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ABSTRACT Calmodulin is a small (148 residues), ubiquitous, highly-conserved Ca®* binding protein serving as a modulator of
many calcium-dependent processes. In this study, we followed, by means of molecular dynamics, the structural stability of the
protein when one of its four bound Ca®" ions is removed, and compared it to a simulation of the fully Ca®* bound protein. We found
that the removal of a single Ca?" ion from the N-lobe of the protein, which has a lower affinity for the ion, is sufficient to initiate a
considerable structural rearrangement. Although the overall structure of the fully 4 Ca®* bound protein remained intact in the
extended conformation, the Ca®*-removed protein changed its conformation into a compact state. The observation that the 3 Ca®*
loaded protein assumes a compacted solution state is in accord with experimental observation that the NSCP protein, which binds
only three Ca®" ions, is natively in a compact state. Examination of the folding dynamics reveals a cooperation between the C-lobe,
N-lobe, and the interdomain helix that enable the conformation change. The forces driving this conformational change are discussed.

INTRODUCTION

The Ca** binding protein calmodulin (CaM) is a prevalent
transducer of intracellular Ca®* signals. The small protein
(148 residues in vertebrates) is expressed in all eukaryotic
cells, where it constitutes at least 0.1% of the total amount of
proteins. This highly conserved protein participates in many
signaling pathways that regulate crucial processes, such as
growth, proliferation, and movement. The regulatory func-
tions of CaM are controlled by intracellular Ca®", which
reacts with CaM at high affinity, and modulates its three-
dimensional structure. As a result, the affinities of CaM to
target proteins are affected, and CaM can bind, disengage, or
wrap around them, causing their activation or deactivation (1).

CaM belongs to a family of proteins that are distinguish-
able by a structural motif known as the E-F hand. An E-F
hand consists of an N-terminal helix, immediately followed
by a Ca®"-coordinating loop and a C-terminal helix. CaM
has four such motifs. The first two combine to form the
globular N-terminal domain (the N-lobe), which is separated
by a short flexible linker (interdomain helix) from the homol-
ogous C-terminal domain (the C-lobe), which consists of the
two other E-F hands.

As calmodulin is the most studied E-F hand protein, a great
deal of knowledge has been gathered about it. Ca> ™ affinity to
CaM (Kd=5 X 107" Mto 5 X 10~° M) falls within the range
of intracellular free Ca®" concentrations (1077M to 1076M)
of most cells, making it an ideal detector of Ca’". The ion
affinity of the C-lobe sites is three- to fivefold higher than that
of the N-lobe, suggesting that the last Ca>* to bind and the first
to leave will do so to and from the N-lobe.

The vast majority of currently available crystallographic
data of fully Ca®" bound CaM (Holo-CaM) has shown that it
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adopts an extended dumbbell-like shape (2-10). The Ca**
free (Apo-CaM) structure solved by NMR (11-13) and cry-
stallography (14) has shown major conformational changes
compared to these extended Holo-CaM structures. The most
distinct difference between the two structures was in the
shape of the central linker helix. Although its state seemed
rigid in the Holo state, it becomes flexible in the Ca®" free
state. SAXS measurements have indicated that the binding of
Ca”" to the protein results in an enlargement of the gyration
radius (15) and that Holo-CaM is found in an extended state
in solution (16). This support the existence of Holo-CaM in
and extended state in comparison to a more compact state
assumed by Apo-CaM. Moreover, 4-ns molecular dynamics
simulations, which were carried out on Apo-CaM and Holo-
CaM (17), demonstrated the enhanced flexibility of Apo-
CaM in comparison to Holo-CaM.

A number of other experiments, however, suggest the
existence of a flexible Holo-CaM state. In a SAXS exper-
iment performed by Heidorn and Trewhella (18) the measured
pairwise distance distribution function suggests a flexible
central helix (although the maximum vector length was in
agreement with the extended crystal structures). Crystallo-
graphic structure of Holo-CaM in a globular compact
conformation has recently been published (19), and NMR
experiments on Holo-CaM also reveal a flexible central helix
(20). Recent 20-ns molecular dynamics (MD) simulation has
shown that the Holo-CaM can change its conformation from
an extended to a compact state (21) and that this contraction
started at the beginning of the simulation. Yet, it must be
realized that this simulation was performed in negligible
ionic strength. A different 11.5-ns MD simulation, also under
low ionic strength due to addition of counter ions, showed
unwinding of the central helix (22), whereas a 4-ns simulation
of the Holo-CaM carried out in physiological salt solution
revealed only minor conformational changes (23).
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Although the experiments tend to agree that Apo-CaM
exists in a compact conformation, different Holo-CaM ex-
periments give different results as to the rigidity and con-
formation of the Holo-CaM. These contradictions may stem
from the differences in the experimental conditions or simply
by the fact that the proteins’ conformation is at an equilibrium
that includes the extended, compact, and other intermediary
states. Under the latter assumption, the results seem to
indicate that Holo-CaM’s tendency to be in an extended con-
formation is much greater than Apo-CaM’s. MD simulation
can be used to evaluate what might be the preferred solution
state of the Holo protein and to compare the stability and con-
formation tendency of the Holo and Apo CaM under the same
conditions.

In this work we studied, via molecular dynamics simula-
tions, the effect of removing a single Ca>* ion from the low
affinity domain on the structure of the protein. Accordingly,
we compared a simulation of the Native 4 Ca®" complex
(Holo-CaM) to a simulation of the protein which was stripped
of one Ca®" ion at its N-terminal (N-CaM). The starting
structure of the two simulations was the crystallographic
structure of extended calmodulin with four bound Ca®" ions
(Protein Data Bank code 1CLL). The simulations were
carried out in water supplemented with Na™, Ca®", and CI~
ions to reach an ionic strength of / = 200 mM.

This study, which to our knowledge is the first to inves-
tigate the behavior of 3 Ca?* bound CaM, reveals that there
is a significant reduction in stability of the N-CaM protein
compared to the Holo-CaM. This supports the findings of
Komeiji et al. (17) that Holo-CaM is structurally more stable
than Apo-CaM and gives a novel indication that even dis-
sociation of a single Ca®* ion from the protein significantly
affects its structure. The Holo-CaM protein in our simulation
remained in an extended conformation for the entire duration
of the simulation, with some rotations of the lobes in relation
to each other. On the other hand, the N-CaM had significant
conformational changes, the most prominent of which oc-
curred in the central helix, which bent at a certain point and
allowed the two lobes to approach each other in a confor-
mation quite similar to the compact structures seen in some
crystals. Although the major conformational change itself
occurred in a very short time span, the behavior of the N-CaM
protein before the change was significantly different than the
behavior of the Holo-CaM. This strengthens the notion that
the removal of a Ca>" ion led to increased instability which
eventually drove to the compaction of the protein. Although
it could be argued that the conformational transition between
the extended and compact conformation may be much slower
than the time span of the simulation, a previous independent
simulation showed that structural collapse of the protein oc-
curs at the ns timescale (21). In addition, a recent independent
experimental study on a calmodulin-like protein containing
three active Ca>* binding sites, shows the 3Ca*"-bound pro-
tein to be in a compact conformation, consistent with our
results (24).
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MATERIALS AND METHODS

The MD simulations were performed using the GROMACS 3.21 package of
programs (25-27) with the GROMOS96 force field (28). The calculations
were carried out using the crystal structure of the fully Ca®>" bound
calmodulin protein (Protein Data Bank code 1CLL) determined by x-ray
crystallography at 1.7 A (3), that was downloaded from the Protein Data Bank
(29). The simulation was run twice, once with all four Ca** ions bound
(Holo-CaM) and once with the Ca>" ion between the helices A and B at the
N-terminal end removed (N-CaM). Both proteins were embedded in a box
containing the SPC water model (30), which extended to at least 12 A
between the protein and the edge of the box. Assuming normal charge states
of ionizable groups corresponding to pH 7, the net charge of the protein plus
the bound Ca®>" jons is —16e and —18e for the Holo-CaM and N-CaM,
respectively. To neutralize the system and reach physiological ionic strength
of 200mM, 34 sodium, 56 chloride, and 20 calcium ions were added for the
Holo-CaM and 33 sodium, 57 chloride, and 20 calcium ions were added for
the N-CaM, in random positions. Before the dynamics simulation, internal
constraints were relaxed by energy minimization. After the minimization, an
MD equilibration run was performed under position restraints for 20 ps
followed by a 500-ps unrestrained equilibration run. After the equilibration,
an MD production run was performed for a duration of 12.7 ns. During the
MD run, the LINCS algorithm (31) was used to constrain the lengths of all
bonds; the waters were restrained using the SETTLE algorithm (32). The
time step for the simulation was 2 fs. The simulations were run under NPT
conditions, using Berendsen’s coupling algorithm for keeping the temper-
ature and the pressure constant (P = 1 bar; 7p = 0.5 ps; T = 300°K; 7 = 0.1
ps) (33). VDW forces and short range electrostatic interactions were treated
using a cutoff of 12 A. Long-range electrostatic forces were treated using the
particle mesh Ewald (PME) method (34). The coordinates were saved every
1 ps. All protein figures were created using the VMD computer program
(35). The electrostatic analysis presented in Fig. 7 was recalculated using a
cutoff of 2.4 nm. The solvent accessible surface area (SASA) was calculated
using the g_sas program available in Gromacs (36).

Interhelical angles were calculated using the definition of the dot product
for two vectors: @ - b = || X |b| X cos(a),where each of the vectors @ and b
is taken as the vector from the average position of the six backbone atoms
at the beginning of the helix to the average position of the six backbone
atoms at the end of the helix, thus representing the direction of the helix. « is
the angle between the two vectors.

The entropy of the calmodulin molecule was calculated according to the
quasi-harmonic assumption (37,38) by Eq. 1:

S = kZiehwi/kT 1 —In(1

where k is the Boltzmann constant, 7 is the absolute temperature, w; are the
quasiharmonic frequencies obtained from the diagonalized mass-weighed
covariance matrix, and the summation is done on all eigenvalues. w; is given
by Eq. 2:

_ e—hl.ui/kT)7 (1)

w; = /KT /A, 2)

where A; are the eigenvalues of the diagonalized mass-weighted covariance
martrix.

RESULTS AND DISCUSSION

The evolution of the calmodulin structure
during the simulation

Two 12.7-ns simulations were performed: one with the CaM
carrying 4 Ca>" jons (Holo-CaM), and the other with a pro-
tein in which a single Ca>* ion was removed out of the first
ion binding site (between helices A and B) on the lower affinity
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N-lobe (N-CaM). The simulations were carried out in the pres-
ence of ample Ca®" ions in the solution, so that the dynamics
could detect both the structural effect of the ion stripping and
a possible reoccupation of the site. The simulation of the Holo-
CaM revealed a strong adherence to the initial structure,
whereas the N-CaM protein, after intensive searching of the
conformational space, suddenly collapsed upon itself to form
a compact structure. This difference in shape and structural
features is seen in Fig. 1. Frame A depicts the initial config-
uration of the Holo-CaM, as derived from the crystal struc-
ture. It has the typical dumbbell structure with a straight,
extended interdomain helix. At the end of the simulation, the
Holo-CaM (seen in frame B) retains the same general fea-
tures, with minor rotations of the lobes, one with respect to
the other, using the long axis of the interdomain helix as a
pivot. In contrast to the Holo-CaM, the protein lacking a
single Ca®" ion from the low affinity site collapsed, exhib-
iting a new conformation where the interdomain helix lost its
straight structure and both lobes established new contact areas
with the interdomain helix and between themselves (com-
pare frame C to A and B). The structural modulations, their
dynamics and the forces which operate on the protein will be
discussed below. To establish some reference for the eval-
uation of the gross structural modulation of the N-CaM pro-
tein, we shall first briefly discuss the results of the simulation
carried out with the Holo-CaM protein.

Holo-CaM protein

The root mean-square deviation (RMSD) value, calculated
for the Holo-CaM protein backbone is presented in Fig. 2,
bottom panel. The RMSD calculated for the whole protein
increases to a maximum of ~0.8 nm at r ~ 4 ns and then
decreases to a relatively stable value of ~0.5 nm. This
modulation of the RMSD values suggests that the protein
samples the conformation space with no tendency to drift
into new conformations that grossly differ from the initial
one. To gain a better understanding of the states that the
protein is sampling, we calculated the RMSD for the three
structural elements of the protein; namely the N-lobe
(residues 5-65), central helix (residues 66-92), and C-lobe
(residues 93—147). These values are presented in Fig. 2, bot-
tom panel, using red, green, and blue colors, respectively. It
should be noted that although the total protein RMSD value
appears to be quite large, the values calculated for the struc-
tural elements are much smaller. This is an indication that the
lobes retain a rigid structure, while shifting their relative
positions.

The RMSD fluctuations can be assigned to defined struc-
tural changes that are directly traced. Of the three structural
elements, the interdomain helix is rigid with an RMSD of
<<0.2 nm, which is persistent during the whole length of the
simulation. The RMSD of the C-lobe exhibits a minor
increment during the first ~1 ns of the simulation time, and
then it maintains a constant value, in accordance with the
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FIGURE 1 Structures of calmodulin. Frame A depicts the structure of the
Holo-CaM as provided by the Protein Data Bank (PDB id: 1CLL). Frame B
depicts the structure of Holo-CaM at the end of a 12.7-ns simulation, as
described in Materials and Methods. Frame C presents the structure at the
end of a 12.7-ns simulation of the protein with a single Ca®* ion removed
from the low-affinity, N-terminal site on the N-lobe. The N-lobe is colored in
yellow, the central helix is in blue, and the C-lobe in cyan.

general shape of the lobe as presented in Fig. 1, frames A and
B. The only section of the lobe that exhibited an enhanced
degree of freedom consisted of few residues located on the
loop connecting helices F and G. The N-lobe had the largest
RMSD value of all structural elements of the protein. During
the first ~2.5 ns the lobe seems very stable, but between 2.5
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FIGURE 2 Changes in structural parameters of Holo-CaM as a function
of simulation time. (Top) The virtual dihedral angle for the Holo-CaM
protein, The VDA is related to the right side ordinate. For more details, see
Fig. 5. (Bottom) The RMSDs of backbone atoms are presented in solid lines
for the backbone of the entire protein (black), or for defined domains: the
N-lobe (red), the central helix (green), and the C-lobe (blue). The interhelical
angle between helices A (residues 1-12) and B (residues 24-34) is presented
as a dashed lined (black). The RMSDs are related to the left ordinate and the
interhelical angle to the right one.

and 4.5 ns, there is a gradual structural transformation that
increases the RMSD to ~0.4 nm. Indeed, the N-lobe, as seen
at the end of the simulation (Fig. 1, A and B), appears to be
rotated with respect to its initial configuration. This rotation
can be expressed by the interhelical angle between helices A
and B, which shifts from ~90° to ~125° around this time as
can be seen in Fig. 2, bottom panel, which shows a near perfect
match between the change in the N-lobe RMSD (red line)
and the interhelical angle (dashed line).

Examination of the RMSD value of the Holo-CaM reveals
some features that appear to be a property of the whole struc-
ture, not assignable to any of the structural elements. These
are represented by the relative rotation of the C- and N-lobes
with respect to the interdomain helix, which acts as a pivot.
This rotation is depicted in the top panel of Fig. 2, where the
variation of the virtual dihedral angle (VDA, as defined in
Fig. 5) is given as a function of time. Comparison of the VDA
trace to the total RMSD of the protein (bottom panel, solid
black line) clearly demonstrates that the peaks in RMSD value
(at ~ 4000 and ~ 7500 ps) are coupled with the increase of
the VDA by ~90°.

Other parameters reflecting the conformational changes
experienced by the Holo-CaM will be discussed during the
analysis of the modifications the N-CaM protein has gone
through, using the simulation of the Holo-CaM as a reference.
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Our results are comparable to previous simulations of the
Holo-CaM for 4 ns by Komeji et al. (17), 4 ns by Yang and
co-workers (23), and 3 ns by Wriggers et al. (39). In those
simulations too, the protein retained its dumbbell conforma-
tion with RMSD values of 0.4 to 0.6 nm, strengthening the
impression of the relative stablility of the extended confor-
mation of the Holo-CaM. The compaction of the Holo CaM,
as simulated by (21) in the absence of screening electrolyte
appeared as a rather slow process. The folding was initiated
within the first nanosecond and proceeded for almost 5 ns.
These dynamics differ markedly from that reported in this study
and may be attributed to the absence of the screening electrolyte
and their contribution to the electrostatic potential (40,41).

N-CaM protein

The RMSD of the N-CaM backbone, as it varies with time, is
shown in Fig. 3, top panel. It can be seen that during the
simulation, the N-CaM structure undergoes major confor-
mational changes detected as a large increment of the RMSD
at ~7500 ps. During the first 7.5 ns of the simulation time,
the protein remains rather stable, exhibiting a single revers-
ible structural modulation during the ~1.5—4.5 ns, where the
RMSD was increased to ~0.75 nm. This transient is remi-
niscent of the fluctuations detected for the Holo-CaM. After
~7.5 ns, there is a fast fivefold increase in the RMSD, which
reaches an apparent stable level within <0.5 ns. Examination
of the lobes’ RMSD values reveals that the C-lobe remained
stable, with no increment at ~7.5 ns (Fig. 3, fop panel, blue
trace). The N-lobe (red trace) exhibits a minor increase of
the RMSD, which is delayed with respect to the total value
calculated for the protein. As both lobes remain stable, the
high RMSD reached by the whole protein is clearly the result
of a structural change in the central helix (green trace). To
ascertain that the constant RMSD after # = 8 ns does not
conceal fluctuations between states with similar RMSD, the
RMSD values were recalculated from that time point until
the end of the run, using as a reference the atomic coordi-
nates of the snapshot structure at 8000 ps. The RMSD values
for the three structural domains are in the 0.2—-0.35 nm range
(data not shown), indicating that the structure gained at the
end of the simulation is stable. The structural change that
occurred at 7.5 ns will be termed, for reasons that will be
discussed below, as the compaction event.

Since there are no previous simulations on N-CaM, we can-
not directly compare our results to previous work. However,
evidence of CaM destabilization upon removal of Ca*>" ions
can be seen in the simulations of Apo-CaM carried out by
Komeji and co-workers (17). In their 4-ns simulation, the
Apo-CaM was much less stable than the Holo-CaM. The
RMSDs of the Apo-CaM reached values of 1.1, 0.5, 0.4, and
0.3 nm for the total protein, N-lobe, central helix, and the
C-lobe, respectively. These values are higher than the RMSD
values calculated for the N-CaM in this simulation during the
first 4 ns. This may hint for a correlation between the number
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FIGURE 3 Changes in structural parameters of Calmodulin with one
Ca>" ion removed from the N-lobe (N-CaM) as a function of simulation
time. (Top) The RMSD value calculated for the heavy atoms of the protein’s
backbone. The color code refers to the RMSD of the total protein (black),
N-lobe (red) interdomain helix (green), and the C-lobe (blue). (Middle)
Quantitative description of the contraction of N-CaM molecule during the
simulation; the traces correspond with the distance between the lobe’s
center-of-mass (black), the length of the interdomain helix (red), and the
shortest distance between residues on C- and N-lobes (green). For details see
Materials and Methods. (Bottom) The virtual dihedral angle (as defined in
Fig. 5) of N-CaM at t < 7.5 ns (i.e., before the compaction event).

of bound Ca®" ions and the stability of the protein. How-
ever, to confirm this hypothesis, the simulations should be
compared under the exact same conditions and with several
repetitions.

The gyration radii of the proteins as a function of simula-
tion time are shown in Fig. 4, bottom panel. During the sim-
ulation of the Holo-CaM, there was a slow decrease of the
gyration radius from 2.2 nm (as calculated for the minimized
crystal structure) down to 1.9 nm. This compaction appears
to be a slow process and is attributed mostly to the change of
the interhelical angle between helices A and B and the VDA
between the lobes (see Fig. 2, bottom panel, dashed line, and
top panel). The simulation of the N-CaM exhibits a completely
different scenario; at ¢+ = 7500 ps the gyration radius drops
rapidly to 1.7 nm and remains stable till the end of the run.

An additional evaluation of the structural changes expe-
rienced by the N-CaM is presented in the middle panel of
Fig. 3, by three structural features. The separation between
centers of mass of the N-CaM protein (black trace) retains a
constant value up to the moment of the compaction event
(t = 7.5 ns), thus resembling the modulation of the radius of
gyration (see Fig. 4, bottom panel). Similarly, the length of
the interdomain helix (Fig. 3, red trace) is also constant until
the point of compaction. On the other hand, the minimal
distance between the lobes in N-CaM (green trace) shows
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great variability. It decreases gradually from 2.2 nm to 0.52
nm during the first 4 ns. Then, within a brief period (0.3 ns),
it increases sharply to 2 nm, where it remains until 7 ns. It
increases back to the original value just before the com-
pacting event that finally reduces the value to ~0.5 nm. Com-
parison of these variations before + = 7.5 ns with the stable
pattern of the other two parameters presented in the panel,
indicates some kind of conformational changes involving the
lobes. The low RMSD values of the lobes imply that the ob-
served approach between them must stem from a relative
rotation, one toward the other, while maintaining a constant
separation between their centers of mass.

This relative motion is expressed by the VDA between the
lobes. This VDA is defined in Fig. 5: frames A and B present
the protein at times 0 ns and 4 ns, respectively. It should be
stressed that this VDA is meaningful only as long as the central
helix retains its straight conformation. For this reason the
VDA is drawn in the bottom panel of Fig. 3 only until r = 7.5
ns, the time point where the central helix is snapped into two
helices (as discussed below). For the same reason, the VDA
at t ~ 6.5 (in which the central helix temporarily bent) does
not represent the relative movement of the lobes.

The inspection of Fig. 5, frames A and B, reveals how the
N-lobe rotates as a rigid unit, enabling its first helix (helix A)
to approach the last helix (helix H) of the C-lobe. The
variation of the VDA of the N-CaM protein as a function of
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FIGURE 4 Differences in structural parameters between Holo-CaM and
N-CaM. (Top) The dynamics of the bending of the interdomain helix during
the simulations of the Holo-CaM (solid line) and the N-CaM protein (dashed
line). The interhelical angle is defined between the helix at the N-terminal
side of the central helix (residues 61-72) and the helix at the C-terminal side
of the central helix (residues 83-88). Angles were averaged over 100 ps to
reduce their fluctuations. (Bottom) The variation of the gyration radius of the
Holo protein (solid line) and of N-CaM (dashed line) during the simulation.
The radii were averaged over 100 ps to reduce fluctuations.
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A

FIGURE 5 Virtual dihedral angle between the planes defined by the two
lobes and the central helix. Each plane was defined by the central helix
(colored cyan) C, atoms of residues Phe-92 and Pro-66 and by the C, atom
of residue Ala-46 in the N-lobe (blue) and the C,, atom of residue Glu-123 in
the C-lobe (red). The atoms defining the planes are marked in yellow. The
angle at # = 0 is illustrated in frame A. The angle of the N-CaM at f = 4 ns is
presented in frame B.

the simulation time, up to the point when the massive com-
paction takes place, is detailed in the bottom panel of Fig. 3.
The changes in the minimum distance between the lobes that
occur up to ¢ ~ 4.5 ns, as presented in the middle panel of
Fig. 3 (green tracing), can now be explained by a corre-
sponding change in the dihedral angle up to this time.

At t="7.5 ns the minimal distance between the lobes drops
sharply to 0.6 nm (see Fig. 3, middle panel), where it remains
until the rest of the simulation. At this time, the two helices,
each from another lobe, are in physical contact (the contact is
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clearly identified by the variation with time of the Lennard
Jones potential, as seen in bottom of Fig. 6). This reduction
in the minimum distance between the lobes correlates with
the drop in the separation between the edges of the central
helix and between the mass centers of the lobes. This indi-
cates that a major deformation of the central helix, which
brings the two lobes closer to each other, has occurred. The
deformation of the central helix can be clearly seen by visual
inspection of the structures, where a breakage of the a-helix
into two sections is clearly observed (compare Fig. 1, frame
C, to Fig. 1, frames A and B). The angle between the two end
sections of the interdomain helix, as measured for the Holo-
CaM, is almost constant over the whole simulation time (Fig.
4, top panel), exhibiting only minor, rapid fluctuations that
are consistent with the flexibility of the protein’s structure.
The N-CaM structure exhibits the same general features for
the first 7.5 ns. However, at ¢ = 7.5 ns, the angle between the
two end sections of the interdomain helix increases, in <100
ps, from ~15° to ~150°. The time point of the interdomain
helix bending matches the actual compaction event, which
brings the two lobes close to each other.

The bending of the central helix in CaM was evidenced in
some crystallographic structures and previous computational
studies. In the crystal structures of both Apo-CaM (14) and
Holo-CaM (19), the turn in the central helix occurs between
residues 77 and 81. In the molecular dynamics simulation of
the Holo-CaM at low ionic strength (21), the compaction of
the protein stemmed from a loss of the helical structures
between residues 75-79 and 82-86. In a simulation of the
central helix without the lobes (42), the central helix formed
a turn between residues 72 and 76 and in a simulation of the
Holo protein (39) it bends locally near residue 74. The turn in
the central helix of N-CaM at the end of our simulation
consisted of residues 81-86. Apparently, the flexibility of the
central helix in the N-CaM is an inherent property of the
protein as the bending of the central helix has been witnessed
twice in the simulation before the compaction event, at ~2
ns and at 6.5 ns. Yet, in both cases, the deformations were
not carried out to a sufficient extent to cause the major
compaction seen at 7.5 ns. However, these bending events
and the start of the compaction event all occur between Asp-
78 and Glu-82 and between Lys-75 and Asp-78, respec-
tively, which imply that this region is the weak spot of the
helix. This is in agreement with the bending locations as seen
in crystallographic data of compact calmodulin.

The effect of compaction on the solvent accessible surface
area (SASA) of the protein was calculated for both the hydro-
phobic and the hydrophilic residues. Both parameters exhib-
ited significant reduction. The hydrophobic SASA was reduced
from 53 to 46 nm? (18%) and the hydrophilic SASA dropped
from 45 to 41 nm? (11%). The reduction in SASA occurred
at the beginning of the simulation and at # ~ 7500 ps (which
correspond to the compaction event) and at t ~ 11,500 ps.
The reduction of the total SASA of the protein resulted in a
release of ~35 water molecules to the bulk.
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FIGURE 6 Interaction energies between the structural components of
N-CaM. (Top) LI energies (solid line) and the SR columbic interactions
(dashed line) between the lobes and the interdomain helix averaged over 500
ps to reduce their fluctuations. (Bottom) LI energies (solid line) and SR
columbic interaction (dashed line) between the two lobes averaged over 100 ps.

Energetic analysis of the compaction event

The compaction of the protein, initiated at ~7500 ps, leads to
the formation of a new conformation of the protein that exhibits
no tendency to regain the initial state during the simulation.
Considering the physiological behavior of calmodulin, shifting
reversibly between the open and the closed states as a function
of the intracellular Ca®* concentration, one should not expect
to find a high energy barrier, nor large differences in the free
energy, between the initial and the compact states. Although
MD simulations of the protein cannot yield thermodynamic
parameters, one can directly calculate the short range Coulomb
electrostatic (SR) and the Lennard Jones (LJ) components of
the potential energy from the simulations. To analyze the
factors which stabilize the compact state, the variations of these
terms as a function of the simulation time are discussed below.

It must be recalled that to gain a comprehensive evaluation
of the energetic aspects of the process, one needs to examine
not only the protein but also its interaction with the solvent,
and the solvent-solvent interactions. However, parameters
such as the solvent’s cavitation energy, solvent’s entropy,
solvation energy, and the long-range electrostatic energies in
a periodic system pose both practical and conceptual diffi-
culties when dealing with MD simulations. Therefore, we shall
limit our discussion only to certain, well-understood aspects
protein’s energy, being aware that only part of the overall
system is analyzed.

The intraprotein interactions were calculated between the
three structural elements, the N- and C-lobes, and the inter-
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domain helix. The lobes-central helix interaction energies
(Fig. 6, top) clearly shows a decrease in the LJ interactions
(solid line). Interestingly, this reduction is established in
steps. The solid line reveals that the L] stabilization, due to a
better fitting of the contact between the structural elements,
takes place both at the beginning of the simulation (during
the first 3.5 ns), and later in two more phases. The first
coincides with the compaction, whereas the second is near

= ~10,500 ps time point, where no distinct structural change
appears to take place.

The lobe-lobe LJ potential (bottom panel, solid line) is
practically zero until the compaction event. Then, it decreases
by as much as 40 kJ/mol. This interaction, however, does not
stabilize in the scope of the simulation. Given that the LJ
potential is a function of 12 very small changes in the
interatomic distances may suffice to drive sharp fluctuations
in the LJ energy, making it harder for the potential to stabilize.

A similar analysis was carried out for the SR electrostatic
interactions. However, it should be noted, that due to the
nature of the electrostatic calculations in our analysis, the SR
interactions should be considered only at a qualitative level.
This is due to the fact that when computing the SR electro-
static energy between two groups in the protein, the screening
effects by the solvent are not taken into account. Therefore,
the absolute values of the electrostatic interaction may be
equal to or lower than the results presented in Fig. 6. Never-
theless, the trends in the variation of the energy correctly
represent the driving process in the simulation.

In contrast with the lobes-central-helix LJ interactions, the
lobes-central-helix SR energy (top panel, dashed line), does
not become more favorable before the compaction event.
However, once the compaction began, the lobes-central-helix
SR reduced substantially at # = 7500-10,500 ps. This appears
to occur in two phases which correspond to the changes re-
corded for the LJ potential.

The lobe-lobe SR interactions (bottom panel, dashed line),
in similarity with the LJ potential, has a zero value before the
main compaction event. However, after some 3 ns of a rela-
tively large range variations, the Coulomb potential manages
to stabilize at = ~10,700 ps. It is of interest to point out that
neither the RMSD values nor the interhelical angles reveal
any significant changes at that time point. The ability of the
SR to stabilize at the end of the simulation may be explained
by fact that it is a function of Fl, which makes it less sen-
sitive to distances than the LJ potential.

To ascertain that the difference in structural behavior
between Holo-CaM and N-CaM is an inherent feature caused
by the removal of the Cca’t ion, we have examined the elec-
trostatic interaction of the N-CaM before the compactionevent
and compared it to that of the Holo protein. As can be seen in
Fig. 7, there is a significant difference between the variability
of the electrostatic interactions between the simulations.
Although the Holo-CaM electrostatic interactions seem to
follow a well-defined average ~—11,800 kJ/mol the N-CaM
electrostatic interactions fluctuate over a much wider range.
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In addition to the potential energy terms, one should also
consider the entropic changes associated with the compac-
tion of the protein. The enhanced association between the
lobes reduces the freedom of motion of the interacting residues,
thus affecting the entropy of the system. To estimate the
contribution of this term, we calculated the entropy of the
protein, before and after the compaction event. These calcu-
lations indicated that the entropy of the protein has decreased,
upon compaction, from an average value of 18.7 = 0.050 kJ/
mol K (calculated in time frames of 1000 ps between 500 and
6500 ps) to 18.5 = 0.099 kJ/mol K (calculated in time frames
of 1000 ps between 8500 and 12,500 ps). This is equivalent
to an entropic destabilization of the folded conformation by
~52 kJ/mol (300 K). This decrease of the protein’s entropy
is due to formation of the new tight and compact conforma-
tion of the protein at the end of the simulation. However, the
entropic gain for each water molecule released to the bulk
during the compaction process, can be as high as 29 kJ/mol
(43) which results in an upper bound of 1024 kJ/mol for the
35 water molecules released to the bulk. Of course, it is ex-
pected that the entropic gain will be much less since the
released water are surface water, but this may still be suffi-
cient to balance the entropic loss of the protein.

CONCLUSIONS

A 12.7-ns MD simulation of the Holo-CaM, under physi-
ological conditions (/ = 100 mM, T ~ 30°C), shows that the
protein retains its dumbbell conformation in solution. Once
one of the Ca®>* ions was removed (and we selected a Ca**
ion located on the lower affinity N-lobe domain), the protein
became less stable, which led to its rearrangement into a
compact state. This transition is initiated by the random
rotation of the lobes around the pivot made by the long axis
of the interdomain helix. During these rotations, the inter-
domain helix, at its weak section (between residues 77 and
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FIGURE 7 Electrostatic interactions up to a cutoff distance of 2.4 nm of
Holo-CaM (solid line) and N-CaM (dashed line) averaged over 100 ps.
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86), loses its helical form and snaps the central-helix into two
helices. This conformational change is driven by the
favorable electrostatic and LJ interactions between the lobes,
and between each lobe and the interdomain helix. On the
other hand, a loss of the protein’s entropy reduces the favor-
ability of this process. As a result, the protein may retain its
capacity to recapture a Ca®" jon and revert to the initial con-
figuration without the necessity to have an external energy
source to drive this conformation change.
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