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Mechanical forces play an essential role in cellular processes as input, output, and signals.
Various protein complexes in the cell are designed to handle, transform and use such forces. For
instance, proteins of muscle and the extracellular matrix can withstand considerable stretching
forces, hearing-related and mechanosensory proteins can transform weak mechanical stimuli into
electrical signals, and regulatory proteins are suited to forcing DNA into loops to control gene
expression. Here we review the structure–function relationship of four protein complexes with
well deﬁned and representative mechanical functions. The ﬁrst example is titin, a protein that
confers passive elasticity on muscle. The second system is the elastic extracellular matrix protein,
ﬁbronectin, and its cellular receptor integrin. The third protein system is the transduction
apparatus in hearing and other mechanical senses, likely containing cadherin and ankyrin repeats.
The last system is the lac repressor protein, which regulates gene expression by looping DNA.
This review focuses on atomic level descriptions of the physical mechanisms underlying the
various mechanical functions of the stated proteins.

Introduction
Biological cells utilize molecular compounds as well as mechanical forces as input, output, and signals. While the
transformation of chemical compounds by cells, e.g., through
enzymes, has been studied for decades, much less is known
about the transformation of mechanical forces. Just as cells
transform chemical compounds, they also transform mechanical forces. Examples are motor proteins with forces as
output,1 F1 ATP synthase with torque as input,2,3 or mechanosensitive channels with force as a signal.4 The mechanical
forces that arise in cells amount to a few pN in single proteins,
but can be much larger in multi-protein ﬁlaments that experience cellular scale strain.
Obviously, the cell needs proteins that can sustain mechanical forces. Examples are the forces arising in sarcomeric
muscle cells where the cell uses the protein titin5,6 to maintain
structural integrity and provide passive elasticity for the
muscle sarcomere.
In order to detect mechanical forces as signals, cells need to
respond to such forces through signiﬁcant, yet reversible
structural changes. Examples are the proteins, not yet unambiguously identiﬁed, that form the transduction apparatus
in inner ear hair cells capable of detecting the weak acoustical
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forces arising in the cochlea.7,8 Other examples are the transmembrane proteins involved in transduction of force signals
across cellular membranes9 and the extracellular matrix proteins designed to connect cells in tissues.10
Forces also arise within cells in numerous other circumstances where one might not expect them oﬀ-hand. An example is the regulation of the genome where, due to the
macroscopic length of the cellular DNA, strong coiling forces
arise that regulatory proteins need to sustain.11 In fact, many
regulatory proteins deform the DNA through formation of
kinks and loops.12
What is the physical mechanism underlying the mechanical
functions of proteins? To address this question one may follow
the conventional route of inspecting equilibrium protein structures. However, in the present case such structures are of only
limited value since they typically do not reﬂect the mechanical
properties connected with signiﬁcant structural deformation
induced by forces. Fortunately, there exist today numerous
experimental methodologies for directly probing mechanical
responses of a single biopolymer. Key methods are atomic
force microscopy (AFM),13,14 laser optical tweezers,15,16 ﬂuorescence resonance energy transfer,17–19 and biomembrane
force probe.20 It was due to these novel methods that the
study of active and passive mechanical systems in cells experienced a rapid development; yet, all these methods reveal only
very limited microscopic detail on biopolymer mechanics, e.g.,
in the case of AFM experiments observables are only a rupture
force value and the associated extension.21 This is where
molecular dynamics modeling can contribute signiﬁcantly.
Molecular dynamics has the ability to probe the passive
mechanical properties of proteins by application of external
forces. The methodology, best known as steered molecular
dynamics (SMD), has been developed over the last decade and
achieved notable successes in relating structure, function, and
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observation to physical mechanisms permitting biopolymers,
in particular proteins, to bear the forces arising from natural
cellular processes.22–45
It is certainly not possible to cover all aspects of cellular
mechanical processes in this short review. Instead, we choose
four protein systems where SMD studies have provided crucial
structural insights into the molecular mechanisms underlying
the functions of these proteins. We discuss the mechanical
properties of the protein titin that determines the passive
elasticity of muscle, the elastic extracellular matrix protein
ﬁbronectin and its cellular receptor integrins, the proteins
ankyrin and cadherin likely involved in mechanotransduction
in the inner ear and other mechanical senses, and the lac
repressor protein that regulates gene expression by looping
DNA. We apologize to all researchers whose pioneering work
cannot be reviewed due to the space limit.

Steered molecular dynamics
SMD is an ideal computational tool to probe mechanical
properties of biopolymers at the atomic level. SMD can induce
conformational changes on time scales covered by molecular
dynamics simulations, i.e., typically a few tens of nanoseconds.
For this purpose, external forces are applied, e.g., between the
termini of a protein; the forces and the response of the
biopolymer, e.g., linear extension, are recorded and subsequently analyzed. The SMD approach, reviewed in ref. 26, 46,
47, has provided important insights into molecular mechanisms of cellular mechanics for ligand–receptor binding,22–25,48
cellular adhesion,27–29 force generation,49 transduction of
mechanical signals,50–52 regulation of gene expression,44,53
and protein elasticity.30–39,41–43,54–56
There are many ways forces can be applied in SMD
simulations. This is achieved through protocols deﬁning typically how force strength and direction varies as a function of
time. In the simplest case one speciﬁes a constant force;
another typical protocol corresponds to connecting a set of
atoms to a harmonic spring, the end of which is pulled with
constant velocity.26 Forces can also be applied interactively in
an ongoing simulation by means of a so-called haptic device.57,58 These and other force protocols have been implemented in NAMD,59 the MD program employed in all the
SMD studies reviewed here. The constant velocity SMD
protocol mimics AFM experiments in which a molecule is
stretched by a cantilever moving at constant velocity. This
protocol easily induces conformational transitions since force
can rise to very large values; this advantage is outweighed by
the lack of explicit control of the force. The constant force
SMD protocol permits selection of the force magnitude such
that key conformational transitions, unresolved in constant
velocity protocols, are captured in ‘‘slow motion’’. Through
NAMD one can deﬁne linear forces as well as torque. In
addition to these built-in features, NAMD also provides a
scripting interface that allows one to customize SMD procedures for complex force protocols,59 such as simulating the
membrane surface tension acting on a mechanosensitive channel51 or forces due to DNA looping acting on a regulatory
protein.44 The most ﬂexible force protocol is available within
interactive molecular dynamics simulations, in which case
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linear force or torque can be issued and varied by the user
on the ﬂy in an ongoing simulation with visual and mechanical
feedback.57,58
A limitation of the modeling approach, however, is the short
time scale accessible to MD, several orders of magnitude
shorter than the time scale of AFM observations. As a result,
peak forces calculated in SMD simulations are typically one
order of magnitude higher than those obtained from AFM
experiments. Despite this diﬀerence, SMD simulations have
generated trajectories with features that are in close agreement
with AFM experiments, such as the extension of intermediates33,41 and the relative mechanical stability of a group of
proteins.42 For a protein with multiple unfolding pathways
under the same pulling geometry, SMD simulations can reveal
these pathways and suggest mutants discerning pathways
experimentally.40,54,60 Extended simulation times lead to improved convergence with observation.32 Nevertheless, one
should abstain from focusing on peak forces when comparing
simulation and observation and instead focus on energetics
and related mean ﬁrst passage times.32,61
The observables monitored in SMD simulations, typically
force and extension as a function of time, need to be analyzed
in terms of quantitative measures of protein mechanical
properties such as elastic moduli or potentials of mean force
(PMF) along a stretching direction. For this purpose analysis
methodologies have been developed based on non-equilibrium
statistical mechanics for the calculation of the PMF61 and on
mean ﬁrst passage times.22,32,40
An extension-time proﬁle obtained from a constant force
SMD simulation usually displays plateaus corresponding to
unfolding/unbinding barrier crossing processes. The length of
a plateau indicates the ﬁrst passage time spent in crossing the
barrier. The applied force eﬀectively lowers the barrier such
that stronger forces lead to faster barrier crossing than weaker
forces. In all cases, the stretching motion gets temporarily
‘‘stuck’’ in front of the barrier, which is then overcome by
thermal ﬂuctuations. This scenario can be described as Brownian motion governed by a potential which is the sum of the
indigenous barrier and a linear potential accounting for the
applied force. The mean time tbarrier to cross the barrier can be
evaluated using the expressions for the mean ﬁrst passage
time.62–64 An analytical expression of tbarrier exists for a
linearly increasing ramp model for the PMF.22 By comparing
the mean ﬁrst passage times with the respective times tbarrier
for various forces, one can estimate the height of the indigenous potential barrier. Using this approach, the height of the
major unfolding barrier of titin I2732 and ﬁbronectin modules37,42 have been estimated, the results being in close agreement with AFM experiments.21,65
The mean ﬁrst passage time method for sampling trajectories from constant force pulling requires an estimate for the
PMF and provides limited information regarding the PMF,
mainly the height of the potential barrier associated with
unfolding/unbinding. Based on the Jarzynski equality,66–68 a
new method for sampling trajectories obtained from constant
velocity pulling has been proposed to reconstruct the PMF
without any assumption on its shape.69
The Jarzynski equality relates the free energy diﬀerence
DG = GB  GA, where GA and GB correspond to the free energy
Phys. Chem. Chem. Phys., 2006, 8, 3692–3706 | 3693

at states A and B, to work W enforcing the transition A - B
through non-equilibrium processes. The equation reads
exp(bDG) = hexp(bW)i

(1)

where b = 1/kBT is the inverse temperature and kB is the
Boltzmann constant. The Jarzynski equality provides a means
to extract DG from averaging, denoted by h  i, over A - B
non-equilibrium processes, such as SMD stretching. Unfortunately, the exponential average in eqn (1) is strongly dominated by instances in which small work values arise. Since such
instances (trajectories) occur rarely, direct application of this
equation to calculate a PMF is not practical. However, in case
the work values follow a Gaussian distribution, the cumulant
expansions of eqn (1) contributes only ﬁrst and second order
terms, which permits easy calculation of the exponential
average.69 In a SMD simulation performed with a stiﬀ spring,
the work on the system is indeed Gaussian-distributed and the
2nd order cumulant expansion of Jarzynski’s equality can be
applied.69 This method for determining the PMF compares
favorably with the widely used umbrella sampling method
because of its easy implementation and uniform sampling.70
The Jarzynski equality has been employed successfully to
reconstruct the PMF characterizing the conduction of small
molecules through channel proteins.71,72

Titin
An essential characteristic of striated muscle is its elasticity.
Tiny muscle ﬁbrils, known as myoﬁbrils (1–2 mm in diameter),
can be stretched to twice their resting length without damaging
their structure. At the molecular level, the elasticity is due to a
ﬁlament composed of a single gigantic protein, titin.5,6 As
shown schematically in Fig. 1, titin spans over half of the
vertebrate striated-muscle sarcomere, the smallest self-contained functional unit of myoﬁbrils. A typical titin molecule
has a length of B1 mm and a molecular weight of up to B4
MDa. In fact, titin is the largest covalently linked protein
encoded in the human genome. Sequence analysis suggests
that titin is linearly assembled from about 300 modules of two
types, immunoglobulin-like (Ig) and ﬁbronectin type III

(FN-III), as well as a few other domains.73,74 A unique PEVK
domain (rich in proline (P), glutamate (E), valine (V), and
lysine (K)) has a ﬂexible secondary structure,73,75 and becomes
unfolded ﬁrst upon stretching.76,77 To prevent the high force
developed in sarcomere, a few individual Ig domains in the
I-band region of titin also become unfolded.78,79
The mechanical properties of titin Ig domains have been
studied by means of AFM14,21,33,79,81–83 and optical tweezers84,85 as well as SMD simulations.30,32,33,35,36,38,56,86 The
combination of observation and simulation revealed that titin
acts as a heterogeneous spring protected against rupture by the
ability of individual domains to partially and completely
unfold. In particular, computational modeling has provided
important insights into the design principles of proteins that
act as elastic elements and, at the same time, withstand the
considerable forces arising from cellular mechanics. A classic
example is the titin I-band Ig domain, I27 (or I91 in the new
nomenclature74). SMD simulations30,32,33,35 and AFM experiments21,33,81,83 explained how the double b-sheet architecture
of I27 is optimal for the desired mechanical properties—
elasticity at short extension and protection against rupture
through two-step unraveling (involving a mechanically stable
intermediate state at about 10 Å extension and involving the
completely unfolded state extending to about 300 Å). The
force-bearing elements of I27 are inter-strand hydrogen bonds
near the N- and C-termini; these bonds have to break concurrently before the stretched domain can extend further, the
concerted bond breaking posing high energy barriers against
extension. Altering the number of hydrogen bonds connecting
force bearing, i.e., terminal, b-strands permitted evolution to
design domains of speciﬁc strength.
The computational work took advantage of two developments, the availability of an NMR structure of I2787 and the
rise of AFM, a methodology ideally suited for the investigation of titin domains.14,21,33,79,81–83 SMD permitted direct
comparison between simulations and AFM observations.
These simulations led to experiments of I27 mutants which
modulated the force bearing elements corroborating earlier
ﬁndings.33,88 In addition to these SMD studies employing
explicit solvents, computational studies with simpliﬁed models

Fig. 1 Schematic overview of the muscle protein titin in the muscle sarcomere. The sarcomere contains three major ﬁlaments: actin ﬁlaments,
myosin ﬁlaments, and titin ﬁlaments. The titin ﬁlaments connect to the actin ﬁlaments at the Z-disc and associate with the myosin ﬁlament over the
A-band and M-line regions. The contractile movement of the sarcomere is due to the sliding of the myosin ﬁlament over the actin ﬁlament, while
the unfolding of titin domains provide the extension for the sarcomere during stretching of the sarcomere. Note that only half of the sarcomere is
shown. Ig and FN-III domains, two common structural motifs of titin, are represented by circles and ovals, respectively. The N-terminal Z1Z2 Ig
domains of two titins (shown in blue and red circles) are connected through a protein called telethonin (yellow). The crystal structure of the
complex is shown in cartoon representation (Protein Data Bank code 1YA580).
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have been reported, including an implicit solvent model89,81
and coarse-grained models.90,91
A second titin I-band Ig domain that became structurally
known is I1.92 I1 exhibits, in particular, a strong network of
ten inter-strand hydrogen bonds protecting against the extension of the domain’s termini. The strength of the protection
and the lack of an I27-like intermediate state was seen both in
AFM measurements82 and simulation.38 I1 also contains two
cysteine residues that can form a disulﬁde bridge in an
oxidized environment, further protecting against extension of
the protein. The simulations, comparing oxidized and reduced
I1, demonstrated that this disulﬁde bridge increases the mechanical stability and limits the extension of oxidized I1.38
This was then conﬁrmed by AFM observation.82
One of the main surprises observed in the MD investigations
of I1 and I27 was the essential role of water in rupturing titin
domains: water molecules constantly attack and break interstrand hydrogen bonds. Unraveling of I1 and I27 is only
possible when a suﬃcient number of hydrogen bonds are
broken by surface water such that the remaining bonds can
be ruptured by the applied forces, i.e., forces need water
molecules as accomplices to unravel Ig domains.35,38 This role
of water seems to be typical in the unfolding of mechanical
proteins.
The terminal regions of a titin spring are anchored at the
Z-disc and M-line of a muscle sarcomere and interact with
numerous proteins.5,6 These titin-based complexes provide
not only structural support for the development and function
of myoﬁbrils, but also play regulatory roles by detecting
stretching force in titin.93 A unique titin kinase at the
C-terminal region, for example, exhibits a conformational
change in response to mechanical force.55,94 At the very end
of the N-terminal region of titin, a sensor complex is formed
based on two titin Ig domains, Z1 and Z2,95 anchored through
the ligand telethonin.96–98 Biochemical characterization of
telethonin has shown that its presence, in conjunction with
titin Z1Z2, is required for progression of muscle growth.97
Point mutations to telethonin resulting in premature stop
codons have been correlated to a form of limb girdle muscular
dystrophy (type 2A),99–103 suggesting that telethonin plays a
major role in the stabilization of N-terminal titin at the Z-disc.
While binding studies have shown that titin Z1Z2 associates
with telethonin at the Z-disc, the speciﬁc arrangement of the
interaction was not known until very recently when the
structure of the N-terminal half of telethonin in complex with
titin Z1 and Z2 became available,80 as shown in Fig. 1. Unlike
typical ligand binding through insertion of the ligand into a
receptor pocket, the crystal structure revealed that the
liganded Z1Z2 domains of two separate antiparallel titin
N-termini are joined together by an N-terminal fragment of
the ligand telethonin through b-strand cross-linking (see Fig. 1
and 2), a structural motif that also appears in pathological
ﬁbril formation.104–107 On the other hand, it is known that
b-strands can form mechanically stable b-sheets found in titin
Ig domains or ﬁbronectin type III like modules (reported
above, and below). Naturally this raises the question: Does the
b-strand cross-linking between titin and telethonin represent a
novel ligand binding strategy that provides a mechanically
stable linkage?
This journal is
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This question has been addressed by all-atom SMD simulations performed in order to understand the mechanical design
of the Z1Z2–telethonin complex.56 The simulations revealed
that the Z1 and Z2 domains are bound strongly to telethonin.
It turns out, in fact, that the Z1Z2–telethonin complex exhibits
signiﬁcantly higher resistance to mechanical stretching forces
than titin Z1Z2 alone (see Fig. 2), suggesting that telethonin
plays a role in anchoring titin to the sarcomeric Z-disc.
Whereas previous studies have revealed that the unraveling
of the b-strands for titin Ig-domains constitutes the dominant
unfolding barrier,86 in the case of Z1Z2 in complex with
telethonin, the force peak observed corresponded to a detachment of one virtually intact Z2 domain from telethonin.
The results from these simulations shed light on a key
structural strategy that the titin Z1Z2–telethonin complex
employs to yield extraordinary resistance to mechanical stress.
The major force bearing component of this complex is an
extensive intermolecular hydrogen bonding network formed
across b-strands between telethonin and Z1Z2 domains, and
not intramolecularly between b-strands of individual Z1 or Z2
domains (see Fig. 2). This shift to a stronger force bearing
interface reduces the chance of unraveling the individual Igdomains, thus stabilizing the complex. This example demonstrates how b-strand cross-linking, i.e., formation of an intermolecular b-sheet, serves as an important mechanism, in eﬀect
a molecular glue, for augmenting the ability of protein
complexes to resist mechanical stress.

Fibronectin and integrin
Cells are connected through a network known as the extracellular matrix (ECM).10 Many cellular processes involve
interactions between the ECM and the cell. The ECM not
only connects cells together in tissues, but also guides their
movement during wound healing and embryonic development.
Furthermore, the ECM relays environmental signals to cells.
One essential component of the ECM is the protein ﬁbronectin
that assembles into ﬁbrils attaching cells to the ECM.108
Besides the ﬁbrillar form, ﬁbronectin also has a compact
non-functional soluble form circulating in blood. The transformation from the compact form to the extended ﬁbrillar
form of ﬁbronectin, a highly regulated process termed ﬁbrillogenesis, requires application of mechanical forces generated by
cells.109 As shown schematically in Fig. 3, cells bind and exert
forces on ﬁbronectin through transmembrane receptor proteins of the integrin family,9,110 which mechanically couple the
actin cytoskeleton to the ECM via an elaborate adhesion
complex.
Fibronectin ﬁbrils exhibit salient elastic properties. Cells can
stretch FN ﬁbrils up to four times longer than their relaxed
length.18 The mechanical responses of FN are conferred by its
multimodular structure composed predominantly of three
diﬀerent repeats termed FN-I, FN-II, and FN-III. Each of
the two ﬁbronectin subunits consists of 12 FN-I, 2 FN-II, and
15 to 17 FN-III modules, respectively. While each type I or
type II module contains a couple of disulﬁde bonds that crosslink b-strands of the module, type III modules do not contain
any disulﬁde bond. Structurally, FN-III modules exhibit a
seven-b-stranded sandwich motif that has been found
Phys. Chem. Chem. Phys., 2006, 8, 3692–3706 | 3695

Fig. 2 Structure and mechanical stability of a telethonin-liganded titin Z1Z2 complex. Shown in the upper left is a schematic view of the b-strand
alignment for the complex, with key force bearing hydrogen bonds shown for b-strand pairs AB and A 0 G of the titin Z1 and Z2 domains, and
hydrogen bonds linking the four G-strands on the Z1 and Z2 domains to b-strands on telethonin. Shown in the lower left is the force–extension
proﬁle of the telethonin-liganded Z1Z2 complex and of an isolated Z1Z2 unit. The proﬁle depicts the force needed in the constant velocity SMD
simulations to stretch the systems to a certain extension relative to the equilibrium length. Shown on the right are snapshots of the titin–telethonin
complex for various extensions. Comparing the force–extension proﬁle one can see that unbinding the complex requires signiﬁcantly higher force
than unfolding an isolated Z1Z2 unit. The complex shown in snapshot (A) deﬁnes the initial state before stretching at 0.05 Å ps1. (B) At extension
of 15 Å, a peak force is necessary for detaching the G-strand of a Z2 from its cross-linking partner, the D-strand of telethonin. (C) The Z2 domain
becomes separated from the ligand at extension 25 Å. (D) Unraveling the Z2 domain leads to further separation. Hydrogen bonds are represented
by dashed lines. Figure adapted from ref. 56.

ubiquitously in many mammalian proteins.41,111,112 It has been
proposed that individual FN-III modules unfold to provide
the elasticity of FN ﬁbrils.113 Consistent with this hypothesis,
experiments with dual-labeled ﬁbronectin undergoing ﬂuorescent resonance energy transfer show a marked reduction in
energy transfer for ﬁbronectin incorporated into extracellular
matrix ﬁbrils, supporting the notion that partial unfolding of
FN-III modules occurs during ﬁbrillogenesis.114

In addition to providing the necessary elasticity for accommodating cell movement, stretching of FN-III modules can
expose buried binding sites that serve as nucleation sites for
the assembly of FN into ﬁbrils. These buried binding sites,
called cryptic sites, presumably exist either within the FN-III
core or buried between the hinge regions of two neighboring
FN-III modules. Cryptic sites for ﬁbrillogenesis have been
proposed to exist in FN-III1,115,116 FN-III2,117 FN-III7,118

Fig. 3 Schematic view of ﬁbronectin bound to integrin at the cell surface. Fibronectin is a dimeric protein consisting of two identical subunits
cross-linked by disulﬁde bridges. One of the subunits, shown in the ﬁgure, is composed of type I (squares), type II (hexagons), and type III (ovals)
modules, as well as of a variable (V) region. An atomic NMR structure of FN-III1 (Protein Data Bank code 1OWW)41 is shown in cartoon
representation. Integrin is a heterogenous dimeric protein composed of two non-covalently associated subunits. Upon activation, integrin
undergoes conformational changes and mechanically links its extracellular ligands, such as ﬁbronectin, to an intracellular cytoskeleton adhesion
complex, which involves dozens of proteins (e.g., talin and actin).
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FN-III9,119 FN-III10,120 and FN-III13–15.118,121 Thermal or
chemical unfolding of these modules is associated with increased binding by either FN or a 70 kDa N-terminal FN
fragment. Furthermore, a 76-residue fragment from FN-III1,
termed anastellin and obtained by cutting the protein A- and
B-strands oﬀ the N-terminus, binds to ﬁbronectin and
promotes the formation of so-called superﬁbronectin with
enhanced adhesive properties.122
Despite remarkably similar tertiary structures, distinct
FN-III modules share low sequence homology, with the sequence
identity being typically less than 20%. Conversely, the sequence homology for the same FN-III module across multiple
species is notably higher, approximately 80–90%, suggesting
that sequence variability among modules is functionally signiﬁcant. The mechanical properties of individual FN-III
modules have been compared in single molecule AFM experiments65,123–126 and in all-atom SMD simulation studies.34,37,39–42 The AFM experiments revealed varied
mechanical stability of FN-III modules. The relative order
of the observed stability is qualitatively consistent with the
prediction obtained from SMD simulations of several FN-III
modules FN-III7–10,12–14, and a FN-III module from tenascin.42 The simulation results have shown that FN-III modules
can be pre-stretched with only minor changes to their tertiary
structures before encountering the major unfolding barrier,
and the mechanical stability of FN-III modules can be tuned
through substitutions of just a few key amino acids by altering
access of water molecules to inter-strand hydrogen bonds that
break early in the unfolding pathway.
More interestingly, the AFM experiments with FN-III
modules revealed that the mechanical response of FN-III1 is
markedly diﬀerent from that of other FN-III modules such as
FN-III10, FN-III12, and FN-III13.65 FN-III1 exhibits a pronounced mechanical intermediate during forced unfolding.
While a similar intermediate has been detected for other
FN-III modules such as FN-III10, it was observed less frequently
than that of FN-III1.60 A combination of NMR structural
analysis and molecular modeling provided a structural explanation of this particular property of FN-III1.41 Homologous
to other structurally solved FN-III modules, FN-III1 consists
of two four-stranded b-sheets packed into a b-sandwich motif.
Unlike most other FN-III modules, however, FN-III1 misses
in its G-strand a well conserved proline residue among FN-III
modules. As a result, the key force-bearing inter-strand hydrogen bonds of the CDFG b-sheet of FN-III1 is extended. Thus,
the b-sheet becomes much more stable than the ABE b-sheet
(Fig. 4). Upon tension, the weaker ABE b-sheet unravels ﬁrst.
The N-terminal portion of the module, the A- and B-strands,
completely extend to B100 Å, three times the native length of
a typical FN-III module. This new conformation amounts to a
stable intermediate with the stronger b-sheet protected by a
cluster of inter-strand hydrogen bonds between G- and
F-strands. The extension diﬀerence between native state and
intermediate is in agreement with atomic force microscopy
unfolding experiments;65 the intermediate structure predicted
by the simulations is surprisingly close to the structure of
anastellin, the 76 N-terminal portion of FN-III1.127
Fibronectin is recognized by integrins a5b1 and aVb3.128
The primary sequence motif of ﬁbronectin for integrin binding
This journal is
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Fig. 4 Stretching the FN-III1 module. The overall structure of
FN-III1 is shown in Fig. 3. SMD simulations, which started from an
NMR structure of the protein (Protein Data Bank code 1OWW),
revealed that the module consists of two b-sheets with diﬀerent
mechanical strength.41 (A) The weaker ABE b- sheet (green) unravels
ﬁrst when force is applied to the termini of the module, while (B) the
stronger CDFG b-sheet (red) still maintains its inter-strand hydrogen
bonding network. Unraveling of the A- and B-strands leads to (C) a
stable mechanical intermediate with the stronger b-sheet largely intact.
Hydrophobic residues exposed in this intermediate likely bind to other
ﬁbronectin modules, thereby enabling the self-assembly of ﬁbronectin
molecules. Hydrogen and oxygen atoms are colored in white and
yellow, respectively. Panels (A) and (B) were adapted from ref. 41.

is a tripeptide, Arg-Gly-Asp (RGD), located on the loop
connecting the force-bearing G- and F-strands of FN-III10.
Multiple mechanical unfolding pathways have been observed
in the SMD studies of this module because either of its two bsheets may become unraveled ﬁrst, or the sheets may become
disrupted simultaneously.34,40 In the most common pathway,
the G-strand near the C-terminus detaches from the module,
inducing a gradual shortening of the distance between the apex
of the RGD-containing loop and the module surface, which
reduces the loop’s accessibility to surface-bound integrins. The
shortening is followed by a straightening of the RGD loop
from a tight b-turn into a linear conformation which implies a
further decrease of the aﬃnity and selectivity to integrins. In a
second pathway, FN-III10 exhibits an intermediate similar to
that observed in the simulations of FN-III1 (see above). The
RGD loop maintains its initial conformation until disruption
of this intermediate. These observations suggest that the RGD
loop is strategically located to undergo conformational
changes and constitute a mechanosensitive control of integrin
recognition.34
Besides the RGD peptide on FN-III10, FN-III9 also contains a short peptide that binds to integrin a5b1. This site, a
so-called synergy site located about 32 Å from the RGD
peptide, acts together with the FN-III10 binding site to enhance integrin-mediated cell adhesion.129 An SMD study of
the FN-III9–10 tandem has shown that ﬁbronectin–integrin
binding interactions can be aﬀected through the change of the
relative distance between the two sites upon stretching.39 Prior
to force-induced unfolding of the modules, the simulations
revealed an intermediate state in which the synergy–RGD
distance is increased to approximately 55 Å while both the
conformations of the RGD loop and the synergy site themselves remain unperturbed. This synergy–RGD distance is too
large for the RGD loop and the synergy site to co-bind the
Phys. Chem. Chem. Phys., 2006, 8, 3692–3706 | 3697

Fig. 5 Forced dissociation of a cyclic RGD mimetic ligand from the binding site of its receptor integrin aVb3. The two subunits of integrin aV
and b3 are colored blue and purple, respectively. (A) Prior to the detachment of the ligand, the Asp of the RGD ligand contacts the MIDAS
divalent cation, coordinated by b3 and a water molecule. The water molecule blocks access of other water molecules until (B) the separation of the
Asp and the MIDAS ion, which triggers the dissociation of the ligand. Figure adapted from ref. 29.

same receptor molecule; they are thus functionally decoupled.
The simulations suggest that increased a5b1 binding contributed by the synergy site, and associated downstream cell
signaling events, can be turned oﬀ mechanically by stretching
the two FN-III modules.
Naturally, the binding between integrin and ﬁbronectin
must sustain signiﬁcant stress in order to transmit force
signals. Indeed, AFM experiments have found that disruption
of the a5b1–FN-III7–10 complex requires strong force.130 It has
been known for a long time that integrins recruit divalent
cations for the ligand binding purpose.131,132 Crystal structures of integrin aVb3, available recently both in the presence
and absence of a synthetic RGD ligand, provide the ﬁrst
atomic view of how this integrin interacts with RGD-containing ligands.133,134 The integrin acquires three divalent metal
ions that coordinate the binding to the ligand. The Asp of the
RGD peptide establishes a direct contact with the ion located
at a site termed the metal ion dependent adhesion site
(MIDAS, Fig. 5), which is ﬂanked by two neighboring ions
located at the ligand-associated metal binding site (LIMBS)
and the adjacent MIDAS (ADMIDAS). While the exact role
of the latter two sites is not clear, it has been shown that
ADMIDAS regulates the binding aﬃnity to the ligand.135
Based on the crystal structure of the complex, computational modeling of the RGD-ligand unbinding process has
produced a dynamic picture of how the aVb3 complex resists
dissociation by mechanical forces.29 Consistent with the hypothesis that integrin–ligand binding provides a stable mechanical linkage, the unbinding requires a high force
comparable to the peak force observed in the unfolding of
the strongest FN-III modules. This major force peak correlates with the breaking of the contact between the Asp of the
RGD ligand and the MIDAS ion, as shown in Fig. 5. RGD
binding to integrins does not involve a deep binding pocket
that protects force-bearing contacts from attacks by free
water, but rather forms a shallow crevice at the interface
between the two subunits. A water molecule is tightly coordinated to the divalent MIDAS ion, thereby blocking access of
free water molecules to the critical force-bearing interactions.
A similar scenario has been found through molecular dy3698 | Phys. Chem. Chem. Phys., 2006, 8, 3692–3706

namics simulations in the complex of anthrax toxin with its
cell surface receptor, the primary binding site of the latter also
involving a MIDAS motif.136

Proteins related to hearing and other mechanical
senses
The sense of hearing in vertebrates employs mechanically
sensitive hair cells of the inner ear that transduce weak
mechanical stimuli produced by sound into electrical signals.137 These specialized cells located in the organ of Corti,
on top of the basilar membrane of the cochlea, exhibit bundles
of stereocilia arranged in rows of increasing height. The
stereocilia become agitated in response to sound, resulting in
concerted bending of the bundle accompanied by depolarization/hyperpolarization of the corresponding hair cell.138,139
Fig. 6A and B show the current model explaining the mechanism of sound transduction.7,137,140 Mechanosensitive ion channels in adjacent stereocilia are connected through a ﬁne
ﬁlament, termed the tip link,141 as well as to the cytoskeleton.
Bending towards the tallest stereocilia induces stretching of the
tip link and opening of mechanosensitive channels, the latter
event mediated by a ‘‘gating spring’’, as suggested by measurements of bundle elasticity.142,143 While the microscopic cellular
structures described are well understood, the molecular identity and corresponding elasticity of the diﬀerent components
of the transduction apparatus (tip link and mechanosensitive
channels, either of which may form part of the gating spring)
remains elusive and the subject of intense research.144
Motivated by experimental evidence suggesting that the tip
link was made of cadherin-237,145,146 and the transduction
channel was likely a member of the TRP ion channel family
featuring numerous ankyrin repeats (TRPA1 and TRPN1
with up to 17 or 29 ankyrin repeats, respectively8,151–153), the
elasticity of both cadherin and ankyrin repeats was extensively
studied using SMD simulations.43 The outcome of the simulations, recently corroborated by AFM experiments,154,174
showed remarkable and novel properties for both ankyrin
and cadherin, as described below. However, the role of these
proteins in hair cell mechanotransduction remains ambiguous
This journal is
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Fig. 6 Mechanotransduction in hair cells. (A) The side view shows the stereocilia arranged in order of increasing height. Deﬂection of a hair cell’s
bundle induced by sound causes the stereocilia to bend and the tip links between them to tighten. (B) Mechanical coupling of hair cell ion channels.
Ion channels open in response to tension conveyed by tip links. The mechanism shown, involving a TRP type channel with an N-terminal ankyrin
segment linked to the cell’s cytoskeleton, is hypothetical. (C) Crystal structure of a single extracellular cadherin repeat. Calcium ions are shown as
spheres. Transient lateral links (not shown) or the tip link are thought to be made of at least 54 extracellular heterogeneous cadherin
repeats.7,145–150 (D) Model of 24 ankyrin repeats of human ankyrin-R. Each repeat is made of two a-helices and a short loop.

as more recent experiments suggest that cadherin-23 is a
component of transient lateral links of hair cells, but not the
tip link.147–150 Moreover, TRPN1 is unlikely to be the transduction channel in hair cells;155 TRPA1 knockout mice exhibit
normal balance and auditory response,156–158 indicating that
TRPA1 is not essential for hair cell mechanotransduction.
Although poly-ankyrin domains of TRPA1 and TRPN1
homologues are unlikely to form the hair cell gating spring
as originally suggested,7,43,159 their elastic properties may be
relevant in cold reception and mechanical nociception, as well
as in mechanotransduction by sensory neurons.160
Despite the uncertainties about the speciﬁc role of cadherin
repeats in hearing, the structural integrity of cadherin-23 is
relevant for hair-cells, as demonstrated by mutations of
CDH23 causing hereditary deafness (Usher syndromes).161,162
The mutations are indeed located in the extracellular domain
of cadherin-23, formed by 27 heterogeneous repeats which
may constitute the tip link or transient lateral links. The
protein also features a domain crossing the cell membrane,
and a domain located in the cytoplasm of the hair cell.163 Each
extracellular repeat consists of about 100 amino acids sharing
a common folding topology characterized by seven antiparallel b-strands tightly linked by hydrogen bonds, and a
highly conserved calcium binding motif (Fig. 6C).
The ankyrin segments of TRPA1 and TRPN1 are thought
to consist of up to 29 similar repeats, each made of 33 amino
acids.8,151,152 Ankyrin repeats occur in more than 400 human
proteins expressed in many tissues,164–167 each repeat being
made of two short antiparallel a-helices and a ﬂexible loop
(Fig. 6D). Proteins of the ankyrin family contain up to 24
repeats, and the largest ankyrin-repeat crystallographic structure available to date involves twelve of the repeats from
human ankyrin-R; a structure with 24 repeats was extrapolated from it through modeling.168 As Fig. 6D shows, adjacent
ankyrin repeats stack in parallel and feature a slight helical
curvature.168–171
The ﬁrst characterization of the elastic response of cadherin
and ankyrin repeats at the molecular level was performed
using multiple SMD simulations.43 Following earlier work on
cadherin homophilic adhesion,28 the new simulations revealed
that a single cadherin domain (from C-cadherin172) is likely a
This journal is
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stiﬀ element that responds to an external force by independently unfolding its two b-sheets. The large forces required to
unfold these domains were found to depend on the presence or
absence of Ca21 ions, pointing out the role of calcium as a
structural stabilizer (Fig. 7A). A more recent study investigated the dynamics of two adjacent cadherin domains from
E-cadherin and conﬁrmed the relevance of calcium ions on the
conformational ﬂexibility of these proteins.173 Interestingly,
residues involved in calcium binding motifs are related to
hereditary deafness,161,162 i.e., the respective mutations may
undermine the ability of the tip link or transient lateral links to
withstand large forces and/or form homophilic contacts.
In contrast, stacks of ankyrin repeats containing 12, 17, and
24 repeats were found to be ﬂexible elements that respond to
weak forces (25–100 pN) by changing their overall curvature
and, despite two-fold elongations, keep their secondary structure intact; we refer to this property of ankyrin as ‘‘tertiary
structure elasticity’’ (see Fig. 7B). The stiﬀness of ankyrin
repeats observed in simulations (B5 mN m1)43 is in excellent
agreement with the stiﬀness measured through AFM experiments (B4 mN m1).174
The simulations also showed that the response of ankyrin
repeats to weak forces is reversible on a nanosecond time scale.
External forces and constraints applied during stretching were
turned oﬀ, permitting the protein to relax for several nanoseconds. During the relaxation, the end-to-end distance decreased considerably (by more than 40 Å during 25 ns for a
system of 340 000 atoms containing the solvated 24 repeats of
human ankyrin-R) and the original curvature was recovered.43
Application of large forces on ankyrin induced detachment
and unfolding of individual repeats; we refer to this property,
spectacularly represented by titin and ﬁbronectin (see above), as
‘‘secondary structure elasticity’’. The simulations predicted that
unfolding events can be identiﬁed as force peaks in constantvelocity stretching or as steps in constant-force stretching,
since both force peaks and steps are separated by B95 Å. Thus
the end-to-end distance of unfolded poly-ankyrin domains
could easily reach a maximum extension of B2000 Å while
still conserving entropic stiﬀness and reversibility.43 These
theoretical predictions have also been conﬁrmed by AFM
experiments on stacks of 6, 12 and 24 ankyrin repeats.154,174
Phys. Chem. Chem. Phys., 2006, 8, 3692–3706 | 3699

Fig. 7 SMD simulations of cadherin and ankyrin. (A) Equilibrated crystal structure of cadherin (from Protein Data Bank 1L3W)172 (top) and
partially stretched conformation (bottom) shown in cartoon representation. Speciﬁc residues and water molecules surrounding calcium ions
(yellow spheres) are labeled and shown in licorice representation. (B) Equilibrated model of 24 ankyrin repeats of human ankyrin-R (top, 340 000
atom system, water not shown). Snapshots of the 24-repeat structure at the end of 10 ns constant-force simulations using forces of 25 and 50 pN
(middle and bottom). The 24 ankyrin repeats were constructed from Protein Data Bank 1N11.168

Lac repressor
The mechanical manipulation of DNA is central to all aspects
of genetic regulation.11 Indeed, very often regulatory proteins
mechanically manipulate DNA away from its equilibrium
conﬁguration by making DNA bend, loop, twist, and supercoil.12 Examples of proteins or protein complexes that induce a
change in DNA structure include the histones,175 the protein
component of the invertasome,176 and the lac repressor
(LacI).177 In order to manipulate DNA, proteins need to overcome mechanical strain arising from the DNA. Little is known
about how regulatory proteins are designed to handle the forces
stemming from DNA. In many cases, conformational changes
of DNA are known to occur in protein–DNA complexes, but
cannot be resolved in detail when changes are too large or
when the DNA becomes disordered. This is the case, in
particular, when regulatory proteins force DNA into loops.
DNA looping arises when two distant segments of DNA are
bound by a regulatory protein or protein complex. Such

looping is widely observed in gene regulation, both in prokaryotes11,180 and eukaryotes.181 DNA looping enhances both
the regulatory properties of the proteins and the ability of the
cell to respond to a wide range of signals.12,182 Speciﬁcally,
proteins and protein complexes involved in transcription inhibition employ looping to inﬂuence the initiation process by
blocking the promoter sequence, a site upstream from the
genes that the RNA polymerase recognizes before initiating
transcription.183 The regulatory proteins act at diﬀerent binding sites on the DNA, some of them distant from the promoter, exploiting the ﬂexibility of DNA to bring themselves in
close proximity in order to block the promoter. Proteins in this
category include the lac repressor177 shown in Fig. 8, and the
l repressor.181
The lac repressor mentioned above regulates the function of
the lac operon in Escherichia coli, a set of genes involved in
lactose catabolism.182 Crystallographic structures of LacI
bound to its DNA binding sites were reported, but neither
of them contained the DNA loop.178,179 Therefore, it is unclear

Fig. 8 Example of genetic regulation by the lac repressor. Shown is a schematic view of the lac operon when expressed (left) and repressed
(middle). LacI binds to two operator sites on the DNA and forms a loop with the intervening DNA. The crystallographic structure of LacI178,179 is
shown on the right (Protein Data Bank code 1Z04).188

3700 | Phys. Chem. Chem. Phys., 2006, 8, 3692–3706
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what the mechanics of repression are, given that the resistance
of the connecting DNA loop is likely to change the structure of
LacI. A suitable method for obtaining the missing details is
molecular modeling starting from the known structural
elements.
While SMD simulations could be applied directly to the
study of muscle and hair cell protein systems involving 100 000
and 300 000 atom systems, the solvated lac repressor–DNA
complex is currently beyond the reach of all-atom simulations.
The protein by itself encompasses over 300 000 atoms when
placed in a solvent bath suﬃciently large to permit functionally important motions. For the DNA bound to the protein at
its O1 and O3 operator sites and with a 76 bp loop between the
sites (see Fig. 8) to have suﬃcient solvent space to freely move
requires additional 500 000 atoms in a simulation. One also
expects that the loop dynamics naturally impeded by the
solvent is slow on the MD nanosecond time scale. In order
to avoid extremely long 800 000 atom simulations, one resorts
to a multiscale description in which the protein is described by
all-atom MD and the DNA by a well-established physical
model, the elastic rod model;185 both descriptions are linked
computationally, the DNA loop adapting instantly to the
protein, but also exerting forces on the protein.
Such a multiscale methodology53 has been developed based
on earlier work on the DNA elastic rod model.185–188 The
approach is illustrated in Fig. 9. One can discern that the MD
simulation involved the lac repressor bound to two short DNA
segments. The segments continue into the DNA loop through
the physical model that takes the segments as input (as
boundary conditions for solving a system of 13th order nonlinear diﬀerential equations) and yields as output the energetically optimal loop geometry along with the forces with which
the DNA resists loop formation. Just like in an SMD simulation, the forces are included in the MD description of LacI.
The elastic model accounts for the relevant properties of
DNA, i.e., intrinsic twist, bending anisotropy, and electrostatics.185–188
The multiscale method has been applied to the LacI–DNA
complex.53 For this purpose, an all-atom model of LacI has
been built based on available crystallographic and NMR data,
which were either low in resolution or missing parts of the
protein.178,179,189 The model of LacI, shown in Fig. 8, was
reported in ref. 188.
LacI is assembled as a dimer of dimers, connected by a fourhelix bundle. Each dimer has a head group that binds to DNA.
Although binding of a single head group decreases expression,
repression is most eﬃcient when the loop is present.190 The
available178 and modeled structure188 (see Fig. 8) both include
two 16 bp DNA segments nearly identical to the operators,
but have the DNA loop missing. A mathematical DNA model
predicted the structure of the missing loop.186,188
The DNA binding sites of LacI exhibit palindromic symmetry, giving rise to four possible binding orientations of
DNA referred to as II, IO, OI, OO (see Fig. 9), two of which
(II, OO) are equivalent when the sequence of the DNA in the
loop is not considered. This gives rise to three diﬀerent loop
topologies represented also in Fig. 9. The generally accepted
loop topology is IO178,191 which is also the one simulated in
ref. 44. However, there is no conclusive data excluding the
This journal is
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Fig. 9 Simulation of the lac repressor–DNA complex. (A) Setup of
the multiscale simulation: all-atom structure of the complex between
LacI and DNA in a bath of water and ions; the 75 bp-long DNA loop
connecting the protein-bound DNA segments is modeled as an elastic
ribbon; the forces of interaction between the loop and the proteinbound DNA segments (see arrows) are included in the MD simulation.
(B) All-atom structure of the lacI–DNA complex. (C) Alternative
topologies of the DNA loop formed by LacI based on orientation of
the operators in the head groups. I denotes the 5 0 –3 0 direction pointing
toward inside the protein, and O denotes the 5 0 –3 0 direction pointing
away from the other head group. Notation adopted from ref. 184. The
II and OO topologies are equivalent in our model that neglects a
sequence dependence of DNA elastic properties.

other topologies. The structure of the DNA loop for all
topologies was obtained from the boundary conditions of
the all-atom system.53 Based on the energetics of the DNA
loops, the II/OO loop also appears a feasible candidate for the
topology of the loop in vivo.
The results of the multiscale simulations of the IO loop–
LacI construct corrected a long held view of the mechanism of
LacI. While it was assumed previously that a hinge-like
massive motion between the dimers controlled the ability of
LacI to enforce the DNA loop, the simulations suggest that
the ability of LacI to maintain the DNA in a looped conﬁguration is actually due to the extreme ﬂexibility of its head
groups (DNA binding domains) connected to the rest of the
protein through ﬂexible linkers, while the dimers are essentially immobile with respect to each other. This is illustrated in
Fig. 10 showing the head groups rotation and loop dynamics
along with a moment of inertia of the LacI head group. The
structure of the loop itself relaxed during the simulation,
showing an energy drop from B20 kBT to 12 kBT.44 Interestingly, the computationally modeled behavior is in perfect
agreement with experimental data, even though those same
Phys. Chem. Chem. Phys., 2006, 8, 3692–3706 | 3701

Fig. 10 LacI head group and DNA loop motion during the multiscale simulation. The protein structure is shown before and after the simulation.
The lines in (A) represent the long principal axis of each head group after every 200 ps of the simulation. The structure of the DNA loop in (B) is
drawn with the same frequency. (C) The distance d between two ﬂuorophores attached to the DNA loop in ref. 191. Ddtotal shows the change in d
during the simulation; Dda shows how d would change if the head groups were immobile with respect to the core domains. The mauve band with
the dotted line shows the experimental range and the average estimated for d.191 Figure adapted from ref. 44.

data were interpreted diﬀerently before. Edelman and collaborators191 have determined the distance between ﬂuorophores attached to the DNA loop near the LacI head groups
to be 50 Å larger than the same distance in the crystal
structure;178 this was ascribed to an opening of the LacI cleft
when LacI actually binds to a DNA loop, which it does not in
the crystal.178,179 However, as shown in Fig. 10 the corresponding increase in distance by 52 Å measured in the
simulation also explains the experimental observation without
invoking a signiﬁcant opening of the cleft.
Another multiscale simulation that forced LacI to open by
applying external forces to the outer DNA ends, mimicking
single molecule experiments,192–194 revealed details of the
mechanism of repression: when LacI is subject to strain from
the DNA loop, a ‘‘lock’’ mechanism kicks in and prevents the
cleft from opening. The locking mainly involves three groups
of protein residues, that account for 80% of the dimer-todimer interaction energy. The interaction is mainly electrostatic, involving the formation of two salt bridges when the
protein is subject to strain and locking it through a ‘‘catchbond’’.195
As pointed out already, the DNA loop of the LacI–DNA
complex can, in principle, also assume alternative topologies
as shown in Fig. 9. The structure and energies of the OI and
II/OO loops have been calculated.53 The calculations show
that the energy of the II/OO loop is comparable to that of the
IO loop, while the OI loop appears energetically unfavorable
in the LacI conformation tested. Investigation of the dynamics
of the loops and the response of the protein to the respective
forces will answer the question if the alternative loops are
feasible. Given the wide rotational ﬂexibility of LacI’s head
groups (see above), the diﬀerences in loop topology may be
irrelevant since, through head group twists, one loop
form, e.g., IO, can be transformed approximately into another
one, e.g., II.

Outlook
The living state of a biological cell manifests itself through
mechanical motion on many length scales. Behind this motion
are many processes that generate and transform mechanical
3702 | Phys. Chem. Chem. Phys., 2006, 8, 3692–3706

forces of many types. As with other cell functions, the machinery for cellular mechanics involves proteins. Their ﬂexible
structures, which can be deformed and restored, are often
essential for their functions. In this review we considered a few
mechanical proteins and demonstrated what had been learned
about them through computational modeling. Regarding the
examples given we now describe what the future may hold in
store.
A few mechanical proteins take their ﬂexibility to extremes
by unfolding part of their structures. Examples reviewed here
are the giant protein titin, the extracellular matrix protein
ﬁbronectin, and the repeat protein ankyrin. These molecular
springs exhibit elasticity that come from their modular designs. The proteins respond to weak force by straightening the
linker regions between modules. The ensuing elasticity is
conferred by re-arrangement of the tertiary structure, and is
called tertiary structure elasticity. Under strong force, individual modules unravel, unfolding secondary structure. The
corresponding property is termed secondary structure elasticity. A typical structural motif for modules with secondary
structure elasticity is the b-sandwich motif found in titin and
ﬁbronectin. The motif shows how mechanical proteins derive
their mechanical strength, i.e., resistance to unraveling under
stretching through an interstrand hydrogen-bond network.
The b-sandwich is one of the most abundant protein
structure motifs. The ground-breaking AFM experiments
and SMD simulations of titin Ig domains and ﬁbronectin type
III modules have revealed a general mechanism for how a
typical b-sandwich protein resists mechanical force: b-strands
formed in the terminal regions of the protein are typically
crucial force-bearing elements. The mechanical strength of
individual b-sandwich modules can be tuned through variation of amino acids in these key b-strands. Moreover, some bsandwich proteins, such as FN-III modules, exhibit stable
mechanical intermediates that adhere to each other to form
ﬁbrils. Although it is not clear precisely how these modules
cross-link, one possible way involves b-strand cross-linking.119
As revealed in the structure and simulations of the titin
Z1Z2–telethonin complex, b-strand cross-linking is a fundamental architectural element used by cells to glue their molecular components together yielding strong mechanical
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connections. This structural motif has also been implicated in
pathological ﬁbril formation.196 Clearly, the deployment of
ﬁbronectin, telethonin, and other similar mechanical proteins
as powerful glue needs to be carefully controlled in the cell and
future work will likely focus on the control mechanisms used
in gluing the right protein components, and not the wrong
ones, avoiding, in particular, self-aggregation.
Integrins, signaling receptor proteins, are vital players involved in transducing mechanical force signals across the cell
membrane between the intracellular cytoskeleton complex and
the extracellular matrix. Maintaining a stable mechanical
linkage between integrins and their extracellular matrix
ligands, as demonstrated in SMD simulations, is important
for mechanotransduction. Furthermore, inactivated integrins,
namely, the receptors in the absence of bound ligands, may be
activated by mechanical force exerted on the cytoplasmic tails
of integrins, opening sites that bind to the receptors.9 Such
force signals trigger conformational changes cascading to the
integrin headpiece,197–199 thus activating the receptors. The
essential structural components of integrins for relaying and
regulating conformational changes and cellular signaling are
still not clearly understood.
Repeat proteins such as ankyrin are recognized today as
ubiquitous components of biological cells. Examples are proteins made of leucine-rich repeats (LRR), armadillo repeats,
and heat repeats like internalin, decorin, importin-b, exportin,
clathrin, or catenin. These proteins resemble in a striking
manner the overall curved architecture of ankyrin and likely
exhibit secondary and tertiary structure elasticity similar to
those of ankyrin. Do these repeat proteins have mechanical
functions? If they do, how do their elastic properties serve their
functions? One interesting case is the leucine rich repeat (LRR)
domain of internalin from the bacterium Listeria monocytogenes.200 The bacterium utilizes the rubber-band-like LRR
domain to grip ﬁrmly a cellular receptor, E-cadherin, on the
surface of a host cell. For such a system, SMD simulations
provide a viable means to probe the elasticity of the structure
and investigate how uncurling the LRR domain may aﬀect the
binding strength to its receptor. Another interesting example
of repeat proteins with mechanical function are transport
receptors associated with the nuclear pore complex.201 The
transport receptors embrace cargos, deliver them across the
nuclear pore, and release them. The recognition of the transport receptor importin-b and transport factor NTF2 by
nuclear pore complex proteins has been reported recently.202,203 The mechanical ﬂexibility of the transport receptors is thought to be important for its function and is under
investigation.
The lac repressor is a paradigm of genetic control;177 its
ability to bind DNA and regulate gene expression is common
to many regulatory proteins across all biological kingdoms.11,12 The mechanisms by which LacI can arrest DNA
into a looped conﬁguration is a remarkable example of protein
mechanics, in which a protein has to withstand large mechanical strain arising from forcing DNA into a looped conﬁguration. Multiscale simulations have revealed which mechanical
degrees of freedom are relevant to this task, allowing one to
understand the underlying design of this class of proteins
consisting of DNA binding domains linked by ﬂexible linkers
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to large protein cores.204 The multiscale method can be used to
study all possible DNA loop topologies induced by these
regulatory proteins, besides that of LacI, also that of the gal
repressor, another E. coli regulator that supposedly forms an
antiparallel, i.e., II/OO loop.205 Future work will study the
feasibility of these alternative topologies, characterize their
properties, and asses the possibility of dynamical exchange
between them.
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