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Force can drive conformational changes in proteins, as well as
modulate their stability and the affinity of their complexes,
allowing a mechanical input to be converted into a biochemical
output. These properties have been utilised by nature and force
is now recognised to be widely used at the cellular level. The
effects of force on the biophysical properties of biological
systems can be large and varied. As these effects are only
apparent in the presence of force, studies on the same proteins
using traditional ensemble biophysical methods can yield
apparently conflicting results. Where appropriate, therefore,
force measurements should be integrated with other
experimental approaches to understand the physiological
context of the system under study.
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Introduction

The first mechanical unfolding experiment was carried
out almost 20 years ago and since this time great strides
have been made in understanding the relationship of
mechanical stability to the structure of proteins/protein
complexes and their thermodynamic or kinetic stability
(see [1] and [2]). This knowledge is important because
the mechanical perturbation of bio-molecular conforma-
tion affects the stability of bio-molecules, their affinity for
ligands and binding partners and even their catalytic
efficiency. As these parameters control many of the basic
processes that occur in cells, force has been implicated in
processes as diverse as catalysis, signal transduction,
protein degradation and differentiation. Importantly,
even the relatively small forces that are encountered 7z
vivo can result in large changes to structure and/or affinity.
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Consequently, the application of force iz wvivo can
alter biological activity in a manner that cannot be reca-
pitulated in the absence of force iz vitro. In the last few
years our knowledge of the effects of force in biology,
gained using single-molecule experimental and theoreti-
cal approaches, has allowed the effects of force to be
delineated for relatively simple systems 7 vitro, as well as
more complex systems found iz vive. In this review, we
briefly describe the single molecule force techniques
utilised to probe bio-molecular interactions and the un-
derlying theories and models used to interpret the results.
By reference to the recent literature, we then focus on the
main topic of this review: progress in unravelling the roles
of mechanical force in cellular systems.

Measuring and analysing the effects of force

on bio-molecules

To analyse and understand the effects of force at the
molecular level it is necessary to manipulate single bio-
molecules or perturb their environment. This review
discusses three commonly used techniques that achieve
this feat: atomic force microscopy (AFM), optical or
magnetic tweezers and patch clamping. As summarised
in Figure 1 each method has its own optimal force and
distance resolutions and experimental limitations. The
application of AFM to force measurements (sometimes
called force spectroscopy or dynamic force spectroscopy,
DFS) has gained widespread use in biology. It is able to
measure single molecule stretching and rupture forces
directly with subnanometer distance and picoNewton
force resolution [3]. This technique is typically used to
measure relatively high forces in biological terms (pN —
nN) at relatively high extension rates (10—-10000 nm s7h.
However, both limitations have been addressed by the
use of uncoated [4] and nano-engineered cantilevers [5°],
pushing the lower force threshold to the subpicoNewton
level. Tweezers use either light (laser tweezers/optical
traps) or magnetic fields (magnetic tweezers) as the force
transducer [6,7]. Laser tweezers have been used to study
processive motors, such as myosin [8], kinesin [9] and
ClpX [10,11], while magnetic tweezers are applied most
often to torque-generating proteins such as those that
interact with DNA [12]. Both techniques are now being
applied to study mechanical unfolding, with optical trap-
ping technology able to study multiple folding/unfolding
cycles of a single protein over many seconds [13]. On-cell
patch-clamp is an electrophysiological technique that is
especially powerful for the study of single ion channels on
intact cells. By attaching a micropipette to the cell mem-
brane, the current created by a single ion channel can be
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Figure 1
AFM Optical Tweezers On-cell patch clamp
d
3 g Folded g v
$ 2 LW.,J w L.umolded g UL
Separation Time > Time >
Temporal
resolution 1 0.1 0.001
(ms)
Spatial
resolution 0.1 (vertical) 0.1 50
(nm)
Force range 1-10000 0.1-100 N/A
(pN)
Applications Unfolding / dissociation (un)foldmg./ (un)binding S|.ngle / multiple
processive motors ion channels
High noise level, only rupture Narrow force range,
Limitations forces, no direct photodamage and local Membrane proteins only
measurement of separation heating from laser
Current Opinion in Structural Biology

Experimental set-up and comparison of the key parameters, features and limitations of (left) atomic force microscopy (AFM), (middle) optical

tweezers and (right) on-cell patch clamping.

recorded [14]. For force studies, patch clamp offers the
opportunity to assess the role of the lipid environment on
membrane proteins by changing membrane tension or
modulating lipid identity. The utility of these techniques
can also be enhanced by combining them with other
methods. For example, the combination of force and
fluorescence spectroscopy provides a powerful tool to
gain information simultaneously on single molecule
forces and conformational changes (including complex
formation) induced by force [15,16].

For most interactions, force acts to decrease the stability
of the folded or bound state of a protein or complex
relative to the unfolded or dissociated state. The effect of
force can be thought of as a mechanical lever that tilts the
underlying energy landscape with a magnitude that
increases with distance from the native (or bound) state.

Thus, in addition to stabilising the unfolded state, force
also reduces the free energy barrier to unfolding (or
unbinding). As these experiments are usually carried
out far-from-equilibrium at a variety of extension rates,
it is necessary to calculate the parameters that describe
the unperturbed energy landscape (4o and xp, see
Figure 2) so that the results from different experiments
can be compared. In order to reveal kinetic parameters for
the reactions of interest a dynamic force spectrum is
measured by performing single molecule force spectros-
copy at different loading rates [3]. A plot of most likely
rupture force versus force loading rate can be fitted to
different analytical models. In the Bell-Evans model
(Figure 2 left), it is assumed that the energy barrier is
so deep that its position does not change, but the height of
the escape barrier is lowered by the applied force. The
most probable rupture force is then proportional to the
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Models used to interpret DFS data. The assumed energy landscape and the resultant theoretical force versus loading rate relationship (insets) are
shown above each model where F(v) is the most probable rupture force at a loading rate v, kg is Boltzmann’s constant, T is temperature, xg
indicates the location of the energy barrier, and ks is the off rate constant at zero force. In Dudko-Hummer-Szabo model (centre), s is the
harmonic force constant scaled by kgT and S({) is the rupture probability as a function of the time t. In Friddle-De Yoreo model (right), foq indicates
the force at which the dissociation and association are in equilibrium, and kq(feq) is the off rate constant at fo.

natural logarithm of the loading rate [17,18]. A modifica-
tion of the Bell-Evans model by applying Kramer’s
diffusion theory was later proposed (Figure 2 middle)
to avoid this assumption [19,20]. Both models above
ignore the possibility of reversible bond formation during
the force spectroscopy, and have been challenged by the
Friddle-De Yoreo model (Figure 2 right) [21]. In this
recently developed model, it is assumed that at relatively
low loading rates, there is another shallow barrier for
rebinding; while at higher loading rates, this secondary
barrier increases so that the probability of rebinding is
reduced.

How do proteins and complexes respond to
force?

As can be inferred from the macroscopic world, the
application of force usually decreases the lifetime of a
non-covalent interaction (whether a single hydrogen
bond or the multitude of interactions that stabilise the
folded conformation of a protein or a bio-molecular com-
plex). Bonds that show an exponential decrease in life-
time with increased force as described in the Bell model
[17-18] and its more sophisticated variants [19-21] are
known as ‘slip bonds’. In this case force acts as a dena-
turant by diminishing barriers to unfolding/unbinding to
the extent that the protein unfolds/unbinds at some
characteristic force or timescale due to thermal fluctua-
tions. Application of even the relatively small forces that

are usually applied to single complexes iz vivo (<40 pN
[22,23]) reduces the lifetimes of proteins and their com-
plexes exponentially, allowing the dissociation of high
affinity interactions to take place on a physiologically
relevant timescale. This is exemplified by recent work
from Tolar and colleagues [24°°] who investigated the
role of force in the early steps of the humoral immune
response that culminates in the generation of high affinity
antibodies. Antibody generation is initiated by the bind-
ing of B cell receptors (BCRs) to a specific antigen on the
surface of antigen presenting cells (APCs). B cells were
found to actively pull out finger-like protrusions from
APCs before internalising both lipid and antigen. The
authors were able to show that BCR:antigen complexes
with higher affinities and, therefore, longer lifetimes
under force (measured by DFS experiments using the
AFM) showed a greater internalisation of antigen-con-
taining membrane. As the lifetime of the force transduc-
tion network is longer-lived for cognate BCR:antigen
interactions relative to low affinity non-cognate com-
plexes, application of force allows selection of high affini-
ty antibodies over a physiologically relevant timescale.

If the unfolding pathways in the presence and absence of
force are identical (i.e. there is no force-induced remodel-
ling) then the force-induced off rates, when extrapolated
to zero applied force, should be identical to the intrinsic
thermally-induced unfolding/unbinding rate, as found for
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the unbinding of antibody: antigen complexes [25]. This
parity is thought to arise due to the presence of a me-
chanically strong clamp between the complementarity
determining region in the antibody domains and the point
of force application that prevents any force-induced
remodelling of the complex. However, force effects can
still be induced in antibody:antigen complexes by immo-
bilising bivalent antibodies onto surfaces displaying epi-
topes at regular, but non-ideal, intervals. The strain
introduced into immobilised antibodies decreases com-
plex affinity to such an extent that, when imaged by fast
scan AFM, IgGs display bipedal stochastic ‘walking’ [26].
The F,}, variant of the same IgG immobilised onto the
same surface, by contrast, remained stationary. Force can
thus act allosterically to alter complex affinity markedly.
Recent work on the Ca**-activated actin-binding protein,
gelsolin [27] has demonstrated that the effects of force
can also be quite subtle. For this protein, application of a
force as low as 10 pN was found to increase the binding
affinity of gelsolin for Ca** more than five-fold, suggesting
that gelsolin may be activated at lower [Ca®*] than previ-
ously recognised when subjected to tensile forces. Intro-
duction of strain into an enzyme (via tethering the N- and
C-termini to a DNA spring) can also alter enzyme activity
[28,29], opening the door to force-modulated catalysis. As
the strength of covalent bonds is also reduced under force
(see [30-32]), it is not surprising that chemo-mechanical
effects have been observed for reactions of small mole-
cules [32]. For example, Fernandez and colleagues have
shown, using AFM force measurements, that the catalytic
rate of thioredoxin is force sensitive [33] and that this
AFM technique can be used to probe catalytic mecha-
nisms [34].

Larger remodelling events

At a longer length-scale force can induce conformational
re-arrangements leading to allosteric activation or inhibi-
tion of a protein or protein complex. One notable case is
titin which, in addition to its structural role, can act as a
strain sensor, triggering muscle adaptation upon detection
of mechanical strain. At physiologically relevant forces,
low enough to maintain titin’s structural domains in the
folded state (<50 pN), the C-terminal kinase domain
unfolds via a multistep pathway. Early in the unfolding
process the C-terminal tail of the kinase domain unravels
from the remainder of the protein. Extension in this way
activates the kinase by both allowing access of ATP to its
binding site (which in the absence of force is occluded by
the C-terminus) and by triggering autophosphorylation of
a tyrosine residue that inhibits activity [35]. Force is also
integral to outside-in and inside-out signal transduction
between cells and their surroundings. Transmembrane
proteins such as integrins are vital to this network, linking
the extra-cellular matrix with the actin cytoskeleton.
Many adaptor proteins are involved in this signal trans-
duction pathway, with filamin playing a central role [36].
At the molecular level, filamin complex formation is

driven by a B-strand augmentation of the 21st immuno-
globulin-like domain of filamin A (FLNa21) by the B-
integrin tail (Figure 3a). Under no force, FLLNa21 cannot
bind to integrin due to occlusion of the binding site by the
N-terminal B-strand of the preceding filamin domain
(Figure 3a). Rognoni ez a/. [37] investigated the mechani-
cal behaviour of the auto-inhibited state and showed that
the force-dependent gating characteristics of filamin al-
low for a cellular response to surprisingly low forces (the
affinity for the C-terminal tail peptides of different inter-
action partners is increased up to seventeen fold upon
increasing applied force from to 2 to 5 pN). The same
authors then showed that switching between the auto-
inhibited and activated state is enabled by cis—trans
isomerisation of a proline residue in the force sensing
domain (FLLNa20), weakening the stability of the auto-
inhibited state. Whilst cis—trans isomerisation does result
in bond lengthening, the authors suggest that force in-
duced unfolding accelerates this isomerisation, rather
than force driving isomerisation per se [38°].

Local unfolding prevents global unfolding or
unbinding

In addition to direct signal transduction, mechanical
deformation can also prolong bond lifetime (i.e. mainte-
nance of native structure or complex) by reducing the
level of force acting upon it. Such mechanisms have been
postulated for the all-B proteins tensacin and Mel-CAM
[39,40]. Given the relative strengths of a- and B-struc-
tures (see later) it may be expected that more sensitive
safety latches could be achieved using the former, me-
chanically weaker, secondary structure. This is indeed the
case for myomesin, a tandemly-arrayed dimeric multi-
modular protein found in the M-band of the muscle
sarcomere which has an unusual a-helical linker separat-
ing each Ig domain [41,42]. The a-helical segments were
found to unfold at a much lower force than the Ig domains
(24 and 83 pN, respectively [43]) and underwent folding/
unfolding transitions at low loading rates. These helices,
therefore, act as fast and reversible latches to ensure the
structural integrity of the M-band.

Partial unfolding of one binding partner can also increase
complex lifetime by decreasing the force being loaded
onto it. For example, bacterial pili are long proteinaceous
structures emanating from bacterial outer membranes
that are used for a variety of functions including host
colonisation. As this process may involve hydrodynamic
shear forces, all of the non-covalent linkages connecting
the host to the bacterium must be able to survive force-
loading for effective colonisation. In type I pili, this is
achieved by donor strand exchange between inherently
mechanically strong Ig-like domains (Figure 3b) and the
unwinding of the helical quaternary structure of the pilus
at low force [44-46]. Type IV pili, involved in the
pathogenicity of Neisseria gonorrheae and Pseudomonas
aeruginosa, have a different quaternary structure,
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The structures of force-resistant and force-sensitive protein complexes. (a) in the absence of force, the N-terminal strand of FLNa20 (green, left)
occludes the binding site for the integrin B-cytoplasmic tail (grey, right) on FLNa21 (red). (b) The bacterial Fim pilus is assembled by a donor
strand complementation mechanism, whereby the Immunoglobulin-like fold of one domain (FimG in this case, red) missing the C-terminal B-strand
is completed by the binding of an N-terminal extension of the subsequent Ig-like domain (FimF, grey). (c) and (d) upon mechanical extension, the
cryptic vinculin binding sites (VBS, blue) within a-catenin ((c), red) and talin ((d), red) become accessible, triggering vinculin binding to the VBS
(green and blue in the inset structures, respectively). (e) the complex formed between the C-terminal domain of TonB (red), tethered to the inner
membrane of Gram negative bacteria and the TonB box (grey) of the outer membrane protein BtuB, that together span the periplasm. Structures
drawn using UCSF Chimera [97] and PDB files:2J3S [98], 2BRQ [99], 2GSK [58], 3JWN [100], 4IGG [101], 4EHP [102], 1XWX (note that this is a

theoretical model) [103] and 1 UBH [103].

precluding such a mechanism. Instead, under force,
these pili lengthen via a conformational re-arrangement
and also display ‘nanospring’ behaviour (displacement
proportional to force) with a spring constant of
2 pN nm~ ' [47]. Similar (though indirect results) have
recently been reported for the effects of inhibitor bind-
ing on the mechanical strength of domains 1 and 2 of
CD4 (the primary receptor for gp120 on the surface HIV-
1) [48]. These data suggest that HIV infectivity would be
expected to increase with increasing length of the ‘teth-
er’ connecting the virus to the cell, which has previously
been observed [49].

Can the unfolding behaviour of proteins be
predicted?

As discussed above, different types of secondary structure
behave differently under force. The relationship between
structure and mechanical strength was studied in great
detail soon after the emergence of force spectroscopy and
a wide variety of protein structures have been unfolded by

force methods (both experimentally and by simulations)
since 1997 [50]. These studies have shown that a-helical
proteins are mechanically weak, B-sheet proteins are
mechanically strong, while proteins with mixed topolo-
gies display varied responses [51-54]. The difference in
mechanical strength between proteins containing differ-
ent secondary structural elements is thought to arise as a
consequence of the localised nature of force application.
In such a model, the height of the rate limiting transition
state for unfolding is governed by the strength of inter-
actions between amino-acids which bear the loaded force.
The array of non-covalent interactions between adjacent
B-strands in B-sheet proteins provides more stability
against local mechanical deformation than the hydropho-
bic contacts between helices which can unfold in a step-
wise, sequential manner. This difference appears to have
been exploited by nature, as while both types of protein
are used in mechano-transduction pathways, their roles
are quite distinct. The low mechanical strength of a-
helical proteins is utilised to facilitate unfolding, allowing
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exposure of novel binding sites for proteins that either
strengthen these complexes or trigger a signalling event.
For example, a-catenin (Figure 3c) and talin (Figure 3d)
are all a-proteins which cross link cadherins to actomyo-
sin or integrins to actin, respectively. Each, therefore hasa
key role in mechano-sensing (at cell-cell adhesions and
focal adhesions, respectively). Using magnetic tweezers
and AFM, talin was found to unfold at ~40 pN [16],
whereas a-catenin unfolded in three steps: a reversible
step at around 5 pN and two non-equilibrium steps at 10—
15 pN [55°]. The outcome for both proteins is similar in
that the initial unfolding events expose cryptic binding
sites for vinculin (Figure 3c,d), a protein that stabilises
adhesions, converting force to a biochemical signal. B-
sheet proteins, by contrast, are employed if the non-
covalent complex is required to resist breakage. As de-
scribed for filamin above, many such interactions are
mediated by B-strand augmentation or complementation
[56], whereby a single B-stranded peptide binds to the B-
sheet of its partner, forming a mechanically long-lived
complex. Such interactions are observed for filamin:inte-
grin, type I bacterial pili (Figure 3b) [57], and interactions
between proteins that span the periplasm of Gram nega-
tive bacteria (Figure 3e) [58]. Our understanding of the
mechanical stability of small, topologically simple
domains has also led to the ability to design protein-based
hydrogels, with dramatically improved flexibility and
toughness [59°].

While protein topology governs the molecular response
to extension to a large degree, the stability of the me-
chanical interface (the parts of a protein that resist the
applied extension) can also affect protein mechanical
strength and the degree of co-operativity upon unfolding.
For example, molecular dynamics simulations demon-
strated that protein L (a protein that is expressed on the
outer cell wall of some bacteria but has no known
mechanical function) unfolds by the shearing of two
mechanical subdomains with an interface between
neighbouring anti-parallel N- and C-terminal (3-strands
[60]. Increasing the hydrophobic contacts (or inter-digi-
tation of side-chains) across this interface increased the
mechanical strength of protein L from 134 to 206 pN
[61]. In vitro unfolding studies on simple protein poly-
mers have also shown that the mechanical strength of a
protein depends on the direction of force application
relative to the topology of the secondary structure. A
protein may thus be able to resist mechanical deforma-
tion when force is applied in one geometry, but be weak
when force is applied in another direction (similar to
pulling apart Velcro). The anisotropic response of pro-
teins and their complexes to force has now been demon-
strated many times [62-73]. These effects, which to a
large part were delineated using engineered model poly-
proteins unfolded by AFM iz wvitro, have led to the
realisation that proteins and their complexes may exploit
different unfolding pathways in the presence and

absence of force, leading to force-catalysed or force-
triggered phenomena z vive [36,73]. For example, we
have shown that mechanical perturbation remodels the
interface of an exceedingly stable complex (K, = 107" M,
ko= 1.8 x 107%s71) formed between the bacterial antibi-
otic nuclease colicin E9 and its inhibitor, immunity
protein 9 (Im9) so that dissociation occurs at a surprisingly
low force (<20 pN) [73]. Examination of the N-terminal
sequence of E9 (through which force or remodelling is
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The highly avid E9:Im9 complex is a force-sensitive trip bond [73]. (a)
When extended between residue 3 of E9 (green) and 81 of Im9 (pink),
the complex dissociates at low force with a short lifetime (12.5 ms
under 20 pN force) due to force-induced remodelling of the binding
interface which is connected directly to the N-terminus of E9. (See left
hand inset showing simplified topology diagram for the complex.
Yellow filled circles designate pulling points). Interface remodelling can
be prevented by introducing a disulfide cross-link (between residues
20 and 66, highlighted in blue and blue circles in the structure and
topology diagrams, respectively), diverting the force propagation
network away from regions proximal to the interface. This results in a
mechanically strong, long lived complex (3.9 hours under 20 pN force),
with a dissociation rate constant identical to that measured by
ensemble methods. If a disulphide bond is introduced between
residues 31 and 122 of E9 (red and red circles in the structure and
topology diagrams, respectively), remodelling is not prevented, and
the complex behaves identically to the wild-type (WT) protein. (b)
Dynamic force spectrum of the wild-type complex (black circles), E9
cross-linked between residues 20-66 (blue closed circles) and 31-122
(red circles).
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applied or carried out 7z vivo) showed that this region docks
against the remainder of the globular domain with little
side-chain inter-digitation (see Figure 4). As described for
protein L, this is ideal for transmitting mechanical signals to
the binding interface at low force. Remodelling increases
the off-rate a million-fold relative to that expected for a slip
bond, allowing Im9 release and E9 activation at a biologi-
cally relevant rate upon binding to a competing organism.

The effects of force on proteins are varied

As the properties of proteins and their complexes can
differ in the absence and presence of mechanical defor-
mation, these effects must be accounted for when force is
thought to be present in a cellular context. This is
illustrated in the investigation of adhesion junction as-
sembly. /7 viveo experiments have shown that intercellular
adhesion junctions are linked to the actin cytoskeleton via
an E-cadherin:B-catenin:aEcatenin complex. This allows
force transduction across cells, giving shape and driving
morphogenetic changes during development. By contrast
with 7z vivo experiments, this complex was found to bind
to actin too weakly to allow mechano-transduction 7z
vitro. As this complex presumably forms under tension
in vivo, Buckley er al. [74°°] investigated the effect of
force by sequentially forming and breaking the interac-
tion between E-cadherin:B-catenin:aEcatenin and an
actin filament suspended between two optically trapped
beads. Instead of a decrease in lifetime, as would be
expected from a slip bond, the lifetime of the E-cadher-
in:B-catenin:aEcatenin:actin complex was found to in-
crease under increasing force before decreasing like a slip
bond. This type of interaction, called a ‘catch-bond’ [75],
is reminiscent of a molecular-scale finger trap toy. Catch
bonds are observed in several protein complexes that
have evolved to withstand hydrodynamic shear forces
such as the interactions that mediate the immobilisation
of uropathogenic E. co/i to bladder epithelial cells [76])
and leukocyte rolling on the extracellular surface of
endothelial cells of blood vessels [77,78]. At the macro-
scopic level, a widely-accepted explanation of this phe-
nomenon is that, under force, the proteins undergo
topological rearrangements, transitioning from low to
high affinity states [74°°]. Manibog ¢7 a/. [79] investigated
Ca®*-dependent catch-bond formation between pairs of
cadherins using both molecular dynamics simulations and
AFM force spectroscopy. These investigations revealed
that cadherins exhibit decreased conformational flexibili-
ty in the presence Ca®*. Application of force pulled these
rigidified dimers into register, forming long lived, de novo
hydrogen bonds. The same underlying mechanism (the e
novo formation of force-induced interactions) was also
recently proposed by applying a theoretical approach to
analyse ligand-receptor protein complexes (selectin and
integrin receptors) [80].

In addition to slip bonds and catch bonds, other more
complex behaviour can be observed. Springer and

Effects of force on bio-molecules Chen, Radford and Brockwell 95

colleagues [81] used laser tweezers to study the forced
unbinding behaviour of the A1 domain of von Willibrand
Factor from glycoprotein 1b a subunit (GPIba) present
on the surface of platelets. Two dissociation pathways
were observed and while both behaved as slip bonds, each
predominated at different force loading rates, with the
more force resistant pathway being followed at higher
loading rates. The authors termed such behaviour as a
‘flex bond’ and suggested that the second state may take
part in the early events in platelet interactions. As de-
scribed above, under mechanical extension of the N-
terminus, the high affinity E9:Im9 complex dissociates
at a low force (short lifetime) due to remodelling of the
binding interface [73]. If this remodelling is prevented by
locking the N-terminus to the rest of protein (via a
disulfide bond between residues 20 and 66, Figure 4),
the force required to unbind the complex increases from
34 to 102 pN at a force loading rate of 2980 pNs~!,
yielding an off rate extrapolated to zero force that is
identical to that measured by ensemble methods. These
data suggest that the E9:Im9 complex demonstrates
behaviour akin to a trip wire: in solution E9:Im9 is
stable with a dissociation rate of 10 °s™! (which can
only be measured in AFM experiments by introducing
specific cross-linking). Upon binding to a competing
bacterium, remodelling of the E9:Im9 interface converts
a complex that is very stable in the absence of force to a
labile one, leading to colicin activation and cell death.
We term such interactions ‘trip bonds’. For colicin
function, a trip bond meets the seemingly mutually
exclusive requirements of providing long term protec-
tion to the host, yet permiting the facile dissociation of
immunity protein that is required for cell invasion of
bacterial competitors.

Membrane proteins as mechanosensors

As expected from their location at the cell boundary,
membrane proteins are also used as force sensors for both
signal transduction and homeostasis. In principle, a me-
chanical signal may drive conformational changes by
altering the lipid bilayer (by changes in curvature stress,
bilayer thinning and lipid composition [82]), by direct
mechanical activation, by gating of intra- or extra-cellular
domains, or by a mixture of all three. Gating is exempli-
fied by ankyrin repeat sequences found in cytoplasmic
domains of transient receptor potential (T'RP) channels.
These proteins were found, using AFM [83], to behave as
nano-scale Hookean springs and are thus candidates for
gating tethers for mechanoreceptors in sensory hair cells
as well as in Drosophila bristles [84-86]. The yeast trans-
membrane Wscl cell surface sensor displays similar nano-
spring behaviour whose stiffness is sensitive to growth
conditions [87].

While single molecule force experiments have been
used to investigate the extension of soluble nano-springs
and the mechanical stability of membrane proteins
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[88,89], other techniques are required to test the ‘force-
from-lipid’ principle [90]. Patch clamp methods can
measure the effect of lipid composition and tension
(by changing the pressure applied to the patch) on
the activity or one or more channels. In many ways
patch clamping can be regarded as the first single mole-
cule technique and was used in the early 1990s to show
that the bacterial membrane channel protein, MscL,,
switched between closed and open states upon applica-
tion of tension when reconstituted into synthetic lipo-
somes [91]. Later work has shown, as expected, that
liposome composition affects the electrophysiological
properties of this protein and MscS, another mechano-
sensitive bacterial membrane protein [92]. By sensing
membrane tension, MscL. acts as a safety valve, allowing
passage of solutes into bacteria when they encounter a
hypo-osmolar environment. The activity of TRAAK and
TREK1 K" channels has also been reported to be mod-
ulated by membrane tension [93,94] and composition
[94], demonstrating that eukaryotic organisms also uti-
lise these force sensors to modulate or control biological
function.

Conclusions and perspectives

The ability to manipulate single proteins and their
complexes has led to an understanding of the effects
of force on ‘bond’ lifetime. These studies, performed 7z
vitro on either simple model proteins or minimal ‘7z vive’
models, have revealed a rich response of proteins and
their complexes to mechanical deformation. These
effects are diverse in nature and can be large in magni-
tude. Thus it is vital to integrate force data with those
derived from traditional ensemble methods to fully
understand systems in a cellular context. To do this,
the force applied to proteins iz vivo must be quantified
for the system under study. Currently it remains chal-
lenging to use standard force probes iz vivo. Progress,
however, is being made in quantifying force iz
vivo. Force spectrum microscopy, has revealed that
the activity of cellular motors is the dominant cause
of force fluctuations 7z vivo and that the magnitude of
the fluctuation can be related to the physiological status
of the cell [95]. Direct readout of applied forces iz vivo
has been achieved using two related, but distinct, fluo-
rescence techniques that utilise the ability of Forster
resonance energy transfer methods to report on changes
in distance induced in a biosensor of known mechanical
strength. Gratifyingly, these studies have shown that the
forces applied in extracellular adhesion, in Notch sig-
nalling and across vinculin in focal adhesions are similar
to those being measured iz vitro (~12, 40 and 2.5 pN,
respectively) [23,96]. The ability to calibrate the force-
induced effects observed for a particular system iz vitro
to the precise force levels applied to the same system 7z
vivo 1s very powerful and will yield insight into the rich
and varied effects of force in nature.

Conflict of interest
Nothing declared.

Acknowledgements

We would like to thank the Brockwell and Radford laboratories for helpful
discussions and comments on the manuscript. We acknowledge the BBSRC
(BB/G019452/1, DJB and SER) and the ERC ((FP7/2007-2013)/ERC grant
agreement no. 32240 (YC, SER and D]B) for funding.

References and recommended reading
Papers of particular interest, published within the period of review,

have been highlighted as:

e of special interest
ee Of outstanding interest

1. Crampton N, Brockwell DJ: Unravelling the design principles for
single protein mechanical strength. Curr Opin Struct Biol 2010,
20:508-517.

2.  Woodside MT, Block SM: Reconstructing folding energy
landscapes by single-molecule force spectroscopy. Ann Rev
Biophys 2014, 43:19-39.

3. Hinterdorfer P, Dufrene YF: Detection and localization of single
molecular recognition events using atomic force microscopy.
Nat Methods 2006, 3:347-355.

4. Churnside AB, Sullan RM, Nguyen DM, Case SO, Bull MS,
King GM, Perkins TT: Routine and timely subpicoNewton force
stability and precision for biological applications of atomic
force microscopy. Nano Lett 2012, 12:3557-3561.

5. Bull MS, Sullan RM, Li H, Perkins TT: Improved single molecule
e force spectroscopy using micromachined cantilevers. ACS
Nano 2014, 8:4984-4995.
Force spectroscopy using the AFM is limited by instrument stability and
force sensitivity precluding the measurement of small forces over long
periods of time. This paper obviates these limitations by minimising the
gold coating on the back of a short cantilever and reducing the spring
constant by removing the central portion of the cantilever using a
focussed ion beam ‘machining’ approach.

6. Perkins TT: Angstrom-precision optical traps and applications.
Ann Rev Biophys 2014, 43:279-302.

7. De Viaminck |, Dekker C: Recent advances in magnetic
tweezers. Ann Rev Biophys 2012, 41:453-472.

8. Sellers JR, Veigel C: Direct observation of the myosin-Va power
stroke and its reversal. Nat Struct Mol Biol 2010, 17:590-595.

9. Clancy BE, Behnke-Parks WM, Andreasson JO, Rosenfeld SS,
Block SM: A universal pathway for kinesin stepping. Nat Struct
Mol Biol 2011, 18:1020-1027.

10. Maillard RA, Chistol G, Sen M, Righini M, Tan J, Kaiser CM,
Hodges C, Martin A, Bustamante C: CIpX(P) generates
mechanical force to unfold and translocate its protein
substrates. Cell 2011, 145:459-469.

11. Aubin-Tam M-E, Olivares AO, Sauer RT, Baker TA, Lang MJ:
Single-molecule protein unfolding and translocation by an
ATP-fueled proteolytic machine. Cell 2011, 145:257-267.

12. Klaue D, Kobbe D, Kemmerich F, Kozikowska A, Puchta H,
Seidel R: Fork sensing and strand switching control
antagonistic activities of RecQ helicases. Nat Commun 2013,
4:2024.

13. Stigler J, Ziegler F, Gieseke A, Gebhardt JC, Rief M: The complex
folding network of single calmodulin molecules. Science 2011,
334:512-516.

14. Andersen OS, Koeppe RE: Molecular determinants of channel
function. Physiol Rev 1992, 72:S89-S158.

15. Zhou R, Schlierf M, Ha T: Force fluorescence spectroscopy at
the single-molecule level. Methods Enzymol 2010, 475:405-426.

Current Opinion in Structural Biology 2015, 30:89-99

www.sciencedirect.com


http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0520
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0520
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0520
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0525
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0525
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0525
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0530
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0530
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0530
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0535
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0535
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0535
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0535
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0540
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0540
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0540
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0545
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0545
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0550
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0550
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0555
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0555
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0560
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0560
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0560
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0565
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0565
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0565
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0565
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0570
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0570
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0570
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0575
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0575
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0575
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0575
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0580
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0580
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0580
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0585
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0585
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0590
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0590

16. del Rio A, Perez-Jimenez R, Liu RC, Roca-Cusachs P,
Fernandez JM, Sheetz MP: Stretching single talin rod molecules
activates vinculin binding. Science 2009, 323:638-641.

17. Evans E, Ritchie K: Dynamic strength of molecular adhesion
bonds. Biophys J 1997, 72:1541-1555.

18. Evans E: Probing the relation between force — lifetime — and
chemistry in single molecular bonds. Ann Rev Biophys Biomol
Struct 2001, 30:105-128.

19. Hummer G, Szabo A: Kinetics from nonequilibrium single-
molecule pulling experiments. Biophys J 2003, 85:5-15.

20. Dudko OK, Hummer G, Szabo A: Theory, analysis, and
interpretation of single-molecule force spectroscopy
experiments. Proc Natl Acad Sci USA 2008, 105:15755-15760.

21. Friddle RW, Noy A, De Yoreo JJ: Interpreting the widespread
nonlinear force spectra of intermolecular bonds. Proc Nat/
Acad Sci USA 2012, 109:13573-13578.

22. Smith DE, Tans SJ, Smith SB, Grimes S, Anderson DL,
Bustamante C: The bacteriophage phi 29 portal motor can
package DNA against a large internal force. Nature 2001,
413:748-752.

23. Wang X, Ha T: Defining single molecular forces required to
activate integrin and notch signaling. Science 2013, 340:
991-994.

24. Natkanski E, Lee W-Y, Mistry B, Casal A, Molloy JE, Tolar P: B

ee cells use mechanical energy to discriminate antigen affinities.
Science 2013, 340:1587-1590.

Given the slow dissociation rates of most high affinity interactions, how

are B-cells that express antibodies with high affinity for specific antigens

selected on a physiologically relevant timescale? Natkanski and col-

leagues show that, during internalisation, sufficient force is applied

onto antigen:antibody complexes so that only high affinity interactions

survive.

25. Schwesinger F, Ros R, Strunz T, Anselmetti D, Guntherodt HJ,
Honegger A, Jermutus L, Tiefenauer L, Pluckthun A: Unbinding
forces of single antibody-antigen complexes correlate with
their thermal dissociation rates. Proc Nat/ Acad Sci USA 2000,
97:9972-9977.

26. Preiner J, Kodera N, Tang J, Ebner A, Brameshuber M, Blaas D,
Gelbmann N, Gruber HJ, Ando T, Hinterdorfer P: IgGs are made
for walking on bacterial and viral surfaces. Nat Commun 2014,
5:4394.

27. Lv C, Gao X, Li W, Xue B, Qin M, Burtnick LD, Zhou H, Cao Y,
Robinson RC, Wang W: Single-molecule force spectroscopy
reveals force-enhanced binding of calcium ions by gelsolin.
Nat Commun 2014, 5:4623.

28. Choi B, Zocchi G: Mimicking cAMP-dependent allosteric
control of protein kinase a through mechanical tension. J Am
Chem Soc 2006, 128:8541-8548.

29. Tseng C-Y, Zocchi G: Mechanical control of renilla luciferase. J
Am Chem Soc 2013, 135:11879-11886.

30. Bustamante C, Chemla YR, Forde NR, Izhaky D: Mechanical
processes in biochemistry. Ann Rev Biochem 2004, 73:705-748.

31. Beyer MK, Clausen-Schaumann H: Mechanochemistry: the
mechanical activation of covalent bonds. Chem Rev 2005,
105:2921-2948.

32. Yang Q-Z, Huang Z, Kucharski TJ, Khvostichenko D, Chen J,
Boulatov R: A molecular force probe. Nat Nanotechnol 2009,
4:302-306.

33. Wiita AP, Perez-Jimenez R, Walther KA, Graeter F, Berne BJ,
Holmgren A, Sanchez-Ruiz JM, Fernandez JM: Probing the
chemistry of thioredoxin catalysis with force. Nature 2007,
450:124-127.

34. Perez-Jimenez R, Ingles-Prieto A, Zhao Z-M, Sanchez-Romero |,
Alegre-Cebollada J, Kosuri P, Garcia-Manyes S, Kappock TJ,
Tanokura M, Holmgren A et al.: Single-molecule
paleoenzymology probes the chemistry of resurrected
enzymes. Nat Struct Mol Biol 2011, 18:592-596.

Effects of force on bio-molecules Chen, Radford and Brockwell 97

35.

36.

37.

38.

Puchner EM, Alexandrovich A, Kho AL, Hensen U, Schafer LV,
Brandmeier B, Grater F, Grubmuller H, Gaub HE, Gautel M:
Mechanoenzymatics of titin kinase. Proc Nat/ Acad Sci USA
2008, 105:13385-13390.

Ehrlicher AJ, Nakamura F, Hartwig JH, Weitz DA, Stossel TP:
Mechanical strain in actin networks regulates FilGAP
and integrin binding to filamin A. Nature 2011, 478:
260-263.

Rognoni L, Stigler J, Pelz B, Ylaenne J, Rief M: Dynamic force
sensing of filamin revealed in single-molecule experiments.
Proc Natl Acad Sci USA 2012, 109:19679-19684.

Rognoni L, Moest T, Zoldak G, Rief M: Force-dependent
isomerization kinetics of a highly conserved proline switch
modulates the mechanosensing region of filamin. Proc Nat/
Acad Sci USA 2014, 111:5568-5573.

A detailed study that uses optical tweezers to investigate the mechan-
ism of filamin A mechanosensing at the molecular level. The authors
build on previous work [37] to show that integrin binding on one
domain of filamin is gated by the conformation of the prior filamin
domain. The affinity between the filamin pair complex is toggled by
cis-trans proline isomerization which is triggered by force induced
unfolding.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Oberhauser AF, Marszalek PE, Erickson HP, Fernandez JM: The
molecular elasticity of the extracellular matrix protein
tenascin. Nature 1998, 393:181-185.

Carl P, Kwok CH, Manderson G, Speicher DW, Discher DE:
Forced unfolding modulated by disulfide bonds in the Ig
domains of a cell adhesion molecule. Proc Nat/ Acad Sci USA
2001, 98:1565-1570.

Pinotsis N, Chatziefthimiou SD, Berkemeier F, Beuron F,
Mavridis IM, Konarev PV, Svergun DI, Morris E, Rief M,
Wilmanns M: Superhelical architecture of the myosin filament-
linking protein myomesin with unusual elastic properties.
PLoS Biol 2012, 10:e1001261.

Pinotsis N, Lange S, Perriard J-C, Svergun DI, Wilmanns M:

Molecular basis of the C-terminal tail-to-tail assembly of
the sarcomeric filament protein myomesin. EMBO J 2008,
27:253-264.

Berkemeier F, Bertz M, Xiao S, Pinotsis N, Wilmanns M, Graeter F,
Rief M: Fast-folding alpha-helices as reversible strain
absorbers in the muscle protein myomesin. Proc Nat/ Acad Sci
USA 2011, 108:14139-14144.

Forero M, Yakovenko O, Sokurenko EV, Thomas WE, Vogel V:
Uncoiling mechanics of Escherichia coli type | fimbriae are
optimized for catch bonds. PLoS Biol 2006, 4:1509-1516.

Miller E, Garcia T, Hultgren S, Oberhauser AF: The mechanical
properties of E. coli type 1 pili measured by atomic force
microscopy techniques. Biophys J 2006, 91:3848-3856.

Lugmaier RA, Schedin S, Kuehner F, Benoit M: Dynamic
restacking of Escherichia coli P-pili. Eur Biophys J 2008,
37:111-120.

Beaussart A, Baker AE, Kuchma SL, El-Kirat-Chatel S,

O’Toole GA, Dufrene YF: Nanoscale adhesion forces of
Pseudomonas aeruginosa type IV pili. ACS Nano 2014, 8:10723-
10733.

Perez-Jimenez R, Alonso-Caballero A, Berkovich R, Franco D,
Chen M-W, Richard P, Badilla CL, Fernandez JM: Probing the
effect of force on HIV-1 receptor CD4. ACS Nano 2014, 8:10313-
10320.

Freeman MM, Seaman MS, Rits-Volloch S, Hong X, Kao C-Y,
Ho DD, Chen B: Crystal structure of HIV-1 primary receptor
CD4 in complex with a potent antiviral antibody. Structure
2010, 18:1632-1641.

Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE:
Reversible unfolding of individual titin immunoglobulin
domains by AFM. Science 1997, 276:1109-1112.

Lu H, Schulten K: Steered molecular dynamics simulations
of force-induced protein domain unfolding. Proteins 1999,
35:453-463.

www.sciencedirect.com

Current Opinion in Structural Biology 2015, 30:89-99


http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0595
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0595
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0595
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0600
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0600
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0605
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0605
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0605
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0610
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0610
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0615
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0615
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0615
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0620
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0620
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0620
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0625
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0625
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0625
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0625
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0630
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0630
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0630
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0635
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0635
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0635
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0640
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0640
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0640
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0640
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0640
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0645
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0645
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0645
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0645
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0650
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0650
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0650
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0650
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0655
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0655
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0655
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0660
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0660
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0665
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0665
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0670
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0670
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0670
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0675
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0675
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0675
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0680
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0680
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0680
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0680
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0685
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0685
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0685
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0685
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0685
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0690
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0690
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0690
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0690
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0695
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0695
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0695
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0695
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0700
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0700
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0700
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0705
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0705
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0705
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0705
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0710
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0710
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0710
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0715
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0715
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0715
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0715
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0720
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0720
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0720
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0720
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0720
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0725
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0725
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0725
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0725
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0730
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0730
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0730
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0730
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0735
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0735
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0735
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0740
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0740
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0740
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0745
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0745
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0745
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0750
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0750
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0750
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0750
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0755
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0755
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0755
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0755
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0760
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0760
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0760
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0760
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0765
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0765
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0765
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0770
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0770
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0770

98 Folding and Binding

52. Paci E, Karplus M: Unfolding proteins by external forces and
temperature: the importance of topology and energetics. Proc
Natl Acad Sci USA 2000, 97:6521-6526.

53. Klimov DK, Thirumalai D: Native topology determines force-
induced unfolding pathways in globular proteins. Proc Nat/
Acad Sci USA 2000, 97:7254-7259.

54. Hoffmann T, Tych KM, Hughes ML, Brockwell DJ, Dougan L:
Towards design principles for determining the mechanical
stability of proteins. Phys Chem Chem Phys 2013, 15:15767-
15780.

55. Yao M, Qiu W, Liu R, Efremov AK, Cong P, Seddiki R, Payre M,

e Lim CT, Ladoux B, Mege R-M et al.: Force-dependent
conformational switch of alpha-catenin controls vinculin
binding. Nat Commun 2014, 5:4525.

Magnetic tweezers are used to investigate the mechanical strength of «-

catenin. As expected for an all a-helical protein, a-catenin unfolds at low

force. Addition of vinculin prevents refolding, allowing the authors to show
that force-remodelling of a-catenin triggers high affinity vinculin binding,
stabilising a-catenin in its open conformation.

56. Remaut H, Waksman G: Protein—protein interaction through
beta-strand addition. Trends Biochem Sci 2006, 31:436-444.

57. Waksman G, Hultgren SJ: Structural biology of the chaperone-
usher pathway of pilus biogenesis. Nat Rev Microbiol 2009,
7:765-774.

58. Shultis DD, Purdy MD, Banchs CN, Wiener MC: Outer membrane
active transport: structure of the BtuB: TonB complex. Science
2006, 312:1396-1399.

59. Fang J, Mehlich A, Koga N, Huang J, Koga R, Gao X, Hu C, Jin C,
e Rief M, Kast J et al.: Forced protein unfolding leads to highly
elastic and tough protein hydrogels. Nat Commun 2013, 4:2974.
The development of a highly elastic and tough protein hydrogel is
reported. The hydrogel is composed of chains of mechanically weak
ferredoxin-like folds. This is an elegant demonstration of how under-
standing the mechanical strength of single protein molecules can be
applied to other scientific disciplines.

60. Brockwell DJ, Beddard GS, Paci E, West DK, Olmsted PD,
Smith DA, Radford SE: Mechanically unfolding the small,
topologically simple protein L. Biophys J 2005, 89:506-519.

61. Sadler DP, Petrik E, Taniguchi Y, Pullen JR, Kawakami M,
Radford SE, Brockwell DJ: Identification of a mechanical
rheostat in the hydrophobic core of protein L. J Mol Biol 2009,
393:237-248.

62. Brockwell DJ, Paci E, Zinober RC, Beddard GS, Olmsted PD,
Smith DA, Perham RN, Radford SE: Pulling geometry defines the
mechanical resistance of a beta-sheet protein. Nat Struct Biol
2003, 10:731-737.

63. Carrion-Vazquez M, Li HB, Lu H, Marszalek PE, Oberhauser AF,
Fernandez JM: The mechanical stability of ubiquitin is linkage
dependent. Nat Struct Biol 2003, 10:738-743.

64. Dietz H, Berkemeier F, Bertz M, Rief M: Anisotropic deformation
response of single protein molecules. Proc Natl Acad Sci USA
2006, 103:12724-12728.

65. Jagannathan B, Eims PJ, Bustamante C, Marqusee S: Direct
observation of a force-induced switch in the anisotropic
mechanical unfolding pathway of a protein. Proc Nat/ Acad Sci
USA 2012, 109:17820-17825.

66. Li YD, Lamour G, Gsponer J, Zheng P, Li H: The molecular
mechanism underlying mechanical anisotropy of the protein
GB1. Biophys J 2012, 103:2361-2368.

67. Lee W, Zeng X, Rotolo K, Yang M, Schofield CJ, Bennett V,
Yang W, Marszalek PE: Mechanical anisotropy of ankyrin
repeats. Biophys J 2012, 102:1118-1126.

68. Junker JP, Rief M: Evidence for a broad transition-state
ensemble in calmodulin folding from single-molecule force
spectroscopy. Angew Chem Int Ed Engl 2010, 49:3306-3309.

69. Gao X, Qin M, Yin P, Liang J, Wang J, Cao Y, Wang W: Single-
molecule experiments reveal the flexibility of a Per-ARNT-Sim
domain and the kinetic partitioning in the unfolding pathway
under force. Biophys J 2012, 102:2149-2157.

70.

71.

72.

73.

74.

(1]

Popa |, Berkovich R, Alegre-Cebollada J, Badilla CL, Rivas-
Pardo JA, Taniguchi Y, Kawakami M, Fernandez JM:
Nanomechanics of HaloTag tethers. J Am Chem Soc 2013,
135:12762-12771.

Zheng P, Chou C-C, Guo Y, Wang Y, Li H: Single molecule force
spectroscopy reveals the molecular mechanical anisotropy of
the FeS, metal center in rubredoxin. J Am Chem Soc 2013,
135:17783-17792.

Bertz M, Wilmanns M, Rief M: The titin-telethonin complex is a
directed, superstable molecular bond in the muscle Z-disk.
Proc Natl Acad Sci USA 2009, 106:13307-13310.

Farrance OE, Hann E, Kaminska R, Housden NG, Derrington SR,
Kleanthous C, Radford SE, Brockwell DJ: A force-activated trip
switch triggers rapid dissociation of a colicin from its
immunity protein. PLoS Biol 2013, 11:e1001489.

Buckley CD, Tan J, Anderson KL, Hanein D, Volkmann N, Weis WI,
Nelson WJ, Dunn AR: Cell adhesion: the minimal cadherin-
catenin complex binds to actin filaments under force. Science
2014, 346:1254211.

A very clear example of the sometimes surprising effects that force exerts
on non-covalent complexes. The authors use laser tweezers to investi-
gate the effects of load on the binding of a minimal cadherin-catenin
complex to actin and show, by contrast to ‘traditional’ biochemical
experiments, that stable catch bonds are formed under load.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Dembo M, Torney DC, Saxman K, Hammer D: The reaction-
limited kinetics of membrane-to-surface adhesion and
detachment. Proc R Soc Lond B Biol Sci 1988, 234:55-83.

Thomas WE, Trintchina E, Forero M, Vogel V, Sokurenko EV:
Bacterial adhesion to target cells enhanced by shear force.
Cell 2002, 109:913-923.

Marshall BT, Long M, Piper JW, Yago T, McEver RP, Zhu C: Direct
observation of catch bonds involving cell-adhesion
molecules. Nature 2003, 423:190-193.

Lou J, Yago T, Klopocki AG, Mehta P, Chen W, Zarnitsyna VI,
Bovin NV, Zhu C, McEver RP: Flow-enhanced adhesion
regulated by a selectin interdomain hinge. J Cell Biol 2006,
174:1107-1117.

Manibog K, Li H, Rakshit S, Sivasankar S: Resolving the
molecular mechanism of cadherin catch bond formation. Nat
Commun 2014, 5:3941.

Chakrabarti S, Hinczewski M, Thirumalai D: Plasticity of
hydrogen bond networks regulates mechanochemistry of cell
adhesion complexes. Proc Natl Acad Sci USA 2014, 111:9048-
9053.

Kim J, Zhang CZ, Zhang XH, Springer TA: A mechanically
stabilized receptor-ligand flex-bond important in the
vasculature. Nature 2010, 466:992-995.

Hong HD, Tamm LK: Elastic coupling of integral membrane
protein stability to lipid bilayer forces. Proc Nat/ Acad Sci USA
2004, 101:4065-4070.

Lee G, Abdi K, Jiang Y, Michaely P, Bennett V, Marszalek PE:
Nanospring behaviour of ankyrin repeats. Nature 2006,
440:246-249.

Howard J, Bechstedt S: Hypothesis: a helix of ankyrin repeats of
the NOMPIC-TRP ion channel is the gating spring of
mechanoreceptors. Curr Biol 2004, 14:R224-R226.

Corey DP, Garcia-Anoveros J, Holt JR, Kwan KY, Lin SY,
Vollrath MA, Amalfitano A, Cheung EL, Derfler BH, Duggan Aetal.:
TRPAT1 is a candidate for the mechanosensitive transduction
channel of vertebrate hair cells. Nature 2004, 432:723-730.

Sotomayor M, Corey DP, Schulten K: In search of the hair-cell
gating spring: elastic properties of ankyrin and cadherin
repeats. Structure 2005, 13:669-682.

Dupres V, Alsteens D, Wilk S, Hansen B, Heinisch JJ, Dufrene YF:
The yeast Wsc1 cell surface sensor behaves like a nanospring
in vivo. Nat Chem Biol 2009, 5:857-862.

Muller DJ: AFM: a nanotool in membrane biology. Biochemistry
2008, 47:7986-7998.

Current Opinion in Structural Biology 2015, 30:89-99

www.sciencedirect.com


http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0775
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0775
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0775
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0780
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0780
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0780
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0785
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0785
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0785
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0785
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0790
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0790
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0790
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0790
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0795
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0795
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0800
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0800
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0800
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0805
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0805
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0805
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0810
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0810
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0810
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0815
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0815
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0815
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0820
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0820
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0820
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0820
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0825
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0825
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0825
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0825
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0830
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0830
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0830
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0835
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0835
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0835
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0840
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0840
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0840
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0840
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0845
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0845
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0845
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0850
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0850
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0850
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0855
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0855
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0855
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0860
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0860
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0860
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0860
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0865
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0865
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0865
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0865
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0870
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0870
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0870
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0870
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0870
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0875
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0875
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0875
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0880
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0880
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0880
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0880
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0885
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0885
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0885
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0885
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0890
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0890
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0890
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0895
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0895
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0895
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0900
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0900
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0900
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0905
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0905
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0905
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0905
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0910
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0910
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0910
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0915
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0915
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0915
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0915
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0920
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0920
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0920
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0925
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0925
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0925
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0930
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0930
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0930
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0935
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0935
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0935
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0940
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0940
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0940
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0940
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0945
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0945
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0945
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0950
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0950
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0950
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0955
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0955

89.

90.

91.

92.

93.

94.

95.

96.

Kessler M, Gottschalk KE, Janovjak H, Muller DJ, Gaub HE:
Bacteriorhodopsin folds into the membrane against an
external force. J Mol Biol 2006, 357:644-654.

Anishkin A, Loukin SH, Teng J, Kung C: Feeling the hidden
mechanical forces in lipid bilayer is an original sense. Proc Nat/
Acad Sci USA 2014, 111:7898-7905.

Sukharev SI, Blount P, Martinac B, Blattner FR, Kung C: A large-
conductance mechanosensitive channel in E. coli encoded by
MscL alone. Nature 1994, 368:265-268.

Nomura T, Cranfield CG, Deplazes E, Owen DM, Macmillan A,
Battle AR, Constantine M, Sokabe M, Martinac B: Differential
effects of lipids and lyso-lipids on the mechanosensitivity of
the mechanosensitive channels MscL and MscS. Proc Nat/
Acad Sci USA 2012, 109:8770-8775.

Berrier C, Pozza A, De lavalette ADL, Chardonnet S, Mesneau A,
Jaxel C, Le Maire M, Ghazi A: The purified mechanosensitive
channel TREK-1 is directly sensitive to membrane tension. J
Biol Chem 2013, 288:27307-27314.

Brohawn SG, Su Z, MacKinnon R: Mechanosensitivity is
mediated directly by the lipid membrane in TRAAK and TREK1
K* channels. Proc Nat/ Acad Sci USA 2014, 111:3614-3619.

Guo M, Ehrlicher AJ, Jensen MH, Renz M, Moore JR, Goldman RD,
Lippincott-Schwartz J, Mackintosh FC, Weitz DA: Probing the
stochastic, motor-driven properties of the cytoplasm using
force spectrum microscopy. Cell 2014, 158:822-832.

Grashoff C, Hoffman BD, Brenner MD, Zhou R, Parsons M,
Yang MT, McLean MA, Sligar SG, Chen CS, Ha T et al.: Measuring

Effects of force on bio-molecules Chen, Radford and Brockwell

97.

98.

99.

100.

101.

102.

103.

99

mechanical tension across vinculin reveals regulation of focal
adhesion dynamics. Nature 2010, 466:263-266.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM,
Meng EC, Ferrin TE: UCSF chimera — a visualization system for
exploratory research and analysis. J Comput Chem 2004,
25:1605-1612.

Lad Y, Kiema T, Jiang P, Pentikaeinen OT, Coles CH, Campbell ID,
Calderwood DA, Ylaenne J: Structure of three tandem filamin
domains reveals auto-inhibition of ligand binding. EMBO J
2007, 26:3993-4004.

Kiema T, Lad Y, Jiang PJ, Oxley CL, Baldassarre M, Wegener KL,
Campbell ID, Ylanne J, Calderwood DA: The molecular basis of
filamin binding to integrins and competition with talin. Mol Cell
2006, 21:337-347.

Le Trong |, Aprikian P, Kidd BA, Forero-Shelton M, Tchesnokova V,
Rajagopal P, Rodriguez V, Interlandi G, Klevit R, Vogel V et al.:
Structural basis for mechanical force regulation of the adhesin
FimH via finger trap-like beta sheet twisting. Cell 2010,
141:645-655.

Rangarajan ES, Izard T: Dimer asymmetry defines alpha-
catenin interactions. Nat Struct Mol Biol 2013, 20:188-193.

Rangarajan ES, Izard T: The cytoskeletal protein alpha-catenin
unfurls upon binding to vinculin. J Biol Chem 2012, 287:18492-
18499.

Fillingham I, Gingras AR, Papagrigoriou E, Patel B, Emsley J,
Critchley DR, Roberts GCK, Barsukov IL: A vinculin binding
domain from the talin rod unfolds to form a complex with the
vinculin head. Structure 2005, 13:65-74.

www.sciencedirect.com

Current Opinion in Structural Biology 2015, 30:89-99


http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0960
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0960
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0960
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0965
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0965
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0965
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0970
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0970
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0970
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0975
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0975
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0975
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0975
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0975
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0980
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0980
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0980
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0980
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0985
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0985
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0985
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0985
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0990
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0990
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0990
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0990
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0995
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0995
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0995
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref0995
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1000
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1000
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1000
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1000
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1005
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1005
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1005
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1005
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1010
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1010
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1010
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1010
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1015
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1015
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1015
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1015
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1015
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1020
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1020
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1025
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1025
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1025
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1030
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1030
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1030
http://refhub.elsevier.com/S0959-440X(15)00010-X/sbref1030

	Force-induced remodelling of proteins and their complexes
	Introduction
	Measuring and analysing the effects of force on bio-molecules
	How do proteins and complexes respond to force?
	Larger remodelling events
	Local unfolding prevents global unfolding or unbinding
	Can the unfolding behaviour of proteins be predicted?
	The effects of force on proteins are varied
	Membrane proteins as mechanosensors
	Conclusions and perspectives
	Conflict of interest
	References and recommended reading
	Acknowledgements


