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Abstract The paper reports the results of numerical

calculations of the pKa’s of the ionizable groups and

the electrostatic interactions between calmodulin lobes

in three different states of calmodulin: calcium-free,

peptide-free; calcium-loaded, peptide-free; and cal-

cium-loaded, peptide-bound. NMR and X-ray studies

revealed that in these states the overall structure of

calmodulin adopts various conformations referred as:

disordered semi-compact, extended and compact con-

formations, respectively. In addition, a new X-ray

structure was recently reported (Structure, 2003, 11,

1303) showing that calcium-loaded, peptide-free cal-

modulin can also adopt a compact conformation in

addition to the well known extended conformation.

The calculated energy changes of calcium-loaded,

peptide-free calmodulin along the pathway connecting

these two conformations provide a possible explana-

tion for this structural plasticity. The effect of pH and

organic compounds in the solution phase on the pref-

erence of calmodulin to adopt compact or extended

conformations may be thus rationalized. Analysis of

the contribution of the ionization changes to the en-

ergy of association of calmodulin lobes suggested that

the formation of the compact forms requires proton-

ation of several acidic residues. However, two different

protonation scenarios are revealed: a protonation due

to internal lobe organization and thus independent

of the lobes association, and a protonation induced by

the lobes association resulting to a proton uptake. In

addition, the role of the individual residues on the

energy of association of calmodulin lobes is calculated

in two compact conformations (peptide-free and pep-

tide-bound) and is shown that a set of residues always

plays a dominant role in inter-domain interactions.

Abbreviations

CaM Calmodulin

CFPF Calcium-free, peptide-free

CLPF Calcium-loaded, peptide-free

CLPB Calcium-loaded, peptide-bound

Introduction

Calmodulin (CaM)++, an EF-hand calcium binding

protein, functions as a calcium sensor and becomes

activated upon Ca2+ binding (Ikura 1996). The overall

structure of calmodulin is made up of two lobes (the

N-terminal lobe CaM-N and the C-terminal lobe

CaM-C) each comprising two EF-hand motifs

(Strynadka and James 1989). The lobes are linked by

an a-helix with significant mobility around residues

78–81, forming a flexible tether that allows lobes

to adjust their relative position and orientation
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(Persechini and Kretsinger 1988). During its function,

calmodulin undergoes significant conformation chan-

ges concerning both the EF-hand motifs themselves

and the mutual orientation and distance between the

lobes. Three distinct conformations of the overall

structure are known—(a) a compact conformation in

which the residues make many contacts across the

lobes interface (Meador et al. 1992); (b) quite disor-

dered and semi-compact conformation of the average

structure which reveals several transitory contacts

across the lobes interface (Zhang et al. 1995); and (c)

extended conformation in which lobes are separated

from each other and have no mutual contacts (Chat-

topadhyaya et al. 1992). These structural changes are

usually attributed to the functional states of calmod-

ulin which are: (a) calcium-free, peptide-free (CFPF);

(b) calcium-loaded, peptide-free (CLPF); and (c) cal-

cium-loaded, peptide-bound (CLPB) calmodulin.

Calcium-free, peptide-free calmodulin is quite flex-

ible as it can be seen from the existing NMR structures

(Zhang et al. 1995). Some of the structures in the NMR

ensemble show a semi-compact shape, while others

may be classified as extended conformations. In all

NMR structures the lobes adopt practically identical

internal conformation, which indicates that variability

of the lobes distance and orientation is not caused by

the change of the internal energy of the lobes.

Upon calcium binding calmodulin EF-hand domains

undergo a conformational change resulting in a reor-

ganization of existing secondary structure elements.

The two a-helices in each EF-hand motif move from an

antiparallel position to an almost perpendicular posi-

tion, while the short antiparallel b-sheet linking the two

motifs remains roughly unchanged. Consequently, the

domains adopt open conformation exposing to the

solution a considerable hydrophobic surface area (Ik-

ura 1996). Thus, the free energy change due to the ion

binding is large enough to compensate the unfavorable

contribution of the hydrophobic patch exposure. Then,

the internal reorganization of the lobes induces change

of their orientation and lobes move away from each

other resulting to extended conformation of calmodu-

lin (dumbbell shape) as suggested by X-ray experiment

(Chattopadhyaya et al. 1992). In solution, however,

both CFPF and CLPF calmodulin probably sample

multitude of conformations and thus the transition

from CFPF to CLPF calmodulin may not result to such

dramatic conformational change. The picture is even

more complicated, since recently CLPF calmodulin

was found to adopt a compact conformation (Fallon

and Quiocho 2003), although the experimental crys-

tallization conditions were quite similar to the condi-

tions of the X-ray experiment that revealed the

extended conformation. The overall structure of the

compact CLPF calmodulin is drastically different from

those of the extended conformation. To the best of our

knowledge no explanation of the existence of two

forms of CLPF calmodulin is provided in the literature,

and the energetic basis of this conformational diversity

has not been analyzed.

The binding of the target peptide to calcium-loaded

calmodulin affects mainly lobes distance and orienta-

tion, while the internal structure of the lobes is not

changed significantly (Meador et al. 1992). Peptide

binding causes calmodulin to adopt the compact con-

formation, as the two domains wrap around the target

peptide, with each lobe interacting with a different half

of the peptide sequence (Hoeflich and Ikura 2002).

The structures of compact and extended forms of

calmodulin were experimentally determined by either

X-ray or NMR techniques. The availability of these

structures allows us to study the conformation and

ionization changes associated with calmodulin func-

tion. Most of the existing studies were focused on the

conformational changes of EF-hands motifs and the

plasticity of the linker helix and to the least extend to

the changes of the distance and orientation of the

lobes. Specifically, what causes lobes separation was

not addressed so far, although an attempt was made

to explain the extended conformation as a result of

repulsive coulombic interactions between negatively

charged lobes (Uchikoga et al. 2005). However, the

triggering event that turns calmodulin from compact to

extended structure is the binding of four calcium ions.

This dramatically reduces the net charge of the lobes

making it close to zero and thus weakens the repulsive

coulombic interactions between lobes. Thus, from

electrostatic point of view, the binding of calcium ions

should favor the compact structure of calmodulin. In

this work we study the energetics of the conforma-

tional charges of the position and orientation of cal-

modulin lobes and what are the contributions of the

individual residues to these changes. Specific attention

is paid on the protonation states of the ionizable

groups. In addition, we study what is the effect of the

parameters of the environment to the preference of

calmodulin for different conformations.

Methods

Structures used in the work

Four structures (Berman et al. 2000) were used in this

work, representing the three functional states of cal-

modulin. These structures have identical amino acid
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sequences and thus the changes of the lobes distance

and orientation are not caused by sequence differ-

ences. The apo form, the CFPF calmodulin in semi-

compact form is modeled on 1cfd coordinate file

(Kuboniwa et al. 1995) that is the average NMR

structure and a comparison to the NMR ensemble

seen in 1dmo file (Zhang et al. 1995) reveals that the

apo form adopts very different overall structures.

Thus, we will keep in mind that 1cfd.pdb is simply

one of the many overall conformations that CFPF

calmodulin adopts in solution. The CLPF calmodulin

was crystallized in two forms—extended conformation

as shown in 1cll file (Chattopadhyaya et al. 1992) and

compact conformation as shown in 1prw file (Fallon

and Quiocho 2003). Both structures have four calcium

ions. The CLPB calmodulin is studied using 1cdl

structure (Meador et al. 1992), which also has four

calcium ions. 1cdl structure was chosen to represent

CLPB state, because all other available X-ray struc-

tures have missing residues in the middle of the

sequence.

The X-ray structures of CLPF calmodulin were

determined at low pH in the range of 5–6. The crystals

were grown in mixture of water and organic com-

pounds. The compact from of CLPF calmodulin was

crystallized in 10% grycerol (Fallon and Quiocho 2003)

while the extended form was grown in 35% MPD (2-

methyl-2,4-pentanediol) and 15% ethanol (Chat-

topadhyaya et al. 1992). The peptide-bound form was

obtained at pH = 4.6 (Meador et al. 1992). The NMR

structures (Zhang et al. 1995) of the apo form were

determined at neutral pH of about 7.

Calculations of the ionization states of titrable

groups and the ionization free energy of folding

Multi-conformation continuum electrostatics (MCCE)

(Alexov 2003; Alexov and Gunner 1997; Georgescu

et al. 2002) method was used to calculate the charges of

the ionizable groups. The default parameters were

applied as internal dielectric constant of 4 and ionic

strength of 0.15 M. Calcium ions were also included in

the calculations and were fixed in their crystallographic

positions. To be consistent with the experimental data,

the occupancy at the calcium binding sites was kept

100%. X-ray/NMR structures were used in MCCE

calculations without minimization.

The ionization free energy of folding was calculated

using a protocol implemented in MCCE. The details

are described elsewhere (Alexov 2004b). The protocol

estimates the electrostatic component of the partition

function of folded and unfolded states and then cal-

culates the energy difference as a function of pH.

Lobes boundaries

The boundaries of the lobes were determined by visual

inspection of the extended conformation of calmodu-

lin, file 1cll. Thus, the first lobe was assumed to consist

of residues 1–74, while the second lobe of residues 89–

148. It should be mentioned that the domain bound-

aries are not crucial point for the aims of the present

study and similar boundaries were obtained using a

variety of automatic domain parsers (Alexandrov and

Shindyalov 2003). In addition, residues 1–3 are disor-

dered in 1cll and are not reported in the X-ray struc-

ture as well as residue 4 does not have side chain

atoms. Thus, to reduce the complexity and the artifacts

arising from modeling, the first four residues were de-

leted from each of the structures. The last two residues

were deleted too, since they are not seen in 1cdl

structure. Thus, the first lobe is considered to be made

of residues 5–74 and the second of residues 89–146.

Generation of intermediate states

The transition from extended (1cll) to compact (1prw)

structures of CLPF calmodulin was studied using the

protocol developed by Gerstein and co-workers (Al-

exandrov et al. 2005; Krebs and Gerstein 2000). The

structures of extended and compact CLPF calmodulin

were inputted to the MORPH server at Yale Univer-

sity (http://www.molmovdb.mbb.yale.edu/molmovdb/)

and ten intermediate states were generated (see Fig. 1

for a schematic presentation of the transformation).

Thus, the relative coordinate runs from zero (corre-

sponding to the structure of 1prw) and then goes

through 10 intermediate states to end at position 11

corresponding to the extended structure of 1cll. It

should be mentioned, however, that these intermediate
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Fig. 1 Superimposition of the first lobes of 1prw (red) and 1cll
(green). The blue arrows show schematically the translocation of
the center of the mass of the second lobe from extended to
compact structures and vice versa. Lys115, which is chemically
modified in 1prw is shown in sticks
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states do not necessarily represent ‘‘real’’ physical

states and may not follow the most favorable trajectory

from the compact to the extended conformation. The

positions of calcium ions were assigned by superim-

posing the oxygen atoms of the coordinating residues

taken from 1cll structure onto the same atoms of each

MORPH generated structure.

Energy minimization

Each structure (entire structure including the helix and

the peptide, if applicable) was minimized with Tinker

package (Ponder 1999). The implicit solvent was

modeled using the AGB model of Ron Levy (Felts

et al. 2004) that was modified as described in Zhu et al.

(2005). Charmm27 (Brooks et al. 1983) force field was

used. The internal dielectric constant was set to 1 to be

consistent with the force field parameters (MacKerell

et al. 1998). All residues were kept in the ionized form,

except His107 that was deprotonated. A charge of +2

was attributed to Ca2+ ions. ‘‘minimize.x’’ module of

Tinker was used in the minimization. We attempted to

keep the structures close to their original X-ray/NMR

conformation and thus a very weak convergence cri-

teria was applied, rms gradient per atom = 1.0. The

backbone rmsd of the minimized structures are 0.81 Å

for 1cfd, 0.53 Å for 1cll and 0.54 Å for 1cdl.

However, in case of 1prw, we noticed that the

standard protocol led to significant deformation of the

initial structure. Visual inspection of the minimized

structure showed that many side chains at the interface

of the lobes undergo complete reorientation as com-

pared to the X-ray structure. The distortion of the

X-ray structure made us to realize that the protonation

states of some of the interfacial residues may not be

standard. Thus, using the predictions made by MCCE,

we turned off the net charge of Glu7, Glu11, Glu114,

Glu120 and Glu127 by reducing the partial charge

of the carboxyl oxygens. Their pKa’s were calculated

by MCCE to be higher than 6.0 and thus they were

predicted to be protonated at the pH of the X-ray

experiment. Under such conditions, the minimization

protocol kept the structure very close to the initial

conformation, resulting to backbone rmsd = 0.43 Å.

Visual inspection revealed that the conformation of the

side chains was also preserved as they were found in

X-ray structure.

It should be mentioned that Glu67 and Glu82 were

calculated to be protonated in 1cfd structure (Table 1).

However, Glu67 is away from the interface and be-

cause of that was kept in the standard ionization state.

Glu82 belongs to the linker connecting D and E heli-

ces, and since the paper focuses primarily of the lobes

interactions, this residue was also kept ionized in the

minimization protocol of 1cfd.

The MORPH structures were also minimized with

charged states of Glu7, 11, 114, 120 and 127 properly

assigned according to MCCE predictions. The same

protocol as above was used.

Energy calculations

The energy of association of the two lobes is calculated

as:

DG ¼ G two lobesð Þ �G lobe1ð Þ �G lobe2ð Þ ð1Þ

where G indicates the energy of the corresponding

structure or structural domain. The central helix was

deleted from the corresponding structures.

A rigid body approximation was adopted such that

the structures of the lobes were assumed to be the

same in the protein and in the isolated state. The

advantage of adopting the rigid body approach is that

the internal energy of the entire system is equal to the

sum of the internal energies of the parts. Thus, the

change of the internal energy is zero in Eq. (1) and

only non-bonded energies, namely electrostatic, vdW,

the energy associated with surface tension and the

ionization energy were calculated. The extra proton of

neutral Glu residues was added with MCCE (Forrest

and Honig 2005).

Electrostatic energy

The electrostatic energy was calculated as described in

Rocchia et al. (2001, 2002). Delphi was used to cal-

culate the coulombic and reaction field energies. For

sake of simplicity the salt concentration was set to

zero. Scale of 2 grids/Å and filling of 80% was used.

Convergence criterion was set to 0.0001. Water probe

of radius 1.4 Å was used to build the molecular sur-

face (Alexov 2003). The total energy of the system

was calculated as a sum of the coulombic and reaction

field energies. The energy contribution of a given

residue to the stability was calculated by: (a) charging

the residue, collecting the potential at all other resi-

dues and multiplying this potential by the partial

charges of the corresponding atoms and (b) calculat-

ing the reaction field energy. The calculations were

done on free lobes and on lobes at particular con-

formation of calmodulin, and then the results sub-

tracted to obtain the contribution of a given residue to

the stability.

Internal dielectric constant [eps(in)] was kept equal

to 1 in order to match the conditions of minimization
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protocol and to be consistent with MD force field

(MacKerell et al. 1998). Keeping the parameters

consistent is crucial for the accuracy of Molecular

Mechanics Poisson–Boltzmann (MM-PBSA) method.

However, to check the sensitivity of the results in

respect to the choice of the value of eps(in), the

energies were recalculated with eps(in) = 2. The

external dielectric constant was 80 in most of cases,

however, in several cases we used an external

dielectric constant of 40 and 20 to check the effect of

the parameters of the solution to the stability of the

lobes position and orientation. An external dielectric

constant lower than 80 mimics the presence of organic

compounds in the solution. As it was reported above,

the compact and extended CLPF calmodulins were

crystallized in the presence of different organic com-

pounds and this may result to different effective

dielectric constants of the solution. The extended

form can be considered as grown at conditions cor-

responding to lower effective dielectric constant of the

solution, since the dielectric constant is 24.3, for eth-

anol and 42.5 for glycerol (see for example Seedher

and Bhatia 2003).

vdW energy

vdW energy of interaction between lobes was calcu-

lated with ‘‘analyze.x’’ subroutine of Tinker package

using the minimized structures. Charmm27 force filed

was used. The vdW energy of interaction was calcu-

lated as a difference of the vdW energy of the MORPH

generated structure of the lobes (without the helix) and

the vdW energy of separated domains. As the distance

between lobes increases the magnitude of the vdW

energy of interactions decreases.

Surface tension energy

The accessible surface of each residue was calculated

with the program ‘‘surfv’’ (Nicholls et al. 1991). The

accessible surface area was calculated on the entire

structure as well as on the isolated lobes, and then the

results were subtracted. Thus, the residues that change

their accessible surface area from isolated lobes to the

entire molecule are at the interface of the lobes. The

energy contribution to the association energy was cal-

culated with a surface torsion coefficient of 0.005 kcal/

Å2 (Sitkoff et al. 1994).

Ionization energy

The ionization energy resulting from the protonation of

the amino acids upon lobes association is calculated as

1.36(pH–pKstandard) (Alexov 2004a), where pKstandard

are the standard pKa’s of ionizable groups. Thus, a

residue that is unprotonated in the free lobes but

becomes protonated upon lobes association contributes

unfavorably to the energy of the association. In our

case, only Glu residues change their ionization states

and the standard pKa of Glu residue is 4.4.

Results

Calculation of the protonation states

of the ionizable groups

The results of MCCE calculations are summarized in

Table 1. Reported are only the pKa of those groups

that were calculated to be neutral in some of the

conformational states. The most right column shows

experimentally determined pKa’s of several acidic

groups in homologous protein calbindin (Kesvatera

et al. 2001). These acids were selected using structural

superimposition of the N-lobes of 1cbl and the pep-

tide-free structures studied in this work (Fig. 2). To

reduce the complexity of the graphical presentation,

1cll is deleted form the figure. The bottom of the figure

shows the resulting sequence alignment. Five acidic

groups superimpose well for all N-lobes—three of

them are within Table 1 and other two are not shown.

Except for the alignment of Glu27(1cbl) onto

Glu31(1cfd,1prw,1cll), all other superimposed residues

have completely different side chain orientation

among the calbindin and calmodulins. Such structural

differences should affect the pKa’s of these groups.

However, comparing our calculated pKa’s to the

experimental data reported in Kesvatera et al. (2001)

we found that the results are quite similar. The

Table 1 Calculated pKa’s of selected acidic residues

Amino acid 1cfd 1cll 1prw 1cdl 1clb (calbindin)

Glu7 4.5 4.7 10.5 3.3 –
Glu11 4.6 5.1 >14.0 4.7 Glu5 = 3.6
Asp20 5.0 <0.0 1.5 <0.0 –
Glu31 6.5 5.0 <0.0 1.5 Glu27 = 6.5
Asp56 5.0 <0.0 0.7 4.2 –
Glu67 7.9 2.5 5.4 <0.0 Glu65 = 5.6
Asp80 3.9 4.7 4.8 2.4 –
Glu82 8.3 3.4 5.0 4.1 –
Glu84 5.0 5.2 4.3 4.5 –
Glu114 6.9 4.9 10.4 1.0 –
Glu120 5.0 4.7 8.1 1.7 –
Asp122 5.8 4.8 4.4 2.6 –
Glu127 4.2 5.1 9.5 <0.0 –

The last column provides the experimental pKa’s of selected
residues in apo calbindin. For the residue correspondence be-
tween calmodulin and calbindin see Fig. 2
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residues that are not shown in Table 1 are Glu48(1cbl)

having pKa(exp) = 4.76 which superimposes on

Glu47(1cfd,1prw) with calculated pKa(1cfd) = 3.65,

pKa(1prw) = 3.0 and pKa(1cll) = 4.07. Residue Glu51

on calbindin superimposes onto Asp50 of calmodulins.

The experimental pKa(exp) is 5.15 and the calculated

pKa’s are 4.56, 4.93 and 4.73 for 1cfd, 1prw and 1cll,

respectively. Table 1 shows the experimental pKa of

Glu7 in calbindin. This residue superimposes onto

Glu11 of calmodulins. The calculated and experimen-

tal pKa’s are within 1 pH unit, except for pKa of

Glu11 in 1prw. The reason is the compactness of 1prw,

which buries Glu11 between the lobes. The best

superimposition was found in case of Glu27(1cbl) onto

Glu31(1cfd, 1prw, 1cll). The calculated and experi-

mental pKa’s are in very good agreement except for

Glu31 in 1prw, which is ligand to the calcium ion. The

average value of the calculated pKa’s for Glu67 over

all calmodulins is very close to the experimental pKa

of Glu65 in calbindin. Thus, despite of different side

chain orientation, the experimental and calculated

pKa’s are in good agreement even taken from different

proteins.

Except for the CLPB, all other compact conforma-

tions have protonation states that are different from

protonation states of the extended form. All acids are

predicted to be fully ionized in the extended CLPF

(1cll) calmodulin since the X-ray experiment was done

at pH about 6 while the highest calculated pKa is 5.2.

Thus, the acidic residues within the extended CLPF

calmodulin are not involved in strong unfavorable

interactions and their pKa’s are not perturbed relative

to the standard values. However, the compact struc-

tures have several amino acids with elevated pKa’s.

The simplest case is the semi-compact structure of

CFPF calmodulin (1cfd). Only Glu67 and Glu82 were

calculated to have pKa’s larger than of the pH of the

experiment (pH = 7.0). However, we carried MCCE

calculations on the isolated lobes and the central helix

and the results showed that the pKa’s of Glu67 and

Glu82 are the same as calculated with the entire pro-

tein. Thus, the abnormal pKa’s are not caused by the

inter-lobes unfavorable interactions but by desolvation

and electrostatic interactions of these residues within

the corresponding lobe/helix. Thus, a hypothetical

conformational change that brings lobes from extended

to semi-compact structure will not induce proton up-

take/release.

The most interesting case of compact structure is

1prw. Five amino acids are calculated to be neutral at

pH = 5.4, the pH of the X-ray experiment. In contrast

to the previous case, these elevated pKa’s are induced

by inter-lobe interactions. The acids shown in bold in

Table 1 form a complicated network across the inter-

face of the lobes in which Glu7(lobe#1) interacts with

Glu127(lobe#2), Glu11(lobe#1) interacts with Glu127

(lobe#2), Glu114(lobe#2) pairs with Glu14(lobe#1) and

Glu120(lobe#2) interacts with Glu14(lobe#1). In many

of these pairs, the inter-atomic distance between car-

bonyl oxygens of two acids is less than 3 Å and thus

suggesting that they should be bridged by a hydrogen

bond. This observation suggests the structural origin of

the elevated pKa’s. Thus, a hypothetical process that

will bring the extended conformation (1cll) to the

compact conformation (1prw) should induce significant

proton uptake of five protons. The protonation of the

above mentioned amino acids not only removes the

unfavorable interactions across the lobes interface, but

Fig. 2 Grasp 2 (Petrey and
Honig 2003) structural
alignment and the resulting
sequence alignment of apo
calbindin and 1cfd and 1prw
structures. Acidic residues
that are structurally aligned in
all three structures are
pointed with orange arrows.
From left to right these
residues are: (1)
Glu5(1clb) = Glu11(1cfd); (2)
Glu27(1clb) = Glu(31)(1cfd);
(3) Glu48(1clb) = Glu47
(1cfd); (4) Glu51(1clb)
= Asp50(1cfd) and (5)

Glu65(1clb) = Glu67(1cfd)
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also reduces the negative net charge of the lobes and

favors the compact form formation.

The last case is the compact CLPB calmodulin

(1cdl). All acidic residues are calculated to be ionized

at the pH of the experiment. Majority of the amino

acids have pKa values lower than those of the standard

values. This is because of the favorable interactions

with basic residues of the peptide that provide specific

interactions with the negatively charged acids. It

should be pointed out that the residues that were cal-

culated to be protonated in CLPF compact form

(1prw) are now predicted to have very low pKa’s.

Comparing 1prw and 1cdl structures, it can be seen that

the binding of the target peptide increases the distance

between lobes in 1cdl as compared to 1prw structures.

In some cases, the peptide inserts a basic side chain

between acidic chains that belongs to opposite lobes as

in the case of Glu14(lobe#1) and Glu114(lobe#2)

whose interactions are now mediated by Lys802 (pep-

tide). In other cases, the peptide binding results in

separation of the acidic pairs and each acidic side chain

is bridged with a basic side chain of the peptide. Typ-

ical cases are Glu7 and Glu14 pairing with Arg798

(peptide), and Glu122 making a bridge with Lys799

(peptide).

Internal conformational changes of the lobes

in different states

Available structural data for calmodulin suggests that

there are four distinctive conformational states asso-

ciated with distance and the orientation of the lobes:

(a) CFPF adopting semi-compact structure but some

of the structures in the NMR ensemble are quite ex-

tended too, CLPF compact, CLPF extended and CLPB

compact forms. Only CFPF form is calcium-free while

all other forms are calcium-loaded. Before analyzing

the interactions between lobes, we should investigate

how different are the internal conformation of the

lobes in these states. To address this question we will

take the conformation of the lobes in the extended

form (file 1cll) as a reference. Comparison of the CFPF

lobes (1cdf) to lobes in 1cll file results to backbone

rmsd of 4.38 Å and of 4.20 Å for the N- and C-terminal

lobes, respectively. This large difference was expected

since the calcium binding induces significant internal

rearrangement of EF-hand motifs (Ikura 1996). How-

ever, structural superimposition of CLPF lobes, files

1prw and 1cll, also shows noticeable differences. The

backbone rmsd is 2.38 and 1.00 Å for the N- and

C-terminal lobes, respectively, indicating that the

internal organization of the domains is not identical in

extended and in compact CLPF forms. This difference

may arise either from different experimental condi-

tions or from the interactions between lobes. The

internal conformation of the lobes in CLPB form

(1cdl) compared to the lobes in 1cll file results in rmsd

of 0.62 and 0.72 Å for the N- and C-terminal lobes,

respectively. This difference is even of smaller magni-

tude as for the compact CLPF form of calmodulin and

indicates that the internal organization of the lobes is

not only determined by the calcium binding. Compar-

ison between CLPF compact (1prw) and CLPB com-

pact (1cdl) conformations resulted to backbone rmsd

of 2.25 and 1.00 Å for the N- and C-terminal lobes,

respectively. In contrast, the backbone difference be-

tween CFPF (1cfd) and the compact CLPF (1prw)

structures is 2.83 and 4.48 for N- and C-terminal lobes,

respectively. At the end, the backbone rmsd difference

between CFPL (1cfd) and CLPB (1cdl) resulted to 4.20

and 3.98 for N- and C-terminus lobes, respectively.

Thus, the internal structure of the calmodulin lobes

is not identical among these states, but clearly the

tertiary structures of the two domains fall roughly into

two categories, corresponding to the calcium-loaded

and calcium-free states. Since the internal organization

of the lobes is quite similar in CLPF states, which were

found to adopt either compact (1prw) or extended

(1cll) conformations, we will first study the energetic of

CLPF state.

The protonation states and energies of CLPF state:

comparison of compact and extended structures

In order to estimate the role of the non-bonded ener-

gies to the extended and compact forms of CLPF cal-

modulin we used the intermediates generated by the

MORPH server, as described in the Methods section

(Fig. 1). The relative coordinate of this transformation

begins with zero, corresponding to the X-ray structure

of 1prw, runs over ten intermediates, and ends with 1cll

structure.

Calculation of the protonation states

Each of the MORPH structures was subjected to

MCCE calculations to reveal the protonation states.

The results are shown in Fig. 3. It can be seen that all

five residues mentioned above are protonated in the

compact structure and remain protonated at the next

transformation step. The first residue that becomes

ionized is Glu7, which is fully ionized at the second

transformation and remains so up to the end of the

trajectory. Glu11 is also quickly ionized, since it breaks

the unfavorable contacts with the amino acids in the

lobe#2 as the transformation progresses from the
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compact to the extended structure. Glu114 and Glu120

are the residues that remain protonated up to the sixth

step. Thus, the protonation state of the acidic residues

at the interface of the lobes is an important factor

affecting the change of the association energy of the

lobes along the transformation trajectory.

Energy calculations

All structures were minimized prior the energy calcu-

lations with appropriate ionization states of Glu7, 11,

114, 120 and 127. To reduce the bias toward particular

crystal or MORPH generated structure, we adopted

the methodology described in the Methods section,

which assumes rigid body calculations. Since we are

focusing on lobe interactions and the structure of the

central helix changes dramatically as the compact form

approaches the extended form, the helix was excluded

from the calculations. Thus, in Eq. (1) the term named

‘‘two lobes’’ is simply the non-bonded energy of the

lobes in a particular conformation without the central

helix, while other energy terms were calculated on the

isolated domains keeping their conformation the same

as they have in the entire protein. The results are

shown in Fig. 4. It should be noted, however, that each

point of the graph was calculated relative to a different

reference state, since the conformation of the lobes

changes along the MORPH trajectory. Thus, the en-

ergy profiles shown in Fig. 4 should be considered only

as an estimation of the ‘‘real’’ energy profile of a

transition from extended to the compact CLPF cal-

modulin. In addition, the transformations generated by

the MORPH server do not necessary reflect the actual

conformational changes. Despite these approxima-

tions, Fig. 4 provides interesting insights into the pos-

sible role of different energy components on the

energy of association of calmodulin lobes.

Two different scenarios were calculated, and labeled

in Fig. 4a as ionized and protonated. In the first case all

residues were kept in their default ionization states,

e.g. all residues were ionized except for His107, which

was kept neutral in both separated and assembled

domains. Thus, the lobe association was considered not

to induce ionization changes. In the second protocol

the acidic residues that were predicted by MCCE to be

protonated in the protein were kept neutral, while they

were ionized in the isolated lobes. Thus, in the second

case, the association induces proton uptake. As it can

be seen, at large distance between lobes both protocols

give similar results, with non-bonded energy slightly

negative or close to zero. At medium distances, the

association energy is positive and the general trend is

to increase as the distance between lobes decreases

(the bumpy energy landscape is a result of non physical

nature of MORPH generated structures (1–10) while

the structures at coordinates 0 and 11 are native

structures). The major difference between both pro-

tocols is seen at very short distances between lobes

where the ionized protocol calculates large unfavor-

able energy while the protonated protocol predicts

favorable energy of association. The association energy

of the compact form (coordinate 0) is even more neg-

ative than of the association energy of extended form

(coordinate 11). The energies were recalculated with

eps(in) = 2 (Fig. 4a) and similar behavior was ob-

tained. The major difference in respect to the results

with eps(in) = 1 is that the amplitude of the changes

is reduced. What are the contributions of different

energy terms to the total energy of association?

Figure 4b shows that the electrostatic and vdW

energies dominate. The electrostatic energy calculated

with the ionized protocol strongly opposes the forma-

tion of the compact structure and rapidly decreases

as the lobes move away from each other adopting

the extended conformation. In compact conformation

(1prw), there are several acidic residues that form pairs

as Glu7(lobe#1)–Glu127(lobe#2), Glu11(lobe#1)–

Glu127(lobe#2), Glu14(lobe#1)–Glu114(lobe#2) and

Glu14(lobe#1)–Glu120(lobe#2). Since they are at the

interface, they are highly desolvated and interact

unfavorably to each other. This gives rise to highly

positive energy of association between lobes. The

magnitude of the energy decreases as the relative

coordinate increases and this results to a gradient (a

repulsive force) that intends to separate lobes. Turning

off the charges of these groups (excluding Glu14) as
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done in the protonated protocol makes the electrostatic

component of the association energy less unfavorable

even at close distances between lobes. The electrostatic

energy difference between ionized and protonated

protocols at coordinate 0 (1prw compact form) is more

than 100 kcal/mol. The unfavorable association energy

is reduced with the protonated protocol because the

desolvation penalty of burial of a neutral group is much

less than that of an ionized group. In addition, the

protonated protocol removes the unfavorable pairwise

interactions between closely situated negative charges.

The second major energy component is vdW energy.

Since the structures were minimized, this energy is

favorable and slowly decreases along the trajectory. At

coordinate 6 and further the vdW energy is almost zero

because there are no contacts between lobes. The other

two energy components, namely the energy associated

with the surface tension and the ionization energy are

relatively small, however, the ionization energy is pH

dependent and its magnitude at pH = 5.4 at coordinate

0 is not negligible (+6.8 kcal/mol).

How the parameters of the environment affect this

precise balance? To address this question we carried

energy calculations assuming that the dielectric con-

stant of the solution is smaller than of water. (In this

case, only the ionized protocol was used since MCCE

was calibrated for external dielectric of 80 and there-

fore the calculations of pKa’s with external dielectric of

40 and 20 may not be accurate). This was done as an

attempt to mimic the effect of organic solution on the

energy of the association. A better approach would

require explicit modeling of the binding of organic

molecules onto calmodulin. However, the binding sites

are unknown which led us to adopt the above simple

approach and to mimic the effect of organic com-

pounds by lowering the dielectric constant of the

solution. The calculations indicate that lower dielectric

constant of the solution makes the association energy

less favorable (results now shown). The energy is ex-

tremely positive for compact structures and its magni-

tude decreases with the coordinate. Such energy profile

would result to an energy gradient inducing a force that

tries to separate the lobes. Thus, at low dielectric

constant of the solution the lobes will prefer to be

further away from each other and only the linker keeps

them together.

Another important parameter of the environment is

pH. Figure 4c shows the total non-bonded association

energy calculated at pH = 5.4 and 7.4. The ionization

states were kept the same in both calculations and they

were identical to those reported above. Thus, the only

energy component that is pH dependent under such an

assumption is the ionization energy. As it can be seen,

the increase of the pH to 7.4 makes the energy of the

compact structure less favorable by +13.6 kcal/mol.

This is a significant number that could turn the precise
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balance of forces and clearly disfavors the compact

form. Thus, with increase of the pH, the extended form

is more energetically favorable.

pH-dependence of the stability of compact

and extended CLPF calmodulin

Alternative way of addressing the effect of pH on the

preferentiality of calmodulin to adopt compact or ex-

tended conformations is to calculate the ionization free

energy of folding as a function of pH for both forms.

The calculations were done allowing side chains and

polar protons to sample different orientations as well

as allowing ionization changes of titratable groups (see

Alexov 2004b for details). The results are shown in

Fig. 5. Both energy curves were normalized to zero at

pH of maximal stability (called optimum pH). It can be

seen that compact structure has optimum pH of 5.0

(solid vertical arrow), while extended has optimum pH

of 8.0 (empty vertical arrow). Thus, compact structure

is mostly stable at low pH and quite rapidly the folding

energy increases with increase of pH. The ionization

free energy of folding becomes less favorable by about

25 kcal/mol as pH changes from 5.0 to 8.0. The energy

profile for extended conformation is flatter, which can

be expected since the interactions between lobes are

weaker as compared to the compact structure. The

ionization free energy of folding becomes less favor-

able as pH changes from pH 8.0 to 5.0 for the extended

conformation. Thus, these calculations confirm the

findings of the previous section that pH is a strong

regulator of the over shape of calmodulin. The com-

pact form is most stable at low pHs while the extended

at high pHs.

Residues with strong contribution to the lobe

association

The first question that we attempted to address is how

similar are the interfacial residues in the two compact

forms considered in the paper—CLPF compact form

and CLPB compact form. The change of the accessible

surface area for each residue was calculated for 1prw

and 1cdl and the results are shown in Fig. 6a. The

residues within the linker helix were deleted form the

graph since the paper focuses on lobes interactions.

The patterns of 1prw and 1cdl curves are very similar.

The same residues that form the interface in the

compact CLPF calmodulin are buried in the CLPB

form too. In the CLPB form some of the changes in the

surface accessibility are caused by the presence of the

target peptide. This similarity indicates that interfacial

residues of both compact forms are the same and

suggests the formation of compact structures requires

similar association modes.
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The energy contribution of the individual residues

to the stability of the compact forms is shown in

Fig. 6b. The residues within the linker helix are deleted

from the figure. The figure shows that the residues

having large energy contribution are preserved in 1prw

and 1cdl structures. However, in CLPB form (1cdl)

most of these acidic residues interact with the bases of

the target peptide and thus have favorable energy. In

contrast, the same residues in CLPF structure (1prw)

are calculated to oppose the formation of the compact

structure. However, despite of this fact, they are the

residues providing the largest (favorable or unfavor-

able) energy to the stability.

Discussion

The analysis of the pKa of the ionizable groups in

different conformational states of calmodulin revealed

three major cases. In the simplest case of extended

calmodulin, all amino acids are fully ionized and their

pKa are close to the standard values. All amino acids

are fully ionized in peptide-bound (1cdl) structure too,

but some of them have pKa values much lower than

the standard values, indicating that these residues

strongly contribute to the peptide binding. Thus, acidic

side chains with apparent pKa’s smaller than the

standard values represent residues that contribute to

the stability of protein. The second case is manifested

by the apo structure (1cfd). Several acidic residues are

calculated to be neutral, but their charges are turned

off by the internal structure of the lobes. Thus, these

structures may have the tendency to form a compact

conformation, because the negative net charge of the

lobes is a priori reduced in separated domains. The

third case is demonstrated in the compact structure of

CLPF calmodulin (1prw). The formation of the com-

pact form is calculated to require protonation of five

amino acids and this should be observed experimen-

tally as a large proton uptake.

Protonation of a residue at pH away from its pKa is

an unfavorable process (see for example Alexov

2004a). However, the magnitude of this unfavorable

energy decreases as the pH of the solution approaches

the standard pKa of this type of residue. The compact

CLPF calmodulin (1prw) was crystallized at pH = 5.4,

which is only a 1 pH unit above the standard pKa of

Glu residues. Thus, the magnitude of the unfavorable

ionization energy is relatively small. However, at

higher pH the magnitude of the unfavorable ionization

energy will increase and the protein may not be able to

pay the price. Thus, our prediction is that CLPF cal-

modulin in water should prefer mostly the compact

structure at low pH, but an increase of pH should re-

verse this tendency and at higher pHs calmodulin

should exists only in extended conformations. At pH

values where the domains are neutral, the intermo-

lecular interactions may be preponderant, resulting in

low solubility and aggregation.

The theoretical prediction is supported by recent

single-pair fluorescence resonance energy transfer

experiments (Slaughter et al. 2005b) showing that the

populations of compact and extended calmodulin

structures are controlled by pH and salt concentration.

It was shown (Slaughter et al. 2005b) that at low pH

(pH = 5.0) calmodulin adopts predominantly compact

conformations. The same effect was demonstrated

experimentally by single-molecule tracking (Slaughter

et al. 2005a) showing that at pH = 5 calmodulin adopts

the compact conformation while at pH = 7.4 it samples

both the extended and compact conformations.

The present pKa calculations support the notion

that acidic residues play a dual role. In the peptide-free

protein their ionization states determine the overall

conformation of calmodulin. At higher pH, these

amino acids are ionized and they repel each other

resulting to large lobe separation and thus to an ex-

tended shape. As pH lowers, some of the amino acids

become protonated and since the repulsion between

the lobes is reduced, the calmodulin may have the

preference to bind smaller targets and to form compact

complexes. Thus, pH could serve as an important fac-

tor that modulates calmodulin affinity to target with

different sizes. The binding of a basic peptide results in

a favorable environment for acidic residues, which

become fully charged even at low pH, thus providing

specific interactions (Bhattacharya et al. 2004; Hul-

tschiga et al. 2004) with the peptide residues.

The parameters of the environment play a signifi-

cant role on the preference of calmodulin for compact

or extended conformations. The salt concentration is

an additional regulator that reduces the repulsive

interactions between negatively charged lobes. As it

was shown experimentally (Slaughter et al. 2005a, b),

an increase of the salt concentration increases the

probability of the compact form of calmodulin. Thus,

both the pH and the salt concentration modulate the

inter-lobe distance of calmodulin. In addition, the

presence of alcohol in the water phase also affects

the distribution of compact and extended conforma-

tions. As it was shown in our energy calculations, the

lowering of the dielectric constant of the solution

favors the extended form of calmodulin by increasing

the strength of the repulsive interactions between

negatively charged lobes. This finding is in accordance

with experimental data (Slaughter et al. 2005b) that
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show that an addition of 50% ethanol broadens the

distribution of the conformational states of calmodulin

as compared to the distribution in water. The increase

of the repulsion forces between the lobes as the alcohol

concentration increases could be the reason for the

decreased affinity for the target (Ohashi et al. 2004).

In this study, the role of the central helix on the

conformational states of calmodulin was ignored. This

is an obvious simplification and many of the above

discussed effects could be affected by the helix plas-

ticity at different pHs, ionic strength and organic

compounds. For example, a recent molecular dynamics

study showed that the presence of trifluoroethanol

makes the central linker more rigid (Broxk et al. 2004).

Thus, a combination of lobe interactions and helix

plasticity should be taken into account simultaneously

in order to uncover the detailed energetic of the cal-

modulin conformational changes (Yang et al. 2004).

Our energy calculation (data not reported) showed

that the long-range interactions between calmodulin

lobes are not affected by internal lobe organization.

This is in agreement with the recent X-ray structure

(Grabarek 2005) that shows that in case of CLPF cal-

modulin a change of the internal conformation of the

lobes do not change the dumbbell shape of extended

calmodulin. The comparison of the Ca2+ loaded cal-

modulin structures showed that the variation of the

internal lobe conformations is within 3 Å. Thus, the

transition from extended CLPF calmodulin (1cll) to

either the compact form (1prw) or to CLPB calmod-

ulin (1cdl) could be approximated as a rigid body

motion. Modeling of the electrostatic interactions

along a putative trajectory that converts the extended

to compact conformations of calmodulin and vice versa

revealed that the electrostatic energy does not depend

on the lobes orientation too (data not shown). Thus,

neither the internal conformation nor the orientation

of the lobes plays a role at long distances. However, at

close distances specific electrostatic and vdW interac-

tions determine the exact 3D structure of the compact

forms of calmodulin. It appears that these specific

interactions are preserved in the compact forms since

the interface between lobes formed in the compact

CLPF and CLPB forms are quite similar (see Fig. 6).

The fact that the binding mode of peptide-free and

peptide-bound calmodulin are similar indicates that

either the binding mode is constrained by the central

linker or that the lobes interfaces are complementary.

The results obtained in the present work demon-

strate that the electrostatic energy calculations may

provide a rationale insight into the structural plasticity

of a two-domain protein, calmodulin. More than two-

third of the eukaryotic proteins are predicted to have

also a modular structure, with compact domains linked

by flexible linker (Broxk et al. 2004). In most cases this

intrinsic flexibility has consequences on the solubility,

aggregation or crystallography, and the structure is

only known for isolated domains. Analysis of the

electrostatic properties of these domains and the sim-

ulation of inter-domain interactions by a rationale

similar to that proposed in this paper would help in

improving the physicochemical conditions of experi-

mental studies.
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