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ABSTRACT The structural difference in proteins between unbound and bound forms directly suggests the importance of the
conformational plasticity of proteins. However, pathways that connect two-end structures and how they are coupled to the
binding reaction are not well understood at atomic resolution. Here, we analyzed the free-energy landscape, explicitly taking into
account coupling between binding and conformational change by performing atomistic molecular dynamics simulations for
Ca21 binding to a calmodulin loop. Using the AMBER force field with explicit water solvent, we conducted umbrella sampling for
the free-energy surface and steered molecular dynamics for the pathway search. We found that, at an early stage of binding,
some key residue side chains extend their ‘‘arms’’ to catch Ca21 and, after catching, they carry the Ca21 to the center of the
binding pocket. This grabbing motion resulted in smooth and stepwise exchange in coordination partners of Ca21 from water
oxygen to atoms in the calmodulin loop. The key residue that first caught the ion was one of the two acidic residues, which are
highly conserved. In the pathway simulations, different pathways were observed between binding and dissociation reactions:
The former was more diverse than the latter.

INTRODUCTION

It is broadly believed that conformational plasticity is obliga-

tory for proteins to function (1). First, many proteins are

known to be natively unfolded before binding to their partners,

which may be beneficial for fast binding (2), apparently

implying importance of plasticity (3). Second, in structural

studies, significant differences between unbound conforma-

tions and those in complex are often seen, indicating that most

proteins are plastic (4). Cocrystal structures of some enzymes

with bound substrates themselves suggest that substrates

can find their pathways to the binding sites only by opening

enzyme conformations. In contrast to the wealth of structural

information about two-end structures, i.e., unbound and bound

forms, it is rather surprising that how binding reactions proceed

by coupling to structural change has not been well addressed

at atomic resolution. Some physiochemical studies eluci-

dated critical roles of fluctuation (5–7); an example of a well-

characterized reaction is CO binding to myoglobin (5).

However, direct information at atomic resolution is rarely avail-

able (6,7). Even for very simple reactions of proteins, such as

ion binding reactions, there are many interesting and funda-

mental questions that need to be addressed: How do proteins

change their conformation upon binding? Ligands need to

expel water molecules before binding to proteins, which costs

much, especially in the case of ions. How does this occur?

How specific are binding pathways at atomic resolution? Here,

we address these questions based on molecular dynamics

simulations of an ion-binding process.

For addressing these fundamental issues of biological

reactions, we here chose the Ca21 binding reaction to a

calmodulin (CaM) loop, as a model system. Calmodulin is

well-known as a signal transduction protein and exists broadly

in eukaryotes. The function is activated by binding four Ca21

to their binding sites. Calmodulin is dumbbell-shaped with

two domains, each of which has two Ca21 binding sites (EF-

hand loop) (Fig. 1). The binding reaction and conformational

change upon binding have been relatively well-studied

experimentally (8–19) as well as theoretically (20–23). Espe-

cially, Bierzynski and co-workers (15,16) showed that short

peptides of some 12 residues, which correspond to Ca21

binding loop of CaM, can bind to lanthanum (La31), forming

the structure that is analogous to the structure of the intact

sequence bound to Ca21. They also indicated that this peptide

weakly binds to Ca21, although the Ca21-saturated loop still

preserves some conformational flexibility. Ye et al. (18,19)

developed an approach for investigating the site-specific Ca21

binding affinity of each binding site by grafting the binding

loop of CaM. The success of the grafting approach indicates

that the loop itself, once structurally buttressed by the scaffold,

is the functional motif independent of other parts. These two

observations together make a CaM loop one of the smallest

functional motifs that were experimentally shown to work ‘‘as

is’’, and thus the CaM loop is an ideal system for detailed

simulation study of an ion-binding reaction.

In this article, we investigate the free-energy landscape

and pathways of Ca21 binding reaction to a CaM loop, using

molecular dynamics (MD) simulation of an all-atom model

and explicit solvent molecules. First, a two-dimensional free-

energy surface that explicitly deals with coupling between

loop conformation and ion-binding was calculated by the

umbrella sampling method. Second, binding/dissociation
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pathways were investigated by steered MD simulations.

Both in the free-energy analysis and in the pathway search,

we found that, at an early stage of binding, some side chains

in the binding site extend their ‘‘arms’’ for catching Ca21, at

which conformations are more extended than apo as well as

holo conformations of the side chain. We also saw that de-

hydration and binding are tightly coupled and stepwise,

which results in a relatively smooth free-energy landscape in

the course of the binding reaction. At atomic resolution,

binding pathways are intrinsically stochastic but are reason-

ably well biased, making the anchor residues limited to only

two acidic residues.

MATERIALS AND METHODS

CaM has four binding sites of Ca21, each of which forms a loop with 12

amino acids and often called I–IV (Fig. 1) from N- to C-termini. Here, as a

model system, we picked up loop III, which is in the C-terminal domain and

is known to have the highest affinity for Ca21 (8,9). The loop contains 12

amino acids (DKDGNGYISAAE), three of which are acidic (Asp-93, Asp-

95, and Glu-104,) and one is basic (Lys-94), with its net charge equal to �2.

As the reference loop structure of the holo form (bound Ca21), we used

the NMR structure of Xenopus laevis CaM, 1mux entry of the Protein Data

Bank. For comparison, we referred the unbound form, which we call the apo

form, of the same loop, taken from the NMR structure of X. laevis CaM

without bound Ca21, 1cfd entry. N- and C-termini were capped by acetyl

and methylamine, respectively, when MD was performed.

The MD simulations were performed for this loop III of CaM (Fig. 1) and

a Ca21 atom, with explicit water solvents using the AMBER 7 program (24),

in which the parm99 force field for protein atoms (25), the parameters of

Bradbrook et. al. (26) for Ca21, and the TIP3P potential for water molecules

(27) were used. The total number of atoms contained was 5618, of which

5445 atoms were from water. We performed equilibration simulation with

NPT and NVT conditions before sampling. We used the periodic boundary

condition where the size of unit box is;383 383 38 Å3, which is obtained

by the equilibration calculation. Electrostatic interactions were calculated by

the particle-mesh Ewald algorithm. To retain the loop backbone shape, the

harmonic constraint was applied to all main-chain heavy atoms. The force

constant kbb for this constraint was 0.1 kcal/mol/Å2 for the body of simu-

lations, although we employed stronger (1.0 kcal/mol/Å2 and 10 kcal/mol/Å2)

constants to better check how backbone flexibility would affect the binding

reaction. Comparing with flexibility of the whole C-domain of CaM, we

consider that kbb ¼ 0.1 kcal/mol/Å2 is the most appropriate among the three

constraints studied. With kbb ¼ 1.0 kcal/mol/Å2, the backbone apo structure

of the loop has ;100 kcal/mol higher energy than the reference holo struc-

ture, and thus the CaM loop cannot reach the near-apo structure. With kbb ¼
0.1 kcal/mol/Å2, however, as we will see, the CaM loop structure becomes

closer to the apo form rather than to the holo form after Ca21 dissociation.

The coordination to Ca21 is quite subtle. In the NMR structure of the holo

form, Ca21 is coordinated by six atoms of the CaM loop (Od of Asp-93, Od

of Asp-95, Od of Asn-97, backbone O of Tyr-99, and bidentate coordination

by Glu-104 at two Oe) and an oxygen atom of water (a total of seven atoms

are coordinated). As a preparatory simulation, using the current force field,

we performed a short equilibrium simulation of the whole C-terminal domain

of CaM from the NMR holo structure finding that the coordination number

to Ca21 fluctuates between seven and eight atoms. More specifically, coordi-

nation by Asp-95 frequently flips between bidentate and monodentate, then

the coordination number from the CaM loop is 6 or 7 and that fromwater is 1.

We concluded that, with the current van der Waals parameter of Ca21,

coordination numbers of 7 and 8, are quasi-equilibrium. Interestingly, when

we simulated the cleaved loop III of 12 residues, the equilibrium was shifted

toward the coordination number of 8 although that of 7 was metastable as

described below. A similar bidentate was observed in an earlier report (28).

This subtle difference in the coordination of the holo structure, which is highly

sensitive to the parameter of simulations, is not the focus of this work. In the

analysis below, coordination by eight atoms (seven from the CaM loop and

one from water) is used as a reference holo state of the cleaved loop. The

coordinated atoms in the CaM loop are Od of Asp-93, two Od of Asp-95, Od

of Asn-97, backbone O of Tyr-99, and two Oe of Glu-104.
For calculating the free-energy surface via umbrella sampling (29), we

define the reaction coordinate, R, as the sum of seven distances between

Ca21 and the coordinated atoms in the protein (i.e., any oxygen atoms of

water are not included here):

R ¼ +
7

i2binding site
riCa21 :

A harmonic restraining potential,UðRjR0Þ ¼ 1=2krðR� R0Þ2, was added
to the potential energy for constraining proteins to a certain range of R,

where kr ¼ 10 kcal/mol/Å2 was used throughout this work. In the umbrella

sampling simulation, the R0 value specifies the window. The free-energy

surface, or the potential of mean force, was calculated from umbrella

sampling simulations where a series of simulations with a broad range of R0

(windows) were performed. At first, the system was equilibrated for 0.17 ns

in the holo state, and one of structures in this ensemble was used as an initial

configuration. Starting from R0 ¼ 16.8 Å, which corresponds to the holo

structure, we shifted windows R0 by DR0 toward both smaller and larger R0

values. In each window, R0, the simulation was started with one of con-

formations in the previous window, equilibration was performed for 50 ps,

and then configurations were collected for 0.2 ns. The simulations were done

at 300 K. We used DR0 ¼ 0:2 Å intervals for 16:0#R0 # 19:0 windows,

and 0.25 Å intervals for R0 $ 19:0 windows. In the dissociation direction,

simulations were completed when C21
a dissociated from the CaM loop. (In

total, we used 289 windows for kbb ¼ 0.1 kcal/mol/Å2, 190 windows for

kbb ¼ 1.0 kcal/mol/Å2, and 224 windows for kbb ¼ 10 kcal/mol/Å2, and thus

one series contains ;60 ns cumulative simulation time.) The series of

simulations were combined by the weighted histogram analysis method (30)

for calculating the free-energy surfaces. We repeated identical series of MD

simulations twice from different initial structures for each of three loop

constraints kbb, thus resulting in six series in total (;300 ns cumulative

simulation time). With the same constraint kbb, the overall free-energy sur-

face looked identical between two series, although atomistic details were

slightly different. Mostly, we will show results from one of two series, and

arguments will be given when differences between two series were found.

FIGURE 1 Structure of CaM (right) and its loop III (inside left box). In the

latter, the five colored residues coordinate to Ca21, Asp-93 (green), Asn-95

(blue), Asn-97 (magenta), Tyr-99 (yellow), and Glu-104 (cyan). The figure
is prepared with MOLSCRIPT (42), Raster3D (43), and PyMOL (44).
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We also investigated binding/dissociation pathways by performing

steered MD simulations (31,32), where we applied a time-dependent

external force to accelerate the binding/dissociation reactions. The external

force applied is between Ca21, and each coordinated atom in the CaM loop

that we described earlier. The oxygen atoms of water that coordinate to Ca21

are also not included. The external potential applied is defined as

UðtÞ ¼ C

2
fðlðtÞ � DinitÞ2 1 ð1:0� lðtÞ � DfinÞ2g

Wiðr1; r2Þ ¼
( 2dðr1 � r2Þ � d

2 ðr1 � r2 . dÞ
ðr1 � r2Þ2 ð�d # r1 � r2 # dÞ

�2dðr1 � r2Þ � d2ðr1 � r2 , � dÞ
;

DK ¼ +
7

i2binding site
Wi riCa21 ; r

k

iCa21

� ��
+
7

i2binding site
Wi r

init

iCa21 ; r
fin

iCa21

� �
where init and fin correspond to initial and final conformations of the steered

simulations. lðtÞ varies, linearly in time, from 0 to 1 through the 1 ns simu-

lation. rinit
iCa21

is the distance between the ith coordinated atom of CaM and

Ca21 at the initial structure, and rfin
iCa21

is one at the final structure. For a

binding (apo to holo) simulation, the initial structure was picked up from

snapshots obtained from the apo state simulations (see below), whereas the

final structure was the holo (bound) state. The correspondence is opposite to

it in a dissociation simulation. The effective force constant varies between 6

and 7 kcal/mol/Å2. We repeated six simulations with different apo structures

for both binding and dissociation, thus resulting in 12 simulations.

Binding pathways are quantified as the probability that the ith residue

coordinates to Ca21 when the total coordination number is ntot . The prob-

ability is defined by the following;

Pði; ntotÞk ¼
+

simulation

m

+
step

t

dði; ntotÞk;m;t

+
amino

a

+
simulation

m

+
step

t

dði; ntotÞk;m;t
;

where k is either binding or dissociation and dði; ntotÞk;m;t is unity if the ith

residue coordinates to Ca21 in the snapshot of themth simulation at time¼ t

and 0 otherwise.

In this study, an oxygen atom in the CaM loop is considered as coordi-

nated to Ca21 when a distance between oxygen and Ca21 is ,2.9 Å.

RESULTS

Overview of the free-energy surface

Characteristics of how Ca21 binding is coupled to confor-

mational change of the CaM loop are best summarized in the

two-dimensional free-energy surface shown in Fig. 2, where

Ca21 binding and conformational change are monitored in

the y and x axes, respectively. Namely, the x axis is the root
mean-square deviation (RMSD) of side chain heavy atoms in

the CaM loop measured from NMR structure in the holo, and

the y axis is the direct interaction energy Ebind between Ca
21

and the CaM loop. The global free-energy minimum is at

(RMSD ¼ 1.9, Ebind ¼ �695.0), which corresponds to R ¼
16.4 Å (see the open labels in Fig. 2) and thus is essentially

the complete bound state. During the dissociation reaction,

first the CaM loop deforms substantially, reaching (RMSD¼
5.5, Ebind ¼ �600) at R; 50 Å, where RMSD is larger than

that in the apo structure. As the dissociation further goes on,

RMSD was reduced to;4 Å at R; 80 Å, and thus the CaM

loop is less extended. An estimate of the RMSD value after

complete dissociation is further reduced to;3Å (see the solid
arrow at the top of the figure). In the direction of Ca21 bind-

ing, the free energy is mostly downhill. Most interestingly, in

the middle of binding, the CaM loop side chains are sub-

stantially more extended than either apo or holo structures.

The coordination numbers to Ca21 are plotted in Fig. 3 A
as a function of the reaction coordinate, R. Here, we found

that, in the dissociation direction, a decrease in the number of

coordination by CaM loop atoms and an increase in that by

water oxygen atoms are quite well anticorrelated; Namely,

coordination to Ca21 switches from CaM atoms to water

atoms, resulting in the sum being almost constant between

7 and 8. In the early stage of dissociation, R , 22 Å, this

switch in coordination numbers is quite rapid, whereas in the

middle range, 22 Å , R , 48 Å, coordination number does

not change significantly. (Fluctuation here is primarily from

statistical error. Since the coordination number is inherently

rounded to an integer, it is thus is unavoidably sensitive to

the cutoff value used.) Interestingly, this stage corresponds

to where the CaM loop RMSD grows very rapidly in Fig. 2.

Thus, 3–4 atoms of acidic residues in the CaM loop carry

Ca21 from the center of the binding pocket to the rim of the

loop. The number of acidic residues (Asp-93, Asp-95, and

Glu104) in the loop that bind to Ca21 is shown in Fig. 3 B,
which is robust in statistics. Here, we found that two (one) of

the three residues coordinate to Ca21 for 48 Å , R , 63 Å

(R . 63 Å). We note that in the initial stage of dissociation,

three atoms separate from the ion in a narrow range of R,
whereas in the later stage, dissociation proceeds slowly with

R. This is because once some side chains dissociated from

Ca21, they can easily change their conformation (Fig. 2),

which contributes to a large increase in R.

FIGURE 2 Two-dimensional free-energy surface (potential of mean

force) of Ca21 binding to the CaM loop, where the x axis monitors the

CaM loop deformation, whereas the y axis represents the strength of Ca21

binding. More precisely, the x axis is the RMSD of heavy atoms in the side

chain of CaM measured from the holo form, and the y axis is the direct

interaction energy between Ca21 and the CaM loop. The chart on the right

side indicates mapping to the free-energy value (in kcal/mol). The arrow at

the top indicates RMSD of the apo form. Characters on the map indicate

corresponding values of the reaction coordinate R in the umbrella sampling

simulations.
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Based on these observations, for convenience, we divided

the binding/dissociation process into four states: 1), R¼ 16.4

Å, the holo state; 2), R ¼ 18.2 Å, one of the atoms takes off

and is in a free-energy local minima near the holo state; 3),

R ¼ 50.0 Å, near the transition region where the CaM loop

side-chain RMSD reaches the maximum (Fig. 2); and 4),

R ¼ 80.0 Å, the side-chain RMSD is ;4–5 Å and only one

acidic residue remains coordinated.

The holo state with R ¼ 16.4 Å

In the stage R¼ 16.4 Å, the free-energy surface reaches a mini-

mum. Fluctuation of Ca21 and each atom that coordinates to

Ca21 are shown in Fig. 4. We saw that the coordination here

is identical to that in the initial structure: the seven CaM

atoms coordinate to Ca21 (Fig. 4). Atomic fluctuation is rela-

tively small, as expected.

A free-energy local minimum with R ¼ 18.2 Å

From the holo state to a local minimum at R¼ 18.2 Å, at first

one of the oxygen atoms in the bidentate coordination (Asp-

95 or Glu-104) dissociates. Of two residues, Asp-95 is more

likely to lose one coordinate bond, but the choice is to some

extent stochastic.

At the stage R ¼ 18.2 Å, the six CaM atoms are coor-

dinated and the free-energy surface reaches a local minimum.

A representative snapshot in Fig. 4 is the case where Asp-95

loses one coordinate bond to Ca21. This structure is in

a similar coordination mode to that of the NMR structure of

the whole CaM. The fluctuation of the dissociated atoms (Od
of Asp-95) becomes larger. However, the rest is relatively

weakly fluctuated (Fig. 4) and the side-chain RMSD is;2 Å.

Near the transition region with R ¼ 50.0 Å

On the way from the local minimum at R ¼ 18.2 Å to near

the transition region R ¼ 50.0 Å, the CaM side-chain RMSD

rapidly increases whereas the interaction energy between

Ca21 and CaM is virtually unchanged (Fig. 2). As is shown

in Fig. 4, Ca21 moves from the central binding pocket to the

rim (left side in Fig. 4). Throughout this loop deformation,

Ca21 is coordinated by ;3–4 CaM loop atoms from two

acidic residues, as in Fig. 3 A. In the particular snapshot in

Fig. 4, Ca21 is carried by Asp-93 and Glu-104. Which of the

two acidic residues carry Ca21 away is stochastic, but the

majority is the pair of Asp-93 and Glu-104. Near the tran-

sition region R¼ 50.0 Å, the CaM side-chain RMSD reaches

6–7 Å, substantially larger than the RMSD value at the apo

structure (¼3.0 Å). Interestingly, the number of acidic resi-

dues that bind to Ca21 drops from three to two at R ; 48 Å

very sharply (Fig. 3). Calmodulin atoms that lose contacts

with Ca21 are Od of Asn-97 and backbone O of Tyr-99, as

well as one in acidic residues (in the snapshot, Asp-93). The

Ca21 tries to keep coordinated by a few acidic residues while

the loop partially deforms.

In the stage R ¼ 50.0 Å, two acidic residues coordinate to

Ca21; however, the member of atoms involved in the coordi-

nation changes frequently. By losing the contact with Ca21,

the backbone O of Tyr-99 rotates, which leads to a complete

flip of the Tyr-99 side chain as well. Moreover, the side chain

of Lys-94 is flipped over, too (in Fig. 4, from down to up

conformations). These together contribute to large RMSD of

the CaM loop side chain at this state. Fluctuation of Ca21 is

significantly magnified. Asp-95 and Asn-97 lose their contacts

with Ca21, resulting in larger fluctuation.

The R ¼ 80 Å stage

From R ¼ 50.0 Å to R ¼ 80.0 Å, all but one atom that

coordinates to Ca21 goes away and thus the interaction energy

between CaM and Ca21 is substantially weakened from

;�600 kcal/mol to �300 kcal/mol. During this process, the

CaMside-chainRMSDdecreases to;4 Å. ThisRMSDis close

to the value of the side-chain RMSD between the apo and holo

states,which is indicated by the black arrowon the topof Fig. 2.

In a snapshot atR¼ 80.0 Å (Fig. 4), only one oxygen ofGlu-

104 coordinates to Ca21 (at the bottom left of Fig. 4, R¼ 80.0

loop), whereas other atoms that coordinate to Ca21 in the holo

state are dissociated. Infiveout of six simulations,Glu-104was

FIGURE 3 Coordination numbers to Ca21 along the reaction coordinate,

R. (A) Coordination numbers to Ca21 by water (solid line) and by the CaM

loop (dashed line) as a function of the reaction coordinate, R. (B) Number of

the acidic residues (Asp-93, Asp-95, and Glu-104) that coordinate to Ca21

versus the reaction coordinates, R.
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the last residue that coordinates to Ca21, whereas in only one

case it was Asp-95. Interestingly, side-chain orientations of

Asp-93, Lys-94, and Tyr-99 roughly go back to those at the

holo state.Near the transition regionR¼ 50.0 Å, tomoveCa21

away to the rim of the binding pocket, two acidic residues have

to move away carrying Ca21, which perhaps induces side-

chain deformation larger than that in R ¼ 80.0 Å.

The apo state

We investigated CaM loop conformations after complete

dissociation of Ca21 by performing MD simulations of the

loop with Ca21 placed sufficiently far from the loop. We

picked up a snapshot from the ensemble of the R0 ¼ 70 Å

window, and Ca21 located near Glu-104 was exchanged

with one water molecule sufficiently far from the CaM loop

(the resulting R value was 187.5 Å). As in former simula-

tions, we applied the loop constraint (kbb ¼ 0.1 kcal/mol/Å2)

and performed 0.5 ns simulations. The side-chain RMSD

from the holo structure fluctuates around 4–5.5 Å (the red
curve in Fig. 7 in the Supplementary Material), which is

about the same as that in the R ¼ 80 Å window above, and

thus has significantly smaller RMSD than that near the

transition region R ¼ 50 Å. As expected, the orientation of

CaM side chains is closer to the apo form (the RMSD

between the simulated and the apo structures is;360:5 Å as

shown in the blue curve in Fig. 7) rather than to the holo form
(the corresponding RMSD 4:560:5 Å, the green curve in

Fig. 7). This is primarily because coordinated side-chain

atoms that have either negatively charged or polar groups

prefer pointing toward solvent waters.

Flexibility of loop

We also calculated the free-energy surfaces with stronger

(kbb ¼ 1.0 kcal/mol/Å2 and 10 kcal/mol/Å2) constraints with

FIGURE 4 Structures, fluctuation of

Ca21, and fluctuation of the CaM side

chains at several stages of the dissoci-

ation/binding reaction. The first, third,

fifth, and seventh figures represent fluc-

tuation of Ca21 at the reaction coordi-

nate R ¼ 16.4, 18.0, 50.0, and 80.0,

respectively, in which the colored balls

indicate binding site atoms: Asp-93

(green), Asp-95 (blue), Asn-97 (ma-
genta), Tyr-99 (yellow), and Glu-104

(cyan). The second, fourth, sixth, and

eighth figures represent fluctuations of

binding site atoms at the same four

stages as above. The color scheme is

the same as before. The last snapshot is

a representative structure of the CaM

loop, at which Ca21 is far from the

binding sites (see text). The figures are

prepared with MOLSCRIPT (42) and

Raster3D (43).
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the same umbrella sampling method and compared them

with the free-energy surface of the weakest constraint shown

in Fig. 2 (Fig. 8, A and B, in the Supplementary Material).

Regardless of the strength of constraint, we found that, in the

Ca21 binding reaction, the CaM loop side-chain RMSD from

the holo structure first increases and then decreases up to

the holo structure, and thus initiation of binding occurs via

extended side-chain conformation. However, the extension

of the loop side chains is less prominent with stronger con-

straints, as expected: The RMSD value at R ¼ 50.0 Å

decreases as the constraint becomes stronger. Thus, flexibil-

ity of the loop influences the binding reaction.

Looking into coordination pathways, we found that, regard-

less of the strength of the constraint, one of the acidic residues

catches Ca21 at the very beginning of the binding reactions.

However, in a more detailed comparison of which residue

binds to Ca21 in what order, we saw some differences. (i.e.,

the value of R, at which acidic residues dissociates are

dependent on the strength of the constraint. With stronger

constraints, the dissociation occurs at small value of R without

changing side-chain orientation of nonacidic residues.) With

the kbb ¼ 0.1 kcal/mol/ Å2 or 1.0 kcal/mol/ Å2 constraint, all

three acidic residues bind Ca21, which are followed by

nonacidic residues binding. However, in the strongest con-

straint (kbb¼ 10 kcal/mol/ Å2), Tyr-99 binds right after the first

coordination by Glu-104, which is then followed by the other

two acidic residues, Asp-93 and Asp-95. The sequential order

of coordination is inherently stochastic and thus seems to be

sensitive to change in constraint.

Binding/dissociation pathways by steered
MD simulations

We searched binding and dissociation pathways by steered

MD. As in Methods, external forces that drive the system

between apo and holo structures were introduced on seven

distances riCa21 between Ca21 and coordinated atoms in the

CaM loop. We note that riCa21at the apo form depends on the

dissociated position of Ca21, which is somewhat arbitrary.

Therefore, we repeated both binding and dissociation simu-

lations six times, starting from different Ca21 positions in the

apo state.

Both in binding and dissociation simulations, coordination

numbers to Ca21 by the CaM loop and that by water mole-

cules are anti-correlated and change stepwise as we found in

the free-energy analysis. Thus, the sum of the two coordination

numbers is nearly constant between 7 and 8 (data not shown).

Fig. 5 plots some of simulated binding and dissociation

pathways on the two-dimension, which is the same two-

dimension as in Fig. 2; the x axis is the RMSD of side-chain

heavy atoms in the CaM loop measured from the holo form

and the y axis is the direct interaction energy Ebind between

Ca21 and the CaM loop. The green curve depicts one of the

dissociation trajectories. Consistent with the free-energy

surface in Fig. 2, upon dissociation the loop RMSD increases

rapidly up to values larger than that at the apo structure, indi-

cating that the loop is more extended in the near-transition

region than that in the apo form. As dissociation goes on further,

the loop RMSD gets back to reduced values approaching

the RMSD in the apo form. Among six trajectories of dis-

sociation, the pathways are quite similar to each other. In

contrast, the binding pathways (two examples depicted in

red and blue) look somewhat different from dissociation

pathways and are more diverse. Some binding trajectories

reach the structure where all five amino acids coordinate to

Ca21 (the red curve is an example), whereas other trajectories

end up with structures where only four amino acids coordi-

nate to Ca21 (the blue curve is an example). Interestingly, for

the trajectories that the side-chain RMSD significantly increase

at an early stage of binding (an example is the red curve), the
trajectory can reach coordination by five amino acids. For the

trajectory that Ca21 ends upwith poorer coordination, we found

that the side-chain RMSD does not increase very significantly

at an early stage.

We then investigated which side chains coordinate to

Ca21 in what order in the steered MD trajectories. Fig. 6

plots the probability Pði; ntotÞthat the ith residue coordinates

to Ca21 when a total of ntot residues coordinate. Here, ntot
plays the role of net reaction coordinate (see Methods for the

complete definition). From Fig. 6 A, which is for binding

reaction, two acidic residues (Asp-95 and Glu-104) prefer

to coordinate to Ca21 at an early stage (1; 3); however, the

precise order of coordination looks somewhat stochastic. Path-

ways for dissociation are depicted in Fig. 6 B, which is less

diverse. The nonacidic residues dissociate from Ca21 first and

then the three acidic residues dissociate stepwise; this char-

acter is similar to that found in the free-energy analysis above.

Especially, Glu-104 keeps coordinated up to the latest stage. It

is partly because the side chain of Glu is longer than that of

Asp. We found that the process looks slightly different

between binding and dissociation—the order of coordination

FIGURE 5 Some trajectories of binding (red and blue curves) and

dissociation (green curve) by the steered MD simulations. The x axis means

the RMSD of heavy atoms on the loop’s side chain from the holo form and

the y axis is the direct interaction energy between Ca21 and the CaM loop.
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looks more diverse in binding than that in dissociation. We

guess that the coordination order for the binding process de-

pends more sensitively on the initial apo position of the Ca21.

In contrast to Asp-95 and Glu-104, the role of Asp-93 is

subtle. In the dissociation reaction, it keeps coordinated un-

til the latest stage. (The sequential order is second last.) In

binding trajectories, however, when Ca21 is first coordinated

by Asp-93, the trajectory fails to make further coordination

by other residues, thus leading to a poorer final structure

(data not shown). This is one of the examples that the initial

apo position of the Ca21 affects binding process. Asp-93

in the holo structure of the whole CaM domain is relatively

buried and thus Ca21 cannot access Asp-93 directly from the

surface (Fig. 1). Thus, when Ca21 is coordinated first by

Asp-93 in the CaM loop simulation, the access path is from

the backside of the loop where it is occupied by other residues

in the intact CaM. From this direction, further coordination

by other atoms is impossible.

Finally, we note that the order of coordination can, to some

extent, be altered by the condition of how the exerting force

is added.

DISCUSSIONS AND CONCLUSIONS

Camacho and co-workers (33) suggested that there are a few

anchor residues in interacting proteins that first recognize

partners, and conformations of these anchor residues in the

unbound form are similar to those in the bound complex. In

the loop that we studied here, indeed, rotamers of Asp-93 and

Glu-104 are similar in holo and in apo states, and thus confor-

mations of them in the apo state are ready for recognizing the

ligand, whereas the rotamer of Asp-95 is different in the holo

and apo states. Even though these key resides in the apo state

have the preset side-chain conformations ready for binding,

our work suggests that these key side chains extend their

conformation once, for recruiting the ligand.

In evolutionary aspects, not surprisingly, the acidic resi-

dues on the CaM loop; Asp-93, Asp-95, and Glu-104, are

highly conserved among virtually all EF-hand Ca21 binding

motifs (34). Point mutations in these residues of the EF-hand

motif basically eliminate the Ca21 binding ability unless

extremely high Ca21 concentrations are explored (35–39).

Even though the simulated system here is relatively small

in the standard of today’s biomolecular simulations, the accu-

rate estimation of a free-energy surface is still extremely

difficult. Especially, Ca21 has two positive charges that make

coordination so strong both in the bound and the unbound

states. Exchange of coordination partners through ion-

binding reaction involves exchange in strong interactions,

which makes unbiased conformational sampling very diffi-

cult. Moreover, the ion induces relatively large polarization

in surrounding molecules, which may require a higher order

description in energy function, such as the polarizable force

field and quantum chemical approach, as has been suggested

(40,41). Unavoidably, thus, estimates of the binding energy,

the free-energy difference between holo and apo forms, may

not be accurate, quantitatively speaking. More accurate and

rigorous simulations need to be done in the future. Work is

now in progress to develop more efficient sampling techniques.

However, despite some uncertainty in free-energy values, we

insist that the grabbing mechanism, which is a qualitative per-

spective, holds true in many relevant ion-binding reactions.

In summary, we have addressed how conformational change

in protein side chains is coupled to ion binding by simulating

Ca21 binding to a CaM loop.We found that side chains of some

key residues extend their ‘‘arms’’ to catch the ion, which we

would like to call the grabbing mechanism. Through this

mechanism, stepwise dehydration of water molecules coor-

dinated to Ca21 and concerted stepwise binding of protein

side chains occur, resulting in a smooth free-energy surface.

We postulate that the same sort of mechanisms would be

found widely in other bindings, especially in the case of

binding of charged ligands.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

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

The authors thank to Prof. David Leitner for reading the article and making

a number of helpful suggestions.

FIGURE 6 The ensemble of coordination pathways. The probability

P(i, ntot) that the ith residue joins to coordination to Ca21 for a given total

number of amino acids ntot that coordinate to Ca21 is represented by dark-

ness in each block. We note that ntot plays the role of gross reaction co-

ordinate here. (A) Binding reaction. (B) Dissociation reaction.
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