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Calmodulin (CaM) is involved in the regulation of a variety of cellular signaling pathways. To accomplish its
physiological functions, CaM binds with Ca®" at its EF-hand Ca®" binding sites which induce the conformational
switching of CaM. However, the molecular mechanism by which Ca®" binds with CaM and induces conformational
switching is still obscure. Here we combine molecular dynamics with targeted molecular dynamics simulation and
achieve the state-transition pathway of CaM. Our data show that Ca®>" binding speeds up the conformational
transition of CaM by weakening the interactions which stabilize the closed state. It spends about 6.5 ns and 5.25 ns
for transition from closed state to open state for apo and holo CaM, respectively. Regarding the contribution of
two EF-hands, our data indicate that the first EF-hand triggers the conformational transition and is followed by
the second one. We determine that there are two interaction networks which contribute to stabilize the closed

and open states, respectively.

PACS: 87.14.E—, 87.15.ap, 87.15.kp, 87.15.hp

Ca?* is the most common second messenger and
plays vital physiological roles in variant physiologi-
cal processes, such as muscle contraction, blood vessel
contraction and expansion, secretion of hormones and
modulation of neuron activity,!' " in both prokary-
otes and eukaryotes. Ca2?? accomplishes its phys-
iological roles by binding with Ca?* binding pro-
teins (CaBPs) and triggering conformational switch-
ing of CaBPs.l" 7l There are dozens of CaBPs involved
in numerous-physiological processes.[* ") Generally
speaking, there is more than one Ca?* binding site
in CaBPs, which are composed of 6-8 oxygen atoms
derived from 5-7 residues.

Calmodulin (CaM) which has been discovered for
more than four decades is a representative CaBPs. It
is involved in the regulation of a variety of cellular
signaling pathways.['""'?] Over the past decades, re-
searchers have made great efforts to understand the
structure-function relationship of CaM.['*~171 CaM
is a single 148-amino-acid polypeptide chain and is
highly conserved in the process of evolution. It has
been identified that there are four helix-loop-helix EF-
hand motifs which form four distinct Ca?* binding
sites. A pair of EF-hand motifs forms a globular do-
main. Two structurally independent globular domains
(lobes) connected by a flexible helical linker form the
dumbbell-shaped CaM. It is critical for CaM to tran-
sit from closed state to opened state induced by Ca?*
binding.

DOI: 10.1088/0256-307X/34/6 /068701

Although the x-ray crystal structures reveal the
functional states of many CaBPs, they neither show
the detailed allosteric mechanism of them nor de-
termine the distinct Ca?* binding sites contributing
to the state transition. Pang et al. have studied
the interactions between Ca?* and Ca?*-binding sites
in many CaBPs by using molecular dynamics (MD)
simulation.!'™'®! Li et al. have reported that the tar-
geted molecular dynamics (TMD) simulation is con-
ductive to investigate the conformational change of
macromolecular as an ion channel.l'”) Here the CaM
was used as a model of CaBPs to investigate the Ca?*
inducing conformational change and the multisite col-
laboration by the simulation method. The N-terminal
lobe of CaM was selected to be the simulation frag-
ment in this work. A series of MD and TMD were
performed on the N-terminal of CaM which includes
two distinct EF-hand Ca2* binding sites. Conforma-
tional transition from closed state to opened state was
achieved in both apo and holo situation. Our data
show that the Ca?t binding speeds up the state tran-
sition by weakening the interactions between residues
in the EF-hand loops. The interactions in the first EF-
hand are weaker than those in the second EF-hand.
The different patterns of the interactions in the two
Ca?* binding sites make unequal contribution to the
transition from closed state to opened state of CaM.
This work provides an even better understanding of
the allosteric dynamics of CaM and a practical simu-

*Supported by the Natural Science Fund for Distinguished Young Scholars of Hebei Province under Grant Nos C2015202340
and C2013202244, the Fund for Outstanding Talents of Hebei Province under Grant No C201400305, the National Natural Science
Fund of China under Grant Nos 11247010, 11175055, 11475053, 11347017, 31600594, 31400711 and 11647121, the Fund for the

Science and Technology Program of Higher Education Institutions of Hebei Province under Grant No QN2016113,

the Scientific

Innovation Grant for Excellent Young Scientists of Hebei University of Technology under Grant No 2015010, and the Natural
Science Foundation of Hebei Province under Grant No C2017202208.

TThese authors contributed to this work equally.

**Corresponding author. Email: hailong an@hebut.edu.cn; zhany@hebut.edu.cn

(© 2017 Chinese Physical Society and IOP Publishing Ltd

068701-1


PACS 2010
PACS

PACS 2010
PACS

PACS 2010
PACS

PACS 2010
PACS

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org

CHIN.PHYS.LETT. Vol. 34, No.6(2017) 068701

lation method to probe into the molecular mechanism
of state transition of CaBPs regulated by Ca?*t.[*"]

Four structures of the N-terminal lobe of CaM,
closed apo and holo, opened apo and holo, were con-
structed based on the crystal structures 1CFD[!]
(closed and without Ca®*) and 1CLL[? (opened and
with four Ca2T), respectively. Each structure was
immigrated into the water box and NaCl was added
for electrical neutralization. Meadionize, a plugin of
VMD, was used to add the Ca?* and C1~ into the min-
ima of the electrostatic potential map of the solvated
system by replacing water molecule. The electro-
static potential was generated by the ‘potential’ util-
ity of the macroscopic electrostatics with atomic de-
tail (MEAD) program package.l”**"] The equilibrated
simulation box dimensions are 73 A x 73 A x 63 A. The
total number of atoms in the simulation system is
30862, including the fragment of CaM containing 1172
atoms, 9893 water molecules, and ions. For structural
optimization, the MD simulations are performed by
using NAMD (version2.9 (http://www.ks.uiuc.edu/
Research/namd/))*") with force field CHARMM27[*"]
and are finished on a cluster of computers. The inte-
gration time step is 2fs. The simulation time was set
to 10ns. The electrostatic interactions are computed
with a cut-off distance 12A and the particle mesh
Ewald (PME) method. Periodic boundary conditions
are introduced to stabilize the simulation space. The
temperature coupling method is used to keep the tem-
perature at 310 K. At the beginning of simulations, the
system is minimized for 10000 steps to remove bad
contacts. The Ca atoms of 40 to 44 amino acids are
fixed to prevent the protein from extending out of the
water box.[?727]
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Fig.1. MD simulations of the N-terminal of CaM. (a)
N-terminal of CaM in its closed-apo-state. (b) N-terminal
of CaM in its closed-holo-state. Ca?T are highlighted as
green ball. The left and right sides of the figure are EF-
hand 1 and EF-hand 2, respectively. The yellow and red
helixes of each EF-hand are E helixes and F helixes, re-
spectively. The blue loop represents the Ca?t binding
loop. (c,d) RMSD variations for closed apo and holo
structures, respectively.

To achieve conformational change, TMD simula-

tions were carried out,[”®) a subset of atoms in the sim-
ulation is guided towards a final ‘target’ structure by
means of steering forces. The targeted process is used
to reach the final structure by stretching the protein
with a harmonic strength applied to selected atoms.*"!
The equilibrium closed state and the experimentally
solved opened state of the CaM represent the starting
and ending coordinates, respectively, and all the Ca
atoms of the N-terminal lobe have been chosen as tar-
geted atoms. The number of atoms used to calculate
the root mean square deviation (RMSD) from the tar-
get structure was set to be the same as the number of
restrained atoms. The simulation time of TMD was
set to 10ns. The time evolution of RMSD with respect
to the target structure was observed. The targeted
RMSD value was decreased monotonically from the
initial RMSD to the target structure until it reached
near 0 A at the end of the TMD simulation. Visuali-
sation and data analysis were carried out by VMD.
To study the interplay between Ca?t binding and
allosteric motion of CaM, we integrated the computa-
tional models which are in closed-apo-state (Fig. 1(a)).
The Ca?* is placed in the energy minimum point flow-
ing by a 10ns MD. As shown in Fig. 1(b), there are
two ions of Ca?* binding in the two EF-hand like Ca?*
binding sites of the N terminal lobe of CaM, respec-
tively. For each site, there are two helices connected by
a loop. The RMSD values based on all the Ca atoms
were calculated in Figs.1(c) and 1(d). The RMSD
values of the two models are less than 2.5 A, which in-
dicates that the models achieve the equilibrium states.
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Fig. 2. Comparison between the presence and absence

of Ca?t in binding site during TMD and MD simulation.
The RMSD of the TMD simulation of (a) closed-apo-state
and (b) closed-holo-state. (c) RMSD of the N-terminal
lobe in closed apo and holo state during MD simulation.
The H-bond number of loop 1 and loop 2 after 10 ns sim-
ulation of (d) MD and (e) TMD, respectively.

It is known that binding with Ca?* will facilitate
the state transition of CaM. To understand the molec-
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ular mechanism by which Ca?* induces the conforma-
tional transition, we set the structure of open states
as target structure and performed TMD on closed-
apo-state and closed-holo-state to reproduce the state
transition with or without Ca?*.

We measured the RMSD of the two TMD pro-
cesses, as shown in Figs. 2(a) and 2(b). Both RMSDs
show a pattern with a linear rise stage and a plateau
stage. The rise stage is corresponding to the global
conformational transition. The plateau stage means
the local variation of the conformation. The difference
between the two processes is the time spent to achieve
the open state. It takes about 6.5 ns and 5.25 ns for the
apo- and holo-closed states to reach the opened states,
respectively, which indicates that the Ca?* promotes
the opening process of CaM.

H bonds play critical roles in stabilizing the struc-
ture and conformation transitions of proteins. There
are two types of H-bonds formed between main chains
and side chains of residues, respectively. The H-bonds
between the main chains are thought to stabilize the
secondary structure of protein molecules. The H-
bonds between the side chains contribute to stabilize
the tertiary structure and are involved in conforma-
tional change. In this work, the H-bonds formed be-
tween side chains of residues are analyzed to evaluate
the stereo conformational change.

Comparing the H-bonds of the apo- and holo-
states, we find that binding with Ca?* weakens the
interactions in both loop 1 and loop 2 (loop 1: Asp20
to Glu3l in EF-hand 1 and loop 2: Asp 56 to Glu67
in EF-hand 2, Figs.2(d) and 2(e)), which indicates
that the loops become less constrained after binding
with Ca?* (Fig.2(c)). Before Ca?* binding, the CaM
is in a stable equilibrium state and the loops in both
EF-hands are relatively rigid. After Ca?t is added
in the site, electrostatic attraction will occur between
Ca?* and the binding residues in EF-hand loops, and
the interactions in the loops itself will be weakened.
The flexibility of loops increases to cater to the con-
formational change of CaM. The data indicate that
Ca?* binds at its site and triggers the state transition
of CaM by weakening the interactions and increasing
the flexibility of the loops.

Next, we evaluate the detailed contributions to al-
losteric switching of the two EF-hand Ca?* binding
sites. As shown in Fig. 3, the TMD simulations lead to
a large-scale conformational change and accomplish an
‘open’ conformation (see Fig.3(a)), in which the hy-
drophobic binding pocket of each EF-hand loop is ex-
posed as shown in Fig. 3(b). The significant difference
between the closed and the opened states of CaM is
the angles formed by the two helixes of each EF-hand,
which are 50° and 100° for the closed and opened
states, respectively. It takes about 5.25ns and 6.5 ns
for the first EF-hand and second EF-hand to achieve
their opened states (Figs.3(c) and 3(d)), which indi-
cates that the first EF-hand triggers the conforma-
tional transition and the second EF-hand follows.
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Fig. 3. Conformational switching of N-terminal of CaM
achieved by TMD. (a) The initial (closed) and final (open)
structure of the N-terminal of CaM achieved by TMD,
in which the lower image is their overlap. (b) The ini-
tial (closed) and final (open) structure of the two loops of
CaM achieved by TMD, as well as their overlap, respec-
tively. (c,d) The evolutions of angles formed by E helix
and F helix in EF-hand 1 and EF-hand 2, respectively.
The black and red lines are corresponding to the MD and
TMD simulations. (e) The average value of the transition
time.
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Fig. 4. The RMSD of the relay-like TMD. (a) The time
course of the RMSD. (b) The crystal structure of the CaM.

Backbones of EF1 and EF2 are highlighted in blue and red,
respectively.

As shown in Fig. 3, the conformational switching
of the second EF-hand comes later than that of the
first one, which indicates that the two EF hands may
contribute unequally to the state transition of CaM.
For validation, relay-like TMD is performed in the N-
terminal lobe of CaM. Firstly, a 10ns TMD simula-
tion is carried on by setting the Ca atoms in EF-hand
1 (Fig.4(b)) as target atoms. Then, another 10ns
TMD follows the last state of the previous TMD by
setting the Ca atoms in EF-hand 2 (Fig.4(b)) as tar-
get atoms. Likewise, the second 20ns TMD is per-
formed in the reverse order of the two EF hands. The
time courses of RMSD of the two TMDs show that the
CaM achieves the targeted conformation more easily
by the first TMD than the second one as shown in
Fig.4(a), which indicates that the state transition of
CaM should start at the first EF-hand, and the two
EF-hands contribute unequally to the conformational
switching. Conversely, since the first EF-hand is more
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easily opened, the process of its folding is slower. Also
we think that the folding of the first EF-hand is the
rate-limiting step.

To understand the molecular mechanism which de-
termines the contribution of the two EF-hands on
state transition, we measure the H-bonds in different
cases of the EF-hands in both MD and TMD simula-
tions. As shown in Fig.5 and Table 1, the patterns
of H-bond in different cases are significantly different.
Figure 5(a) shows that there are very weak interac-
tions between E and F helixes of the first EF-hand.
However, the interactions between E and F helixes of
the second EF-hand are much stronger than that of
the first one (Fig. 5(b)). The linear fitting data show
that the interactions decrease gradually during the
state transition, which means that these interactions
may stabilize the closed state. Weaker interactions
between E and F helixes of the first EF-hand means
that the protein more easily achieves conformational
switching. The interactions in the loops increase dur-
ing the state transition (Figs.5(c) and 5(d)), which
means that the interactions in the loops may serve as
stabilizing the open conformation.
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Fig. 5. The evolution of H-bond number in different cases
in TMD simulations. (a,b) The evolutions of numbers of
H-bonds formed between residues in E and F helixes of
each EF-hand, respectively. (c,d) The evolutions of num-
bers of H-bonds formed between residues in loops of each
EF-hand, respectively. The red lines are the linear fitting
data.

Table 1. The mean value of H-bond Number in different cases
of CaM.

Protein EF1 EF2 Loopl Loop?2
ApoMD 66.80 0.24 4.44 5.80 5.11
ApoTMD 59.14 1.10 1.30 6.80 6.92
HoloMD 60.79 0.20 3.68 4.67 4.45
HoloTMD 59.92 0.32 2.76 6.26 5.20

The variation of H-bond represents that of confor-
mation. Since the conformations of apo-closed state
and holo-closed state are similar after the MD simu-
lations, the number of H-bonds changes just slightly
from apo-closed state to holo-closed state. However,
comparing the apo-closed state with the holo-closed
state in both MD and TMD, the same variation ten-

dencies are found in Table 1.

Combining MD with TMD, we achieve the dynam-
ical state transition and find the conformational path-
way of CaM. To understand the Ca?t-dependent state
transition of CaM, researchers have applied static
structures in diverse state or combined distinct recep-
tors and CaM, which accumulate numerous experi-
mental and computational data,”"*'] then identified
four EF-hands Ca2* binding sites in the CaM. To un-
derstand the dynamical process of the CaM state tran-
sition, we perform the TMD on the closed and opened
states of CaM induced by Ca2* binding.

It was reported by Wang et al. that Ca’t can
bind to the two EF-hands sites differently. One is
conformational selected binding and the other is Ca?*
inducing conformational change binding,[*”) which in-
dicate that the two EF-hands may play different roles
in the state transition of CaM. However, they did not
discuss the structural basis and the mechanism of the
two EF-hands contributing unequally to state transi-
tion of CaM. Here by performing the TMD on closed
CaM, we identify the allosteric pathway and reveal
that Ca?T facilitates the state transition of CaM by
weakening the interactions and increasing the flexi-
bility of CaM. The difference of interactions between
the E and F helixes of the two EF hands is the ba-
sic reason for unequal contribution of the EF-hands.
Moreover, we find that the first EF-hand triggers the
conformational switching followed by the second one.

There is cooperation between the two EF-hand
Ca?t binding sites of CaM. Generally, CaBPs have
multiple Ca?* binding sites. Four EF-hand Ca2*
binding sites are recognized in CaM and other EF-
hand proteins. At least two Ca?t binding sites
are identified in large-conductance Ca?*-activated KT
channell*”] and Ca?*-activated C1~ channel.l*] To de-
termine whether the distinct Ca?* binding sties in-
tegrate to promote the conformational switching of
CaBPs, or independently, we perform relay-like TMDs
and find that there is a time sequence between the two
EF-hands. Our data show that transition is more eas-
ily accomplished when the conformational switching
is provoked by the first EF-hand than by the second
one. It is indicated that the first EF-hand triggers
the conformational switching and induces the second
one to transit from closed state to opened state. Our
work could shed light on understanding of the molecu-
lar mechanism of conformational switching of CaBPs
modulated by multiple Ca?* binding sites.

In conclusion, we have performed a series of MD
and TMD simulations on a model protein of CaM to
address the Ca’T activating conformational change of
CaBPs. The results indicate that the Ca?* binding
speeds up the state transition process and the differ-
ent binding sites contribute to the allosteric change
unequally. This work facilitates the understanding
of the allosteric dynamics of CaM and the molecu-
lar mechanism of other allosteric proteins regulated
by Ca?*.
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