Fig

8 (B).

A

Reaction coordinate Reaction coordinate

Figure 8: (A) Energy landscape of a two state folding unfolding molecule at Force = 0. The reaction
coordinate is the end to end distance of the molecule. (B) The energy landscape of the molecule is
tilted when force is applied, such that each point on the landscape moves downwards proportional to
its distance from the native state which acts as a pivot [82]. Here it is assumed that the force does not
affect the positions of the native and unfolded states.
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Thus equation (1.3.5) can be written as:

AG(F) = AG® — F(Ax) + kyTln (%) (1.3.6)

Since at equilibrium AG (F) = 0 thus
AG® = F(Ax) — kpTin(K.q (F)) (1.3.7)
Where

_ (4G°—F(Ax))

(1.3.8)

is the equilibrium constant of the folding reaction which depends exponentially on the
applied force F. Thus by varying force the population of the two states of the molecule
can be changed by shifting the equilibrium to native state by decreasing force and
towards the unfolded state by increasing the tension as shown in Fig 9 (A). As we pull the
molecule we can find a force = F %2 at which the molecule can be observed to have equal
probability of occupying the two states. At this force the equilibrium constant

Koy (F %) =1.
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Figure 9: (A) Effect of force on the energy landscape of a two state folding unfolding of a molecule. At
a particular force F= F '; the molecule has equal probability of occupying the native and unfolded
states. The probability of occupation shifts towards the unfolded state if F > F % and towards the
native state for F < F % . (B) The force extension curve of a two state folding (un) of a molecule at
equilibrium. Here the unfolding and refolding trajectories overlap and the molecule folds - unfolds
reversibly about an equilibrium force. From the force extension curve the area under the transition
gives the free energy change of unfolding the molecule [83].

In the above description, an assumption is made that the positions of the N and U states
are unaffected by the applied force and the energy landscape is tilted with position of
native state acting as a pivot. However this assumption is not purely valid as we know
that the position of the U state does change, because at force F the molecule becomes a
stretched polypeptide chain from a random coil configuration at force = 0. The shift in the
position of the states depends on the local curvature of the states where a steeper potential
well will have lesser change in position. Thus a correction in free energy change of the
molecule should be done in equation (1.3.7) with respect to the new position of U state

where the shift in the N state can be considered as negligible due to more curvature of its

potential well.
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AG° = —kpTInK,; (F) + FAx — AGgrerc n (F) (1.3.9)

Where

Xy (F=F)

AGsiretcn(F) = f F.dXy (1.3.10)
Xy (F=0)

At force = F ¥ since K., (F ¥2) = 1 thus equation (9) can be rewritten as:

AG® = Fy jyAx — AGgprere n(Fi/2) (1.3.11)
In the equilibrium conditions, F; ,Ax can be calculated as the area under the reversible
folding unfolding transitions of the molecule in the force extension curve as shown in
(Fig. 9 b) shaded portion. Whereas the AGg;yesc h(F1 /2) can be calculated from the WLC

interpolation formula as explained next.

Entropic elasticity of the molecule:

Inorder to calculate AGgserc h(Fl /2) using equation (1.3.10) various polymer elasticity
models can be used, however in single molecule manipulation experiments the most
widely used model is Worm like chain model (WLC) [84, 85]. The WLC model is based
on the entropic elasticity of polymers. Due to thermal fluctuations, a polymer in solution
acquires a random coiled configuration with maximum entropy through steps of low
entropy bends and curves. If the polymer is pulled from this maximum entropy
configuration then a restoring force is generated known as entropic elasticity force. The
WLC model assumes the polymer as a flexible rod of length L that can bend as a result of
thermal fluctuations. The directional correlation between two segments in the polymer
decreases exponentially with their separation s according to e(-s/P), where the decay

length P is the persistence length of the polymer which is proportional to the stiffness of
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the polymer. Thus the force required to stretch a polymer of contour length L can be

calculated from WLC interpolation formula as:

FP _ 1
D

5+

(1.3.12)

SIS
NI

Where x is the end to end distance of the polymer. The AGg;yetc h(Fl /2) can be calculated
as the area under the WLC curve generated by integrating equation (1.3.12) from zero to
extension of the unfolded molecule at Fy /, Fig 2 (B). The AG® calculated after correcting

for stretching free energy of the molecule can then be compared with values obtained in

bulk experiments from the equilibrium unfolding of a protein [37, 83].

1.3.2 Effect of Force on the Kinetics of single molecule reactions:

According to transition state theory, for a two state protein folding reaction the rate of
folding (kfo) and unfolding (k) at zero force, depends on the activation energy barriers

AG;and AGfi for unfolding and folding respectively as :

—AGT
kO = Aexp < kBT“ ) (1.3.13)
—AGY
0 _ f
ke =A ex'p< kT > (1.3.14)

The pre exponential factor A, depends on the rate at which the molecule diffuses to the

transition state from state N and U [86] as:

w;w*

A= Ty (1.3.15)

Where wq is the characteristic potential of the harmonic wells at states N and U, which

determines the rate at which the molecule approaches the transition state. w* defines the
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rate at which the barrier is crossed once it is reached from N and U states. While the ratio
%, of friction coefficient over the mass of the molecule determines the ruggedness of the
energy landscape. As the applied force tilts the energy landscape of the molecule, the
Bell’s model [82] states that the activation energy barrier for unfolding AG,? decreases by
a factor F. X,, and the activation energy barrier for refolding is increased by a factor F. X

Fig 1b. Thus the unfolding and refolding rates at a given can be written as:

AG, — F Ax
k,(F)= Aexp — (M) (1.3.16)
kgT
ke (F) = A (AGf+FAxf) 1.3.17
f = Aexp kT (1.3.17)
Using equations (1.3.14), (1.3.15) and (1.3.16) (1.3.17) we can write:
F Ax
k, (F) = k? exp< ”) (1.3.18)
kgT
0 —F A.X'f
ke (F) = Kk exp< o ) (1.3.19)

The ratio of k, (F) and k¢ (F), the equilibrium constant of the reaction at a given force

can be calculated as:

F Ax)

K,,(F) = K2 exp(
€q €1 kgT

(1.3.20)

Where Ax = Ax, + Ax; is the extension of the molecule and Ké’q is the equilibrium
constant at zero force.
On equating equations (1.3.18) and (1.3.19) we can find a relation for the force Fy/, at

which the molecule will have equal probability of occupying the two states:

F1/2 Axu _Fl/Z AXf
0 _ 1,0
feu exp( kT ) =kt exp( kT )
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kgT Kk
F1/2=—Lln -

—= (1.3.21)
Ax kf

Equations (1.3.18) and (1.3.19) can be linearized by taking the natural log as follows:

In(k,(F)) = In(k2) + T—’;f‘ (1.3.22)
B
In (ke (F)) = In(kf) - ij;ff (1.3.23)

As we can see from above equations, ln(ku (F )) increases linearly with the applied force

while In (kf(F)) decreases linearly with increase in tension. The plots of

In (ku (F)orks(F )) vs force is called chevron plot (Fig. 10) from which rate constants at

zero force (kO and k})) can be extrapolated and distance to transition states

Ax, and Axy) are evaluated from the slope values.
f

Ink (sec‘1)

5.5 6.0 6.5 7.0 7.5
Force (pN)

Figure 10: Plot of log of rate constants of folding and unfolding of the molecule calculated at each
force. The experimental data is fitted with linearized form of Bell’s model from which the distance to
transition states and rates at zero force can be calculated.

Using, equations (1.3.13) and (1.3.14) the activation energy barriers 4G, and AG]?t can

then be calculated by approximating the preexponential factor A for the given system. In

the above kinetic model the position of the transition state is considered as unchanged
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with the application of force which is a good approximation only for small range of forces
in which the molecule is manipulated. However experiments in which large range of
forces are used the transition barrier position will shift with the applied forces and Bell’s
model with a force independent transition barrier position cannot be used in such cases.
To account for the shift in the transition state position the dependence of folding and
unfolding rates on an additional energy barrier associated with changes of bead deflection
in optical trap or spring constant of AFM cantilever and extension of DNA handles is
considered as explained in these papers [87, 88]. Apart from these other authors have also

proposed theoretical methods that account for shift in transition states with force [89-91].

1.3.3 Energy landscape reconstructions from equilibrium and non -

equilibrium force manipulation data:

The experimental data from single molecule mechanical manipulation experiments can be
divided into two categories — equilibrium and non equilibrium folding (un) of proteins. In
this section I will talk about these two types of data and the theoretical models generally
applied to analyze the thermodynamic and kinetic parameters of protein folding reactions

from them.

1.3.4 Equilibrium fluctuations in single molecule manipulation

experiments:

As discussed in [section (1.2.7)], using constant force technique single molecules can be
observed hopping between there different molecular configurations at equilibrium. These
fast fluctuations observed in the extension time traces, [see section (1.2.7)], contain
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wealth of information about the kinetic and thermodynamics of the folding unfolding
reaction. On plotting the probability distributions of these traces, by Gaussian fitting, one
can estimate the change in extensions of the molecule corresponding to transitions

between different states as shown in Fig. 11 below.

=
-
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Figure 11: The probability density distributions of the extensions corresponding to the different
states of the molecule. The Gaussian fit of the data provide the extensions corresponding to the
transition between the states. The density distribution can also be used to acquire free energy change
of unfolding using the deconvulation method [87, 92].

These probability distributions P(x) of extensions can be used to reconstruct the energy
landscape of the molecule where the free energy function G(x) for the desired energy
landscape is related to P(x)as [92]:

G(x) = —kgT.In[P(x)] (1.3.24)
This approach of energy landscape reconstruction has several requirements like high
resolution optical trapping system and constant load over full temporal bandwidth of the
folding process. For systems in which the time required to measure the position and
adjust the force in response is slower as compared to the timescale of transitions the
above methodology is not applicable. Moreover it is also essential that instrumental
effects and noise in the experiments be considered, because the dynamics of the molecule
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are convolved with the dynamics of the force probe. The effect of the force probe can be
removed by deconvolution methods to recover the intrinsic energy landscape of the
proteins [87, 93]. The above method helps in extracting not only the on pathway
trajectories of the protein but also the non native states which the molecule occupies due
to kinetic traps in the energy landscape, which are also known as misfolded states of the
protein [18]. However for systems in which multi state transitions take place at
equilibrium, the above technique may not be feasible and may be applicable for only two
state or single domain proteins. Proteins having two domains like CaM and NCS-1, are
observed to show complex fluctuations between multiple states [17, 94] and merely
characterizing a state on the basis of its extension signal is not feasible in such cases, as
two states can give same extension values but different kinetics in the traces [17].

Hidden Markov Modeling (HMM) is another method for analyzing such ultra fast
fluctuations which is based on probabilistic theory. In this section I will initially discuss
the basics of HMM and then its application in the analysis of hopping traces of single

molecule manipulation experiments.

1.3.5 Hidden Markov Model

Signals and Signal Models:

Real world processes produce signals of different types like discrete signals, continuous
signals, stationary source signals, dynamic source signals, noisy signals etc. In order to
find a theoretical description of the signal processing system and for understanding the
properties of the signal source, signal models are used for simulating the source. HMM
lies in the class of statistical models in which the basic assumption is that the signal is
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governed by a random or stochastic process whose parameters can be characterized in a
well defined manner. HMM was first introduced by Baum and his colleagues in late

1960s and early 1970s and was applied for speech processing applications.

Discrete Markov Process:

HMM is based on the Markovian theory of signal processing which can be described as
follows:

Let us consider a system with N possible states S1, S2,...SN. The transitions between the
N states, which the system can undergo at discrete interval of time say, can be defined by
an N x N transition matrix A. Where the probability that the system can switch from its

present state at time t : g, = §; into a new state q;,1 = §; at time t + 1is defined as:

Ay =P (qrs1 = S |a: = Si) (1.3.25)

A

ij 1s the element of the transition matrix A where for each 1,j 4;; = 0 and Zj-vzl Ay =1

Moreover eq (1.3.1) implies the assumption:

P(CIt+1 =5 |Qt = Siqt-1 = Skyerr) = P (Qt+1 =S5 |qt = 5i) (1.3.26)
That the probability of transition to the next state depends only on the present state of the
system thus it is history independent process. This property of the system is known as
Markovian. Another assumption in this model is that matrix A is time independent. The
above properties describe a first order discrete Markov process. Although a theory of
continuous Markov process is possible but we will consider only the discrete time

process.
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Hidden States and Model:

The above Markov model is observable, in which the probability of transition between
the states can be directly measured. However in processes where the states of the system
are ‘hidden’ and we can only observe a sequence of events, we use HMM to understand
the dynamics of these states or the underlying process which generates the observable
events. For such systems we can assume that there is a correlation between the hidden
states and the observable events where the former causes the latter.

Model:

In HMM, we assume that the observation sequence is a probabilistic function of the
hidden states of the system where HMM is a doubly embedded stochastic process. For a
discrete time process we can assume that at time t the system is in an unknown or hidden
state g, which generates an observation event O,from a sequence of M possible
events 01,0, , ...0y . The probability of occurrence of each observation event O, =
01,0,,..0y corresponding to hidden states q, = S;,S,..Sy are defined by a NxM
observation matrix B whose elements are:

B;(j)= P 0; =Vlq. =5;) (1.3.27)
The above equation shows that at time , the probability that the system in state S; among

its N states, generates an observable event V; among the M possible events is given as

B; (j) where B; (j) = 0 and the sum of B; (j) over j must be equal to 1.
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hidden Markov process Q
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Figure 12: A general HMM “Q’, where the hidden state sequence q; is related to the observation
sequence O; by observation probability matrix B and transition probability matrix A.

The roles of transition matrix A eq (1.3.25) and observation matrix B eq (1.3.27) are
pictorially described in Fig. 12 Another information which is required for constructing the
model is the initial conditions of the hidden system at time t = 1. These conditions are
defined by the vector m where forall 1 <i < N:

T =P(q = S) (1.3.28)
that gives the probability Tr; that the hidden system is in state S; at the beginning of the
considered time interval.

Thus using equations (1.3.25), (1.3.27) and (1.3.28) we can construct the model as
A = (A, B, ) which can precisely define the statistics related to both the visible and the
hidden part of the system.

Three Basic Problems of HMM:

A big issue with the model discussed above is the method of determining the parameters
in A = (A B, m) that best describes the observation sequence O, = 0;,0,,..0y . For

tackling this issue HMM deals with solving the three problems :
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(1)

)

3)

For a given observation sequence O, = 0;,0;,,..0y1f we assume a model A=
(A, B, ) that can generate the observation sequence then what is the probability of the

observation sequence given the model A defined as (O|4) ?

Given an observation sequence O, = 04,0,,..0y and a model A = (4, B, ) how we
can choose a sequence of states Q = Q1,Q,..Qy that best describes the observations or

is optimal in some sense?

For the observation sequence 0; = 0;,0;,,..0,yhow we can adjust the model

parameters to maximize P(O|A) ?

Forward- Algorithm:
For solving problem (1), HMM applies this algorithm in which given the model
parameter A , the probability of occurrence of an observation event at each time step is
computed which is much less computationally demanding than considering all possible
hidden processes. The procedure makes use of an auxiliary forward variable a;, (i) which
is defined as:
a, (i)=P (04,0, ...,0;, @ = S; | (1.3.29)
Which gives the probability that at time, the observation sequence is observed And the
hidden state is S; given the model is A. The next step is of initialization where the value
of a, (i) att = 1is given as
a; (i) = m; B;(01); 1 <i <N (1.3.30)
Now the values for a, (i) at each time step are calculated inductively as:
Induction step:

O [ZMia (D) A;]B (0p41); 1 <t <ST—-1;1<j <N (1.3.31)
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In the above step all possible ways at time t + 1 are considered, in which the hidden
states S; from = 1to N , can make the transition to state S; according to the matrix
elements A;; AND state S; generates the observable 0.1 given by matrix element
B; (0¢41).

Termination: After calculating a for all t and j values the sum of a; (j) over all j will

give the solution of problem one mentioned before:

N

P (0|1 = Z ar (j) (1.3.32)

j=1
As ay (j) gives the probability of observing the sequence 01, 0, ..., Or and the hidden

state at T as S; the sum over it will include all possible hidden states which are equally
likely possible to generate the sequence.

For solving problem (2), it is important to first understand what we mean by optimal state
sequence. Here optimal means a state sequence Q = q1,q; ..qr which has the maximum
probability of generating the observation sequence O = 0q,0;,..07. There are various
methods for finding such optimal state sequence like one way is to look for all possible Q
and choose the one with maximum probability of generating the observations O =
0,,0;,,..07r. However here we will only discuss the case where we can choose the
individually most like states. This method maximizes the number of correct states
corresponding to the target observation sequence O. HMM applies the method of
backward algorithm to carry out the procedure of finding individually most like states.
Backward Algorithm:

here an auxiliary variable is initially defined as :

ﬁt (i) = P ( 0t+1 ) 0t+2 ey OT | qt = Sl ,A) (1.3.33)
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The above equation gives the probability of observing the events
O¢41,0¢47 ..., O subsequent to time t given that the hidden state is S; and the model is
A

The initialization of this algorithm is doneas Sy (i) =1; 1 <i <N

Next the induction of the variable S; (i) is defined as:

N
j=

The above equation shows that for the system to have been in state i at time t and the
observation sequence subsequent to time t O;;1,0¢;, ..., Oris taken into account, then
we have to consider all the possible states at time t + 1 §; given by the transition element
A;; and the observation element 0,4 expressed by B; (O.11) and the probability of those
subsequent to t+ 1 S,.1 (j). To find the most optimal state sequence we define the

term:

ye@=P(q = S 104 (1.3.35)

Which gives the probability of the hidden state as S; given the whole observation
sequence O and the model A. This is the actual quantity we are interested in, and which
we want to maximize. In other words, in our current choice of the “optimality criterion”,
for each time t we are looking for the state g, the system is most likely to be found in,
given our knowledge of the observed sequence O. This can be mathematically expressed
as:

q. = argmax[ y,()]; 1<i<N;1<t<T.

Equation (35) can be written in terms of « and S terms as:
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a DB (D) a DB (D)

= —TFom " N a (DB ()

(1.3.36)

As a, (i) accounts for the observations till time t while B, (i) accounts for the events
subsequent to time t 4+ 1 the normalization factor Zj-vzl a; (j)B: (j)makes y.(i) a
probability measure. Thus using (1.3.36) HMM chooses the individually most likely state
q: attimet.

Search for the best fitting Model:

the third problem of HMM is the most difficult one which requires the solution of the first
two problems. In this problem, given an observation sequence O = 04,0;,..07, we
need to find the model A = (4, B,m) having the maximum probability for the sequence
O to occur. Although there is no efficient way to solve this problem but we can find a
model A = (A, B,m) such that P (0|4) is locally maximized. This procedure is carried
out using iterative techniques like Baum-Welch method also known as expectation
modification EM. In this method, in order to begin the iterative procedures we need to

guess initial model parameter values 4;;, B; (j) andm; . Also, we have to define the

ij
number of states of the system N and the number of observation events M. These initial
choices for modeling must be made after having a prior knowledge of the system under
study which is subsequently corrected by the expectation maximization procedures. To do
that we first define a parameter

e@)N=P(q =S, @1 =S 0,2 (1.3.37)

Which gives the probability of the system to be in state S; at time ¢ and state S; at time

t + 1, given the model and the observation sequence. Eq (1.3.13) is somewhat the two-
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times analogous of the y,(i) variable defined in eq (1.3.35, 1.3.36). Thus by using the

forward a, (i) and backward variables B, (i) we can rewrite eq (1.3.37) as:

ag (i)Aiij (O¢41)Be+1 ()
P (0]4)

g (i,)) = (1.3.38)

a; (1) Ay B; (O¢41)Be+1 ()
i 25'\[:1 a; (DA B (0i11)Bes1 ()

g (i,)) = (1.3.39)

The studied process involves all the correct observations up to time t together with a
particular hidden state at t, then the transition to another particular hidden state at t + 1
and finally all the correct observations from t + lon. From above equations and eq

(1.3.36) we can see that:

N

Ye(@) = Zet @) (1.3.40)

j=1

The sums of y,(i) and & (i,j) over time, represent the expected number of transitions
from a given hidden state i, and the expected number of transitions from a hidden state i
to a hidden state j, respectively. Which can be expressed as:
YTl v, (i) = expected number of transitions from S;.

=1 & (i,j) = expected number of transitions from S; to S;
where the summation goes only upto t = T — 1, since T is the maximum time index and
transition from T to T + 1 are not considered. From above equations we can write a set of

reestimation formulas for A, B and . Where

;' = expected frequency (number of times) in state S; at time t = 1= y; (i) (1.3.41)
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expected frequency of transitions from state S; to state S;
A= =
Y expected frequency of transitions from state S;

YTt e (i)

- - 1.3.42
S 1) (1342
., expected frequency in state S; and observing the event 0y,
B (k) = .
expected frequency in state §;
T .
= 1el) (13.43)
Yi=1 ve(@

Using an initial guess model A = (A4, B,m) with elements 4;;, B; (j) andm; chosen

ij »
according to some prior information about the system, we can carry out the reestimation
procedure discussed above to find the optimal state sequence which best describes the
observation events. However there are two possible solutions: ( a) the initial 1 is a
critical point of the system defined by the re-estimation rules above, and thus does not
change, implying A = A’ or (b) the new model A’ is more likely than A4, i.e. P (O|1") >
P (0|1). If b) occurs, we can assign A « A', i.e. the new model becomes the “old” one
and we can reiterate this procedure from using the reestimation eq (1.3.41, 1.3.42 and

1.3.43). This goes on until we are satisfied by the level of likelihood P (0|A) achieved.

The final model is called a maximum likelihood estimate of the HMM.

HMM Scaling:

The three HMM solutions discussed earlier all involve induction steps requiring products
of probabilities. From eq (1.3.31) it is evident that, a, (i) tends to 0 exponentially as T
increases. The final result of such chains of operations is likely to be a very small number

which can be smaller than the machine precision a problem known as underflow. The
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solution to this underflow problem is to scale the numbers. However, care must be taken
to insure that the re-estimation formulae remain valid.
Using eq (1.3.31):

a, U) = [ZM5t ey (D Ay ]B; (00); 0<t<T-1;,0<j<N-1
From above equation it looks possible to normalize @, (j) by dividing it by its sum over
j. To check whether the reestimation formulae remain valid lets assume that at t =0

ay (j) = ag (j) forj =0,1,...N — 1. If we define a variable

1

= ST Gy (1.3.44)
And ay (j) = coay () forj =0,1,..N — 1. Then for each t =1,2,..T — 1 we can
do the following:

(1) Forj =0,1,...N — 1 we can compute  a; (j)" = [Z?’;Ol at_l(i)’Aij]Bj (0,)

(2) Then if we define : ¢, = 1/ X2 a; (j)'

(3) For =0,1,..N -1 a, (j)' = c,a; (j)"

As ag (j) = coay ()’ we can write:

a, () = cocq...coap () (1.3.45)

Then a1 (].)" = Crp1041 (].),
N—1
= Ct1 [Z a ()" Ay
i=0

N-1
= CoC1--CtCei1 [Z a. (i) A
i=0

B; (0.)

B; (0r) = cocy v g1 (D)

Thus eq (45) holds due to induction for all t and by using the definitions of a, (j) and

a, (j)' we can write:
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(1.3.46)

Which gives a, (j)" as the required scaled values of a,(j). From eq (1.3.45 and 1.3.46) it
can be concluded that
Yot ar_1 (D" = 1and X5 ar_ ()" = cocy...crg Xisg ar—1 (D)

=cyCq...cr_1P (0|2)

Using these results we can write :

P (0|2) = ZT_—&C]
]:

We can avoid underflow in the computation by using the log of above equation as:
T-1

log[P (0|1)] = — z log c; (1.3.47)
j=0

Similarly we can scale ; (j) variables by using c; such that B; (j)" = ¢; B; (j). We can
thus replace a,(j) , B: () by a; ()", B: (j)" for calculating y,(i) and & (i,j) in eq
(1.3.36) and (1.3.39) respectively. Moreover, since in the reestimation formulae P (0|1)
get cancelled thus eq (1.3.47) is used to check whether P (O|A) is increasing in every

iteration.

1.3.6 Application of HMM in single molecule force spectroscopy:

The hopping of single molecule between its different molecular states is a typical
phenomenon observed in single molecule force spectroscopy experiments [17, 37, 63, 64,
87, 94]. In these experiments step like transitions of the molecule are observed with

respect to time. The observables in these hopping traces can be extension of the molecule
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in constant force measurements or the force values in constant distance experiments.
These observable values are characterized by some probability distributions which are
generally assumed as Gaussian [92]. To characterize the kinetics and thermodynamics of
these fast fluctuations of molecules, HMM is considered as the most efficient statistical
tool [70, 95]. The basic assumption in the HMM analysis of single molecule data is that
each state of the molecule is a discrete variable evolving under Markovian dynamics [96]
with a constant transition probability matrix A eq (1.3.25). The matrix of observation
sequence B eq (1.3.27) corresponding to each state of the molecule is deduced from the
Gaussian signals from extension or force time traces. The initialization of the HMM is
done by feeding a rough estimate of the transition matrix A and the observation matrix B
which is based on finding the initial guess of the number of states in the extension time
traces. The HMM algorithm then deduces the maximum likelihood estimate of the
transition matrix A and the observation matrix B (characterizing the mean and variance of
each state) from the hopping traces. The transition matrix is then used for calculating the
rates of transitions between different states of the molecule. The rates are calculated using

the equation

In( T;)
ki = A—t” (1.3.48)

Where At is the data acquisition time of the system. The transition matrix A and the
observation matrix B is optimized using the equations (1.3.42) and (1.3.43) respectively.
The observation matrix evaluated by HMM can then be used to calculate the change in
extension of the molecule at each force in constant force measurements. The HMM

algorithm provides an idealized trace of extension values, which can be fitted to the
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experimental data in order to check the robustness of the model used, as shown below

(red curve).
T
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Figure 13: HMM fitting using a three state model for characterizing the kinetics of a multi state
extension time trace. The red line shows the idealized trace generated by HMM.

From HMM analysis the lifetimes of each state can be calculated from which the
probability of unfolding curves for each state can be generated (Fig. 14). For a two state

reaction the probability of unfolding can be fitted with sigmoidal function as [83] :

1

AG — FAx
1+ exp(——F—
(1+ exp(= =)

Py(F) = (1.3.49)

Where AG and Ax are the fitting parameters as shown below:
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Figure 14: Probability of unfolding of a two state system. The experimental data can be fitted with a
sigmoidal function from which the extension of the molecule and free energy of unfolding can be
calculated [83].
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1.3.7 Energy landscape reconstruction from Equilibrium

measurements:

An advantage of equilibrium measurements of protein folding is that, the sum of
transition state distances (4xy and Ax, ) as measured from the linearized forms of Bells
model equations (1.3.22 and 1.3.23) give the extension of the molecule at F;,,. Since the
folding and unfolding trajectories in equilibrium measurements are identical, the energy
landscape of the molecule at zero force can be reconstructed by keeping the change in
extensions as the reaction coordinate [94] where the positions of the activation energy
barriers are described by the kinetic distances Axy and 4x,, . For calculating the height of
the activation energy barriers, equations (1.3.13) and (1.3.14) can be solved as:

AGY = kzT (InA —1Ink?) (1.3.50)
AGF = kT (InA—Ink) (1.3.51)
Where the values for k0 and k}) are extracted from HMM analysis and the chevron plot
(Fig. 3) and the pre exponential factor A, should be considered depending upon the

experimental conditions.

1.3.8 Extracting Kinetic parameters from force distributions:

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. For such type of
systems, generally force ramp and force jump methodologies [see section (1.2.7)] are
used to extract the kinetics and thermodynamics of the folding/unfolding behavior of the

molecule. In force ramp optical tweezers experiments [see section (1.2.7)], the rate at
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which the force is applied on the molecule, loading rate » (dF/dt in units of pN/s),
typically becomes constant above 3-4 pN [37, 83]. For constant velocity data the kinetics
of the folding reaction can be extracted using the model proposed by Evans and Ritchie
[97]. For a first order reaction with negligible refolding rate, the probability that the
molecule has not unfolded is [98].

dPs(t)
dt

= —k, (OP; (D) (1.3.52)

If force varies linearly with time ¢ as F' = r t, where r is the loading rate, then variable ¢

can be changed to F'in the above equation as

AP (F) K, (F)

dr r

P¢ (F) (1.3.53)

Integrating the above equation from 0 to F and using equation (1.3.18) we get

kOkyT
X,

In{P:(F)} = (1 — exp(Fx, /kgT)) (1.3.54)

From equation (1.3.54), the probability of unfolding as a function of force (P,(F)) can be
derived as

kOkyT

Xy

P(F)=1-P(F)=1- exp (— (exp(Fx,/kgT) — 1)) (1.3.55)

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

probability density as
dP, Kk kOkyT
— = —exp(Fx,/kgT) xexp | — (exp(Fx,/kgT) — 1) (1.3.56)
dF r Xy

The distance to the transition states measured from the above analysis is inversely

proportional to the width of force distribution whereas kO determines the unfolding force
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required for loading rate r. From equation (1.3.56) we can calculate the relation for the

most probable force for the unfolding of the molecule at which % = 0 as:

) (1.3.57)

The above relation shows that F,,, increases logarithmically with the loading rate.

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

calculated as :

k2kpT Fx
exp (— );”xf <exp(— kB—,)}) — 1))

kP kpT
exp ((— );xjj )— 1))

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

dPr Kk
d—; = Tfexp(— Fxf/kBT) *

(1.3.58)

at constant loading rate can be fit to equations (1.3.57) and (1.3.58) in order to estimate
rate constants at zero force (k,’, kf()) and distances to the transition state (x,, x) [65, 66].
Often however, experimental force distributions are analyzed with a slightly different
method. When exp(Fx,/kgT) > 10, which is usually the case with biomolecules, equation
(1.3.54) can be written as

koksT
In{P,(F)} = — L;xB
u

(exp(Fx,/kgT)) (1.3.59)

which can then be linearized as

kOk
ln{r ln(l/Pf(F))} =lIn .

u

gT

+ (%, /kgT) F (1.3.60)

Through similar considerations, for the refolding process, we have

0

kfkpT
In{—rin(1/B,(F))} =In

Xf

+ (x;/ksT) F (1.3.61)
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Equations (1.3.60) and (1.3.61) are often used to fit /n/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 ofthe force distributions over the
corresponding range of forces [65, 66]. The above method assumes that the shift in the
position of transition state barrier due to an applied force is negligible, however new
theoretical models have improved the above formalism to include the shift in transition
state positions. The probability density distribution of the unfolding forces are described

by the Dudko model [99] which includes transition barrier which move with the applied

force as:

1

de, k(F) kOksT — k(F).kgT F.x, \'™v
—_—= - 1-—- ) 1.3.62
dF T " exXp Xy Xy ( AGT v ( )

1, 1

K(F) = KO (1 F.x, )T AGT " < F.x, )E 1363
= k, AG,TU exp kT AG;U (1.3.63)

Where v defines the shape of the landscape like v = 2/3 gives linear cubic potential,
v = 1/2 gives cusp shape and v = 1 gives equation (1.3.56). Using the above equations,
new parameters like diffusion constant D and the transition path time Ty, over the barrier

can also be extracted [100] which are defined as:

p = EfMwal’ AG* 1.3.64
- oo e sa62) (13.64)
T, = In( 2P expify)AG] (13.65)
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Where k,, is the stiffness (curvature) of the potential well, k;, the stiffness of the barrier

and y is the eulers constant.

1.3.9 Extracting equilibrium information from non equilibrium

single molecule manipulation data:

When a molecule is pulled and relaxed at a speed faster than its slowest relaxation rate,
we observe hysteresis in its force extension curves [see section (1.2.7)], the size of which
is proportional to the loading rate of pulling and relaxing the molecule. From second law
of thermodynamics, we know that the work done on a system that is moved from one
equilibrium state to another is related to free energy change of the system as AW > AG
and for a cyclic process AW > 0. For a two state folding/ unfolding molecule out of
equilibrium we can write

Wy > AG =Gy - Gr

Wi > - AG=Gr— Gy
Which shows that: -Wp < AG < Wy . Here the equalities are attained if and only if the
process is reversible. From the above relation we can write that Weyeiic = Wr + Wy > 0.
If the cyclic process of folding and unfolding is repeated many times we get different
values of work due to thermal fluctuations and role of water molecules in the process. As
at microscopic level these fluctuations are not negligible, we can also observe rare events
in which Wyiic < 0 thus the second law should be used in terms of expectation values of
work done. Thus the above relations can be written in terms of average values of work
done in folding <Wg > and unfolding <Wy > as:

<-Wg>< AG < <Wy>. and
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Weyetic > = <Wp +Wy> >0
Here average values of work are realized by many repetitions of folding unfolding cycles.
Based on the thermal fluctuations of the work values, various fluctuation theorems have
been developed to extract the free energy change of unfolding a molecule from the
average work done in the microscopic processes [101, 102] . The first of these theorems
which was successfully applied in single molecule force spectroscopy was Jarzynski’s
equality[103]. For a system with states positioned at 0 and z along a reaction coordinate,
the free energy change between the states 4G (z) , is related to the Boltzmann weighted
work values obtained by repeated irreversible switching of the system between its states
by the Jarzynski’s equality as:
exp[—BAG(z)] = LimNy_o, < exp[—f wi(z,1)] >y (1.3.66)

where <> denotes averaging over N work trajectories, w;(z,r) represents the work of the i-
th of N trajectories, and r is the switching rate. The above equality was first successfully
verified, in the single molecule manipulation of P5ab RNA hairpin out of equilibrium
using optical tweezers [104]. However, since the above equality includes Boltzmann
averaging of work thus only low work values will contribute which demands extensive
number of experiments and many pulling cycles. This method is convenient to apply for
molecules like P5ab RNA, that (un) folds close to equilibrium however in far from
equilibrium systems, Jarzynski’s equality is hampered by large statistical uncertainties
due to the exponential averaging of low work values [105]. A more robust method for
extracting thermodynamic free energies of molecules that unfold far from equilibrium is
the Crooks Fluctuation theorem (CFT) [106]. CFT state that if Py(W) and Pr(W) denote

the probability distributions of the work performed on a molecule that is pulled (U) and
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relaxed (R) an infinite number of times, then the work done on the molecule is related to

free energy change as:

W) _ D (M) (1.3.67)

Paw) P\ kT
To apply CFT in single molecule manipulation experiments it is important that the
molecule should be pulled and relaxed with same speeds (time reversal symmetry) and
the molecule is always pulled from an equilibrium position (native state) and relaxed
from an equilibrium unfolded state. CFT states that although Py(W) and Pxr(W) depends
on the pulling protocol their ratio depends only on AG. The point of intersection of the
two distributions then give the AG of the molecule. CFT has already been applied in
several single molecule manipulation studies, as in [68, 87, 107]. It can be shown that the
Jarzynski’s equality is a consequence of the CFT by multiplying equation (1.3.67) by a
generic function ® (W) and integrating over W to get:

< ® (W)exp[—B W] >y
<® (—W)>;

exp[—BAG] = (1.3.68)

If we put ® (W) = 1, then we get the Jarzynski’s equality eq (1.3.64) from above. Since
CFT utilizes only the local behavior of work distributions around AG thus it is not an
accurate estimator of free energy change and for non overlapping distributions due to
systems far from equilibrium the uncertainties in the calculated values are high. For such
cases Bennet’s function [108] should be used in equation (1.3.68) to minimize the
statistical variance in the estimator.

W= AG)}—l (1.3.69)

dW) = {1+ (
W) = { nfeXp kT
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Where n, and ny are the number of forward and reverse events respectively [109]. For
systems in which the molecule occupies partially equilibrium states, CFT has been
modified into extended fluctuation theorems [110] and these methods have been

successfully verified in single molecule optical tweezers experiments recently [67].

1.4 Model Proteins.

To understand how mechanical force and changes in the environment of proteins effect
their folding (unfolding) behavior and cause misfolding, we chose human neuronal
calcium sensor 1 (NCS-1) and -2 Microglubulin as our model systems. Considering that
a lot of studies have been done on these proteins, information regarding their structure
and functionality was available for us to correlate with our results. Particularly, studies
done in bulk on NCS-1 allowed us to directly match our single molecule data and confirm
the validity of our conclusions. Using optical tweezer set up we performed single
molecule manipulation experiments on NCS-1 molecule in presence of Mg”" and in apo
form (no divalent ions). Whereas forces involved in the amyloidogenesis of [-2
Microglubulin were theoretically studied by us. In this section the structure and functions

of the model proteins studied are discussed.

1.4.1 Neuronal calcium sensor 1 (NCS-1): Structure and Functions

Structure:

NCS-1 is an EF hand protein with 190 residues, which belongs to the family of Ca*’
binding proteins such as GCAP, troponin C, CaM, and recoverin [111]. Fig. 15 depicts

the structure of NCS-1 in presence of Ca >* in which the molecule has two domains — the
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N and C domain [112]. The N domain consist of two EF hand motifs EF 1 and EF 2 while
the C domain consist of EF 3 and EF 4 motif hands. The EF hand motifs are basically two
a helices that are linked by a short loop consisting of 12 amino acids that can bind with
divalent ions like Ca®" and Mg®". EF 1 motif hand does not bind with any ions due to a
conserved cys /pro mutation. EF 2 and EF 3 motifs bind with both Ca*" and Mg ions
and they are known as structural sites whereas EF4 motif bind with only Ca*" and is
known as sensory site [94, 113]. NCS-1 in presence of Ca’" acquires an open structure
revealing large amount of hydrophobic patches which allows it to interact with target
proteins for carrying out its functions [112]. Recently our single molecule studies have
confirmed that the folding of NCS-1 in presence of Ca ** takes place sequentially, where
the C domain folds first followed by the complete folding of the N domain [94].
Moreover the folding process corresponds to the binding of the Ca®" ions to the EF hand
motifs, such that Ca ** binds first with EF3 and then EF 4 resulting in the complete
folding of C domain and finally to EF2 that causes the folding of the N domain. The
structure of NCS-1 in presence of Ca’" has been studied in great details using X ray
crystallography and NMR [112, 114-116] however bulk studies have shown that NCS-1
can also exist as two other conformers - Mg®" bound and apo form (no divalent ions) at
physiological conditions of cells [113]. The structures of these conformers are still elusive
and only few details are available from NMR studies where it is proposed that the apo
form of NCS1 has a molten globule like structure [117] while in presence of Mg 2" NCS-

1 adopts a very closed form revealing almost no hydrophobic patches [118].
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N-domain

Figure 15: Structure of NCS-1 with two domains N (in green) and C (in blue) in presence of Ca **.
The N domain has EF hands motifs EF 1 and EF2 and C domain has EF 3 and EF 4 motif hands
[112].

Functions:

NCS-1 belongs to the family of neuronal calcium sensor (NCS) proteins that are
expressed inside neurons and photoreceptor cells [119, 120]. NCS-1 carries out diverse
neuronal functions such as membrane trafficking, neuro transmitter release, learning and
neuronal growth [119]. NCS-1 on binding with Ca*" undergoes large conformational
changes which allow it to bind with different target proteins for carrying out its functions
[121]. At present 22 binding partners of NCS-1 has been reported [119, 122]. Moreover
NCS-1 also binds with many target proteins in its Mg®" bound and apo form conformers
and it is proposed that these conformers are also responsible for many neuronal functions
[119]. NCS-1 interacts with dopamine receptor D2 [123] and in the activation of P14Kf
[124] in its Mg®" bound form. Moreover NCS-1 is also responsible for many neuronal
disorders such as Schizophrenia, bipolar disorder and autism [119, 125]. Since Ca®" levels
frequently fluctuates inside neurons [126] it is believed that these disorders are related to
the varying Ca®" levels. In this thesis one project has been explained in which the
misfolding mechanisms of NCS1 are studied at single molecule level at different Ca*"

concentrations.
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1.4.2 p -2 Microglobulin (5-2 M)

Structure:

[-2 M is the light chain constituent of the class I human lecocyte antigen (HLA class I). It
has 99 residues and its structure is similar to the Ig family having a seven [ stranded
structure [127]. Till now about 80 crystal structures of 5-2 M bound to HLA complex
have been reported and they all display the seven stranded S sandwitched native state (see
Fig. 16) [128]. Among the seven [ strands four of them comprise one f sheet while the
remaining three forms the second f sheet in the structure. The structure is stabilized by a
single disulphide bond linking the two £ sheets [129]. The structure of monomeric -2 M
studied using X ray diffraction combined with NMR [130] revealed distinct changes
compared to the HLA B-2 M [127] and the structure of monomeric £-2 M studied in
solution [131]. These changes correspond to a 8 bulge that serves as separation between
two f strands resulting in a structure comprising of six [ strands at one side of the
protein [130]. Moreover these structural changes are also proposed to be responsible for

making monomeric f-2 M more prone to aggreagtion [130, 132].

Figure 16: Structure of §-2 M having a seven f§ strands that forms two £ sheets.
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Amyloidogenesis of -2 M :

In adults, B-2 M is produced at a rate of 200mg/day and it continuously dissociates from
cell surface into the serum and from where it is then cleared by the kidneys. In patients
with long term dialysis or renal failure, the concentration of [-2 M in the serum
increases by 60 fold [133] resulting in the aggregation of free -2 M molecules into
amyloid fibrils. The amyloid fibrils get deposited in bones and joints causing serious
problems like arthropathy and bone cysts which is known as disorder dialysis related
amyloidogenesis [21]. Several studies have been done in understanding the strcuture and
function of -2 M however the mechansim of its amyloid fibril formation and the forces

responsible for it are still elusive [134].
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1.5 Objectives

To gain more information about how proteins fold and misfold, we have used single
molecule mechanical manipulation using optical tweezers [see section (1.2)], as our
experimental strategy for studying the model protein NCS-1 [see section (1.4.1)]. Two
projects (papers 1,3 ) are explained in this thesis in which the folding and misfolding
trajectories of NCS-1 were studied in varying ionic conditions. Using single molecule force
spectroscopy and advanced statistical tools like hidden Markov model the full energy
landscapes of folding and misfolding trajectories of NCS-1 were studied in these projects. In
another project the amyloidogenesis of -2 Microglubulin, [see section (1.4.2)] has been
explained in which we have theoretically calculated the forces responsible for the amyloid
fibril formation of (-2 Microglubulin in laminar flow and in presence of hydrophobic

surfaces paper2. The objectives behind each of these projects are listed below:

1.5.1 Direct observation of calcium-dependent misfolding in single

Neuronal calcium sensor-1 molecules:

As discussed in [see section (1.4.1)], NCS-1 is associated with various neuronal disorders
such as Schizophrenia, bipolar disorder and autism [119, 125]. Moreover inside neurons it
has been shown that the concentration of Ca ** varies frequently [126] and it is believed
that these varying Ca>" levels could be responsible for the misfolding of NCS-1 resulting in
the diseases mentioned above. The mechanism by which protein molecules enter off
pathway trajectories and by non native interactions forms misfolded structures is an

important subject to understand [see section 1.1.5]. Recently single molecule mechanical
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manipulation has helped in understanding the misfolding behavior of several proteins [18,
64, 135]. In this project our objective is to study the off pathway trajectories of NCS-1 at
varying calcium concentrations similar to in vivo conditions. Moreover in this project we
planned our experiments to characterize the thermodynamic and kinetics of the misfolding
transitions two Ca’’ concentrations (10mM and 10 uM). From the kinetics and
thermodynamic information we can reconstruct the possible energy landscapes of the off
pathway transitions which will help in understanding the factors responsible for the

misfolding of NCS-1 due to variation in calcium concentrations in cells.

1.5.2 Structure, folding dynamics, and amyloidogenesis of D76N [2-
microglobulin. Roles of shear flow, hydrophobic surfaces and a

crystalline:

This project was devoted in understanding the factors responsible for the amyloidogenesis of
the model protein $2-Microglobulin see sections 1.4.2. Numerous studies have been done in
elucidating the structure and function of S2-Microglobulin [129-131] and the structural
characteristics of its amyloid fibrils [136], however little is known about the early events of
its fibrillization process. In this study, the effect of factors like shear flow and interaction
with hydrophobic surfaces on the rate of fibrillization of f2-Microglobulin and its structural
variant D76N [2-Microglobulin [137] were investigated. Considering that in cells the
proteins do interact with various hydrophobic surfaces and there are conditions involving
laminar flows [138], it is interesting to experimentally study what roles these factors play in
the early events of fibrillization of [2-Microglobulin. Moreover, since the WT S2-

Microglobulin has a more stable native state than its variant D76N, this study will help in
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elucidating the role of the thermodynamic stability of the molecule in its fibrillization
process [139]. In this study theoretical calculations were done to estimate the range of the
shear and hydrophobic forces involved in the destabilization of the native state of [2-
Microglobulin. The estimation of the forces will elucidate the most dominant factor in the

early events of the fibrillzation process.

1.5.3 Single-molecule folding mechanisms of the apo- and Mg2+-

bound forms of human Neuronal Calcium Sensor-1:

Neuronal calcium sensor 1 (NCS-1) is the primordial member of the NCS family and is well
studied for various functional roles such as regulating neuronal ion channels, membrane
traffic, learning and neuronal growth [119]. NCS-1 interacts with multiple target proteins in
executing these functions [111]. In vitro, NCS-1 has been experimentally observed to have
three conformers — Ca*" bound, Mg®" bound and in apo form. It is believed that these
conformers exist in nature in different cell conditions [113, 117, 140]. In neurons, calcium
binds with NCS proteins and plays a major role in actuating neurotransmitter release [141,
142]. However due to chemical similarity and high intracellular concentrations, Mg*" has
been found as a major competitor for Ca®" binding sites in Ca”" sensor proteins [140, 143].
Although, extensive studies have been done on the Ca”®" bound state [144, 145] little is
known about the structure and functionality of NCS-1 - Mg”" bound and apo form
conformers. Recently we have examined the folding (un) behavior of Ca®>" bound form of
NCS1 and reconstructed its full energy landscape [94]. In this project we have used optical
tweezers to study the folding mechanism of NCS-1 in Mg®" bound and apo-form states at

single molecule level. Our objective in this study was to understand the folding mechanisms
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and reconstruct the energy landscapes of Mg”" bound and apo-form states of NCS-1. The
comparison of energy landscapes of each NCS-1 conformer will not only help in elucidating
their respective physiological roles but will also give us insight into the effect of varying

environmental conditions of a protein on its folding behavior.
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2. PAPERS AND MANUSCRIPTS

The manuscripts of the research projects carried out in this PhD work are arranged in the
following order:

Paper 1 : Direct Observation of Calcium-dependent Misfolding in Single Neuronal Calcium
Sensor-1 Molecules.

Paper 2 : Structure, Folding Dynamics, and Amyloidogenesis of D76N f2-Microglobulin.
Roles of shear flow, hydrophobic surfaces and a crystalline.

Paper 3 : Single-molecule folding mechanisms of the apo- and Mg’ -bound forms of human

Neuronal Calcium Sensor-1.
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Neurodegenerative disorders are strongly linked to protein mis-
folding, and crucial to their explication is a detailed understanding
of the underlying structural rearrangements and pathways that
govern the formation of misfolded states. Here we use single-
molecule optical tweezers to monitor misfolding reactions of the
human neuronal calcium sensor-1, a multispecific EF-hand protein
involved in neurotransmitter release and linked to severe neuro-
logical diseases. We directly observed two misfolding trajectories
leading to distinct kinetically trapped misfolded conformations.
Both trajectories originate from an on-pathway intermediate state
and compete with native folding in a calcium-dependent manner.
The relative probability of the different trajectories could be af-
fected by modulating the relaxation rate of applied force, demon-
strating an unprecedented real-time control over the free-energy
landscape of a protein. Constant-force experiments in combination
with hidden Markov analysis revealed the free-energy landscape
of the misfolding transitions under both physiological and patho-
logical calcium concentrations. Remarkably for a calcium sensor,
we found that higher calcium concentrations increased the life-
times of the misfolded conformations, slowing productive folding
to the native state. We propose a rugged, multidimensional en-
ergy landscape for neuronal calcium sensor-1 and speculate on a
direct link between protein misfolding and calcium dysregulation
that could play a role in neurodegeneration.

protein folding | NCS-1 | off-pathway intermediate |
conformational dynamics | optical trapping

ost proteins have evolved to fold rapidly into a specific and

functional 3D structure immediately after translation from
the ribosome. The folding process is, however, not adequately
efficient to prevent the occurrence of misfolded states in vivo (1),
especially in the case of larger multidomain proteins which comprise
roughly 75% of the human proteome (2, 3). Normally, to tackle
and destroy these unproductive structures, cells are equipped
with competent clean-up machinery. such as chaperones. protea-
somes, and unfoldases (4). If misfolding cannot be ameliorated,
these nonnative states accumulate in the cell to form aggregates
with potential pathophysiological consequences (5).

The emerging view that protein misfolding is a common phe-
nomenon in living cells is still largely unsubstantiated, as detecting
and characterizing misfolded states has been experimentally chal-
lenging (2, 6). The mechanistic details that have accumulated over
the last decades on misfolding have mostly come from studies on
the resulting oligomeric structures and amyloid formation (1),
whereas our understanding of the structural rearrangements and
pathways leading to precursory misfolded states is still highly in-
complete. Importantly, the formation of prefibrillar monomeric and
oligomeric misfolded states is, contrary to amyloids, reversible and
thus these states provide a potential target for drug design.

www.pnas.org/cgi/doi/10.1073/pnas.1401065111
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Sparse populations and their associated weak signals limit the
use of traditional bulk methods for monitoring the early events of
misfolding. and relatively few systems have been studied in detail
(7-13). Now, single-molecule force spectroscopy techniques, such
as optical tweezers, enable detection of rare alternative folding
pathways and short-lived misfolded states by direct mechanical
manipulation (14-19). Although aggregation requires more than
one molecule, nonnative structural rearrangements within a sin-
gle molecule only report on monomeric misfolded states. Recent
works have exploited these properties to study misfolding of well-
known disease-related proteins, such as the prion protein, as well
as proteins not generally associated with misfolding, such as the
EF-hand calcium sensor calmodulin (CaM) (20-22).

The EF-hand superfamily of calcium sensors is responsible for
translating changing levels of intracellular Ca** concentration
into a biochemical signal through conformational changes that
allow them to interact with an array of binding targets (23). The
subfamily of neuronal calcium sensors (NCS) is mostly expressed
in neurons and currently includes 15 members (24, 25). Neuronal
calcium sensor-1 (NCS-1) is the most ancient member of this
family (Fig. 14), and it has been functionally associated with

Significance

Protein misfolding can lead to neurodegeneration. Yet, the
mechanistic details of this deleterious phenomenon are largely
unknown, as experimental portrayals of the early and reversible
molecular events leading to misfolded conformations have so
far remained highly limited. Here we use single-molecule optical
tweezers to monitor the structural rearrangements leading to
misfolded conformations of human neurcnal calcium sensor-1,
a protein linked to serious neurological disorders. We identified
two distinct and calcium-dependent misfolding trajectories orig-
inating from an on-pathway folding intermediate. Remarkably
for a calcium sensor, pathologically high calcium concentrations
impede correct folding by increasing the occupation probabilities
of the misfolded states. The results open ostensible links be-
tween protein misfolding and calcium dysregulation that could
be important in neurodegeneration and its potential inhibition.
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Fig. 1. Misfolding pathways of NCS-1. (A) The NMR structure of NCS-1 (PDB
2LCP), with the N domain (EF1/EF2) depicted in gray and the C domain
(EF3/EF4) in blue. Black spheres represent Ca”* ions. EF1 does not bind Ca®*
because of a conserved cysteine-proline mutation (35). (B) Sketch of the
experimental setup. NCS-1 was tethered between functionalized beads via
DNA handles and stretched and relaxed by moving the pipette relative to
the optical trap (16, 62). (C) Native folding pathway of NCS-1. After being
mechanically stretched and unfolded (red trace), NCS-1 refolds upon re-
laxation of the applied force into its native state via two intermediate states,
I1 and 12. Dashed lines are worm-like-chain fits to the data. Color-coded
arrows indicate the pulling/relaxing directions. (D) Misfolding pathways of
NCS-1. During refolding, NCS-1 sometimes follows alternative pathways
leading to misfolded states M1 (blue) or M2 (green), which are less compact
than the native state (red). Dashed lines are worm-like-chain fits to the data.
(E) Rescue of the native state of NCS-1. During relaxation (black), the mol-
ecule misfolded. During stretching (red), nonnative contacts of the mis-
folded conformation are progressively broken, until the molecule can find its
native folding pathway (“rescue transition”). (F) Fraction of folding path-
ways leading to either M1 or M2 as a function of Ca®" concentration and
relaxation speed. Higher Ca®* concentrations and relaxation speeds facili-
tate NCS-1 misfolding. Error bars indicate SEs of mean. At least five different
molecules were used for each calcium concentration.

cognitive processes, such as learning and memory (26, 27), and
with a number of cellular processes such as neurotransmitter re-
lease (28, 29). and regulation of ion channels, and G protein
coupled receptors (GPCRs) (24, 30), including the dopamine re-
ceptor D2 (31). NCS-1 has also been linked to serious neurode-
generative disorders including schizophrenia, bipolar disorder
(BD) (32), and autism (33, 34). However, the dysfunctions of
NCS-1 are poorly characterized on the molecular level, and
whether they involve altered functional profiles or loss of function
due to formation of misfolded states is currently unknown.
Because only a few systems have been studied experimentally,
little is known about folding and/or misfolding mechanisms of
members of the EF-hand superfamily (21, 35-37). The extensively
studied CaM has been shown on the single-molecule level to fre-
quently visit misfolded states that slow down the overall folding rate
of the protein (21). The physiological consequences of CaM mis-
folding have not yet been explored. NCS-1 shares modest sequence
homology with CaM, mostly within and around the calcium binding
sites (24). Similar to CaM, NCS-1 contains four EF hands organized
in two EF domains (Fig. 1A4) yet it exhibits a larger number of
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interdomain contacts (38), a feature that has been suggested to
increase the probability of misfolding in proteins (2). The formation
of misfolded states along the folding pathway of NCS-1 may have
important consequences with regards to its function as a calcium
sensor and might also play a role in disease pathologies.

Using optical tweezers, we have recently characterized the
native folding pathway of NCS-1 (39). Here we use a similar
experimental approach to monitor individual NCS-1 molecules
as they populate nonnative misfolded states in real time. We
identified two misfolding trajectories leading to two distinct
misfolded conformations, characterized by different extensions
and different pathways on the energy landscape. Both misfolding
pathways originated from a partially folded on-pathway interme-
diate state, and they competed with native folding. The occupancy
probability of both misfolded states could be controlled by modu-
lating either the relaxation rate of the applied force and/or the
calcium concentration. Remarkably for a calcium sensor, higher
calcium concentrations, even within physiologically relevant con-
ditions, lead to an increased probability of NCS-1 misfolding.

Results

Individual NCS-1 molecules were manipulated with polystyrene
beads by means of DNA molecular handles covalently attached
to cysteine residues engineered at positions 4 and 188, as pre-
viously reported (39) (Fig. 1B and Methods). To identify and
characterize misfolding pathways of NCS-1, we first performed
constant-velocity experiments, where the molecule is stretched
and relaxed by moving the pipette at constant speed relative to
the optical trap (16, 39, 40). Under these experimental con-
ditions, we have previously shown that NCS-1 unfolds in an ap-
parent three-state manner and folds back into its native state
through a process that starts with the folding of the C domain,
undergoing a major conformational change (U—12) followed by
a minor rearrangement (12—11), and ends with the folding of the
N domain at lower forces (I1—=N transition) (Fig. 1C). The
[2—11 transition is the rate-limiting step of the overall folding
process and is mandatory for the subsequent folding of the N
domain. Here we show that, in addition to the pathway leading
to the native state, NCS-1 folding can follow alternative path-
ways leading to nonnative (misfolded) structures (Fig. 1D). In
these cases, the protein folds into 12 but fails to transit into 11,
thus never reaching the natively structured C domain. At lower
forces, the molecule starts fluctuating between 12 and misfolded
conformations, before being trapped in either of two main mis-
folded states, M1 and M2, differentiated by their extension (Fig.
1D, green and blue traces). A fit of the force vs. extension traces
to the worm-like-chain (WLC) model of polymer elasticity (41)
yielded a contour length change (ALc) of 29 + 2 nm (n = 35;
errors are given as SD) for the [2—M1 transition, and AL, = 18 +
3nm (n = 31) for the [2-M2 transition. These states are clearly
different from the native state as the native I2—I1-N transition
has an overall associated contour length change of 34 + 2 nm
(39). Furthermore, M1 and M2 displayed drastically reduced
mechanical stability compared with the native state and unfolded
at lower forces (Fig. S1). During stretching, kinetically trapped
misfolded molecules were occasionally (<1%) observed to snap
into their native state through a “rescue transition” that suddenly
shortened the extension of the molecule (Fig. 1£, red trace). The
rescue transition occurred exclusively from 12, not from M1 or
M2, and usually nonnative interactions had to be mechanically
broken in an unfolding step before the molecule could fold into
N. supporting the off-pathway nature of the kinetically trapped
conformations. Upon further increase of force, the molecule
displayed the signature of high-force unfolding transitions of
both the N and C domains, verifying a native fold.

To examine any possible effects of Ca®* concentration and
relaxation speed on the misfolding behavior of NCS-1, we per-
formed experiments in 0.5 pM, 10 pM, 1 mM, and 10 mM CaCl,,
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Fig. 2. Misfolding of NCS-1 at equilibrium. (A) Force vs. extension cycle showing a mechanically denatured NCS-1 molecule (red trace) that, during relaxation
of the applied force, follows a misfolding pathway (black trace). Relaxation was stopped at 6.2 pN, and (B) the force was clamped via a feedback mechanism
to observe NCS-1 fluctuate at equilibrium between 12 and misfolded states M1 and M2, until it eventually folded into its native state. (Inset) A magnified view
of the data in the blue box. (C) Probability density distribution of the extension values of B, resolving misfolded states M2 and M1. The distribution was fit by
the sum of four Gaussian functions (blue line) to show that M2 and M1 are located at 3.2 + 2.4 nm and 7.6 + 1.1 nm, respectively, from 12. (D) Diagram of the
different molecular states populated during the folding of NCS-1. Fully folded EF hands are shown as gray or blue ellipses, for the N or Cdomain, respectively,

and Ca®* ions are shown as green circles.

at various relaxation speeds. At all calcium concentrations, the
misfolding probability of NCS-1 increased with increasing re-
laxation speed (Fig. 1F). Strikingly, the misfolding probability
also increased with increased Ca*™ concentration. At a physi-
ologically relevant calcium concentration (0.5 pM) and at slow
relaxation speed (5 nm-s™"), only 5% of the molecules misfolded.
When the calcium concentration was raised to 10 mM, almost
50% of the molecules misfolded. These data are highly in-
teresting, as various physiological or pathophysiological phe-
nomena can cause a transient or sustained increase in neuronal
calcium concentrations (42-44), as further addressed in Discus-
sion. The two misfolded states, M1 and M2, were also diversely
populated at different Ca* concentrations (Fig. S2). The M1
state was highly populated at 10 mM Ca** and less populated at
1 mM Ca*, whereas it was absent at lower Ca®>* concentrations.
The M2 state instead was equally populated under all four ex-
perimental conditions. Rescuing transitions were observed at all
calcium concentrations, and their frequency increased with lower
calcium concentrations (~1% at 10 mM to ~5% at 10 pM).

To characterize the kinetics and thermodynamics of the mis-
folded states, we performed constant-force measurements, both
at high (10 mM) and low (10 pM) calcium concentrations. Under
both conditions, the calcium concentration is above bulk disso-
ciation constants (4—400 nM) (35). suggesting the calcium
binding sites of NCS-1 to be saturated. In these experiments,
a molecule was stretched and relaxed multiple times until it was
observed to populate a pathway leading to a misfolded state (Fig.
24). At this point, the relaxation of the molecule was stopped
and the applied force was clamped via a force-feedback mech-
anism to a specific tension to observe NCS-1 fluctuate at equi-
librium between 12 and misfolded conformations, before
eventually folding into N (typically after 20100 s) (Fig. 2B). In all
cases (>300 events), the transition to N took place from 12, pro-
viding additional evidence for the off-pathway nature of the mis-
folded states. After the molecule had folded into the native state, it
did not unfold again within the measuring time (>5 min). The
probability density distribution of the extension signal revealed that
in 10 mM Ca®*, NCS-1 primarily populates two misfolded states
positioned at 3.2 + 2.4 nm and 7.6 + 1.1 nm from 12 (Fig. 2C).
These extensions compare well to those of the misfolded states M2
and M1 observed in constant-velocity measurements (Fig. 1D),
suggesting that the most probable nonnative conformations popu-
lated by NCS-1 at equilibrium are also the conformations in which it
remains kinetically trapped at lower forces. The kinetic network of
the on- and off-pathway states of NCS-1 is shown in Fig. 2D.

To characterize the energies and transition kinetics of M1 and
M2, extension-time traces were recorded at different forces, in
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the range between 5.4 pN and 7.0 pN. A population shift from 12
to the misfolded states was observed when the applied force was
reduced (Fig. 34). The force-dependent rates of the 12-M2 and
[2-M1 transitions were subsequently determined by analyzing
each extension trace with a hidden Markov model (HMM) al-
gorithm (45-47). Experimental data are well modeled by a four-
state Markov system where M1 and M2 are only connected to 12,
while the transition from 12 to N (in our force range, the tran-
sient occupation of state 11 is too short-lived to be detected) is
only one way. The position of the transition states along the
reaction coordinate and the zero force rates were then estimated
by fitting the data to a linearized form of the Bell model (39, 48)
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Fig. 3. Energetics and kinetics of NCS-1 misfolding in 10 mM Ca?*. (A) Ex-

tension vs. time traces of NCS-1 fluctuations at indicated forces. As the force
is lowered, the M1 and M2 states are increasingly populated. (Inset) A
magnified view of the misfolding transitions in the blue box, and the cor-
responding fit based on the HMM (red line). B and C show unfolding (red)
and refolding (blue) rate constants at different forces for the 12-M1 and
12-M2 transitions, respectively. Solid lines are fits with a linearized form of
the Bell model (40, 48). Error bars represent SDs. (D) Sketch of the free-
energy landscapes for the 12-M2 (green) and 12—M1 (blue) transitions at
5.5 pN and 10 mM Ca?", reconstructed using the HMM analysis. The 12 state
was considered the reference state at zero energy.
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Fig. 5. Occupation of misfolded states slows the overall folding rate of
NCS-1.1n A and B, tis the total time elapsed from the beginning of the force
clamp until the protein eventually folds into N (this takes into account also
the time spent visiting misfolded states). In C and D, we plot the force de-
pendence of the rate constants for the 12—I1 transition in 10 mM and 10 uM
CaCly, respectively. The solid line represents fits to the data according to the
Bell model. The extrapolated zero-force folding rate at 10 mM CacCl; is 40 +
457", in remarkable agreement with the value of 38 + 5 s ! that we found
performing experiments at higher force (around 10 pN) (39). The folding
rate at 10 uM is lowered by a factor of ~40 (1.1 + 1.6 s~"), whereas the
distance to the transition state is similar at both calcium concentrations (x; =
3.3 + 1.0 nm at 10 mM CaCly; x; = 2.9 + 0.4 nm at 10 yM CaCl).

modulating the relaxation rate of the applied force, a phenome-
non previously observed with RNA hairpins (52) but not, to our
knowledge, with proteins (16, 21, 40, 53). Precision control over
protein folding energy landscapes may find practical applications
in the study of molecules that have established links to mis-
folding diseases. The fate of a protein during folding strictly
depends on the topography of its energy landscape. Our results
suggest a complicated and rugged energy landscape for NCS-1,
with several local maxima and minima that can act as kinetic
traps. During folding, nonnative contacts can become accessible
before native contacts form (54). If the force is decreased faster
than the rate at which nonnative contacts can break, the mole-
cule becomes kinetically trapped in misfolded structures. Me-
chanical force can then be used to pull out misfolded species
from their energy minima and rescue native folding.

Our results add a new layer of complexity to the folding process
of NCS-1, revealing a rugged multidimensional folding energy
landscape governed by a kinetic partitioning mechanism. The pro-
cess invariably starts with the folding of the polypeptide chain into
the intermediate state 12. From here, it can proceed toward the
native state by transiting into intermediate state I1 or, in a calcium-
dependent manner, take alternative pathways leading to misfolded
states M1 and M2. Two distinct misfolded states have previously
been observed in the structurally related two-domain EF-hand
protein CaM (21), yet those states appear to be different from the
ones observed for NCS-1. First, the modulation of misfolding by
calcium has, to the best of our knowledge, not yet been reported for
CaM, or for any other protein. Second, for both misfolded states of
NCS-1, the C domain is only partially folded, whereas both CaM
misfolded states consist of EF hands that are either unfolded or
fully folded, although incorrectly paired. The difference in the
misfolding mechanisms may be a reflection of the different
structural architectures of the two proteins. CaM has a rather
symmetrical structure, with a long a-helix separating the two
almost identical N and C domains, each binding two Ca®* ions
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(55). In contrast, NCS-1 is characterized by a certain asymmetry,
as the N domain binds only one Ca?* ion, and by significantly
more interdomain contacts (38). Despite these differences, the
occupation of misfolded states has been shown to slow down the
overall folding rates of both NCS-1 and CaM, with a potential
impact on their functions (21). Our constant-velocity and
constant-force data suggest partial or near-complete folding of
the N domain in misfolded states M2 and M1, respectively, and
indicate that both the EF2 and EF4 Ca®*-binding sites play
important roles in misfolding. The ability of EF2 and EF4 to
bind calcium appears to be a prerequisite for wild-type NCS-1 to
populate M1 and M2. If either of the two EF hands is disabled,
NCS-1 behaves differently. Subsequent to calcium binding to
EF3, the EF2 and EF4 sites may compete both for calcium
and for successive interaction with a folded EF3. This slows
productive folding because native folding requires EF3 to interact
with a folded EF4 and hence any nonnative EF2—EF3 contacts
need consequently to be broken. We have previously shown how
the crosstalk between different EF hands is important for the
folding process of NCS-1 (39). Here we report data that highlight
the importance of EF-hand crosstalk for the misfolding of NCS-1.

We observed NCS-1 misfolding even at low calcium levels,
suggesting a physiological relevance. Intracellular Ca?* levels are
tightly regulated in neurons, maintained at 40-100 nM at resting
levels and rising to about 1-10 pM under excited conditions (42).
However, even under normal conditions, Ca®* concentrations
can transiently (seconds to minutes) reach hundreds of micro-
molars, especially in the vicinity of Ca®* channels (42, 43). When
calcium homeostasis fails, the resulting and sustained high con-
centrations of cytosolic Ca®* can have severe consequences for
neurons, including deleterious effects on synaptic function and
eventually cell death (44). A hypothesis gaining increasing support
in recent years postulates that aging is a result of Ca®* dysregulation
(56, 57). Many factors in aging neurons, such as increased release of
Ca® from intracellular stores and increased Ca* influx through
L-type voltage-gated calcium channels, lead to sustained elevation
of free Ca®* concentration (56, 58). Moreover, calcium dysregulation
has been implicated in the development of major neural disorders
such as Alzheimer’s disease, BD, and schizophrenia, and drugs that
reduce Ca®* signaling activity have in some cases proved successful in
alleviating symptoms (59, 60). Interestingly, NCS-1 is highly up-
regulated in schizophrenic and BD patients, and substantial evidence
suggests that resting and activated levels of Ca®* are elevated in BD
(61). Whether NCS-1 is up-regulated to counteract loss of function
as a consequence of Ca®-induced increased misfolding is unknown
but might be a highly interesting avenue of research.

Despite both Ca** homeostasis and protein misfolding being
linked to neurodegeneration (5, 59), a direct causation between
the two former has been missing. Here, using single-molecule
optical tweezers, a putative link has been revealed between Ca®*
dysregulation, misfolding, and an NCS protein involved in
neurodegenerative disorders. Thus, Ca®* may not only shape
the function of the NCS family but also cause its dysfunction
in vivo.

Methods

The engineering, expression, and purification of the double-cysteine variants
of unmyristoylated human NCS-1, the preparation of protein—-DNA chimeric
constructs, and the coupling of protein—DNA chimeras to polystyrene beads
were performed exactly as described (39, 62). All experiments were per-
formed using a custom-built optical tweezers instrument with a dual-beam
laser trap of 840-nm wavelength. Measurements were conducted at ambient
temperatures in 10 mM Tris, 250 mM NaCl at pH 7.0 with varying concen-
trations of Cadl; in the range 0.5 pM to 10 mM (S/ Methods).

Changes in contour length associated with (un)folding transitions were
estimated by fitting constant-velocity traces to the WLC model, as previously
described (16, 39). The thermodynamics and kinetics of the transitions be-
tween molecular states 12, M1, and M2 in constant-force measurements
were characterized using a HMM algorithm, as previously described (39). The
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force dependence of the transition rates was analyzed with the phenome-
nological Bell model (63) to estimate the position of the barriers and the
barriers’ heights, using a preexponential factor of 1.2 x 107 Hz (39, 49).
A total of 84 and 62 extension vs. time traces, from roughly 20 and 10 mol-
ecules, were used in our energy landscape reconstruction at 10 mM and 10 uM

C

aZ*, respectively (S/ Methods).
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S| Methods

Experimental Procedures. The double-cysteine construct of NCS-1,
placing cysteine residues at positions 4 and 188, was engineered
using a pseudowild-type pET-16b expression plasmid (with
Cys38 replaced by serine), by standard genetic techniques. This
variant has previously been shown to have comparable stability,
structure, and calcium-binding properties to the wild-type
protein (1). The Escherichia coli strain BL21 (DE3) was used to
express unmyristoylated human NCS-1 and was grown at 37 °C
in Luria—Bertani medium.

Individual proteins were manipulated by means of ~500 bp
DNA molecules covalently attached to exposed cysteine residues
through a disulfide bond. One DNA handle bears a 5’ digoxigenin
moiety that interacts with an optically trapped 3.1-pm polystyrene
bead coated with anti-digoxigenin antibodies (Spherotec), while
the other handle bears a 5 biotin moiety that interacts with a
2.18-pm streptavidin-coated bead (Spherotech) held in place at
the end of a pipette by suction (2). The force applied to the
molecule was varied by moving the micropipette toward or away
from the optical trap by means of a piezoelectric flexure stage
(MAX311/M, Thorlabs). The applied force was determined by
measuring the change in light momentum of the laser beams
leaving the trap, whereas changes in the extension of the mole-
cule were determined by measuring the distance between the two
beads (3). Force vs. extension traces were collected at constant
speeds from 5 to 1,000 nm-s™". During constant-velacity experi-
ments, data were recorded at a rate of 40 Hz. In constant-force
experiments, the force was kept constant through a force-feed-
back mechanism, where the average force was measured and
compared with the set-point force value every 1 ms. Differences
between forces were compensated for by movement of the mi-
cropipette. In constant-force experiments, data were recorded at
a rate of 100 Hz.

. Heidarsson PO, et al. (2013) Single-molecule folding mechanism of an EF-hand
neuronal calcium sensor. Structure 21(10):1812-1821.

. Cecconi C, Shank EA, Dahlquist FW, Marqusee S, Bustamante C (2008) Protein-DNA
chimeras for single molecule mechanical folding studies with the optical tweezers. Eur
Biophys J 37(6).729-738.

. Smith SB, Cui Y, Bustamante C (2003) Optical-trap force transducer that operates by

direct measurement of light momentum. Methods Enzymol 361:134-162.

McKinney SA, Joo C, Ha T (2006) Analysis of single-molecule FRET trajectories using

hidden Markov modeling. Biophys J 91(5):1941-1951.
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Hidden Markov Model. Hidden Markov model (HMM) algorithms
have recently replaced threshold-based methods as the tool of choice
to study the time series obtained in single-molecule experiments (4).
Originally developed during the 1960s by mathematicians and en-
gineers interested in artificial intelligence, HMM is based upon the
idea of modeling the system of interest as a Markov chain that is
hidden in the sense that the state of the system is not directly ac-
cessible: Each state, however, emits a signal according to a discrete
or continuous distribution. The (time-independent) transition ma-
trix characterizing the Markov process as well as the parameters of
the signal emission distributions may be inferred from a sequence of
observations by applying an iterative procedure introduced by
Baum and Petrie (5). We refer to the excellent tutorial written by
Rabiner (6) for theoretical and practical details about this statistical
method. Here we just outline the various passages from the data to
the kinetic and thermodynamic parameters reported in Table 1.

Each extension vs. time trace is individually analyzed by means
of a four-state (12, M1, M2, N) HMM routine where we assume
that the end-to-end extension associated with each state is nor-
mally distributed. The logarithm of the reconstructed transition
probability matrix, divided by the time interval between two
consecutive measurements, yields the transition rates among the
states of our Markovian model. By means of the simplified
Kramers—Bell theory derived, for instance, in ref. 7, we can es-
timate from the force dependence of the rates the position of the
barriers and the free energy of the states. An estimation of the
barriers” heights requires the knowledge of the preexponential
factor, which we cannot measure directly with our experimental
apparatus. We adopt, therefore, the value 1.2 x 1074 s"', which
has been measured in an experiment with a similar setup as ours,
albeit using a different protein (8).

n

Baum LE, Petrie T (1966) Statistical inference for probabilistic functions of finite state
Markov chains. Ann Math Stat 37(6):1554-1563.

Rabiner LR (1989) A tutorial on hidden Markov models and selected applications in
speech recognition. Proc IEEE 77(2):257-286.

Mossa A, Manosas M, Forns N, Huguet JM, Ritort F (2009) Dynamic force spectroscopy
of DNA hairpins: I. Force kinetics and free energy landscapes. J Stat Mech 2009(2):
P02060.

Gebhardt JCM, Bornschlégl T, Rief M (2010) Full distance-resolved folding energy
landscape of one single protein molecule. Proc Nat/ Acad Sci USA 107(5):2013-2018.
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Fig. $1. Unfolding trajectories of different NCS-1 molecular states. The native state (N) of NCS-1 unfolds through two high-force transitions corresponding to
the mechanical denaturation of the N and C domains, respectively (red trace). In contrast, misfolded states M1 (blue) and M2 (green) display drastically reduced
mechanical stability. Dashed lines are worm-like-chain fits to the data. The arrow indicates the pulling direction.
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Ca®* concentrations. The M2 state is observed at all experimental conditions.
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functions, which estimated changes in extension of 4.5 + 1.8 nm for the I2—M2 transition and of 7.7 + 1.8 nm for the 12—M1 transition. (B) Distribution of the
changes in extension for the 12—M2 and 12—M1 transition, calculated using all extension vs. time traces. The medians of these distributions are 5.1 + 2 nm and
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Background: We recently discovered the first natural human ,-microglobulin variant, D76N, as an amyloidogenic protein.
Results: Fluid flow on hydrophobic surfaces triggers its amyloid fibrillogenesis. The a-crystallin chaperone inhibits variant-

mediated co-aggregation of wild type ,-microglobulin.

Conclusion: These mechanisms likely reflect in vivo amyloidogenesis by globular proteins in general.

Significance: Our results elucidate the molecular pathophysiology of amyloid depaosition.

Systemic amyloidosis is a fatal disease caused by misfolding of
native globular proteins, which then aggregate extracellularly as
insoluble fibrils, damaging the structure and function of
affected organs. The formation of amyloid fibrils in vivo is
poorly understood. We recently identified the first naturally
occurring structural variant, D76N, of human 8,-microglobulin
(Bam), the ubiquitous light chain of class [ major histocompati-
bility antigens, as the amyloid fibril protein in a family with a
new phenotype of late onset fatal hereditary systemic amyloido-
sis. Here we show that, uniquely, D76N B,m readily forms amy-
loid fibrils in vitro under physiological extracellular conditions.
The globular native fold transition to the fibrillar state is primed
by exposure to a hydrophobic-hydrophilic interface under phys-
iological intensity shear flow. Wild type 3,m is recruited by the
variant into amyloid fibrils in vitre but is absent from amyloid
deposited in vivo. This may be because, as we show here, such
recruitment is inhibited by chaperone activity. Our results sug-
gest general mechanistic principles of in vive amyloid fibrillo-
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genesis by globular proteins, a previously obscure process. Elu-
cidation of this crucial causative event in clinical amyloidosis
should also help to explain the hitherto mysterious timing and
location of amyloid deposition.

B,m? (mass, 11,729 Da), the invariant light chain of the
human HLA class 1 complex, is produced at ~200 mg/day in
adults and is cleared only via the kidney. In patients with end
stage renal failure on dialysis, the plasma concentration of B,m
therefore rises from the normal 1-2 mg/liter to persistently
raised values of — 50-70 mg/liter, leading to the serious and
intractable condition of dialysis-related amyloidosis with g,m
amyloid fibrils deposited in bones and joints, causing painful
arthropathy, bone cysts, pathological fractures, and rarely vis-
ceral B,m amyloid deposits. The normal structure and function
of B,m are well characterized, and although wild type B,m is
poorly amyloidogenic in vitro, its fibrillogenesis and its tissue-
specific deposition have been intensively investigated (1).
Despite much progress, there is neither general agreement
about the underlying molecular mechanisms nor an under-
standing of the forces involved in vivo during the destabilization
and subsequent amyloid aggregation of either B,m or any of the
other natively folded globular proteins that form amyloid fibrils

?The abbreviations used are: 8,m, B,-microglobulin; AG, free energy change;
U, unfolded state; |, intermediate; N, native state; subscript C, cis-His*'-
Pra*?; subscript T, trans-His>'-Pro%; TS, transition state; AGF, free energy
barrier; t,,, mixing time for TOCSY, NOESY, and ROESY; BLUU-Tramp, Bio-
physics Laboratory University of Udine temperature ramp; Gdn-HCl, gua-
nidine hydrochloride; ThT, thioflavin T; AFM, atomic force microscopy; AN6
B,m, truncated B,m isoform lacking the 6 N-terminal residues; TOCSY,
total correlation spectroscopy; ROESY, rotating frame nuclear Overhauser
enhancement spectroscopy.
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Amyloidogenesis of D76N 3,-Microglobulin

in disease. We lately reported (2) the first naturally occurring
structural variant of B,m, D76N, discovered in members of a
French family who developed progressive bowel dysfunction
with extensive visceral 3,m amyloid deposits despite normal
renal function and normal circulating B,m concentrations and
with none of the osteoarticular deposits characteristic of dialy-
sis-related amyloidosis. Here we elucidate in detail the biophys-
ical parameters of amyloid fibrillogenesis by this uniquely trac-
table protein and develop a paradigm that could be applicable
generally to the in vive pathophysiology of amyloidogenesis by
the whole range of globular proteins that cause clinically signif-
icant systemic amyloidosis.

EXPERIMENTAL PROCEDURES

Production of Recombinant Proteins—Recombinant wild type
and variant 8,m were expressed and purified as described pre-
viously (2).

Differential Scanning Calorimetry—Differential scanning
calorimetry experiments were carried out with a VP-DSC
instrument (MicroCal, Northampton, MA) with protein at 0.5
mg/ml in 25 mm sodium phosphate buffer, pH 7.4 and scans
from 10 to 90 °C at a scanning rate of 60 "C/h. The reversibility
of protein denaturation was assessed by repeating heating and
cooling cycles. After normalization and base-line subtraction,
the thermal unfolding curves were analyzed using MicroCal
Origin 7.0 software with a two-state unfolding model.

Equilibrium Denaturation Experiments and Folding Kinetics—
Guanidine hydrochloride (Gdn-HCIl) equilibrium denatur-
ation, unfolding, and refolding kinetics were performed as
described previously (3). All experiments were carried out at
30°C in 20 mm sodium phosphate buffer, pH 7.4 at a 0.02
mg/ml final protein concentration. Refolding of acid-dena-
tured protein and double jump experiments were performed at
4 °C as described previously (4).

Energy Diagram—All free energy changes (AG) were deter-
mined in] mol~* and then converted into kcal mol ~*; through-
out we use the following abbreviations: U, unfolded state; I,
intermediate; N, native state; subscript C, cis-His*'-Pro®?; sub-
script T, trans-His*'-Pro*?; TS, transition state. The U, state
was arbitrarily given a free energy (G) of 0 J mol ' and was
considered as a reference for all reported AG values. The AG
from the U, to the N states was determined from Gdn-HCI
unfolding equilibrium curves as reported (3). The AG from the
N, to the N states was determined using AG = —RTIn(k,/
kqow) Where R is the universal gas constant, T is the absolute
temperature, and k, and k,,, are the rate constants (in s™*
units) for unfolding and for the slow phase of folding, respec-
tively, extrapolated to the absence of Gdn-HCI. The AG from
the I to the U states was determined by plotting the fluores-
cence of the 1. state (corresponding to the fluorescence at time
0 of a kinetic trace of folding) against Gdn-HCI concentration
and by plotting the fluorescence of the U state against Gdn-
HCI concentration (in the latter case, the values at low Gdn-
HCI concentration were obtained by linear extrapolation from
the values at high Gdn-HCl concentration). The fluorescence of
the I state decreased with increasing Gdn-HCI concentration
until it approached the fluorescence of the U.;. state, thus pro-
viding an approximate measure of the conformational stability

30918 JOURNAL OF BIOLOGICAL CHEMISTRY

of the L state relative to U. The AG from the I to the TS, state
was determined using AG* = —RTln(k;,./k*) where AG" is the
free energy barrier, k., is the rate constant for the fast phase of
folding, and kK is the pre-exponential term taken as 4.8 10% s~}
as reported (5, 6). Similarly, the AG values from N to TS, and
from N to TS, were determined using AG' = —RTIn(k,,,,/k")
and AG" = —RTIn(k,/k"), respectively, where k., and k, are
the rate constants for the slow phase of folding and for unfold-
ing, respectively. The AG values from U, to TS, and from I to
TS, were not determined. All other AG values not explicitly
mentioned in the study can be determined by arithmetic linear
combination of the AG parameters described above.

NMR Measurements—NMR spectra were obtained at 500.13
MHz with a Bruker Avance 500 spectrometer on 0.1-0.3 mm
protein samples dissolved in H,0/D,0 90:10 or 95:5 with
20-70 mm sodium phosphate buffer and pH* (pH meter read-
ing without isotope effect correction) in the range 6.6-7.2.
Unlabeled and uniformly '*N- or *N,**C-labeled protein sam-
ples, expressed as described previously (2), were used. The
spectra were collected mostly at 25 °C with only a few experi-
ments obtained also at 30 or 37 °C. Homonuclear two-dimen-
sional TOCSY (7), NOESY (8), and ROESY (9) spectra were
acquired. The adopted experimental schemes included solvent
suppression by WATERGATE (10) and excitation sculpting
(11); 1-s steady state recovery time; mixing times (¢,,) of 40 -50
ms for TOCSY, 100-150 ms for NOESY, and 100 ms for
ROESY; t1 quadrature detection by time-proportional phase
incrementation (12); and gradient-assisted coherence selection
(echo-antiecho) (13). The spin-lock mixing of the TOCSY and
ROESY experiments was obtained with MLEV17 (14) pulse
trains or single long pulse, respectively, at yB,/27 —10 kHz
(TOCSY) and ~ 2.5 or 5 kHz (ROESY). The acquisitions were
performed over a spectral width of 8012.82 Hz in both dimen-
sions with matrix size of 1024 —2048 points in {2 and 256—400
points in £1 and 32— 64 scans per each f1 free induction decay.
The BLUU-Tramp experiments were conducted using the pro-
cedure described previously over the temperature range
22-42°C (15, 16). Measurements were performed on samples
that had undergone complete deuterium substitution for
hydrogen with two cycles of exchange at 4 °C in D,O containing
10 mm NH,HCO, and subsequent lyophilization. The solvent
for the back-exchange was used for the preliminary shimming
to enable quick start after dissolving the protein (—5 min dead
time before starting the acquisition). The **N{*H} NOE data
were obtained at 25 and 37 °C by standard sequence using a 3-s
relaxation interval. The spectra with (NOE) and without (no
NOE) proton saturation were acquired in an interleaved
manner.

Three-dimensional HNCA (17-19) and HNCOCA (19, 20)
were typically acquired with 64 scans and 64 X 40 X 1024 data
points in 1 (*3C), 2 (**N), and ¢3 (*H), respectively, over spec-
tral windows of 40, 33.5, and 16 ppm for '*C, '°N, and 'H,
respectively. HNCO spectra (17, 19) were acquired using 128 X
40 X 1500 data points and only 32 scans for each t1 X 2 exper-
iment over spectral windows of 22.1 (**C), 33.5 (*°N), and 14
(*H) ppm. Processing of three-dimensional data ended up with
real matrices of 512 X 256 X 1024 points in F1, F2, and F3,
respectively, except for the HNCO spectra where the carbon
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dimension (F1) was limited to 256 points. All data, except those
from BLUU-Tramp, were processed with Topspin (Bruker Bio-
spin) and analyzed with Sparky (T. D. Goddard and D. G.
Kneller, University of California). BLUU-Tramp data were pro-
cessed using NMRPipe and analyzed by NMRView (21).

Electrostatic Calculations—For the calculation of both sur-
face potential and pK, shifts, we used the recently developed
program BLUUES (22) available also as a server utility (23). For
the calculation of isopotential surfaces, we used the program
UHBD, and we displayed the isopotential surfaces using the
program VMD. To assess effects that could arise from slightly
different arrangement in the structural models used for calcu-
lation, an alternative structure for the D76N variant was gener-
ated using the program SCWRLA4.0 by alternative schemes: (i)
only the side chain of the mutated residue is allowed to change
conformation, and (ii) only the side chain of the mutated
residues and contacting residues are allowed to change con-
formation. Despite numerical differences, the results from
the homology-modeled structures are in agreement with the
experimental data reported in the study, confirming that the
effects are mainly due to the mutation rather than other
minor conformational differences.

Molecular Dynawmics Simulations—The force field used in
the simulations was CHARMM v.27 (24) with the CMAP (two-
dimensional dihedral energy grid correction map approach)
correction (25). The minimized system was further relaxed,
keeping the solute molecules (including ions) fixed, by molec-
ular dynamics simulation. The system was heated to 47 °C in 2
ps, and a further 18-ps simulation was run to let water mole-
cules reorient, consistent with the average lifetime of a hydro-
gen bond in water of 1-2 ps (26). The system without restraints
on solute molecules was energy-minimized by 300 conjugate
gradient minimization steps. The system was then heated to
47 °C in 2 ps, and a further 3.0-ns simulation was run to reach
equilibrium. The simulations lasted 250 ns, and snapshots were
saved every 0.1 ns. All molecular dynamics simulations were
performed in the NPT ensemble using the Nosé-Hoover Lan-
gevin piston method (27, 28). The Langevin damping coeffi-
cient for temperature control was 10 ps~?, For all simulations,
the size of the box was fluctuating around its average value
within fractions of A.

H-bond Network Analysis—The mutation D76N within the
B.m sequence is likely to affect the molecular hydrogen bond
network. To identify indirect effects of the mutation, 2500
snapshots (at 100-ps intervals) were taken from molecular
dynamics simulations, and hydrogen bonds were listed using
the program MOLMOL (29). Only hydrogen bonds involving at
least one side chain group were selected to remove nonspecific
effects. Each hydrogen bond was taken as representative of the
proximity of the two involved residues, r; and r,. In particular,
a distance, d,, ,,, was assigned based on the ratio between the
number of snapshots where the hydrogen bond is present (»,)
and the total number of snapshots (#,,,).

dipn= _|°g(£.]

(Ea.1)
\ Mot/

BEDB\
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Once a set of pairwise distances had been assigned in this
way, the shortest path between all nodes was found using the
Floyd-Warshall algorithm, which outputs the path and the
nodes along the path. In this way, the shortest (in the sense of
most frequently observed) network of hydrogen bonds con-
necting different residues was identified. This definition has the
obvious disadvantage of not considering whether hydrogen
bonds are observed simultaneously or not. On the other hand, it
takes advantage of being based only on pairwise connection,
enabling the applicability of the fast Floyd-Warshall algorithm.
The output of the program readily identifies stable or fluctuat-
ing networks of hydrogen bonds.

Fibrillogenesis—Fibrillogenesis experiments were performed
in standard quartz cells stirred at 1500 rpm and 37 °C using 40
uM B,m isoforms in 25 mm sodium phosphate, pH 7.4 contain-
ing 10 um thioflavin T (ThT). Aggregation was carried out with-
out seeds of preformed fibrils. ThT emission was monitored at 480
nm after excitation at 445 nm using a PerkinElmer Life Sciences LS
55 spectrofluorometer. Fibrillogenesis experiments were also con-
ducted without agitation or in the absence of the air-water inter-
face and with addition of 6 M elastin isolated from human aorta
(Sigma-Aldrich). B,m, which remained soluble during fibrillogen-
esis experiments, was monitored by native gel electrophoresis (30).
The soluble fractions were separated by centrifugation at 17,000 X
¢ for 15 min before loading onto 1% agarose gel, and bands were
quantified with Quantity One software (Bio-Rad). The effects of 1
and 40 uMm a-crystallin (Sigma-Aldrich) on fibrillogenesis by an
equimolar mixture of 40 um wild type and D76N B,m, respec-
tively, were investigated, and soluble fractions of the two isoforms
were quantified at 24 h by native agarose gel electrophoresis as
described above.

Atomic Force Microscopy— Tapping mode AFM images were
acquired in air using a Dimension 3000 scanning probe micro-
scope equipped with a “G” scanning head (maximum scan size,
100 pm) and driven by a Nanoscope I1la controller and a Mul-
timode scanning probe microscope equipped with an “E” scan-
ning head (maximum scan size, 10 pm) and driven by a Nano-
scope V controller (Digital Instruments, Bruker). Single beam
uncoated silicon cantilevers (type OMCL-AC160TS, Olympus)
were used. The drive frequency was between 320 and 340 kHz;
the scan rate was 0.5-2.0 Hz. All aggregation experiments were
carried out with a 0.4 mg/ml protein concentration in 25 mwm
sodium phosphate, pH 7.4 at 37 °C with stirring at 750 rpm.

Aggregation Time Course by AFM—Aliquots (2 pl) were
withdrawn at time 0, 1, 2, 8, and 24 h, respectively. After 500-
fold dilution, 10 ul were finally deposited on freshly cleaved
mica and dried under mild vacuum.

Effect of Graphite Sheets by AFM—Aggregation was con-
ducted with and without agitation. Aliquots (2 pl) of samples
under agitation were diluted 100-fold, and 10 ul were deposited
on freshly cleaved mica and dried under mild vacuum. A graph-
ite sheet was removed from the non-stirred protein solution,
gently rinsed with purified (Milli-Q) water, fixed on a metallic
disk, and dried under mild vacuum.

Ultrasonication—The effect of carbon nanotubes (0.01
mg/ml) on D76N B,m fibrillogenesis was evaluated by a com-
bination of a water bath type ultrasonicator and microplate
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FIGURE 1. Free energy diagram for wild type and variant 3;m on the two parallel pathways from the unfolded to the native state. A and B, free energy
values related to the slower pathways limited by the trans — cis isomerization of the His*'-Pro®? bond. Cand D, free energy values associated with the rapid
formation of native-like molecules via an intermediate containing the native isomer cis-His*'-Pro™? (o).

reader (HANABI, Elekon Science Co. Ltd. and Corona Electric
Co., Japan). Protein at 40 pm in 25 mum sodium phosphate, pH
7.4, 10 v ThT with or without nanotubes was aliquoted in a
96-well plate. Cycles of ultrasonication with simultaneous
shaking (3 min) followed by 7-min quiescence were sequen-
tially applied to the plate. The frequency and output of the
sonication were set to 20 kHz and 700 watts, respectively, and
the temperature was kept at 37 °C. Emission of ThT fluores-
cence was recorded at the end of ultrasonication/shaking
treatment.

Protein Adsorption at Hydrophobic Surfaces—The structure
of a protein adsorbed at a hydrophobic-hydrophilic interface is
perturbed by interfacial, intermolecular, and hydrophobic
interactions (31-34). However, studies suggest that among
these destabilizing interactions, hydrophobic forces play a
dominant role (35-37). Many authors have shown that the
interaction of a protein with an apolar surface can be triggered
by exposed hydrophobic domains (37— 40). If we consider the
exposed hydrophobic domains present on B,m, we can esti-
mate the forces acting on the protein once it is absorbed on an
apolar surface using a model recently proposed to calculate
hydrophobic interaction energies. According to this model, the
hydrophobic interaction energies (Ejq4,,) between two apolar
surfaces can be described by the following model (41).

Enyaro = —2* y(a — ao)exp(—d/Dhyaro) (Ea.2)

where v is the interfacial tension, d is the distance between the
two surfaces, a is the exposed area of the molecule at distance d,
a,, is the optimum exposed area of the molecule, which we con-
sider to be equal to the area of one amino acid, and Dy 4, is the
hydrophobic decay length. Thus, the hydrophobic force (F,y4.)
acting on the molecule can be calculated as follows.
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= —(dE,yq,/dd)

= (=2* y(a@ — ao)exp(=d/Dhysro))/Dhyaro  (EQ.3)

For our system, we can consider that y = 50 m]/m? (42), &, =
50 A% Dyyao = 10 A (43), and a(d) = ay,(1 — exp(—d/
Dyvare)) M2 Using these values, it can be calculated that when
the distance between the protein and the surface ranges
between 1 and 10 A the interaction energies and forces acting
on the molecule vary from 14.7 to 0.7 kcal mol ! and from 4.8
to 102 piconewtons, respectively. These forces/energies should
be large enough to perturb the three-dimensional structure of
B,m molecules (2, 44, 45).

RESULTS

Structural Basis of Amyloidogenicity of D76N Bom Variant—
The Asp”® mutation to Asn substantially destabilizes B,m, and
differential scanning calorimetry reveals a melting temperature
10.26 °C lower than that of the wild type, corresponding to
mean = S.D. (n = 3) AH values of 63.9 = 1.2 and 86.2 + 1.5 kcal
mol ™! for D76N and wild type B,m, respectively. The calcu-
lated AG values (46) for unfolding of the D76N variant at 37 and
at 30 °C were thus 2.73 and 2.86 kcal mol ! lower, respectively,
than for wild type B,m.

The complex folding mechanisms shared by wild type and
D76N B,m involve multiple intermediates and parallel folding
routes with two major exponential phases observed during
refolding (3): an initial fast phase that was 3 times slower for the
D76N variant at 0.2 M Gdn-HCl and a subsequent prolyl trans-
cis isomerization-dependent slow phase (4) (data not shown).
Unresolved fluorescence changes take place in the dead time of
the experiments, showing that a burst phase occurs on the sub-
millisecond time scale with the same amplitude for both pro-

pCEVEN

F hydro

VOLUME 288+-NUMBER 43+-OCTOBER 25, 2013

97

FIOT € Arenuep uo WNAOW [0 VLISHIAINN 18 /S10'0gF sy dny woly papeojusog]



TABLE1
Thermodynamic and kinetic values

Amyloidogenesis of D76N ,-Microglobulin

All values are mean * S.D. (n = 3) - C,, (m), midpoint concentration of Gdn-HCl; AG"(H,0) (keal mol "), free energy of unfolding in the absence of denaturant; m (keal

m

mol~! m~7), dependence of AG®(H,0) on denaturant concentration; k, (s~"), value of rate constant extrapolated to zero denaturant concentration. These values were used
to calculate the free energy changes shown in Fig. 1. In addition, AG values from the I to the U states, 3.25 * 2.3 and 0.55 *+ 0.3 keal mol ™' for wild type and D76N 2,m,
respectively, were determined with the procedure described under “Experimental Procedures.” m,,, mg,, and m,,,,, (kcal mol ™" m™"), dependence of Ink on Gdn-HCl

concentration for unfolding and fast and slow phases of folding, respectively.

Gdn-HCI denaturation at equilibrium

Cn AG°(H20) m
Wild type 20(+0.2) 5.7 (£ 0.4) 2.73(£0.7)
D76N 1.15(x 0.1) 3.0 (£ 0.15) 2.64 (£0.3)
Chevron plots
Unfolding Fast phase Slow phase
ko m ko Mast ko Msiow
Wild type 152 (+0.2) x10* 1.34(+0.17) 517(x1.1) -2.37(+047) 3.01(+13)x10° 0.076 (+ 0.03)
D76N 6.52(x1.3)x10" 1.20(x0.24) 1.78(x0.37) -2.26(x0.50) 1.95(x0.8)x10° 0.070 (+ 0.03)
teins. In contrast to folding, unfolding appears to be a mono- R, | G??"‘ﬁ : o g
phasic process. D76N B,m unfolded faster than wild type witha o ‘E\_‘“ ',;95 - o\ " -]
2-fold increase at 5.4 m Gdn-HCL The free energy diagrams of . %’ . f\‘ 90 @KE * s
(un)folding of the two proteins at pH 7.4, 30 *C in the absence of 0 nir g L

any denaturant (Fig. 1) derived from combined equilibrium
unfolding and kinetic data (Table 1) show that the N native
state of the variant is (mean = S.D.; n = 3) 2.7 + 0.25 kcal mol ™*
less stable than that of native wild type B,m, thereby promoting
the population of partially folded, typically amyloidogenic
states of the variant (47). The native-like state of B,m with the
His®!-Pro*? peptide bond in a non-native trans configuration
(N), previously shown to be highly related to the amyloido-
genic pathway of wild type B,m and populated at (mean + S.D,;
n = 3) 4.8 + 3.0% at equilibrium, was remarkably more abun-
dant in the D76N variant (mean = S.D.; n = 3) at —25 = 9%.

Despite the notably reduced stability of D76N B,m, its solu-
tion structure did not differ significantly from wild type. Other
than obvious changes at the mutation site and neighboring res-
idues, the NMR signature of the variant at 25 °C was nearly the
same as that of the wild type protein (Fig. 2).

Unequivocal assignment at 11.7 teslas (500-MHz 'H fre-
quency) could be obtained for 85% of the backbone 'H, '*N, and
'3C nuclei, but no major chemical shift difference, that is no
major structure deviation, was observed compared with the
wild type protein, consistent with the crystallographic findings
(2). For instance, the average difference in deviation from ran-
dom coil values of the H* chemical shifts between D76N and
wild type Bom, A(A8), is —0.012 + 0.017 ppm with a value of
—0.01 ppm even at the mutation site. This reflects essentially
invariant local secondary and tertiary structure. One relevant
effect related to the mutation is that the same chemical shifts
are observed for the carboxyamide resonances of both Asn*?
and Asn”® (Fig. 34), suggesting that the two side chains share
the same chemical environment, consistent with the occur-
rence of reciprocal H-bonds between the carboxyamides. The
presence of an interaction between the side chains of residues
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FIGURE 2. Overlay of the 500-MHz TOCSY fingerprints. Spectra of D76N
(black contours) and wild type B,m (red contours) were monitored at 25 °C.
The different cross-peaks of the mutation site, i.e. Asp” and Asn”®, are indi-
cated. Other differences are observed for the H¥-H* connectivities of residues
Lys”® and Glu”” flanking the mutation site, although changaes also occur at the
close Thr’" and Thr™ residues. Additional shifts can be detected for the back-
bone amides of His'*, Glu'é, Asn'”, Trp®, and GIu®® that are located in the
same apical region as the loop including the mutation site and are likely to
depend on local selvation changes. The boxed region in the spectrum of the
wild type protein encloses resonances from a limited population of non-na-
tively folded structures arising from the partial unfolding occurring in aged
samples. The Gly*® H¥-H* cross-peak is undetectable for the variant protein
because of fast exchange under the experimental conditions.

42 and 76 in the variant protein is supported by several lines of
evidence including two-dimensional "H NOESY (Fig. 3B) and
ROESY cross-peaks (data not shown).

In the wild type protein, the side chain amide of Asn*? is
H-bonded to the Asp”® side chain carboxylate that also forms
salt bridges with the side chain ammoniums of Lys*! and Lys™.
The latter salt bridges contribute electrostatic stability and a
computed pK, shift of — 1.2 units for the Asp”® carboxylate with
respect to the standard value (Table 2). Despite the survival of
the residue 42-76 interaction, the asparagine substitution for
aspartate has a substantial impact in the variant protein. At pH
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FIGURE 3. NMR patterns of Asn*? and Asn”® carboxyamides. 4, region of
'*N-'H heteronuclear single quantum correlation spectrum of D76N g,m. The
boxed extremes of the black line correspond to the locations expected for
the carboxyamide resonances of Asn*? in the wild type protein spectrum; the
extremes of the blueline indicate the new su;nals observed for D76N g,m. The
new signal pair can be attributed to Asn’® and Asn*? side chain amides from
NOESY evidence. B, details from 'H two-dimensional NOESY spectrum of
D76N B,m. The dashed red lines cross through the backbone amide NOEs of
Asn*? (9.75 ppm) and Asn”® (7.31 ppm), whereas the dashed blue lines cross
through the NOEs of the carboxyamide NHs at 7.80 and 7.21 Efm that are
attributed to Asn*? and Asn’® and tentatively assigned as H*' and H*?,
respectively. To avoid notation (rowding, the relevant connectivities are
highlighted b;r numbers (1, Asn*? NH-Asn*? H%; 2, Asn*? NH-Asn*2 HF; 3,
Asn’® NH-Asn’® H” 4, .?3'\5n7E NH-Asn*” H* 5, Asn’® NH-Asn’® HE; 6, Asn”®/
Asn*? HP2L_Asn™ He; 7, Asn”/Asn? HP2-Asn2 H7; 8, Asn”®/Asn 2 Ho?'-
Asn’8/Asn*? HE: g, Asn75/Asn*2 H522 Asn7e H> 10, Asn?8/Asn?2 HE22-Asn®2
H=; 17, Asn”8/Asn*2 H*21-Asn”6/Asn*? HP, with the slash indicating the lack
in stereospecific assignment). The NOESY cross-peaks observed for the
backbone amides of Asn’® and Asn“? as well as for the carboxyamide reso-
nancesat 7.21 and 7.80 ppm support the attribution of the latter signal pair to the
carboxyamides of the same residues. Observing the same chemical shifts for the
carboxyamide resonances of both Asn’® and Asn*? suggests that the two side
chains experience the same environment, which in turn is consistent with the
occurrence of reciprocal H-bonds between Asn* and Asn’® carboxyamides.

7.0, the net charge of D76N B,m is +0.3 units, whereas wild
type carries an average —1.4 elementary charge (Fig. 4). This is
consistent with a decreased intermolecular repulsion that facil-
itates aggregation at pH around neutrality. In addition, the
lower stability of D76N B,m compared with wild type as shown
by microcalorimetry was confirmed at single residue resolution
by NMR using BLUU-Tramp (15, 16) even under critical con-
ditions for the variant due to its instability (Fig. 5).

The lower thermal resistance of D76N B,m can be explicitly
tracked from '*N{'H} NOE data measured at 25 and 37 °C,
respectively (Fig. 6). These data indicate an extended loss of
rigidity consistent with the H-bond analysis (Fig. 7). The aver-
age NOE values at 25 °C are consistent with a higher mobility of
the variant compared with the wild type. The loss of rigidity
observed when temperature increases at 37 °C is slightly more
marked for the wild type protein (Fig. 6). However, the fluctu-
ations of the thermally induced mobility increment that derive
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TABLE 2

pK, values for groups titrating below pH 10 in wild type and D76N ,m
Values were calculated with the software BLUUES (22) and compared with the
corresponding random coil model values (limit). The pK values for Lys*! side chain,
which establishes an electrostatic interaction with Asp”™ in wild type B,m, are also
given. Asp’® is the lowest titrating residue with a pk, of 2.6, corresponding to a pK,
shift of 1.2 compared with lhe free amino acid pK, of 3.8. This shift is primarily due
to the interaction with Lys*" and Lys™. Among other groups with a 5|gn1fczmt shift
of pK, are Asp™ (more exposed to the solvent than Asp™) and Asp™ (similar degree
of exposure limitation and interactions as Asp™). Among histidine residues, His**
and His* both have a pK_ shifted toward acidic pH by ~2 pK units.

Residue pK, (limit) pK, WT ,m pK_, D76N 3,m
Ile* £.000 7.388 7.401
His™* 6.500 6.078 6.006
Glu'® 4.500 3.679 3.668
His™ 6.500 4.641 4.630
Asp* 3.800 3.117 3.127
Glu* 4.500 4.211 4.207
Asp™ 3.800 3.492 3.495
Glu™ 4.500 4.678 4.599
Glu* 4.500 4.119 4.120
Glur’]r" 4.500 4.927 4.940
His® 6.500 6.967 6.956
Asp™* 3.800 3.564 3.589
Asp™ 3.800 3.727 3711
Glu®™ 4.500 4.579 4.535
Glu™ 4.500 4.191 4.100
Asp™® 3.800 2.619

Glu™ 4.500 4.056 4.089
His® 6.500 4.471 4.525
Asp™® 3.800 5.350 5,338
Asp™ 3.800 4.374 4.408
Met™ 3.200 4.863 4.836
Lys"! 10.500 11.173 10.470

FIGURE 4. Electrostatic properties of wild type and D76N gym. 4, isopo—
tentlalcurvesare dlsplaged at +0.5kT/q (blue) and —0.5kT/q (red). The regions
around Asp”® and Asn’® are circled. The molecular structure of 8,m (Protein
Data Bank code 3HLA, chain B) (74) and the D76N ,m homology model were
prepared for electrostatic calculations using the program PDB2PQR, which
adds hydrogens and assigns charges and atomic radii according to different
force fields. The CHARMM force field parameters were used except that the
minimum radius was set at 1.0 A. Similar results are obtained from the crys-
tallographic structure of the variant (Protein Data Bank code 4FXL) (2). B,
relationship between total net charge (elementary charge units) and pH for
wild type (solid line) and D76N B,m (dashed line). Total charge was calculated
by summing the charges of all ionizable groups for which individual pK,, val-
ues had been calculated using BLUUES (22).
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FIGURE 5. BLUU-Tramp analysis. AG,, ¢, values according to residue number from the amide exchange-based approach BLUU-Tramp (15, 16) are shown as
hisloqra ms for D76M and wild type 8,m at different pH values. Despite the instability of the variant during the experiment, a AG, ¢, difference of 1.8 + 1.2 keal
mol " at pH 7.1, 30 “C was assessed between wild type and variant 3,m. This value is consistent, within the experimental error, with the destabilization (2.86
kcal mol™ ") estimated more precisely by calorimetry under similar conditions. Error bars represent S.E. Both species show similar patterns of structural
determinants, that is residues exhibiting the largest opening AG values and that presumably represent the global opening process. Note that these residues
were selected among the resolved resonances exhibiting an observable isotope exchange pattern within the designated temperature interval. Larger error
bars for some residues of the variant compared with wild type are due to experimental error in the quantification of the cross-peak of the unstable variant.
Nonetheless, in addition to reduction of AG,, s, further destabilization was evident in residues 40-44 of the variant (C strand end, CC" loop). Destabilization
of the weaker connection between loops EF and CC’ should also affect the hydrophebic packing of residues 39-40 and 79 - 80 with an instability propagation

path linked to the F strand bearing the disulfide bridge to the B strand, which is the core of the immunoglobulin domain architecture.

from the NOE,; ../NOE,, ... ratio are uniformly spread over
the whole molecule of the wild type protein compared with a
distinctive uneven pattern in the variant. When related to the
spatial structure, this pattern delineates an instability propaga-
tion path (illustrated by the backbone mobility changes with
temperature shown in Fig. 8). Decreased conformational stabil-
ity and reduction of repulsive electrostatic interactions make
D76N B,m extremely sensitive to aqueous boundary conditions
where the preferential interface partitioning of the protein and
the subsequent surface tension fluctuations overcome the
determining role for the effective force field of hydrophobic
folding drives, thereby enhancing unfolding and fibrillogenic
nucleation events.

Fibrillogenesis of D76N Bym Occurs under Physiological
Conditions—In marked contrast to the wild type protein, D76N
B.m rapidly aggregates as shown by ThT fluorescence (Fig. 94)
and atomic force microscopy (Fig. 9B) when agitated at pH 7.4
and 37 °C in the presence of an air-water interface. We had
already shown that neither protein aggregates in the absence
of agitation (2). Furthermore, replacement of the air-water
interface with Teflon-water, which reduces the interfacial ten-
sion from about 70 to 50 millinewtons/m (43) at fixed interfa-
cial area, also completely suppressed aggregation of the D76N
variant (Fig. 94).
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The water-air boundary is known to behave as a hydrophobic
interface (43, 48, 49). To evaluate interfacial effects on D76N
B,m fibrillogenesis, the air-water interface was removed and
replaced with a hydrophilic-hydrophobic interface. We used
the prototypic hydrophobic surface provided by graphite or
elastin, the very hydrophobic ubiquitous insoluble fibrillar
component of the extracellular matrix (50) (Fig. 10). In the
absence of the air boundary, graphite triggered fibril formation
on the sheet surfaces (Fig. 104) without massive conversion of
the bulk B,m in solution (data not shown). Ultrasonication trig-
gered fibrillogenesis by D76N B,m even in the absence of an
air-water interface (Fig. 10B, blue lines), and aggregation was
accelerated by addition of carbon nanotubes (Fig. 10B, green
lines). In these conditions, ultrasonication had no effect on
aggregation of wild type B,m (red and dashed black lines).
Inclusion of fibrillar elastin in the protein solution, kept at 37 °C
under agitation in the absence of an air boundary, strongly pro-
moted fibril formation by D76N B,m (Fig. 10C, red triangles).
Elastin did not promote aggregation by wild type B,m under the
same conditions (Fig. 10C, black triangles).

Under conditions that suppress aggregation, the absence of
an air-water interface or any agitation of the protein solution,
the consistent enhancement of D76N B,m fibrillogenesis by
graphite or elastin clearly demonstrates the impact of an
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FIGURE 6. Temperature and heteronuclear NOE. "*N{'H} NOE values measured at 11.7 teslas (500.13-MHz 'H frequency) at 25 (A) and 37 °C (B) for wild type

and D76N B,m. The horizontal lines represent the average values for wild type
axes do not include the positions 5, 14, 32, 72, and 90 corresponding to proline

(solid line) and variant (dashed line) species; error bars indicate 5.E. The abscissa
residues, therefore lacking in secondary amides. Only the pairs of well resolved

cross-peaks observed at both temperatures were selected for each species. The strand naming scheme is drawn parallel to abscissas between the two panels.

increased interfacial area. In addition to the crucial role of
hydrophobic-hydrophilic interfaces, shaking of the solution is
required for amyloid conversion of D76N B,m in the bulk, and
the mechanism by which agitation influences the kinetics of
fibril formation is clearly important.

Role of Shear Forces and Hydrophobic Surfaces in P
Ampyloidogenesis—Agitation of a protein solution applies
hydrodynamic shear stress, which in principle could also con-
tribute to protein destabilization leading to denaturation (51).
We have therefore calculated the shear forces acting on the

B.m molecule using the equation (52)
T=F/A=p* (dv/dx) (Eq.4)

where T is the shear stress, F; is the shear force, A is the cross-
sectional area of the molecule, . is the dynamic viscosity of the

30924 JOURNAL OF BIOLOGICAL CHEMISTRY

fluid, and dv/dx is the shear rate, that is the fluid velocity gra-
dient. F; clearly depends greatly on molecular shape (for exam-
ple, see Refs. 51 and 53). With uniform fluid flow, the major
forces acting on a molecule in the bulk are elongational forces
along the flow axis that depend on both protein length and
shape. We have used the model proposed by Shankaran and
Neelamegham (54) that assumes that the molecule has a dumb-
bell shape, which yields a force coefficient derived from the
radius of the two ends of the dumbbell and the distance

between them. F, is then calculated from
Fi=a.p.vy.R (Eq.s)

where « is the force coefficient, p is the dynamic viscosity, vy is
the shear rate (dv/dx), and R is the radius of the molecule. The
shear rate of the flow can be calculated as
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FIGURE 7. Hydrogen bonding relationship of the residue 76 side chain.
Shortest hydrogen bond path lengths involving at least one side chain atom
for residue 76 in wild type (solid line) and D76N (dashed line) B,m from the
Floyd-Warshall algarithm are shown. The variant shows only minor differ-
ences from wild type, specifically with a slightly stronger connection of resi-
due 76 to loop AB and overall slightly weaker connection to other residues of
the loop EF itself, to loop CC'D, and to the C terminus. The wild type Asp™®
residue is strongly linked to Asn*” with the hydrogen bond Asn* H**-Asp™®
0%, which is found in 2222 of 2500 snapshots. In turn, Asn*? is hydrogen-
bonded with Glu”" via two nearly completely conserved hydrogen bonds
(Asn*? HN-Glu” O and Glu” HY-Asn*? 0*'). The connection to the C-terminal
residue Lys™*is due to the salt bridge with Glu”’. The connection with the |OOP
AB is weaker and involves the hydrogen bonds of Asp” with Thr”® (Thr’3
H*'-Asp”® 0®"), the fluctuating hydrogen bond of Arg”” side chain with Thr’®
backbone, and the salt bridge of Arg™ with Glu'®. The connection between
Thr" and Arg® is very weak. In D76N 3,m, all connections are weaker except
for the path to loop AB with a hydrogen bond of the side chain of Arg” tothe
side chain of Asn”® and the hydrogen bond of the side chain of Arg” to the
side chain of Asn'7.

C-term

i{%?/zn ASN 76)

N-term

FIGURE 8. Changes in backbone mobility. The mobility of wild type and
D76N §,m based on the heteronuclear NOE ratios derived from values shown
in Fig. 6 with increments (red intensity) and decrements (blue intensity) is
shown. The weaker connection between EF and CC' loops of the variant
spreads all around the underlying region with flexibility gains involving the
intervening edges of strands A, B, E, and F. The solution structure of g,m
(Protein Data Bank code 1JMJ) was also used to model the D76N variant. The
central diagram shows the strand naming scheme.

y=VWV/L (Eq. 6)

where V' is the translational velocity of the fluid and L is the
half-length of the cell. For our system (Fig. 94), y = 94.2/s, and
using an a value of 10 as reported previously for a similar system
(54), the calculated shear force, F,, of 3.3 % 10~!7 newton is
much lower than the force of —10™ '? newton typically required
to unfold proteins (44, 45). Shear stress alone is thus unlikely to
destabilize native p,m, but liquid agitation increases the sam-
pling frequency of natively folded monomers at the hydropho-
bic-hydrophilic interface and facilitates the exchange of mis-
folded monomers and interface-formed nuclei of aggregation
with the bulk solution. All these entities are then available for
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the recruitment of other protein units, thereby increasing the
efficiency of aggregation (51).

At the hydrophobic-hydrophilic interface, the native protein
fold is perturbed by the combined action of interfacial, inter-
molecular, and hydrophobic interactions (31-34) of which the
latter is apparently dominant (35—37) with much evidence that
exposed hydrophobic domains trigger the interaction of a pro-
tein with an apolar surface (37-40). Based on the known
exposed hydrophobic domains present on 3,m, we estimate
that the forces acting on the protein at the hydrophobic-hydro-
philic interface are in the range of 5-100 piconewtons and are
sufficient to perturb its three-dimensional structure (2, 44, 45)
(see “Experimental Procedures” for details).

The crucial role of interfacial forces in protein destabilization
and fibrillogenesis must vary with the different electrostatic
charges and thermodynamic stabilities of individual proteins
because efficient adsorption at a hydrophobic-hydrophilic
interface depends on overcoming the energy barriers of surface
pressure and electrostatic repulsion (39, 55-58). The almost
neutral D76N B,m molecule is likely to adsorb more rapidly
than the more charged wild type B,m, and once at the interface,
it should undergo larger structural perturbations as it is ther-
modynamically less stable (59, 60) (Fig. 94).

D76N B, Primes the Fibrillar Conversion of Wild Type By
in Vitro—The D76N B,m variant in solution in physiological
buffered saline converts into fibrils at the highest rate ever
reported for an amyloidogenic globular protein under these
conditions. When mixed in equimolar proportions with native
wild type B,m, all the latter was also transformed into insoluble
fibrils (Fig. 114) with a much shorter lag phase than reported
previously for seeding by the truncated isoform lacking the six
N-terminal residues (AN6 8,m) (61) (Fig. 11B). Fibrillogenesis
was monitored by quantifying the soluble protein by native 1%
agarose gel electrophoresis in which the soluble forms of wild
type, D76N, and AN6 p,m are readily distinguished by their
different respective electrophoretic mobilities (Fig. 12). The
duration of the lag phase depended on the aggregation state of
D76N variant, which can potently promote aggregation of wild
type B,m only when it is assembled into elongated oligomers
and filaments (Fig. 11C).

Unexpectedly, our previous proteomic characterization of ex
vivo natural amyloid fibrils from the tissue deposits of patients
carrying the amyloidogenic D76N mutation showed only the
presence of full-length variant protein (2). Because wild type
B,m is intrinsically amyloidogenic in vivo and forms abundant
amyloid fibrils in patients affected by dialysis-related amyloid-
osis, the absence of any wild type B,m in the hereditary variant
B,m deposits indicates that in vive fibrillogenesis is more com-
plex than the simple in vitro experiment containing just wild
type and variant B,m. A likely physiological factor modulating
misfolding, aggregation, and fibrillogenesis could be the pres-
ence of extracellular chaperones. Indeed, we show here that
a-crystallin (62, 63) prevented amyloid conversion of wild type
B,m induced by D76N B,m fibrils without interfering with
fibrillogenesis of the variant at the lowest chaperone concen-
tration used (1 um). However, at 40 pm a-crystallin, even the
conversion of D76N B,m is significantly reduced (Fig. 13). The
effect of this prototypic chaperone strongly suggests mecha-
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FIGURE 9. Fibrillogenesis of D76N and wild type pym. A, the time course of aggregation of D76N B,m (red) and wild type (black) was monitored under
stirring conditions by fluorescence emission of ThT (using 445 and 480 nm as excitation and emission wavelengths, respectively). Proteins were
dissolved at 40 um in 25 mm sodium phosphate buffer, pH 7.4 at 37 °C. Aggregation experiments were monitored in the presence of air-water (filled
circles) and Teflon-water interfaces (empty circles). B, tapping mode AFM images of different stages of aggregation of D76N B,m carried out under
stirring conditions and in the presence of an air-water interface. Oligomers formed after 1 h, prefibrillar aggregates coexisted with oligomers after 2 h,
filaments were observed after 8 h, and fibril clusters were observed after 24 h. Scan size, 1 um; Z range, 15 (times 0 and 24 h), 8 (times 1and 2 h), and 3

nm (time 8 h). a.u., arbitrary units.

nisms responsible for the observed composition of naturally
occurring fibrils in the affected kindred (2).

DISCUSSION

B.m is among the most extensively studied globular protein
precursors of human amyloid fibrils. The discovery of the first
natural variant of human B,m as the cause of hereditary sys-
temic amyloidosis uniquely enables a very informative compar-
ison of two different types of B,m amyloidosis with distinctly
different clinical and pathological features. The D76N residue
substitution allows a fully folded three-dimensional structure
almost identical to that of the wild type protein that forms amy-
loid fibrils in dialysis-related amyloidosis. However, dissection
of the mechanism of D76N B,m fibrillogenesis confirmed our
previously established paradigm that the amyloidogenicity of
monomeric globular proteins is intimately connected to desta-
bilization of the native fold (64). Importantly, a specific inter-
mediate of the folding pathway of wild type p,m, which was
previously structurally characterized and shown to play a cru-
cial role in priming the amyloid transition (47), is particularly
abundantly populated by the D76N variant. It is therefore pos-
sible that this specific residue substitution facilitates the molec-
ular mechanism responsible for the inherent amyloidogenicity
of wild type B,m and thereby enables the variant to cause clin-
ical pathology even at a normal plasma concentration rather

30926 JOURNAL OF BIOLOGICAL CHEMISTRY

than the grossly increased abundance of wild type B,m respon-
sible for dialysis-related amyloidosis.

Our elucidation of the structural properties and folding
dynamics of the highly amyloidogenic D76N variant has vali-
dated several earlier interpretations of the molecular basis of
the amyloid transition of the wild type B,m. The characteriza-
tion of conditions for rapid fibrillogenesis of the variant in a
physiological milieu is therefore particularly significant. D76N
B,m forms amyloid fibrils within a few hours in physiological
buffers in vitro that is enhanced by fluid agitation and exposure
to a hydrophobic surface. In contrast, fibrillogenesis of wild
type B,m is extremely slow under physiological conditions,
being minimal or absent after 100 days of incubation (61). Fluid
agitation has been shown previously to be crucial in priming
amyloid fibrillogenesis of other polypeptides including amyloid
B (31), insulin (65), apolipoprotein C-II (66), and a-synuclein
(67), but all these precursors were either natively unfolded
(apolipoprotein-CII, amyloid 3, and «-synuclein) or induced to
unfold by a denaturing buffer (insulin).

Our present demonstration that the interfacial forces, acting
in a physiologically relevant fluid flowing over natural hydro-
phobic surfaces, can prime fibrillar conversion of D76N B,m
monomers identifies this protein as a genuine paradigm for
amyloidogenic globular proteins causing systemic amyloidosis.
Although critically destabilized by comparison with the wild
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type protein, it nevertheless folds in the wild type native con-
formation and evades intracellular quality control so that it is
secreted at a physiological rate. Nevertheless, when, like all
globular proteins, its stability is challenged by the physiological
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FIGURE 10.Fibrillogenesis of D76N and wild type 3;m in presence of hydro-
philic-hydrophobic interfaces. A4, tapping mode AFM images of fibrils formed
by D76N 8,m in the presence of graphite sheets under stirring conditions (/) or
without agitation (). Scan size, 2 um, Z range, 15 (/) and 25 nm (). B, time course
of fibril formation by D76N B,m under ultrasonication (light biue fines show rep-
licate experiments) in contrast to the absence of fibrillogenesis by wild type B,m
(red line) under the same conditions. D76N ;m fibril formation was accelerated
inthe presence of carbon nanotubes (green lines), whereas wild type 8,m (dashed
black line) did not aggregate. C, fibrillogenesis of D76N (red triangles) and wild
type B;m (black triangles) carried out under stirring conditions at 37 °Cin the pres-
ence of a Teflon-water interface with 6 v human elastin. a.u., arbitrary units.
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extracellular environment (51), the variant’s propensity to mis-
fold and aggregate as amyloid fibrils becomes evident. Within
the extracellular space where amyloid is deposited in the sys-
temic amyloidoses, the interstitial fluid flows over the extensive
surfaces of the fibrous network of elastin, collagen, and leucine-
rich proteoglycans (68), the high hydrophaobicities of which
play a key role in promoting local unfolding of globular pro-
teins. We have previously reported the capacity of collagen to
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FIGURE 12. Residual soluble g,m during aggregation. Agarose gel electro-
phoresis analysis of supernatants from fibrillogenesis of wild type B;m alone
(lane 1), D76N B,m alone (lane 2), AN6 8,m alone (lane 3), an equimolar mix-
ture of wild type and D76N B,m (lane 4), and an equimolar mixture of wild
type and AN6 3,m (lane 5) is shown. The arrows show the electrophoretic
mobility of each isoform.
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FIGURE 11. Wild type ,m elongates D76N fibrils in vitro. A, soluble fractions of wild type 8,m either alone (black empty circles; WT,,;) or in an equimolar mixture
with the variant (black filled circles; WT g 176) and of D76N variant either alone (red empty circles; D76N, ) or in the mixture (black empty triangles; D76N yyr.. pzan)-
B, soluble fractions of wild type either alone (black empty circles; WT ) or in an equimolar mixture with the variant (black filled circles; WT gyt ang)) and of ANG B,m either
alone (green empty circles; ANG ;) or in the mixture (black empty triangles; ANG gy . ss)- Values are mean and 5.D. (error bars) from three independent experiments. C,
surface plots of AFM images showing different steps of the aggregation process of D76N g,m. At 1 h, cligomers are present; at 2 h, they coexist with short prefibrillar
aggregates; and at 8 h, filaments can be observed, whereas at 24 h, fibrils and complex fibril assemblies are seen. The surface plots were obtained from topographic tapping

mode AFM images (Fig. 98).
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FIGURE 13. Modulation by a-crystallin of fibril formation by wild typeand
D76N pym. Soluble fractions of wild type and D76N variant 8;m from an
equimolar mixture in the presence and absence of a-crystallin quantified at
96 h by native agarose gel electrophoresis are shown. Values are mean = 5.D.
(error bars) from three independent experiments.

prime the formation of wild type ,m amyloid fibrils stacked on
the collagen surface, and here we show that elastin is a potent
promoter of massive amyloid conversion of the D76N variant in
solution. Massive enhancement by graphite nanotubes of vari-
ant B,m amvyloid fibrillogenesis further confirms the role of
hydrophobic surfaces. Although Linse et al (69) have previ-
ously noted an effect of hydrophobic surfaces on fibrillization of
wild type 8,m with accelerated nucleation induced by nanopar-
ticles covering a range of sizes and hydrophobicity patterns,
their experiments were done at the grossly non-physiological
pH of 2.5.

The kinetics of fibril formation by wild type B,m and its trun-
cated form AN6 B,m depend on a critical nucleation step and
can be accelerated by the presence of amyloid fibril seeds. In
particular, the truncated form AN6 3,m can catalyze the oligo-
merization of the wild type (70) and even prime the fibrillo-
genesis of the wild type protein in physiological buffer (61)
although with a slower rate and lower yield than when primed
by D76N B,m. The D76N variant is also much more potent
than AN6 B,m in promoting formation of actual amyloid fibrils
by wild type B,m. The apparent capacity of monomeric AN6
B,m to induce conformational rearrangement of the wild type
protein structure has previously been ascribed to a prion-like
effect (71). In our hands, however, monomeric D76N variant
and AN6 B,m do not prime fibrillogenesis by wild type g,m,
which only occurs when it is exposed to filaments and fibrils of
the priming species. Such a mechanism is more consistent with
a surface nucleation process (72) rather than a genuine prion-
like effect.

The contrast between the potent im vitro priming and
enhancement by D76N 8,m of amyloid fibril formation by wild
type B,m and the proteomic evidence that the wild type protein
is not present in the in vive amyloid deposits are intriguing,
especially as wild type B,m clearly does form amyloid in vivo in
dialysis-related amyloidosis. Furthermore, in other types of
hereditary systemic amyloidosis in which the wild type precur-
sor protein is mildly amyloidogenic, for example transthyretin,
most patients are heterozygotes for the causative mutation,
expressing both amyloidogenic variant and wild type, and both
proteins are present in the amyloid fibrils. However, as we have
shown here, the capacity of D76N B,m to catalyze fibrillogen-
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esis by wild type B,m can be modulated and even blocked by
typical chaperones such as crystallin, and this inhibition
depends on the stoichiometric chaperone/B,m ratio. A role for
extracellular chaperone-like proteins in the inhibition of wild
type B,m amyloidogenesis has been proposed previously (73),
and it is plausible that the persistent, extremely high concen-
tration of wild type 8,m in renal failure patients on dialysis may
overcome the natural protective role of physiological chaper-
ones that otherwise protect against deposition of this rather
weakly amyloidogenic protein when it circulates at its normal
serum concentration. In addition to illuminating the critically
important biophysical features of the physiological milieu
where amyloid formation takes place, our results thus open up
novel avenues for exploration of hitherto unanswered ques-
tions about amyloidosis: why only a handful of all proteins ever
form amyloid in vive, and when, why, and where amyloid is
deposited in disease.
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ABSTRACT

Neuronal calcium sensors-1 (NCS-1) is the primordial member of a family of proteins
responsible primarily for sensing changes in neuronal Ca*" concentration. NCS-1 is a
multi-specific protein interacting with a number of binding partners in both calcium-
dependent and independent manners, and acting in a variety of cellular processes in
which it has been linked to a number of disorders such as schizophrenia and autism.
Despite extensive studies on the Ca®-activated state of NCS proteins, little is known
about the conformational dynamics of the Mg*"-bound and apo states, both of which are
populated, at least transiently, at resting Ca®" conditions. Here we used optical tweezers
to study the folding behavior of individual NCS-1 molecules in the presence of Mg*" and
in the absence of divalent ions. Under tension, the Mg* -bound state of NCS-1 unfolds
and refolds in a three-state manner by populating one intermediate state comprising a
folded C-domain and an unfolded N-domain. The interconversion at equilibrium
between the different molecular states populated by NCS-1 was monitored in real time
through constant-force measurements and the energy landscapes underlying the observed
transitions were reconstructed through hidden Markov model analysis. Differently from
what has been observed with the Ca®"-bound state, the presence of Mg”" allows both the
N- and C-domain to fold through all-or-none transitions with similar refolding rates. In
the absence of divalent ions, NCS-1 unfolds and refolds reversibly in a two-state
reaction involving only the C-domain, whereas the N-domain has no detectable
transitions. Overall, the results allow us to trace the progression of NCS-1 folding along
its energy landscapes and provide a solid platform for understanding the conformational

dynamics of similar EF-hand proteins.
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INTRODUCTION

EF-hand calcium sensor proteins respond to cellular variations in calcium
concentrations through conformational changes leading to activated states that interact
with a large array of binding partners. Calcium binding in vivo occurs in the presence of
a relatively constant thousand-fold-excess of Mg®" ions and, perhaps unsurprisingly,
many calcium-binding proteins also bind Mg®" under non-activating concentrations of
calcium (1, 2). The role of Mg*" binding has been investigated for several EF hand
proteins. In the invertebrate sarcoplasmic calcium-binding proteins and troponin C, Mg”"
binding to structural sites has been shown to be important for maintaining the structure
of the molecules at any calcium concentrations (3). Mg®" binding has also been
suggested to modulate Ca®" binding affinity of different proteins (4-6) and to switch off
calcium-dependent signaling at resting Ca®™ levels (2). Importantly, it is becoming
increasingly clear that the Mg*"-bound states of many EF-hand proteins have direct
functional roles independent of calcium, underscored by the observation that the single
EF-hand of the cytoplasmic C-terminal domain of the cardiac CaV1.2 channel binds
only magnesium (7). The Mg* -bound state of the EF-hand protein DREAM
(downstream regulatory element antagonist modulator) binds DNA targets in a
sequence-specific manner whereas binding of Ca”" disrupts this interaction (8). The

Mg*"-bound state of GCAPl has been shown to activate retinal guanylyl cyclase
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(RetGC) in rod and cone cells (9). Moreover, and of relevance to the current study, the
interactome of neuronal calcium sensor-1 (NCS-1) has been proposed to be modulated
by ions, suggesting possible roles of the Mg*'-bound state as well as of the apo state in
neuronal functions (10).

Neuronal calcium sensor (NCS) proteins are a family of EF-hand calcium
binding proteins expressed primarily in neurons, and NCS-1 is its primordial member.
NCS-1 comprises four EF-hand motifs organized in two domains, where the N-domain
consists of EF1 and EF2, and the C-domain of EF3 and EF4 (11). Nuclear magnetic
resonance (NMR) spectroscopy and isothermal titration calorimetry (ITC) have been
used to confirm that EF2 and EF3 bind Ca*" and Mg”*" and they are therefore identified
as structural sites, whereas EF4 binds only Ca’" and is identified as a regulatory site (4).
EF1, on the other hand, is unable to bind ions due to a conserved Cys-to-Pro mutation
(2). In humans, NCS-1 can interact with multiple and seemingly unrelated target proteins
during the execution of its functions, both in a calcium-dependent and independent
manner (12). The molecular basis of this multi-specificity, exemplified by an
interactome of more than twenty interaction partners reported to date, is currently
unknown but suggests that NCS-1 can go through significant molecular rearrangements
to accommodate different binding partners. NCS-1 has well-established functional roles
such as regulating ion channels and G-protein coupled receptors (13-15), membrane
trafficking (16), and learning and neuronal growth (10). Several of these functions
involve the Mg2+-bound state, which interacts for example with the dopamine receptor
D2 (13) and mediates the activation of P14Kf at resting cell conditions (17). Despite

their obvious physiological importance, however, the structural features and
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conformational dynamics of the apo- and Mg**-bound states of NCS-1 are still poorly
understood.

The Ca*"-bound state of NCS-1 is well studied in terms of structure and has been
shown, by X-ray crystallography and NMR spectroscopy, to have an open structure
exposing large hydrophobic patches that mediate the interaction of the molecule with
most of its target proteins (18-20). Likewise, the folding mechanism of NCS-1 in the
presence of Ca”" has been studied extensively using both traditional ensemble methods
(4, 19) and single molecule optical tweezers experiments (11, 21). Through mechanical
manipulation, we have recently characterized the energy landscape of the Ca®'-bound
state of NCS-1. These experiments revealed a sequential folding process where the C-
domain first collapses into a partially folded structure and then undergoes a minor
rearrangement to transit into its native conformation prior to the folding of the N-domain
(11). We also showed that NCS-1 can become transiently kinetically trapped in two
distinct misfolded states where pathologically high calcium concentrations increased the
lifetimes of the misfolded structures (21). While significant information is available on
the structure, stability, and folding of NCS-1 in its Ca*"-bound state, little is still known
about its structural and dynamical properties in the absence of Ca®’. Previous studies
have suggested that the structure of the apostate of NCS-1 resembles that of a molten
globule (22), and that upon Mngr binding the protein adopts a closed form in which
almost all hydrophobic regions are buried (4, 23). Apart from this marginal information,
however, the structural details of NCS-1 in the absence of divalent ions are still elusive
and our mechanistic understanding of the conformational dynamics of the apo- and

Mg**-bound states is highly limited.
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Single-molecule techniques, such as optical tweezers, have proven powerful for
dissecting the folding mechanisms of protein molecules, providing non-averaged
information inaccessible to more traditional bulk techniques (24, 25). Through
mechanical manipulation it is nowadays possible to monitor in real time the dynamics of
single proteins as they follow different routes and populate different intermediate states
on their journey to the native structure (26-28). Analysis of the experimental data with
advanced statistical methods allows the characterization of the kinetics and
thermodynamics of the observed molecular transitions, and ultimately the reconstruction
of the energy landscape of the protein (11, 26, 29, 30). These studies have lately proved
very useful for the description of the conformational dynamics of different proteins,
revealing crucial information for a better understanding of the molecular mechanisms
underlining their biological function (11, 26, 29-33).

Here we use optical tweezers to characterize the folding processes of the apo-
and Mg*"-bound states of NCS-1 at the single molecule level. In the presence of Mg,
NCS-1 folds into an intermediate state comprising a properly folded C-domain, and at
lower forces it then transits to the native state through the folding of its N-domain. In
contrast, in the absence of divalent ions, NCS-1 folds in a reversible two state reaction
involving only the C-domain with no observable transitions of the N-domain. Through
constant-force measurements and hidden Markov model analysis the energy landscapes
underlining the observed folding reactions were reconstructed. The results reported in
this paper shed light on the ion-dependent dynamics of NCS-1 and provide insights into

the molecular basis of its conformational plasticity.
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RESULTS

Folding mechanism of the Mg’ -bound state of NCS-1

Single NCS-1 molecules were manipulated as depicted in Fig. 1A. DNA handles were
attached to cysteine residues engineered at position 4 and 188 and the protein was
stretched and relaxed by moving the pipette relative to the optical trap. A typical force

vs. extension cycle is depicted in Fig.1B.
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Figure 1.Folding transitions of the Mg”"-bound state of NCS-1. A) Sketch of the
experimental setup. Single NCS-1 molecules were manipulated with functionalized
polystyrene beads, as previously described (29, 34). B) Force vs extension cycle
acquired by stretching (red, 100 nm/sec) and relaxing (blue, 20 nm/sec) a NCS-1
molecule in presence of 10 mM Mg®". The native state (N) transits into the unfolded
state (U) by populating an intermediate state (/), which is visited by the protein also
during refolding. During the slow relaxation process fast fluctuations between U and /
are detectable in a narrow range of forces. Color-coded arrows indicate the pulling (red)
and relaxing (blue) directions. The stretching trace was fit to the WLC model (dashed
lines) to estimate the changes in contour length associated to each unfolding transition.
C) Extension vs time traces for the Mg*'-bound state of NCS-1, acquired at three
different constant forces. The molecule hops between N, I and U at equilibrium, with the
unfolded state being increasingly populated at higher forces. A close-up view of the
transitions in the dashed box is shown, along with the corresponding fit based on HMM
(red line). D) Probability density distributions (symbols) of the extensions of traces
acquired at different constant forces. The distributions were fitted to triple-Gaussian
functions (lines) to estimate a change in extension of 16 + 2 nm for the N-/ transition and
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of 15 + 2 nm for the /-U transition.

During both stretching and relaxation, at a force of about 10 pN, the molecule populates
an intermediate state /, located by extension half way between the native (N) and the
unfolded (U) states. At slow relaxation speed, fast fluctuations between U and / can be
observed in a narrow range of forces. The C- and N-domains of NCS-1 comprise a
similar number of residues and in the Ca’"-bound state they unfold and refold
sequentially (11). It is thus conceivable that the transitions observed in our experiments
are the result of the sequential unfolding and refolding of the two domains. To confirm
this, we analyzed 110 stretching traces with the worm-like-chain model of polymer
elasticity (29, 35, 36) to estimate the change in contour length (ALc) associated with the
different transitions. This analysis provided a ALc of 30 + 3 nm for the N-/ transition,
and a ALc of 31 + 2 nm for the /-U transition. These values are very close to the nominal
ALc for the unfolding of the C-domain (AL.’ = 33 nm) and N-domain (AL.’ = 30 nm) of
the Ca*"-bound state of NCS-1 (11) and are thus consistent with a sequential unfolding
of the two domains in the Mg2+-bound state. Nonetheless, the measured AL, values are
undistinguishable within the experimental errors and cannot be used for structural
assignment. We thus investigated the behavior of two NCS-1 variants, NCS-1'"“" and
NCS-17*"% where the size of the two domains was selectively altered. In NCS-1'°%Y the
size of the C-domain was increased by ~10 % by inserting 10 glycine residues into an
unstructured loop connecting EF-3 and EF-4. In NCS-1°*'® one handle is attached to
position 38 and force is applied to only 56 residues of the N-domain (from Ser38 to
Arg94), effectively reducing the size of the N-domain by ~ 40%. Compared to NCS-1*

'8 both for unfolding and refolding, the high force transitions were longer in NCS-1'"9"
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and the low force transitions shorter in NCS-1°*"*® (Fig.S2). These data, along with the
WLC-model fitting results, suggest that the C-domain is mechanically more stable than

the N-domain, and unfolds and refolds at higher forces. This behavior is consistent with

that of the Ca?*-bound state of NCS-1 (11).

Equilibrium unfolding/refolding transitions of the Mg* -bound state of NCS-1

The equilibrium unfolding/refolding processes of the Mg**-bound state of NCS-1 were
characterized through constant force experiments, where the applied tension is kept
constant by a feedback mechanism while the extension of the protein, as it jumps
between different conformations, is monitored over time (Fig.1C). We acquired 50
extension-time traces in the force range between 6.7 pN and 8.0 pN using 20 different
molecules, and we analyzed each trace with a three-state HMM (37-39) to determine the
force-dependent transition rates. The resulting data were fit to a linearized form of the
Bell’s model (40) to estimate the position of the transition states along the reaction
coordinate and the zero force rates (Fig. 2A). This analysis yielded a kinetic distance of

15 +1 nm between N and /, and a kinetic distance of 13 +1 nm between / and U (Table

1).

117



6.8 72 78 8.0 6.8 72 76 80
Force (pN) Force (pN)

@

u

o

©
o
w

=578+ 13 ms t=73t5ms

o

@
o
>

ulative probability

o
©
Cumul,
e e
>

o
©

Cumulative probability

Cumulative probability

o

=3
s
=

0 1 2 3 0.0 0.3 06 09 0 3 [} 9
Dwell time (s) Dwell time (s)

12 11

o
-
>

Free Energy (kgT) O
W (=]

o
=

: U
68 72 76 80 5 10 15 20 25 30
Force (pN) Extension (nm)

o

Figure 2. Energetics and kinetics of the Mg® -bound state of NCS-1. A) Unfolding (red)
and refolding (blue) rate constants for the N-I (left panel) and I-U (right panel)
transitions estimated from extension-time traces acquired at different forces. Error bars
represent standard deviations. The data were fit to the Bell’s model (solid lines) to
estimate the positions of the transition states and the zero force rates. B) The dwell time
distributions of the N, I and U states follow single exponential distributions. C) Force-
dependence of the occupation probability of the N, / and U states (color coded), and their
corresponding fits based on a two-state model (Supporting Material). The best fit values
for the differences in extension and free energy between N and U, AXy.y=31.2 2.6 nm
and 4Gy.y =16.6 = 2.8 kcal/mol, are in agreement with the results of the HMM analysis,
Table 1 and 2. The equilibrium force (F;,=7.4 pN) corresponding to a probability of
0.33 is indicated. D) Sketch of the free energy landscape of the Mg*"-bound state of
NCS-1 at Fj;,. The positions and free energies of the U, I, N and transition states
(daggerl and dagger?2) states are shown.

0 -1 0 -1 i 7
Transition T X Ku(s™) ky(s”) ki (s7) AG 1

N-I 5.4+0.8 | 9.5+0.8 | 2(x0.8)x10” | 5.4(x0.8) x10° | 0.31(x0.8) 10.8+

LU 6.240.5 | 7+0.5 | 1.1(x1)x 10* | 1.1(x1)x 10° | 4.98(+0.2) | 7.5+0

Table 1.Kinetic parameters of the folding reactions of the Mg®"-bound state of NCS-1.

The positions of the transition state for the unfolding and refolding reactions (x, and x;;

respectively), and the rates at zero force (k”, and k()f, respectively) were estimated from
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the force-dependence of the transition rates. The transition rate and the activation free
energy at I, are indicated as k;,, and 4 G 112, respectively. Errors are estimated from fit
parameters' uncertainties. kgT = 0.6 kcal/mol.

NCS-1 variant AGy.y (keal/mol) AXyv.u
Mg’ "-bound NCS-1""%* 16.6+2.8 31.2+2.6
Apo NCS-1+"%% 8.5+ 1.4 15+1.5
Apo NCS-17% 5.96 + 0.94 148 +2.3

Table 2. Thermodynamic parameters of the folding reactions of the apo and Mg”"-bound
states of NCS-1. The change in free energy and extension between the folded and
unfolded states (AGy.y and AXyy, respectively) were estimated from the force-
dependence of the occupation probabilities of the different molecular states. Errors are
estimated from fit parameters' uncertainties

These distances compare well with the jumps in the molecule’s extension observed in
our constant-force traces (Fig. 1D), showing the overall consistency of our HMM
analysis. The dwell time distributions of the &, / and U states as determined from the
HMM analysis could be well fitted to single exponentials, in agreement with the kinetics
of two consecutive two-state processes (Fig.2B). To further characterize the
thermodynamics of the observed transitions we analyzed the force-dependence of the
occupation probability of each molecular state, Fig. 2C (see Supplementary information
for details). The results of this analysis (the equilibrium force F,, the change in free
energy AG, and the distances between the states) are in agreement with those of the
HMM analysis (Table 2). From the rates and transition state positions, the salient
features of the energy landscape of the Mg*-bound state of NCS-1 at the equilibrium
force F';,; were reconstructed (Fig. 2D). The total change in free energy between N and U
at zero external force (4AGy.y), calculated by taking into account the free energy

reduction of the unfolded state due to tethering (11, 41), is -16 + 3 kcal/mol (Supporting
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Material). This value compares well with the AGy.yof -11 + 2 kcal/mol measured in bulk
experiments (Fig. S1) and with the AGy.yof -16 £ 3 kcal/mol determined from the force-

dependence of the occupation probabilities (Fig. 2C, Supporting Material), showing the

overall consistency of our analysis.

Folding mechanism of the apo state of NCS-1

In order to investigate the effect of Ca®" and Mg®" on the folding process of
NCS-1 we performed constant-velocity experiments in the absence of divalent ions.
Remarkably, under these experimental conditions, the apo-protein unfolds and refolds
reversibly in a two-state process near 6.5 pN, displaying fast fluctuations between two

different molecular extensions, Fig. 3A.
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Figure 3. Folding transitions of the apo state of NCS-1. A) Force-extension cycle
acquired by stretching (red) and relaxing (blue) a NCS-1 molecule in presence of no
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divalent ions. Around 6.5 pN the molecule displays bistability, fluctuating between two
different molecular conformations. The associated changes in contour lengths (ALc= 31
+ 2 nm) indicate that the discontinuities (rips) observed in the recorded traces are due to
the unfolding and refolding of only half of the protein, the rest of the molecule giving
rise to no detectable transitions. B) Time-extension traces acquired at the indicated
constant forces. The protein hops at equilibrium between a compact (folded) and an
extended (unfolded) conformation, with the latter one being favored at higher forces.
The data were analyzed with a two-state HMM, which produced idealized state
transition traces like the one shown in red at 6.5 pN. C) Extension probability density
distributions of traces acquired at four different forces, and their corresponding double-
Gaussian fittings (solid lines). The folded and unfolded states of the apo state of NCS-1
differ in extension by 14 + 1 nm, and are equally populated at 6.5 pN. D) Dwell-time
distributions of the unfolded and folded states at 6.2 pN and their corresponding single
exponential fittings. E) Force-dependence of the occupation probability of the folded
state and the corresponding two-state fitting. The best fit values, 4AXy.y = 15 = 1.5 nm
and AGy.y = 8.5 £ 1.4 kcal/mol, are in agreement with the results of the HMM analysis,
Table 2 and 3. The equilibrium force (F;, = 6.5 pN) corresponding to a probability of 0.5
is indicated. F) Unfolding (red) and refolding (blue) rate constants at different forces as
determined from the HMM analysis, and fits with the Bell model (solid lines). Error bars
represent standard deviations. G) Sketch of the free energy landscape of NCS-1 at Fy,; in
presence of no divalent ions, reconstructed using the HMM analysis.

The change in contour length associated with the unfolding/refolding events is 31 +2
nm, suggesting that only half of the protein, possibly only one domain, gives rise to the
observed transitions. The thermodynamics and kinetics of the bi-stability displayed by
the molecule around 6.5 pN was analyzed through constant force experiments (Fig. 3B).
Fifty two extension-time traces from 12 different molecules were acquired in the force
range between 5.7 and 7.2 pN. In each trace, the protein hops between two distinct
conformations differing in extension by 14 +£1 nm (Fig. 3C). The more extended one
(unfolded) is favored by high forces. The life time distributions of both conformations
can be well fit by single exponentials (Fig. 3D), and the unfolding probability displays a
sigmoidal dependence on force (Fig. 3E); these data are consistent with a two-state

unfolding/refolding mechanism. The transition rates and position of the transition state
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were estimated by fitting each time-extension trace with a two-state HMM (Fig. 3B,

Table 3).

NCS-1
variants

Xu Xy kC(s) k(s™) kip(s) | AGH/ksT

NCS1¥™ [ 3.13+04 | 11.1+0.6 | 0.02 (£0.6) | 8.9 (x1)x 10" | 2.72(x0.3) | 8.4+0.6

NCS17”7™ | 33+04 | 10.7+0.7 | 0.01 (£0.6) | 3.9 (£1)x 10" | 2.0+0.3) | 8.7+0.6

Table 3. Kinetic parameters of the folding transitions of the apo state of NCS-1. The
kinetic quantities were measured from the force-dependence of the transition rates.
Errors are estimated from fit parameters' uncertainties. kgT = 0.6 kcal/mol.
From the position of the transition state we deduced a difference in extension between
the folded and unfolded states of 14 =1 nm, which compares well with the experimental
values (Fig. 3C). Using the kinetic parameters of Table 3 we reconstructed the energy
landscape of the molecule at F;,. After correction for the free energy loss of the
unfolded state due to tethering (Supporting Material), we estimated a AGy.n of 7+1
kcal/mol, which compares well with the AGy.y of 6+1 kcal/mol measured in bulk
experiments (Fig. S3), and with the AGy.y of 8.5+1.4 kcal /mol estimated from the
unfolding probability (Fig. 3E), thereby supporting the robustness of the HMM analysis.
The C-domain of NCS-1 has proved to be mechanically more resistant (11) and
thermodynamically more stable (19) than the N-domain, and it is thus conceivable that
the reversible fluctuations observed in Fig. 3A originate from the unfolding and
refolding of the C-domain only. To test this hypothesis we pulled on the mutant NCS-
17> where the cysteine at position 4 is moved to position 95 to effectively apply force

only on the C-domain. The resulting force-extension traces show reversible two-state

unfolding/refolding transitions near 6.5 pN that closely resembled those observed when
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pulling on the entire molecule (Fig. 4A), with very similar changes in contour length
(AL, =32 +2).
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Figure 4. Folding transitions of NCS-17>"*" in absence of divalent ions. A) Under these

experimental conditions, when stretched (red trace) and relaxed (blue trace), NCS-1%"'%
displays reversible two-state fluctuations A) that closely resemble those observed with
NCS-1*"% In fact, when held at constant force B), NCS-1">"*® hops between two
molecular conformations that are equal within experimental error to those described in
Figure 3, in terms of extensions C), dwell time distributions D), force-dependent
unfolding probability E), and transition rates F), Table 2 and 3. Error bars represent
standard deviations. It follows that, in absence of divalent ions, the energy landscape of
NCS-1"7"¥ G) is nearly identical to that of NCS-1+"%%,

In fact, the unfolded and folded states of NCS-1°718 in the constant force measurements
(Fig. 4B) showed the same extensions (Fig.4C), energies (Fig. 4E) and transition rates
(Fig. 4F) of the corresponding states of NCS-1*" revealing nearly identical energy
landscapes for the two variants in the absence of divalent ions (Fig. 4G). These results

clearly show that the unfolding and refolding events displayed by NCS-1 in the absence
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of divalent ions originate only from the C-domain, suggesting that under these
experimental conditions the N-domain is either unstructured, or only loosely folded, and
when stretched it unravels through transitions that are not detectable in our recordings.
These data are quite similar to those obtained with the apo state of calmodulin, where
only one domain exhibits reversible two-state transitions that can be easily observed in
the force-extension curves, while the other gives rise to a signal that can only be vaguely

inferred at very low forces (33).

DISCUSSION

Many members of the vast superfamily of EF-hand calcium binding proteins
populate Mg”*-bound states. Some of these states have distinct structural roles, where
the binding of Mg*" maintains the structure in the absence of Ca®" and presumably
protects against aggregation or premature degradation, whereas others have a direct
functional role. In the case of NCS-1, the Mg*"-bound state is the primary interacting
conformation for many of its targets (10, 11) and its ion-dependent conformational
dynamics therefore represents an important part of its functional repertoire. Our
characterization of the folding of NCS-1 in the Mg*-bound and apo-states re-iterates our
previous results obtained on the Ca’’-bound state and show that the two EF-domains
appear to fold as separate units regardless of ionic conditions. Using our results, we can
now start to trace the progression of fold for NCS-1, from the likely transiently
populated apo state, to resting Ca’"-levels in a predominantly Mg2+-bound state, to a
fully Ca*"-activated molecule during transient or sustained calcium elevation in neurons.
The C-domain can already fold under apo conditions and is stabilized further by binding

of Mg®", forming an intermediate state followed by Mg* -assisted folding of the N-
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domain into the Mg*-bound conformation. During transient or sustained elevation of
Ca®’, the molecule goes through a conformational change from a Mg**-bound state into a
Ca’'-activated state, where the largest structural changes are likely to be a consequence
of the binding of Ca*" into the ion free EF4 which could involve a reorientation of the
structural domains for tighter coupling to expose the hydrophobic crevice, as in the
related NCS protein recoverin (42). Whether or not this involves unfolding and
subsequent Ca®"-assisted refolding or conformational changes within a competitive ion-
exchange process is not known from our current data. Nonetheless, as shown in this
paper, the energy landscape of the protein significantly changes depending on the ionic

environment to which it is exposed.

The Mg’*-bound state of NCS-1

Our results indicate that Mg®" promotes even more structuring than was previously
proposed from NMR experiments (4). These latter studies suggested that Mg*" binding
led to considerably less structuring than Ca®" binding as significant signal broadening
was observed in the heteronuclear single-quantum coherence (‘H-""N-HSQC) spectrum
of NCS-1 and many peaks were missing, indicating conformational exchange (4).
Remarkably, in this respect, the near-UV CD spectrum of NCS-1, which reports
primarily on tertiary structure, does not change much upon Mg*" binding to the apo
state, whereas Ca>" binding causes drastic changes (4). It is therefore quite surprising
that our results indicate that the entire N-domain obtains structure upon Mg** binding, at
least it is compacted to a state similar in shape as the Ca*"-loaded state with unknown
heterogeneity. However, even though the N-domain is unfolded under apo conditions in

our accessible experimental force range (>2 pN), it cannot be excluded that it folds to a
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compact state at forces approaching zero. The mechanical properties of the Mg**-bound
state closely resemble those of the Ca*"-bound state. The N- and C-domains unfolds at
forces (9 £ 1.2 pN and 12 + 1.5 pN, respectively) that are only slightly lower than those
observed with NCS-1 in the presence of Ca*" (10.6 + 0.6 pN and 13.8 + 1 pN,
respectively), and the associated changes in contour length are equal within the
experimental error in the two cases. These data suggest that Mg2+ binding leads to a
compact structure for NCS-1. It might also be that Mg*" binding leads to a closed
conformation that resembles that sampled by the apo state of NCS-1, at least with the C-
domain. Mngr likely restricts the conformational space of the N-domain, but the
dynamics of the ion-free EF4 could still lead to conformational exchange, reconciling at
least some of the conflicting results obtained with NCS-1. In fact, almost 75% of the
expected peaks are visible in the 'H-"’N-HSQC of myristoylated NCS-1 (120 out of 174,
(4)), consistent with one out of four EF-hands experiencing conformational exchange.
We envision that Mg®" binding leads to a fully compact globular yet dynamic structural
ensemble with a partially open binding site and Ca*" binding leads to reorientation and
docking of the two domains adding an additional stability term, and exposing fully the
binding site. This is discussed further below.

The folding reactions of the Mg*'- and Ca*'-bound states of NCS-1 share
common features, but also display remarkable differences. In both cases, the N-domain
folds via a two-state process, crossing transition-state barriers located at comparable
positions along the reaction coordinate (11). Conversely, the C-domain follows quite
different folding pathways depending on the ionic environment. In the presence of Mg”",
the C-domain folds through a single all-or-none reaction, with a rate constant (k%) of ~

10° s™'. In contrast, in the presence of Ca®’, the C-domain folds first into a partially
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folded conformation and then transits into its native state through a rate-limiting
transition (k%~ 38 s™) that involves calcium binding into the EF4 site. This latter process
slows down the overall folding rate by several orders of magnitude and is linked to NCS-
I’s misfolding (21). These data suggest that in neurons, NCS-1 folds into its native
structure more efficiently and safely at resting Ca*"-levels in a predominantly Mg**-

bound state, compared to its folding occurring during Ca*"elevation.

The apo state of NCS-1

Our results suggest that in absence of divalent ions NCS-1 has a folded C-domain
and an unstructured N-domain. One obvious difference between the two domains is a
conserved Cys—Pro mutation in the N-domain that renders EF1 unable to bind divalent
ions (19). It is well-known that EF-hands are commonly found in pairs and binding of
ions makes the EF-domain pair stable. For NCS-1, however, the folding or unfolding of
the EF-hand pairs seems conserved even in the absence of ions, as the EF hands of the
N- and C-domains are either both folded or unfolded, displaying a considerable crosstalk
between them.

In the apo-state, NCS-1 has been previously shown to have significant secondary
structure yet little tertiary structure, and the "H-'"N HSQC spectrum has been shown to
be severely signal-broadened, suggesting lack of stable structures (4, 22). Our
equilibrium unfolding data (Fig. S3) shows an early decrease in fluorescence intensity at
very low denaturant concentration. This decrease occurs gradually, lacking a pre-
transition baseline, and indicates the unfolding of a structure with only marginal tertiary
interactions, followed by a cooperative unfolding transition. These data acquired in

bulk appear to be consistent with our single molecule data. In fact, under tension and in
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absence of divalent ions, NCS-1 unfolds and refolds through reversible two-state
transitions that involved only the C-domain. The collapsed state of the N-domain
suggested by the equilibrium unfolding experiments may be too unstable to be
observable in the force range used in our experiments. We notice that the behavior under
tension of the apo state is clearly different from that displayed by the Mg®'- and Ca*'-
bound states of NCS-1 and by other native state structures stabilized by tertiary contacts,
which unfold and refold out of equilibrium through transitions accompanied by
hysteresis (11, 30, 43, 44). On the basis of our data, we speculate that the apo state of
NCS-1 consist of a highly dynamic ensemble of similar structures, stabilized by weak
interactions, which interconvert on intermediate NMR timescales, giving rise to the
observed signal broadening in the HSQC spectrum (4), and to the reversible transitions
in single molecule experiments. Thus, similar to intrinsically disordered proteins (45)
and to that of the calcium binding S100 proteins (46), neural calcium sensors may
exploit ligand-driven folding-upon binding to drive the thermodynamics for binding and

the selection of binding partners.

Functional, ion-dependent dynamics of NCS-1

NCS-1 has a broad interactome currently consisting of more than 20 reported
binding partners (47). The different protein partners can be bound predominantly in
either domain or both at the same time, in either a calcium-dependent or independent
manner. This multi-specificity requires a certain degree of conformational plasticity that
is poorly understood on the molecular level. The different stabilities and folding rates of
the two domains may reflect the conformational heterogeneity needed to allow for

accommodation of multiple different ligands in the binding pocket, which spans through
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both domains. In addition, NCS-1 can gain functional versatility not only through the
full or partial folding or unfolding of the two EF-domains but also through their coupling
or decoupling, which affects their relative orientation and dynamics. This allostery may
fine-tune the exposure of the binding sites for the various interaction partners of NCS-1.
The interaction of NCS-1 with the D2 dopamine receptor (D2R) is believed to
include both the Mg**-bound and Ca**-bound states (13). NCS-1 interacts with the C-
terminal tail residues of D2R independent of calcium and upon calcium activation it
binds the G-protein coupled receptor kinase (GRK2) and partially inhibits it from
phosphorylating the third intracellular loop of D2R, thus being responsible for its
desensitization (13). Presumably, D2R and GRK2 are bound to separate NCS-1
domains. No detailed structural information on the interactions are available but
biochemical and structural models have suggested different scenarios regarding the
stoichiometry and domain involvement in binding (48, 49). Our results indicate that the
extension and folding rate of the N-domain is similar in its Mg**-bound and Ca*"-bound
states It could therefore be speculated that the N-domain is responsible for binding D2R
since its properties may not change much when transiting from Mg”" to Ca®" conditions.
Upon calcium activation, the N-domain-D2R interaction may become tighter and the
conformational changes of the C-domain, mostly through binding of calcium into EF4,
enable further coupling with the N-domain, which may fully expose the second binding
site for GRK2. This would be consistent with evidence which suggest that occupancy of
calcium in EF2 is sufficient for the NCS-1-D2R interaction (49). In this respect, an
important next step to understand these processes in detail will be to directly observe and
characterize the activation of NCS-1 from a predominantly Mg”*-bound state to the fully

calcium-bound state. This would elucidate for example whether it is possible to traverse
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directly from an Mg2+-b0und state to a Ca’’-bound state, or whether partial or full
unfolding is a prerequisite for calcium activation. This will be especially important for
the D2R-NCS-1 interaction as it has been suggested as a potential target for
antipsychotic drug development (50). To this end our results on the conformational
dynamics of NCS-1 may form a platform for drug design.

In conclusion, we have determined the salient features of the folding free energy
landscapes of the Mg®*-bound and apo states of NCS-1. We found these states to have
distinct folding properties from the calcium-bound state, where NCS-1 in presence of
magnesium folds each domain separately through all-or-none transitions whereas it in
the apo state only folds its C-domain while the N-domain remains unfolded or highly
destabilized. We found that the Mg*"-bound state is more structured than previously
described, displaying mechanical properties, cooperativity and end-to-end distances that
closely resemble those of the Ca®"-bound state. Our results represent an important
detailed decomposition of states for the deciphering of the complete conformational as

well as functional dynamics of NCS-1.

EXPERIMENTAL PROCEDURES

Protein —DNA chimera preparation

To manipulate NCS-1 with optical tweezers we engineered double-cysteine
constructs using either a wild-type pET-16b or a pseudo-wild-type pET-16b expression
plasmid (with Cys38 replaced by serine), by standard genetic techniques. The E. coli
strain BL21 (DE3) was used to express un-myristoylated each NCS-1 construct, and

cells were grown at 37 °C in Luria-Bertani medium. The protein was purified as
130



described elsewhere (19, 51), and attachment of DNA to proteins and coupling of

protein-DNA chimeras to beads was performed exactly as in previous work (34).

Force Spectroscopy Measurements

All measurements were carried out using a custom-built dual-beam optical
tweezers set up that operates by direct measurement of light momentum (43, 52).
Measurements were performed either in 10 mM Tris, 250 mM NaCl, 10 mM MgCl,, pH
7.0 or, to study the apo state of NCS-1, in the same buffer without MgCl, and with 0.5
mM ethylene glycol tetraacetic acid (EGTA). The DNA-protein chimeras were
manipulated with a 3.10 pm antidigoxigenin coated bead (Spherotec) held in the optical
trap, and a 2.18 pm streptavidin-coated bead (Spherotec) held at the end of a
micropipette by suction. The molecules were stretched and relaxed by moving the
pipette toward the optical trap or away from it, respectively, by means of a piezoelectric
flexure stage (MAX311/M, Thorlabs, Newton, NJ). Only those molecules displaying the
characteristic DNA overstretching transition at 67 pN were used for acquiring data (29).
In constant-speed experiments the data were acquired at a rate of 40 Hz, while in

constant-force experiments at a rate of 100 Hz (43).

Hidden Markov Model Analysis

We use a hidden Markov model (HMM) algorithm (53, 54) to reconstruct from
the constant-force hopping traces of our experiments the distribution (which we assume
to be Gaussian) of the extension of each state and the transition probabilities between
different states. The transition rate matrix K is computed from the transition probability

matrix T by means of the relation K = (In T) / At, where At = 0.01 s for our data



acquisition system. By collecting data obtained at different values of the force, we derive
the chevron plots shown in Figs. 2A, 3F, 4F, which we interpret according to the
Kramers-Bell theory (40, 55) to deduce the free energy differences among the states and
the position of the barriers. The thermodynamics and kinetics information obtained in
this way are summarized by the free-energy landscape sketch in Fig. 2D. Further details
and references about HMM and the landscape reconstruction procedure are given in the

Supporting Material.
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Hidden Markov Model analysis and landscape reconstruction

Hidden Markov Model (HMM) techniques are a powerful statistical tool to
analyze time series. The problem, frequently encountered in data analysis, is the
following: assume that the system under investigation can be reasonably well
approximated by a Markov chain with 7 states and time-independent transition matrix 7}
(i, j = 1,...,n). Experiments made on the system can not directly assess which state the
system is in (it is hidden), but each state emits a characteristic signal (either discretely or
continuously distributed) which can be detected. From a sufficiently long time series of
observations one can infer both the transition matrix elements and the characteristics of
the signal emitted by each state, and then assign to each data point the most likely state
of the system at that time. The algorithms to perform these reconstructions were first
developed by mathematicians in the ‘60s (1) and then widely applied to artificial
intelligence problems, notably speech recognition (2). Lately they have been adopted by
the biophysical community as the tool of choice for analyzing data from single-molecule
experiments, at first fluorescence (3) and then optical tweezers (4)

In our case, the states are N, I, U and the signal is the normally distributed end-to-end
extension of the molecular construct protein + handles. From our HMM reconstruction,
we estimate the elements of the transition matrix 7, which can be translated into
transition rates using the formula Kj; = (In M),/At, where At is the time interval between
two consecutive measurements (in our experiment, 0.01 s). By collecting rates at
different force values we obtain the chevron plots in Figs. 2A, 3F, 4F. Such plots are
interpreted according to the Kramers-Bell theory (5) in the simplified version of (6) (see

also (7) for a proof of the validity of this approximation):
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From the slopes of the linear fits (in semi-log scale) performed in the chevron plots we
can therefore deduce the position of the barriers, while the intercepts give access to the
free energy difference between the states. In order to present a free energy landscape like
the one in Fig. 2D we need one more data: the pre-exponential factor k,, which we
cannot directly measure with our experimental apparatus. We adopt the value 1.2 x10™
Hz, which has been experimentally measured in a setting very similar to ours, albeit with

a different protein (8).

Thermodynamic Analysis of a three state system
If we have a three state system with phases N, 7 and U then the partition function

(equation 45 in reference (9) can be written as:

7 =

exp (_ AGU (TI;JCBU’I?_FxU) + exp (_ AG[(T];J;I;—FXI) + exp (_ AGN (TI’::BN’I?_FxN) (1)

Where x;;, x;, xy are the average extensions of the three states at temperature 7,

atmospheric pressure and applied force F, while
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2

AG, = G, — G,

A3)

AGy = Gy —G

“4)

are the thermodynamic free energies at constant temperature, pressure and average
extensions of the three states measured with respect to an arbitrary reference state. From
the above relations the probability of a single molecule of being in state N, [ and U at

temperature 7 and force F are:

_ l _AGu(T,Xu)—FxU]
Py = Zexp[ kpT
©)

_ l _AGI(T,XI)—FXI]
b= Zexp[ kgT

(6)

1 [_ AGN(T,xN)—FxN]

Py = —ex
N = 7€XP kpT

(7

If we choose the reference state as I, then the partition function in Eq. (1) can be written

as:

_ _AGu(T,xU)—FXU) (m) (_ AGN(T,XN)—FXN)
Z = exp( kaT + exp kaT + exp kT
) From which we can rewrite the equilibrium probabilities as:
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(10)

(11

where we have defined the convenient shorthand notations:
AGy; = Gy — G=—AGy ; Axy; = xy —x = —Axy
AGy; = Gy — Gi=—AGyy 5 Axyy = xy —x; = —Axpy

The fit to the occupation probabilities in Fig. 2C was obtained by fixing Axyy =31 nm
from the extension distributions in Fig. 1D while treating all the other quantities as
adjustable parameters. The best fit was achieved with the values Axy; = 15 =2 nm, Axy;
=16+ 1 nm, AGy; = 16 + 3 kcal/mol, AGy; = 17 £ 1 kecal/mol, and AGyy =32+ 3

kcal/mol.

Zero-force free energy for NCS-1 conformers

The comparison between the free energy differences calculated in single
molecule experiments and in bulk experiments requires an estimate of the free energy
needed for stretching the protein. If we indicate by F', the force at which states U and N

have the same free energy, the zero-force free energy difference is (9, 10)
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2 2

(12)

The elastic response of the protein is customarily represented by the worm like chain
(WLC) model (11, 12) in which the relation between the force F applied to a molecule

and its elongation x is given by

X
L
(13)

Where P = 0.65 nm is the persistence length and L is the contour length, nominally
computed as 0.36 nm per residue. Observe that x; = xy + Axyy, so for finding the
zero-force free energy we need to know the length of the native state (xy) of the protein.
As such information is not available, we have used corresponding values from the Ca"
bound state of NCS-1, whose structure is known (13), confiding in the fact that the
resulting systematic error is likely to be small in comparison with other sources of
uncertainty. An alternative approach is to directly estimate x;; by solving Eq. (13) at the
force F: these two ways of estimating x;; agree reasonably well, as we show in the
following results. In the case of the Mg®"-bound state of NCS-1 the handles are attached
to residues 4 and 188, so we have L = 66.2 nm while xy = 3.5 nm from X-ray
reconstruction of the Ca*"-bound state. From Fig. 2C we get F1» = 7.3 pN and from Fig.
1D we find Axyy = 31 nm. With these numbers, Eq. (12) gives AGoy = 16 + 3 kcal/mol,
to be compared with the bulk value of 11 + 2 kcal/mol. For the apo state only the C-
domain (residues 95-188) is folded in the native state, so we set L = 33.5 nm and xy =

1.32 nm. Using the values Fi, = 6.5 pN and Axyy = 14 nm from Figs. 3E and 3C,
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respectively, Eq. (12) yields AG)y = 7.0 £ 1 kcal/mol, in good agreement with the bulk
result 6 = 1 kcal/mol. The alternative estimate of x; from inversion of Eq. (13) at force
F15 yields x; = 32.3 nm for the Mg**-bound state (compare with xy + Axyy = 34.5 nm)

and x; = 15.1 nm for the apo state (while xy + Axyy = 15.3 nm).

Equilibrium unfolding experiments

We monitored the denaturation of NCS-1 by incubating in guanidine
hydrochloride (GuHCI) followed by measuring intrinsic tryptophan fluorescence
emission spectroscopy using a Perkin-Elmer LS50B spectro fluorimeter. Samples of 1-5
uM protein were prepared in 10 mM Tris, 250 mM NaCl, 10mM MgCl,, 1 mM
dithiothreitol, pH 7.0 with GuHCI concentrations in the range 0 - 8§ M. The exact
denaturant concentration of each sample was determined with a digital refractometer. All
experiments were performed at ambient temperatures with excitation at 295 nm
monitoring emission at 325 nm. The fraction of folded protein was calculated from the
maximum and minimum intensities, and plotted against the concentration of denaturant.

The data were fitted to three-state transitions as described (14).

f( ) (a0+alx)+ (a2+a3x)*exp (ml*(x_;;n 1)) +
X) = x—Cm1
1+exp (ml* RT )
(a2+a3x)+ (a4+a5x)*exp (mZ*%)
— (14)
1+exp (mZ*%;nz)

where a0, al, a2, a3, a4 and a5 are the linear influence of denaturant on the different

states, N, [DxNc], D, respectively. At least 60 data points were used in each experiment.
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Supplemental Figures
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Figure S1.Equilibrium unfolding profile of wild type NCS-1 in 10mM MgCl,.The solid

line represents the best fit of the data to Eq. 14. The fitting of the data gave a global free

energy change of unfolding of 11.0 + 2.0 kcal/mol.
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Figure S2. Asignment of unfolding/refolding transitions to individual domains.
Stretching and relaxation traces for NCS-1*"* and two mutants designed to alter the size
of the N- and C-domain individually. A) Superimposed stretching traces (100 nm/sec)
acquired by pulling on NCS-1*" (red) and NCS-1 **'*¥ (blue). B) Superimposed
relaxation traces (20 nm/sec) acquired by manipulating NCS-1*"*® (red) and NCS-1 **
'8 Both in A) and B) the low force transition is smaller for NCS-1 **'%. ()
Superimposed stretching traces (100 nm/sec) acquired by pulling on NCS-1*"*® (red) and
NCS-1'%Y (blue). D) Superimposed relaxation traces acquired by manipulating NCS-1*

'8 (red) and NCS-1'° %Y. Both in C) and D) the high force transition is larger for NCS-
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Figure S3.Equilibrium unfolding profile of wild type NCS-1 in absence of divalent ions.
The solid line represents the best fit of the data to Eq. 14. The fitting of the data gave a

global unfolding free energy change of 6.0 + 1.0 kcal /mol.
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4. CONCLUSIONS

This thesis is based on the single molecule folding and misfolding mechanisms of NCS-1
protein and the amyloidogenesis of the protein -2 Microglubulin. The conclusions drawn
from the experimental results of these projects (see: paper 1, paper 2 and paper 3) are as

follows:

Direct observation of calcium-dependent misfolding in single
Neuronal calcium sensor-1 molecules.

In this project (see paper: 1) the misfolding trajectories of NCS-1 were studied at single
molecule level using dual beam optical tweezer set up. Our results have shown that NCS-1
enters off pathway or misfolded states from its on pathway intermediate state 12, which acts
as a checkpoint between its native state and the misfolding trajectories. By doing force ramp
experiments at various Ca®’ concentrations (0.5 pM to 10mM) it is shown that the
probability of NCS-1 to enter the misfolding trajectories increases with increase in Ca’"
concentrations and pulling speeds. Using constant force method and hidden Markov model
analysis we analyzed the kinetic and thermodynamic of the equilibrium fluctuations of NCS-
1 between the 12 state and the misfolded states at 10mM and 10 uM concentrations. At
10mM concentration, we have characterized two misfolded states of NCS-1 - M1 and M2
while at 10 uM concentration only the M2 state was observed. The energy landscapes
governing the misfolding trajectories were reconstructed in this study. Moreover, using

mutants experiments: EF- 2 knockout, in which the Ca ** binding site in EF-2 was removed

149



by site directed mutagenesis and similarly for EF - 4 knockout, we have proposed that
misfolded states (M1 and M2) are populated due to improper Ca** binding at both EF-2 and
EF-4 binding sites of NCS-1. These results show that in vivo Ca®" binding is responsible for
both NCS-1 functions and disorders. This study will prove significant in understanding the

mechanism of NCS-1 related neuronal disorders and in the development of new drugs.

Structure, folding dynamics, and amyloidogenesis of D76N £2-
microglobulin. Roles of shear flow, hydrophobic surfaces and a

crystalline.

In this study the factors responsible for the amyloidogenisis of the protein [-2
Microglubulin were investigated. The results have shown (paper II) that the rate of
fibrillization of the structural variant D76N of 8 -2 Microglubulin, increases as the protein
interacts with hydrophobic surfaces in presence of shear flow. However no significant
change in the fibrillization of WT (-2 Microglubulin was observed in the above conditions.
Since the WT B2-Microglobulin has a more stable native state than its variant D76N, this
study shows that the thermodynamic stability of the molecule plays a crucial role in the
fibrillization process and the initial step of the fibril formation is the partial denaturation of
native state of the protein. The theoretical estimation of forces involved in the fibrillization
of the protein has shown that hydrophobic effect plays a dominant role in the initial
denaturation of the protein whereas shear forces help in the diffusion of the molecules from

the bulk to the hydrophobic surfaces.
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Single-molecule folding mechanisms of the apo- and Mgz+-bound

forms of human Neuronal calcium sensor-1.

In this project (see paper: 3) the folding (un) trajectories of NCS-1 protein were investigated
in presence of Mg”" and apo form (no divalent ions). NCS-1 Mg>" bound form displayed a
three state folding (un) behavior involving an intermediate state, half way between its native
and fully unfolded states. As previously observed in presence of Ca”" [94] the folding (un) of
NCS-1 in Mg”" takes place sequentially in which the N — domain unfolds first followed by
the complete unfolding of the C domain. At a given force, using hidden Markov model
analysis, the energy landscape of NCS-1 in Mg”" was reconstructed. Our results have
shown that NCS-1 in Mg”" has lower thermodynamic stability than its Ca®" bound form and
the mechanical strength of the two conformers are same. Moreover, NCS-1 acquires a more
compact structure in presence of Mg”" then previously reported. In presence of no divalent
ions (apo form), NCS-1 folds (un) reversibly in a two state manner. On pulling the C -
domain of NCS -1 in apo form (NCS-1 **""* mutant) our results show that NCS-1 apo form
has a compact C domain and an unstructured N domain, with least thermodynamic stability
among the three conformers of NCS-1. This study will prove significant in deciphering the

full conformational dynamics of NCS-1 as a function of changes in its ionic conditions.
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