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ABSTRACT The ability of calcium-bound calmodulin (CaM) to recognize most of its target peptides is caused by its binding to
two hydrophobic residues (‘anchors’). In most of the CaM complexes, the anchors pack against the hydrophobic pockets of
the CaM domains and are surrounded by fully conserved Met side chains. Here, by using metadynamics simulations, we
investigate quantitatively the energetics of the final step of this process using the M13 peptide, which has a high affinity and
spans the sequence of the skeletal myosin light chain kinase, an important natural CaM target. We established the accuracy of
our calculations by a comparison between calculated and NMR-derived structural and dynamical properties. Our calculations
provide novel insights into the mechanism of protein/peptide recognition: we show that the process is associated with a free
energy gain similar to that experimentally measured for the CaM complex with the homologous smooth muscle MLCK peptide
(Ehrhardt et al., 1995, Biochemistry 34, 2731). We suggest that binding is dominated by the entropic effect, in agreement with
previous proposals. Furthermore, we explain the role of conserved methionines by showing that the large flexibility of these side
chains is a key feature of the binding mechanism. Finally, we provide a rationale for the experimental observation that in all CaM
complexes the C-terminal domain seems to be hierarchically more important in establishing the interaction.

INTRODUCTION

A large variety of proteins adapt their shape to recognize their

molecular partners. Among these, calmodulin (CaM) is

probably the most prototypical example (1): this protein,

which acts as a Ca21 messenger in all eukaryotic cells,

recognizes more than 100 different protein partners involved

in various fundamental biological mechanisms (2) with a tight

dissociation constant in the range of nanomolars.

CaM is a small acidic protein, consisting of two mostly

helical globular domains, connected by a flexible linker: each

domain contains two calcium-binding EF-hand motifs (3).

Upon calcium binding, the two globular domains undergo a

structural transition from a closed to an open conformation,

characterized by a rearrangement of the interhelix axes. As a

consequence, the hydrophobic core of each domain becomes

exposed and able to accommodate the target into its cavity.

Typically, peptide segments of ;20 amino acids (4) are suf-

ficient for tight binding (Fig. 1).

The structural determinants of a variety of CaM/peptide

complexes have been established by NMR spectroscopy and

x-ray crystallography. These structures reveal that, despite

their very low sequence identity (Fig. 1), some key features

are common to the vast majority of the CaM-binding peptides

(4–7). They are all amphiphilic and able to adopt upon binding

an a-helical structure, independent of whether they are

unstructured in their unbound states (4,8,9). Two hydropho-

bic residues play a pivotal role in binding (10), acting as

‘‘anchors’’ to the protein (Fig. 1). Some of the shortest

peptides contain only one anchor. The CaM sequence, on the

other hand, is highly conserved throughout species, probably

having evolved to provide the optimal compromise to achieve

a high binding affinity with an elevated number of quite

different target sequences (11). Its domains accommodate the

peptide by burying the anchors into two specific hydrophobic

pockets, each contained in one of the globular domains (8).

This process is thought to be assisted by an unusually large

number (eight in the two domains, and one at the linker)

of highly conserved (12,13) methionines, which have been

proposed to play a key role in the target recognition

(4,8,10,11,14). This suggestion is supported by the observa-

tion that in CaM the methionine side chains experience the

largest loss of conformational freedom upon peptide binding

(15–17). Additional contributions to the binding are provided

by electrostatic interactions between basic residues of the

target peptide with negatively charged residues suitably

positioned along the CaM sequence. It is intriguing to notice

that, despite the significant sequence identity (;45%), the

N- and C-terminal domains have a distinct hierarchical role in

target recognition—although some of the peptides bind only

the C-terminal domain, no structure is known in which the

interaction is established only with the N-terminal domain

(18). The affinity of tightly binding peptides to the isolated

C-terminal domain is comparable to the one measured for

full-length CaM (19). Moreover, when only one anchor is

present, it binds preferentially to the C-terminal domain (20).

Despite the large interest shown in the field and the

plethora of both experimental and theoretical studies, several

questions remain unsolved before we can say we have

understood in detail the mechanisms which allow CaM to

recognize both in vitro and in vivo so many differentSubmitted April 8, 2006, and accepted for publication June 20, 2006.
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sequences. It would for instance be very important to have a

quantitative and reliable description of the thermodynamics

of the binding process. Another important question is to

understand theoretically the role of key residues—i.e., the

anchors and the methionines—in the recognition process. To

do so, it is necessary to study in detail the effect of de-

hydration of the binding pockets. It would also be very

important to find a satisfactory theoretical explanation for the

observed higher importance of the C-terminal domain.

To find an answer to these questions, we have investigated

the final steps of CaM-peptide complex formation using

metadynamics simulations (21), an approach successfully

used to simulate rare events and reconstruct free energy

profiles (22–25). Compared to other free energy methods,

metadynamics does not require a priori atomic resolution

structures of the transition endpoints and mechanisms, and

its accuracy can be estimated by well-established guidelines

for the choice of its parameters (26). To the best of our

knowledge, this is the first of such calculations in the context

of peptide- or protein-protein interactions.

We focus on the complex between CaM and M13 (8), a

peptide which is part of the skeletal musclemyosin light chain

kinase (skMLCK) (27,28). This complex has the highest

affinity known for CaM natural targets (dissociation constant

Kd;0.22 nM (29)) and involves an important biological CaM

partner in the muscle tissue. Based on the NMR structure of

the complex (8), we calculate here the free energy profile as a

function of the coordination numbers of each anchor with its

pocket. The calculated value is in excellent agreement with

that observed for the CaM complex with the highly homol-

ogous smooth muscle MLCK peptide (30,31).

Our results, which are consistent with the NMR experi-

ments within experimental error (8,15), i), provide additional

insights into the role of the conserved methionines in the

substrate recognition; ii), suggest that peptide binding is

structurally and energetically different in the two sites,

consistent with the hierarchical more important role of the

C-terminal anchor relative to the N-terminal one (32); and

iii), suggest that substrate binding might be dominated by the

entropic effect, as previously postulated (16,33), with a free

energy gain similar to that measured for the homologous

smooth muscle MLCK system (31).

COMPUTATIONAL DETAILS

Structure equilibration

The NMR structure of the CaM/M13 complex (2BBM entry

in the Protein Data Bank (PDB)) (8) was inserted in a water

cubic box with an 80-Å long edge. The ionic strength of the

NMR structure (8) was reproduced by adding in random

positions 33 K1 ions and 25 Cl� ions. The total number of

atoms was;51,000. The AMBER03 force field was used for

the solute molecules and counterions (34). The TIP3P water

model (35) was adopted. The electrostatic effect was taken

into account by the particle mesh Ewald (PME) method (36),

with a 12-Å cutoff and a 0.75-Å-spaced Fourier grid; a

dielectric constant of 1 was assumed. Twelve angstroms was

also the cutoff applied to the van der Waals forces. The time

step was 1.5 fs. The nonbonded atoms pair list was updated

every 30 fs. The SHAKE algorithm (37) was used to fix all

bond lengths. Constant temperature (300 K) and constant

pressure (1 atm) simulations were achieved with a Langevin

thermostat (38) with a damping coefficient of 1 ps�1 and

Nosè-Hoover Langevin barostat (39,40) with oscillation

period 200 fs and decay coefficient 100 fs.

Before starting the metadynamics, the system was equil-

ibrated using the following computational procedure: i),

energy minimization of the solvent, using the conjugate

gradient algorithm up to a convergence of 10�4 kcal/mol (the

total energy being 2 3 105 kcal/mol); ii), 1 ns of 300 K

molecular dynamics (MD) of the solvent and of the

FIGURE 1 (a) Structure ofCaMbound to its highest affinity target peptide (M13), as determined byNMRspectroscopy (8): CaM (red) andM13 (blue)Ca chains

are drawnas ribbons; the side chains of the two anchors (W-4 andF-17),whichbind to theC- andN-domains, are represented as yellowandgreen sticks, respectively.

(b) PDB entries and peptide sequences of the 15 CaM/peptide complex structureswhich have been determined so far (anthrax edema factor, which is a CaM/protein

complex (58), is not included here). The helical regions (as defined by the program DSSP (42)) are boxed. The two anchors (10) are colored as in panel a. For
convenience, sequences are printed with the first of the two anchors aligned.
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counterions: this simulation was meant to equilibrate the

solvent and the ions’ spatial distribution around the solute;

iii), energy minimization of the entire system, using the same

procedure as in i); and iv), 3.5 ns of MD at 300 K. The last

2 ns were used to collect statistics. In all simulations,

trajectory frames were stored every 0.6 ps for analysis and

calculation of system properties.

Metadynamics

History-dependent metadynamics (21,22,24,26) was per-

formed based on the last MD snapshot, using the same setup

as above.We used one collective variable describing the inter-

actions between anchor W-4 and CaM and one describing

the interactions between F-17 and CaM (Fig. 1). These are

the coordination numbers CW-4 and CF-17, calculated by

means of a continuous function (22) of all pairs of nonpolar

carbons in each anchor and its pocket:

CX ¼ +
i2CaM

+
j2X

1� ðrij=r0Þ6

1� ðrij=r0Þ12
; (1)

where X ¼W-14 or F-17, rij is the distance between selected
carbon atoms i of the protein and j of either anchor (see Fig. 1
of Supplementary Material), and r0 ¼ 6 Å is a parameter that

takes into consideration their typical carbon-carbon distance

(4/4.5 Å) and the thermal motions’ amplitude (1.5/2 Å). The

sum involves specific nonpolar carbon atoms, namely those

belonging to the side chains (starting from the Cg) forming

the two binding sites: F92, I100, L105, M109, M124, L125,

V136, F141, M144, and M145 for W-4 and F19, I27, L32,

M36, M51, L52, V55, I63, F68, M71, and M72 for F-17

binding sites. Metadynamics parameters followed the sug-

gestions of Laio et al. (26): the Gaussian width dS ¼ 5, the

Gaussian weight W ¼ 0.05 kcal/mol, and the insertion time

tG ¼ 300 fs.

The intrinsic error of the metadynamics approach was

calculated as in Laio et al. (26) by assuming that the cal-

culation does not depend on the starting structure and on the

particular sequence of visited configurations but only on the

sum of the added Gaussians. Then, the error e depends only

on the ratio between i), the width of each Gaussian (dS), the
total size (S), of the configuration space (in this case it turns

out to be ;70 for both CW-4 and CF-17) and the insertion

frequency ðt�1
G Þ, and ii), the intrinsic diffusion coefficients

(D) of collective variables:

e ¼ CðdÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
SdS

DtG

w

b

s
; (2)

where C(d) is a coefficient which depends on the number d of
collective variables (here, C(2) ’ 0.3; see Laio et al. (26) for

details), w is the Gaussian weight, and b is the inverse tem-

perature. Diffusion coefficients D were calculated as in Carte

and Hynes (41) over a 1-ns unbiased MD trajectory, with

the same equilibrated starting structure as the metadynamics

run, and turn out to be 0.0015 fs�1 and 0.0012 fs�1, for CW-4

and CF-17, respectively.

Properties

The following properties were calculated:

1. Hydration numbers of the two anchors, calculated as the

number ofwater oxygenswithin an;8-Å radius from them.

2. The degree of a-helical character of the peptide during

simulation, calculated as from Kabsch and Sander (42).

3. The NMR contact restraints’ cost function, defined as from

Schwieters et al. (38): the cost function was averaged over

MD trajectory frames, and in particular for the metady-

namics trajectories each frame was weighted by the

Boltzmann factor calculated with its free energy.

4. Van der Waals (EvdW) and Coulomb (ECoul) energies be-

tween anchors and protein as well as between the protein-

binding pocket and the rest of the system. Test calculations

showed that, as expected, the fluctuations of the interaction

energies between the solvent and the protein are much

larger than the differences calculated here; therefore they

are not presented in this work:

E
ðA;BÞ
vdW ðCW4;CF17Þ ¼

�
+

i2A;j2B

C
12

ij

r
12

ij

�
C

6

ij

r
6

ij

�
ðCW4 ;CF17Þ

; (3)

EðA;BÞ
Coul ðCW4;CF17Þ ¼

�
+

i2A;j2B

qiqj

4pe0rij

�
ðCW4 ;CF17Þ

; (4)

where Æ � æðCW4;CF17Þ denotes an average over trajectory

snapshots with values of the collective variables equal to

(CW-4, CF-17) within a tolerance parameter, which was

chosen as 2dS; rij is the distance between atoms i and j; qi, qj
are their partial charges; and C6;12

ij are the Lennard-Jones

parameters for the atom pair (i, j). Atom i and j belong to

A and B, where A or B includes the anchor, the binding

pocket, the rest of the protein, and the solvent with the

counterions. Each bin in the grid of CW-4, CF-17 values has on

average;100 snapshots. The dispersion of each energy term

was calculated as the average standard deviation from the

binned energies of Eqs. 3 and 4:

ÆDEæ2 ¼
+

½CW4 ;CF17 �
nðCW4;CF17Þs2

EðCW4 ;CF17Þ

+
½CW4 ;CF17 �

nðCW4;CF17Þ
; (5)

where [CW-4, CF-17] indicates a bin on the collective

variables’ grid, sEðCW4;CF17Þ is the standard deviation within

the bin of the energy E(CW-4, CF-17) calculated as from Eqs. 3

and 4, and n(CW-4, CF-17) is the number of trajectory

snapshots in the bin.

5. S2 order parameters (43–45) of the protein were calcu-

lated in terms of bond vector autocorrelation functions

(ACFs) (17):

S
2 ¼ lim

t/N
ÆP2ð~mmðt0Þ �~mmðt0 1 tÞÞæt0 ; (6)
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where ~mm is the normalized bond vector (fitted to the NMR

structure of the complex, (8)) and P2 is the second-order

Legendre polynomial. We averaged each ACF for 600 ps and

calculated its average limiting value after 150 ps, which is a

reasonable upper bound for ‘‘microscopic’’ correlation times

(43); the standard deviation was taken as an error estimate.

The calculation was performed for the backbone N-H bonds

and for side-chain X-C bonds, where X is a side-chain heavy

atom and C is a methyl carbon.

All MD simulations were performed using the NAMD

code (46), locally modified to incorporate the changes nec-

essary to perform metadynamics. Interaction energies were

calculated from the obtained trajectories using GROMACS

(47). The cost function was calculated with VMD-XPLOR

(48). Pictures were produced with VMD (49).

RESULTS AND DISCUSSION

In the following section, we first briefly outline some results

from the MD simulation carried out on the CaM/M13 com-

plex to equilibrate the system and from the successive

metadynamics. Then, we provide a detailed description of

the energetics of the final hydration process as followed by

metadynamics. Comparison is made between our results and

NMR data.

Structural features

During the 3.5 ns of MD equilibration period, the structure of

the complex fluctuates around an average conformation

within a 3-Å root mean square deviation (RMSD) from the

initial NMR (8) structure (Fig. 2 in Supplementary Material).

The secondary structure elements (42) are fully preserved.

The two sites that host the M13 peptide anchors maintain the

structural differences observed in the NMR structure (RMSD

3.3 Å). In particular, the W-4-binding pocket is roughly 2 Å

narrower and 2 Å deeper than that of F-17 both in the NMR

structure and in the last MD snapshot (Fig. 2 of Supplemen-

tary Material).

The coordination numbers of the peptide’s anchors, here

defined as CW-4 and CF-17 (see Computational Details), have

adimensional units, and their values are roughly equal to the

number of carbon-carbon internuclear distances between the

two anchors and their pockets, which are within 6 Å or less

(see Computational Details). CW-4 and CF-17 fluctuate in the

simulation around the average values 90 6 6 and 67 6 7

(Fig. 3 of Supplementary Material).

Validation of the molecular dynamics trajectory
by NMR restraints

We checked the accuracy of our MD calculations by mea-

suring the fraction of the CaM/M13 interatomic distances that

satisfy the experimental NMR restraints (8). We also com-

pared the calculated experimental NMR order parameters

(15,43,45), thus comparing static and dynamical features.

The number of distance violations during the MD con-

verges to 7%6 0.4% of the total after 3.5 ns. Of these, a very

small fraction of violations (1% of the total) exceeds the

RMSD of the complex (3.0 Å) (Fig. 2); these correspond to

nuclearOverhauser effect (NOE) restraints involving atoms in

the two inter-EF-hand loops (six restraints) and intramolecular

ones within the peptide (10 restraints), which are intrinsically

very flexible regions anyway (15,50). Another fraction of

restraints (10%) experiences a small violation for almost

the whole run. Although this implies that some permanent

rearrangement of the experimental structure occurs,which can

be detected at the end of theMD (see Fig. 2), the overall extent

of the conformational change is relatively small. This is well

within the experimental error of the NMR structure determi-

nation as suggested by comparison of the 2BBM structure

with that of the highly homologous CaM/smooth muscle

MLCK complex (31).

The calculated S2 order parameters are also in good agree-

ment with those obtained experimentally (Fig. 2 and Fig. 6 of

Supplementary Material) (15), and in a previous MD

simulation (17). In particular, the methionine methyl group

S2 parameters of the complex, which are very different from

those of the protein in the free state (15–17), agree well with

the experimental values in both states (Fig. 2 and Table 1).

Overall, this comparison provides a rough estimate of the

quality of this MD simulation, both in terms of force field

used and sampling convergence and allows us to conclude

that both the static and the dynamical features of the complex

are sufficiently well described in our MD simulation.

Free energy landscape

The free energy surface as a function of the coordination

numbers CW-4 and CF-17 was calculated using 8 ns of meta-

dynamics (Fig. 3 a). The estimated error associated to this

procedure is 2.3 kcal/mol (26).

Around the equilibrium configuration, the free energy

surface is nearly flat, with minima separated by 1.5 kcal/mol.

The two basins Ga and Gb are to be related to the occupation

by the F-17 anchor of the two CaM pockets that are delimited

by the two isoleucines I-27 and I-63 (Fig. 4).

As in the initial NMRstructure, theCaMmethionines of the

binding pockets closely interact with the two peptide anchors.

In the W-4 binding site, M109, M124, M144, and M145

interact with the substrate, whereas at the F-17 site, confor-

mationsGa andGb differ for the conformations ofM36,M51,

M71, andM72; of the two,Gb is the conformation of the F-17

site most similar to that of the W-4 pocket, in that it has a

symmetrical arrangement of the methionines around the an-

chor (Fig. 4). Thus, the relative orientation of the F-17 binding

site with respect to the two isoleucines is a key distinguishing

feature of the two minima (see also Fig. 8 of Supplementary

Material).
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A shallow minimum D1 is present above Ga and Gb, 5.5

kcal/mol higher in free energy. This local minimum corre-

sponds to a state in which the W-4 anchor is partially hy-

drated; the number of coordinated waters within 8 Å

increases from ;11 in G to 20 in D1. The G / D1 tran-

sition is achieved by orienting this residue in a direction

orthogonal to that assumed in G. The conformation of the

other anchor, F-17, is instead practically the same as in the

NMR structures, and CF-17 assumes values similar to those in

Ga,b. In the W-4 binding site, methionines undergo a tiny

rearrangement, to interact more closely with themselves and

with the rest of the hydrophobic pocket, with the exception

of M124, which moves apart to open the way toW-4 (Fig. 4).

The even higher D2 metastable conformation at 8 kcal/mol

corresponds to the exit of F-17 from the pocket. In this

conformation, F-17 is fully exposed to the solvent: its water

coordination number is 60, to be compared to ;10 in Ga,b.

The peptide becomes locally unwound. The methionine res-

idues retract toward the cavity, interacting mostly with other

intramolecular residues. Also in this case, only one anchor, F-

17, rearranges; the value of CW-4 is the same as that of Ga,b.

Thus, the dissociation of each anchor from its binding pocket

does not involve significant rearrangements of the other.

Finally, in the minimum D3 both anchors are partially

dehydrated similarly to D1 and D2. DGG/D3
is 11 kcal/mol,

which is slightly lower than DGG/D1
1DGG/D2

¼ 13.5

kcal/mol. This fact and the fact that D3 is not perfectly

aligned to D1 and D2 (Fig. 3) are suggestive of a small co-

operative interaction between the two sites, although DDG is

as small as 2.5 kcal/mol, that is, of the same order of the

metadynamics estimated error.

Thus, we conclude that 5.5 6 3.2 kcal/mol and 8.0 6 3.2

kcal/mol are required to partially solvate the peptide at the

W-4 and at the F-17 sites, respectively (error propagation is

considered on the free energy differences because no sys-

tematic error is assumed (26)). These values are compatible

with the 5.5 kcal/mol value measured for the highly ho-

mologous and structurally similar smooth muscle MLCK

FIGURE 2 MD simulation of the CaM/M13 complex. I. Comparison of the Ca traces of the initial structure (PDB entry 2BBM, shown in blue) and the final

MD structure (red). II. Top: number of violated NMR restraints as a function of time. Middle: violation distance for each violated restraint (averaged over the

frames in which violations occur). Bottom: total time for which each restraint is violated, if any violation occurs. In the last two, intramolecular restraints range

from 1 to 1,486 for CaM and from 1,487 to 1,650 for M13; intermolecular restraints range from 1,651 to 1,782. III. Values of CW-4 (black) andCF-17 (red) order

parameters (see definition in Computational Details) along the MD trajectory (top), and RMSD of backbone atoms with respect to the experimental structure

(bottom) are plotted as a function of time. IV. S2 order parameters of CaM NH and methionines’ methyl groups: experimental (green solid circles) and
calculated (red empty circles).
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peptide (30,31) (Fig. 1). They are also in excellent agreement

with several other protein/ligand complexes (51).

Comparison of the metadynamics with NMR data

The average number of violated NMR restraints is 7% 6

0.9%, that is, the same as that of the MD simulation (7% 6

0.4%). Notice that its dispersion is slightly larger because of

a larger conformational space explored in metadynamics.

Indeed, the average energy cost function is 126 6 21 kcal/

mol (85 6 23 kcal/mol in the unbiased MD).

The cost energy function, plotted versus CW-4, F-17, cor-

relates well with our free energy (Fig. 3). However, as

expected, the minimum of the cost function G*, at about

CW-4, F-17 ¼ (80, 80), does not exactly coincide with the

minima of the free energy, Ga,b. Also, the CW-4, F-17 values

calculated for the NMR bundle (21 structures, PDB entry

2BBN) (8) are different both fromG andG*: this reflects the

fact that for given CW-4, F-17 values the structure ensemble

explored during the simulation is slightly different from the

experimental ensemble. The effect is particularly notable at

the F-17 site where the two experimental conformations,

related to the free energy minima Ga and Gb, give rise to a

narrower interval of CF-17 values than in the metadynamics

simulation. Also considering the structural rearrangement

already observed in the unbiased MD, these relatively small

differences are to be attributed to i), the use of a necessarily

approximate force field (in fact, in the NMR structural

determination (8) the weight of the force field was very small

compared to the experimentally derived cost function); and

ii), the errors associated to the metadynamics setup.

Recognition mechanism of the M13 anchors

Because of the structural differences between the two

anchors, in one case (F-17) hydration is assisted by local

unwinding of the M13 helix, whereas for W-4 there is only a

smaller rearrangement that leaves the helix unchanged. Our

calculations also show that F-17 dissociates completely (D2

minimum), whereas W-4 only rearranges and partly binds to

the protein (D1 minimum). This is consistent with the ex-

perimentally proven hierarchical features of peptide binding

in that the dissociation of the N-terminal domain of CaM

(F-17 anchor) is known indeed to occur first (19), whereas

the C-terminal domain (W-4 anchor) follows.

The role of the methionines in the CaM/M13 complex is

well established (4,10,11,14). Here we provide novel in-

formation about the response of these residues upon binding

by observing their conformation during the dehydration

process (Fig. 4). We observe that seven out of eight of the

methionine residues have the same conformation in the par-

tially dehydrated states D1, D2, and D3 as in the nonligated

state, as observed by comparing the results here with both the

x-ray structure (52) and our MD simulations (53) (RMSD ,

2 Å). Instead, as already discussed above, M124 changes its

conformation relative to the free state significantly to let W-4

move toward the solvent (RMSD 3.4 Å). This conformation

also differs from that of the bound state. These findings are

fully consistent with the proposal, based on systematic

mutagenesis of the methionines (12,13), that M124 is the

most important methionine implicated in CaM target binding

(15).

We further notice that the contribution of the eight

methionines is ;60%/70% of the total coordination of the

anchors in the barrier between the two minima, whereas it is

only 20% in both the final complexed and in the partially hy-

drated states. It is therefore clear that the methionines assist

the dehydration process.

Role of the nonbonded interactions and of the
hydrophobic effect

To investigate the role of protein/peptide interactions in

the process upon partial dehydration (from D1, 2 to G), we

calculated the AMBER (54) van der Waals and Coulomb

interaction energies between the anchors, the pockets, and

the rest of the system. Such calculations are expected to be

TABLE 1 MD simulations of CaM and of the CaM/M13 complex.

S2 methyl order parameters and RMSDs of Met side chains

(heavy atoms) on each MD trajectory, taking as a reference

the two starting experimental structures, respectively

W-4 site

free CaM

RMSD (Å) 2.3 6 0.4

M109 M124 M144 M145

S2 (calc) 0.51 6 0.10 0.30 6 0.08 0.21 6 0.10 0.24 6 0.05

S2 (exp) 0.15 6 0.02 0.19 6 0.02 0.12 6 0.02 0.22 6 0.02

complex

RMSD (Å) 1.8 6 0.2

M109 M124 M144 M145

S2 (calc) 0.41 6 0.10 0.65 6 0.16 0.44 6 0.12 0.46 6 0.09

S2 (exp) 0.36 6 0.03 0.84 6 0.06 0.36 6 0.03 0.29 6 0.02

F-17 site

free CaM

RMSD (Å) 2.8 6 0.6

M36 M51 M71 M72

S2 (calc) 0.25 6 0.07 0.23 6 0.07 0.14 6 0.08 0.38 6 0.09

S2 (exp) 0.26 6 0.02 0.18 6 0.02 0.16 6 0.02 0.26 6 0.02

complex

RMSD (Å) 2.0 6 0.2

M36 M51 M71 M72

S2 (calc) 0.45 6 0.10 0.52 6 0.10 0.27 6 0.12 0.76 6 0.14

S2 (exp) 0.31 6 0.02 0.28 6 0.02 0.40 6 0.02 0.76 6 0.05

Methionine mobility during the dynamics of the CaM/M13 complex.

Comparison of RMSDs of methionine residues (heavy atoms) for the W-4

and F-17 binding sites. M109, M124, M144, and M145 are present in the

W-4 site, M36, M51, M71, and M72 in the F-17 site.
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highly approximated because fluctuations around average

values are usually of the same order of magnitude as the

difference between fully and partially dehydrated states.

They can, however, still provide useful qualitative insights.

The variations of both van derWaals (Fig. 5) and Coulomb

(Fig. 10 of Supplementary Material) energies between the

anchors and the system (protein1 solvent) or the pockets and

the system (;2 kcal/mol) in passing from G to D1 and from

G toD2 are significantly smaller than the free energy changes

(5.5 and 8 kcal/mol); interestingly, these energies are similar

not only for the dehydrated and partially hydrated states, but

practically during the entire dehydration process (Fig. 5).

These rather small changes arise from a compensation of

several contributions, for which the changes with CW-4, F-17

do exceed the energy dispersions. A detailed analysis is

presented as Supplementary Material, where all individual

terms are reported. However, these differences are smaller than

the energy fluctuations during the simulation, which are 5 kcal/

mol for the interactions between the anchors and the systemand

10 kcal/mol for those between the pockets and the rest of the

system.

We can therefore explain the role that the entropic effect

plays in the recognition of CaM and M13, although the large

fluctuations of the calculated energies cannot firmly establish

this point. Such an entropy gain associated to dehydration

had already been suggested for a variety of CaM/peptide com-

plexes (55) and, more generally, for a plethora of protein/

peptide complexes (56).

Calorimetric studies have shown that formation of CaM

complexes is associated either to enthalpy or to entropy-

driven processes. The total entropy change for the overall

complexation process has, for instance, been measured for

two CaM complexes with peptides whose sequence and

structure are very similar to that of M13 (Fig. 1), namely,

smooth muscle MLCK and CaM-dependent protein kinase I

CaM complexes; in both cases, TDS is positive (14,57).

FIGURE 3 Metadynamics calculations. Free energy (kcal/mol) associated to the final step of dehydration of the anchors’ binding pockets in the CaM/M13

complex. I. Two-dimensional and II. Three-dimensional plots of the free energy as a function of the anchor coordination numbers CW-4 and CF-17, as defined in

the Computational Details. The coloring scheme in I. provides the energies, in II. the values of the cost function based on the NMR restraints (8,38). In II., the

21 experimental structures deposited in the PDB are represented as black dots. III. Contribution of the methionines in the W-4 binding site, i.e., CW-4(Met)/

CW-4(total). IV. Same for the F-17 binding site.
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This can be explained by considering that the calorimetric

data reflect the overall process of the interaction, whereas we

describe only the final stage. In our calculations, we observe

no significant changes either in the relative orientation of the

protein domains, or in the linker conformation when going

from D1 and D2 to Ga,b (Fig. 7 of Supplementary Material).

It is quite possible that, in some CaM peptides, the entropic

effect of the overall process is more than counterbalanced by

loss of the protein conformational entropy (15,16,33), which

is expected to occur in the first steps of the recognition.

CONCLUSION

In conclusion, we have performed metadynamics simula-

tions on the CaM/M13 complex (8). We have validated our

computational results obtained both during the preliminary

equilibration period and during the metadynamics against the

NMR data; we showed that the number of violations of the

experimental distance restraints, as well as their magnitude,

converge to stable values in the unbiased MD simulation and

that these values are maintained in the metadynamics. The

calculated S2 order parameters, especially those of the methi-

onines, also agree with the experimental values (15). Thus,

we can conclude that our simulations reproduce at least the

overall structural and dynamical properties of the CaM com-

plex in water solution.

Our metadynamics data provide new insights into the final

stage of peptide dehydration (31) as they show that the two

sites have different dissociation mechanisms. Both exploit

the flexibility of methionine side chains, which have been

shown experimentally to play a key role in binding (12,

13,15). However, the W-4 anchor of M13 is overall more

tightly bound to its pocket, so that its degree of hydration is

only partial and requires (besides the increase of conforma-

tional flexibility of the methionines observed at both sites)

the relocation of the M124 side chain. This process explains

FIGURE 5 Metadynamics calculations. Van der Waals interactions (kcal/

mol) of W-4, F-17, and their pockets with the whole system (including

solvent), calculated with the AMBER force field (34) on the metadynamics

trajectory. The four components are defined including both (hydrophobic)

side-chain and (polar) backbone atoms. Values at the free energy minimum

Ga (CW-4, F-17¼ 90, 45) are taken as the reference. Color scale equal to that of

the free energy (Fig. 3).

FIGURE 4 Metadynamics calculations. Molecular recognition of the W-4 (top) and F-17 (bottom) anchors from the partially hydrated states (D1 and D2 in

Fig. 3) to the dehydrated complex (Ga and Gb). (a) Schematic representation of the anchors (blue) conformations: the light blue cartoon indicates the full

hydrophobic pocket; Methionine side chains (yellow) and Ile side chains (green) are also shown; arrows indicate transitions explicitly observed in the

simulation. (b) Corresponding three-dimensional structures of the binding sites. The peptide Ca traces are shown in blue. CaM’s solvent accessible surface is

colored according to atom types (sulfur, oxygen, nitrogen, and carbon in yellow, red, blue, and gray, respectively).

Calmodulin/Target Metadynamics 2775

Biophysical Journal 91(8) 2768–2777



what makes this CaM residue particularly important for

binding, as observed experimentally by mutagenesis data

(12,13). On the contrary, the F-17 anchor does not need

structural rearrangements, being already at the equilibrium

characterized by two distinct conformations. This feature,

which is also observed experimentally in the NMR bundle

(8), is likely to explain the different importance in molecular

recognition played by the N- and the C-terminal domains.

The dehydration process leads to a free energy loss similar

to that observed for the CaM complex with the homologous

smooth muscle MLCK peptide (31). A simple estimate of the

nonbonded interaction energies suggests that the process

might be mostly entropy driven as previously suggested

(16,33).

Several approaches had been previously presented to

predict a priori the stability of protein/protein complexes.

Here, we have presented a metadynamics simulation that

described the final events that lead to the interaction, thus

providing a first step toward predicting the complete

energetics of the molecular recognition between proteins

and their target peptides or proteins. The challenge is now to

design metadynamics-based approaches that could allow

the treatment of more than a few reaction coordinates, thus

making it possible to describe quantitatively the complete

process.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.

The authors thank Dr. Alessandro Laio for helpful discussions on the

choosing criteria of metadynamics coordinates, and Dr. Rosa Bulo for

providing the source code of the modified version of NAMD. The structures

of the four minima in Fig. 4 are available at http://www.sissa.it/;fiorin/

cam1m13/.
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