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The conformational plasticity of calmodulin
upon calcium complexation gives a model of
its interaction with the oedema factor of
Bacillus anthracis
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INTRODUCTION

Structure flexibility plays a key role in target recognition for a

large variety of proteins, in particular, for the ubiquitous protein cal-

modulin (CaM)1 which participates in calcium signalling pathways

that regulate many crucial biological functions. CaM actually played

a historical role in the development of multidimensional NMR

methods.2–6 It is also a good model for understanding the implica-

tions of protein flexibility7–10 and the thermodynamics of protein–

protein interactions.10–14

CaM is composed of 148 residues and consists of two globular

domains (lobes) connected by a flexible linker. Each domain can

bind up to two calcium ions. The first crystallographic structures of

mammalian CaM displayed a dumbbell-like shape for free CaM15,16

and a compact conformation for CaM in complex with target pepti-

des.17 However, molecular dynamics (MD) simulations,18–20 NMR

experiments,21,22 and a recent single-molecule study23 revealed that

free CaM is actually very flexible and there probably exist several

conformational substrates in solution. Similarly, recent crystal struc-

tures24,25 highlighted a variety of substates in the crystalline envi-

ronment. The relationship between calcium ion complexation and

biological activity was recently reviewed for the whole EF-hand pro-

tein family.26,27

Mostly, when CaM interacts with a target the lobes contact each

other, forming a hydrophobic channel that engulfs the CaM-binding

domain.28–31 But the oedema factor (EF)-CaM complex,32 which

we discuss here, and other novel structures33,34 have revealed an

unexpected extended conformation of CaM.35,36 EF is secreted by

the Gram-positive spore-forming bacterium Bacillus anthracis, the

etiological agent of anthrax. Activated as an adenylyl cyclase by CaM

it produces cAMP from ATP in an uncontrolled fashion, and to this
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ABSTRACT

We analyzed the conformational plasticity of cal-

modulin (CaM) when it is bound to the oedema

factor (EF) of Bacillus anthracis and its response

to calcium complexation with molecular dynam-

ics (MD) simulations. The EF-CaM complex was

simulated during 15 ns for three different levels

of calcium bound to CaM. They were respectively

no calcium ion (EF–(Apo-CaM)), two calcium

ions bound to the C-terminal domain of CaM

(EF–(2Ca-CaM)), and four calcium ions bound to

CaM (EF–(4Ca-CaM)). Calculations were per-

formed using AMBER package. The analysis of

the MD simulations illustrates how CaM forces

EF in an open conformation to form the adenylyl

cyclase enzymatic site, especially with the two cal-

cium form of CaM, best suited to fit the open

conformation of EF. By contrast, CaM encounters

bending and unwinding of its flexible interlinker

in EF–(Apo-CaM) and EF–(4Ca-CaM). Calcium

binding to one domain of CaM affects the other

one, showing a transmission of information along

the protein structure. The analysis of the CaM

domains conformation along the simulations

brings an atomistic and dynamic explanation for

the instability of these complexes. Indeed the EF-

hand helices of the N-terminal domain tend to

open upon calcium binding (EF–(4Ca-CaM)),

although the domain is locked by EF. By contrast,

the C-terminal domain is strongly locked in the

open conformation by EF, and the removal of cal-

cium induces a collapse of EF catalytic site (EF–

(Apo-CaM)).
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extent impairs the host immune defences.37–40 Inhibi-

ting the formation of the EF-CaM complex41 is thus an

important target to fight against anthrax toxicity.

The first X-ray structure of the EF-CaM complex

displayed CaM in an extended conformation, loaded

with two calcium ions and making extensive contacts

with EF.32 Since then Shen et al.42 have solved several

crystal structures of the complex, with different levels

of calcium. These structures, together with a recent

NMR study of free CaM and EF-bound CaM,43 suggest

that the level of calcium bound to CaM influences

the stability and even the formation of the EF-CaM

complex.

This work focuses mainly on CaM within the EF-CaM

complex, as the internal motions of this protein deserve

particular attention,44 and the behavior of EF is pre-

sented in relation with CaM. The general purpose is to

explore the mechanics of the EF-CaM interaction by per-

turbing the EF–(2Ca-CaM) complex, where the C-termi-

nal lobe (sites 3 and 4) is loaded with two Ca21. Indeed

it is experimentally deduced43 that 2 Ca21-CaM has the

highest affinity for EF, the complex with 4 Ca21-CaM

being less stable and the complex with Apo-CaM not

formed. CaM response to the perturbation of EF–(2Ca-

CaM) is studied to relate this behavior to the knowledge

on free CaM,18–20,45 and a mechanical model of the

EF-CaM interaction is proposed.

We report three 15-ns MD simulations of EF-CaM

with different calcium complexations: EF–(Apo-CaM)

with no calcium ion, EF–(2Ca-CaM) with two calcium

ions bound to the C-terminal domain of CaM, and EF–

(4Ca-CaM) with four calcium ions bound to CaM. It is

worth mentioning that a previous MD study of the com-

plex was performed by Zhao et al.46 However the

authors only considered the EF–(2Ca-CaM) complex,

simulations were performed during a very short time pe-

riod of 350 ps and a smooth cutoff was used for long-

range interactions instead of the PME protocol.

The report is organized along two main axes. On the

one hand, the trajectories are analyzed to validate them

according to literature knowledge about the EF-CaM

complex stability, CaM dynamics, and calcium affinity.

On the other hand, the system perturbation induced by

adding or removing a calcium ion is described and

related to a model of the EF-CaM interaction.

MATERIALS AND METHODS

Preparation of initial coordinate files

Coordinates of the EF-CaM complex were obtained

from the PDB entry 1K93.32 Chains C (EF) and F

(CaM) were selected, as they have the smallest number of

missing residues. Residues 768 to 798, which comprised

some disordered regions, were deleted. Coordinates of

the released 4Ca-CaM were obtained from calmodulin X-

ray structure in the EF–(4Ca-CaM) complex42 (PDB id

1XFX: chain Q). Hydrogens were added using the LEaP

module from AMBER 8.047 with the parm99 parameter

set. Na1 counterions were added to neutralize the sys-

tem. The complex was then hydrated by a box of water

molecules using a cutoff of 9 Å along the three axis, in

order to discard any water molecule located further than

9 Å from any solute molecule. The TIP3P potential for

water molecules48 and periodic boundary conditions

were used. Details are summed up in Table I.

Complexes with different levels of calcium were gener-

ated in the following way: the 1K93 structure produced

the complexation with 2 Ca21, the EF–(Apo-CaM) com-

plex was generated by removing the cations from 1K93,

and the EF–(4Ca-CaM) complex was generated by add-

ing 2 Ca21 in the N-terminal calcium loops of CaM. The

N-terminal domain of a recent free Ca21-loaded CaM

structure49 (PDB id: 1OOJ) was superimposed on the

N-terminal domain of EF-bound CaM to position the

calcium ions in the coordinating loops. Ions were Cou-

lomb/Lennard-Jones parametrized (Van der Waals radius

R 5 1.7131 Å, well depth e 5 0.459789 kcal mol21).50

Molecular dynamics simulations

MD trajectories were calculated using AMBER 8.047

on an IBM cluster of Power 4 processors (IDRIS and

CINES super computing centres). A cutoff of 9 Å was

used for Lennard-Jones interactions, and long-range elec-

trostatic interactions were calculated with the Particle

Mesh Ewald (PME) protocol.51 Temperature and pres-

sure were regulated according to the Berendsen thermo-

stat.52

Simulations were initiated by some rounds of semi-

restrained and then unrestrained minimization of the

entire system. Heating of the system was performed dur-

Table I
Preparation Details of the MD Simulations

EF–(Apo-CaM) EF–(2Ca-CaM) EF–(4Ca-CaM) 4Ca-CaM

Number of counterions 13 9 5 5
Water box dimensions 123.9 3 81.9 3 99.2 �3 57.5 3 64.0 3 76.1 �3

Number of water molecules 24,632 24,642 24,652 8,459
Total number of atoms 83,851 83,879 83,907 27,601
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ing 10 ps up to 300 K at constant volume, while restrain-

ing the atoms of the complex (or calmodulin resp.) and

the calcium positions with a force constant of 25 kcal

mol21 Å2. The equilibration process was then performed

in the following way: 1 MD round of 5 ps at constant

volume and 4 MD rounds of 2.5 ps at constant pressure

were run while reducing the position restraints from

25 kcal mol21 Å2 to 5 kcal mol21 Å2; eventually a last

MD round of 10 ps was performed with a restraint of

2.5 kcal mol21 Å2.

For heating and equilibration of the EF–(4Ca-CaM)

complex, no restraints were applied on the newly added

calcium ions—neither on the CaM EF-hands coordina-

tion loops (residues 18–30 and 52–66), so that the system

could better accommodate them. At the end of the equil-

ibration process however, both N-terminal calcium ions

were found far away from their initial positions (Table

II). Hence a second equilibration was performed during

50 ps. Position restraints of 2.5 kcal mol21 Å2 were again

applied on the whole system, except for calcium positions

and the corresponding coordination loops. In addition,

some specific distance restraints of 10 kcal mol21 Å2

were applied between the first Ca21 and the oxygens Od1
of Asp 20, Od2 of Asp 22, Od1 of Asp 24, O of Thr 26

and between the second Ca21 and the oxygens Od1 of

Asp 56, Od1 of Asp 58, Od1 of Asn 60, O of Thr 62. As

a result, most of the atoms in the coordination loops get

as close from the calcium ions as in the X-ray structure

1OOJ49 (Table II). However, atoms Oe1 and Oe2 of Glu

31, Oe1 and Oe2 of Glu 67 are found farther away from

the calcium ions (4.8–8.5 Å), as it is also the case in the

crystal structure 1XFX of EF–(4Ca-CaM).42

MD simulations were performed at temperature of 300

K and pressure of 1 atm during 15 ns. The SHAKE algo-

rithm53 was used to keep rigid all covalent bond involv-

ing hydrogens, enabling a time step of 2 fs. Atom coordi-

nates were saved every ps (15,000 snapshots).

Analysis of the trajectories

To assess the convergence of the simulations we used

the ensemble-based approach recently developed by

Lyman and Zuckerman.54 For each trajectory, it consists

of generating a set of representative or ‘‘reference’’ struc-

tures and then clustering all the 15,000 conformations in

corresponding ‘‘reference’’ groups.

An arbitrary cutoff r is first defined. A conformation is

randomly picked up among the 15,000 conformations of

the trajectory: this is the first ‘‘reference’’ structure. All

conformations that show a RMSD from this ‘‘reference’’

structure smaller than r are removed from the trajectory.

A second ‘‘reference’’ structure is picked up among the

remaining conformations and again all conformations

that show a RMSD smaller than r are removed. The

operation is repeated until there is no remaining confor-

mation. Finally, we obtain a set of ‘‘reference’’ structures

that deviate from each other by at least r Å.

The trajectory is then split in two halves and con-

formations from each half are associated to their

closest ‘‘reference’’ structure in terms of RMSD, constitut-

ing ‘‘reference’’ groups. If the simulation has converged,

each ‘‘reference’’ structure must be represented by an

equivalent number of conformations from both halves of

the trajectory.

To compare this new method to a more traditional

measurement, we computed the average time auto-corre-

lation function on Ca atom positions:

CðtÞ ¼ N !

2!ðN � 2Þ!
XN�1

i¼1

XN

j¼iþ1

vijðt0Þ:vijðt0 þ tÞ� � ð1Þ

where vij is the position vector between Ca atoms i and j

and N is the number of Ca atoms. The obtained curve

can be decomposed in exponential functions. For each

simulation, C(t) was fitted to an exponential model func-

tion f(t) 5 c1e
2t/t1 1 c2e

2t/t2 1 c3e
2t/t355 using

XmGrace.56

A virtual dihedral angle (VDA), which describes the

relative rotation of the lobes to each other, was calculated

between the centres of mass of the four CaM EF-hands.

Traditionally the VDA is taken as the pseudo-dihedral

Table II
Comparison of Calcium Coordination Distances (Å) Calculated Between the N-

Terminal Calcium Ions and the Corresponding Coordinating Atoms

Free Ca21-CaM
structure 100Ja

EF–(4Ca-CaM)
1st equilibrationb

EF–(4Ca-CaM)
2nd equilibrationc

Site 1
D20.Od1* 2.5 4.3 2.7
D20.Od2 4.2 2.6 2.6
D22.Od1 3.5 2.6 2.6
D22.Od2* 3.0 4.2 2.6
D24.Od1* 2.4 6.2 2.5
D24.Od2 4.2 7.9 4.4
T26.O* 2.6 2.8 2.6
E31.Oe1 2.7 6.6 8.5
E31.Oe2 2.5 5.3 7.3

Site 2
D56.Od1* 2.7 2.6 2.7
D56.Od2 4.3 4.7 2.6
D58.Od1* 2.8 9.9 2.6
D58.Od2 3.9 9.0 4.1
N60.Od1* 2.6 8.7 3.1
T62.O* 2.6 9.9 2.8
E67.Oe1 2.7 11.3 5.2
E67.Oe2 2.9 10.8 4.8

During the second equilibration step, distance restraints were applied in each site

between the flagged (*) atoms and the calcium position. Oe1 and Oe2 of E31,

Oe1 and Oe2 of E67, which show larger distances than in free Ca21-CaM (pdb

entry 1OOJ)49 even after the second equilibration step, are also found far from

the calcium ions in the crystallographic structure of EF–(4Ca-CaM) (pdb entry

1XFX),42 at distances of 4.0 Å, 4.4 Å, 6.7 Å, and 4.6 Å.
aIn the crystallographic structure of free Ca21-CaM (pdb entry 1OOJ).49

bIn the EF–(4Ca-CaM) model, after the first equilibration step (without distance

restraints).
cAfter the second equilibration step.
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angle formed by the four calcium ions bound to CaM.57

But, since this angle definition is relevant only for a

straight central helix,45 we used EF-hand centres of mass

instead of calcium positions here.

The bending of the interlinker was evaluated by calcu-

lating the angle formed between the axes of a-helices IV
(residues 64–72) and V (residues 86–94). Axes were

defined with the successive middle points between atoms

(i) N(i) and N(i12), (ii) Ca(i), and Ca(i12), (iii) C(i)

and C(i12), i being the residue index in the sequence.

The EF-hand opening was evaluated in a similar way,

from the angles between helices I (residues 8–19) and II

(residues 31–37) in site 1, helices III (residues 46–53)

and IV (residues 66–73) in site 2, helices V (residues 83–

92) and VI (residues 103–110) in site 3, and helices VII

(residues 119–127) and VIII (residues 139–145) in site 4.

Unless otherwise stated, trajectories were analyzed

using the PTRAJ module of AMBER 8.0.47 Determina-

tion of the secondary structure was performed by

DSSP.58 Electrostatic binding energies DEele of calcium

ions were calculated with the MMPBSA module of

AMBER 8.0.47 SASA calculations were performed by

MSMS59 with a probe sphere radius of 1.5 Å. Interac-

tions were identified with the HBPLUS 2.25 program60

in the LIGPLOT 4.4.2 package.61 VMD62 was used for

visualization and the analysis graphics were realised using

the R package.63

RESULTS

To analyze CaM behavior in the EF-CaM complex, the

following aspects were studied: (i) the relative stability of

the different calcium levels; (ii) the influence of calcium

level on calmodulin domain coupling and interaction

with EF; (iii) the mechanics of the interaction between

CaM and EF. In this work, we refer to the most recent

MD simulations of free Apo-CaM64 and Ca21-loaded

CaM19,20,65 in order to compare the conformational

changes of EF-bound CaM to those of free CaM.

Relative stability of the EF-CaM complex
for different levels of calcium

The relative stability of the different complexes was

first investigated through an analysis of the convergence

of the trajectories.

The conformational drift along the trajectories was

evaluated by calculating the root mean square deviation

(RMSD) of CaM coordinates from the initial coordinates

(Fig. 1). Backbone RMS deviations stabilize at around

Figure 1
Backbone RMSD of calmodulin with respect to the initial crystal structure (1K93)32 (a) Total RMSD. (b) RMSD of the interlinker region using fit to residues 65–92. (c)

RMSD of the N-terminal (up) and C-terminal domain (bottom) using independent fits to residues 5–64 and 92–147, respectively. In all plots, the EF–(Apo-CaM)

trajectory is shown in grey (long dotted line), the EF–(2Ca-CaM) and EF–(4Ca-CaM) trajectories are shown in black (short dotted line and solid line, respectively).
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2.7 Å for EF–(2Ca-CaM) and EF–(4Ca-CaM) [Fig. 1(a)],

whereas deviations for EF–(Apo-CaM) vary up to the

end of the simulation in the 3.5–5 Å range. These values

are small compared to RMSD values of free CaM, up to

15 Å,19,20 because the amplitude of movement is

reduced by EF. The RMS deviations calculated for EF

(data not shown) are 3.7 Å (EF–(Apo-CaM)), 2.9 Å (EF–

(2Ca-CaM)), and 4.1 Å (EF–(4Ca-CaM)): the smallest

value is observed for the most experimentally stable

complex.

Looking at Figure 1(c) we observe that the C-terminal

domain (residues 93–147) is very stable with average

RMSD between 1 and 1.5 Å whereas the RMSD is greater

in the N-terminal domain (residues 5–64) up to 3 Å.

Besides the RMSD of the whole protein and that of the

domains are similar, indicating that, in complex with EF,

global motions do not have the important contribution

to the fluctuations that was found for free CaM.19,20 We

deduced from RMSD profiles [Fig. 1(a)] that 3 ns are

necessary for the complex to relax from the initial crys-

tallographic structure. These were thus removed for the

convergence analysis and the latter study of CaM and EF.

To assess the convergence of the simulations in the last

12 ns we used the approach developed recently by Lyman

and Zuckerman.54 The robustness of the method was

tested with different seeds for the conformation random

picking up. In effect, results were similar for all seeds

and we display here three analyses (Fig. 2).

Structural diversity proved to be limited in the trajec-

tories as a cutoff of 3.5 Å was not sufficient to obtain

more than one reference structure for EF–(2Ca-CaM) or

EF–(Apo-CaM). Thus, a 2.5 Å cutoff was chosen, which

enables to define three (or four) reference structures

from EF–(Apo-CaM) [Fig. 2(a)] and EF–(2Ca-CaM)

[Fig. 2(b)] and five reference structures from EF–(4Ca-

CaM) [Fig. 2(c)].

EF–(2Ca-CaM) gives a good convergence criteria, since

most of the reference structures are represented in both

halves of the trajectory [Figs. 2(b) and 3(b)]. EF–(Apo-

CaM) also, but to a lesser extent since the complex seems

to explore an ensemble of new conformations near the

end of the trajectory (12 ns) [Figs. 2(a) and 3(a)]. Con-

cerning EF–(4Ca-CaM), conformations from the first half

of the simulation are more represented than conforma-

tions from the second half [Figs. 2(c) and 3(c)].

The fitting of the average time auto-correlation func-

tions onto exponential curves confirms that the EF–(4Ca-

CaM) trajectory converges more slowly than the EF–(Apo-

CaM) and EF–(2Ca-CaM) trajectories (Table III).

EF–(2Ca-CaM) is the only trajectory displaying at the

same time one of the smallest drifts and a good conver-

gence: this is in agreement with the stability experimen-

Figure 2
Convergence analysis on the (a) EF–(Apo-CaM), (b) EF–(2Ca-CaM), and (c) EF–(4Ca-CaM) trajectories. Each line corresponds to an analysis for a given choice of the

seed. The reference structures numbers are indicated in x-coordinates and correspond to their positions in ps along the trajectory. For each reference group are indicated

the proportions of members in the first half (black bars) and in the second half (grey bars) of the trajectory.
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tally observed for the EF-CaM complex with 2 Ca21

ions.

The relative stability of the different complexes was

then analyzed through the essential dynamics (ED)66 of

the two partners.

The three first modes calculated for calmodulin only

contribute 61%, 58%, and 63% to the total CaM back-

bone mean-square fluctuations in EF–(Apo-CaM), EF–

(2Ca-CaM), and EF–(4Ca-CaM), respectively. These are

smaller than the 88% and 71% contributions calculated

by Yang et al.31 for apo and calcium-loaded forms,

respectively, on MD simulations of free CaM. As

expected, CaM in complex with EF undergoes less collec-

tive motions than free CaM. Eigenvalues rapidly drop in

EF–(Apo-CaM) and EF–(4Ca-CaM), while EF–(2Ca-

CaM) profile is smoother [Fig. 4(a)]. This suggests that

motions are even less collective in EF–(2Ca-CaM) than

in the two other forms: while CaM fluctuates around a

stable position in EF–(2Ca-CaM), the protein evolves to-

ward new conformations in EF–(Apo-CaM) and EF–

(4Ca-CaM).

The two extreme backbone conformations of calmodu-

lin along the first mode are displayed on Figure 5,

together with the components of the mode on each

atom. Deformations within the N-terminal domain are

observed in the three complexes and movement of the

N-tail is particularly visible in EF–(2Ca-CaM). Deforma-

tions of the interlinker region are observed in EF–(4Ca-

Figure 3
Comparison of reference conformations from the (a) EF–(Apo-CaM), (b) EF–(2Ca-CaM), and (c) EF–(4Ca-CaM) trajectories. Calcium ions are colored in orange. Helix

I of site 1 (residues 5–22), helix II of site 1 (residues 23–42), and helices V to VIII (residues 80–147) are shown in red, blue, and green, respectively. They correspond to

the blocks defined in Table IX.

Table III
Coefficients c1 and s1 of the Best Fitted Exponential Curves to the Average

Time Autocorrelation Functions of EF–(Apo-CaM), EF–(2Ca-CaM), and

EF–(4Ca-CaM)

EF–(Apo-CaM) EF–(2Ca-CaM) EF–(4Ca-CaM)

c1 0.37 0.39 0.27
t1 45.9 59.8 139.1

Correlations between the empirical functions and the fitted curves are within the

0.98–0.99 range.
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CaM) and to a lesser extent in EF–(Apo-CaM). In EF–

(Apo-CaM), both lobes tend to get closer to each other

(up and down arrows) while the interlinker is pushed

away (right arrows): this motion could explain the

increase in global RMSD at the end of the simulation

[see Fig. 1(a)].

Hence, the analysis of the collective motions of CaM

reveals larger ones for EF–(Apo-CaM) and EF–(4Ca-

CaM), which are experimentally unstable complexes. It is

interesting to note that, in these two trajectories, the first

mode involves a deformation of the interlinker domain.

In the ED analysis66 of EF (Fig. 4), the first eigenvalue

for EF–(2Ca-CaM) is the largest one [Fig. 4(b)], eigen-

values then rapidly drop and 19 modes are sufficient to

describe 90% of the total fluctuations. On the other

hand, 21 modes are necessary to explain 90% of the total

fluctuations in EF–(4Ca-CaM) and three more are

needed in EF–(Apo-CaM). Thus, motions appear to be

more diffuse in these two complexes than in EF–(2Ca-

CaM).

In EF–(2Ca-CaM) and in EF–(4Ca-CaM), the two first

modes describe respectively a compaction [Fig. 6(a)]

and a torsion [Fig. 6(b)]. Indeed, the helical domain

and the CB domain move closer to each other along the

x axis in the first mode, while they rotate relatively to

each other around the x axis in the second mode. By

contrast, the two first modes of EF in EF–(Apo-CaM)

describe deformations taking place in the most flexible

regions, namely the catalytic site, loops in the helical do-

main and switch A.

These results suggest that EF motions are more collec-

tive in EF–(2Ca-CaM) than in the other complexes,

which is the contrary of what was observed for CaM.

The following interpretation can then be drawn: when

the complex is stable, 2Ca21-CaM makes extensive con-

tacts with EF and its mobility is reduced; destabilization

of the EF-CaM interaction upon calcium binding or re-

moval allows CaM to move independently from EF, in a

more collective way. EF adopts the opposite behavior: as

the complex is stable with two Ca21, EF has the freedom

to fluctuate around an equilibrium position through

global motions of the helical domain and the catalytic

core; while the complex is destabilized (EF–(Apo-CaM)

and EF–(4Ca-CaM)), EF mobility appears constrained

and it tends to display more local motions inside its flex-

ible regions.

Calmodulin flexibility, calcium affinity, and
domain coupling in calmodulin

Atomic fluctuations per residue were calculated for

CaM [Fig. 7(a,b)] as well as for EF [Fig. 7(c)] with the

Figure 4
Eigenvalues obtained from the ED analysis performed on CaM (left) and EF (right), between 3 and 15 ns: EF–(Apo-CaM) is in lightgray, EF–(2Ca-CaM) in darkgray,

and EF–(4Ca-CaM) in black.
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different levels of calcium. Changes were small for EF

and will not be further described. In CaM, the N-ter-

minal lobe (residues 5–64) interacts weakly with

EF32,42 and is flexible, in agreement with its larger

RMSD [Fig. 1(c)]. Site 2 rigidifies after binding a cal-

cium ion in EF–(4Ca-CaM) while the region upstream

(residues 29–47) becomes flexible as a counterbalancing

effect. By contrast site 1 coordination loop (residues

16–29) slightly gets more flexible when the level of cal-

cium increases. The interlinker region also shows some

flexibility, especially for EF–(4Ca-CaM). Although the

C-terminal lobe (residues 93–147) makes extensive

contacts with EF, the loop connecting the two EF-

hands (residues 111–118) displays atomic fluctuations

above 1.5 Å, and these fluctuations increase in the apo

form.

NMR studies of CaM recently revealed that CaM inter-

nal dynamics is affected by peptide binding and high-

lighted the importance of conformational entropy in tar-

get recognition.67 The crucial role of side-chains dynam-

ics changes was illustrated in the smMLCKp-CaM and

CaMKKap-CaM complexes.10,13 To decide whether such

changes can be found in EF-bound CaM, fluctuations

upon calcium binding or removal were analyzed along

the simulations [Fig. 7(b)]. Overall side-chains and back-

bone fluctuations show similar profiles and changes

according to calcium level are of small magnitude: CaM

side-chains dynamics is not especially important in the

EF-CaM interaction. Nevertheless, the increasing mobility

of the N-terminal domain in EF–(4Ca-CaM) and of the

C-terminal domain in EF–(Apo-CaM) could indicate an

conformational entropic compensation for the loss of af-

finity of CaM for EF.

In free-CaM, calcium binding provokes the opening of

the helix-loop-helix EF-hands.19,29,30 Interhelices angles

increase from 42–528 in Apo-CaM29 to 70–958 in Ca21-

CaM.15,16 This exposes an ensemble of hydrophobic

residues to solvent, which can then interact with target

peptides.31

In the simulations of EF-CaM, both C-terminal EF-

hands (sites 3 and 4) are open irrespective to the level of

calcium, with interhelices angles ranging from 71.0 to

105.68 (Table IV). On the other hand, conformations of

the N-terminal EF-hands (sites 1 and 2) vary upon cal-

cium binding or removal (Table IV). Overall site 2 shows

a greater variability than the other sites, as Shepherd and

Vogel19 showed in their 20-ns simulation of free Ca21-

CaM. It fluctuates between a closed and a semi-open

conformation in EF–(Apo-CaM) and EF–(2Ca-CaM),

and slightly opens upon calcium binding in EF–(4Ca-

CaM), switching between a semi-open and an open con-

formation.

The exposition of hydrophobic patches (defined by

Yang et al.31) was evaluated (Table V) by calculating

their solvent accessible surface area (SASA). In agreement

with the X-ray structures 1K93, 1XFX, and 1XFY, SASA

Figure 5
Extreme conformations obtained by deforming the mean backbone conformation

of CaM in (a) EF–(Apo-CaM), (b) EF–(2Ca-CaM), and (c) EF–(4Ca-CaM)

along the first mode. On the left is represented the ‘‘starting’’ structure with gray

arrows displaying the components of the first mode on each atom. On the right

is represented the ‘‘final’’ structure obtained by moving along the first mode. (a)

In EF–(Apo-CaM), the first mode describes deformations of site 2 (residues 45–

59) within the N-terminal domain, of the region between helices VI and VII

(residues 108–119) within the C-terminal domain, and of the interlinker

(residues 74–80). (b) In EF–(2Ca-CaM), the first mode describes deformations

of the N-terminal tail (residues 5–9) and site 2 (residues 44–60) within the N-

terminal domain. (c) In EF–(4Ca-CaM), the first mode describes deformations

of site 1 (residues 21–40) in the N-terminal domain, of the interlinker (residues

74–79), and locally within the C-terminal domain (residues 113–115 and 146–

147).
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values in the C-terminal domain are close to those of

free Ca21-loaded CaM16 (PDB entry: 1CLL), whereas

SASA values in the N-terminal domain are close to those

of free Apo-CaM68 (PDB entry: 1CFD), suggesting that

the formation of the EF-CaM complex selects the apo N-

terminal and the Ca21-loaded C-terminal conformations,

leading as expected to EF–(2Ca-CaM) as the most stable

complex. Upon calcium binding, however, the N-termi-

nal domain shows a significant gain in exposure of 12%,

consistent with the opening of site 2.

Each calcium is coordinated by residues 1, 3, 5, 7, and

12 in the sequence of the interhelical loop of each EF-

hand. The coordination and its electrostatic energies were

analyzed (Fig. 8 and Table VI). The electrostatic binding

energy DEele was calculated from the Coulombic interac-

tion of calcium with the coordination loop, and is cer-

tainly a crude approximation of the experimental binding

affinity. But, DEele gives an overall estimation of calcium

coordination and allows therefore a sensitive comparison

of the different sites.

Figure 8(a) displays the percentage of the simulation

time spent with a given number of oxygens coordinat-

ing the Ca21 ion in each EF-hand. C-terminal calcium

ions (sites 3 and 4) are fully coordinated during 71%

and 65% of EF–(2Ca-CaM) simulation time and are

always coordinated by at least four oxygens. This

proves the stability of the sites. Electrostatic binding

energy (Table VI) of site 4 is significantly higher than

that of site 3, in agreement with Ulmer et al.43 finding

on affinity.

Coordination percentages [Fig. 8(a)] and electrostatic

binding energies (Table VI) in EF–(4Ca-CaM) do not

significantly change for sites 3 and 4, suggesting that the

stability of these sites is not altered by calcium binding

on sites 1 and 2. This confirms the hypothesis of Ulmer

et al.43 that binding calcium on N-CaM does not affect

C-CaM affinity for calcium.

By contrast, sites 1 and 2 in the N terminal domain

are incompletely coordinated. Most of the time (84%),

site 1 makes only 3 coordinations out of 6. Coordination

in site 2 is slighlty higher, involving four or five oxygens

during 35% and 59% of the time respectively. This is

consistent with the stiffness observed in site 2 but not in

site 1 upon calcium binding [Fig. 7(a)], and with the

Figure 6
Extreme conformations obtained by deforming the mean backbone conformation of EF in EF–(2Ca-CaM) along (a) the first mode and (b) the second mode. On the left

is represented the ‘‘starting’’ structure with gray arrows displaying the components of the first mode on each atom. On the right is represented the ‘‘final’’ structure

obtained by moving along the first mode.
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more favorable electrostatic binding energy of Ca21 in

site 2 than in site 1 (Table VI).

Missing coordinating ligands can be identified in Fig-

ures 8(b,c). Glu 31 (black and grey) and Thr 26 (purple)

are observed too far to participate in the coordination of

site 1 [Fig. 8(b)], as described by Shen et al.42 on the

crystallographic structure of EF–(4Ca-CaM). In site 2

[Fig. 8(c)], Asn 60 (dark green) stays away from the

Ca21, as in Shen et al.42 crystallographic structure of

EF–(4Ca-CaM). However, these authors found that Glu

67 did not coordinate Ca-21 in site 2, while both side-

chains carbonyl oxygens of Glu 67 are close to the cal-

cium ion in the simulations, around 2.7 � 0.2 Å [Fig.

8(c)]. The affinity of N-CaM for calcium42,43 is reduced

by EF locking the domain in a closed conformation and

preventing both sites 1 and 2 to fully bind calcium. This

is in total agreement with SASA and EF-hand opening.

To test whether 4Ca21-CaM could pursue toward full

opening of the EF-hands when released from EF, the pro-

tein was simulated during 15 ns after removal of EF from

the EF–(4Ca-CaM) crystallographic structure42 (PDB

entry: 1XFX). Mean RMS deviation on the 3–15 ns inter-

Table IV
Average Interhelical Angles in Calcium sites 1, 2, 3, and 4

Site 1 (8) Site 2 (8) Site 3 (8) Site 4 (8)

EF–(2Ca-CaM) 1K93 45.5 � 0.2 56.3 � 0.0 78.1 � 0.1 88.3 � 0.8
EF–(2Ca-CaM) 1XFY 45.3 � 0.0 53.8 � 0.0 75.4 � 0.0 83.2 � 0.0
EF–(4Ca-CaM) 1XFX 45.8 � 0.0 58.8 � 0.2 76.4 � 0.0 83.0 � 0.0
EF–(Apo-CaM) MD 33.4 � 3.9 62.6 � 8.5 79.8 � 3.8 94.8 � 4.3
EF–(2Ca-CaM) MD 41.2 � 2.3 60.2 � 7.3 74.4 � 3.4 98.3 � 3.8
EF–(4Ca-CaM) MD 43.7 � 7.2 75.7 � 7.7 80.4 � 2.7 101.0 � 4.6

These angles describe the opening of EF hands.

Figure 7
Fluctuations per residue considering the last 12 ns of the EF-CaM simulations: (a,b) all-atoms and methyl-bearing side-chains fluctuations of calmodulin–the secondary

structure is displayed at the bottom, (c) EF atomic fluctuations. The EF–(Apo-CaM) trajectory is shown in grey (long dotted line), the EF–(2Ca-CaM) and EF–(4Ca-

CaM) trajectories are shown in black (short dotted line and solid line, respectively).
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val is 7.8 Å. Contrary to what was expected, the simula-

tion did not converge toward the opening of the N-ter-

minal domain. Interhelical angles were rather stable

around 408 � 38 in site 1, 478 � 58 in site 2, 848 � 108
in site 3, and 768 � 38 in site 4. SASA of the hydropho-

bic patches was about 400 Å2 in N-CaM and 800 Å2 in

C-CaM. An essential dynamics (ED) analysis allowed to

observe a reorientation of the lobes relative to each other

(Fig. 9). It appears thus easier for the released 4Ca-CaM

to reorientate its lobes than to open its N-terminal do-

main. This observation agrees with the structure of the

free 4Ca21-CaM recently solved by Grabarek,71 where N-

CaM is artificially locked in a closed conformation by a

disulfide bond, revealing a two-step calcium binding

mechanism. The structure of 4Ca-CaM in the EF–(4Ca-

CaM) complex is also intermediate between the closed

and open conformations, lacking the final Glu 12 ligand

in the N-terminal coordination loops. This state corre-

sponds to the first step of dissociation observed in a

steered MD.72

Mechanical model of the CaM-EF interaction

A mechanical model of the CaM-EF interaction was

derived from the analyses of (i) calmodulin conformation

and (ii) the EF-CaM interaction.

The average CaM radii of gyration [Fig. 10(a)] during

the simulations range from 18.6 to 19.6 Å with standard

deviations of 0.3 Å. These values reveal an intermediate

conformation between the extended conformation of

Ca21-CaM in crystal (21.9 Å)16 and the compact confor-

mation of smMLCK peptide-bound CaM (16.1 Å).17

In EF–(Apo-CaM) and EF–(2Ca-CaM), CaM tends to

become more compact during the trajectories than in the

crystalline environment32,42 (Table VII). In EF–(4Ca-

CaM) however, CaM average radius of gyration is slightly

Figure 8
Calcium coordination in (b,c) sites 1 and 2 of EF–(4Ca-CaM), (a) sites 1–4 of EF–(2Ca-CaM) and EF–(4Ca-CaM). (a) Each colour stands for a level of calcium

coordination: 2 oxygens in purple, 3 oxygens in light blue, 4 oxygens in dark blue, 5 oxygens in green, and full coordination with 6 oxygens in red. At the top is written

the mean coordination level. Oxygens are considered to coordinate the calcium ion if they are located at less than 2.8 Å from it, consistent with typical calcium

coordination distances found in the literature.69,70 (b,c) Coordination distances in (b) site 1 and (c) site 2 along the EF–(4Ca-CaM) trajectory. In site 1, coordination

distances are calculated between the calcium ion and D20.Od1 (red), D20.Od2 (orange), D22.Od1 (dark blue), D22.Od2 (light blue), D24.Od1 (dark green), D24.Od2
(light green), T26.0 (purple), E31.Oe1 (black), and E31.Oe2 (grey). In site 2, coordination distances are calculated between the calcium ion and D56.Od1 (red), D56.Od2
(orange), D58.Od1 (dark blue), D58.Od2 (light blue), N60.Od1 (dark green), T62.0 (purple), E67.Oe1 (black), and E67.Oe2 (grey).

Table V
Solvent Accesible Surface Area (SASA, Å2) Calculated on the Hydrophobic Patches of the N-Terminal and C-Terminal Domains of Calmodulin

No calcium Two calcium ions Four calcium ions

N-term C-term N-term C-term N-term C-term

Free CaM (X-ray)16,68 406 490 — 694 784
EF-bound CaM (X-ray)32 — 641 784 —
EF-bound CaM (X-ray)42 — 468 733 527 766
EF-bound CaM (MD) 443 � 45 810 � 38 476 � 68 835 � 32 505 � 42 840 � 31

Values are calculated on (i) free CaM and on (ii) CaM in complex with EF. Free CaM values are calculated on the 1CDL X-Ray structure of free Apo-CaM68 and on

the 1CLL X-Ray structure of free Ca21-loaded CaM.16 EF-bound CaM values are calculated on the X-Ray structures of the EF-CaM complex – the 1K93 structure of

EF–(2Ca-CaM),32 and the 1XFY and 1XFX structures of EF–(2Ca-CaM) and EF–(4Ca-CaM),42 and on the EF–(Apo-CaM), EF–(2Ca-CaM) and EF–(4Ca-CaM) MD

trajectories.
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larger, of 19.6 � 0.4 Å. Indeed, as described in a previous

section, the N-terminal domain slightly opens upon cal-

cium binding in EF–(4Ca-CaM).

The VDA formed by the EF-hands centres of mass

characterizes the relative orientation of the lobes [Fig.

10(b)]. CaM adopts an acute or right VDA (between

2100 and 2608) during the simulations, as in other tar-

get-CaM complexes,17 whereas free CaM displays an

obtuse VDA.16,18–20 For EF–(4Ca-CaM) and EF–(Apo-

CaM), the VDA was around 2708 and 2948, respectively,
while it fluctuates between the two other profiles around

2848 for EF–(2Ca-CaM). Thus, binding (respectively

removing) two calcium ions stabilizes the orientation of

CaM lobes, toward a smaller (respectively larger) VDA

value.

To characterize the behavior of the interlinker region,

its secondary structure was determined using DSSP58

and averaged over the whole simulations [Fig. 10(d)].

The percentages of simulation time spent in helical sec-

ondary structure, hydrogen bonded turn, or random coil

are given for each residue. EF–(2Ca-CaM) displays the

highest average helical content (74.6%), consistent with

the stability of the RMSD (Fig. 1).

The central region of the interlinker lacks of helical

secondary structure: the nonhelical structures extends

from residues 73 to 82 in EF–(Apo-CaM), 71 to 84 in

EF–(2Ca-CaM), and 69 to 84 in EF–(4Ca-CaM). These

residues switch from helix to turn or random coil in dif-

ferent proportions according to the level of calcium.

Removing two calcium ions from the C-terminal domain

provokes a partial unfolding of the interlinker (residues

76–78) in EF–(Apo-CaM) whereas binding two calcium

ions on the N-terminal domain provokes a partial transi-

tion to turn (residues 73–82) in EF–(4Ca-CaM).

We evaluated the bending of the interlinker as the

angle between helices IV and V [Fig. 10(c)]. While the

angle of EF–(Apo-CaM) and EF–(2Ca-CaM) stays stable

around 1328 and 1268, it stabilizes around 1098 for EF–

(4Ca-CaM). This more pronounced bending might be

the result of the conversion of the helical secondary

structures to turns, with a hinge formed by the central

residues.

Previous MD simulations of free Ca21-loaded CaM

also showed a loss of helical structure in the inter-

linker18,19,65 associated with the bending. Moreover,

Shepherd and Vogel19 found in their 20-ns simulation

that partial unfolding of residues 75–81 participated in

the bending of the interlinker and in the associated com-

paction event of CaM. We do not observe such a com-

paction as the bending is not sufficient to counter-bal-

ance the expansion of the N-terminal domain in EF–

(4Ca-CaM).

It was observed in the literature19,20 that the bending

or unwinding of the interlinker region is loosely stabi-

lized by some hydrogen bonds formed between central

residues and the N-terminus. Although CaM sequence in

the EF-CaM complex lacks residues 1–4, we found simi-

lar stabilizing interactions in EF–(Apo-CaM) as well as in

EF–(4Ca-CaM), but not in EF–(2Ca-CaM), consistent

with the greater flexibility of CaM N-tail in this complex

[Fig. 7(a)]. Indeed, in EF–(Apo-CaM), hydrogen bonds

T5.N-T77.O, T5.N-T79.O, T5.Hg1-T77.O, T5.Og1-
T79.Hg1 appear to stabilize the unwinding of the inter-

Figure 9
First mode of the essential dynamics analysis of the simulation of 4Ca-CaM

released from EF. Gray arrows display the components of the mode on each

backbone atom.

Table VI
Electrostatic Binding Energies DEele of Calcium Ions in Each Site of EF–(2Ca-CaM) and EF–(4Ca-CaM), in kcal mol21

Site 1 Site 2 Site 3 Site 4

EF–(2Ca-CaM) — — 21245 � 102 21444 � 102
EF–(4Ca-CaM) 21160 � 100 21294 � 100 21265 � 100 21475 � 100
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linker. In EF–(4Ca-CaM), the Q8.Oe1-T79.Hg1 hydrogen

bond, formed in the 8–15 ns interval, and hydrophobic

interactions between N-terminus and interlinker residues

participate in the bending of the interlinker.

Therefore, analysis of the radius of gyration, of the

VDA, of the bending of the interlinker, and the of inter-

actions within CaM show that CaM conformations in

EF-(Apo-CaM) and EF-(2Ca-CaM) are similar whereas

that in EF-(4Ca-CaM) is significantly different. One

should notice that EF-(2Ca-CaM) and EF-(4Ca-CaM)

conformations in crystal were quite similar, and that MD

trajectories allow further exploration of the conforma-

tional space.

The analysis of EF conformation in the EF-CaM com-

plex reveals a calcium-dependent behavior different from

that of CaM. Adding two calcium ions to EF–(2Ca-CaM)

has little effect on EF conformation, whereas removing

two calcium ions affects the whole protein, and especially

the geometry of the catalytic site. As showed in Fig-

ure 11(a,b), the time evolution of some characteristic dis-

tances between the centres of mass of EF domains are sim-

ilar for EF–(2Ca-CaM) and EF–(4Ca-CaM) but are often

significantly different for EF–(Apo-CaM). Opening of the

EF catalytic site was monitored through the mean distance

between the centres of mass of residues from Switch B

(H577, G578, T579, D582, N583, E588, F586) and residues

from CB (H351, K353, S354, K372) (Table VIII). Indeed,

this distance has a similar evolution, in the 13–15 Å range,

for EF–(2Ca-CaM) and EF–(4Ca-CaM), while it decreases

slightly, around 11.3 Å for EF–(Apo-CaM). N329, K353,

Table VII
Conformational Parameters of CaM (Radius of Gyration, Virtual Dihedral Angle (VDA), and Bending of the Interlinker

Region) Calculated on EF-CaM X-ray Structures32,42 and on MD Trajectories

Radius of gyration (�) VDA (8) Bending (8)

X-ray PDB EF–(2Ca-CaM)(1K93)32 19.5 280.5 124
EF–(2Ca-CaM)(1XFY)42 19.2 276.9 125
EF–(4Ca-CaM)(1XFX)42 19.4 277.3 120

MD trajectories EF–(Apo-CaM) 18.5 � 0.2 295.2 � 3.8 132 � 5
EF–(2Ca-CaM) 18.5 � 0.2 282.7 � 4.6 126 � 5
EF–(4Ca-CaM) 19.6 � 0.4 269.8 � 3.7 106 � 4

Figure 10
(a–c) Radius of gyration (a), VDA (b), and bending of the interlinker (c) of calmodulin along the simulations. The EF–(Apo-CaM) trajectory is shown in gray (long

dotted line), the EF–(2Ca-CaM) and EF–(4Ca-CaM) trajectories are shown in black (dotted and thick line, respectively), the 4Ca-CaM trajectory is shown in black

(dotted and long dashed line). (d) Secondary structure averaged over the whole simulations. The percentage of simulation time spent by each residue in each secondary

structure type is given. The black short dotted, black long dotted, and grey solid lines represent the helical, turn, and random coil types, respectively.
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K346 establish hydrogen bonds with the ligand in Shen

et al.42 and the triangle distances between these residues

(Table VIII) is thus also indicative of the opening of EF

catalytic site during the trajectories. In EF–(Apo-CaM)

N329.Cg is closer to K353.Nf and to K346.Nf, than in the

other two trajectories. Calculations of the accessible sur-

face area (SASA) in the catalytic site also support [Fig.

11(c), Table VIII] the hypothesis of the active site collapse

in EF-(Apo-CaM). The SASA values calculated from the

simulations of EF–(2Ca-CaM) and EF–(4Ca-CaM) are

slightly larger, but in qualitative agreement with the X-ray

structures 1XFX and 1XFYof the complexes.

To characterize contacts between EF and CaM in the

complex, hydrophobic interactions and hydrogen bonds

established for at least 50% of the simulation time were

analyzed (Table IX). The C-terminal domain of calmodu-

lin makes extensive contacts with EF: an average of 40 C-

terminal residues are involved in either hydrophobic

interactions or hydrogen bonds, whereas there are only

about five N-terminal residues interacting with EF (Table

IX). In the N-terminal domain, the hydrogen bonds

form the majority of contacts for EF–(2Ca-CaM),

whereas they are a minority for EF–(Apo-CaM) and EF–

(4Ca-CaM). The changes observed in the N-terminal

Table VIII
Average Characteristic Distances and Solvent Accessible Surface (SASA) Within EF Catalytic Site Including the Residues

(H351, K353, S354, K372, R329, K346, L348, D491, D493, H577, G578, T579, D582, N583, E588, F586, T548)

SB-CB (�) N329.Cg K353.Nf (�) N329.Cg-K346.Nf (�) SASA (�2)

Apo-EF 1K8T32 — 11.3 12.2 786
EF–(2Ca-CaM) 1K9332 13.6 7.5 9.6 703
EF–(2Ca-CaM) 1XFY42 15.1 11.1 10.1 833
EF–(4Ca-CaM) 1XFX42 15.2 11.2 10.3 827
EF–(Apo-CaM) MD 11.3 � 0.5 6.4 � 0.8 11.0 � 1.0 501 � 58
EF–(2Ca-CaM) MD 14.4 � 1.1 11.1 � 1.8 13.1 � 1.2 928 � 55
EF–(4Ca-CaM) MD 13.7 � 0.9 11.4 � 1.9 13.7 � 1.6 866 � 70

The SB-CB distance is calculated between the centers-of-mass of residues H577, G578, T579, D582, N583, E588, and F586

from SB and residues H351, K353, S354, and K372 from CB. Residues N329, K346, K353 were chosen as they establish in the

X-ray structure42 a network of hydrogen bonds.

Figure 11
Characteristic features of EF conformations along the trajectories: (a) distance between the centers of mass of CA (residues 292 to 349 and 490 to 622) and CB (residues

350 to 489), (b) distance between the centers of mass of the catalytic core (grouping CA and CB) and Hel (residues 660 to 767), (c) SASA of the catalytic site (H351,

K353, S354, K372, R329, K346, L348, D491, D493, H577, G578, T579, D582, N583, E588, F586, T548), (d) distance between the center of mass of EF C-tail (residues

758 to 767) and the center of mass of the coordinating ligands in site 4 of CaM.
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domain agree with the conformational variability of the

reference structures (Fig. 3) in the convergence analysis.

The balance between hydrogen bonds and hydrophobic

contacts may thus be related to the specificity of the EF-

CaM interaction.

In the crystallographic structures of EF-CaM with 2

and 4 Ca21,32,42 a key salt bridge was formed between

Asp 647 from the switch C of EF and Arg 90 from the

interlinker of CaM. Two salt bonds between Od2 of Asp

647 and the Ne and Nh2 of Arg 90 are stable along the

EF–(2Ca-CaM) as well as the EF–(Apo-CaM) trajectories.

In EF–(4Ca-CaM), side-chains of the two residues rapidly

moved away from each other, but both salt bonds

are formed again around 12 ns up to the end of the

trajectory.

Figure 11(d) reveals that the removal of calcium from

C-CaM in EF–(Apo-CaM) allows EF C-tail to move away

from site 4 (11.1 Å at t 5 0 and around 16.0 Å in the 3–

15 ns interval). On the contrary, the distance stays stable,

around 10.5 Å for EF–(2Ca-CaM) and EF–(4Ca-CaM).

CONCLUSION

In this study, we focused on the conformational plas-

ticity of CaM in the EF-CaM complex and we evaluated

the impact of calcium binding or removal on the stability

of the complex. We performed three 15-ns MD simula-

tions of the EF-CaM complex corresponding to three dif-

ferent levels of calcium. Such simulations exhibit a much

longer time period and more accurate conditions (peri-

odic boundaries, PME) than the early 350-ps simulations

of EF–(2Ca-CaM).46 Values of radius of gyration, VDA,

EF-hands opening, and hydrophobic patches calculated

on the EF–(2Ca-CaM) and EF–(4Ca-CaM) trajectories

were found in good agreement with measurements on

the corresponding experimental X-ray structures.32,42

The EF-(2Ca-CaM) trajectory displays the most stable

features (convergence, calcium coordination, essential dy-

namics), in agreement with experiments.

The trajectories presented here have been validated

through their comparison with X-ray crystallographic

structures. They can consequently be used: (i) to draw a

more dynamical picture of the EF-(2Ca-CaM) and EF-

(4Ca-CaM) complexes, (ii) to give reasons for the experi-

mental instability of the EF-(Apo-CaM) complex.

The most striking dynamics feature is the role played

by the bending motion of CaM interlinker. Indeed, fluc-

tuations of EF-bound CaM are mostly the result of defor-

mations inside the N-terminal domain and bending of

the interlinker region. This motion is important for the

fitting of the size of CaM to the distance between EF hel-

ical and CB domains. In EF–(4Ca-CaM), calcium binding

provokes the expansion of the N-terminal domain and

the bending of the interlinker, from 126 down to 1098.
The exposure of hydrophobic patches promotes contacts

between the interlinker region and the N-tail of CaM,

which stabilizes the bending of the interlinker.

Through the bending of the interlinker, CaM plays the

role of a spring which maintains EF in an open confor-

mation, inducing the activation of the adenylyl cyclase

catalytic site. The two Ca21 complexation level gives the

best fit to EF open conformation: indeed, EF–(Apo-

CaM) and EF–(4Ca-CaM) both display a deformation of

the interlinker.

The N- and C-terminal lobes of CaM are locked by EF

in configurations similar to closed-like and open-like

conformations, whatever the level of calcium complexa-

tion. Nevertheless, limited opening of the N-terminal do-

main of CaM was observed in EF–(4Ca-CaM) and illus-

trates the general opening mechanism of CaM upon cal-

cium binding. Site 1 only reaches the first step of

calcium binding and its calcium coordination loop lacks

the final Glu 12 ligand. Consequently N-CaM is trapped

in an intermediate closed conformation, from which it

cannot escape.

The presence of EF not only disturbs CaM affinity for

calcium but also the coupling mechanism between the

two CaM lobes through the interlinker region. EF allows

coupling between CaM lobes, but only in one direction,

that is from C-CaM to N-CaM. Indeed, binding two cal-

cium ions on N-CaM provokes only changes in the fluc-

tuations of both the interlinker and the N-terminal do-

main itself. On the other hand, removing two calcium

ions from the C-CaM provokes changes in the fluctua-

tions of the C-terminal domain itself and also in the N-

terminal domain. This asymmetry in coupling is also

observed in the variation of hydrophobic patches. The

N-terminal hydrophobic patches of CaM gain almost the

same surface (29 Å2) upon calcium binding than the one

they loose (33 Å2) in EF–(Apo-CaM). On the other

hand, the C-terminal patches gain about 5 Å2 in EF–

(4Ca-CaM) and loose about 25 Å2 upon calcium re-

moval. This might be a consequence of a stronger inter-

action between EF and C-CaM than with N-CaM.

The removal of all calciums was also studied in the

present work, which gives information about the EF–

(Apo-CaM) system, for which no structure has been

solved to date. Ulmer et al.43 proposed a model where

Table IX
Number of CaM Residues that Are Involved in Hydrogen Bonds with EF/

Number of CaM Residues that Are Involved in Hydrophobic Interactions with

EF (for at least 50% of the Simulation Time)

EF–(Apo-CaM) EF–(2Ca-CaM) EF–(4Ca-CaM)

Helix I 4/6 4/3 3/6
Helix II 2/4 1/1 0/2
C-term 12/28 15/29 16/28

Residues are grouped by blocks: Helix I comprises helix I of site 1 (residues 5–

22), Helix II comprises helix II of site 1 (residues 23–42), C-term comprises heli-

ces V to VIII (residues 80–147).
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Apo-CaM only interacts with EF through its N-terminal

domain. Indeed, we observed that the interaction bet-

ween EF and the C-terminal domain of CaM is weakened

in EF–(Apo-CaM).

However, our analyses of radius of gyration, VDA,

opening of the sites, and exposure of hydrophobic

patches showed that the conformation of CaM in EF–

(Apo-CaM) is closer to that of EF–(2Ca-CaM) than that

of EF–(4Ca-CaM). This suggests that once the C-terminal

domain is inserted and blocked between the helical do-

main and the catalytic core of EF, the stability of the

complex is not dramatically affected upon calcium re-

moval. An energetic barrier opposes the formation of

EF–(Apo-CaM) but there is also a symmetric energetic

barrier opposing the dissociation of the complex upon

removal of the C-terminal calcium ions. The results pre-

sented are mainly influenced by the second barrier.

Besides, reactions to calcium binding or removal sug-

gest a mechanism for the destabilization of the EF–(Apo-

CaM) complex. Indeed, our study suggests that the bind-

ing of calcium on N-CaM tends to open the domain, but

this opening is restrained by EF helical domain, which

keeps the catalytic site open and maintains its contacts

with CaM site 1. On the other hand, C-CaM is deeply

inserted between the catalytic core and the helical do-

main of EF, and cannot relax. The removal of Ca21 ions

from C-CaM will induce a tension toward EF, and thus

explains the deformations observed in EF bound to Apo-

CaM, which bring the EF domains closer and induce a

collapse of the catalytic site.

The present work brings a contribution to the global

knowledge of CaM conformational plasticity and des-

cribes its molecular interaction with a pathological agent.

By giving clues to a better understanding of the mecha-

nisms played in the EF-CaM complex, it enables to better

characterize the CaM molecular features responsible for

its regulation of many targets. It also permits to define

what makes the specificity of CaM recruitment by a

toxin, compared to the recognition and activation of tar-

get proteins in cellular signalling pathways.
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