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ABSTRACT: The calcium-binding protein S100A4 plays an
important role in a wide range of biological processes such as cell
motility, invasion, angiogenesis, survival, differentiation, contractility,
and tumor metastasis and interacts with a range of partners. To
understand the functional roles and interplay of S100A4 binding
partners such as Ca2+ and nonmuscle myosin IIA (NMIIA), we used
molecular dynamics simulations to investigate apo S100A4 and four
holo S100A4 structures: S100A4 bound to Ca2+, S100A4 bound to
NMIIA, S100A4 bound to Ca2+ and NMIIA, and a mutated S100A4
bound to Ca2+ and NMIIA. Our results show that two competing
factors, namely, Ca2+-induced activation and NMIIA-induced
inhibition, modulate the dynamics of S100A4 in a competitive
manner. Moreover, Ca2+ binding results in enhanced dynamics,
regulating the interactions of S100A4 with NMIIA, while NMIIA induces asymmetric dynamics between the chains of S100A4. The
results also show that in the absence of Ca2+ the S100A4−NMIIA interaction is weak compared to that of between S100A4 bound to
Ca2+ and NMIIA, which may offer a quick response to dropping calcium levels. In addition, certain mutations are shown to play a
marked role on the dynamics of S100A4. The results described here contribute to understanding the interactions of S100A4 with
NMIIA and the functional roles of Ca2+, NMIIA, and certain mutations on the dynamics of S100A4. The results of this study could
be interesting for the development of inhibitors that exploit the shift of balance between the competing roles of Ca2+ and NMIIA.

■ INTRODUCTION
Calcium ions are extensively used as second messengers in
cellular processes, including cell migration, exocytosis, gene
transcription, muscle contraction, and neurotransmitter
release.1,2 Intracellularly, signaling information is encoded in
both amplitudes and frequencies of calcium oscillations. To
translate these signals to cellular processes, the oscillations
need to be decoded again. This is done by calcium-binding
proteins that undergo calcium-induced conformational
changes.3,4 One such protein is S100A4, which is one of the
25 members of the S100 family of Ca2+-binding proteins.
S100A4 is naturally expressed in both normal and cancer

cells, and its increased level is correlated with cell motility. It is
known that S100A4 is activated wherever cell migration is
required for various biological processes including wound
healing,5 angiogenesis,6 and cancer metastasis.7 Thus, S100A4
is used as a marker for clinical prognosis in a number of
cancers.8−10 The overexpression of S100A4 leads to increased
motility and migration of cells,11,12 thus the metastatic spread
of tumor cells in vivo,13,14 whereas inhibition of S100A4
expression reduces the metastatic potential of tumor cells.10,15

The correlation between the overexpression of S100A4 and
metastasis was first detected in human breast cancer.16

Numerous studies confirmed that the overexpression of
S100A4 is also related to the metastasis of several types of

cancers such as gastric,17 prostate,18,19 colon,20 liver,21 lung,22

pancreatic,23 gallbladder,24 ovarian,25 urinary bladder,26

esophageal,27 and thyroid carcinomas28 as well as breast.16

Altogether, many studies show that the S100A4 protein
plays a substantial role in metastatic spread of tumor cells.
Unfortunately, little is still known about the molecular
mechanisms underlying these processes. S100A4 has a
homodimeric structure29,30 and each monomer is composed
of four helices, three loops, and two Ca2+ binding sites with a
pseudo (N-terminal) and a canonical (C-terminal) EF-hand
(Figure 1). In the absence of Ca2+, helices 3 and 4 in each
monomer exhibit a parallel orientation with respect to each
other. However, Ca2+ binding to S100A4 reveals a hydro-
phobic binding pocket formed by helices 3, 4, the hinge region
(residues 43−46) of loop 2, and the C-terminal coil region
with significant conformational changes in the canonical EF-
hand, with a ∼60° reorientation of helix 3 with respect to helix
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4. This hydrophobic pocket serves as a binding site for the
target proteins. As a result, the Ca2+-free S100A4 is in a closed
conformation (inactive state), but the Ca2+-bound S100A4 is
in an open conformation (active state) with a hydrophobic
pocket formed by loop 2 and helix 3 and helix 4.31−35 S100A4
interacts with nonmuscle myosin IIA (NMIIA), actin, rhotekin,
and tropomyosin that are essential regulators of cell migration
and invasion.36 Interaction of S100A4 and NMIIA causes the
filament disassembly of NMIIA, inhibits the filament assembly
of monomeric NMIIA,31,37−40 and enhances cell migration of
metastatic tumor cells.41 S100A4 complexes with 39 residues
(Q1897−A1935) and 70 residues (A1868−G1938) fragments
of NMIIA demonstrate structural similarities and S100A4
binds to NMIIA in an asymmetrical manner.42 Paĺfy et al.
indicated that NMIIA binding increases the rigidity of helix 1
and Ca2+ affinity in S100A4 via allosteric conformational
changes.43 Another study showed that chemical shifts occur
within the region immediately C-terminal to helix 4 upon
addition of Ca2+ and N-terminal EF-hand has a higher binding
affinity than C-terminal EF-hand.44 Duelli et al. found that
interactions between the positively charged residues of C-
terminal and the negatively charged residues of Ca2+-free
S100A4 EF-hands have decreased upon Ca2+ binding.45

Furthermore, an experimental study found that mutation of
the C-terminal EF-hand of S100A4 reduces Ca2+ binding and
cell motility/invasion in vitro and the affinity of the interaction
of S100A4 and NMIIA isoform, and metastasis promotion.46

Another study showed that the C-terminal lysine (residue 101)
in wild-type S100A4 increases the rate of association between
S100A4 and NMIIA isoform, suggesting that the C-terminal
region of S100A4 is an important inhibitor-binding site for its
metastasis-inducing properties.46,47 Moreover, cysteine resi-
dues at the dimer surface of S100A4 in the extracellular space
may form disulfide bonds when they are oxidized.48,49

Despite the wealth of structural information, our knowledge
on the dynamics is quite limited. Insights into the molecular
dynamics (MD) of S100A4 and the mechanisms controlling
the (dis)assembly of NMIIA may contribute to the design of
new inhibitors to disrupt the interaction of S100A4 with

NMIIA to prevent the spread of tumor cells. To better
understand the molecular mechanisms involved in S100A4−
NMIIA interactions and the effect of calcium and disulfide
bridges, we performed microsecond-long atomistic classical
molecular dynamics simulations of five systems: wild-type
S100A4 (WT S100A4), S100A4 bound to Ca2+ (S100A4 +
Ca2+), S100A4 bound to NMIIA (S100A4 + NMIIA), S100A4
bound to Ca2+ and NMIIA (S100A4 + Ca2+ + NMIIA), and
mutated S100A4 (C3S/C81S/C86S/F45W) bound to Ca2+

and NMIIA (mutated S100A4 + Ca2+ + NMIIA).

■ MATERIALS AND METHODS

Starting Structures. The experimental structures of
S100A4 were obtained from the protein data bank:51 WT
S100A4 (PDB ID: 1m3134), S100A4 bound to Ca2+ (PDB ID:
2q9133), S100A4 bound to NMIIA (3zwh52), S100A4 bound
to Ca2+ and NMIIA (PDB ID: 3zwh52), and a four mutant
S100A4 (C3S/C81S/C86S/F45W) bound to Ca2+ and
NMIIA (PDB ID: 3zwh52). The mutagenesis wizard tool in
PyMOL50 was used to replace residues 3, 81, 86, and 45 in the
mutated S100A4 with native amino acids. It should be noted
that NMIIA used in all systems has 43 residues (Y1893-
A1935).

MD Simulations. All simulations were carried out using
GROMACS-2018.1 software.53−57 In all simulations, we used
the AMBER99SB-ILDN force field58 for proteins, TIP3P
model59 for water molecules, the linear constraint solver
(LINCS) algorithm60 to constrain hydrogen bonds, and the
SETTLE algorithm61 to constrain bond lengths and angles of
water molecules. We used the rhombic dodecahedron as a
simulation box with periodic boundary conditions and a
minimum distance of 1.2 nm between the solvent and the box
for all systems. S100A4 in the systems contains residues 2−94.
Na+ and Cl− ions were added to neutralize the systems and to
obtain a physiological salt concentration of 150 mM. The leap-
frog integrator method62 was used to integrate the equations of
motion with a time step of 2 fs. The temperature was held
constant with V-rescale thermostat,63 with a coupling constant
of 1.0 ps and a reference temperature of 300 K. The pressure
was coupled weakly and isotropically to a reference pressure
using the Berendsen barostat64 at 1 bar during the equilibrium
step of the simulations, while the Parrinello−Rahman
barostat65 was used with a time constant of 1.0 ps and a
compressibility of 4.5 × 10−5/bar during the 1 μs long
production simulations. Electrostatic interactions were mod-
eled with the particle mesh Ewald (PME) algorithm,66 a long-
range cutoff value of 1.2 nm, and a grid spacing of 0.12 nm. As
for the van der Waals interactions, a cutoff of 1.1 nm was used.
After an initial minimization, a short equilibration procedure
(1 ns) was conducted under constant volume and temperature.
Afterward, a constant pressure and temperature equilibration
was carried out for 1 ns. The production runs were also under
constant pressure and temperature. Each production run was 1
μs long. All systems were simulated in three replicas; therefore,
cumulative simulation time is 15 μs. More details about
simulations are given in Table S1.

■ RESULTS AND DISCUSSION

Structural Stability of Proteins. To evaluate the
structural stability of S100A4 structures, the root-mean-square
deviation (RMSD) and root-mean-square fluctuation (RMSF)
of Cα atoms were determined and analyzed. The overall

Figure 1. S100A4 crystal structure in complex with NMIIA peptide.
Chains A and B are colored as orange and green, respectively, while
Ca2+ is blue, and NMIIA is shown as transparent blue cartoons. All
helices (H) and loops (L) are labeled in the figure. The figure was
produced with PyMOL.50
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stability of the simulations was evaluated based on the average
RMSD and RMSF from three replica 1 μs simulations.
Superposition of starting structures and MD-derived structures
represented by the average structures of equilibrated
trajectories are given in Figure 2A−E. The RMSD of Cα

atoms of WT S100A4, S100A4 bound to Ca2+, S100A4 bound
to NMIIA, S100A4 bound to Ca2+ and NMIIA, and mutated
S100A4 bound to Ca2+ and NMIIA are 0.3, 0.3, 0.2, 0.1, and
0.2 nm, respectively.
The RMSDs of WT S100A4 (Ca2+ free-S100A4) and

S100A4 bound to Ca2+ stabilize around 0.4 nm (Figure 3 black
and blue lines), while for NMIIA-bound S100A4 structures,
RMSDs are between 0.2 and 0.3 nm, which are lower than
those of WT S100A4 and S100A4 bound to Ca2+, suggesting
that NMIIA binding stabilizes the S100A4 protein (Figure 3
cyan and orange lines). The RMSDs of individual trajectories
are given in Figure S1 and the RMSD values of each helix from

individual trajectories are given in Figures S2−S5. The RMSD
of helix 1 in WT S100A4 is approximately 0.3 nm, while it is
around 0.1 nm for the rest of structures, indicating that Ca2+ is
binding to helix 1 (Figure S2). Helix 2 in NMIIA-bound
structures has an RMSD of approximately 0.1 nm, and it is
more stable than WT S100A4 and S100A4 bound to Ca2+

(Figure S3). However, helix 3 in S100A4 bound to Ca2+

undergoes large conformational changes compared to WT
S100A4. In addition, helices 3 and 4 in chain B of NMIIA
bound three structures are more stable than chain A of those
structures (Figures S4 and S5). These RMSD results show that
interaction between S100A4 and NMIIA stabilizes the helices
3 and 4 of chain B of S100A4 protein and chain A has a
considerably less effect due to the asymmetric binding mode of
NMIIA, while Ca2+ binding causes large conformational
changes on S100A4.31−35

Figure 2. Superposition of Cα atoms of starting structures and MD-derived structures. (A) WT S100A4. (B) S100A4 bound to Ca2+. (C) S100A4
bound to NMIIA. (D) S100A4 bound to Ca2+ and NMIIA. (E) Mutated S100A4 bound to Ca2+ and NMIIA. The starting structures are colored as
gray. WT S100A4, S100A4 bound to Ca2+, S100A4 bound to NMIIA, S100A4 bound to Ca2+ and NMIIA, and mutated S100A4 bound to Ca2+ and
NMIIA are colored as blue, orange, green, cyan, and yellow, respectively. The names of the segments are shown in Figure 1.

Figure 3. Average RMSD values of Cα atoms for all S100A4 proteins studied. WT S100A4, S100A4 bound to Ca2+, S100A4 bound to NMIIA,
S100A4 bound to Ca2+ and NMIIA, and mutated S100A4 bound to Ca2+ and NMIIA are colored as black, blue, cyan, orange, and green,
respectively. Thick lines represent the averages, while shaded areas represent the standard deviations calculated from three simulations.
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We compared the calculated and measured RMSF values of
WT S100A4 (1m3134) and S100A4 bound to Ca2+ and NMIIA
complex (2lnk42). The calculated and measured RMSFs were
found to be consistent with each other as seen from Figure S6.
Figure 4 represents the average RMSFs from replicate
simulations of all systems studied, while RMSFs from
individual trajectories are given in Figure S7. Low RMSF
values are observed for NMIIA-bound structures, while the L2-
H3-L3-H4 and L2′-H3′-L3′-H4′ regions of S100A4 bound to
Ca2+ exhibit high RMSF compared to the other systems
(Figure 4A). Although the presence of NMIIA seems to have
an important effect on the overall conformational stability of
S100A4, Ca2+ binding leads to the overall conformational
flexibility of S100A4. Moreover, asymmetric dynamics between
the L2-H3-L3-H4 and L3′-H3′-L3′-H4′ regions were observed
due to the asymmetric binding of NMIIA to S100A4 for three
NMIIA bound S100A4 structures. It is interesting that the
binding of both Ca2+ and NMIIA to S100A4 stabilizes the L1
and L3 regions more as compared to NMIIA binding to Ca2+

free-S100A4, suggesting that Ca2+ mediate the interactions
between NMIIA and S100A4. To investigate the effect of Ca2+

and mutants on NMIIA dynamics, we plotted the RMSF of Cα

atoms of NMIIA (Figure 4B). We observed Ca2+ binding to
S100A4 and/or mutations had no significant effect on the
flexibility of NMIIA.
Solvent-Accessible Surface Area (SASA). To investigate

the level of exposure of the residues to water molecules in the

S100A4 protein, we calculated both hydrophobic solvent-
accessible surface area (SASA) as a function of simulation time
(Figure S8) and hydrophobic SASA per residue from
individual trajectories (Figure S9). SASA of WT S100A4 is
around 48 nm2, but it has increased to approximately 50 nm2

for S100A4 bound to Ca2+ and 60 nm2 for NMIIA bound
S100A4 structures (Figure S8). The average SASA per residue
from replicate simulations is plotted in Figure 5A. The average
SASA shows that the loops and N- and C-terminal regions of
chains make important contributions to the hydrophobic SASA
formation in S100A4 structures. To quantify the individual
residue contribution to the SASA, we computed hydrophobic
ΔSASA, which is obtained by subtracting the SASA of WT
S100A4 from the SASA of the other S100A4 structures,
ΔSASA = SASA(S100A4 + X) − SASA(WT S100A4) (Figure
5B). As shown in Figure 5B, contributions greater than 0.3 nm2

to the SASA of S100A4 bound to Ca2+ come from Phe27 in
L1, Lys31 in H2, Thr50 in L2, Met85 and Phe93 in H4, and
Met84, Met85, and Phe89 in H4′. As for NMIIA-bound
S100A4 structures, those contributions come from Phe27 in
L1, Lys31 in H2, Lys48 in L2, Leu58 in H3, Met85, Phe93,
and Pro94 in H4, Lys31 in H2′, Leu46 and Thr50 in L2′,
Leu58 in H3′, and Val77, Met84, Met85, Phe89, Phe90,
Phe93, and Pro94 in H4′. The ΔSASA results show that L2,
H3, and H4 in chain A and L2′, H3′, and H4′ in chain B make
the highest contributions to the formation of hydrophobic

Figure 4. RMSFs of Cα atoms from the last 500 ns of the trajectories. (A) Average RMSFs of Cα atoms for all S100A4 proteins studied. (B)
Average RMSFs of Cα atoms for NMIIA. WT S100A4, S100A4 bound to Ca2+, S100A4 bound to NMIIA, S100A4 bound to Ca2+ and NMIIA, and
mutated S100A4 bound to Ca2+ and NMIIA are colored as black, blue, cyan, orange, and green, respectively. Thick lines represent the averages,
while shaded areas represent the standard deviations calculated from three simulations.
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SASA in S100A4 systems as reported by previous experimental
studies.31−35

Conformational Entropy. Conformational entropy S of
backbone atoms for all of the systems studied was calculated
using the quasiharmonic approximation.67,68 The average S is
3960 ± 64, 4428 ± 483, 3439 ± 145, 3402 ± 57, and 3708 ±
124 J/(mol K) for WT S100A4, S100A4 bound to Ca2+,
S100A4 bound to NMIIA, S100A4 bound to Ca2+ and NMIIA,
and mutated S100A4 bound to Ca2+ and NMIIA, respectively.
To investigate the effect of Ca2+, mutations, and NMIIA on the
entropy of S100A4, we calculated ΔS by subtracting WT
S100A4 from the S of other four S100A4 structures. The
obtained ΔS values are 468, −521, −559, and −720 J/(mol K)
for S100A4 bound to Ca2+, S100A4 bound to NMIIA, S100A4
bound to Ca2+ and NMIIA, and mutated S100A4 bound to
Ca2+ and NMIIA, respectively. The calculated entropy
difference (ΔS = −468 J/(mol K)) between WT S100A4
and S100A4 bound to Ca2+ is consistent with the value of
Duelli et al. (−600 J/(mol K)).45 The contribution to the
stability (TΔS) of S100A4 of the structures at 300 K are
approximately 140 314, −156 319, −167 556, and −216 025 J/
mol for S100A4 bound to Ca2+, S100A4 bound to NMIIA,
S100A4 bound to Ca2+ and NMIIA, and mutated S100A4
bound to Ca2+ and NMIIA, respectively, indicating that Ca2+

binding leads to the activation of S100A4, thus leading

conformational changes, while mutants have decreased the
dynamic motions of S100A4.
Moreover, the conformational entropy S was calculated as a

function of the residue number, as depicted in Figure 6A. The
loops, H3, H3′, and C-terminal of the proteins have relatively
large values. To investigate residue contributions, we calculated
the conformational entropy difference as a function of the
residue number, ΔS = S(S100A4 + X) − S(WT S100A4), as
given in Figure 6B. The residues 21−25 in L1 and 63−67 in L3
for chain A and residues 21−26 in the L3′ region of S100A4 +
Ca2+ have negative conformational entropy values, indicating
that an unfavorable entropic contribution to the free energy.
However, the other residues of S100A4 + Ca2+ have positive
values, suggesting that S100A4 is activated upon Ca2+ binding
and the highest entropic contribution to the free energy comes
from almost all regions except L1 and L3 loops in chain A and
L1′ in chain B. Moreover, loops in NMIIA-bound structures
cause the unfavorable (negative) entropic contribution to the
free energy of calcium and/or NMIIA binding. These results
show that Ca2+-bound S100A4 is the most favorable state
because positive conformational entropy results in lower free
energy.

Principal Component Analysis (PCA). For a more
detailed investigation of the structural changes and the
dynamics in S100A4 systems, we performed principal
component analysis (PCA) in two ways: first on the covariance

Figure 5. SASA values of S100A4 structures as a function of the residue number from the last 500 ns of the trajectories. (A) Average SASA per
residue. (B) SASA difference per residue. WT S100A4, S100A4 bound to Ca2+, S100A4 bound to NMIIA, S100A4 bound to Ca2+ and NMIIA, and
mutated S100A4 bound to Ca2+ and NMIIA are colored as black, blue, cyan, orange, and green, respectively. Thick lines show average values, while
bars represent the standard deviations calculated from three simulations.
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matrix of the joint set of trajectories and second on the last 500
ns of each MD trajectory individually.
Performing PCA on a joint set of trajectories provides a

mixed view of the variance structure between trajectories and
within trajectories and allows assessment of the relative
importance of the two sources by plotting the projections
and marking the average structures.69,70 The joint covariance
matrix was determined after fitting all structures to a common
reference. We also included all structures obtained by
swapping the two chains in the dimers, as both chains are
thermodynamically indistinguishable and any asymmetry
should be considered equally likely for the other permutation.
The covariance matrix had a trace of 10.67 nm2 and the first
three eigenvectors captured 63, 8, and 7% of the total variance,
respectively. The first two components were rotated using a
varimax rotation, resulting in factors with a simpler structure,
which makes them more interpretable. The main results from
this factor analysis are given in Figure 7, which shows the
scores of all frames from all trajectories on the factors, together
with markers indicating starting points and average structures
from the last 500 ns of each trajectory. The scores are
normalized, such that the distance between any two structures
in the configurational space approximately equals the RMSD
between them. The inset shows the structures colored
according to the loadings for the first two factors. From the
figure, each group of trajectories appears to have a specific
region in conformational space associated with it, suggesting

that the first two eigenvectors are indeed dominated by the
between group variances. Together, the scores trace out a
region that shows the configurational changes associated with
the functional states of S100A4: the blue markers indicate the
region sampled by simulations started from the apo state NMR
structure 1m31, which appear to remain separated from the
other regions over factor 1, corresponding to a remodeling of
the calcium-binding region and associated changes in the loop
connecting H2 and H3. The apo structure obtained by removal
of calcium from PDB ID: 2q91 (magenta) ends up sampling
the “low” end of factor 2 but does not cross to the other side of
factor 1. This suggests that there is a barrier between the two
regions, pertaining to the rearrangement of calcium-binding
sites that would require longer time scales to cross. The
binding of calcium (orange) causes a shift “up” over factor 2,
involving a change in the configuration of the H3 N-terminal
region. It is worth noting that the differences between the
starting structure and the final structures are largest for
simulations starting from the calcium-bound state, relaxing
along the observed factor 2. Finally, binding of NMIIA causes a
further conformational change to the up end on factor 2.
The points in green mark the regions sampled when calcium

is removed from the NMIIA-bound structure. Although not a
physiologically known state, as calcium binding is a
prerequisite for binding of NMIIA, it may play a role as
intermediate in unbinding, especially when calcium levels drop,
and the solvent-exposed binding sites could deplete. It is

Figure 6. Conformational entropy as a function of the residue number from the last 500 ns of the trajectories. (A) Average conformational entropy
S per residue. (B) Entropy difference ΔS per residue. WT S100A4, S100A4 bound to Ca2+, S100A4 bound to NMIIA, S100A4 bound to Ca2+ and
NMIIA, and mutated S100A4 bound to Ca2+ and NMIIA are colored as black, blue, cyan, orange, and green, respectively. Thick lines represent the
averages, while shaded areas represent the standard deviations calculated from three simulations.
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evident that this has little effect on the structure of the complex
on the time scales sampled, and thus, no conclusions can be
drawn yet as to a possible responsiveness to a drop in the
calcium concentration.
The joint PCA clearly shows that each system has a

characteristic region in configurational space associated with it.
It is likely that each region also has its own characteristic
motions, as different states have quite different constraints
imposed by the binding of Ca2+ and NMIIA. To assess these
differences in dynamics per system, we performed PCA on
covariance matrices obtained from the last 500 ns of each
individual trajectory, for the dimer and for the two chains
separately. The traces of covariance matrices themselves allow
a first assessment of the total motility of each dimer and how
this relates to the motility of individual subunits. Figure S10
shows a scatterplot of the motility of dimers against the
motility from the subunits and their sums. The WT complexes
with Ca2+ and NMIIA are characterized by strongly reduced
motility, with the total motility (2.52, 2.51, and 4.16 nm2)
being approximately equal to the sum of that of the subunits
(2.05, 2.04, and 3.35 nm2), showing that relative motions
between the subunits are diminished. The mutant (2.83, 4.17,
and 5.83 nm2) and the NMIIA-bound form without calcium
(4.12, 5.63, and 6.19 nm2) appear more mobile, but still with
little relative motion of the chains, due to the fixation by the
peptide. Interestingly, the apo form of the protein (5.22, 6.18,
and 6.89 nm2) appears less dynamic than either the calcium-
bound form (6.65, 6.92, and 10.64 nm2) or the structure from
which calcium was removed (6.59, 7.52, and 8.44 nm2). In
these systems, there are also considerably more dynamics
between the chains. These findings suggest that the

coordination of calcium-binding sites releases other parts of
the protein causing an overall increase in motility. This is
expected to be related to the shift over factor 1 as shown in
Figure 7, which corresponds to a coupling between the
calcium-binding sites and the dynamics of the loop connecting
H2 and H3.
Figure 8 shows the first eigenvector for each system,

determined and drawn using a previously developed PCA
module for PyMOL.69,70 These results show that in the
individual systems the first eigenvector captures between 10
and 30% of the total motility, suggesting that there is little
concerted motion. However, it can also be seen that the
contribution of the first eigenvector is more important in the
systems with more dynamics, notably the Ca2+-bound form,
where the first eigenvector captures between 20 and 30% of the
total variance in the system. The second eigenvectors in this
system contribute another 10−16% (data not shown). The
figures also show that most of the motion pertains either to
calcium-binding sites or to the loop connecting H2 and H3,
consolidating the view that the binding of calcium remodels
the calcium-binding site and destabilizes that loop, causing an
increase in overall dynamics.

Linear Mutual Information (LMI). The results from the
previous sections suggest that Ca2+ leads to enhanced
dynamics as compared to the wild-type S100A4. However,
the effect of Ca2+ binding on NMIIA-bound states is not yet
clear. To further characterize this relation, we decided to
determine linear mutual information (LMI) of residue
fluctuations.71 In this case, if fluctuations of two residues are
correlated linearly, the pairwise LMI is 1, and only if they are
completely independent, the pairwise LMI is 0. We calculated

Figure 7. Results from factor analysis on joint trajectories. The plot shows the projections of all 18 trajectories onto the first two factors obtained
from the joint covariance matrix, while the insets show the protein structure (PDB ID: 2q91) colored according to the loadings of factors 1 and 2.
The scores are normalized, such that the distance between points corresponds to the RMSD between the structures. In the plot, trajectories are
colored over time from light gray to dark gray, starting structures are indicated with white circles with a black outline, and the average structures
from the last 500 ns of each trajectory are indicated with colored points, of which the colors correspond to those in Figure 8. Red dotted lines are
used to connect starting points and end points. It is clear that removal of NMIIA is associated with a conformational change on factor 2, which,
from the inset, appears associated with changes in the calcium-binding region and the opposite end of helix 3. Factor 1 appears to capture a motion
of the N-terminal region of helix 3 and seems associated with the difference between the calcium-bound forms and the apo form (blue). Removal of
calcium from the calcium-bound structure (magenta) causes a further shift on factor 2, but does not shift over factor 1 to the original apo form.
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the LMI using the g_correlation tool71 of GROMACS and the
correlationplus (https://github.com/tekpinar/correlationplus)
python package. As shown from Figure 9A,B, S100A4 shows
increased correlations when bound to Ca2+. It is clear that Ca2+

binding leads to the increase of linear correlations but NMIIA
and mutations reduce those correlations. LMI also reveals the
opposing roles of Ca2+ and NMIIA: if only NMIIA is bound,
the correlations are reduced significantly and LMI maps are
quite similar to WT S100A4 maps (Figure 9A vs C). When
Ca2+ is added to the NMIIA-bound state, it increases the
correlations and the map in Figure 9D is more similar to Figure
9B. As a result, we observe that while Ca2+ increases LMI
correlations, NMIIA reduces them. Therefore, Ca2+ and
NMIIA have competing roles in the dynamics of S100A4.
Furthermore, it was observed that the degree of correlations

of the mutated S100A4 bound to Ca2+ and NMIIA are lower
compared with those of S100A4 bound to Ca2+ and NMIIA.
This shows that mutations that were done to avoid the
interunit disulfide bond formation prevent the dynamical
correlations of S100A4 as well, suggesting that these residues
play an important role in the conformational dynamics of
S100A4. Moreover, we checked the inter- and intrachain linear
correlations for all of the systems studied in replica trajectory

sets (Figures S11 and S12). It seems that the most
contribution to linear correlations comes from intrachain
correlations, while strong interchain correlations between
chains of S100A4 were not observed. Interestingly, in all
S100A4 structures studied, strong intrachain correlations
(higher than 0.7) were observed between the residues 69−
71 of loop 3 (Figures S11 and S12).
To understand the impact of Ca2+ and mutants on the

interaction of S100A4 with NMIIA, we computed interchain
correlations between S100A4 and NMIIA (Figure 10A−D).
We observed that strongest correlations occur between the
residues 1927−1930 of NMIIA and residues 45−50 of loop 2
in the chain B of S100A4. The correlation degrees between
those residues in S100A4 bound to Ca2+ and NMIIA are
stronger than those of Ca2+ free-S100A4 bound to NMIIA and
the mutated S100A4 bound to Ca2+ and NMIIA. It is clear that
Ca2+ binding to S100A4 mediates the interchain correlations
between NMIIA and S100A4, but mutations inhibit those
correlations. Moreover, we observed strong intracorrelations
between the residues 69−71 of loop 3 in all S100A4 proteins,
especially in the absence of Ca2+.

■ CONCLUSIONS
In this work, we show that WT S100A4 is in an inactive state,
but upon Ca2+ binding, S100A4 undergoes a conformational
change as reported by many experimental studies.31−35

However, NMIIA induces asymmetric dynamics on S100A4
due to the asymmetric binding of NMIIA to S100A4. For both
S100A4 bound to NMIIA and WT S100A4 simulations, both
intrachain and interchain correlations are very low. However,
Ca2+ binding has increased the dynamics of S100A4 and
NMIIA, accordingly the interactions of S100A4 with NMIIA as
well, indicating that S100A4 interaction with NMIIA is
dependent on Ca2+ binding. We also identified some key
residues (residues 1927−1930 of NMIIA and residues 45−50
of loop 2 in the chain B of S100A4) that are involved in the
strong interchain correlations between NMIIA and S100A4 in
the presence of Ca2+. On the other hand, NMIIA behaves like a
competitor of Ca2+ in terms of the LMI maps and it reduces
the correlations gained by Ca2+ binding. Moreover, mutations
made to avoid disulfide bond formation reduce the correlations
to a lower level, thus leading to the decrease in binding
capability of S100A4 to NMIIA,52 almost to the point where
Ca2+ is not bound. Additionally, for mutated S100A4 bound to
Ca2+ and NMIIA, the conformational entropy (average S) and
variance results of PCA are lower than those of other
structures, indicating that preventing disulfide bond formation
decreases the flexibility of S100A4; thus, certain mutations play
an important regulator role in the structural dynamics of
S100A4. In conclusion, the binding of Ca2+ and NMIIA to
S100A4 regulate competitively the dynamics of S1004 in terms
of RMSF, conformational entropy, PCA, and LMI results,
while mutations reduce them.
In summary, we have shown that Ca2+ and NMIIA modulate

competitively the dynamics of S100A4. As Ca2+ binding to
S100A4 increases, the dynamics of S100A4 and NMIIA
binding decreases; Ca2+ and NMIIA binding at the same time
reduce the Ca2+-induced enhanced dynamics. Moreover, Ca2+

binding modulates the dynamics of S100A4 and NMIIA by
enabling enhanced dynamics, while mutations made to prevent
disulfide bond formation lead to the decreased dynamics of
S100A4 and NMIIA. This finding is in line with the 2 orders of
magnitude lower affinity between the mutated S100A4 bound

Figure 8. First principal component from the last 500 ns for each
trajectory. For each system, the vector of loadings is shown as per
particle bars superposed on average structures with a thin line marking
the extent of projections and a thicker tube marking the middle 50%
of projections. The bars are colored from cyan to magenta to allow
the assessment of directional correlation. The numbers indicate the
percentage of the total positional variance associated with the first
eigenvector.
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to Ca2+ and NMIIA compared to that of the unmutated
structure (S100A4 bound to Ca2+ and NMIIA).52 These

results provide novel insights into better understanding the
role of Ca2+, NMIIA and certain, structure stabilizing

Figure 9. LMI maps from the last 500 ns of the trajectories. LMI varies from 0 to 1. LMI value 1 defines complete linear correlations, (shown in
red), while 0 means no correlation (shown in blue). (A) WT S100A4. (B) S100A4 bound to Ca2+. (C) S100A4 bound to NMIIA. (D) S100A4
bound to Ca2+ and NMIIA. (E) Mutated S100A4 bound to Ca2+ and NMIIA.
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mutations on the dynamics of S100A4, and they suggest that
shifting Ca2+ and NMIIA equilibrium may be an alternative
strategy for the design of new drugs that inhibit S100A4
activity and/or disrupt the interaction of S100A4 with NMIIA.
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