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Abstract

Calmodulin (CaM) is a small protein involved in calcium signaling; among the targets of CaM are a number of kinases, including myosin
light chain kinases (MLCK), various CaM-dependent kinases and phosphorylase kinase. We present results of molecular dynamics (MD)
simulations of 4-ns length for calmodulin in its three functional forms: calcium-free, calcium-loaded, and in complex with both calcium and a
target peptide, a fragment of the smooth muscle MLCK. The simulations included explicit water under realistic conditions of constant
temperature and pressure, the presence of counterions and Ewald summation of electrostatic forces. Our simulation results present a more
complete description of calmodulin structure, dynamics and interactions in solution than previously available. The results agree with a wide
range of experimental data, including X-ray, nuclear magnetic resonance (NMR), fluorescence, cross-linking, mutagenesis and
thermodynamics. Additionally, we are able to draw interesting conclusions about microscopic properties related to the protein’s biological
activity. First, in accord with fluorescence data, we find that calcium-free and calcium-loaded calmodulin exhibit significant structural
flexibility. Our simulations indicate that these motions may be described as rigid-body translations and rotations of the N- and C-terminal
domains occurring on a nanosecond time scale. Our second conclusion deals with the standard model of calmodulin action, which is that
calcium binding leads to solvent exposure of hydrophobic patches in the two globular domains, which thus become ready to interact with the
target. Surprisingly, the simulation results are inconsistent with the activation model when the standard definitions of the hydrophobic patches
are used, based on hydrophobic clefts found in the X-ray structure of calcium-loaded calmodulin. We find that both experimental and
simulation results are consistent with the activation model after a redefinition of the hydrophobic patches as those residues which are actually
involved in peptide binding in the experimental structure of the calmodulin—peptide complex. The third conclusion is that the calmodulin—
peptide interactions in the complex are very strong and are dominated by hydrophobic effects. Using quasi-harmonic entropy calculations, we
find that these strong interactions induce a significant conformational strain in the protein and peptide. This destabilizing entropic
contribution leads to a moderate overall binding free energy in the complex. Our results provide interesting insights into calmodulin binding
to its kinase targets. The flexibility of the protein may explain the fact that CaM is able to bind many different targets. The large loss of
conformational entropy upon CaM:peptide binding cancels the entropy gain due to hydrophobic interactions. This explains why the observed
entropic contribution to the binding free energy is small and positive, and not large and negative as expected for a complex with such
extensive hydrophobic contacts.
© 2003 Elsevier B.V. All rights reserved.
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Calmodulin (CaM) is a ubiquitous calcium-binding pro-
tein of 148 residues found in all eukaryotic cells; CaM can
bind and regulate various target enzymes in a Ca® *-depen-
dent manner [1,2]. Among the targets of calmodulin are a
number of kinases, including myosin light chain kinase
(MLCK), various CaM-dependent kinases and phosphory-
lase kinase as well as the plasma membrane calcium ATPase
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[1,2]. Three functional states of calmodulin have been char-
acterized experimentally: calcium-free, calcium-loaded and
with both calcium and a target peptide bound to the protein.
Experimental structures of these forms have been deter-
mined by X-ray crystallography [3—7] and solution nuclear
magnetic resonance (NMR) studies [8—10]. The protein
consists of two Ca”*-binding domains, each containing
two helix-loop-helix EF hand motifs, separated by a mostly
helical central linker region to form a dumbbell-like shape.
Analysis of the experimental structures indicates that the
binding of calcium to apo-CaM triggers a conformational
change in which the two domains move further apart, the
linker region connecting the domains becomes more helical
and hydrophobic residues become exposed to solvent [1—
3,7,10]. Besides the basic structural studies, a significant
amount of experimental work has been devoted to the
dynamics and interactions of CaM. Studies of the central
linker in calcium-loaded CaM indicate that while it forms a
single helix spanning residues 65-92 in the crystal [5], the
region exhibits structural flexibility in solution [11—14].
The structural and dynamical differences between apo and
calcium-loaded CaM have been investigated by a variety of
methods, including small angle X-ray scattering (SAXS)
[11], fluorescence resonance energy transfer (FRET)
[14,15], fluorescence depolarization [14,15], and NMR
relaxation [16]. In turn, investigations of the protein—
peptide interactions have been carried out by methods
including NMR [17,18], site-directed mutagenesis of the
protein [19-22] and target peptide [23—25] as well as
thermodynamic studies [26,27].

Previous computer simulations of calmodulin mostly
focused on modeling the flexibility of the central helix
[28—30]. The earliest studies without water [28] and with
very limited solvation [29] revealed the possibility of central
helix deformations. Bending of the isolated central helix and
a limited bending of the linker in the whole protein were
detected [30]. A 3-ns molecular dynamics (MD) study of
calcium-loaded CaM with counterions in a 44-A water
sphere found unwinding of the central helix near Arg 74,
a major reorientation of the two calcium-binding domains,
and a rearrangement of a-helices in the N-terminus relative
to the crystal structure [31]. Simulations of the solution
dynamics of calcium-free and calcium-loaded forms of the
N-terminal domain of CaM have also been performed [32].
CaM—peptide interactions present in the experimental struc-
tures were analyzed in a molecular modeling study [33].
This work indicated that the protein—peptide interface could
be divided into two parts, with the core having a hydropho-
bic character, including four deep pockets able to accom-
modate bulky side chains, while the edges of the binding
surface were negatively charged, interacting strongly with
the basic peptide residues [33].

We have previously described 4-ns simulations of calci-
um-free CaM [34], calcium-loaded CaM [35] and the
CaM:smMLCK peptide complex [36], performed under
realistic conditions of constant temperature and pressure,

in the presence of counterions and with Ewald treatment of
electrostatic interactions. We present here a synthesis of
simulation results for the three functional forms of CaM.
The analysis of the previous simulations is expanded by a
comparison of the essential dynamics (ED) parameters
describing domain motions, a careful analysis of the solvent
accessible surface areas (SASA) aimed at interpreting the
CaM activation model, and quasi-harmonic entropy calcu-
lations of the strain induced by binding calcium and target
peptide. The simulation results are tested by comparison
with a wide range of experimental data and used to obtain
valuable atomic-level insights into the properties of this
important protein.

Our simulation results provide a fundamental understand-
ing of the behavior of calmodulin in solution. Besides
describing the structure and dynamics of the protein, we
present an analysis of the thermodynamic driving forces
involved in the formation of the CaM:smMLCK complex.
This allows us to explain the unexpected observed value of
the entropic contribution to the free energy of CaM:smMLCK
binding in terms of a balance between favorable hydrophobic
interactions and unfavorable conformational entropy loss.
Overall, our findings are relevant to understanding of the
mechanism of biological activity of calmodulin and its
interactions with kinase targets.

2. Experimental procedures

The starting coordinates for the simulations were taken
from the Protein Data Bank; the 1CLL crystal structure was
used for calcium-loaded calmodulin [5], the minimized
average NMR structure 1CFD for calcium-free CaM [9],
and the X-ray structure 1CDL for the CaM:smMLCK
peptide complex [7]. Missing residues and/or hydrogen
atom positions were built in using the program CHARMM
[37]. Each of the systems was neutralized by addition of
sodium and chloride ions at close to physiological ionic
strength and solvated in a bce (truncated octahedral) cell
based on a cube of side 92 A with TIP3P model waters [38].
MD simulations at constant pressure of 1 atm and a constant
temperature of 300 K were performed using the program
CHARMM with version 22 all-atom topology and param-
eters [37,39]. The final simulation systems consisted of
35,347 atoms (including 11,007 water molecules) for the
calcium-free, 35,387 atoms (including 11,953 water mole-
cules) for the calcium-loaded, and 35,416 atoms (including
10,917 water molecules) for the CaM:smMLCK complex.
The Particle-Mesh Ewald (PME) method was used to avoid
truncation of electrostatic interactions [40]. SHAKE con-
straints were used to fix lengths of bonds involving hydro-
gen atoms [41], enabling integration of equations of motion
with a 2-fs time step. Simulations were performed on SGI
ORIGIN supercomputers at the University of Kansas and
the National Center for Supercomputing Applications. Fur-
ther simulation details may be found in Refs. [34—36].
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ED analysis of the protein and peptide motions was
performed by diagonalization of the covariance matrix
describing the average fluctuations of the backbone atoms
over trajectories from which effects of overall translations
and rotations have been removed. The eigenvectors with the
largest eigenvalues provided models for collective coordi-
nates which best describe the calculated structural fluctua-
tions [42,43]. To estimate the conformational entropies of
the different forms of CaM, we have performed quasi-
harmonic entropy calculations as described in Ref. [44].
This involved diagonalization of the mass-weighted covari-
ance matrix describing average backbone atom fluctuations
from trajectories of the systems with overall translations and
rotations removed. To estimate the conformational entropy
change upon CaM:smMLCK complex formation, analogous
quasi-harmonic entropy calculations were performed for the
separate SmMLCK peptide, requiring generation of a tra-
jectory for this system. This simulation was started at the
helical structure extracted from the 1CDL PDB file [9], with
one Na" and seven C1~ counterions added to neutralize the
system and provide a physiological ionic strength. The
system was solvated in a 54-A bec cell with TIP3P waters.
There were 7765 atoms altogether. Simulations were run for
2 ns on a DELL workstation under Linux. The remaining
details were the same as for the protein simulations, see, e.g.
Ref. [35]. In the simulation, the peptide reached an RMS
deviation of 4 A from the starting helical structure.

The interaction free energy within the CaM:smMLCK
complex was calculated as described in Ref. [36]. The free
energy involved electrostatic and nonpolar terms. The
electrostatic term was calculated using the linearized Pois-
son—Boltzmann equation [45,46], as the difference between
solvation free energies of the CaM:smMLCK complex and
separated CaM and smMLCK peptide. Each solvation free
energy was the difference between charging up a system in
vacuum and in aqueous solution. A 0.5-A grid was used,
with dielectric constants of 1 for protein and vacuum, and
80 for water. The nonpolar term was a linear function of the
change in solvent accessible surface area upon complex
formation, with a microscopic surface tension of 19 cal/(mol
Az) and an offset of 0.6 kcal/mol, corresponding to solute
transfer between cyclohexane and water [46—48].

MD simulations and trajectory analysis were performed
using the program CHARMM, versions 26 and 28 [37,39].
Running in parallel on 16 processors of an SGI ORIGIN
supercomputer, generation of a 4-ns trajectory of solvated
calmodulin took about 3 months of CPU time with the cutoff
model, and about 5 months using the PME method. Color
images and animations illustrating calmodulin structure and
dynamics in solution may be viewed at our web site [49].

3. Results: structure and dynamics

The results of the MD simulations of the three forms of
calmodulin are described below. For the sake of brevity, the

system involving calcium-free calmodulin will be denoted
by apo-CaM, the calcium-loaded protein by Ca-CaM and
the complex of calcium-activated calmodulin with the
smooth muscle MLCK peptide by CaM:smMLCK. A more
complete description of the trajectories may be found
elsewhere [34—36].

3.1. Overall structure and dynamics

The starting structures for the simulations of the three
forms of calmodulin are shown in Fig. 1. When the
complete systems were considered, the maximum backbone
atom root-mean-square (RMS) deviations from the starting
structures within the trajectories reached about 7 A for apo-
CaM, 5 A for Ca-CaM and 2 A for CaM:smMLCK. When
overlaying only either the N-terminal or C-terminal
domains, the RMS deviations from the starting structures
were in the 1-2 A range in all three simulations. Overlay of
the peptide backbone coordinates only in CaM:smMLCK
produced a 0.5-A RMS deviation from the initial 1CDL
structure.

The average backbone atom RMS atomic fluctuations
were 3.2 A for apo-CaM, 2.1 A for Ca-CaM and 0.9 A in
CaM:smMLCK, after removal of overall translation and
rotations. To remove the effect of domain motions in apo-
CaM and Ca-CaM, we also calculated the RMS fluctuations
within the domains around separate N- and C-terminal
domain average structures; the results were about 1 A in
both cases. These last values are in good agreement with the
1-A atomic fluctuations which may be calculated from the
X-ray B-factors from the X-ray structures ICLL and 1CDL,
as well as the ca. 1 A RMS position fluctuations within the
sample of the 20 NMR models (1CFC) used to obtain the
apo-CaM initial coordinates 1CFD.

Thus, the two domains of CaM remain stable, with
internal structures close to experimentally determined ones.
Since the overall RMS deviations tend to be significantly
larger than the deviations of the substructures for apo-CaM
and Ca-Cal, it is clear that rearrangements involving rigid-
body motions of the domains occur in these two trajectories.
In the case of CaM:smMLCK, both the peptide and protein
remain close to the experimental structure and there appear
to be no significant domain motions.

3.2. Hydrogen bonds

Hydrogen bonding patterns are an important feature of
protein structure [50,51]. The secondary structure of the
calmodulin domains found in the experimental starting
structures was generally maintained in the simulations.
Only in the apo-CaM simulation breaking of a hydrogen
bond at the end of helix A and formation of additional
hydrogen bonds at the ends of helices B and H were
observed [34].

In the apo-CaM simulation an interdomain hydrogen
bond was formed between side chains of Glu 11 and Lys
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Fig. 1. Schematic representation of the three structural forms of calmodulin. (a) apo-CaM structure 1CFD [9]. (b) Ca-CaM structure 1CLL [5]. (c)
CaM:smMLCK peptide complex structure 1CDL [7]. Each structure was shown as a cartoon and space-filling model. Colors: N-terminal domain—red; C-
terminal domain—green; central linker—yellow; calcium ions—purple; smMLCK peptide—cyan.

115 after 2.5 ns. In the calcium-loaded trajectory, hydrogen
bonds were formed between side chains of residues Glu
54...Arg 74 and Glu 82...Arg 86, while backbone hydro-
gen bonds Asp 80...Glu 84 and Ser 81...Ile 85 in the
central linker were broken, reflecting the reorganization of
the central linker region. In the CaM:smMLCK simulation,
there were nine protein—peptide hydrogen bonds, in accord
with the starting structure [7].

3.3. Interdomain linker

The interdomain linker region extends between residues
65 and 92 of CaM. In calcium-free calmodulin this region
consists of helix D (residues 65—75), helix E (residues 81—
92) and a connecting loop (residues 76—80) [9]. The
structural statistics of the linker region are presented in
Table 1. The secondary structure of the central linker
remains unchanged during the apo-CaM trajectory, in agree-
ment with the starting structure 1CFD. The angle between
helices D and E fluctuates between 10° and 100°, with an
average of 51°. The distance between the a carbons of
residues 65 and 92 can be used as a measure of the length of

the interdomain linker region. This distance fluctuates in the
34-45 A range during the 4-ns apo-CaM simulation,
demonstrating significant conformational flexibility. The
trajectory average distance, 40 A, is identical to the value
found in the NMR starting structure 1CFD [9].

In the crystal structure 1CLL of calcium-loaded CaM the
central linker region adopts a predominantly «-helical
conformation [5], while NMR studies indicate the presence
of disorder for residues 77—81 in solution [12,13]. The
region comprising residues 80 to 85 undergoes a noticeable
structural distortion in the Ca-CaM trajectory. This may be
seen both in deviations of (,§s) from ideal helical values
and in breaking of two hydrogen bonds, Asp 80 to Glu 84
and Ser 81 to Ile 85. The partial loss of helical structure in
the central helix agrees qualitatively with NMR solution
studies [12]. In the 4-ns Ca-CaM trajectory the angle
between the two helical fragments of the central linker
ranged between 0° and 50°, with an average value of
16°, similar to the 15° in the crystal structure [5] (the angle
of 0° corresponds to a straight helix). The range of values
sampled by the central linker length was 39—43 A with an
average of 41 A, identical to the 1CLL crystal value [5] and

Table 1
Central linker and domain distances and orientations

apo-CaM Ca-CaM CaM:smMLCK

MD Exp MD Exp MD Exp
Linker length, A 40 (34-45) 40 41 (39-43) 41 26 (24-28) 24
Linker bend angle, ° 51 (10-100) 23 16 (0-50) 15 103 (81-125) 113
Domain distance, A 33 (29-39) 36 38 (34-41) 40 24 (22-25) 22
Calcium dihedral, ° 61 (—2-108) 82 — 126 (— 154 — —90) — 136 104 (93-115) 107

Trajectory averages compared with values in experimental starting structures. In parentheses—range explored. Details of coordinates are described in text. The
experimental starting structures are 1CFD [9] for apo-CaM, 1CLL [5] for Ca-CaM and 1CDL [7] for CaM:smMLCK.
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close to the 40.5 A expected for an ideal o -helix with a rise
of 1.5 A per residue.

In the CaM:smMLCK complex crystal structure 1CDL
the interdomain linker region helices extend between resi-
dues 65—70 (helix D) and 77-92 (helix E). The helices
retain their secondary structure in the 4-ns CaM:smMLCK
trajectory. The interhelix angle exhibits fluctuations in the
81—-125° range, with an average of 103°. The central linker
length has a trajectory average value of 26 A, slightly larger
than the experimental value of 24 A [7]. The linker length
fluctuates in the 24-28 A range during the 4-ns
CaM:smMLCK trajectory.

3.4. Domain motions

The separation of the N- and C-terminal domains of
calmodulin may be described by the distance between the
domains centers-of-mass, while the relative orientation may
be described by the virtual dihedral angle formed by the four
calcium ions, or in the case of apo-CaM, the four calcium
binding sites. These data are presented in Figs. 2 and 3 and
in Table 1.

During the 4-ns apo-CaM trajectory, the interdomain
distance fluctuated in the 29-39 A range, with an average
of 33 A, somewhat smaller than the 36 A found in the
NMR-derived initial structure 1CFD [9] (Fig. 2, Table 1).
The dihedral angle formed by the four calcium binding sites
varied between —2° and 108°, with an average value of
61° (Fig. 3, Table 1). The value of this coordinate in the
starting 1CFD structure is 82°, while the distribution of
calcium dihedrals in the 20 model structures (PDB file
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CaM trajectory; red—Ca-CaM trajectory; green—CaM:smMLCK trajec-
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1CFC) used to generate 1CFD was between 16° and
164°. Thus, there is a significant, though not complete,
overlap between simulated and NMR dihedral distributions.

In the Ca-CaM trajectory the interdomain distance
remained between 34 and 41 A. The average distance was
38 A, slightly smaller than the crystallographic value of 40
A (Fig. 2, Table 1). The dihedral angle between the four
calcium ions fluctuated around the crystallographic value of
—136° throughout the simulation, exploring the range
between — 154° and —90° (Fig. 3, Table 1).

During the CaM:smMLCK simulation the interdomain
distance falls in the 22-25 A range, with an average value
of 24 A, somewhat larger than the 22 A found in the initial
X-ray structure 1CDL [7]. The dihedral angle formed by the
four calcium ions stays between 93° and 115°, with an
average value of 104°, quite similar to the 107° seen in the
starting 1CDL crystal structure [7].

Thus, the simulation results indicate that large-scale
domain motions occur in calcium-free and calcium-loaded
CaM, while such motions are absent in the calmodulin—
peptide complex.

3.5. Essential dynamics

We have performed an ED analysis to further character-
ize the large-scale collective motions of the protein [42,43].
In the apo-CaM trajectory the first mode contributed 69% of
the total backbone mean-square fluctuations, while the first
three modes contributed a total 88%. These modes describe
rigid-body domain motions: bending of the central helix
around a hinge located in its center, twisting around the
interdomain axis and bending around an axis perpendicular
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to that of the first mode, respectively. In the Ca-CaM
trajectory the first three modes had identical character as
described above, contributing 71% of the total protein
backbone mean-square position fluctuations. For the
CaM:smMLCK trajectory we found only one mode which
had a significant contribution, 32%, to the overall atomic
fluctuations. This mode appears to represent a breathing-
type motion. The atomic fluctuations in CaM:smMLCK
corresponded more to elastic deformations of a globular
protein rather than to extensive relative motions of domains.
Animations of the ED modes may be viewed at our web site
[49].

A comparison of the ED of'the three forms of CaM (Fig. 4)
clearly shows the significantly larger fluctuation amplitudes
in apo-CaM and Ca-CaM compared to the CaM:smMLCK
complex. The ED modes with large amplitudes have signif-
icant projections on the direction of structural transitions
between the three forms of CaM. For apo-CaM the first six
ED modes have projections with absolute values of 0.10—
0.38 on the apo-CaM to Ca-CaM structural transition. Anal-
ogously, the first six modes of Ca-CaM have projections with
absolute values of 0.20-0.49 on the Ca-CaM to
CaM:smMLCK transition. Finally, the locations of the aver-
age positions of the three forms of calmodulin indicate that
apo-CaM, Ca-CaM and CaM:smMLCK do not form a linear
progression but should rather be considered as equivalent
structures in a triangular cycle.

Another measure of the flexibility of the three forms of
calmodulin may be obtained by calculating the quasi-har-
monic conformational entropy (Table 2). The calculated
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Fig. 4. Essential dynamics of the three forms of CaM. Fluctuations relative
to trajectory average structures projected on ED modes 1 and 4 from the Ca-
CaM trajectory. The three trajectories were oriented to a common frame, the
ICLL calcium-loaded structure.

Table 2

Quasi-harmonic conformational entropies calculated from backbone atom
covariance in 4-ns trajectories of apo-CaM, Ca-CaM and CaM:smMLCK
complex, and 2-ns trajectory of separate peptide

apo-CaM Ca-CaM CaM:smMLCK —p CaM:smMLCK+p smMLCK
671 617 585 661 103

For CaM:smMLCK complex separate calculations of protein with peptide
(+p) and protein without peptide ( — p) were performed. Values given are
for 7S term, with S the entropy and temperature 7=300 K. Units: kcal/mol.

values are 2.24, 2.05 and 1.95 kcal/mol K for the protein
in the calcium-free, calcium-loaded and peptide-complexed
states. These results correlate very well with the other
measures of mobility, confirming that apo-CaM is the most
and the peptide-bound form the least flexible.

3.6. Solvent accessible surface areas

SASA of the protein residues are computed with a probe
radius of 1.6 A. We have focused our attention on three
aspects of the SASA of calmodulin in aqueous solution:
total SASA of the protein, SASA of the methionine side
chains, as well as the more general question of the hydro-
phobic patches.

The trajectory average SASAs for the protein as a whole
tended to be systematically larger than the values from the
corresponding experimental structures [34—36] (Table 3).
This suggests that the simulated solution structures are
somewhat looser than the starting structures. In the case of
crystal structures 1CLL and 1CDL, this might be rational-
ized by the presence of crystal contacts [34]. In the case of
the NMR solution structure 1CFD, the reason might be a
subtle structural deformation introduced by the NMR struc-
ture determination protocol—while the direct NMR data
correspond to a solution structure, the modeling of the data
is still routinely performed for a system in vacuum [52].

The presence of nine methionine residues is an unusual
feature of calmodulin. The methionines are all involved in
peptide binding [7] and also are sites of protein oxidation
[53,54]. The trajectory average SASA of methionine side
chains are presented in Table 4. In the apo-CaM simulation
these SASA are mostly in the 0-21A2 range, except for Met
76, for which the surface area is 51 A”. In the Ca-CaM
trajectory most of the side chain SASA fall in the 21-26 A2
range, except for Met 71 and 72, which have SASA of 8 and
13 A2, respectively. The simulations reproduce the experi-

Table 3
Total SASA for three forms of calmodulin

apo-CaM Ca-CaM CaM:smMLCK+p CaM:smMLCK —p
MD Exp MD Exp MD Exp MD Exp
10,253 9,801 10,506 10,277 10,304 9,407 8,931 8,083

Averages over the three 4-ns trajectories are compared with SASA of
starting experimental structures. For the CaM:smMLCK complex calm-
odulin SASA in presence (+p) and absence (—p) of peptide is given.
Experimental structures—as in Table 1. Units: A2
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Table 4
SASA of methionine side chains

Apo-CaM Ca-CaM CaM:smMLCK —p CaM:smMLCK +p

MD Exp MD Exp MD Exp MD Exp
Met 36 8 0 31 28 30 20 0 3
Met 51 10 23 46 54 61 64 10 17
Met 71 0 5 8 37 58 42 8 0
Met 72 8 2 13 40 44 45 1 0
Met 76 51 32 38 70 108 83 92 48
Met 109 16 0 22 40 17 12 0 0
Met 124 7 1 38 59 63 40 0 0
Met 144 21 24 21 64 73 57 4 2
Met 145 1 0 43 58 57 66 0 0

Averages from 4-ns MD trajectories compared to values from the
experimental starting structures (Table 1). Units: A2, For the Ala-Met-Ala
peptide in an extended conformation the SASAs are 88, 44 and 171 A2 for
the methyl group, sulfur atom and whole Met side chain, respectively, as
calculated by CHARMM.

mental trend that SASA values of methionines are lower in
apo-CaM than in calcium-activated CaM, seen in structures
[9,5,35], oxidation rates [55] and NMR relaxation studies
[56]. In the CaM:smMLCK trajectory, all nine methionines
are involved in peptide binding, in accord with the starting
ICDL starting structure [7,36].

The concept of hydrophobic patches of calmodulin was
originally based on the identification of hydrophobic clefts
in the crystal structure of calcium-loaded calmodulin. It was
proposed that two patches of 14 residues each get exposed
to solvent upon calcium binding and that subsequently these
patches are involved in interactions with the target peptides

[1,3]. Surprisingly, our simulations predicted similar SASA
of these “standard hydrophobic patches” in the apo-CaM
and Ca-CaM trajectories [34]. Similar effects were obtained
in independent simulations of the N-terminal domain of
CaM using a different force field and simulation protocol
[32]. This discrepancy in patch SASA behavior was ratio-
nalized by suggesting that crystal contacts in the vicinity of
the patches could distort the surface accessibility in the
calcium-loaded crystal structure [32,34]. Additionally,
while analyzing the CaM:smMLCK simulation, we found
that of the 14 residues in each standard patch, only five are
actually involved in interactions with the peptide; these
were four methionines and one phenylalanine in each patch
(Phe 19 and Met 36, 51, 71 and 72 in the N-terminal, and
Phe 92 and Met 109, 124, 144 and 145 in the C-terminal).
This was true for both the 1CDL structure and our trajec-
tory. In view of these discrepancies faced by the “standard
hydrophobic patches”, we decided to reexamine the solvent
accessibility data using a different approach, starting from
the experimental structure of the CaM:smMLCK peptide
complex [7].

We calculated the CaM residue SASA in the 1CDL
structure [7] in the presence of the peptide and with the
peptide deleted. This led to the identification of 41 residues
for which the increase in SASA upon peptide removal was
more than 5 A2 (Fig. 5). On this list of residues which
exhibit the largest contacts with the target peptide, 26 were
hydrophobic, 11 were glutamates and 4 were polar (see
Table 5 and Fig. 6). The set of hydrophobic residues was

100
50
0
-50

L

100

TT T

50

Y _UUEHHD

T
—

=
- o
[—=
'
=
o

1

-50 :
100 |~

SASA, A”

|

100 |-

50 —

L

|

==

—

=

= ..

===

= |
1

1

F
E—
—
=1

1

100 150

Residue number

Fig. 5. CaM residue SASA changes upon calcium binding and surface areas of contact with peptide. (a) Experimental, SASA difference between 1CLL and
1CFD structures. (b) Simulations, difference between Ca-CaM and apo-CaM trajectory average SASA. (c) Experimental, surface area in contact with peptide in
1CDL structure. (d) Simulation, average surface area in contact with peptide in CaM:pep trajectory. Only values for the 41 CaM residues having largest
contacts with the peptide in the CaM:smMLCK crystal structure 1CDL were shown for clarity.



296 C. Yang et al. / Biochimica et Biophysica Acta 1697 (2004) 289-300

Table 5

SASA for residues with largest contact with smMLCK peptide in the 1CDL structure [7]

apo-CaM Ca-CaM CaM:smMLCK —p CaM:smMLCK +p

MD Exp MD Exp MD Exp MD Exp
Nonpolar 814 637 1061 1323 1226 1070 402 316
Charged/polar 1420 1385 1623 1556 1470 1342 968 797
Total 2234 2022 2684 2879 2696 2412 1370 1113

See text and Fig. 7. The nonpolar residues forming the redefined hydrophobic patches are: Ala 10, Phe 12, Ala 15, Leu 18, Phe 19, Leu 32, Met 36, Leu 39,
Met 51, Val 55, Met 71, Met 72, Met 76, Ile 85, Ala 88, Val 91, Phe 92, Leu 105, Met 109, Leu 112, Leu 116, Met 124, Phe 141, Met 144, Met 145 and Ala
147. The charged and polar residues are: glutamates 11, 14, 47, 54, 84, 114, 120, 123 and 127, as well as Gln 41, Ser 81, Gln 143 and Thr 146. Units: A2,

quite different from the “standard hydrophobic patches”,
the only common elements being the five residues per patch
described in the previous paragraph. For the 26 hydrophobic
residues in our set, the trajectory average SASA were 814,
1061 and 1226 A2, respectively, for apo-CaM, Ca-CaM and
CaM:smMLCK (without peptide), while the values from the
corresponding experimental structures were 637, 1323 and
1070 A2, respectively (Table 5). Thus, using our new
definition of hydrophobic patches, both experimental and
simulation data are consistent with the generally accepted
model of CaM action, in which calcium binding exposes to
solvent a number of hydrophobic residues, priming the
protein for target binding. The residue SASA changes upon
calcium binding are shown in Fig. 5a and b, and may be
compared with the residue contact areas with the peptide in
Fig. 5c and d. Clearly, the patterns observed in the
corresponding simulations and experimental data are highly
similar. The correlation coefficients are 0.67 between the
data in Fig. 5a and b, and 0.81 for Fig. 5c and d. The
patterns of SASA change upon calcium binding and peptide
contacts are not highly similar. While most of the hydro-
phobic residues in our new patches tended to increase their
solvent accessibility upon calcium binding (see Table 5 for
total SASA), in several cases decreases of SASA were found
in both experimental and simulation results.

Fig. 6. View of the calcium-loaded CaM crystal structure 1CLL showing
the 41 CaM residues having largest contacts with the peptide in the
CaM:smMLCK complex ICDL in color, the rest of residues in gray.
Orange—residues which are part of the “standard hydrophobic patch”;
yellow—other hydrophobic residues; red—glutamates; green—polar resi-
dues. (a) Front view, (b) back view.

4. Calmodulin—peptide interactions

We have performed calculations of the calmodulin—
peptide interaction free energy using a continuum approach,
which included an electrostatic term obtained using the
Poisson—Boltzmann equation and a nonpolar or cavity term
proportional to the SASA buried upon complex formation
[36]. For a set of 100 structures sampled every 40 ps from
our trajectory, the average electrostatic interaction free
energy was — 36 kcal/mol, with a standard deviation of
10 kcal/mol. The average cavity free energy was — 64 kcal/
mol with standard deviation of 2 kcal/mol. The average total
interaction free energy was thus — 100 kcal/mol. The
simulated solution structure is strongly stabilized by both
cavity and electrostatic terms. Analysis of the contributions
of individual residues to the total electrostatic interaction
free energy showed that the dominant effect was from seven
negatively charged glutamates of CaM, Glu 7, 11, 14, 84,
114, 120 and 123, and from five positively charged basic
residues of the peptide, Arg 3, Lys 4, Lys 7, Arg 13 and Arg
17. The trajectory average SASA buried upon complex
formation was 1373 Az, of which a majority, 803 AZ, is
from nonpolar residues.

The experimentally determined free energy of the CaM:
smMLCK peptide complex formation is about — 11 kcal/
mol, with an enthalpic (AH) and entropic (— TAS) contri-
butions of — 16 and about +5 kcal/mol, respectively [26].
The large difference between the calculated free energy
value of — 100 kcal/mol and the experimental result may
be explained through changes in structure and flexibility of
both protein and peptide upon complex formation (Fig. 7).
Calcium-loaded CaM by itself takes on an open, flexible
structure with significant domain motions [12,13,15], while
the peptide does not exhibit a definite secondary structure in
solution [17]. In order to estimate the effect of flexibility
change upon complex formation, we have calculated the
quasi-harmonic conformational entropies of the CaM:
smMLCK complex and the separate peptide and protein
[44]. We used our CaM:smMLCK and Ca-CaM trajectories
for the complex and free calcium-loaded protein, and a 2-ns
simulation of the solvated peptide to evaluate the component
entropies (Table 2). The calculated values of the TS term at a
temperature 7=300 K were 661, 617 and 103 kcal/mol for
the complex, separate protein and peptide, respectively,
yielding an entropic contribution (— 7TAS) to the binding
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CaM + peptide strained

.+
ca. -100 keal/mol ca. +90 keal/mol

CaM + peptide relaxed
-11 kcal/mol

CaM:peptide

Fig. 7. The observed binding free energy of — 11 kcal/mol for the
CaM:smMLCK complex is represented as a sum of two large terms of
opposite sign: a large unfavorable contribution of ca. +90 kcal/mol for
forming the strained conformation of peptide and protein and a large
favorable binding at fixed geometry of ca. — 100 kcal/mol.

free energy of +59 kcal/mol. This value should be consid-
ered as a lower bound, since while the structural fluctuations
of the CaM:smMLCK complex appear to be well sampled, it
is probable that larger fluctuations, and thus larger values of
conformational entropy, may be obtained by extending the
Ca-CaM and separate smMLCK peptide trajectories. Addi-
tionally, the translational and rotational entropy loss upon
complexation gives a — TAS contribution of +15 to +20
kcal/mol [57]. Thus, overall the conformational, translation-
al and rotational entropy loss due to CaM:smMLCK peptide
complex formation should contribute about + 74 kcal/mol to
the binding free energy. This effect explains a large part of
the discrepancy between the calculated and measured bind-
ing free energy. The remaining part may be due to enthalpic
effects, such as bringing together the negatively charged
domains of CaM—the average domain—domain distance
decreases by about 14 A upon complex formation. The
decomposition of the binding free energy into the pre-
organization of the protein and peptide into strained geom-
etries followed by binding at fixed geometry is represented
in Fig. 7.

The large calculated decrease in conformational entropy
upon complex formation may be used to explain the unex-
pected value of the observed entropic contribution to the
binding free energy. This quantity is small and positive,
about +5 kcal/mol [26]. The large nonpolar surface area
buried in the complex suggests that the hydrophobic effect
should be an important factor in smMLCK peptide interac-
tions with CaM. This effect is characterized by large negative
entropic contributions — TAS to the free energy of binding
[26]. The observed small entropic effect would thus be a
result of cancellation between a decrease of the conforma-
tional entropy of the protein and peptide and an entropy
increase due to hydrophobic interactions in the solvent.

Our simulation results show the presence of very strong
protein—peptide interactions in the CaM:smMLCK com-
plex. These interactions are mostly due to the burial of
nonpolar surface area, with a secondary contribution from
electrostatic interactions. This suggests that while electro-
static forces may be responsible for long-range attraction
between CaM and the peptide, hydrophobic interactions are
primarily responsible for the complex formation between
CaM and a free unstructured peptide, in accord with
experimental data [27]. These interactions induce significant
conformational strain in the protein and peptide, leading to a
moderate binding free energy and an unexpected value of
binding entropy.

5. Comparison with experimental data

Our simulation results agree with a wide range of
experimental data. The secondary structure within the
domains agrees with NMR and X-ray structural information
[5,7,9]. The disorder in the middle of the Ca-CaM central
linker is in accord with solution NMR studies [12,13]. The
presence of large-scale domain motions in apo-CaM and
Ca-CaM agrees with results of cross-linking [58] and FRET
[14,15]. The change to a more open and less flexible
structure upon calcium binding is in accord with fluores-
cence [14,15] and X-ray scattering [11]. The changes in Met
residue solvent accessibilities upon calcium binding are
consistent with NMR relaxation [56] and oxidation rate
experiments [55]. The important role in peptide binding of
the glutamates and methionines of calmodulin and the basic
amino acids and tryptophan of the peptide agree with
structure and sequence analysis [7,59,60], and with muta-
genesis studies of the protein [19-22] and peptide [23—
25,33]. Analysis of the protein—peptide interactions is in
accord with thermodynamic data [26,27].

There were some aspects of the simulations that were not
in full agreement with experimental data. The trajectory
backbone order parameters were systematically lower than
observed values, indicating that the full range of motions of
CaM has not yet been sampled [34—36]. The disorder in the
middle of central linker of Ca-CaM extended over a smaller
region than observed in NMR studies [13]. The data on
methionine surface accessibility agreed qualitatively with
the observed patterns, but showed some deviations in minor
details [56,55]. The motion amplitudes seen in fluorescence
experiments on calcium-loaded CaM were higher than those
in our Ca-CaM trajectory [35]. Given the good agreement of
simulations with the predominance of experimental data, we
expect that these discrepancies should largely be eliminated
when the time scale of the simulations is extended in the
future. A more detailed comparison with experimental data
is presented elsewhere [34—36].

The good overall agreement of our simulation results
with experimental data suggests that we have captured much
of the essential structural dynamics of the three forms of the
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protein. It appears that our molecular model, the CHARMM
force field with explicit solvent and Ewald summation of
electrostatics, can provide a realistic representation of the
structure and dynamics of calmodulin in solution.

6. Conclusions and perspectives

We have performed 4-ns MD simulations of three forms
of calmodulin, calcium-free, calcium-loaded and in complex
with the smMLCK peptide, in explicit solvent water includ-
ing counterions and Ewald summation of electrostatic
interactions. The simulation results allow us to describe
the structure and dynamics of calmodulin in solution more
fully than previously possible, test simulation results against
a wide range of experimental data, and make interesting
predictions about the microscopic properties related to CaM
biological activity.

There are three main results of our calmodulin simu-
lations that provide insight into the microscopic behavior
of the protein in its three functional forms. The first is the
presence of large-scale domain motions in calcium-free
and calcium-loaded CaM. While the presence of these
motions could be inferred from experimental data, our
simulations make detailed predictions about their nature,
namely that they involve rigid-body domain translations
and rotations occurring on the nanosecond time scale.
Thus, it appears that calmodulin is an example of a protein
which does not populate a single, well-defined three-
dimensional structure, but rather should be considered as
sampling a range of structures. The second finding
involves the nature of the hydrophobic patches of calmod-
ulin. We found that the standard model of calmodulin
activation, through exposure of hydrophobic patches to
solvent upon calcium binding, can be supported by both
experimental and simulation data only after a significant
redefinition the hydrophobic patch regions. This conclu-
sion could have been obtained by a more careful structural
analysis involving just the experimental structures of the
three forms of CaM. However, the need for such an
analysis did not become evident until discrepancies be-
tween the activation model and simulation results were
found. The standard patch definitions which do not include
the information contained in the CaM:peptide complex
structures are widely used. Our third major finding
involves the nature of the CaM:smMLCK complex. We
found very strong interactions in the complex, dominated
by effects of burial of nonpolar surface area. These strong
interactions induced significant conformational strain in the
protein and peptide, leading to a moderate overall binding
free energy. Our simulations suggest that hydrophobic
interactions are the main force driving CaM:smMLCK
complex formation. The unexpected observed value of
the entropy of CaM:smMLCK binding may be explained
by the cancellation of two large terms due to conforma-
tional strain and burial of nonpolar surface.

Other interesting conclusions from our simulations relate
to the qualitative nature of the protein structure and dynam-
ics. ED analysis indicates that the protein fluctuations have
significant components along the structural transitions re-
lated to calcium and peptide binding. Also, the three forms
of calmodulin are structurally equidistant, forming a trian-
gular cycle rather than a linear progression. Another inter-
esting aspect is that while maintaining a well-defined
structure in the domains, the protein exhibits significant
surface mobility, which may be seen in large fluctuations of
the solvent accessibility of many residues.

Our simulations model a number of properties which are
difficult to study by experimental methods alone. Taken
together, the complementary computational and experimen-
tal data improve our understanding of the biological func-
tion of calmodulin and specifically of the interaction
between calmodulin and its kinase targets. Thus, the flex-
ibility of CaM and dominance of the relatively nonspecific
hydrophobic interactions in the CaM:smMLCK peptide
complex may be correlated with the ability of the protein
to bind to a wide range of targets. Our results also support
the predominant view that calcium binding exposes to
solvent a number of hydrophobic residues of CaM, priming
the protein for target binding. However, by combining
experimental and simulation data, we propose a markedly
different set of residues as constituents of the hydrophobic
patches than previously considered. CaM dissociation from
its targets at low calcium concentration may be explained by
burial of the hydrophobic patches, which weakens the
hydrophobic interactions that are the major stabilizing force
of the CaM:smMLCK peptide complex. Finally, our simu-
lations reveal the complex nature of CaM:smMLCK peptide
interactions, with strong hydrophobic stabilization inducing
large conformational strain.

In our future studies, we plan to extend the existing
trajectories of the flexible states of calmodulin, in order to
study the more long-term structural fluctuations. Further, we
plan to address the question of the influence of methionine
oxidation on the biological activity of the protein. This is a
highly interesting question given that CaM contains nine
methionines, and oxidation of some of these residues has
been correlated with loss of protein activity due to aging and
oxidative stress [54,55].
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