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The successful integration of proteins into bionanomaterials
with specific and desired function requires an accurate
understanding of their material properties. Two such
important properties are their mechanical stability and
malleability. While single molecule manipulation techniques
now routinely provide access to these, thereis a need to move
towards predictive tools that can rationally identify proteins
with desred material propertiess We provide a
comprehensive review of the available experimental data on
the single molecule characterisation of proteins using the
atomic for ce microscope. We uncover a number of empirical
relationships between the measured mechanical stability of a
protein and its malleability which provide a set of smpletools
which might be employed to estimate properties of previously
unchar acterised proteins.

1. Introduction

Proteins are hiological nanomachines that utilise mechanical
forces in a wide range of cellular processes'™. These important
processes range from the translocation of proteins/DNA across
membranes® © the degradation of proteins by molecular
chaperone proteins’, the mechanical resilience of proteins within
amolecular scaffold®!! and the conversion of mechanical signals
into electrochemical signals™® ** (Figure 1). In isolation or as a
component of larger complexes, proteins perform their function
through structural changes, modifying their intra and
intermolecular interactions. The folded, native conformation of a
protein is stabilised by weak localised interactions including
electrostatic interactions, van der Waals forces, hydrogen bonds
and the hydrophobic effect’®. These same forces are aso
important in stabilising intermolecular bonds in protein
complexes.

The native conformation of a protein represents a minimum of
its free energy. Protein stability is only margina as their free
energies of unfolding range from 5 to 15 kca mol? (8-25
ksT)*>'6. Changes in protein conformation upon unfolding are
measured in the nanometre length scale, and given the energies
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involved, the relevant biological forces are expected to be in the
piconewton range. Proteins are subject to thermal forces and the
number of possible configurations of the protein (entropy) isat its
maximum when it forms a random coil or is denatured. This
entropy is reduced as the protein forms secondary or tertiary
structures. Extending these native tertiary structures, to overcome
the forces holding them together, has been achieved
experimentally using a number of single molecule manipulation
techniques and requires forces of the order of piconewtons'.
More than a decade ago, a pioneering study used an instrument
cadled an atomic force microscope (AFM) to mechanically
unravel asingle molecule of the muscle protein titin'®. This study
showed that the protein exhibited resistance to unfolding, with
forces of 150 — 350 pN being required to unravel the molecule.
The mechanical stability, Fy, or resistance to unfolding in
response to an applied mechanical force, is therefore a parameter
of physiological importance, alowing a molecule to remain
folded under certain mechanical stress. The malleability of a
protein is a measure of its ability to be deformed without
breaking or unfolding.

As well as the study of biologica proteins and their role in
vivo, significant advances have been made in the study and use of
proteins in the rational design of new, materials'®*2. For example,
spider silk proteins have been examined in detail to determine the
relationship between protein sequence, structure and material
properties. This approach promises a path towards the next
generation of bio-materials for mechanically robust
applications®. Elastomeric proteins act as important functional
units in biomechanical machinery. These proteins are now
beginning to be exploited as the building blocks for biological
materials that exhibit outstanding mechanical properties, as they
possess the desired elasticity, mechanical strength and resilience
required for these functional materials. Inspired by the muscle
protein titin, synthetic multidomain polymers have been
developed, in the pursuit of materials with combined mechanical
properties of mechanical strength and elasticity®*’. These studies
demonstrate the importance of non-covalent, intramolecular
interactions in achieving advanced mechanical properties for
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proteins and biomimetic polymers. Recent studies have shown
examples of engineered elastomeric proteins with mechanical
properties that mimic and surpass those of natural elastomeric
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proteins”’, and have utilised natural elastomeric proteins that are
s well-characterised on the nano-scale to engineer hydrogels with
specific macro-scale mechanical properties® (Figure 2A).

B. Force generation

Fig. 1 Proteins as biological machinesin vivo. (A) DNA translocation isrequired during packaging of a viral genome into the preformed protein
10 hull (procapsid). In the bacteriophage ®29 it is accomplished by one the strongest known biological motors. (B) Force generation in muscles
happens within the repeating units of muscle sarcomers. It relies on the cyclical binding of the myosin filamentsto adjacent actin filaments. A
conformational change powered by the hydrolysisof ATP pullsthe actin filamentsinwar ds and consequently shortensthe sarcomere. With this
motion, the muscle contracts. (C) Proteins are functionally important due to their resistance to mechanical force. For example, the a-helical
protein spectrin and other proteinsform the elastic network of the cytoskeleton. It givesred blood cellstheir unique flow-optimised shape and
15 their elastic properties. (D) Proteins convert mechanical signalsinto electrochemical signals. The sensory cellsin theinner ear of mammalsare
equipped with bundles of large membrane-covered cell protusions, so called stereocilia. Stereocilia pivot when they are mechanically stimulated
by sound. Thetips of thecilia arelinked by protein tethers made of cadherin 22 and protocadherin 15. Thistip link is anchored within the
membrane to an ion channel. A deflection of the stereocilia opens and closes the ion channels that resultsin changes of ion flux acrossthe
membrane. A sufficiently strong deflection will eventually depolarise the cell and lead to an electrical potential that can reach the auditory nerve

20 Another study exploited the architecture found in spider silk
proteins to engineer materials with remarkable extensibility and
strength®® (Figure 2B). The use of proteins in the rational design
of biomimetic materials and functional biomaterials for tissue
engineering, lubrication and medicine, is now a field of

2 considerable and growing current interest®® % ¥ To exploit
proteins for the design of artificial, novel materias or to utilise
them in nanomechanical systems as springs, switches or
sensors?, it will be necessary to have a tool-box of proteins
available with known or predictable mechanical properties.

30 Although the number of experimentally studied proteins is ever
increasing, it is still very limited. Uncovering some of the design
principles that underlie protein stability and flexibility is an
important step towards achieving that goa. In addressing this
challenge, the ability to predict properties such as the mechanical

35 stability, malleability and flexibility of such materials under
different environmental conditions is highly desirable. An
understanding of their structural characteristics and mechanical

properties from the smallest scale is essential to enable their
efficient and full exploitation.
40
Single molecule force spectroscopy has emerged as a powerful
tool to investigate the forces and motions associated with
biologicad molecules. The most common force spectroscopy
techniques are optical tweezers, magnetic tweezers and AFM 1" 3%
45 *2. Here we focus on approach taken using the AFM, which has
been used for more than a decade to study the mechanical
properties of a broad range of proteins'® *. This technique is
advancing, and the number of natura and designed proteins
studied in experiments, combined with those characterised by
s computational modelling, provide a growing data set for a
detailed analysis of the mechanical stability of proteins® 2 444,
It is by using this growing body of data that we seek to establish a
set of simple tools, to estimate the parameters that decide the
protein unfolding landscape, prior to in-depth experimental
s5 Characterisation.
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Fig. 2 Proteins as biological modulesin the design of new materials
(A) A schematic of the protein-based hydrogel described by Lv, Cao
and Li%, where the self-assembly of two complementary leucine-

5 zipper sequencesinto coiled-coilsat pH 7.0 isutilised to bond a
network of tandem modular proteins. Theresulting hydrogels can be
engineered to have particular mechanical properties depending on
the proteins used to make the networks, and the bond geometries. (B)
A schematic of the structure of silk, wher e beta-sheets act as cross-

10 linksjoining filaments. The arrangement of these beta-sheets
provides silk with itsremarkable extensibility and strength?.

In this perspective we aim to provide the non-specidist with a
review of the current experimenta data characterising the
mechanical stability of single proteins as well as providing a
15 vViewpoint on the future direction of the field. In section 2 we
begin with an introduction to the technique of single molecule
force spectroscopy for the study of protein mechanical stability.
In section 3 we review the current experimental data available in
the literature on protein mechanical stability using the AFM. In
20 Section 4 we begin to identify predictive tools for caculating the
mechanical stability of proteins and in section 5 and 6 we
examine the relationship between protein mechanical stability,
malleability, the underlying energy landscape, and protein
structure. Finally, we conclude with a summary and thoughts on
25 the future directions of thisfield.

2. Single molecule for ce spectr oscopy to study
proteins

With the advent of single molecule manipulation techniquesiit is
3 how possible to manipulate single proteins and study their

mechanical properties. The techniques include AFM, optical
tweezers, magnetic tweezers and the biomembrane force probes'”
%, Single molecule force spectroscopy, using the atomic force
microscope (AFM), is one of the nanomanipulation techniques

35 most extensively used for the study of the mechanical properties

of proteins™ *. In an AFM force extension experiment a protein
is extended and unfolded a a constant velocity, yielding
information on the mechanica stability of the protein, or the
force required to unfold it, Fy. The process is described in detail

w0 inFigure 3.
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Fig. 3 In single-molecule for ce spectroscopy, a polyprotein containing
repeating protein domains (grey circles) istethered between thetip of
a cantilever and a substrate (A). I ncreasing the distance between tip

45 and substrate exertsa force on the tethered protein chain (B) which

in turn displacesthe cantilever (with a known spring constant). By
focusing a laser on the back of the cantilever tip, this displacement is
detected asa changein the position of the reflected laser light on a
photodetector. I n for ce-extension experiments, the protein chain is

s0 pulled at constant velocity. Theincreasing force leadsto the

subsequent unfolding of single domainswithin the protein chain
which resultsin a sudden drop in the pulling for ce (C). The process
repeatsuntil all of the domains are unfolded (D). Eventually, the
protein will detach from thetip (E). Theentire processresultsin a

s5 typical sawtooth-like for ce extension plot as monitored by the

displacement of the AFM cantilever. Thisplot revealsthe force
required to unfold (Fy) the domainswithin the protein chain.

The unfolding of a protein under an externa force can be
described as a lowering of the free energy barrier between the

e folded and unfolded state of the protein (Fig. 4). This increases

the likelihood of thermal fluctuations leading to a transition from
the folded to the unfolded state. For a two-state unfolding
process, this reduction in the energy barrier is dependent on the
magnitude of the applied force and the distance between the free

s energy barrier and the folded state energy well, as described by

the Bell model®:

~(AG-FAx,)

K(F) = A
(F) = Aex T

@
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where k(F) is the force-dependent rate constant, F is the applied
force, A is the attempt frequency, Axy is the distance from the
folded state to the transition state, kg is Boltzmann's constant and
T the temperature™. The value of Axy is determined by the
distance of the transition state relative to the native, folded state
along the unfolding pathway. A movement of the transition state
towards the unfolded state will result in an increased Axy. Single
molecule AFM experiments allow Axy and AG* to be quantified,
(given an estimate for the exponentia pre-factor, A), uncovering
1 features of the underlying energy landscape of proteins®®.
While the Bell model is most frequently employed to extract
information on the unfolding energy landscape of a protein using
AFM, it should be noted that a number of alternative models have
now been proposed in the literature®®. We refer the reader to
15 this literature for further information.

o

free energy, G

distance along reaction coordinate, x

Fig. 4 The unfolding pathway of a protein can be depicted in a free-
energy profile. In case of a simple two-state transition, the protein
moves from its native, folded state (F) through a transition state (TS)

20 to adenatured, unfolded state (U) at an unfolding rate ky. The
distance between native and transition state is described by Axy. The
application of an external pulling for ce causes the free-ener gy profile
to tilt (dotted line). Thus, the energy barrier (AG*) to reach the
unfolded state (U*) islowered. A sufficiently high force will deform

25 the energy profile such that the unfolded state becomes favour ed over
thefolded state.

In characterising the mechanical stability of a protein, it is
common practice to perform single molecule force spectroscopy
experiments at several different pulling speeds %. Generally, a
30 dataset containing a large number of unfolding forces of a given
protein at a single pulling speed is plotted in the form of a
histogram, and the median unfolding force value, and a measure
of the spread of the data, are obtained (Figures 5 A and B). This
is repeated over severa different pulling speeds, enabling the
35 dependence of the force on the pulling speed to be plotted (Figure
5 C). It isthis pulling speed dependence of the unfolding force, as
well as the measure of the width of the unfolding force
distribution, that enable the underlying features of the unfolding
energy landscape to be extracted from the data using the Bell
40 model (Figure 5D).

A number of proteins have now been studied and their
mechanical stability and pulling speed dependence on mechanical
stability have been determined. Figure 6 shows examples of the
different proteins that have been studied using this approach.

45 More details and references can be found in Table 1. Over the

past decade, a number of studies have contributed towards
pinpointing the interactions and structural features of proteins
responsible for their mechanical stability®. These studies have
demonstrated that proteins can be ranked according to their

s0 secondary structure content and arrangement — where mostly
alpha-helical proteins are mechanically weaker (low Fy) than
those predominantly composed of beta-sheet structures (higher
FU)44, 46.
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s5 Fig. 5 The effect of pulling speed on the unfolding for ces of cold shock
protein (CSP) from Thermotoga maritima, and 127, adapted from®. A
polyprotein construct containing three CSP domains and four 127
domainsisunfolded at two different pulling speeds, 100 nm/s and 400
nm/s. (A) The sawtooth patter nsresulting from unfolding full

0 polyprotein constructs. (B) The unfolding force distributionswith
Gaussian fitsto obtain a measure of the spread of the data. (C) The
median unfolding forcesfor CSP (bluecircles) and 127 (orange
squar es) plotted against the natural logarithms of the pulling speeds
(data not shown). (D) Ener gy landscapes estimated using the Bell

65 model, and three- dimensional ribbon representation structures of
127 (orange) and CSP (blue). The PDB accession codesfor the
structuresare 127 - 1TIT, CSP - 1G6P.

The importance of the arrangement of the secondary structure in
relation to the direction of the pulling force has been
70 demonstrated, where for example the shearing apart of two beta
strands requires a greater force than “un-zipping” them
sequentially®® %€, Indeed, an early molecular dynamics study on
the 127 protein identified a ‘ mechanical clamp’ region within the
secondary structure which involved two neighbouring beta-
75 strands™®. Mechanical clamps have since been identified in many
other proteins™ "™, Further studies have examined side chain
packing and long-range interactions in topologicaly similar
proteins®?, hydrophobic packing in the hydrophobic core of a
protein, solvent accessibility of hydrogen bonds™ , non-native
w interactions * and bond patterns as well as the identification of
“strong” and “weak” sequence motifsin protein families® 2> 767,
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Fig. 6 A selection of proteins studied in single-molecule force-extension experiments. Shown areribbon representations of the tertiary structure
of selected proteins. B-strands are shown as blue arrows and o-helices are represented as red ribbons. The proteins are extended from their

5 amino- and car boxy-terminal ends (N- & C-).

3. Survey of single molecule protein unfolding
data

We have completed an extensive survey of the available literature
10 to find al single molecule protein unfolding studies using AFM.
From these studies, of which there are many, we found a dataset
of 25 proteins for which the pulling speed dependence of the
mechanical stability had been determined (see Table 1 & 2 for
full details of references). For the current study, we assume that
15 the proteins follow a liner relationship between the unfolding
force and pulling speed, in accord with the literature reference
from which the datais taken. A linear fit has been applied to each
published data set to obtain the unfolding force pulling speed
dependence for arange of forces from 100 nm/s to 1000 nm/s. In
20 Figure 7 we show the mechanical stability Fy as a function of
pulling speed for a set of 25 different proteins. For the proteins
studied to date, it can be seen from Figure 7 that there is a wide
range of mechanical stability ranging from low values of tens of

piconewtons for the all apha helica protein camodulin (Cam

25 DomC) to high values of hundreds of piconewtons for the all beta
sheet protein rubredoxin (Fe-pfRD).

As well as differing values of Fy, the dependence of Fy on
pulling speed can aso be seen in Figure 7. The gradient of Fy
versus the natural logarithm of the pulling speed, gives a measure

30 of the mechanical sensitivity of the protein to the speed at which
it is unfolded by force. Mechanicaly strong proteins such as
rubredoxin  (Fe-pfRD) exhibit a steep gradient, while
mechanically weak proteins such as camodulin (Cam DomC)
exhibit a shallow gradient.

35 TO quantitatively compare the mechanical sensitivity of al 25
proteins in Figure 7, we calculated the gradient of the speed
dependence of the unfolding force for each protein at a given
pulling speed. In Figure 8 we show the gradient (AF /Aln(v))
versus the measured mechanical stability Fy of each protein at a

40 pulling speed of 600 nm/s. For all 25 proteins we find a positive
correlation between the magnitude of the mechanical stability F
and the change in mechanical stability with pulling speed
(AFy/Aln(v)), with mechanically strong proteins (high Fy) having

This journal is © the Owner Societies [year]
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a large value for the AF/Aln(v), and mechanically weak proteins
(low Fy) having a small value for the gradient (AFy/Aln(v)).
Given the gradient (AFy/Aln(v)) is a measure of the force

sensitivity of the protein to unfolding speed, this suggests that
s mechanically strong proteins are more force-sensitive than
mechanically weak proteins.
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Fig. 7 The experimental pulling speed dependence of the unfolding force of a protein (Fy) for 25 proteinsfrom theliterature (Table 1). A linear fit

10 has been applied to each published data set to obtain this plot. Published data that isonly provided as a graph was extracted and converted into
numerical values using the (x,y) pixel coordinates of individual data points. The protein labels are given on theright in decreasing order
regarding their respective unfolding forces at a pulling speed of 600 nm/s. The color scheme indicatesall beta proteinsin shades of blue, proteins
with mixed beta-sheet/alpha-helical content in purple hues, and pure alpha-helical proteinsin shades of red.

In summary, by completing AFM force-extension experiments of
15 protein unfolding, the mechanical stability, Fy, of a protein at a

range of different pulling speeds can be measured (Figure 7). It is

worth noting that these experiments take time, as sufficient

statistics need to be gathered to obtain the distributions of

unfolding forces (e.g. Figure 5B), and experiments are often
20 completed in triplicate to ensure reliability/robustness™.

While these studies have provided detailed information for
specific protein folds, there is a need to move towards more high-
throughput, predictive tools for understanding the mechanical
2 stability of proteins as well as the dependence of mechanical
stability on pulling speed. As a first step, we have compared the
mechanical stability of all 25 proteins in our dataset to determine
the relationship between the change in mechanical stability with
change in pulling speed (AFy/Aln(v)) and the measured
30 mechanical stability Fy (Figure 8).

Next, we consider how we can use this information to find a
relationship between the mechanical stability Fy and the pulling
speed, at al pulling speeds, the experimental variable in AFM

35 experiments. Such a relationship would remove the need to
complete a full experimental study of the pulling speed
dependence of the force required to unfold a protein, as this
information would be accessed by measuring Fy at only one
pulling speed.
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Fig. 8 The dependence of force sensitivity of the unfolding force F.
The solid line is the linear fit to the available data of 25
experimentally studied proteins pulled at 600 nm/s. Dashed lines
indicate how this fit tilts when 100 nm/s (upper dashed line) or 1000

45 nm/s (lower dashed line), isused. The colour scheme indicatesall beta
proteins in shades of blue, proteins with mixed beta-sheet/alpha-
helical content in purple hues, and pure alpha-helical proteins in
shades of red.
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4. Towards predictive tools of protein mechanical
stability

To access information about the unfolding energy |andscape of a
protein the unfolding force is measured at a range of different
pulling speeds (Figure 5). It would be valuable to have a tool
which would alow the dependence of unfolding force on pulling
speed to be determined with minimal effort, for example after the
completion of one experiment at one unfolding speed. If one
unfolding force was experimentaly obtained, Fy, at a pulling
speed v, we could use the information in Figure 8 to obtain a
predicted dependence of unfolding force on pulling speed
AF/Aln(v), so that the unfolding force at any pulling speed could
be calculated, F' and v'. Here we describe one approach for how
this might be achieved.

In Figure 8 we showed that the force sensitivity of a protein to
pulling speed (AFy/Aln(v)) can be related to the protein
mechanical stability Fy at a given pulling speed, v. At a pulling
speed of 600 nm/s we find that AF /Aln(v)=0.15F; with an
R?=0.78 When plotted for different pulling speeds (Dashed lines
in Figure 8), the mechanical stability of the protein changes and
as a result a different dependence between AFy/Aln(v) and Fy is
found. Using the available experimental data (Figure 8) we can
find a relationship between the mechanical stability sensitivity of
a protein and the pulling speed. We find that AFy/Aln(v) and Fy
are related by AFy/Aln(v) = 0.7Inv¢®® F,. Therefore, if an
experiment is completed at one pulling speed, v, and an unfolding
force Fy is obtained, the relationship above can be used to predict
AFy/Aln(v). By integrating this equation we can find a more
general description of Fy This equation alows us to predict the
expected unfolding force (Fy) at a given pulling speed (v) for a
protein with a known unfolding force (F'y) a a single pulling
speed (V').

: exp[ [l n(v)]m} )
0.16 0.16
eXF{O 16[|n( )l J

This relationship permits the pulling speed dependence of the
protein to be determined for a range of different pulling speeds,
and as a result parameters of the energy landscape of the protein
could be extracted (Figure 5).

We tested the robustness of this expression by calculating the
unfolding forces for al 25 proteins shown in Figure 8, using the
unfolding force at 600 nnV/s pulling speed as our input in equation
2. We then compared the unfolding forces in Figure 8 with the
calculated unfolding forces, within a pulling speed range of 100
to 1000 nm/s, and found the root mean squared error (RMSE).
The RMSE are shown in Table 1 for each of the proteins, where a
low RMSE value indicates that the deviation from experimental
and calculated forcesis low.

To exploit the expression further we have implemented this
relationship for a number of different proteins in the literature
that have been mechanically unfolded using the AFM, a one
pulling speed (Table 2). Using equation (2) we have predicted the

=}

a

pulling speed dependence of the unfolding force for six proteins

ss from the literature, which have been studied at just one pulling

speed (Figure 9). The al-aphahelica protein vascular cell
adhesion molecule-1 (VCAM1) has previously been studied
using AFM force extension a a pulling speed of 1000 nm/s,
measuring an unfolding force of 40 pN ®. We predict that the
mechanical stability will change from 27 pN — 40 pN as the
pulling speed is increased from 100 nnV/s to 1000 nm/s. The pure
beta sheet single cohesin domain from the scaffolding protein
CipA (scaffoldin c7A) has been mechanicaly unfolded at 400
nm/s, yielding a mechanical stability of 480 pN ™. We predict
that this mechanically strong protein will unfold at a force of
between 379 — 549 pN as the pulling speed is increased from 100
to 1000 nm/s. Thus this protein is mechanically very strong (the
strongest measured to date) and if the pulling speed dependence
we predict were experimentally confirmed, the scaffoldin c7A
protein would have the highest sensitivity in mechanical stability
towards an applied pulling speed (AFy/Aln(v)).

Clearly, this model cannot predict atypical behaviour between
proteins with very similar unfolding forces asiit only incorporates
the average behaviour of many different proteins, for example it
cannot take into account the effect of a proline mutation in the
mechanical clamp region of the protein®’. Nor does the method
account for any deviations from non-linear behaviour in the
unfolding force. As such it gives a global perspective on the
range of experimentally explored force sensitivities. We propose
that it may be useful for rapidly assessing how a protein deviates
from the average observed dependence of the unfolding force
from the pulling speed. Aberrant behaviour could point towards
unusual topologies or molecular interactions that modify the
proteins response to an applied force. Moreover, the model could
serve as a useful template that alows the integration of
modulating factors that affect the mechanical stability and force
sensitivity of aprotein.

i RE 8¢ VCAM1
A & E ® E T4 hsocyine
& | ——— GFP
= g ——=— scaff. c7A
3 il Bl ——— scaff. c1C
L "_..—' "‘_,a e e o
100 S
I
300
200 f e —
100 opp—
pliii e oak i isaayupakag g,
S 55 6 6.5 In (v)

% Fig. 9 Best fit estimations for the dependence of the unfolding force

from the pulling speed (between 100 - 1000 nm/s) for proteins where
only a single pulling speed has been published. Shaded areas indicate
the range of possible values based on the root mean square value
between experimental and predicted fits for proteins with known

95 dependence of the unfolding force from the pulling speed. The given
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colour scheme indicates all beta proteins in shades of blue, proteins
with mixed beta-sheet/alpha-helical content in purple hues, and pure
alpha-helical proteinsin shadesof red.

5. Relationship between protein mechanical
s Stability and malleability

Single molecule manipulations techniques have helped to gain
insight into the structural bases of protein resistance to forced
unfolding, yielding information on mechanica stability F, and
10 malleability, as measured by Axy (Figure 4). A survey of the
current experimental literature on the mechanical unfolding of
proteins alows us to examine the relationship between F, and
Axy (Figure 10). The data shows a robust correlation between Fy
and Axy with mechanicaly strong proteins (large Fy) having a
s small Axy, and mechanically weak proteins (small Fy) a large
Axy. The tendency for al apha proteins to be mechanically
weaker than proteins with mixed aphahelical / beta-sheet
content and pure beta proteins®® can be seen in Figure 10. One
important development in the understanding of which structural

2 elements provide mechanical resistance has been the
identification of a so-called ‘mechanical clamp’ in many proteins.
A mechanical clamp is a structural region in a protein that is
responsible for the enhanced resistance to stretching. This
element therefore confers mechanical robustness and provides the

25 rate-limiting step for the unfolding of a protein.

This important structural feature is often, but not exclusively,
formed between neighbouring B-strands connected by hydrogen
bonds. One prominent example can be found in the 127

30 immunoglobulin-like domain of titin, where the two terminal
beta-strands must be sheared apart before the rest of the domain
can unfold®,”. Proteins with mechanical clamp motifs with more
complex topology have also been designed de novo™.
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Fig. 10 The relationship between Axy and Fy. The unfolding force Fy and the unfolding distance Axy are shown for 22 experimentally studied
proteinsthat were unfolded at at least two different speeds. Where required, the expected unfolding force at 600 nm/s wasinter polated. The data
can be described by a bootstrapped non-linear fit following a power law with Ax, = 39.4+3.1/ F, (R?= 0.91+0.01). Proteins are grouped according
45 to their general protein category (SCOP): all alpha-helical (red), mixed beta-sheet/ alpha-helical (purple) and pure beta-sheet proteins (blue).
Pointed grey arrows depict beta—strands while zigzagged light and dark-grey rectangles illustrate alpha-helices. Five proteins are shown
encircled in black. They have a published Axy but no given dependence of the unfolding force on the pulling velocity. Here, the expected
unfolding force at 600 nm/s has been estimated using the relationship given in Figure 5. Accordingly they have not been used for the power law fit

shown in thisfigure.

s0 A systematic theoretical study of protein secondary structures
from the protein data bank permitted the identification of a
number of mechanical clamp motifs?, defined in Figure 11.
These motifs were defined according to the hydrogen bond

arrangements between secondary structure elements within the
s5 protein, and have since been found to occur in many proteins in
different modifications across all branches of life” . In addition
to the mechanica clamp, other studies have examined mechanical
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stability by investigating mechanical networks of hydrogen bonds
in proteins, mechanical crack propagation and mechanical
fracture in the context of protein unfolding under force 18 19848,

s In Figure 12 we show the 25 proteins from our dataset, where
we have assigned each protein with a mechanical clamp motif
based on the classification system described by Sikora et al.”. It
can be seen that by grouping each of the mechanical clamp
motifs, an interesting trend of mechanical hierarchy is observed.

10 Proteins with a ‘zipper’ motif, where hydrogen bonds are broken
sequentially, exhibit a large Axy and small Fy. This suggests that
this motif represents proteins that are malleable but mechanically
less stable.

15 Fig. 11 Mechanical clamp motifs according to Sikora et al.”. The
following abbreviationsareused: S... shear, SA ... shear
antiparallel, Z ... zipper, SD1 ... shear disconnected 1, SD2 ... shear
disconnected 2, SS ... shear supported, T ... torsion, D ... shear
delocalised.

20
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® S, shear
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Fig. 12 The relationship between Axy and Fy at a pulling speed of 600nm/s. Schematics asin Figure 7 but proteins are now grouped accor ding to
their type of mechanical clamp as described in Figure 10. The data can be described by a non-linear fit following a power law with Axy = 39.4
2 3.1/ Fy (R*=0.91+0.01).

Proteins with SD1 motifs, where hydrogen bonds must be sheared characterised experimentally, proteins with a mechanical clamp
apart, exhibit a small Axy and a broad range of Fy values, of the shear-disconnected |l type (SD2, Fig. 11) form the largest
implying that this motif provides some malleability as well as group. Studies on this motif to date have included the
versatility in mechanical stability. This figure demonstrates that 35 hyperthermophilic cold shock protein  from Thermotoga
0 most clamp motifs are not yet represented by a large set of maritima® and several homologous proteins (fibronectin type 111
experimentally studied proteins. However, among those domains and the 11 domain from human cardiac titin), and exhibit
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unfolding forces in the range from 70 to 230 pN. Whilst there is
some clustering of mechanical clamp motifs in Figure 12, and of
secondary structure content in Figure 10 demonstrating that
common structural features have an impact on the resulting
values of Axy and F, neither the secondary structure content nor
the mechanical clamp motif alone can be used to accurately
predict the unfolding force of a protein.

Previous work has suggested that Axy is related to the force
required to unfold a protein, F, by either a power law or alinear
correlation®. Studies undertaken in the past six years have about
doubled the number of proteins with an experimentaly
determined Axy and Fy, allowing us to refine the dependency of
Axy and Fy and confirm that the relationship is best described by
apower law (solid line, Figures 10 and 12) of the form

39.4

A

©)

with a chi-squared value of 0.91. In contrast, a linear fit gives a
chi-squared value of 0.41. This scaling law indicates that
mechanically weaker proteins would have a larger value of Axy.
Past studies have proposed that an increase in Axy represented
softening of the protein i.e. a decrease of its spring constant,
whereby a protein could be deformed by a greater amount before
reaching the transition state and unfolding % &. Conversdy a
protein with a low Axy can only be deformed by a small amount
before unfolding. Therefore the magnitude of Axy can be used as
ameasure of the deformability or malleability of the protein.

6. Protein mechanical stability and energy
landscape

Another parameter that can give insight into the energy landscape
of aprotein is the product of its F, and Axy. The product reflects
the work that is done over the unfolding distance before a protein
fold is disrupted under an applied externa force (Figure 4). It
relates to the energy required to unfold a protein under an applied
external force, AG*, and is a measure of the change in the height
of the energy barrier between native and unfolding state under an
applied force. Clearly, this product of the unfolding force and the
distance from the native to the transition state is related to the
unfolding rate, ky a zero force. Proteins with a lower Fy-Axy
unfold faster than proteins with a higher difference in unfolding
energy (Figure 13). A lower energy barrier that increases the
probability of unfolding might explain this observation, as this
would result in faster unfolding. Interestingly, there is no clear
correlation between log ky and Fy, nor is there one between log
ky and Axy (data not shown). The clear correlation between log
ky and the Fy-Axy product highlights the relationship between
Axy and Fy as two of the magjor parameters that describe the
underlying energy landscape and how they are linked to e.g. the
observed unfolding rate of a protein under given experimental
conditions.
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Fig. 13 Dependence of the unfolding rate ky on the product of Fy-Axy.
Proteins are coloured according to their major protein category as
either all beta-sheet proteins (blue), all alpha-helical proteins (red) or
mixed alpha helical/beta-sheet proteins (purple). Proteins with a high
Fu-Axy unfold several magnitudes of order more slowly than proteins
with a low Fy-Axy. The bootstrapped linear fit to the data is given by
log(ky,) = (-0.107F,Ax, +2.1) with an (R? = 0.83+0.02). Dashed lines
indicate the area of the root mean sguared error across all
bootstrapped fits.

7. Relationship between protein structure and
mechanical stability

An interesting parameter to quantify the topology of a protein is
its relative contact order (RCO). It is defined as the average
sequence distance between all contacting residues normalised to
the total length of the protein chain (Fig. 14A)®. A low
correlation between RCO and the force Fy required to unfold a
protein has been reported previously®2. In our larger data set no
clear correlation can be observed between Fy and RCO (Fig.
14A), rather a genera trend that a higher RCO leads to a higher
unfolding force, in agreement with that reported previously®.
However, when the studied protein structures are grouped by
secondary structure content, it can be seen that all-beta proteins
tend to be mechanically more stable when they possess a high
RCO (Fig. 14B). No clear relationship is observed neither for
mixed alpha-helical/beta-sheet proteins nor for proteins with SD2
or zipper mechanica clamp motifs (as one of the two more
frequent motifs in the database). This further demonstrates that
while some of the structural features which govern the
mechanical stability of protein domains are understood, a
selection of different criteria and tools need to be applied in order
to be able to predict the behaviour of proteins in response to
applied mechanical forces more quantitatively. The poor
correlation may partly be due to the insensitivity of contact order
to the known anisotropic behaviour of proteins under force. This
anisotropy arises as a consequence of the action of mechanical
peturbation aslocal rather global denaturant.
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Fig 14. Therelationship between the unfolding for ce (Fy) and relative
contact order (RCO). RCO isdefined asthe average sequence
distance between all contacting residues normalised to thetotal

length of the protein chain. In general, proteinswith a high RCO
tend to be mechanically stronger (Panel A) which isalso truefor
mainly beta proteins. Neither a clear correlation can be observed
when proteins of mixed alpha-helical/beta-sheet content are selected,
nor for proteinswith a SD2 or Zipper mechanical clamp motif.

8. Conclusions

Using single-molecule force spectroscopy we can gain access to
the properties of a protein that are relevant from an engineer’s
perspective such asits mechanical stability and malleability. Such
parameters are increasingly important for the rational design of
novel, protein-based materials for future applications. Hence,
there is a need to move towards predictive tools that can
rationally identify target proteins with specific mechanical
properties. Only now has the available experimental data set
grown to a size that we can start to address questions to uncover
common design principles across different types of proteins.

Here, we provide a basic toolbox of correlations that permits
the estimation of three important parameters of a protein, the
unfolding force (Fy) at an unmeasured pulling speed, the distance
to the transition state (Axy) and the unfolding rate at force zero

Notes and refer ences

@ School of Physics and Astronomy, University of Leeds, United Kingdom,
80 LS2 9JT. Tel: +44 113 343 8958; E-mail: L.Dougan@leeds.ac.uk

a

o

s (ky). We show a relation between force sensitivity and

mechanical stability i.e. the dependence of the unfolding force
from the applied pulling speed. This enables an estimation of this
dependence before further time-intensive experiments are done.
Moreover, we report the consolidation of the power law
correlation of Fy and the distance to the unfolding state Ax.
With it, we provide an updated equation that alows a good
estimation of Axy, a measure for the flexibility of a protein. This
relation offers an attractive, high-throughput tool for identifying
target proteins for desired applications where knowledge of the
mechanical properties are required in a timely and accurate
manner without the need for time-intensive experiments.
Moreover, plotting Fy against Axy reveals gaps in the explored
space of mechanical properties of studied proteins, which will be
helpful for the selection of proteins for future force spectroscopy
studies. For example, there is a lack of studies on mechanically
very strong proteins with unfolding forces above 230 pN and
weak proteins below 50 pN at 600nmy/s. Finaly, an equation for
the estimation of the unfolding rate ky in dependence of Axy and
Fy isgiven.

The described correlations represent the average behaviour of
many different proteins. They cannot predict the deviating
behaviour between variants of proteins previously described of
the effect of mutations on the mechanical stability of proteins.
However, the correlations can serve as a useful tool to judge how
much a studied protein deviates from the average observed
behaviour to point out unusua topologies or intramolecular
interactions that can modulate the mechanical properties of a
protein.

This survey raises further questions such as do al proteins
follow this power law relation? Do proteins exist that combine
high mechanical stability with high malleability? What are the
extreme limits of the mechanical properties of a peptide chain?In
this context, the increasing number of studied proteins provides a
repository for the selection of protein domains as building blocks
to design protein-based materials with desired properties. It has
been shown using muscle-mimetic protein polymers?” 337 & that
one can combine properties of different proteins that trandate to
the macroscopic level of protein-based materials. Any rationa
design of such a material could aso take advantage of the
observed force anisotropy® to create materials that behave
differently depending on the direction of an applied mechanical
stress. To address the questions above and to extend the diversity
of a repository of building blocks for protein-based materials
requires further studies of many proteins preferentially with
extreme properties and topologies different to already examined
proteins. We hope that this recent survey of available data on
mechanically studied proteins together with available databases
of simulated protein stretching™ * will provide a useful overview
to guide future studies in this exciting field of research.
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Table 1. Proteins studied experimentally by force spectroscopy and determined Axy, sorted by decreasing unfolding force at a pulling speed of 600 nm/s.
Values for the unfolding force at 600 nm/s have been interpolated where necessary. Axy values for C2A, C2B and barnase were determined by the
correlation between Fy and Axy in this survey and are given in brackets. An asterisk (*) mark clamp motifs that have been assigned by the authors of this
article. The given root mean squared error (RMSE) is based on the differences between interpolated and predicted unfolding forces within a pulling speed
range of 100 to 1000 nm/s. RM SE containing cells are shaded according to their respective percentile of overall distribution of RM SE values showing the
75" percentile in red, the 25" to 75" percentile in yellow and the lower 25™ percentile in green. A low RMSE value indicate that the protein behaves close
to the average observed behaviour across the experimental data set. Higher deviations from the expected average behaviour are found for 127, 127mut,
TnENIII, 11 that are less force sensitive than predicted and Fe-pfRD, Zn-pfRD, C2B that are more sensitive to an applied force. For latter two rubredoxins,
this may reflect that ferric- and zinc-thiolate bonds instead of H-bonds primarily mediate the mechanical strength of these proteins.

F at F x xu Clam

Protein Axy ku N SCOP pulling speed RMSE
db 600nm g N reference
name p /s (pN) (nm) (ms™) (rF:]) (aa) mgtif class range (nm/s) (pN)
small
Fe-pfRD 1BRF 230 0.14 150 2 53 - proteins 100-4000 Zheng & Li, 2011
(all beta)
Ubg 1UBQ 227 0.225 - 51 76 ss a'pt:‘:t:”d 50-11000 36  Chyanetal., 2004%
Ubg (N-C) 1UBQ 227 0.25 - 57 76 ss a'pt:‘:t:”d 40-1110 2.0 %w”'vazq“ez etdl,
1FNIN 10WW 224 0.17 4 38 ) sD2 all beta 60-6000 14  Oberhauser et a., 2002%
127 T 217 025 033 54 89 s dl beta 10-8000 fggg'&”'vazq“ez ed,
small
Zn-pfRD 1ZRP 198 0.14 100 28 53 - proteins 100-4000 Zheng & Li, 2011b®
(all beta)
Protein G 1PGA 190 0.17 39 32 56 SS a'pl:‘;:”d 10-5000 02  Cao& Li, 2007 %
127mut mT 176 0.28 2 49 89 s all beta 100-2000 - Hoffmann et al., 2013
Designed
Top? 10YS 165 021 60 35 92 - Proteins 40-4000 13  Sharmaetal., 2007 ™
(all beta)
Th 3FNIII 1TEN 160 03 0.46 48 81 SD2 all beta 101110 - Oberhauser et al., 1998
Protein L 1Hz6 151 0.22 50 33 67 ss a pgg:”d 40-4000 08 | Brockwell et al., 20057
AVF3-109 2368 115 0.24 1800 28 109 - a pt:‘:t:”d 50-4000 27 Heet al., 2012%
11 1G1C 114 0.35 5 40 97 SD2 all beta 20-4000 41  Li& Fernandez, 2003®
13FNIII 1FNH ) 0.34 22 33 ) sD2 all beta 50-5000 04 | Oberhauser et ., 2002%
c2B 1TIX 97 (0.41) ) (394) 159  SD2* all beta 50-5000 - Fuson et al., 2009'°
10FNII 1FNF 81 0.38 20 31 93 SD2 all beta 60-6000 05  Oberhauser et al., 2002%
TmCspB 1G6P 80 0.49 12 39 66 SD2 all beta 100-2000 24 Hoffmannetal., 2013
Barnase 1BNR 68 (058 00234 (394) 110 z a'pt:‘;:‘”d 100-5000 33  Bestetal, 2001
c2A 2R83 55 0.72) ) (39.4) 124  sD2* all beta 50-5000 36  Fusonetal, 2009'°
AcP 1APS 53 06 30 2 ) S+ dphaand 100-10000 17  Arad-Heaseet al., 20101%2
beta
Schwaiger et al., 2004 %,
ddFLN4 1KSR 50 05 350 25 100 z all beta 200-4000 18 Cpliate Rid 2005%
PAS-B 1X00 33 2 0.03 65 119 zZ* a'%r;a?”d 50-3600 24 Gaoetal., 2012 1%
Spectrin 1A 32 17 - 54 110 Za* al alpha 80-800 16 Rief et al., 1999 1
RNase H 1RNH 20 2 03 4 155 D a'pg‘g:”d 10-1000 13 Cecconietal., 2005 %
Cam DomC 1CFC 18 2 20 3% 70 - all alpha 10-250 09  Junkeretdl., 2009 1%
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Table 2. Proteins studied experimentally by force spectrocopy where only the unfolding force at one pulling speed has been reported. Values in brackets
are estimations based on the found correlations reported here. *Axy derived from Monte Carlo simulations but no speed dependence of unfolding force
given; *mechanical clamp motif self-assigned; ® Axy derived from AAG = RT In(ky/k;) = FAxy relation

Proteinname  pdb fn”q/it@?ﬁ (ﬁ?#) (nlw(su-l) &3 ™ (ga) Colt e expesrrign(tr?jm%”mg reference
scaffoldinc7A  1AOH (510) 0.11* 03 56 147 sp1 all beta 400 Valbuena et al., 20097
scaffoldinclC  1GIK (452) 0133 02 60 143 sp1 all beta 400 Valbuenaet al., 2009
scaffoldinc2A  1ANU (228) 0.17* 10 39 138 sp1 all beta 400 Valbuena et al., 20007
GFP 1B9C (116) 0.28* - 33 238 sD1 al beta 300 Dietz & Rief et al., 2004
T4 lysozyme 1B6l (60) 0.81°% 0.1 49 164 Za a'pg‘;:”d 1000 Yang et al., 20001%
VCAM1 ves @37 1.6* 0'200 60 102 z all alpha 1000 Bhasin et al., 2004%
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