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Abstract Intermediate filaments, in addition to micro-
tubules and microfilaments, are one of the three major
components of the cytoskeleton in eukaryotic cells, and
play an important role in mechanotransduction as well as in
providing mechanical stability to cells at large stretch. The
molecular structures, mechanical and dynamical properties
of the intermediate filament basic building blocks, the
dimer and the tetramer, however, have remained elusive
due to persistent experimental challenges owing to the large
size and fibrillar geometry of this protein. We have recently
reported an atomistic-level model of the human vimentin
dimer and tetramer, obtained through a bottom-up approach
based on structural optimization via molecular simulation
based on an implicit solvent model (Qin et al. in PLoS ONE
2009 4(10):7294, 9). Here we present extensive simu-
lations and structural analyses of the model based on ultra
large-scale atomistic-level simulations in an explicit solvent
model, with system sizes exceeding 500,000 atoms and
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simulations carried out at 20 ns time-scales. We report a
detailed comparison of the structural and dynamical
behavior of this large biomolecular model with implicit
and explicit solvent models. Our simulations confirm the
stability of the molecular model and provide insight into the
dynamical properties of the dimer and tetramer. Specifical-
ly, our simulations reveal a heterogeneous distribution of
the bending stiffness along the molecular axis with the
formation of rather soft and highly flexible hinge-like
regions defined by non-alpha-helical linker domains. We
report a comparison of Ramachandran maps and the solvent
accessible surface area between implicit and explicit solvent
models, and compute the persistence length of the dimer
and tetramer structure of vimentin intermediate filaments
for various subdomains of the protein. Our simulations
provide detailed insight into the dynamical properties of the
vimentin dimer and tetramer intermediate filament building
blocks, which may guide the development of novel coarse-
grained models of intermediate filaments, and could also
help in understanding assembly mechanisms.

Keywords Bending stiffness - Biopolymer - Dimer -
Explicit solvent - Implicit solvent - Intermediate filaments -
Materiomics - Molecular dynamics - Molecular structure -
Persistence length - Structural optimization - Tetramer -
Vimentin

Introduction

Intermediate filaments (IFs), in addition to microtubules
and microfilaments, are one of the three major components
of the cytoskeleton in eukaryotic cells [1] and are emerging
as major players in cell biology, in particular in issues
related to mechanobiological mechanisms. IFs are crucial in
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defining key mechanical functions of cells such as cell
migration, cell division and mechanotransduction, and have
also been referred to as the “safety belts of cells” in the
biology community as they play a structural role in
preventing exceedingly large cell stretch [2—6]. Earlier
studies focused on analyzing the mechanical signature of
IFs have suggested that they are highly sensitive to applied
forces at small levels, and that they can sustain extremely
large deformation of up to 300% or four times their initial
length [7, 8], an observation that was also observed in
recent simulation studies [9]. Proteins of the IF family are
also found in the cell’s nucleus in the form of lamin, where
they form a dense mesh-like network providing mechanical
integrity and biochemical functions at the cytoskeleton-
chromatin interface [10—12]. IFs have been associated with
many genetic diseases, where single point mutations,
domain deletions as well as sequence modifications lead
to structural changes at different levels in the IFs’
hierarchical organization. IF related diseases include muscle
dystrophies, Alexander disease [13], epidermolysis bullosa
simplex, as well as a broad class of disorders referred to as
laminopathies (e.g., rapid aging disease progeria) [14—17].
In extracellular materials, IF proteins are found in hair, hoof
and wool, further emphasizing the broad significance of this
protein material for a variety of applications in biology,
medicine and engineering.

IFs form hierarchical structures as shown in Fig. 1,
ranging from dimers, tetramers, unit length filaments, full-
length filaments to the cellular level. Each vimentin dimer,
the basic building block of this protein filament, contains
466 amino acids. Experimental studies suggested that they
form four major structural segments linked in series in the
sequence 1A, 1B, 2A and 2B, connected by linkers L1, L12
and L2 (see Fig. 2a). Up until now, a complete atomistic-
level molecular model of the dimer or tetramer structure has
remained elusive. So far, only parts of two of the four
segments of the dimer, a section of the 1A and 2B domain
of the vimentin dimer structure, have been crystallized and
their atomic structure identified based on x-ray diffraction
experiments [18-22] (the structures are found in Protein
Data Bank (PDB) entries 1gk4, 1gk6, 3klt and 1gk?7).
Persistent experimental challenges have prevented the
identification of the remaining parts of the IF structure
using experimental approaches. This is because IFs are
intrinsically disordered structures [23], so that x-ray
diffraction studies on naturally occurring or recombinantly
produced IF bundles do not provide sufficient data to
produce a full atomistic model of IFs. Whereas solid state
nuclear magnetic resonance (ssNMR) has been successfully
utilized to derive atomistic models of amyloid fibrils [24],
this approach has not yet worked for IF dimers or tetramer,
likely because amyloid peptides are much smaller than IF
dimers. Cryoelectron tomography has been suggested as a
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Fig. 1 The hierarchical structure of intermediate filaments, from
atomic to cellular scales. The figure shows relevant structural levels
(HO to H7). The present paper focuses on structural analysis of levels
H4 and HS5 (dimer/tetramer structure). The regions marked in yellow
in the dimer level are those that have been crystallized in earlier
studies. The focus of the study reported in this paper is on vimentin
dimers and tetramers, corresponding to hierarchy levels H4 and H5 as
marked in the figure. Figure adapted from reference [9]

possible molecular-level imaging tool to visualize single
IFs, but the highest resolution tomograms are still limited to
a resolution around 5 nm [25].

The lack of a complete structural model of IFs has
prevented us from addressing fundamental structure-
function relationship questions related to the mechanical
role of intermediate filaments, which is crucial to link
structure and function in the protein filament’s biological
context. The availability of a structural model of IFs could
also be the key to understanding the mechanisms of IF
related genetic diseases, where structural flaws that origi-
nate at the genetic or molecular level may cause major
structural changes of biologically relevant properties. To
address these issues, here we provide a detailed analysis of
a molecular model of IF dimers and tetramers with
atomistic resolution that was recently obtained based on a
bottom-up molecular simulation approach using an effec-
tive solvent model [9]. The earlier structure identification
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Fig. 2 Schematics of the
molecular structure of the {
vimentin dimer (panel a) and ;1A
the vimentin tetramer (panel b).
The plot includes labels identi-
fying the various segments and
linker domains, as well as the
head and tail domain. Panels ¢
and d show the equilibrated b
structures of the dimer and

tetramer, obtained from implicit

solvent simulations as reported

in [9]
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approach utilized the available amino acid sequence and
associated structural information from experimental results
to generate an initial geometry that served as the starting
point for a series of energy minimization and equilibration
runs, which were subsequently performed using molecular
dynamics. These simulations resulted in an equilibrated
structure of both the vimentin dimer and tetramer.

Since the earlier study focused primarily on simulations
in implicit solvent, an important outstanding question
remains a detailed structural and dynamical study of the
behavior of the resulting proteins in explicit solvent.
Several earlier comparisons between explicit and implicit
solvents have been reported in the literature, focused on
exploring the effects of the solvents in conformation
sampling and energy landscape in folding [26, 27]. In these
studies it was found that simulation of proteins in implicit
solvent can reproduce the set of local energy minimum in
explicit solvent, but some energy terms such as salt bridge
may be overestimated. However, most of the earlier works
were focused on small peptides. The study reported here
compares the effects of implicit versus explicit solvent for
the cases of a IF dimer and tetramer, which are much larger
proteins than the small peptides studied before (932 amino
acids of a dimer and 1864 amino acids of a tetramer). To
address this issue, here we present large-scale validation
simulations and structural analyses of the atomistic model
using structural equilibration in large-scale atomistic simu-
lations in explicit solvent, with system sizes up to 500,000
atoms and simulations carried out at 20 ns time-scales.
Based on these explicit solvent simulations, we report a

detailed comparison of the dynamical behavior of this
biomolecular model within implicit and explicit solvent
models. Our studies confirm the stability of the molecular
model, and provide insight into the dynamical properties of
the dimer and tetramer.

Materials and methods

Background information on implicit solvent versus explicit
solvent models

The solvent environment plays an important role in the
structure, dynamics, and function of biomolecules. It is
generally agreed upon that an explicit solvent model
provides the most accurate treatment of solute-solvent
interaction [28], because each explicit solvent molecule
reflects its realistic chemical structure and resulting inter-
actions with the solute and one another. However, the
approach of relying on an explicit treatment of solvent
molecules significantly increases the system size by several
orders of magnitude. To achieve a better balance of
computational efficiency and physical accuracy, implicit
solvent models have been proposed as an alternative
approach [29, 30]. Implicit solvent models add the effective
solvent energy to the biological molecule, expressed
indirectly as a function of the molecular structure and its
conformation.

This strategy simplifies the numerical effort of simulat-
ing the physical system of interest and thereby speeds up
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the simulation efficiency by averaging the solvent effect.
Since no frictional effects are included in implicit solvent
methods, such models can facilitate a more rapid structural
organization toward the equilibrium geometry due to the
lack of viscosity imposed by explicit water molecules. This
effect can be advantageous in structure identification
approaches [31-33] (such as in the study reported in [9])
since it accelerates the sampling of molecular configura-
tions, so that more configurations are visited per simulated
unit time. Whereas the approach of using implicit solvents
is computationally efficient, it has been discussed that the
implicit model may overestimate some energy terms and
lead to inaccurate results, in particular regarding the
detailed configurations of domains in a protein [27].
Therefore, further validation and comparison by explicit
solvent models is needed to ensure the validity of the
results obtained from implicit solvent simulations. To
address these issues, a detailed comparison between
implicit and explicit simulation models is provided here,
applied specifically to a vimentin intermediate filament
dimer and tetramer.

Molecular models and force field

The implicit solvent simulations whose results are analyzed
here [9] were carried out with the CHARMM program by
using the CHARMMI19 all-atom energy function and an
implicit Gaussian model for the water solvent [29, 30].
Explicit solvent simulations [34] are used to confirm the
stability of the equilibrated structures, showing that the
structures predicted by our approach are stable also in
explicit solvent. We use the CHARMM force field and
explicit TIP3 water [34] implemented in NAMD [35],
starting from the equilibrated structure obtained using the
approach described above. The time step used in all
simulations is 1 fs, at a constant temperature (300 K)
controlled by Langevin thermostat. A pressure of 1
atmosphere is used in the explicit water simulations. We
use the particle mesh Ewald (PME) method in calculating
the electrostatic interactions, with a grid size of 1 A in all
three directions. A cutoff length of 10 A is applied to the
van der Waals interactions and to switch the electrostatic
forces from short range to long range forces. We use pure
water in our simulations (no ions are included).

Initial molecular structure

The structure of the dimer has been identified by a series of
computational steps, as reported in [9]. Figure 2a and b
show a schematic of the structural character of the dimer
and the tetramer, with each domain labeled. Figure 2c and d
depict a snapshot of the equilibrated dimer and tetramer
structures as obtained from implicit solvent calculations.

@ Springer

These geometries from earlier studies [9] are used as a
starting point for the simulations reported here. The dimer
structure is reported at http://www.plosone.org/article/fetch
SingleRepresentation.action?uri=info:doi/10.1371/journal.
pone.0007294.s010, and the tetramer structure is reported at
http://www.plosone.org/article/fetchSingleRepresentation.
action?uri=info:doi/10.1371/journal.pone.0007294.s011 is
used. Explicit water is added in a rectangular water box
with periodic boundary conditions in all three directions
using visual molecular dynamics (VMD). We use a
rectangular solvent box with dimension of 54 nmx
7.5 nmx7 nm for the dimer and 66 nmx9 nmx=9 nm for
the tetramer. Because the diameters of the dimer and
tetrameter are estimated to be 2.4 nm and 4 nm, respec-
tively, the nearest distances between two neighboring
dimers and tetramers are 4.6 nm and 5 nm, respectively.
These distances are much larger than the cutoff length of
the pair list distance (12 A) and thereby there is no
interaction between the neighboring dimers or tetramers.

The dimer and tetramer systems in explicit solvent
contain ~250,000 in the dimer and ~500,000 atoms in the
tetramer case (in this case =~30,000 atoms for the protein
plus =470,000 for the water molecules). The use of
parallelized supercomputers enables us to reach about
20 ns in about one month of simulation time.

Results

We begin with a comparison of the equilibrated vimentin
dimer and tetramer geometries as obtained from implicit
and explicit equilibration. Figure 3a shows snapshots of
the molecular structure of the vimentin dimer, displaying
the characteristic segmented geometry with coiled-coil
regions connected through linker domains. The figure
presents a comparison of the structure based on implicit
solvent equilibration and explicit solvent equilibration,
where the two geometries are superimposed in the plot.
Figure 3b—e show detailed views of key domains in the
protein structure, also in a visualization mode where the
implicit and explicit solvent model results are super-
imposed. It can be seen that the linker L12 forms a parallel
beta-sheet in both explicit and implicit solvent models. We
find that in both cases the total length of the dimer without
the head and tail domain is =49 nm. This result is in
agreement with experimental results where a range of 46—
49 nm has been reported [19, 36]. The visual comparison
of the dimer structure between implicit and explicit
solvent models shows that the overall geometry of the
dimer is stable in either solvent model. We present a
detailed analysis of the structural character of the
equilibrated structure of the dimer in the two solvents in
Fig. 3f and g, where the color along the molecular axis


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0007294.s010
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Fig. 3 Structure of the vimentin intermediate filament dimer,
depicting a comparison between implicit and explicit solvent
simulation results. Panel a: Snapshot of the atomistic model of the
dimer after equilibration, in implicit water (in blue) and in explicit
water (in red). Panels b—e show detailed views of the structure of
linkers L1, L12, L2 and the tail domain, respectively. The beta-sheet
structure of linker L12 is visible in panel ¢ (we note that while the

denotes the protein filament’s secondary structure. By
comparing the two structures, we find that the 2A segment
(parallel helices) and L12 (beta-sheet) are only marginally
stable, because the 2A segment lacks the hierarchical
structure in enforcing its strength, and short beta-sheet
segments are more energy favorable at the more flexible
parts of the protein [37].

beta-sheet is rather stable in the implicit simulations, it is only
marginally stable in the explicit solvent model). Panels f and g show
the structural character of each amino acid along the polypeptide chain
length, for the implicit (panel f) and explicit (panel g) solvent. Alpha-
helical structures are colored in blue, beta-sheet structures are colored
in red, and the other colors represent random coils

Figure 4a shows a comparison of the vimentin tetramer
structure of the implicit solvent equilibration and explicit
solvent equilibration results, where the two geometries are
superimposed in the plot. The total length of the tetramer is
~60 nm with a slightly smaller length of =59 nm in the
explicit solvent case. These findings agree well with the
length of unit length filaments observed in experiment,

e |EIERH —
| | | |

Fig. 4 Structure of the vimentin intermediate filament tetramer,
depicting a comparison between implicit and explicit solvent
simulation results. Panel a: Snapshot of the atomistic model of the
dimer after equilibration, in implicit water (in blue) and in explicit
water (in red). Panels b, ¢, d and e show detailed views of the
structure of head and overlapped domain from two viewing

il [
il il L 1]

directions, respectively. Panels e and f show the structural character
of each amino acid along the polypeptide chain length, for the
implicit (panel e) and explicit (panel f) solvent. Alpha-helical
structures are colored in blue, beta-sheet structures are colored in
red, and the other colors represent random coils
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62 nm at pH 7.5 [36]. In both cases the overlap part of the
tetramer has a length of =36 nm, where the experimental
value is 30-36 nm [19, 36]. Segments 1A, 1B and 2A are
fully contained in this overlapped part, but the 2B segments
in the immediate vicinity of the two terminals are located
completely outside. We find that the head segment of each
dimer is coiled around the other dimer, increasing the
contact surface area and thereby providing enhanced
interdimer interactions, as shown in Fig. 4b. The structure
of the coiled-coil dominated overlap region is rather stable,
as shown in Fig. 4c and d (the images show the same part
of the tetramer from different viewing directions). As for
the dimer case discussed in the previous paragraph, here we
also present a detailed analysis of the structural character of
the equilibrated protein in Fig. 4e and f. The analysis shows
that in comparison with the dimer case, the tetramer
structure is more stable, and most of the structural features
are well conserved after explicit solvent equilibration.

We analyze the structure of the dimer and tetramer
by calculating the dihedral angle distribution as shown

b

100

Psi
o

-100

Phi

0
Phi

Fig. 5 Ramachandran maps that show the averaged dihedral angle
of each amino-acid ([, y]) distribution during the equilibrium
process, comparing implicit and explicit simulation results. Panels a
and b show the results for the dimer in explicit solvent (a) and
implicit solvent (b). Panels ¢ and d show the results for the tetramer
in explicit solvent (¢) and implicit solvent (d). The analysis shows
that most of the residues (= 73%) belong to the left lower corner (<
0°, w<0°), and the peak value emerges at [¢=~—58°, y=—47°]. This
data shows the characteristic of a right-handed alpha-helix. Most
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in the Ramachandran map [38] as depicted in Fig. 5. This
analysis shows the probability of specific dihedral angles
[o, ¥] of all amino acid residues in the dimer/tetramer
structure in equilibrium. The analysis shows that most of
the residues (= 73%) belong to the left lower corner (@<
0°, y<0°), and the peak value emerges at [p~—58°, y=
—47°]. This data shows the character of a typical right-
handed alpha-helix. Most other residues (= 25%) belong to
the left upper corner (¢p<0°, y>0°), and there is a much less
intense peak that resembles the character of a beta-sheet in a
Ramachandran map (—180°<@<—50° and 50°<y<180°).
The position of this peak center for the dimer/tetramer
structure in implicit solvent ([¢=~—80°, y=100°]) is
slightly different from that of the explicit solvent ([p=
—80°, y=~140°]), indicating that the beta-sheet in explicit
solvent has a more extended conformation than that in
implicit solvent.

We further calculate the number of H-bonds in the dimer
and tetramer structure during equilibration, and compare the
data based on implicit and explicit solvent simulations as

structure

0.001
0.0009
0.0008
0.0007
0.0008
0.0005
0.0004
0.0003
0.0002
0.0001
SE-05

Phi

-100 0 100
Phi

other residues (= 25%) belong to the left upper corner (¢<0°, y>0°),
and there is a much less intense peak that resembles the character of
a beta-sheet in a Ramachandran map (—180°<@<—50° and 50°<y<
180°). The position of this peak center for the dimer/tetramer
structure in implicit solvent ([p~=—80°, y=~100°]) is slightly different
from that of the explicit solvent ([¢p=—80°, y=~140°]), indicating that
the beta-sheet in explicit solvent has a more extended conformation
than that in implicit solvent
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shown in Fig. 6. We observe that the number of H-bonds in
both the dimer and tetramer structure decreases after energy
minimization and converges asymptotically to a constant
value in explicit solvent. The asymptotic number of H-
bonds is also stable for the simulations in implicit solvent,
as shown in Fig. 6a and b. By subtracting two times the
number of H-bond in the dimer from that of the tetramer,
we estimate the number of infer-dimer H-bonds, which
varies with time as shown in Fig. 6¢. The asymptotic value
by the end of the simulation (by averaging over the last
20% of the total simulation time) is given in Fig. 6d, where
it is observed that the number of inter-dimer H-bonds in
explicit solvent (145+5) is greater than that obtained in
implicit solvent (78+8), indicating that the interaction
between two dimers in explicit solvent might be stronger
than that of the implicit solvent.

The solvent accessible surface area (SASA), which
reflects the surface area that is accessible to a water
molecule with radius of 1.4 A, of the dimer and tetramer
is shown in Fig. 7a and b. It is shown that the SASA in the
dimer and tetramer structures in explicit solvent increases
after energy minimization, while it is relatively stable in
implicit solvent. This phenomenon agrees with the obser-
vations made in the [¢, y] analysis, and suggests that the
molecular conformation in explicit solvent tends to become
more extended leading to an increase in the SASA value.
We calculate the covered inter-dimer surface area by
subtracting the SASA value of the tetramer from two times
of the SASA value of the dimer, as shown in Fig. 7c. The

a 2000
o =t it T~ -
2 4gp0 ) — explicit
E
2
£ 1600}
3

1200 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
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C 400
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g 300 —— explicit

E

< 200

=

5

£ 100

I

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6 Number of H-bonds of the vimentin intermediate filament
dimer and tetramer, showing a comparison between implicit and
explicit solvent simulation results. Panel a: Number of H-bonds in a
dimer. Panel b: Number of h-bonds in a tetramer. Panel ¢: Number of
H-bonds between the two dimers within a tetramer. Each of the panels
a, b and ¢ are obtained during the equilibration process, in both
implicit and explicit solvent, respectively. Panel d: Comparison
between the asymptotic values of the number of interdimer H-bonds

asymptotic value by the end of the simulation (by averaging
over the last 20% of the total simulation time) is shown in
Fig. 7d, where it can be seen that the two dimers in a
tetramer model become less adhesive in explicit solvent as
they allow for more water to fill the gap between the dimers
as shown in Fig. 7c. This phenomenon is not observed in
implicit solvent. By the end of the simulation, the hidden
surface areas of the implicit and explicit solvent simulations
converge to 13,800 A? and 10,800 AZ?, respectively, as
shown in Fig. 7d. This finding suggests that the hidden area
between two dimers in explicit solvent is 22% smaller than
that observed under implicit solvent conditions.

From dynamical analyses of the trajectory of the dimer at
300 K, we observe that the linker domains represent rather
soft, hinge-like structures that connect much stiffer coiled-
coil segments. The heterogeneous distribution of the
bending stiffness along the molecule’s axis strongly affects
the filaments’ motion by enhancing its mobility due to an
effectively reduced persistence length, a mechanism that
might be significant for IF self-assembly mechanisms.
Thereby, the linker domains act as hinges around which
the molecular structure can more easily bend and rotate. The
particular distribution of soft and stiff elements along the
dimer axis suggests a simplified model of the protein
structure as shown in Fig. 8a. In this representation, each
coiled-coil is represented by a rod and each linker is
represented by a hinge. Thereby the distances L/, L2, L3
and L4, as well as the angles 61, 62 and 63 describe the
key geometrical parameters of the dimer structure. We

b 4000 —
—— implicit
B as00 | —— explicit
€
g
o 3200
[ =
Q
L2800
u o
2400 . . L .
0.0 0.2 04 0.6 0.8 1.0
Normalized time
. 200
@
£ 150
2
o 100
c
8 s0
=
0 L

explicit implicit

in both implicit and explicit solvent. The main bar gives the average
value during the last 20% of the total simulation time while the
corresponding error bar corresponds to the standard deviation. In
panels a—c, the simulation time is normalized by the length of the total
equilibration (10 ns for the implicit solvent for both dimer and
tetramer, 16 ns for the explicit solvent for the dimer, and 19 ns for
explicit solvent simulations for the tetramer)
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Fig. 7 Solvent accessible surface area (SASA) of the vimentin
intermediate filament dimer and tetramer, showing a comparison
between implicit and explicit solvent models. Panel a: SASA of the
dimer. Panel b: SASA of the tetramer. Panel ¢: SASA between the
two dimers within a tetramer. Each of the Panel a, b and ¢ report
results obtained during the equilibrium process, in implicit and
explicit solvent, respectively. Panel d: Comparison between the
asymptotic values of the between-dimer-SASA in implicit and

measure the value of the distances L/, L2, L3 and L4, as
well as the angles 61, 62 and 63 during both the implicit
and explicit equilibration and summarize the resulting
mean and standard deviation values in Table 1. Figure 8b

L4 %
L3
L2 =5 [0 Tetrexpl.
= : : W [ Tewr@impl.
3 Dim.(@expl.
Ll E — i

0 20 40 60 80 100 120 140 160 180 200
Length (A)

Fig. 8 Analysis of the geometric parameters of a dimer. Panel a:
Simplified dynamical model of a dimer, which is considered here as a
collection of rod-like domains connected by hinge-like linkers. The
points a, b, ¢ and d correspond to the mid points of the corresponding
rod-like domains. Panel b: the length of each rod-like domain within
dimer/tetramer in different solvents (implicit/explicit). The mean value
is given by the main bar, and standard deviations are plotted via error
bars
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explicit solvent. The main bar gives the average value during the
last 20% of the total simulation time, and the corresponding error bar
depicts the standard deviation. The simulation time is normalized by
the duration of the complete equilibration (10 ns for the implicit
solvent for both the dimer and the tetramer, 16 ns for the explicit
solvent for the dimer, and 19 ns for explicit solvent simulations for
the tetramer)

compares the length of each rod-like domain in both the
dimer and the tetramer based on the implicit and explicit
solvent model. It is shown that the lengths of all the four
coiled-coil domains remain almost constant during simu-
lation, providing evidence that both implicit and explicit
models provide a similar description of the structure of the
rod-like domains. The geometric location of the bending
angles 07, 02 and 63 as a function of the normalized
simulation time are shown in Fig. 9a—c. We observe that
the bending angle of each linker is fluctuating around an
average value during the simulation. This average value
and the fluctuation range is summarized in Fig. 9d, in
which we plot the mean value and standard deviation of
the three angles. We observe that the fluctuations of the
angles in the tetramer are smaller than in the dimer,
indicating that the structure is stabilized in the assembling
process. Using the definition of the persistence length L,

c0S(Omean) = <7(s) : 7(s’)> = exp [— (SI_APSI)] (1)

where s and s’ are coordinates along the contour lengths of
the chain. Using the mean angle values in the tetramer
obtained from the explicit solvent simulations we compute
the persistence length of the three parts, each of which has
a linker at its center, as L;b = 322nm, LIZZC = 234nm and
L;d = 392nm. The effective persistence length of a full
dimer protein within the tetramer structure is estimated to
be L4 = 402nm.
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Table 1 Structure analysis of each domain within the dimer and tetramer in implicit solvent and explicit solvent during equilibrium, the geometric

parameters are as shown in Fig. 5a

Geometric parameter Dimer in implicit solvent

Dimer in explicit solvent

Tetramer in implicit solvent ~ Tetramer in explicit solvent

LI Average (A) 85.5 84.6
SD. £(A) 1.0 0.9
L2 Average (A) 143.2 139.6
SD. +(A) 1.6 2.0
L3 Average (A) 24.8 26.1
SD. +(A) 1.5 1.5
L4 Average (A) 168.0 165.2
SD. +(A) 1.5 1.4
L Average (A) 487.0 479.7
SD. £(A) - 22
01 Average (°) 10.7 12.0
SD. £(°) 4.7 5.7
02 Average (°) 13.9 12.7
SD. +(°) 6.9 6.0
03 Average (°) 13.7 11.6
SD. +(°) 7.1 6.3

84.8 82.8
0.5 1.0
145.1 140.7
0.8 1.8
28.8 28.3
0.5 0.5
167.5 162.9
0.5 1.5
613.0 593.4
— 32
15.8 9.8
2.9 3.1
7.9 15.3
4.4 6.2
11.2 12.6
4.1 4.1

It is noted that except for L (which represents the end-to-end length of a dimer or tetramer), all other parameters are measured based on the rod-
like domains and linkers as identified in the dimer structure. SD = standard deviation, used here to define error bars

Based on the estimated persistence length, the bending
modulus of the dimer can be expressed as [39]

Epena = ks TL, /1 (2)
where I = ’g—d:, and d=2.4 nm is the diameter of the dimer
including the vdW radius (obtained from geometric analysis
of the protein structure). Thereby, the bending modulus is
found to be Ej.,;=1 GPa. The bending modulus obtained
from experimental bending was reported to be around
900 MPa in earlier studies [39], close to our results.

In extending this analysis, we estimate the angular
stiffness of each hinge shown in Fig. 8a. Using a beam
theory for a clamped beam, the angle change is given by:

Ml

AO =
Ebend[

(3)

where / is the contour length of the domain considered (for
example, in studying ab, we have [=(/,+1,)/2). Since
Ky = %, combining with Eq. 2 and we obtain

TL
Ky = kBTP (4)

Based on this analysis the angular stiffness for each of
the three hinges is calculated to be Ky = 1.72kcal/mol
(for L1), Kg, = 1.65kcal/mol (for L12), and Kp =
2.44kcal /mol (for L2). It is observed that all these values
are relatively small, which explains why each rod-like

domain can easily rotate around its linker, in agreement
with the observations made in the dynamical simulations.

Finally, Fig. 10 shows the evolution of the root mean
square deviation (RMSD) for the dimer (Fig. 10a) and the
tetramer (Fig. 10b) in explicit solvent (compared with the
initial structure as obtained from implicit solvent equilibra-
tion). The results show that after 12 ns, the RMSD values
for both the dimer and tetramer converge to a constant
value, suggesting that both structures have reached a stable
configuration in the explicit solvent model (the final
structures are the structures shown in Figs. 3 and 4,
respectively). Furthermore, the overall relatively small
deviation of the structure provides evidence for the fact
that the implicit model is a reasonable approximation for
the dimer and tetramer structure, at least at the time-scales
considered here.

Additional analysis of the dynamical properties of each
amino-acid in the dimer and tetramer during the simulation
is shown in Fig. 11, where the RMSD value for each
residue in the simulation is depicted. These results also
reflect the relative flexibility of each domain during the
equilibration process. We observe that the peaks shown in
Fig. 11a correspond to the linker, head and tail segments,
providing the evidence that these domains are among the
most flexible ones in the dimer structure and as such
undergo the largest structural fluctuations. The peak RMSD
values P corresponding to the linkers have a relation as
Py, > Py > Pj,, which agrees with the relation of the
angular stiffness of each linker KgyKgiKps. It is also

@ Springer
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Fig. 9 Analysis of hinge angles of a dimer and tetramer. Panels a, b
and ¢ show how the angles 6y, 6, and 65 change during the simulation
(for geometry see Fig. 5a). The simulation time is normalized by the
total equilibration time length (10 ns for the implicit solvent for both
dimer and tetramer, 16 ns for the explicit solvent for the dimer, and
19 ns for explicit solvent simulations for the tetramer). Panel d
summarizes the mean value and standard deviations of the three
angles during the simulation. The mean value is given by the main
bar, and standard deviations are plotted via error bars

interesting to note that the right part (amino acid numbers
291 to 351) of the 2B segment are more stable than the left
part (amino acid numbers 351 to 405), as shown by the
peaks in these regions. Experiments have revealed that a
stutter defect is located around amino acid number 351.
This information provides evidence that the 2B segment is
marginally stable from the stutter region on to the
beginning of the tail domain, but more flexible before the
stutter region. The RMSD value of the tetramer (Fig. 11b)
shows that the interaction between two dimers significantly
affects the flexibility and stability. As the two anti-parallel
dimers combine, the overlapped part becomes more stable
than the other domains. Moreover, we do not find a peak at
the L2 domain, which confirms that this linker interacts
with the rod like segment of the other dimer and its
flexibility is significantly reduced, reflecting an enhanced
stability in this assembly stage.

@ Springer
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Fig. 10 Root mean square displacement (RMSD) analysis in explicit
solvent, for the dimer (panel a) and the tetramer (panel b). The
deviation is calculated with respect to the starting configuration, which
is the result of equilibration in implicit solvent. Both systems are seen
to converge to a constant RMSD value at approximately 12 ns time-
scale, with an overall structural deviation of approximately 10 A. The
inserts in each panel depict the RMSD analysis during the last 2 ns of
equilibration for the dimer and tetramer, respectively
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Fig. 11 Root mean square displacement (RMSD) analysis during the
equilibrium process in explicit solvent (during the period as shown in
Fig. 6), for the dimer (panel a) and the tetramer (panel b). The
residues in the range from 1 to 466 refer to the number in one of the
polypeptide chains. It corresponds to the average of RMSD values for
two chain (dimer) and to four chains (tetramer), respectively. The
color bars show the magnitude of RMSD value from low (blue) to
high (red). The location of head (H), tail (T) and linker domains (L1,
L12, L2) are indicated in the plot. A schematic of the overall dimer
structure is shown above panel a
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Discussion and conclusions

Based on molecular simulations, we analyzed and
compared the structural and dynamical properties of the
vimentin dimer and tetramer in implicit and explicit
solvent model. In implicit solvent, a long time equilibra-
tion was performed in earlier studies reach a minimum
energy state. A continued equilibration in explicit solvent
as reported in this paper for up to 20 ns reveals that the
structural model developed earlier [9] appears to be stable
also in explicit solvent, as confirmed in the analyses
shown in Figs. 3 and 4, as well as through the RMSD
analyses reported in Fig. 10. The analysis of Ramachan-
dran maps as reported in Fig. 5 provides important insight
into structural parameters in implicit vs. explicit solvents,
and could perhaps be used as a method to compare against
similar experimental data. The detailed analysis of the
number of H-bonds within each dimer and the tetramer as
a whole, as well as between the two dimers in the tetramer
comparing implicit vs. explicit solvent models (see Fig. 6),
reveals some differences between the two models, sug-
gesting that the explicit solvent model tends to feature a
greater H-bond density. The detailed analysis of the
solvent accessible surface area as shown in Fig. 7 suggests
that the hidden area between two dimers in explicit solvent
is smaller than that of the implicit solvent. The long time-
scale simulations provided us with ensembles of confor-
mations, which enabled us to analyze the dynamical
properties of the dimer and tetramer around the equilib-
rium state. This analysis revealed a heterogeneous distri-
bution of the bending stiffness along the molecular axis,
where highly flexible hinge-like regions defined by non-
alpha-helical linkers connect stiffer regions of the protein,
as shown in Figs. 8 and 9.

Overall, our simulations further provided detailed insight
into the dynamical properties of the vimentin dimer and
tetramer intermediate filament building blocks, which may
guide the development of novel coarse-grained models of
intermediate filaments that could help in understanding
assembly mechanisms. The analysis method used in this
paper could be used to gain insight into the structural and
dynamical properties of other large biological molecules.
However, it should be noted that the analysis reported here
has limitations, in particular with respect to accessible time-
scales. Accurate calculations can only be performed starting
from an equilibrated or near-equilibrated structure, and the
simulation time must be sufficient to include enough
possible conformations that represent a reasonable sam-
pling of the configurational space. The use of explicit
solvents in particular is computational very expensive. In
light of these limitations, the implicit solvent calculations
show advantages in terms of efficiency at sufficient levels
of structural and energetic accuracy.

Future studies of tensile stretching with explicit models
could be carried out, albeit these simulations would likely
contain millions of atoms due to very large water boxes
needed to accommodate the large deformation of the
molecules. Other future work could be focused on setting
up a coarse-grained n-body structural model by treating
each dimer as rod-like coiled-coils connected by hinge-like
linkers (similar to the suggestion put forth in Fig. 8a), or
perhaps using methods that provide enhanced sampling of
structural configurations (e.g., replica exchange method) to
accelerate the overall simulation speed. The computational
expense of full atomistic simulations in explicit solvent is
significant in particular if long time-scales are considered.
Additional studies could be carried out with advanced time-
scale sampling techniques such as replica exchange
simulations.
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