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1 Abstract

One of the most exciting developments in the eld of biological physis in recent years is the ability to
manipulate single molecules and probe their properties and functionSince its emergence over two decades
ago, single molecule force spectroscopy has become a powerful tool to xp the response of biological
molecules, including proteins, DNA, RNA and their complexes, to theapplication of an applied force. The
force versus extension response of molecules can provide valuableight into its mechanical stability, as well
as details of the underlying energy landscape. In this review we wilntroduce the technique of single molecule
force spectroscopy using the atomic force microscope (AFM), with partiular focus on its application to study
proteins. We will review the models which have been developed ahemployed to extract information from
single molecule force spectroscopy experiments. Finally, we widnd with a discussion of future directions in
this eld.

2 Introduction

Proteins are biological polymers made up of monomeric units called amino ads. They are \bionanoma-
chines" and are responsible for a vast array of biological functions that ozur in vivo. Acting in isolation,

or as part of larger and often complex machinery, they perform their functon through structural changes.
These structural changes involve breaking and formation of their intra-or intermolecular interactions and a
delicate interplay of interactions with the surrounding solvent environment. The magnitudes of the energies
involved in protein conformational changes are similar to thermal energyresulting in stochastic and noisy
behaviour in biological systems. Despite this complexity, proteirs can be understood qualitatively using
simpli ed rules and models such as entropic elasticity, as well ashrough an understanding of important
non-covalent interactions such as van der Waals forces, electrostatimteractions, hydrogen bonding and
hydrophobic interactions. Most protein molecules are synthesised asxible chains, that then fold into a

well-de ned three dimensional structure, the native conformation. Protein folding is therefore an impres-
sive example of self-assembly. Proteins use mechanical forces inedéent cellular processes, ranging from
replication, transcription, translation and protein degradation, to cell adhesion and transport. Considerable



e orts are directed towards understanding how proteins move and clange shape in response to the mechan-
ical and thermal forces exerted on them. Understanding the structue and dynamics of these biological
bionanomachines remains one of the major frontiers in science.

In the last two decades, the eld of single molecule force spectroscgg(SMFS) has emerged as a powerful
approach to investigate the mechanical processes which involve prates at the single molecule level. SMFS
enables single protein molecules to be unfolded over a well-de ereaction co-ordinate. Proteins can be
mechanically unfolded by a number of experimental techniqued [1]nccluding optical tweezers [2], magnetic
tweezers[[3[ 4] and the atomic force microscope (AFM)[5{8,18,19]. For each approacthe protein is typically
tethered at one end to a surface or tip leaving the other end free tonteract with either the tip, another
molecule or a surface. The force response of the protein is then monited by either unfolding the protein
at constant velocity (force-extension mode)|8], or under a constantdrce (force-clamp mode)[10]. The aim
of this review is to provide the non-specialist with a comprehenise introduction to the technique and
models employed for SMFS. It will focus on the underlying physis which has enabled the experimental
methodology and the interpretation of the data. We begin with an introduction to the structure and stability
of proteins. Several manipulation techniques can now be employed tetudy the mechanical properties of
single proteins. Here we focus on SMFS of proteins using the AFM in foeextension mode, one of the
manipulation techniques most extensively used for the study of thanechanical properties of proteins. Whilst
this review focusses on the AFM, we would like to point our readers tseveral other available reviews outlining
the vast contributions of optical tweezers [11{13] and magnetic tweezersl@{16] to SMFS. This review will
start by introducing the biological molecules proteins but will not i nclude an introduction to DNA - another
extensively studied biological molecule in SMFS. We would like to pint our readers to a recent review for
an introduction to DNA molecules and the results of studying these nolecules by SMFSI[[17]. Our review
includes an introduction to the main components of the AFM for SMFS. We describe the main mode of
operation of this instrument for the mechanical manipulation of proteins and the polymer physics models
employed to reveal information on the underlying force-extension khaviour of polypeptide chains. Much
has been learned about the role of non-covalent interactions in determing protein mechanical stability. We
provide a detailed review of the key ndings in this area, and highlight the seminal work which has provided
step changes in our understanding. In parallel with advances in expemental techniques, theoretical models
have been developed to interpret experimental data from single melkule protein unfolding. We describe a
number of these models and present examples of their application taxperimental data. We discuss e orts to
predict the mechanical stability of proteins which rely on empirical models as well as approaches appropriated
from materials science. Finally we discuss emerging new directiegnin the eld of SMFS.

3 Protein structure and stability

3.1 Introduction to protein structure

Proteins are polymers (also known as polypeptides) made up of monomer Bunits called amino acids which
are covalently linked together via peptide bonds[[18]. An amino acid is arorganic molecule consisting of a
central carbon atom covalently bound to a hydrogen, a carboxylic acid group an amino group and a side
chain. The typical chemical structure of an amino acid is shown in Figue[I] where R denotes the side chain.
There are 20 naturally occurring amino acids each with a unique side hain with di erent physical and
chemical properties (Figure@). The order of amino acids in the polypepde chain is known as the sequence
of the protein and forms the primary structure of the protein as shown n Figure [J. The primary sequence
determines how the polypeptide chain folds, governed by the typend location of each amino acid and their
ability to interact with other parts of the chain and the surrounding s olvent environment (Figure ).

The most common secondary structural arrangements or motifs a protein adogst are known as -sheets,
formed by parallel or anti-parallel -strands, and -helices (Figure@), the latter of which can have di erent
classes which de ne the pitch of the helix. The existence of thes structures was predicted as early as 1951
by Linus Pauling, who received a Nobel prize for his contribution [20] 21].The protein's tertiary structure
refers to the geometric shape of the molecule (Figurg]|2C) and can be classin three main categories: all

structure; all  structure and / structure. The quaternary structure of a protein refers to interactions
between multiple polypeptide chains or subunits. When a proteinfolds, it tests multiple 3D structures before
adopting the most favourable conformation. This unique structure is Feld together by many non-covalent
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Figure 1: Proteins are made up of subunits called amino acids. An amino acitg made up of a central carbon
atom, known as the -carbon, covalently bound to a hydrogen atom, an amino group (NH), a carboxyl
group (COOH) and a side chain group (R group). The side chains of the 20 standar amino acids are
shown in this gure, where the amino acids are grouped according to theroperties of their side chains[[19].
Nonpolar, aliphatic amino acids (yellow) have hydrocarbon side chains ath are typically hydrophobic. The
aliphatic polar uncharged amino acids (purple) contain an amino or hydroxy group and can form hydrogen
bonds with atoms in other polar amino acids or water molecules. Aromatic amincacids (green) contain an
aromatic ring and can be nonpolar or polar. The sulfur containing amino acids ¢range) are named cysteine
and methionine. The side chain of methionine is hydrophobic. The sid chain of cysteine can form covalent
disulphide bonds with other cysteine residues due to the sulfuhydryl (SH) group found on its side-chain.
At neutral pH the charged amino acids can be either charged negative, (adic, red) or positive (basic, blue).
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Figure 2: Schematic showing the primary, secondary and tertiary strictures of proteins. (A) The order of
amino acids in a protein is known as the primary structure. The di erent coloured squares refer to di erent
amino acid side chains. (B) Based on the primary structure of the protén, this chain can fold into di erent

shapes known as the secondary structure of the protein. (C) The prot@'s tertiary structure refers to the
geometric shape of the molecule, shown here representing the stture of protein L (PDB ID:1HZ6).

interactions between the polypeptide chain and with the surroundng environment. Sir John Kendrew and
Max Perutz solved the rst protein structure using X-ray diracti on in the 1950s, earning them a shared
Nobel prize in Chemistry in 1962 “for their studies of the structuresof globular proteins'. While the most
common structural motifs, such as -helices and -sheets, had already been predicted by Pauling it was
only with the determination of rst protein structures that they cou Id be conrmed. The protein database
(PDB) now contains 3D structural data on more than 100 000 biological molecules.

3.2 Classes of proteins

There are three main classes of proteins globular, membrane and brous. flese are classi es by the properties
of their environment, the interactions stabilising the proteins and their architecture. Schematics of the three
classes are shown in Figur€]3. This review will focus on globular protes. Membrane proteins and their
interactions with ligands have been extensively studied by SMFSechniques [22]23]. We would like to point
our readers to specic reviews on the single molecule force spectmspy of membrane proteins for more
detailed information about the recent contributions SMFS has had to this class of protein [24{28].

Globular proteins

This class of protein is water soluble and as a result is the most straiglibrward to study. The proteins
often form a globule shape, which consists of di erent secondary struaral elements. These secondary
structural elements typically form to shield hydrophobic amino acids from contact with the water environment
surrounding them. There are three subclasses of this protein typaccording to their structure: all , all
and /

Membrane proteins

Cells are surrounded by a membrane which separates internal componiof the cell and external components
of the environment. Membranes are formed by a combination of lipids and poteins. Lipids are small
biological molecules that have a hydrophilic (head) and hydrophobic (tal) component. This causes them to
arrange themselves into layers separating the hydrophobic tails of té lipids from contact with water (Figure
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Figure 3: Schematic showing the di erence classes of proteins whemwaters are shown in light blue. (A)
Globular proteins: these proteins are water soluble, often hydropholm amino acids are found to be located
in the center of the protein. This is illustrated by the yellow core in the schematic. (B) Membrane proteins:
Cells are surrounded by a thin membrane composed of lipids and proteq Lipids are naturally occurring
molecules, such as fats, with a polar region and hydrophobic region. In tisidiagram the hydrophobic regions
are illustrated by the black tails attached to a polar head regions (grey speres). These organise themselves to
minimise the interaction between the hydrophobic tails and water mokcules causing them to form a bilayer,
where the heads provide two hydrophilic surfaces and a hydrophobi¢yellow) region in between. Proteins
can be found embedded in this membrane. In this example the proteitraverses through the membrane and
the hydrophilic regions of the protein is exposed to the water molecwds either side of the membrane. (C)
An example of a brous protein is collagen, a non-soluble, structural proein. Collagen is a bril which is a
superhelix formed by three interlinking polyprotein chains.



[3), this results in an ordered structure with a de ned hydrophobic region. Membrane proteins have many
functions. They are responsible for transport of various molecules acresthe membrane layers, signalling
and sensing, often through mechanical triggers or by mechanical changes tbé protein. These proteins can
be fully embedded into the lipid layer (Figure @ (B)) where the regions of the protein within the membrane
are highly ordered with regular secondary structure, whereas regionsx&ruding from the membrane are often
hydrophilic and often disordered. Membrane proteins can contain muliple -helices that traverse multiple
times through the membrane, or multiple -sheets that can form a barrel shape to provide a channel through
the membrane. The proteins can also just traverse through the memtane once, these are often single-
helices, or can also be anchored to one side of the membrane layer.

Fibrous proteins

These long chain proteins serve as structural proteins to maintain tle structure of cells and tissues. These
proteins are often found to have regular repeating regions of amino acidshich cause regions of highly regular
structure within the protein. Multiple long polypeptide chains can intertwine and link together to form the
3D structure of the protein and giving it special bulk properties. Fibrous proteins often aggregate (many
associate) to form higher-ordered laments and brils. This enablesthem to perform many functions such
as providing structural support to cells and tissues. These stratures can be further separated into three
subcategories:

-structural - made up of structures. One example is silk broin, a component of silk ber, which is
formed of many sheets.

-structural - these can be coiled coil helices which are two or more Hieal polypeptide chains that
wind together to form a superhelix. Many supercoiled structures an often associate to form brils.

~ Collagen - these are non soluble brils formed by superhelices madedm three intertwined polypeptide
chains that solely interact between each other (inter) rather than within the single polypeptide (intra).
These proteins are found within the bone matrix - changes within the pimary structure of these
proteins can cause diseases such as brittle bone disease.

Often large brous proteins can be made up of smaller globular proteins, forexample the large brous
muscle protein titin is made up of combination of regions containing globuar proteins or brous proteins.

3.3 Protein thermodynamic and kinetic stability

The native conformation of a protein represents a minimum of its thermodynamic Gibbs free energy, G. For
a system at constant pressure, and constant temperature, measuringhanges in the Gibbs free energy, G,
for an alteration in the state of the system can be measured. The G is a conbination of the change in
enthalpy H and change in entropy of the system S, (G = H-TS) and is used to determine whether
a reaction is favourable or unfavourable. In the context of protein unfoting, the thermodynamic stability of
the protein is de ned as the di erence in free energy of the unfoldé protein and the folded protein (Figure
[A) and is the work required to transfer a body from one state to another wiist the body exchanges heat
with the environment [18]. This simple two-state energy landscape (fgure [4A) describes the process of
coverting from the folded (F) and unfolded (U) protein where the probability of this process is governed
by the rate of unfolding (ky) and the rate of folding (kg). The dierence in the free energy of these two
states, G 8 determines the thermodynamic stability of the protein. A barrier to unfolding separates the two
states of the protein. This barrier is known as the transition state (TS) of the protein and the height of this
barrier relative to the F state is G ?S. Many proteins have more complex landscape$ [29], where proteins
fold via stable intermediates (Figure[4B) due to multiple barriers along the reaction coordinate probed,
which might include the number of native contact or a length. Statistical mechanics-based models postulate
that protein molecules traverse an energy landscape during folding, ahthat protein folding pathways more
closely resemble funnels than random di usion in con guration space[[2930]. A folding funnel is a plot of the
free energy and the conformational space. An individual folding trajecbry is envisaged for each polypeptide
chain traversing down the folding funnel (Figure[4C) [29,30] where tie proteins are biased to the folded state
and therefore many intermediates and folding pathways exist causinghe energy landscape to be rough. The



folding energy landscape of membrane proteins have further completies to do with the interactions between
the membrane and the environment, the complexities of the energy latiscapes of membrane proteins are
discussed in this review([31].
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Figure 4: (A) Schematic of a two-state energy landscape of a protein, wherthe unfolding (U) and folded
(F) states of a protein are separated by a single barrier known as the trasition state (TS) of the protein.
The di erence in the free energy of the U and F states, GB determines the thermodynamic stability of
the protein. The height of the TS relative to the F state is G ?S and is the energy required to overcome
the barrier to unfolding. Bottom: The forward arrow indicates the process of going from the F state to the
U state, the backwards arrow indicates the process of the U state goingotthe F state. The probability of
these processes are quanti ed by the rate of unfolding (i) and the rate of folding (kg) respectively. (B)
A three-state energy landscape containing three energy minima in ta pro le. The minima correspond to a
folded (F) protein, a stable intermediate (l) state and the unfolded (U) protein. Each minimum is separated
by a barrier. The rst energy barrier, TS 1, separates the | and F states. The second barrier separating the
| and U protein states is, TS,. The probability of the protein going from the F state to the | state, and t he
| state to the F state is governed by k; and kg respectively. The probability of the protein going from the

| state to the U state and the U state to the | state is governed by ky and ky, respectively. (C) Schematic
of the energy landscape pro le of a protein in 3D conformational space. A large aount of conformational
freedom is available to the unfolded state of the protein in the 3D confomational space. This conformational
freedom decreases as the protein folds. This decrease is shown on sahematic as a transition from white
to black. The corresponding energy pro le of the protein representsa funnel with multiple transition states
between the unfolded and folded states. The protein tends towardshe folded, native state of the protein
as the free energy of the system decreases. This native state correspuls to the global minimum in the
schematic.

For protein folding to be spontaneous, the free energy between the dalded and folded state, G Y,
must be negative [18]. When a protein is unfolded there are a vast numbeof conformations available to
the polypeptide chain. When a protein folds it has a fewer conformatios available to it [32], resulting
in a decrease in the entropy of the system. This entropy is known ashe conformational entropy of the
system, S con¢ and contributes unfavourably to G 8 [32,[33]. The favourable contribution to H arises
from non-covalent interactions between parts of the polypeptide chai. These interactions include: hydrogen
bonds, Van der Waals interactions, salt bridges and ion pairs[18, 38{35]. The imprtance of hydrogen bonds
(HBs) in the structure of proteins was rst made apparent by Pauling et al., who predicted the existence of

-helical and -sheets in the secondary structures of proteins (Figur{]S) based sdyeon the knowledge of
the peptide bond and the existence of HBs[[20, 36, 37]. Proteins contain many ains that are capable of
forming HBs and these interactions underpin the secondary structue of the protein (Figure ED).

The tertiary structure of proteins is \glued" together by hydrophobic interactions, which refer to the as-
sociation of nonpolar solutes to minimise their interaction with water [38]. The importance of hydrophobic
interactions in biological systems was noted by Kauzmann in 1959 39] who précted 'hydrophobic interac-
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Figure 5: Schematic indicating the hydrogen bonds within the proteinbackbone formed between hydrogen
atoms in the amide group and oxygen atoms in the carbonyl groups. These hydrogebonds are illustrated
by dashed red lines. The oxygen of the carbonyl is coloured red, the mogen of the amide group is coloured
blue and the carbon backbone is coloured grey. These hydrogen bonds ungér the structural stability
of (A) -helices and (B) and (C) -strands. -strands can be arranged in parallel (B) or anti-parallel (C)
geometry based on the chain direction. (D) Hydrogen bonds underpin theexcondary structure of the protein.

tions' to be a major driving force in protein folding. The ‘hydrophobi c e ect' was introduced by Tanford

in 1980 to describe this phenomenom. To help elucidate the contribubn of hydrophobic interactions to
protein stability, a number of studies have modelled the formation of the hydrophobic core of the protein
as the transference of nonpolar side chains from water to a nonpolar envirenent [38,[40]. By studying the
G water-nonpolar » the change in free energy when a solute is transferred from water to@onpolar environment,
for amino acids, or chemical derivative, hydrophobicity scales for the20 naturally occurring amino acids have
been determined[[41¥44]. This is illustrated in Figure@ which showsexamples of the hydrophobicity rank-
ings of the amino acids determined by di erent groups and methods. As wll as non-covalent interactions
in the protein, the solvent environment must be considered. Waterforms a hydration layer around proteins
which is dynamic and exchanges with bulk water due to thermal uctuations on the surface of the protein
[45,[45{50]. The structure of the protein can be maintained by this hydration layer [51] and conformational
changes are in uenced by hydration dynamics[[52]. The hydrogen bonding etwork within the water must

therefore be dynamic and exible to facilitate structural changes assciated with the function of the protein

53].

Hydrophobic interactions and hydrogen bonds are thought to be two of the mosimportant contributions
to protein stability [33]. For example, Figure E] shows the predictedcontributions of di erent interactions
to the protein Ribonuclease Sa, which contains 96 amino acids. The deailising contribution of TS ¢op¢
towards protein folding is predicted to be 700 kJ/mol. This is counteracted by the combination of hydrogen
bonds ( -350 kJ/mol) and hydrophobic interactions ( -400 kJ/mol), resulting in a small, negative G 8.

4 Relevant forces for proteins

Given the important role of non-covalent interactions in protein stability and dynamics, what is the mag-
nitude of biologically relevant forces that a ect proteins? Proteins experience thermal agitation due to
Brownian uctuations of energy kg T = 4 x 10 2'J = 0.6 kcal mol * = 4.1 pNnm at room temperature.
The forces associated with di erent length-scales correspondinga di erent intermolecular interactions and
bonds are shown in Figurg B. Given that proteins are subjected to thenal forces, the number of possible
con gurations (entropy) is at its maximum when a protein forms a random coil or is denatured. This humber
reduces signi cantly when the protein forms secondary and tertiary $ructures. Upon stretching, the molec-
ular entropy is reduced so that at full extension there is only one backone con guration, a fully elongated
protein. Since the typical energies involved are of order KT, and the typical lengths are of the order of
nanometres, entropic forces are on the order of piconewtons, dependiran the pulling speed. Stretching
a protein in the low force regime, to overcome entropic forces, can bachieved using SMFS. Non-covalent
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Figure 6: To determine the hydropathy scales or hydrophobicity of aminoacids, studies have used nonpolar
environments such as bilayers [54], liquid alkanes or alcohols [43, 55], vehi are slightly polar. The tightly
packed hydrophobic core is slightly polar due to the enhanced van der Waalinteractions between amino
acid side chains [56]. Many scales have therefore been derived becaus challenging to determine which
environment best mimics that of the protein core [40]. As a result thee are often discrepancies between
the available hydrophobic scales. This graph shows the normalised hydphobic scales from four groups
for the 20 naturally occurring amino acids where 1 corresponds to the wst hydrophobic amino acid and 0
corresponds to the most hydrophillic amino acid. The Kyte-Doolittle scale (black) is taken from ref. [42],
this scale was determined from the position of an amino acid within the értiary structure of a number of
proteins. The Frauchere-Pilska scale is taken from [18] (dark grey) andhese values are determined from
the transfer of amino acids from water to alcohol. The Moon-Fleming scaldrom ref. [54] (lighter grey) is
determined from transferring amino acids from water to bilayers. Fnally the Kapcha and Rossky scale [41]
is derived from simple coarse grain computational modelling.
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Figure 7: Schematic of a protein folding process illustrating the fomation of hydrogen bonds and hydrophobic
interactions and the negative and positive contributions to free enegy of the folded protein Ribonuclease
Sa (at 25°C, pH 7). The corresponding free energy values are taken from experimtal studies [32]. The
conformational entropy contributes unfavourably to the free energy of @estabilises) the folded protein.
Hydrogen bonds and hydrophobic interactions contribute favourably to the stability of the folded protein.

Figure and values adapted from Figure 2 (a and b) Pace, C. N., Grimsley, GR., Scholtz, J. M. and Shaw,
K. L. 2014. Protein Stability. eLS. © 1999-2015 John Wiley Sons, Inc. All Rights Reserved.
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Figure 8: Figure illustrating the lengthscales, and corresponding fozes associated with bond breakage, for
di erent intermolecular interactions. The gure highlights the for ces available to SMFS by a white region
of the plot. Inaccessible regions are shaded, these regions corresporalthe limit of thermal stability of
molecular structures (low forces, left) and the breakage of covalent dnds (high forces, right). Reprinted
from [7] Current Opinion in Chemical Biology, 4, H. Clausen-Schaumann, M.Seitz, R. Krautbauer, H. E.

Gaub, Force spectroscopy with single bio-molecules, Pages 524{530, Copyrigl2q00), with permission from
Elsevier.

interactions are very important in proteins. Although these bonds are weaker than covalent bonds, they
are numerous enough to make proteins strong. Unfolding a protein involvesnodi cations of the molecular

structure on a nanometre lengthscale, requiring breakage and reformain of many van der Waals interac-
tions, hydrogen bonds and electrostatic interactions. The forces invaled in breaking these combinations of
bonds are typically in the range 100-300 pN, when measured at loading rates typal of an AFM experiment

(200-1000 nm/s). The strongest forces encountered at the molecular scale arbdse required to break co-
valent bonds. SMFS techniques have determined that the force ragred to break a covalent bond is of the
order of 1600 pN [57].

There are now many wonderful examples of the role of force in biological siams, and many of these
have been probed using SMFS methods. Force acts as a denaturant in $18 experiments. As the force is
applied across the protein domains the activation barrier for unfolding s lowered, increasing the probability
that the protein will unfold. Studies have helped identify the role of mechanical unfolding forces in protein
degradation [58{60]. They have uncovered details of force generation in motorrpteins [61, 62] and the
importance of plasticity of hydrogen bond networks in regulating the metanochemistry of cell adhesion
complexes [63], cell signalling (mechanosensors) [64], force generatiéi,[62] and cell signalling [65, 66]. We
point the reader to a recent review which discusses how force carebused to drive conformational changes
in proteins, as well as modulate their stability and the a nity of thei r complexes[67].
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5 Single-molecule force spectroscopy of polyproteins

5.1 Fundamental principles of the atomic force microsope

The AFM was invented in 1986 by Binnig, Quate and Gerber and and the rst commercially available AFM
was introduced in 1989. The AFM is a high-resolution scanning probe micrapy instrument which allows
mechanical manipulation of materials with atomic resolution. The most comnon use of the AFM is as a
high-resolution imaging tool, where it is possible to measure the roughess of a sample surface. The AFM
can also be used to probe and manipulate atoms and molecules in its SMFS e of operation. The two
essential components of the AFM are the cantilever, which acts as a eXle sensor, and a piezoelectric
positioner, to provide accurate nanometre control of the sample position The AFM can be used to measures
forces with a sensitivity of 10 - 1000s of piconewtons (pN) and changes in lerfgtwith nanometre resolution,
while the timescale resolution is in the submillisecond range.

The cantilever is mounted onto a cantilever holder and the position of he cantilever with respect to
the surface is controlled by a piezo-electric device. A focusseldser beam is re ected o the surface of
the cantilever onto a photodetector. The de ections of the cantilever can be monitored by movement of
the focussed laser spot on the photodiode. The four quadrant photodide output (Figure 9) converts the
incident light into voltage and then outputs the voltage di erence, when the laser spot moves. The AFM
transduces the forces exerted on its exible cantilever by measung the angular deviation of a laser beam.
As the cantilever behaves as a Hookean spring and the force (F) is calaikd as the product of the cantilever
de ection in the z-axis (z ¢ and its spring constant (k;)

F= ke zc 1)

Any movement of the cantilever zc , is converted into voltage di erences V by a split photodetector.
At the start of every SMFS experiment the cantilever is calibrated. The k. of the cantilever must be
determined, as well as the optical lever sensitivity, which relaes the photodiode output voltage to the
cantilever de ection.

|. gold substrate
2. buffer droplet
3. polyprotein

4. photo diode
5.laser

6. cantilever

7. piezo

8. tip

Figure 9: Schematic showing the main components of an AFM for SMFS. The mtein is bound at one end
to a substrate, in this example gold, which is covered in a suitabléu er. The gold substrate is placed on
top of a piezoelectric device. A laser beam, re ected o of the cantiever tip into a photo-detector, is used
to monitor the de ections of the cantilever.
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5.2 Calibration of the cantilever

The ratio between the photodiode output voltage and the displacementof the piezoelectric positioner in
the z direction V/z p is determined by completing an approach and retraction cycle and then raasuring
the slope of V versus z p when the tip is in contact with the substrate. This is usually completed at a
relatively high contact force (1500 pN). In these conditions the displacement of the cantilever z- equals
that of the piezoelectric positioner z p. The slope V/z p is the optical lever sensitivity, C, and depends
on the shape of the laser spot on the photodector and the refractive inderf the medium used.

The k. allows the force applied to the cantilever to be calculated using Hook's law. A number of models
have been developed to estimate the spring constant of the cantiler [68]. The most common method em-
ployed for cantilever calibration for protein unfolding experiments is the thermal uctuation method, which
was rst derived by Hutter et al. (1993). This model assumes that, in equilibrium, the cantilever tipbehaves
as a simple harmonic oscillator, with one degree of freedom uctuating inresponse to thermal noise. This
assumption is a good approximation when the de ections of a cantileveare small. The AFM tip is therefore
modelled as an ideal spring with mass, m [69, 70]. When the tip is far fromhe sample, its motion will be
dominated by thermal uctuations [69] and the frequency of the motion near the resonant frequency will
allow for an approximation of the k.. The cantilever undergoes a de ection due to thermal motion in the
vertical direction z ¢, with an angular resonant frequency,! ,. [69, 70].

1 .
Sm! 2redi

1 .
Sk hz2 i (2)
where

kehedi = kg T 3

To obtain the k. using this method, the cantilever is positioned within the bu er droplet at a distance
from the surface. A power spectrum is taken (Figure 10) to measure thescillation of the tip due to thermal
uctuations. This power spectrum is fast Fourier transformed and a Lorentzian® is the tted to the resonant
peak. The area under the curve determines the mean square displavent of the cantilever due to thermal
motion in units of volts.

For SMFS experiments the cantilever spring constant must be soft mough to respond to the piconewtons
forces observed for protein unfolding events, typically between 6 100 pNnnit The force sensitivity of a
cantilever is limited by its thermal noise [72] therefore cantileves with low spring constants (softer) are
more susceptible to noise[73]. Measurements using the AFM are lined by instrument stability and force
sensitivity making the measurement of small forces over long perits of time challenging. Recent advances
have been made to improve the precision of force measurements. Foxample, given the short-term force
precision of a cantilever is sensitive the hydrodynamic drag on thecantilever, by reducing the size of the
cantilever, this drag can be reduced [74]. Reducing the length and ilckness of the cantilever does not increase
the spring constant but signi cantly reduces the noise of the cantiever. In another recent development,
reducing the amount of re ective gold coating on the cantilever has led o signi cant improvements in the
long-term force precision of a cantilever [75{77]. For example, removing@ne of the gold coating on a
cantilever reduced the instrumental drift of soft cantilevers [75]

5.3 Polyproteins

In SMFS it is challenging to distinguish between protein unfolding events and nonspeci ¢ events, such as
tip-surface interactions or sample contaminants. Therefore, a numbeof studies use polyproteins to provide
a robust 'mechanical ngerprint' for protein unfolding. A polyprotein is a tandem array of single protein
domains interlinked by polypeptide linkers (Figure 11A and B). Typically a polyprotein contains 5 { 8
protein domains[78]. These protein domains can be the same protein (homopgirotein) or two or more
di erent protein domains (heteropolyproteins or chimera polyproteins). The use of polyproteins domains

1with functional form P (f) = W + bg, where f is the frequency, fq is the resonant frequency, bg corresponds to

foreign noise with a uniform and constant spectrum, A and B ar e parameters that be used to determine the quality factor, Q
(Q = ZAB:‘l:Z) height of the peak and L peak (L peak = % [69, 71])
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Figure 10: Cantilever calibration (A) The optical lever sensitivity is determined by completing an approach
(red) and retraction (black) cycle between the cantilever tip to the substrate and then measuring the slope of
cantilever de ection, as measured by the change in voltage V of the photodetector, versus the piezoelectric
positioner displacement, zp, when the tip is in contact with the substrate. (B) The cantilever spring
constant can be determined using the thermal noise method. The cailever is positioned within the bu er
droplet at a distance from the surface and a power spectrum is taken taneasure the oscillation of the tip
due to thermal uctuations. The area under the curve in the power gpectrum can be used to determine the
mean square displacement of the cantilever, from which the springanstant can be calculated.
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in SMFS has many advantages; it can increase the statistics of an experimg decrease the interference
of surface and nonspeci ¢ interactions and provide reference domainwithin the construct. Polyproteins
provide a unique pattern in force extension traces. Over the lastwo decades a number of di erent tech-
niques have been employed to engineer such polyproteins[8, 79{81]. Aassical approach is based on the
assembly of polymerase chain reaction (PCR)-generated DNA cassettesdhtogether encode the full-length
polyprotein[8, 82]. This method uses speci ¢ restriction sites biwveen DNA fragments that encode respective
protein domains. Sequential enzymatic digestion and ligation generate th full length polyprotein DNA in a
stepwise manner. This method allows for the precise control of theumber of domains in the polyprotein and
the order of protein domains within a chimeric polyprotein. This method has been employed to make a wide
range of di erent homo- and chimeric polyprotein constructs, making it a versatile method for polyprotein
production.[8] However, in this approach the substitution of single DNA fragments occurs sequentially, mak-
ing the process both laborious and time-intensive. An alternative méhod is based on the chemical coupling
of identical protein monomers or dimers [81, 83, 83, 84]. Here, proteins can baked through either disul de
bridge formation between cysteine pairs at designed locations or maleiilte coupling of sulfhydryl groups
within the protein. This chemical coupling allows for a faster one-$ep construction of polyproteins. This
process also enables precise control of the pulling direction of preins. However, this method precludes the
generation of more complex protein sca olds and generates an ensemble of lown high-order multimers,
which may have an impact on the subsequent analysis of the experiméad data. Very recently we have
developed a method which exploits Gibson Assembly (GA) (Figure 11C) ad allows for rapid production
of both homo- and heteropolyproteins of speci c length and sequence, thieby retaining the bene ts of the
classical \cassette" approach described above (which results in a deed polyprotein composition) while
addressing its previous drawback (expense in terms of labor and time In GA the enzymatic assembly of
DNA allows for the joining of many (up to 20) DNA fragments in a single step, using the combined function
of three enzymes. The application of GA to generate polyprotein open redadg frames compared to previous
methods is advantageous because it provides the speed and ease of a sifglep chemical coupling of protein
monomers while allowing for control over type, order of domains, and lendt of the designed polyprotein.

5.4 Force-extension protein unfolding

In SMFS the AFM (Figure 9) is used to extend single protein moleculesand measure the force responses
of proteins from just a few up to hundreds of picoNewtons [85]. In a typial experiment, the polyprotein
constructs are bound at one end to a substrate in solution. For example mteins are sometimes bound to a
gold surface through cysteine residues which are genetically encadiento one end of the polyprotein chain.
At the other end, the polyprotein is picked up by a sharp tip, often silicon nitride, mounted on a exible
cantilever. Whilst it is unclear how the protein interacts with t he silicon nitride tip it is often suggested that
the polyproteins non-speci cally adsorb to the tip via physioadsorbtion and application of a large contact
force by the tip on the surface is hypothesised to increase the probdlily of adsorption, however, there is
evidence to suggest that the interaction is electrostatic in nature $6]. Due to the nature of the interaction
between the tip and the polyprotein, containing N domains, it can be ptked up and extended anywhere
along the chain, therefore between 0 and N unfolding events can be obsed in a single force-extension
cycle. Methods to functionalise the interaction between the tip and the protein have been employed to
increase the likelihood of observing N unfolding events by preskly tethering the polyprotein between the
two termini. For example, some groups have the engineered cysteimesidues on one end of the polyprotein,
and engineered an additional HaloTag protein on the other end. The HaloTag protei can covalently bind
to chlroalkane ligands. These chloroalkane ligands can be covalently attaed to a glass substrate leaving
cysteine residues free to form a covalent bond with the cantilevetip [87, 88].

After the cantilever is calibrated, it is repeatedly brought into contact with the surface at a constant
velocity (Figure 12). A large force (typically in the range 800 { 3000 pN) is appled to the surface in
these experiments which is hypothesised to increase the probaity of protein adsorption to the tip. In
force-extension mode the tip is then retracted from the surface at aonstant velocity. If a polyprotein was
attached to the tip, a restoring force is measured. Initial resistarte to extension in a polyprotein is a result
of entropic forces, due to the entropic elasticity of unfolded parts othe polymer chain. This is a result of the
preference of a chain to form a random coil to maximise its entropy. Stetching a polyprotein chain reduces
its entropy, producing a restoring force that bends the cantileve. The entropic elasticity of a polymer follows
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Figure 11: (A) Schematic of a homopolyprotein chain containing repeats of thesame protein domain,
polypeptide linkers of length Ljinker , @ His-tag (N terminus) and two terminal cysteines (C terminus). In a
typical experiment in our research group, the polyprotein construcs are bound at one end to a gold substrate
in solution, through the cysteine residues enabling the polyprotei to form a covalent bond with the gold
substrate (an Au-S bond). (B) Polyproteins can be made which contain two protein domains. In this
example protein B, with a folded length Lg; is sandwiched between protein A, with folded length La¢.(C)
Gibson Assembly (GA) allows for rapid production of both homo- and heteropoyproteins of speci ¢ length
and sequence. In GA the enzymatic assembly of DNA allows for the joinig of many DNA fragments in a
single step, using the combined function of three enzymes. It prades a single-step method for the coupling
of protein monomers while allowing for control over type, order of domaing and length of the designed
polyprotein. Printed with permission from [80]. Copyright 2015 American Chemical Society.
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Figure 12: Schematic diagram showing the steps involved in obtaining aofce-extension trace. (A) In force-
extension mode the tip is retracted from the surface at a constant velcity (0). If a polyprotein is attached to
the tip it is rst elongated as the distance between the tip and surfaee increases (). Further extension of the
polyprotein causes it to unravel, typically in an all or nothing fashion (I1). This unravelling releases amino
acids, resulting in an increase in the end to end length of the polyprtein. At this point the forces acting on
the cantilever abruptly decreases as the tension is lost and thereferthe cantilever de ection changes. This
unfolded protein domain will continue to be fully elongated adding to the e ective length of the chain (I11).
A detachment peak is then observed which corresponds to the proteidetaching from the tip or substrate
(VI). (B) Schematic showing the associated features observed fromA). The red line is the approach of the
substrate to the cantilever (0), when the cantilever is in contact with the surface it is de ected upwards
causing the force to be negative initially. The retraction of the cantilever from the surface at constant
velocity is shown as the black line. An increase in restoring forcesi observed as the distance between the
tip and the surface increases. This force occurs as the protein rats the change in entropy of the chain.
The bonds within the protein will be broken at a particular force (I). This will result in the elongation in
the unfolded protein chain with no resistance followed by another retoring force on the cantilever as a force
is applied across another folded protein domain (I1). After all of the domairs (three in this example) have
unfolded the protein will detach either from the tip or substrate (V) .
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a nonlinear relationship which can be modelled by a number of polymemodels (see later section). Further
extension of the polyprotein causes it to unravel, typically in an all or nothing fashion. This unravelling

releases previously condensed polypeptide chain, resulting in aimcrease in the end to end length of the
polyprotein. At this point the forces acting on the protein drop as the tension is lost and the cantilever
de ection changes. This unfolded protein domain will continue to be dongated adding to the e ective length

of the chain. Once fully extended, a force will be applied across theemaining folded protein domains and
the process will begin again. This process is repeated until all therotein domains attached to the cantilever
tip are unfolded. A detachment peak is then observed which correspais to the protein detaching from

the tip or substrate. This process is illustrated in Figure 12. The brce-extension pro le therefore appears
as a saw-tooth pattern, where each peak reports on the unfolding of a prein domain. A single unfolding
peak for each domain indicates a two-state unfolding process. Thesewtooth patterns are characteristic of

polyproteins and provide a mechanical ngerprint in SMFS experiments [82]. Furthermore, the mechanical
ngerprints of new proteins can be obtained by sandwiching uncharacteised proteins between previously
characterised proteins [89{91].

5.5 Analysis of force-extension data

Force extension curves from single molecule force experiments argpically Itered, for example to only
include traces where 2 to N unfolding events are observed, where N the total number of protein domains
in the homopolyprotein (made up of only 1 protein type), assuming 2-statebehaviour. The traces are also
Itered to only include those with minimal surface interactions close to the surface and a clear detachment
peak [92]. Figure 12 shows how a force-extension trace is obtained. Thed line is the force measured during
the approach of the cantilever to the surface. The black line is the fore measured upon the retraction of the
cantilever from the surface at constant velocity. In the resulting graph, each peak is an unfolding peak and
the last peak is the detachment of the elongated chain from the cantileveand is known as the detachment
peak. The protein chain can also dissociate from the cantilever beforeetachment occurs, this typically
results in a smaller detachment peak. Experiments are completed aumber of times at a range of retraction
velocities, to allow a pulling speed dependence on the mechaaicstability to be obtained. By collecting data
sets at multiple velocities within a single experiment, errorsdue to cantilever calibration can be minimised.
The forces from this single experiment can be compared with forces detted for the same experimental
velocity but obtained on di erent days, if forces are not consistent with those previously observed then the
cantilever may be missed calibrated.

The force-extension curves of a homopolyprotein reveal a series of egly spaced force peaks as the
distance between the tip and the substrate increases. In the case @ simple all or nothing, two-state
unfolding protein, each force peak corresponds to the unfolding of a isgle protein domain. A consistent
stepwise increase of the chain length is observed between two conséve unfolding events. The interpeak
distance x,, corresponds to the elongation of a protein domain upon unfolding (Figure 13)x, gives a measure
of the mechanical structure of the domain, since it is related to the mmber of amino acids initially “trapped’
between the bonds that form the main mechanical resistance to unfoldig and subsequently “released’ upon
unfolding. The unfolding force, Fyn, of a protein is the peak force reached before the protein unfolds. Thi
gives a measure of the mechanical stability of a protein. Forced unfoldig of a protein in SMFS occurs as a
result of the balance between thermal and mechanical forces. Unfoldinig therefore a stochastic process and
a distribution of F  values for any unfolding event is expected. By obtaining many forcexdension curves,
measuring a number of k;, and creating a histogram of unfolding forces, the most probable unfoldindorce
can be obtained at a particular pulling velocity. This can be visualied in a scatter plot of the x, and Fy
from a number of force-extension curves at the same pulling speed {gure 13). Whilst, often the Fy is
taken to be the maximum force before the protein unfolds, more sophigtated methods have been developed
to determine the exact extension that mechanical rupture occurs.One method converts extensions, which
is the tip-sample separation, into the total length of the protein, the contour length. The extension in an
experiment is sensitive to the loading rate and other experimentafactors. The extension can be converted
to contour length by solving polymer models describing forced extesion such as the worm-like chain model
(see Section 6.2) for contour length at a given force and extension and accoung for backbone elasticity of
the polypeptide chain [93, 94]. Superposition of force-contour length graphare used to form histograms of
barrier position (point of rupture); this method allows direct det ermination of the barrier positions within
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the protein and the corresponding k. More recently this analysis has been automated to align the force-
contour length traces and group them according to number of unfolding evets observed [95]. Away from
the unfolding events, the other sections of the force versus extaion pro les can be further understood using
polymer elasticity models.
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Figure 13: (A) The force-extension curve of a polyprotein is a series ofqeally spaced force peaks as
the distance between the tip and the substrate increases. The ierpeak distance, %, corresponds to the
elongation of a protein domain upon unfolding. The unfolding force, ky, of a protein is the peak force
reached before the protein unfolds. This gives a measure of the mechaal stability of a protein. (B) By
measuring the %, and Fy from a number of force-extension curves at the same pulling speed,statter plot
of unfolding forces can be obtained. This allows for the identi cation of a ‘'mechanical ngerprint' of the
protein of interest.

6 Stretching proteins: polymer elasticity models

6.1 The freely jointed chain model

Stretching a polyprotein chain reduces its entropy, producing arestoring force that results in bending of
the cantilever. The entropic elasticity of a protein follows a nonlinear relationship that can be formally
described by a number of models of polymer elasticity. One simplenodel for polymer elasticity is known
as the freely jointed chain (FJC) model or ideal chain model [96, 97]. T model was initially proposed by
Kuhn in 1936 [98]. In this model, a polymer is partitioned into N segmens each with length, b. This length,
b, characterises the Kuhn length of the polymer. The maximum total lergth of this polymer, or contour
length, L. is therefore calculated as

X
L= b= Nb 4
i=1
The projection of each of the segments is independent of the precedj and proceeding segments. This
model therefore does not account for the long range interactions of a chairand the chain can undergo
self-interactions. Each segment, i, has an associated vector,, the mean square end to end distance,R? ,
is then:
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Where = L, ]-'\‘éi hri r;i is a consequence of the segments being uncorrelated. If the chain ied at
one end and subjected to a constant force, F, at the other end, an entropirestoring force will be experienced
due to a reduction in the number of available states to the chain (Figue 14). The energy of this FIC (E-;c)
can be determined by the work done (-W) to change the shape of the polynte
!
X X
Erc = W= F R= F rr z = Fb COS j (7
i=1 i=1
Where each segment has an associated anglg, with the direction of the applied force. The partition
function, Z, is computed form summing the energies from all con guratons (conf.) of the protein:

X X W
Z= exp( Erjc=kgT)= exp (Fbcos i=kg T) 8

ri;conf. ri i=1
As each segment is independent and therefore uncorrelated with the bers, the energies will be the same.

Z= szz sind exp Fbeos N— 4keT
0 0 kg T Fb
The free energy, H, of this system can be computed &3 = kg T In Z. Therefore the average displacement,
hxi can be computed from:
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At small forces, the polymer behaves as a Hookean spring witk = . Whilst this model can
describe the reaction of biological molecules to forces at small extemsis, it fails to describe the elastic
response at high forces for the stretching of DNA [99].

-

6.2 The worm-like chain model

The worm-like chain model (WLC) can be used to describe the semiexible behaviour of polymers. It is an
extension to the FJC model of polymer elasticity in the continuous Imit as b! 0. The model predicts the
entropic restoring force, F, of the polyprotein at any given extension fom two parameters: L. the contour

length (the maximum total length of the unfolded polyprotein) and p the p ersistence length (the length of
the smallest rigid component of the chain). In the WLC model (Figure 15, the polymer is described by a
continuous chain of N segments, each with lengttd, that are at an angle to the adjacent segment. The
projection of each segment, from the rst segment to the last, a ects the projection of the adjacent segment
along the chain byl cos(). The projection onto the rst bond is given by hcos( 1y )i =cosN (). The

average projection is therefore given by[97]:

R C Xt d@ codi()
h>(| - aizl Mi dJI - d - COé( )— m (11)
As N tends to in nity this expression tends to [97]:
fim hxi= — 9 - (12)
N1 "1 coy) P
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Figure 14: (A) The most simple model for polymer elasticity is known as he freely jointed chain (FJC)

model or ideal chain model. In this model, a polymer is partitioned hto N segments each with length b.
This length b characterises the Kuhn length of the polymer. The disanceR represents the end to end vector
length of the chain. (B) If the chain is xed at one end and is subjectedto a constant force, F, at the other,

an entropic restoring force will be experienced due to a reductiorin the number of available states to the
chain. Each chain makes an angle; to the direction of the applied force in this diagram , is shown which

represents the angle for the second segment in the chain. The energy this FJC can be determined by the
work done to change the shape of the polymer.

This is the de nition of p, a measure of polymer sti ness which determines the distance over which
the correlations between the segment are lost. For a exible and \bendy chain, the correlations are lost
quickly, and therefore p is small. In a more rigid rod-like chain thep will be larger because the chain will
be correlated for larger distances along the chain. For example WLC ts to he force-extension traces of a

-sheet protein gave a persistence length of about 0.4 nm [79]. This roughicorresponds to the length of
a single amino acid. However, in more recent studies it has been sugg¢ed that this measured value of p
accounts for both entropic and attractive interactions due to hydrophobic contacts within a protein [100].

For small angles cos() 1 72 the expression given in Equation 12 tends tgp = 2¢. In the WLC model
the segment length becomes in nitely small as the number of segment® the chain increases, whilst the
contour length, L. = Nd, and the p remain constant. By replacing co8 ( ) (1 72)N by exp( N 2=2)
the projection in this limit then becomes [97]:

hi=pl e ») (13)

The exponential term means that the angular correlation decays exponeilly along the chain. As
L !'1 this would tend to the persistence length of the chain. The mean sqare radius of gyration is also
given by:
h i
2 =2p 1 g(l e ) (14)

There is an energy cost associated with the bending of a WLC given by a Imeling elasticity term [101]:

‘L@ C
2 5 @3
This term accounts for the shape of the polymer. Where E is the bendig energy, s is the distance
along the curve, is the bending coe cient and @r—gs) is the tangent vector along the chain [101{103]. To
straighten out the chain, work needs to be done against the bending engy (Figure 15). The Hamiltonian,
EwLc , for such a system is given by Equation 16 [102], wherE R accounts for the application of a constant
force to the ends of the chain.

E =

ds (15)
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Obtaining a force-extension relationship from this equation requies computing the force over all possible
shapes of a polymer. The calculation of the extension can by computed sitarly to the calculation for the
ground state of a quantum mechanical dipole in an electric eld [104]. Thiswas rst noted by Marko and
Siggia in 1995 and an outline to the path integral procedure has been previaly presented in a review [17].
The interpolation formula for this model has successfully been uskto describe the unfolding of DNA by
Marko and Siggia and Bustamenteet al. and is given in Equation 17 [104, 105].
" #

F(x) = 1 1 X 1 R
== 3 L. 27 1,

F R (16)

(17)

The force (F) is measured as a function of extension (x). The WLC can alsde used to calculate the
L . between protein domains in a polyprotein and this is typically is the change in length between the
folded and unfolded protein. The WLC model has been used extensivelto t force-extension curves from
forced protein unfolding [78, 79, 91, 106, 107]. Despite being able to descrililee force-extension behaviour
of most biomolecules, such as the stretching of DNA[105], this model fail®or large forces (Figure 16) where
over-stretching of the bonds within the polymer occurs[102]. Furhermore this model assumes that the per-
sistence length is independent of extension and is identical for # folded and unfolded protein. However,
it has been suggested that this is a crude estimation because the stiess of a completely unfolding protein
domain would di er from that of a fully folded protein [108]. Some alternative models have attempted to
modify the WLC model to minimise the discrepancies between thenodel and the experimental data.

Figure 15: Schematic of a worm-like chains where r(s) is the vector whose origin can be taken from any
point in space and describes the shape of the chain. The vectdris the unit tangent vector to the curve at
any point. The chain opposes the change in shape as an applied foréeis applied to the ends.

6.3 Further developments in polymer elasticity models

Given the FJC and WLC models fail to describe the over-stretchirg of molecules at high force [102] there
has been considerable e ort to develop new models of force versus extsion behaviour. Here we highlight
some of these models which have particular relevance to protein uafding. Beginning with developments
of the FJC model, Smith et al have developed the extended FJC model which includes the eldsity of
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Figure 16: Examples of the use of polymer elasticity models to t to protein unfolding data from SMFS
force versus extension experiments. (A) the freely jointed chair(FJC) model is shown, with a Kuhn length
of 0.22 nm for the force extension curve of the polyprotein (pL3. (B) The worm like chain (WLC) model is
shown, with a persistence length,p, of 0.39 nm for the same data, (pL}. (C) A comparison of the model
t to the data for one protein unfolding event in the polyprotein chain for the FJC (blue) and WLC (red)
models with an p of 0.4 nm andb 2p=0:8nm.
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Model Associated formula Refs
Extended FJC model x=Lc coth B8 kel 1+ & [109]
Heterogeneous FJC model x = NfLss coth kFBbfT kFBbfT + NyLys coth kFBb; "FBbI [108]
2
Extended WLC model F(x) = kBTT 1 E+E i+ E [110]
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the segments in the polymer chain [109]. Swet al. have developed the heterogeneous FJC model which
incorporates the di erence in sti ness between the folded and unélded protein chain [108]. In this model,
the FJC model is extended to be the sum of the contribution of the number of folded and unfolded domains
in a polyprotein. The chain is modelled as a heterogeneous FJC with tev possible values of Kuhn length and
contour length representing its folded and unfolded con gurations. The authors obtained analytical solutions
for the force{extension response of the polyprotein for di erent types of loading conditions and and t the
analytical solutions to constant-velocity data for the protein ubiquitin. Extensions have also been made to
the classical formula for the WLC model. The work by Wang et al. (1997) incorporates a stretching term
in the WLC model[110, 113] to create the WLC model with segment elasticity(or extendable WLC model).
In this model the ratio of extension to contour length, x=L¢, is replaced byx=L. + F= ¢, where g is the
extension modulus of the protein. Bouchiatet al. (1999) have incorporated additional terms to the WLC
model [102]. By determining an exact solution to the WLC model and addingcorrection terms, they were
able to eliminate discrepancies. This method was successfullynplemented to reduce the errors between the
experimental data for DNA stretching and the model. Models have als attempted to incorporate informa-
tion about the 3D structure of a protein. One example is the thick chain model [111] which is used to infer
information about the width of the chain in force-extension relationships. In a study by Thirumalai et al. a
uni ed theory was developed to account for the high force entropic elastity of biopolymers solely in terms
of the persistence length and the monomer spacing[114]. This allows biopwhers to be treated as FJCs in
one force regime and WLCs in another force regime. This approach is attracte as, by probing the response
of biopolymers over a wide range of forces, the force dependent elasticcan be fully described.

7 Probing the e ect of force on the kinetic and thermodynamic
protein unfolding process

7.1 Dependence of the unfolding force on the loading rate

The force at which an protein unfolds depends on the loading rate used ithe SMFS experiment.

r= — = kev (18)

where k; is the spring constant and v is the pulling speed. Given that forcedunfolding of a protein occurs
under the in uence of two forces, mechanical and thermal forces, dierent pulling speeds re ect di erent
time windows during which thermal forces can act under application ofmechanical force. At high pulling
speeds thermal forces have less time to act, resulting in a higheneasured k; (Figure 18). By performing
force-extension SMFS experiments on the same construct at di erervelocities, the pulling speed dependence
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can be obtained (Figure 18). The range of pulling speeds used in SMFS egpments vary in the range of
a few nm/s to 10 um/s. The lower limit is due to the large mechanical loop of the AFM apparatus,
which makes thermal drift the limiting factor. At high pulling spe eds viscous drag becomes a problem
[115{118]. At speeds above 1Qum/s, the speed-dependent hydrodynamic drag force acting on a cantiver
is of the same magnitude as the unfolding force measured on single biologicablecules [116]. However the
use of short, low-noise cantilevers and optimised design of the pieetectric positioner can reduce this e ect.
Recently a high speed AFM has been developed to unfold proteins at vetities of 4 mm=s [119]. This
was achieved by using short cantilevers with small viscous damping0(035 pNum ! s !) and the use of a
miniature piezoelectric actuator. This development is signi cant because it now allows SMFS experiments
to be completed at velocities which are equivalent to those probedni molecular dynamics simulations which
o er atomic-level descriptions of the forced unfolding. In the pulling speed dependence plot in Figure 18 the
schematic shows a linear dependence of the Fwith the natural logarithm of the velocity. Can we extrapolate
this behaviour to higher and lower pulling velocities? Experinental data, including those from the recent
fast-AFM study mentioned above, and theoretical studies suggest thianay not be the case[119{121]. For
example, in the high pulling speeds achieved using the fast-AFM a eliation from linear behaviour was
observed at high pulling speeds [119]. Earlier SMFS experiments on ¢hprotein lamin, probed unfolding
at low speeds found a deviation from linear behaviour in the Iy versus speed dependence[120]. The study
proposed that the deviation could only be explained by a switch betwee parallel unfolding pathways and
suggested that mechanical unfolding kinetics needs to account for theultidimensionality of the free-energy
landscapes of proteins, which are crucial for understanding the beléor of proteins under the small forces
experienced in vivo. In another study, the choice of the one-dimensnal reaction coordinate probed in SMFS
has been questioned due to the multidimensionality of protein endagy landscapes[122]. It has been suggested
that more information could be obtained about the multidimensional energy landscape from analysing the
dynamical uctuations of proteins using simulations and single molecué techniques [122].

Figure 17: Recent development of a high speed AFM for SMFS force spectrogpy (A) The high speed AFM
setup. An objective focuses the beam of the super luminescent ligtemitting diode (SLED) and collects the
light re ected by the cantilever, nally detected by a segmented photodiode. Titin 127 (concatemers of eight
domains) are immobilized on a tilted gold-coated surface via C-terminakysteines. They are pulled by their
N-terminal histidine tag with a nickel-coated tip at the end of a short cantilever. Tilting the sample surface
further reduces hydrodynamic forces. Top inset shows a titin 127(also referred to as 191) domain (PDB ID:
1TIT) with relevant strands coloured in blue (strand A), yellow (strand A'"), green (strand B), and red
(strand G). Bottom inset shows a scanning electron micrograph of a shortantilever. (B) Force-extension
curves acquired at three di erent retraction velocities: 1, 100, and 100Qum/s. The 1 um/s curve is moving
average- Itered (red trace, 654us time window). Times to unfold a single 127 domain are indicated by arows.
From [119]. Reprinted with permission from AAAS.
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Figure 18: (A) SMFS force extension experiments can be completed at derent pulling speeds. (B) By
measuring the unfolding force of each force peak and creating an unfoldinforce histogram, the unfolding
force Ry can be obtained for a particular pulling velocity. The higher the pulling velocity the higher the
value of Fy. (C) Completing force versus extension experiments at a range of plihg velocities allow the Fy
to be plotted as a function of the natural logarithm of the pulling velocity.

7.2 Kinetic parameters of protein mechanical unfolding

A number of models have been developed to relate the force responstproteins to the unfolding rate and
height of the barrier separating the folded and unfolded states of a prote [120, 123{125]. The Bell-Evans-
Richie model has been most extensively used to determine thede energy landscape of proteins using SMFS
protein unfolding data[78]. Other models have emerged which incorprate more detail, and can account
for the curvature that has been observed in the plot of force against the natral logarithm of the velocity
[67, 126]. We will present two of these models: the Friddle-De-Yoreand Dudko-Hummer-Szabo models. A
comparison of the Bell-Evans-Richie, Friddle-De-Yoreo and Dudko-Hmmer-Szabo models on protein bind-
ing forces has recently been performed[127]. In this study SMFS egpiments measured the binding forces of
amyloid- (1-41) peptides and compared three di erent theoretical models usedio t the experimental data.
Interestingly the results showed that the Friddle-De-Yoreo and Dudko-Hummer-Szabo models yielded sim-
ilar G $s to one another but di ered signi cantly from the results obtained for t he Bell-Evans-Richie model.

7.2.1 The Bell-Evans-Richie Model

Protein unfolding via a two-state process can be described by an engy barrier between the folded and
unfolded states of the protein. This 1D energy barrier is de ned by the reaction coordinate studied, which
in an SMFS experiment is the end-to-end length of the protein. The Rll-Evans-Richie model is an empirical
model, which can be applied to data obtained from SMFS that describete rate of unfolding of a biological
molecule under a mechanical force. The model originates from George Bgl23] who described the rate
of adhesion of cells to other cells or surfaces in the presence of hydsmamic stress [123]. The kinetic
model for mechanical strength was rst derived by Zhurkov who applied the same principles to solids under
mechanical strength [128]. The Bell-Evans-Richie model suggests thahe rate of unfolding, under applied
force, decreases exponentially with force. Evans and Richie [129] prioked the theoretical framework to aid
in the understanding of this model for protein unfolding by deriving Equation 20 from Kramer's reaction
rate theory for a protein in a deep harmonic well with high barriers and friction to unfolding [130]. Kramer's
theory describes the mechanical unfolding as di usion by Brownian notion over a 1D energy pro le probed as
a function of extension of the protein. In the derivation provided by Evans and Richie, the prefactor contains

27



information about the curvature of the energy well of the native and transition states and the friction along
the 1D reaction coordinate [131]. However, these parameters are di cult b determine experimentally and
therefore, it is typically assumed to be unperturbed by force.

0

ku(F)= Aexp ( G(TKZT)FXU) (19)
_ (Fxu)

ky exp (ks T) (20)

Where ky is the rate of unfolding, G ?S is the height of the unperturbed free energy barrier opposing the
mechanical fracture (or activation energy to the transition state) and xy is the distance that separates the
native state of the protein and the transition barrier. The attempt fre quency, A, is typically assumed to
be an arbitrary value which ranges from a xed value of 1¢ { 10°. Using the Bell-Evans-Richie model,
the ky and xy can be directly determined from the associated k(F), the rate of unfolding under applied
force. The rate of unfolding is force dependent and the transition barier height is perturbed by an amount
Fxy. By applying a force across the protein, the energy barrier to the unflded state decreases (Figure 19).
This increases the probability that the protein will unfold at a cert ain force. Using the Bell-Evans-Richie
model, the rate of unfolding can be related to the force applied. If itis assumed that the transition state and
native state on the 1D free energy pro le are independent of force, therthe activation barrier at any force
is given by Grs(F)= GY% F xy. Force therefore lowers the energy barrier by tilting the energy
landscape, (see Figure 19) assuming there is no change in the shape of theergy landscape [126]. The
largest contribution to the change in the kinetics under applied fore is due to a change in the probability of
barrier crossing, therefore the change in shape and location of the transon barrier has been shown to be
insigni cant provided the energy barriers are sharp [129]. In constant elocity experiments, the force applied
to the protein constantly changes as a function of time. This de nes tte loading rate of the protein which
probes the lifetime of the non-covalent interactions within proteins as the force is varied. The distribution
of unfolding forces, k, can be shown to be described by the probability distribution[131]:

ky (0) Fuxy ky(O)ks T Fuxu

R exp T exp “Rxy 1 exp e T
This formula can be used to t the distribution of unfolding forces observed in SMFS experiments. The

most probable force of unfolding can also be determined from the maximurof P(F) and is given by Equation

22[131]. This describes how the most probable force, J*, is a ected by the loading rate.

P(Fu) = (21)

_ kBT| Rxy

F
v Xu : kBT kU

(22)

7.2.2 Monte Carlo simulations and the Bell-Evans-Richie model

Using the analytical solution in equation 22 it should, in principle, be possible to calculate the kinetic
parameters of protein unfolding, k; and xy. However, in the experiment the loading rate, Equation 18, varies
as the molecule is stretched because the sti ness of the moleculeepends on the applied force. Therefore
Equation 22 cannot be used directly. Instead, k and xy can be determined using Monte Carlo (MC)
simulations that mimic the stochastic nature of the thermally drive n unfolding of the protein. In the MC
simulation, details of the experiment are input, including the average persistence length, average spring
constant, the linker length, the length of a single folded and unfoldedprotein and the temperature of the
experiment [90, 132]. The unfolding rate under an applied force, k, is calculated using the Bell-Evans-Richie
model and then the probability of a single domain unfolding, R;, at a de ned time step of tis

Py = Nky(F) t (23)

where N is the number of folded domains in the polyprotein and k(F) is the a ect of force on the
unfolding rate. The simulation is performed for the full range of expemental pulling speeds (Figure 18C)
using di erent combinations of ky and xy. The simulations are used to generate force distributions for each
experimental pulling velocity, which can be compared to the expémental force distribution.
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Figure 19: Schematic showing the e ect of mechanical force on the enerdgandscape of a protein. The free-
energy pro le of a protein folding pathway leading from the native, folded state to its denatured, unfolded
state through a transition state at an unfolding rate ky; a simple two-state transition. The application of
an external force tilts the energy landscape and thus lowers the engy barrier to arrive at the unfolded
state, G $S. Accordingly, a su ciently high force deforms the pro le such that ev entually the unfolded
state becomes more populated than the folded state.

7.2.3 Friddle-de-Yoreo model

A recent study challenged the assumption made by the Bell-Evans-Rhie model that no reversible refolding
occurs during protein unfolding experiments[125]. In the Fridde-de-Yoreo model, a system of two bodies
being pulled apart passes through two phases, an equilibrium phase abwer pulling velocities where the
molecules can rebind, and a kinetic phase at higher loading rates whemaolecule unbind irreversibly. The
equilibrium phase is associated with a shallow slope and the kinat phase with a steeper slope leading to
the nonlinearity observed in force-In(rate) graphs. The model theefore accounts for the probability that
reversible binding or protein refolding can occur, particularly in the limit of lower rates. This model allows
both kinetic and thermodynamic information about the interactions occurring in the rupture event to be
accounted for. The force kg, at which the phase changes from equilibrium to kinetic is given by:

q_ —
Feq= 2k G (24)

Feq is dependent of the cantilever spring constant, k and the free energy of unfolding GE,. In this
model both the rate of unfolding, ky and the rate of refolding k- are taken into account.

1
ku (F) = ky exp Fxy EkcxfJ (25)

ke F
2 ke

Where F is the unfolding force, X, is the distance between the unfolded state and the barrier to unfolahg,
ky is the rate of unfolding at zero force and k is the rate of refolding at zero force. exp( GY) = kg =ky
is used to de ne the activation energy, G E’, An approximation can be made for the unfolding force, ky(r)
by:

ke (F) = kg exp Xu (26)

29



. ke T R
By (r)i = Feqg+ ——1In 1+67k'|’
Xu K (Feq)

(27)

Where is Euler's constant. This can be used to t the force versus loading ate relationships. However,
it is challenging to accurately determine the loading rate for polyproteins. The loading rate depends on the
e ective spring constant, which is a combination of the spring consant of the cantilever and protein. As
a protein unfolds the e ective spring of the chain changes, as it is te summation of folded and unfolded
domains. Due to the stochastic nature of the number of unfolding evets, the loading rate is not constant
between force-extension traces.
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Figure 20: Schematics showing the dependence of the unfolding forom the loading rate (top), the depen-
dence of the unfolding force on the unfolding rate, k(F) (middle), and the energy landscape (bottom) for
three models which can be applied to SMFS protein unfolding data (A)Bell-Evans-Richie[131] (B) Dudko-
Hummer-Szabo[124, 133] and (C) Friddle-De-Yoreo[125]

7.2.4 Dudko-Hummer-Szabo model

In the Dudko-Hummer-Szabo (DHS) model the Bell-Evans-Richie moel is reduced to its approximate limit
using a stochastic model of a spring, and uses Kramers theory of di lien to determine kinetic constants[124,
133]. The DHS model allows for di erences in the shape of the energy landape to be determined. The Bell-
Evans-Richie model assumes that the unfolding force | scales linearly with the loading rate (Figure 20A).
However, this assumption has be shown to be an oversimpli cation for sme systems. The DHS model aims
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to account for the non-linearity in the data observed in the pulling speed dependence plots of mechanical
stability (Figure 20B). The theory behind the model was originally completed by Hummer and Szabo (2003)
[134]. In this model the lifetime of a bond is dependent on an arbitrary &ponent which is responsible for
the shape of the energy landscape. Equation 28 [124, 133] gives the relationshiptween the change in free
energy G ?S, the distance between the unfolded and transition state, x and the loading force, F. g is the
lifetime of the bond at zero force.

L#
1 L 0 aFx y a
aFxy a Grs 1 —o—

(F)= o 1 Fs (28)

The equation governing this relationship can be reduced to the widly utilised Bell-Evans-Richie's model
with an arbitrary exponent, a=1. The loading rate during an experiment, for a single molecule, can be
approximated by R = kcv, however, when multiple proteins or molecular linkers are presenthe spring
constant must be modi ed. For the Bell-Evans-Richie model this is done by accounting for the change in
e ective spring constant of the protein chain in Monte Carlo simulations. Dudko et al. (2008) showed that,
when molecular linkers are present, the rate needs to be corrected Equation 29. Where p is the persistence
length, L. is the contour length, k. is the cantilever spring constant, = (kgT) ! and v is the pulling speed
of the experiment.

" # .
1. 2Lcp(+ Fyp)

R(Fy)=v —+ 5 (29)
Ke 345 F yp+8(Fp)?
The distribution of lifetimes, P(F ), is related to the lifetime by Equation 30.

b exp o [M(Fu) (F)d 20
(Fu)= R(Fo) (F0) o

Dudko et al. (2008) showed that this could be inverted to the lifetime by Equation 31.

Z 1
Fu)d

(Fu)= P(Fy) (31)

Fo [R(Fu)p(Fu)l
This expression suggests that the distribution of the forces can reatli describe the rate of unfolding of
the protein, by approximating the probability of the distribution as a Gaussian distribution the expression
can be approximated by Equation 32.
h i 120

(Fu)= 5 F§ hFyi®  =R(Fyi) (32)

The force distributions from SMFS experiments can then be used taletermine the lifetime of the bond
as a function of loading rate (Equation 32), which in turn can be tted by Equation 28. This method has
the advantage of not requiring approximations of the shape of the energy langtape. However, in this form,
it cannot be used for multiple barriers to unfolding, where the barriers are codependent on the preceding
and following unfolding events. Zhang and Dudko (2013) have since delaped this model so that it could
be used for such a system[135]. In this paper they describe a methddr mapping the forces from multiple
unfolding events onto force dependent rates. This paper assumes dhthe free energy landscape has an
arbitrary number of barriers with metastable intermediates between the folded and unfolded state. The
population in the system that will move from state i to state j when the force changes by dF (or similarly
between time t and dt) is given by:

Pj jdFj = Py (t)dt = k; (F (t))N;(t)dt (33)

Where N;(t) is the population of state i at time t and is dependent on the original population of this
state (N;) and the number that transitioned to state i from/to the m " state. ki (F) is the force dependent
rate of moving between the two states. This led the authors to the fdlbwing relationship:
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Equations 34 and 35 can be used to map the experimental force to force dament loading rates. Where
Pim is the population that moved between i to m and Py, is the population that moved between m to i state.

Pij (F) = Npin =Whin Where ny, is the number of counts in a bin and w;, is the width of each bin. E(F) is

the loading rate in state i to correct for the constantly changing loading rate between systems. The Ioalding
rate can be read directly from the force-extension pro les as the gradiet of the force-time trajectory. There
are two methods for determining N(F): by counting the number of force trajectories in state i at force F
or by approximating it as the integrals in Equation 35 by the corresponding bins in the histogram. The
force-dependent rates for each unfolding event could then be t by Fuation 32.
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Figure 21: Examples of alternative models to the Bell-Evans-Richie radel being used on force-extension
data for proteins. For more information about the parameters obtained pleaseaefer to the refereed papers.
Data shown in A and B is for the peak unfolding force (A) and the initial unfolding event (B) for the 127
protein. At high speed the forces deviate from a linear response précted for the Bell-Evans-Richie model.
In (A) a Hummer Szabo model [134] was used to extract the parameters and inB) the Friddle-De-Yoreo
model was employed [125]. (C) The model free approach using the modid Jarzynski equality [136] has
been used to obtain the free energy pro les for a polyprotein containig 8 repeats of the 127 protein. At
low velocities (red and green) the energy pro les overlay well. A higher (blue) velocities the data begins to
deviate. (D) The Dudko-Hummer-Szabo model [124] was used to extract fiermation about the underlying
energy landscape for the protein ddFLN4. (A) and (B) From [119]. Reprinted with permission from AAAS.
(C) Taken from [137] (D) Taken from [124] Copyright (2008) National Academy of SciencesUSA.

7.3 Thermodynamic parameters of protein mechanical unfolding

The methods described above use model-approximations to deteline key features of landscapes. However,
these rely upon assumptions and approximations of the underlying engy landscape, therefore there is
much interest in developing and using model-free approaches[136, 138, 13%] by extracting free energy

data directly from force-extension curves [108, 140]. A number of methag] based on theories by Jarzynski
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[141] and Crooks [142], have been developed to determine the free enemjyerences from non-equilibrium
experiments such as SMFS. These methods will be discussed ihi$ section.

7.3.1 Jarzynski equality

Jarzynski [141] showed that, if a system is perturbed from equilibium over a de ned reaction coordinate

by an external work, W, for a nite amount of time, then the free energy of the equilibrium state can be

inferred from a series of trajectories from this initial state overthe reaction coordinate. That is, if a state is

driven from equilibrium the free energy of the initial state can be determined from:
Gy _

Pt T

exp

ke T (36)

where the averagedr::i are averages of the Boltzmann factor (expkBLT) of the external work done on
the system taken from the trajectories, propagating from equilibrium with a time dependent Hamiltonian.
Each has a work W associated with it. This is known as the Jarzynski equality and dealswith changes
in the system state rather than molecular positions. This could therdore not be used directly for the data
obtained from SMFS experiments which monitors the change in position o& cantilever as a function of time.
Hummer and Szabo later expanded this work to generalise it for use in SME experiments for histograms
weighted by the non-equilibrium work [136, 143] and more recently using aMeierstrass transform [138].
Using this approach, a spring is attached to the biomolecule and its exnsion is followed as it is perturbed
by a constant velocity. The Hamiltonian is then:

H(x;t) = Ho(x) + V[q(t);1] (37)

If the system is assumed to be a simple harmonic spring theW (z(x;t);t) = kc(z vt)2 Where z is the
distance between the cantilever and the surface, including the el ection of the cantilever. In such a system
the Jarzynski equality becomes:

4
exp( Gu(@)= [z z(t)]exp (CF(Z;t)dZ V[z(0);0]) (38)

r for initial points drawn from a Boltzmann distribution, where  signi es the Dirac delta function. The

c Fd(z;1)q is the integral of the force over the contour of the reaction coordinate q) and F(z;t) =

@V (z;1))=@zand the integral is performed along the contour of the trajectory (change m position with
time) from z(t=0) to z(t). The term V[z(0); 0] represents the potential of the initial state. This is the work
stored in the de ected cantilever at t=0 which can be determined by the zero-position of the cantilever far
from the surface. For the computation of the free energy, several forcextension or force-time trajectories are
required. The free energies can either be computed using a weigt histogram approach or by estimating
the work done at a certain extension as the area under force-extensionmaces [136, 143]. These approaches
are outlined in detail in references [136, 143{145]. This expression has beared to describe the free energy
pro les of short RNA segments [146] and DNA hairpins [147].

However, the results for protein unfolding experiments are varied The free energies obtained from
Equation 38 should be independent of the pulling velocity used in gperiments. For a number of experiments
on proteins, this has not been the case [148{150] although other studies [137, 151]lgied results independent
of velocities up to 1000 nm/s. It is hypothesised that these discrepacies result from the complexity of the
unfolded micro-states within the \folded" state of the protein [148]. In these systems, free energies were
computed in the limit of zero pulling velocity. This technique is also sensitive to the occurrences of rare
events far from equilibrium which increases the uncertainties asociated with the computed free energies
[152].

7.3.2 Crooks uctuation theorem

An alternative method to determine the unperturbed free energy Bndscape can be performed if the unfolding
and refolding trajectories of proteins are obtained. This uses Crook' uctuation theorem which describes the
symmetry of work uctuations around forward and reverse cycles of a systm driven far from equilibrium
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by an external work [142]. This determines the hysteresis betweenht irreversible work required for the
forward and reverse reactions. By performing repeated cycles of unfdihg and refolding of a biomolecule
performed at the same velocity, the probability distributions of unfolding, p,(W) and refolding p(W) can
be determined and related to the free energy by:

pu (W) W Gy
———— 7’ =eX J—
(W) P T

R
Wf}_.gare the work can be approximated by the integral of force over the extnsion (i.e, W = Fdz or

W = iNzl Fi z, where N is the number of intervals used in the sum [153]). This state that the ratio
of the two probability distributions depends only on G 8. At some W these two distributions will cross
and p,W = pr W. At this point W = G{ independent of the pulling velocity. Whilst the G 8
can be approximated by this relationship, it is more accurate to detemine G 8 from the full probability

distributions. The slope from a plot of In(p’;“((v\\fv))) against W can then be used to obtain G 8. This
relationship has been successfully used to reconstruct the fremergy landscape of RNA [153] and polyproteins

[154] but is restricted to experiments that combine unfolding and réolding measurements.
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8 Protein mechanical stability

8.1 E ect of unfolding history on measured protein mechanical stability

When each individual force corresponding to a single protein unfoldig event is recorded (i.e, iy for peaks
1, 2, 3, 4, 5 in Figure 22 A) for a number of traces at a particular pulling velaity, a minimum is observed
in the graph of modal force against event number (Figure 22 B). Thereforelie Fy of a protein is dependent
on the number of folded and unfolded proteins in a polyprotein chain [155] othe \unfolding history" of
the polyprotein [155]. The minima in the forces occurs due to the cometition between two e ects. Firstly,
the number of protein domains that remain folded in the polyprotein chain and secondly, the compliance of
the polyprotein chain which depends on the cantilever spring constnt and the polyprotein domain. Figure
22 (B) illustrates these e ects which individually in uence th e loading rate applied to each folded protein
domain in di erent ways[155, 156]. As the number of unfolded domains increass, the probability of a protein
unfolding at a given force decreases. This suggests that the unfoldinforce would increase with event number.
However, as more protein domains unfold, the length, and therefore, confance of the chain increases. The
increase in compliance decreases the e ective spring constant of ¢hpolyprotein and therefore decreases the
force required to unfold a protein domain.

8.2 Relationship between protein structure and mechanical stability

Over the past two decades, the force versus extension behaviour oflarge number of proteins have been
studied using SMFS and their mechanical stability R, obtained. These studies have demonstrated that
proteins can broadly be ranked according to their secondary structurecontent and arrangement { where
mostly -helical proteins are mechanically weaker (low ) than those predominantly composed of -sheet
structures (higher Fy). A recent comprehensive list of proteins and relevant reference can be found in
[78]. A selection of proteins and their measured g are listed in Table 1. It can be seen that while some
proteins, such as 127 (the 27th immunoglobulin-like domain of titin) is able to withstand forces of above
200 pN, other proteins, such as calmodulin unfold at forces below the meagsble limit of an AFM which
is 15 pN [8, 157]. Of the proteins studied to date, the most mechanically stale proteins are those from
the all- SCOP class, followed by / structures and the most mechanically labile proteins having all-
structure[82, 132, 158]. This appears to be a general trend across all proteitsat have been mechanically
characterised, when the N- and C-termini are aligned with the directon of the applied force.

8.3 Importance of the direction of the applied force

Despite the general trend suggesting secondary structural elemestare a key determinant of protein mechan-
ical stability, it alone cannot explain the broad range of force responses olesved for proteins with similar
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Figure 22: A force extension trace containing the unfolding events for amntire polyprotein containing ve 127
domains. A single unfolding event within the polyprotein is numbered 1 to 5, known as the unfolding event
number, and the detachment of the polyprotein from the tip or surface & labelled as D. Here 1 indicates the
rst unfolding protein event observed and 5 corresponds to the fth or last unfolding event observed for the
polyprotein. The schematic in the inset illustrates how the unfolding force changes with event number due
to two competing e ects. As protein domains unfold within the polypr otein, the number of folded domains
decreases, this decreases the probability of observing an unfoldireyent at a given force and therefore acts
to increase the observed unfolding force (grey linear line). As morerotein domains unfold within the
polyprotein, the compliance of the chain also increases. This acts toatrease the unfolding force of the chain
due to a decrease in the e ective spring constant of the chain (pinKkinear line). The competition between
the two di erent e ects causes a nonlinear relationship between he unfolding force and event number. This
is known as the unfolding history e ect on the unfolding force.
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Table 1: Values, at a given velocity, for the maximum force a protein can vithstand before unfolding. The
type of structure was obtained from a search of the SCOP class of the prote.

Protein Fu/pN (Velocity/nm/s) Protein fold (SCOP) | Reference
127 204 (400{600) all [79]
127 (C47S C63S)| 172 (600) all [132]
11 127 (400-600) all [159]
1FNIN 220 (600) all [160]
10FNIII 74 (600) all [160]
13FNIII 89 (600) all [160]
C2A 60 (600) all [82]
Cc2B 100 (500) all [161]
E2Lip3 15 (700) all [162]
TmCSP 78 (400) all [78]
Barnase 70 (100-500) / [89]
Protein L 152 (700) / [132]
GB1 184 (400) / [163]
Barstar <50 (400) / [164]
Top7 150 (400) / [164]
Ubiquitin 203 (300) / [165]
AcP 60 (600) / [166]
Spectrin 50 (80-800) all [167]
Calmodulin <15 pN (600) all [82]

structures. For example, the -sheet containing protein TNfn3 unfolds at a force of 120 pN at 600 nm/s
[168, 169] which is signi cantly lower than the unfolding force for the structurally similar protein 127 [92].
Early SMFS experimental studies [82] and theoretical studies [170, 171] ke suggested that the number
and geometry of hydrogen bonds, with respect to the applied force, couléxplain the di erences between
structurally similar proteins. However, it was challenging to directly determine the e ect of hydrogen bond
geometry in di erent proteins due to di erences in protein sequences and stabilities [162]. This problem was
circumvented in two studies published in 2003. In the study by Carion-Vazquezet al., the protein ubiquitin
was unfolded using two di erent pulling geometries: by pulling the protein between the N- and C-termini, or
in a di erent direction, between an exposed lysine (lys48) and the Gterminus [165]. The ubiquitin domains
pulled between the two termini had unfolding forces more than twie the magnitude of domains pulled in
a di erent direction [165]. The di erences in forces were attributed to the direction of the hydrogen bonds
with respect the applied force vector. This sensitivity to hydrogen bond geometry was also observed in the
study by Brockwell et al. on the protein E2Iip3 [162]. In this study the protein was immobilised ona surface
at one of two positions, enabling hydrogen bonds to be either \peeled" or \keared" apart. In the peeling
geometry, the hydrogen bonds are parallel to the direction of the appliedorce. In the shearing geometry the
hydrogen bonds are perpendicular to the direction of the applied forcéFigure:23). Whilst a large unfolding
force (177 pN at 700 nm/s) was observed for the protein with the shearing geonti/, no force unfolding peak
was observed for the protein in the peeling geometry [162]. This suggestdhe protein unfolded at a much
lower force, below the noise of the instrument, and was as a consequanof the hydrogen bond geometry.
Since those early studies, a number of experimental [172{177] and theoretl [178{182], studies have been
performed to determine the importance of pulling geometry on proteinmechanical stability. For example,
the pulling geometry has been controlled by circular permutationg to protein structures and by engineering
exposed pairs of cysteine residues. The force response of the greeorescence protein, GFP, was determined
by applying force across ve pairs of cysteine residues [172]. A diagramliistrating these results is shown in
Figure 23 [172]. A large range of forces were observed between the di ereanfolding geometries, ranging
from 100 pN for the least stable geometry and 600 pN for the most stable geometry [172]. Circular
permutations on the protein DHFR resulted in a decrease of 56 pN in the unfolding force compared with the

2A circular permutation results in an identical topology, bu  t a di erent location of the N- and C- termini. This causes the
secondary structure elements to unfold in an alternative or der.
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Figure 23: lllustration of the di erent pulling geometries of hydrogen bonded -strands on the application
of an unfolding force using SMFS. (A) Top: The \peeling" geometry wherethe force is applied parallel to
the hydrogen bond geometry. Here the force (red arrows) is applied to tb N- and C- termini of the protein
such that the hydrogen bonds are broken sequentially. Bottom: The \sheg' geometry the application force
perpendicular to the the hydrogen bond geometry causes the hydrogen bds to be broken simultaneously.
(B) The importance of the direction of the applied force on the mechanial stability of the green uorescence
protein, GFP, was determined by applying force across ve pairs of cyteine residues [172]. Figure and values
adapted from H. Dietz, F. Berkemeier, M. Bertz, and M. Rief, Anisotropic deformation response of single
protein molecules, PNAS, 103 (34) 12724-12728. Copyright 2006 National Academy of Sciences,AJS
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wild type protein [183]. Alternative unfolding pathways have also bea observed by manipulating the pulling
geometry of a protein [184]. These studies have identi ed key struairal motifs involving hydrogen bonds that
are responsible for the unfolding pathway and therefore force respoesof the protein. Di erent regions that
can withstand mechanical force have also been identi ed for membraneroteins. Whereas globular proteins
typically have a single rupture event associated with their meclanical unfolding, several mechanical barriers
can exist for a single membrane protein resulting in many unfolding gaks in force-extension traces which
can be related to speci ¢ structural regions, held together by hydroge bonds and other interactions, within
the protein [140] as well as the role of the membrane in biasing the foldingathway [185, 186]. Furthermore
it has been shown that binding of ligands to proteins can alter the posiion of these mechanical barriers
along the protein [187]. More recently, AFM and steered molecular dynamis (SMD) simulations have been
combined to reveal force propagation pathways through a mechanically ultastable multidomain cellulosome
protein complex [188]. In this study a new combination of network-based arrelation analysis supported by
AFM directional pulling experiments was employed, which allowedvisualisation of sti paths through the
protein complex along which force is transmitted. The results implcate specic force-propagation routes
nonparallel to the pulling axis that are advantageous for achieving high disociation forces.

8.4 Mechanical clamps motifs in proteins

The importance of the arrangement of the secondary structure in relationto the direction of the pulling
force has now been demonstrated for a number of proteins, where for ample the shearing apart of two

-strands requires a greater force than \un-zipping" them sequentidly. An early molecular dynamics study
on the 127 protein identi ed a "'mechanical clamp' region within the secondary structure which involved two
neighbouring beta-strands [189, 190] (Figure 24A). A mechanical clamp is de ne¢ as a structural region in a
protein that is responsible for the enhanced resistance to stretdhg. This element therefore confers mechan-
ical robustness and provides the rate-limiting step for the unfoldng of a protein [191{193]. In the case of the
127 protein[189], the force bearing region was identi ed as a cluster of gsihydrogen bonds and, for the protein
to unfold, simultaneous rupturing of these hydrogen bonds was requed (Figure 24B). The existence of this
mechanical clamp was experimentally veri ed in 2000 by Liet al. who mutated residues identi ed in the
mechanical clamp region[194] (Figure 24C). Since then other mechanical regis in other proteins have been
identi ed experimentally [8, 78, 132, 195, 196]. A computational study by Lu et al. (1999) compared the
unfolding of 10 proteins containing a similar number of amino acids but vith di erent secondary structures
[170]. Using SMD, a constant velocity was applied to the ends of the proies and the force response was
monitored. This study found that elongation of proteins containing -sheets resulted in a force peak which
corresponded to the breaking of hydrogen bonds in the backbone of the prein. For proteins containing

-helices, there were no inter-strand hydrogen bonds to break in tis structure and the protein unfolded
readily with no force response. This suggested the hydrogen bonds coecting the -strands in a -sheet
conformation provide more stability than hydrophobic contacts between -helical proteins. More recently, a
simple elastic model has also been used to describe this generaémid between unfolding force and type of
secondary structure [197]. An extensive, systematic theoretical sty of protein secondary structures from
the PDB permitted the identi cation of a number of mechanical clamp motifs [192, 193] (Figure 25). These
motifs were de ned according to the hydrogen bond arrangements betweae secondary structure elements
within the protein, and have since been found to occur in many protins across all branches of life.

8.5 Protein engineering to tune mechanical stability

Mutational studies through protein engineering have provided poweful tools to decipher the contribution of
speci ¢ non-colvalent interactions on protein mechanical stability. These studies have illustrated the impor-
tance of hydrogen bonded regions within proteins[194], identi ed intemediates in the unfolding pathways
[206], highlighted the importance of hydrophobic interactions [90, 195] and ideti ed multiple unfolding

pathways within proteins[207]. As described above, hydrogen bonded mié¢ in the mechanical clamp region
of a protein are important in determining protein mechanical stability. Mutations of amino acids within
this mechanical clamp region of proteins have been shown to alter the ethanical stability of proteins
[90, 194, 195, 206]. For example, the mechanical stability of the 127 protein was serely destabilised by
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Figure 24: (A) A molecular dynamics study on the 127 protein identi ed a “mechanical clamp' region within
the secondary structure which involved two neighbouring -strands A' and G. The force bearing region
was identi ed as a cluster of six hydrogen bonds and, for the protein to mfold, simultaneous rupturing of
these hydrogen bonds was required [189, 190]. Molecular dynamics simulati®iighlighted the importance
of water molecules in the breaking and reformation of hydrogen bonds in thenechanical clamp region of
the 127 protein. (C) Mechanical clamp motifs have been investigated hrough mutating residues identi ed
in the mechanical clamp region. (B) Reprinted from Biophysical Journal 79, H. Lu and K. Schulten.,
The key event in force-induced unfolding of titin's immunoglobulin domains., 5165, Copyright 2000., with
permission from Elsevier.(C) Reprinted by permission from Macmilan Publishers Ltd: Nature Structural

Biology, [194],copyright 2000.
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127 pdb ITIT
SC: All beta

TmCSP pdb 1 G6P
SC: All beta

®
Protein L pdb IHZ6
SC: Alpha and beta

Za _

Spectrin pdb 1AJ3
SC: All alpha

SDI

Scaffoldin C2A pdb |ANU
SC: All beta

Barnase pdb IBNR
SC: Alpha and beta

Figure 25: Figure showing tertiary structures containing -helices and -strands for 6 di erent proteins that
have been mechanically characterised. The structures depictedere created using the software PyMOL [198].
The force is applied between the two termini of the protein indicated by the red dots. Each of these protein
contain a mechanical clamp region, which is the force bearing region wiih the protein. The mechanical
clamp patterns are shown to the left of the protein and satisfy patterns of mechanical clamps de ned by
Sikora et al. [192, 193]. Structures were obtained from the PDB database [199] and the referees are as
follows: 1TIT [200], 1HZ6 [201], 1ANU [202], 1G6P [203], 1AJ3 [204] and 1BNR [205].
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mutations of hydrogen bonded amino acids within the mechanical clamp butnot altered signi cantly by
changes to the protein hydrophobic core [208]. Conversely, the hydrophab core has been shown to play a
key role in the mechanical stability of two other proteins, protein L and GB1[90, 195]. Mutational studies
combined with SMFS identi ed a \mechanical rheostat" in the core of protein L [90]. A mutation of a single
residue resulted in a 36 pN decrease in unfolding force compared witthe wild type protein, despite no
change in the thermodynamic stability of the protein[90]. Two other single mutations were performed on
protein L, these mutations were hypothesised to increase the hydrdmbic core packing. Whilst one mutation
increased the unfolding force by 13 pN, the other mutation increased th force by 72 pN at a single velocity
[90]. This increase in force was coupled with an increase in the therndynamic stability of the protein. The
importance of hydrophobic core packing on the mechanical unfolding forcef GB1 has also been shown by
mutations [195]. Protein GB1 is structurally similar to protein L. A ser ies of mutations to this protein iden-
ti ed three mutations that caused a signi cant decrease in unfolding force. These mutations were positioned
in the mechanical shearing region between two structural motifs cordining hydrophobic contacts. These
amino acids were hypothesised to provide stabilising hydrophobiinteractions and mutating these residues
disrupts the contacts between the shearing region [195].

8.6 Role of solvent interactions on protein mechanical stability

The solvent environment is important for the structure and dynamics of proteins [209{212]. In recent years
there have been a large number of studies to understand the role of osiytes on protein mechanical stability.
Osmolytes are small organic molecules that can shift the equilibrium btween the folded and unfolded states
of a protein [213]. So called protecting osmolytes, such as glycerol, sotbi and sucrose, push the equilibrium
towards the folded state of the protein. Denaturing osmolytes such as ganidine hydrochloride (GdnHCI) and
urea shift the equilibrium to the unfolded state of the protein. SMFS studies have been performed in solvent
environments containing a number of di erent osmolytes [214{216]. For examje, glycerol has been shown to
increase the mechanical stability of the protein GB1 [216], while denairing osmolytes such as GdnHCI and
urea have been found to decrease the mechanical stability of protesfi215, 217]. The mechanical properties of
a protein can be tuned by a change in pH or ionic strength of a bu er [81, 81, 218]Electrostatic interactions
within a protein can be a ected by changes in the environment. Tuning the pH of a solvent has been shown
to \switch-on" or \switch-0 " electrostatic attractions and repulsions within a protein [81]. Furthermore,
these electrostatic interactions can be screened by the introdumn of salt [81, 219]. More recently, SMFS
has also been used to mechanically probe a protein in a nonpolar envirorent [220]. Moving the protein
from a water-based solvent to an organic nonpolar solvent octyl benzenegsulted in the loss of mechanical
stability of the protein. This was proposed as being equivalent to unélding the protein in a high (6 M)
concentration of GdnHCI and therefore suggested that the mechanical resiance of the protein was lost due
to the loss of the tertiary structure of the protein[220].

8.7 Temperature softening of protein mechanical properties

Mechanical exibility is important for the function of many proteins. SMFS has been employed to measured
the sti ness of single proteins as a function of temperature. In an ean study by Rief et al. SMFS experiments
were completed on a single domain oDictyostelium discoideum lamin (ddFLN4) in a temperature range
from 5°C to 37 °C[221]. Force extension experiments were completed and the pullingpeed dependence of
the Fy was used in combination with the Bell-Evan-Richie model to deternine parameters which described
the unfolding energy landscape: the transition barrier heights ( G ?s) and position (Xxy). This study found a
narrowing of unfolding force distributions with increasing temperature, and an increase in the x, from 2.7 A
to 7.8 A. From the unfolding energy landscape parameters it is possibleo estimate the spring constant of the
protein along the direction of pulling. Assuming a parabolic function for the free energyG(x) = 0:5Dxy,
where D is the spring constant, they measured a reduction of the sjmg constant by a factor of 7 upon
heating across this temperature range. The study suggested this tengvature softening re ected a shift
in the nature of the interactions responsible for mechanical stabiliy from hydrogen bonds to hydrophobic
interactions. The e ect of temperature on the mechanical stability of the 127 has also been determined
using SMFS. Again, the unfolding force distributions were found to rarrow signi cantly as the temperature
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increased, suggesting that the ¥ between the folded and transition states in the energy landscape alonghe
pulling direction is increased. This temperature softening has rore recently been observed in a cold shock
protein from the hyperthermophilic organism Thermatoga Maritima [91].

8.8 Measuring energy landscape roughness of proteins using mechanical un-
folding experiments

An alternative explanation for the e ects of temperature noted above are that SMFS experiments of protein
unfolding can be used to extract information about disorder and roughness of the underlying energy
landscape[121, 222, 223]. Length-scale dependent ruggedness in the freergynéandscape of a protein arises
due to topological frustration[223]. For a protein which (un)folds in a two-state manner, the roughness is
thought to arise from the presence of multiple energetic interactios, and is likely to be small. Although no
direct measurement of has been made for biomolecules, it has been inferred by using a di imn limited
time scale for loop closure in model peptides, that /kg T 2 [224]. If the unfolding energy barrier is
assumed to be temperature-independent, it is possible to calcate the roughness of the unfolding energy
landscape from the variation in Xy with temperature[225]. This approach has been applied to measure the

in a number of proteins, yielding values of 4.4 kg T for the cold shock protein[91], 4.0 kg T for
ddFLN4[221] and 4.3 kg T for 127[226].

8.9 Mechanical Phi-value analysis probes mechanical unfolding transition st ate

Mutational analysis is a powerful tool that uses minimal perturbations of the system to interrogate the
molecular origin of protein kinetic stability. A mechanical -value anal ysis method allows a detailed ex-
amination of the structure of the transition state in a force unfolding reaction[227]. This is the mechanical
equivalent of the well-established thermodynamic analysis whichs used to examine the e ect of a mutation
based on the relative changes in the free energy of the native state, traition state and denatured state of a
protein[228]. The mechanical -value is determined by comparing the eect of mutation on the transitions
state and measures the amount of native structure present around the mtated residue in the transition
state. This comparison enables information about the native contacts formd at the transition state upon
folding in the mutated protein to be obtained[227]. The mechanical -value is given in equation 40 [227]
and is de ned as the ratio of the change in free energy of activation for foldig ( G %), to the change in
equilibrium free energy ( G B).

__Gis
Gj

A value of 1 indicates that the protein is fully native at the transition state. A partial value in SMFS
experiments indicates partial structuring of the protein [227]. -v alue analysis has been used to determine
the role of di erent amino acids on the transition state of the protein. Best et al. determined the regions
of the protein that were involved in the mechanical unfolding event n the protein 127 [227]. Furthermore,
the -values obtained for the destabilising hydrophobic deletions in both Protein L and GBL1 indicated that
certain mutated amino acids were only partially structured at the transition state [90, 195]. This sensitivity
of SMFS experiments to the structure of the single molecules at thearansition state enables determination
of important interactions at the rate limiting step.

=1 (40)

9 Towards design rules for predicting the mechanical properties
of proteins

9.1 Predicting the mechanical stability and malleability of proteins

SMFS can now accurately provide access to the mechanical propertied proteins. Is it possible to develop
design rules which can predict the mechanical properties of protesf? In a recent attempt to answer this
guestion, a review was completed of the available SMFS experimentalata on protein unfolding. We un-
covered a number of empirical relationships between the measuresiechanical stability of a protein and its
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malleability, which provided a set of equations that might be employed to estimate properties of previously
uncharacterised proteins. This provides a basic toolbox of correlabns that permits the estimation of three
important parameters of a protein, the unfolding force at an unmeasured plling speed, the distance to the
transition state and the unfolding rate at force zero (ky). This o ers an attractive, high throughput tool for
identifying target proteins for desired applications where knowlalge of the mechanical properties are required
in a timely and accurate manner without the need for time-intensiveexperiments. This reveals features such
as a correlation between the type of mechanical clamp in a protein and itsnechanical properties[229]. For
example, the x y and the unfolding force (Figure 26). Typically proteins with the SD1 mechanical clamp
motif, using the nomenclature of Cieplak et al [191{193], have a smaller x and a larger range of unfolding
forces. This study demonstrates that similarities in the structural topologies of proteins results in similarities
in the mechanical unfolding energy landscapes. The relationship beteen the x;, and F has been shown to
follow a power law suggesting proteins with a lower unfolding forcénave a higher x, (forces determined at
600 nm/s) [229]. These studies also reveal gaps in the explored space of maucital properties of studied
proteins (Figure 26), which will be helpful for the selection of protdns for future force spectroscopy studies.
Recent studies on the / protein, the POTRA domain 2 of BamA from E. coli (EcCPOTRAZ2), along with
examination of the mechanical properties of other previously charactesed / proteins identi ed a clear
correlation between mechanical stability and malleability (Figure 27)[80]. These / proteins all share a
common structural feature of proximal terminal -strands in parallel geometry. Such studies improve our
understanding of the relationship between structure and mechanial strength, increasing our ability to design
proteins with tailored mechanical properties.

Figure 26: Examples of mechanical clamp motifs which have been identéd in proteins using the notation
developed by Sikoraet al., including (S) shear, (SA) shear antiparallel, (Z) zipper, (SD1) stear disconnected
1, (SD2) shear disconnected 2, (SS) shear supported, (T) torsion, (D)hear delocalised. The relationship
between x y and Fy at a pulling speed of 600 nm s is shown along with a non{linear t following a
power law t. Figure taken from Reprinted with permission from [229]. Copyright 2013 American Chemical
Society.
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Figure 27: Mechanical stability of / proteins. (A) / proteins studied using SMFS for which a pulling
speed dependence of the mechanical stability has been obtained. Peins are shown in ribbon representations
with  -strands as blue arrows and -helices as green ribbons. The proteins are extended from their amin
and carboxy-terminal ends (N and C). The relevant PDB accession codés shown for each protein. The
proteins are ordered by their unfolding force R, at 600 nm s !, with ubiquitin having the largest F y and
RNaseH the smallest k. (B) Histograms show the percentage of -helical (green) and -sheet (blue) content
in each protein, calculated from the PDB structure. The proteins areagain ordered by their unfolding force
Fu at 600 nm s 1. (C) Graph showing the unfolding force Ry at a pulling speed of 600 nm?! and the
unfolding distance x y for / proteins which have been experimentally unfolded at least at two dierent
speeds. Where required, the expected unfolding force at 600 nm % was interpolated. The data can be
described by a bootstrapped, nonlinear t following a power law wih x y = 45.0 10.5/Fy(R? = 0.86
0.01). Examination of the structure of the 12 / proteins reveals a subset of proteins (blue circles)

that possess a similar structural feature: directly connected, paallel alignment of the N- and C-terminal

-strands. / proteins that lack this structural feature are shown as dark blue squaes. (D) The number
of inter-residue contacts correlates with x y (upper) and with ky (lower) for the six / proteins. Adapted
with permission from [80]. Copyright (2015) American Chemical Society.
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9.2 Predicting the critical rupture force of proteins

In SMFS we can measure the mechanical stability of proteins. Can we prict the mechanical response of
a protein to force? Recently a number of models have attempted to d just this. Given hydrogen bonds
play a key role in the mechanical stabilisation of proteins, a number oimodels have incorporated hydrogen
bonding propensity in an attempt to predict the mechanical stability of proteins, and to explain di erences
in mechanical stability for di erent types of structure. For exampl e, Gabovichet al. have developed a model
to explain the increase in stability exhibited by {sheet proteins in comparison with -helical proteins[197].
In the model, the -sheet protein is modelled by a planar zig{zag, where each rod-like sgon is a tube of
equal length, b and sections are connected by hinges. The angle betweeach segment is and is considered
to be equal. The formula used to calculate the critical force for unfalling of a -sheet is given by:
" - #
1 sin 3

FS'=( dipnE)=4 2 (41)

sin >
Where Fﬁq is the critical unfolding force at equilibrium (where the pullin g velocity v=0nm/sand T =
0 K), (d2,.E)=4is the e ective cross section of the protein and d is the diameter ofte tube. It must be
noted that the Young's Modulus E is included in this model. The authors estimate it to be 0.2 GPa for 127
based on previous studies [230]. Interestingly, other work has shown #t E can be determined from force-
extension curves [231, 232]. In one study, a model could be used to exttanformation from the force versus
extension curve and derive how the Young's modulus changes as the extsion of the protein increases [232].
The unfolding force for the -sheet protein 127 obtained using this model was ' 300 pN, which is in the
same order of magnitude as the force seen in experiments but is deteimed at T =0 Kand v =0 nm/s. The
study suggests this may be an overestimate of the §?. The authors partially attribute errors associated with
the force to the error in the value of E used in the study. In the same &dy, single -helices are modelled as
mechanical springs. The spring is composed of coiled wire where theéatneter of each of the n coils (pitch of
the spring) is Dy and the diameter of the wire composing the spring is gying . Under a mechanical load, the
perpendicular plane to the coils makes an angle to the direction of the force and the current diameter of
the spring, D, depends on this angle. The length of the spring underdad isL = Dn= cos . As the protein
fully elongatesD ! dsping @and  will go from 0 to =2. The formula used to calculate the critical force
for unfolding of a -helix is given by
|
Fed = 3Gd gpring (D O:dspring ) 1
! 8 (Dozdspring ) 4 (DO:dspring )2 +3

Where G is the shear modulus. For -helical proteins, the F;* varies with the determined (D o=0spring )-
The F3%, determined for helical proteins with 1< (D o=0sping ) <0, was found to be between 2 { 3 pN. This
suggests that the forces for -helical domains at small pulling speeds are just a few pN, suggestindey are
signi cantly more labile than the -sheet proteins. This elastic theory is in agreement with experirental
results on mechanical denaturation of proteins. The advantages of these ndels are that there are just two
free parameters for both -sheet and -helical domains which can be estimated experimentally or from the
protein structure. However, due to the simplicity of the model, there are key downfalls with it: it does
not account for thermal uctuations; the protein is assumed to be at 0 K and intermolecular bonds such
as hydrophobic interactions are not quantitatively included. Despte this, it successfully accounts for the
di erences in mechanical properties of -helical and all  structures of proteins.

(42)

9.3 Propagation of forces in proteins

In another recent study a 'crack propagation' model was developed to desibe the critical unfolding force,
Foreak Of -sheet rich proteins[233, 235, 236]. The theory of crack propagation is based on thdriving
force of the crack being governed by the total potential energy of the syem, which in turn is governed by
the total elastic energy stored in the protein and the work done by extenal load on the protein. In the
study, a fracture was proposed to occur when the potential energy gaireby an extension from a crack
balances the energy necessary to create a new surface. A crack in thentext of this model is de ned as
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Figure 28: (A) A model has been developed by Gabovictet al. to demonstrate the di erences in forces
observed between proteins containing -sheets and -helices [197]. In this model the -sheet is modelled
by a \zig{zag" (right). Each strand is modelled as a tube with diameter de with length b that make
an angle with the adjoining strand. The {helices are modelled as a spring formed of n turns of a wire
(right). The wire has a diameter dsping and the pitch of the turns in the coil have a diameter of Dg. The
applied force makes an angle to the plane perpendicular to the coils. (B) Schematic of how fractue in
a hydrogen bond network is modelled to propagate due to an applied force on double stranded system
[233]. Hydrogen bonds are formed between two strands which are perpendiar to the direction of applied
force (i) with a total length L x which is assumed to tend tol . When rupture occurs (ii) the contour length

( ) of the detached strand increases by . This causes a change in the free energy, A. (C)Principles behind
the modelling of an amino acid in a protein structure in the force-ciack propagation simulation [234]. In
A the di erent atoms comprising a single amino acid are labelled and are @jointed for clarity. B shows
how the rigid units are constrained between two amino acids and C shosvhow steric repulsion is achieved
between parts of the protein. (D) An example of how the unfolding pathways mapped for barnase using the
crack propagation network (blue) and typical MD simulations (red) dier . (A) From F. Rico, L. Gonzalez,
I. Casuso, M. Puig-Vidal, and S. Scheuring. High-speed force spectrosoppinfolds titin at the velocity of
molecular dynamics simulations. Science, 342(6159):741{743, 2013. Reprinted witlepnission from AAAS.
(B) Adapted with permission from S. Keten and M. J. Buehler. Geometric con nement governs the rupture
strength of H{bond assemblies at a critical length scale. Nano Lett., 8(2):743{748. Gpyright 2008 American
Chemical Society. (C) Reprinted from Biophysical Journal, 101/3, Gra, A. M. R. D., Shannon G., Farrell
D.W., Williams P. M. and Thorpe M. F., Protein unfolding under force : crack propagation in a network,
736{744, Copyright 2011, with permission from Elsevier.
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the breaking of hydrogen bonds within the structure of the protein. By coupling this idea with the force-
extension relationship for polymer elasticity, which has been widly used to describe protein unfolding, the
authors derived an expression for the critical unfolding force, Freak :

Fbreak = (ks T)=(4Lp)[(1 cr) Z+4 o 1] (43)

Where L, is the persistence length of the chain, which is a measure of the ekility of a chain and
can be determined experimentally, . is the critical ratio between the extension and the contour length for
rupture to occur. This parameter can be determined from the energyof a hydrogen bond and the length
over which a hydrogen bond acts. Using this model, it has also been stvo that rupture of clusters of 3{4
hydrogen bonds are responsible for the mechanical properties of-sheet structures which has implications
for the design principles behind biological materials [233].

10 Future Directions

10.1 Lessons from extreomophiles: SMFS studies of extreme-loving pro teins

The non covalent forces that stabilize protein structures are stillnot fully understood[237]. Proteins from
extremophilic organisms provide excellent model systems to detmine the origin of protein thermodynamic
and mechanical stability. Extremophiles are organisms which surviveand thrive in extreme environments
and are classi ed on the basis of the particular extreme environmental ondition in which they live. The
proteins from extremophilic single-celled organisms have receideconsiderable attention as they are struc-
turally stable and functionally active under extreme physical and chemical conditions, including extremes of
temperature, salt, acid, and pressure, all of which have relevancenibiotechnological research and industry.
Much valuable work has been done to understand the structural adaptatios of proteins from extremophiles.
By comparing high-resolution structural data of homologous proteins from meophilic and extremophilic or-
ganisms, a large degree of secondary structural similarity has been founahile di erences in the sequences
of proteins often result in large variability in thermostability. Str uctural observations reveal a progressive
pattern of stabilisation of proteins from extremophilic organisms through multiple additional interactions at
solvent exposed, loop and interfacial regions. We have recently apjgld SMFS to manipulate proteins from
extremophilic organisms, to gain information about their stability, ex ibility and their underlying energy
landscapes (Figure 29). Using SMFS force extension experiments we amired the mechanical stability of
the cold shock protein Tm Csp from the hyperthermophilic organism Thermatoga maritima in the tempera-
ture range of 5 { 40 °C[213]. We showed that mechanical signature of m Csp is maintained over the entire
temperature range and observed temperature-dependent changes inateres of the unfolding energy land-
scape, by studying the pulling speed dependence of the unfoldirforce with temperature in combination with
Monte Carlo simulations. The main e ect of temperature is seen in thedistance between the native, folded
state of the protein and the unfolding transition state, x y which was large and increased with increased
temperature, re ecting a reduction in the spring constant of the protein and an increase in the malleability
or deformability of the structure. This result was surprising because malleability within the native folded
basin is contrary to the hypothesis that proteins from hyperthermophiles should have rigid structures result-
ing from improved packing and increased numbers of ionic interactios. Instead, these experiments suggest
that enhanced malleability at higher temperatures may enable proteirs from hyperthermophilic organisms
to maintain and easily reform their structure when exposed to denatuing high temperature conditions. This
approach, of examining proteins from extremophiles, lays the foundatin for further studies to examine the
role of non covalent interactions in conferring protein stability and exibility.

In a recent example, we demonstrated that a protein from a hyperthemophilic organism can be used
to determine the role of salt bridge interactions in determining protein stability [238]. SMFS experiments
showed that at ambient temperatures Tm Csp is mechanically stronger yet, counter-intuitively, its native
state can withstand greater deformation before unfolding (i.e. it is mehanically soft) compared with the
mesophilic cold shock protein,BsCsp. MD simulations were used to identify the location and quantify the
population of salt bridges, and revealed thatTm Csp contains a larger number of salt bridges tharBsCsp.
To test the hypothesis that salt-bridges endow these mechanical mperties on the Tm Csp, a charged triple
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mutant (CTM) variant of BsCsp was made by grafting an ionic cluster fromTm Csp into the BsCsp sca old.
We showed that a grafted ionic cluster can increase the mechanical sokss of a protein and speculate that
it could provide a mechanical recovery mechanism and that it may be alesign feature applicable to other
proteins.

10.2 Folded protein-based biomaterials

As well as understanding the properties of proteins in isolation, thee is now considerable interest in the use
of proteins as components in bionanomaterials with speci ¢ and desireduinctions. For example, elastomeric
proteins act as important functional units in biomechanical machinery. These proteins are being exploited
as building blocks for biological materials that exhibit attractive and b espoke mechanical properties, as
they possess the desired elasticity, mechanical strength and rdigince required for these functional materials.
Recent studies have demonstrated examples of engineered elastoieproteins with mechanical properties
that mimic and surpass those of natural elastomeric proteins, and have ulised natural elastomeric proteins
that are well-characterised on the nano-scale to engineer hydrogels vhitspeci ¢ macro-scale mechanical
properties[240{243]. Central to these novel developments is the abiftto measure the mechanical properties
of the building block, the protein. As the eld of protein-based biomaterials expands, there is a need to
move towards predictive tools that can rationally identify proteins with desired material properties. Ideally,
it would be advantageous if a protein could be selected which has the redred mechanical properties, for
example in terms of its mechanical stability and malleability.e. This would greatly expand the tool-kit of
protein 'parts’, given there are now over 100 000 protein structures inthe PDB.

11 Conclusions

The ability to manipulate single protein molecules using SMFS and masure their force versus extension
behaviour has provided exciting opportunities to understand thér mechanical properties. The eld has
advanced, thanks to the development of instrumentation and the methals to analyse and interpret the
data[245{247]. SMFS is now embedded within the scientic community and & being exploited to probe a
diverse range of biological systems, including proteins, DNA, RNA and the complexes[67, 81, 85, 157, 248{
252]. While early experiments provided the rst measurements of potein mechanical stability, further
experimental and theoretical studies have pin-pointed the moleclar origin of this resilience. This has in-
cluded descriptions of hydrogen-bonded mechanical clamp motifs, theole of the solvent environment and
ligand binding. From this knowledge it is now possible to work towardsa set of design rules or principles
that might be able to predict the mechanical properties of proteins. Sich tools would be powerful for the
realisation of exploiting proteins as biological parts within more complexstructures, in which their inherent
mechanical stability might provide a useful characteristic. This could include sophisticated biomaterials
with bespoke mechanical properties. Indeed, we might not be far from aexperimental system in which the
mechanical properties of the protein building block can be ne-tured such that the properties and function
of the biomaterial can be perfected.
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(A) (B)

(©) (D)

Mesophile Hyperthermophile

Psychrophilic CSP ‘Designer’ CSP

Figure 29: (A) An example AFM experimental force-extension trace showig the unfolding of a full polypro-
tein chain containing three Tm Csp domains (red squares) and four 127 domains (yellow circles) at room
temperature, and a pulling speed of 600nms!. The measured peak unfolding forces (F) and inter-peak
distances % for each unfolding event are recorded. B) Scatter plot of inter-peak ditances and peak unfolding
forces forTm Csp and 127 from a single experiment at 600nms! at room temperature. The median Ry and
Xp values are plotted as symbols with black outlines. (C) Proteins from dierent variants of extremophile or-
ganisms, including psychrophilic, mesophilic and thermophilic,provide model systems with which to explore
the origin of protein stability and provide an opportunity to determin e 'design rules' for new proteins with
bespoke mechanical properties and stability. (D) Schematic depiéhg the energy funnel model of protein
folding for proteins from psychrophilic, mesophilic and thermophilic organisms [239]. The lowest free energy
state corresponds to the most stable, native, folded state of the prot&i. The higher energy states correspond
to random-coil and unfolded protein structures. Proteins from psychrophilic organisms are generally less sta-
ble than their mesophilic and thermophilic counterparts, meaningthat it is easy for them to interchange
between di erent structures. This is an essential adaptation to erable them to function at lower tempera-
tures. The ruggedness of the bottom of the energy funnel depicts thenergy barriers for inter-conversion
or structural uctuations of the native state. Figures A and B are reprin ted with permission from Journal
of Physical Chemistry B, 117(6): 1819-26 (2013). Copyright 2013 American Chemical Saty. Figure D:
This research was originally published in Biochemical Society Tramactions. K. M. Tych, T. Ho mann, M.
Batchelor, M. L. Hughes, K. E. Kendrick, D. L. Walsh, M. Wilson, D. J. Br ockwell, L. Dougan, Life in
extreme environments: single molecule force spectroscopy as a toa explore proteins from extremophilic
organisms. Biochemical Society Transactions. 2015; Volume: 179-185 the Biochemical Society.
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(A) (B)

(©)

Figure 30: (A) Engineering elastomeric protein-based biomaterials via lhe bottom-up approach. (A)
Schematic of miniature-titin-like elastomeric protein GRG5RG4R. G represents GB1 domain and R rep-
resents resilin consensus sequence. Bottom: Force-extensionrwes of GRG5RG4R. The initial featureless
spacer corresponds to the stretching of unstructured resilin spiences, and the sawtooth peaks correspond
to the unfolding of GB1 domains. (B) A photograph of a hydrogel ring constructed from GRG5RG4R and
the schematic of the network structure. (C) Physical properties ofhydrogel, (FL)g, made from a de novo
designed protein that assumes the classical ferredoxin-like foldtrsicture reversibly tuned by GuHCL. In
PBS, the hydrogel is opaque and shows a negative swelling ratio. Upon soakjrin 3M GuHClI, the hydrogel
changes to transparent and swells signi cantly. Figures (A) and (B) Repinted with permission from ([244])
H. Liand Y. Cao, Protein Mechanics: From Single Molecules to Functional Bionaterials, Accounts of Chem.
Research, 43(10), 1331-1341, 2010. Copyright 2010 American Chemical Society. Figure (Reprinted by
permission from Macmillan Publishers Ltd: Nature Communications, ([242), copyright 2013.
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