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Intermediate filaments (IFs) are the key components of cytoskeleton in eukaryotic cells and are critical for cell mechanics.
The building block of IFs is a coiled-coil alpha-helical dimer, consisting of several domains that include linkers and other
structural discontinuities. One of the discontinuities in the dimer’s coiled-coil region is the so-called ‘stutter’ region. The
stutter is a region where a variation of the amino acid sequence pattern from other parts of the alpha-helical domains of the
protein is found. It was suggested in earlier works that due to this sequence variation, the perfect coiled-coil arrangement
ceases to exist. Here, we show using explicit water molecular dynamics and well-tempered metadynamics that for the coil2
domain of vimentin IFs the stutter is more stable in a non-alpha-helical, unfolded state. This causes a local structural
disturbance in the alpha helix, which has a global effect on the nanomechanics of the structure. Our analysis suggests that the
stutter features an enhanced tendency to unfolding even under the absence of external forces, implying a much greater
structural instability than previously assumed. As a result it features a smaller local bending stiffness than other segments
and presents a seed for the initiation of molecular bending and unfolding at large deformation.
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Introduction

Intermediate filaments (IFs) are a major building material

of the cytoskeleton in eukaryotic cells, and are crucial in

the determination of cell mechanical properties (Hutchison

2002; Herrmann and Aebi 2004; Herrmann et al. 2007).

IFs are crucial in defining key functions of cells such as

cell migration, cell division and mechanotransduction, and

it is now understood that they play a critical role similar to

other cytoskeleton elements such as microtubules and

microfilaments. Notably and pointing to their rather

important role as mechanical elements, IFs have also been

referred to as the ‘safety belts of cells’, and have been

demonstrated to play a role in preventing exceedingly

large cell stretch (Wang et al. 1993; Wang and Stamenovic

2002; Fudge et al. 2008). A range of studies published over

the past years focused on the mechanical signature of IFs,

which have suggested that they can sustain extremely large

deformation of up to several 100% (Lewis et al. 2003;

Herrmann et al. 2007; Kreplak et al. 2008). It was also

found that due to severe stiffening, the tangent modulus of

IFs increases manifold during deformation, which clearly

could be crucial for providing mechanical resistance

against large stretching. In addition to the cell’s

cytoskeleton, IFs are also found in the cell nucleus in the

form of lamin IF, where they form a dense mesh-like

network providing mechanical integrity and biochemical

functions at the cytoskeleton-chromatin interface (Wilson

et al. 2001; Dahl et al. 2004; Ackbarow et al. 2009).

Numerous diseases associated with IFs were identified

which point to the clear importance of material factors in

the initiation and progression of these disorders (Brenner

et al. 2001; Omary et al. 2004; Buehler and Yung 2009).

The basic building block of all IF proteins is a

particularly stable molecular configuration of H-bonded

alpha-helix-based protein structures called coiled coils

(Alberts 2002; Rose and Meier 2004). This arrangement of

two alpha helices into coiled-coil domains provides

increased strength to the structures. In alpha-helix-based-

coiled coils within a single heptad repeat (abcdefg

periodicity), some positions are occupied by hydrophilic

(polar) and some are occupied by hydrophobic (non-polar)

residues (Alanine (ALA), Isoleucine (ILE), Leucine

(LEU) . . . ) (Strelkov et al. 2003; MacCallum et al. 2007;Q2

Buehler and Ackbarow 2008). The hydrophobic residuesQ3

constitute the reason why these proteins assemble into

coiled-coil structures as they ensure minimal contact of

hydrophobic domains with water.

Vimentin IFs are the most widely distributed types

among all IFs (Alberts 2002) and will be the focal point of

the study reported here. The structure is made up of 310

amino acid residues consisting of four segments: 1A, 1B,

2A and 2B divided by three linkers: L1, L12, L2 as shown in
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Figure 1(A). Segment 2A (residues 264–282) is the shortest

one among all segments. It assumes the configuration of a

nearly parallel alpha-helical bundle, in agreement with

earlier suggestions (Parry et al. 2007; Qin et al. 2009;

Nicolet et al. 2010). Segment 2B with 115 amino acids

(residues 291–405) features alpha-helical coiled-coil

geometry for the major segment. One of the discontinuities

found in heptad repeats of an alpha-helical coiled-coil

protein is the ‘stutter’ region. As a result it has been

suggested that themolecular structuremay be altered in this

region and deviate from the perfectly coiled regions in the

rest of the protein filament. The 2B segment of vimentin

contains the stutter region as visualised in Figure 1(A)

(Brown et al. 1996; Strelkov et al. 2001; Ackbarow and

Buehler 2009). It can be seen that the stutter is located at the

end of the eighth heptad, in the vicinity of residue 351

(Strellkov 2002). An analysis of the amino acid sequence

revealed that the nature of the vicinity of the stutter region is

hydrophilic. Earlier work suggested that this results in a

parallel arrangement for the two coils in the alpha helix

rather than a coiled-coil configuration.

Materials and methods

Molecular model construction

Recent advances in identifying the structure of vimentin

dimers with atomistic details (Strelkov et al. 2002; Nicolet

et al. 2010), combined with protein simulation tools, now

enable us to build molecular mechanics models of proteins

at relatively large scales, involving tens of nanometres and

with full atomistic resolution. Importantly, the develop-

ment of this large model based directly on X-ray

diffraction data is an advance over earlier smaller models

in which the stutter was placed closer to the boundary of

the filament (Ackbarow and Buehler 2009). The vimentin

coil2 segment used here is obtained by combining two

coiled-coil segments obtained directly from Protein Data

Bank (PDB). The N-terminal half of coil2 is obtained from

vimentin segment that includes residues 264–335

(obtained from the PDB with identification (ID) 3KLT

Nicolet et al. 2010). The C-terminal half of coil2 is

obtained from the vimentin segment that includes residues

328–406 (given by PDB with ID 1GK4 Strelkov et al.

2002). The two segments are aligned to form an integrated

coiled coil because both fragments include an overlapped

region of residues 328–335 as shown in Figure 1(B). We

use visual molecular dynamics (Humphrey et al. 1996) to

find the best fit between the backbone atoms of the

overlapped region of the two segments corresponding to

the overlapped part. The best fit provides a minimum root

mean square deviation of 0.68 Å between the C-alpha

atoms within the overlapped region of the two segments as

shown in Figure 1(C). We find that this result is better than

directly superimposing the two segments (of 1.3 Å), and

both of them indicate that the two segments match well

with each other.

Figure 1. Schematic view of human vimentin dimer and the used segments in this study, with the location of the stutter region pointed
out by the * symbol. Panel (A): schematic view of the human vimentin IF dimer. Panel (B): cartoon view of the entire coil2 domain in the
vimentin dimer. Note that in Panels (A) and (B) the red regions correspond to the overlapped region (residues 328–335) as we use to
integrate the two segments from PDB. Panel (C): detailed view at the overlapped region of the two segments after alignment.
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Molecular simulation approach

We use a standard explicit water molecular dynamics

approach to first carefully equilibrate and then mechani-

cally deform the coil2 of vimentin. The structure is 21 nm

long in its initial configuration. All molecular simulations

are carried out using the CHARMM force field (MacKerell

et al. 1998) as implemented in NAMD (Nelson et al.

1996). We use a 2 fs time step at a constant temperature of

T ¼ 300 K within a NPT ensemble. A pressure of P ¼ 1

atm is used. We start the simulation protocol by

equilibrating the molecular structure for 20 ns, where

Figure 2 shows the resulting structure, including the

constituent domains and the hydrophobic regions. We find

that the 20 ns equilibration, limited due to computational

constraints, gives a well-equilibrated structure with good

geometry convergence. The molecular configuration

obtained after equilibration is subsequently deformed

using steered molecular dynamics (SMD) (Lu et al. 1998).

In the simulation to deform the structure using SMD, the

C-alpha atoms at the head of the structure for both

constituting chains are fixed whereas the C-alpha atoms at

the tail of the structure are pulled up to a strain of 30%.

The SMD spring constant used is k ¼ 10 kcal mol21 Å in

agreement with earlier studies. Varied pulling rates of 0.5,

1.0, 5 and 10 m/s are considered to present the validity of

the approach and as a comparison with the force levels

observed in earlier studies.

Free-energy calculations

In addition to SMD simulations, free-energy calculations

are carried out using well-tempered metadynamics

(Barducci et al. 2008) implemented in the PLUMED

(Bonomi et al. 2009) plugin for NAMD, also at T ¼ 300 K.

Tests are performed for two different sections in the 2B

domain in order to identify their free energy in the folded

and unfolded state. The regions studied include the stutter

and a set of residues neighbouring the stutter region that

is known to form a stable alpha helix. The collective

variable in metadynamics is chosen to be the distance

between the C-alpha atoms of residues 349–353 for the

stutter, and 363–367 for the other section. The tests are run

for an initial configuration of perfectly folded alpha helix

and also for the configuration obtained after equilibration

for 20 ns. The PLUMED runs here are 5 ns long and the

convergence of the tests is confirmed.

Results and discussion

We begin the analysis with a presentation of the structure

after equilibration as shown in Figure 2. The structure

maintains the alpha-helical secondary structure in most of

the system. However, we observe that the stutter region

unfolds locally even without any applied force. This

indicates a reduced stability of the alpha-helical secondary

structure in this region and clearly reveals the formation of

a structural defect at the site of the stutter. This result

suggests that the stutter may not only be a region in which

alpha helices run in parallel as proposed earlier, but that

the stutter region may actually represent a complete, albeit

local, loss of the alpha-helical structure.

In order to gain better insight into the unfolding

observed during equilibration, free-energy calculations are

performed that allow us to sample amuch longer time-scale

than accessible to standard molecular dynamics. Figure 3

shows the free-energy profile of the stutter region compared

with a reference case that represents a neighbouring alpha-

helix region in which no instability is expected. This allows

us to investigate the free-energy levels for an ‘unfolded’

and ‘folded’ state. In the ‘folded’ state, the end-to-end

distance for one turn of alpha helix (corresponding to four

residues) is around 0.6 nm. In the ‘unfolded’ state, this

distance fluctuates around 1.2 nm, as shown in Figure 3(C).

For each case (stutter and reference), two different test

systems are run, starting from the initial state of ‘perfect’

alpha helix and the protein where the stutter region has

readily unfolded during equilibration. Figure 3(A) shows

the free-energy profile for the stutter region. In both cases,

the well-tempered metadynamics simulation visits two

distinct states, ‘folded’ and ‘unfolded’. The result confirms

that the free energy associated with the ‘unfolded’ state

(as also shown in the inset where the specific residue is

marked) is lower than for the ‘folded state’. The same

analysis was performed for the reference case (Figure

Figure 2. Panel (A): in the simulation that focuses on deforming
the structure under uniaxial strain, the C-alpha atoms at the head
of the molecule for both the constituent chains are fixed, whereas
the C-alpha atoms at the tail of the structure are pulled. Panel (B):
the equilibrated structure with the constituent segments marked
(2A, L2 and 2B) with an inset showing the detailed view of the
stutter region. The structure was equilibrated for 20 ns in explicit
water solvent and the 2A region is found to be in a relatively rigid
and parallel configuration, whereas the 2B region is not aligned
with any orthogonal axis and has gone through local
deformations, especially at the vicinity of the stutter region
which locally unfolds even without any applied force.

GCMB 560147—15/3/2011—CHANDRAN.C—385154——Style 4

Computer Methods in Biomechanics and Biomedical Engineering 3

225

230

235

240

245

250

255

260

265

270

275

280

285

290

295

300

305

310

315

320

325

330



3(B)), and the results show a minimum energy level at the

‘folded’ state, in contrast to the stutter case.

In addition to the different minimum free-energy

locations for each case, this analysis also portrays the

difference in the energy barrier to go from a ‘folded’ state

to an ‘unfolded’ state between two different sets of

residues. The energy level difference to go from a ‘folded’

state to an ‘unfolded’ state being ,7 kcal/mol for the

stutter region (Figure 3(A)), and that for the reference case

is shown to be ,11 kcal/mol. (Figure 3(B)); for the

analysis performed starting from an equilibrated state.

We note that when the analysis is carried out for the

initially ‘unfolded’ state, we observe that the ‘folded’ state

that the stutter visits during the metadynamics run is a

slightly different folded configuration of a perfect alpha

helix. The well-tempered metadynamics analysis pre-

sented here provides a powerful tool in determining the

free-energy landscape associated with different states of

the lengths of the regions of vimentin coil2, and confirms

that the stutter region readily unfolds during equilibration

because its free energy in the unfolded state is lower.

We now proceed with a presentation of a detailed

nanomechanical analysis of the coil2 domain. Figure 4

shows force-displacement curve for the structure. In

agreement with earlier studies (Ackbarow and Buehler

2009; Bertaud et al. 2010), we find that the curve has two

distinct regions, where the force increases linearly until the

structure is aligned with the pulling axis and followed by a

small regime of axial stretching. The alignment of the

structure with the pulling axis occurs at approximately

2 nm displacement, which is equivalent to about 10%

strain for the 21 nm long structure (it is noted that the

structure is not aligned with any orthogonal axis system

after equilibration as seen in Figure 2).

After the initial almost linear-elastic region of the

force-displacement curve in Figure 4 the angular point is

reached, where a further increase in the prescribed

displacement does not result in an increase in the force.

This is due to the subsequent unfolding events that involve

rupture of H-bonds and as a result, alpha-helical turns that

define the structure of the alpha helices. We observe that

rupture of alpha-helical turns begins at the stutter and in

the vicinity of the stutter region, as well as at the linker

(L2) part at a displacement of about 4 nm (this implies a

strain level of about 20% for the 21 nm long structure).

This observation suggests that the initial defect formed at

the stutter serves as a seed for the initiation of molecular

unfolding under applied force. The data shown in Figure

4(A) suggest an average unfolding force of about 350 pN.

For the pulling rate of 1m/s used here, this unfolding force

is in accordance with the results from the previous studies

(Bertaud et al. 2010). Figure 4(B) depicts the results of the

same analysis performed over a range of different pulling

rates. It is shown that the trend of initial linear-elastic

region leads to a plateau over which the unfolding of

different sections of the protein happens over a range of

different pulling rates (0.5, 1, 5 and 10m/s). However, the

plateau force increases with increasing pulling rate as

studied and shown in earlier work for protein unfolding

simulations in explicit water (Bertaud et al. 2010).

Figure 5 displays a detailed analysis of chemical and

structural changes during deformation, based on the

percentage of change of the H-bonds in the backbone of

the structure as well as the secondary structure transition

Figure 3. Metadynamics analysis of the free-energy landscape
of the stutter (A) and a reference region with perfect alpha-helical
coiled coils (B). Panel (A) shows the free-energy profile for the
stutter region. The x-axis of the plot denotes the distance of one
turn (residues 349–353) where the stutter exists. The free-energy
landscape shows a minimum energy configuration at the
‘unfolded’ state, suggesting that it is more stable. Panel (B)
shows the free-energy profile for the distance of one turn that
constitutes residues 363–367 in the reference region. The results
reveal that the minimum of the free-energy profile corresponds to
the folded state for the alpha helix. Panel (C) shows the 20 ns
equilibration result revealing the distances associated with the
‘folded’ (around 0.6 nm distance) and unfolded (around 1.2 nm
distance) states, respectively.
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due to the unfolding of the alpha-helix domains. Figure

5(A) shows the plot where the H-bonds breakage events

are monitored in the duration of equilibration of the

structure (20 ns). The negative change in the percentage of

the H-bonds indicates the unfolding of the alpha helix

along the backbone of the structure. A much higher ratio

(about 25%) of H-bond rupture is observed as expected

when the deformation is applied (Figure 5(B)). Here,

again, the trend of the protein unfolding is dictated by the

trend in the 2B region of the protein. This assures us that

there are no significant unfolding events that occur in the

2A section of the structure up to strains of 30%. Figure

5(C) marks the increase in the random coil structure due to

the unfolding of the alpha-helix domains with the applied

strain, in agreement with the data provided in Figure 4.

Conclusion

We presented an explicit water molecular simulation

analysis of the deformation of a 21 nm long vimentin coil2

domain and observed several striking results. Most

importantly, we found that the stutter region readily

unfolds even under the absence of any externally applied

force, suggesting that the stutter is not very stable in the

alpha-helical state. We confirmed this hypothesis using

well-tempered metadynamics, which enabled us to obtain

the free-energy configuration for an ‘unfolded’ and a

Figure 4. (I) Force-displacement curve of the coil2 structure, showing (A) at a displacement of 1 nm, the structure is still aligned with
the pulling axis and the stutter region is readily unfolded from the initial alpha helix form, (B) further increase in displacement results in
alignment with the pulling axis as well as further unfolding of the stutter region which also defines the unfolding force (about 350 pN)
which is constant throughout the subsequent unfolding events, (C) at a displacement of about 4 nm, the linker region starts unfolding as
well as the 2B region, (D) further increase in displacement results in an unfolded 2B region and an unstable linker region whereas the 2A
regions retain its form (i.e. alpha-helix configuration). (II) Force-displacement plots of tensile test simulations for four different pulling
velocities (0.5, 1, 5 and 10m/s). The plateau region depicting the consecutive unfolding events is at a significantly higher force level for
higher pulling speeds such as 5 or 10m/s.
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‘folded’ state for the stutter region compared with a

regular alpha-helical region that serves as a reference case.

The analysis of these results highlighted that the stutter

region is more stable in the ‘unfolded’ state, in agreement

with the observations made in regular molecular dynamics

simulations (Figure 3). By comparison, the analysis of the

reference case confirms that the ‘folded’ state is more

stable.

The thinner cross section of the stutter region

represents a weak point as it forms a location with a

reduced local bending stiffness. This could affect the

persistence length along the strands which then affects the

mobility of the structure during equilibration. Possible

biological implications of this defined local unfolding may

relate to signalling processes, where large changes in the

molecular conformation may induce biochemical signal-

ling cascades to indicate mechanical strain in varied cell

mechanical states. A detailed analysis of these issues and

further experimental validation of the predictions made

here are left for future work.

Another interesting outcome of the simulation results

presented here is the relative rigidity of the 2A region, as

anticipated earlier (Qin et al. 2009). The 2A region retains

its alpha-helix form even up to a strain of 30% (at a

displacement of about 6 nm), which shows the relatively

stiff nature of this region in the dimer. The work presented

here is a part of a larger effort to elucidate structure–

property relationships in hierarchical materials, an effort

defined as materiomics that could eventually result in an

improved understanding of material factors in physiologi-

cal conditions and disease (Cranford and Buehler 2010).
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