
Articles

Interaction of Antagonists with Calmodulin: Insights from Molecular Dynamics Simulations
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We report results of 12 ns, all-atom molecular dynamics simulation (MDS) and Poisson-Boltzmann free
energy calculations (PBFE) on calmodulin (CaM) bound to two molecules of trifluoperazine (TFP) and of
N-(3,3, diphenylpropyl)-N′-[1-R-(3,4-bis-butoxyphenyl)-ethyl]-propylenediamine (DPD). X-ray data show
very similar structures for the two complexes, yet the antagonists significantly differ with respect to their
CaM binding affinities, the neutral DPD is much more potent. The goal of the study was to unravel the
reason why TFP is less potent although its positive charge should facilitate binding. The electrostatic energy
terms in CHARMM and binding free energy terms of the PBFE approach showed TFP a better antagonist,
while inspection of hydrophobic contacts supports DPD binding. Detailed inspection of the amino acid
contributions of PBFE calculations unravel that steric reasons oppose the favorable binding of TFP. Structural
conditions are given for a successful drug design strategy, which may benefit also from charge-charge
interactions.

Introduction

CaMa is the major calcium receptor inside the eukariotic cells
and the major regulator of Ca2+-dependent signaling processes.
It is a small acidic protein (16700 Dalton) found in the central
nervous system, where it is involved in a variety of cellular
functions through the activation of some ∼30 calmodulin-
dependent enzymes.1–6 The available crystallographic data
obtained for Ca2+-loaded CaM7–9 show that its structure is built
up from two characteristic “dumbbell”-shaped globular lobes,
which are separated by an eight-turn R-helix (residues 67 to
93), connecting the fourth helix of the N-terminal lobe with
the first helix of the C-terminal lobe. The central region (residues
75-84) of this long helix forms a linker handle connecting the
two domains. Each domain has two “EF-hand” motif Ca2+

sites, linked to each other by a short antiparallel �-sheet. The
domains have a concave hydrophobic surface in their center
surrounded by negative residues. Small angle X-ray scattering
data and recent NMR studies have shown that, while the globular
domains maintain similar conformations to those observed in
the crystal structures, in solution, they are closer to each other
by several Ångströmssindicative of a bent central helix under
this condition.10,11 Computer simulations of Ca2+-loaded CaM,
show that the central linker7,12,13 region not only bends, but
also converts between a helical and a random coil structure on

the ns time scale.14,15 The flexibility of this central helix largely
contributes to the ability of CaM to sample and adopt the
numerous versatile conformations required to bind its great
diversity of targets with high affinity (Kd ∼ nM).16 It facilitates
reorientation of the bulky hydrophobic residues (“hydrophobic
patches”) located in both the C- and N- domains or that of its
IQ motifs, responsible for target recognition.7,17–19 Several
studies have also shown that the conformational change induced
by Ca2+-binding exposes the hydrophobic patches of both
domains to solvent, thus promoting the binding of CaM to its
targets largely driven by the hydrophobic effect.4,7,20–22

Of significant biomedical interest is that CaM-induced target
enzyme activation can be blocked by several classes of
pharmacological effectors: antipsychotics, antidepressants, muscle
relaxants, and local anesthetics.23 CaM thus has been long
considered a possible target in drug design strategies.24 Our goal
in this work was to use the tools of molecular dynamics
simulation to answer the question what the dominant factors
are in suggesting optimal molecular structures for functional
antagonists. Can this design be based on understanding the
details of possible binding interactions with an antagonist or
the dominant factor is the significant conformational change
induced by complex formation with any of the bound molecules?
For this purpose, we selected to study two structures of
biomedical interest, CaM bound to two molecules of trifluop-
erazine (CaM-TFP) and CaM bound to two molecules of
N-(3,3,-diphenylpropyl)-N′-[1-R-(3,4-bis-butoxyphenyl)-ethyl]-
propylenediamine (CaM-DPD). Both of these were already
studied by X-ray crystallography; actually, the latter antagonist
had been designed based on the structure of the binding site in
the complex with TFP.9,25,26

TFP, a phenothiazine derivative (shown in Figure 1), is one
of the most potent antipsychotic agents known and has been
the object of several experimental CaM inactivation and binding
studies.27–30 Various investigators have reported dissociation
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constants in the 1-8 µM range for the CaM-TFP complex with
two,31 four,28 and seven8 TFP molecules bound to CaM.
Structures of CaM-TFP have been determined by X-ray
crystallography bound to one,32 two,,25 and four33 TFPs. A
recent computational study34 performed on the 1:4 CaM/TFP
complex has shed light on the conflicting stoichiometries
reported in the literature, supporting the model proposed by
Vertessy et al.25 for only two TFP binding sites. Simulations,
although relatively short (2 ns), showed that two of the four
TFP molecules dissociate completely from CaM within the first
500 ps, while two TFPs remain bound to the C-domain. This
result was in agreement with the C-domain site being the only
one occupied in the 1:1 CaM-TFP structure32 and also being
the best-defined site in the 1:4 complex.33 DPD had been
designed to be a better antagonist than TFP.35 This molecule
(Figure 1) belongs to a new arylalkylamine class of CaM
antagonists and was recently synthesized as a novel derivative
by Chinoin Zrt (Budapest, Hungary). The CaM-DPD structure
has also been determined by X-ray crystallography with two
DPD molecules bound.26 DPD was found of much higher
affinity for CaM (Kd ≈ 18 nM)26 than TFP for binding the first
molecule and proved to be more effective antagonist also.

DPD is a quite larger molecule than TFP with more extended
hydrophobic regions, while TFP carries a net positive charge
that would enable it to interact with acidic residues of the active
site. The starting X-ray structures are practically identical for
both CaM complexes (superimposed backbone RMSD ) 0.62
Å), yet the antagonists have very different binding affinities for
binding the first molecules. It is also noteworthy that although
negatively charged residues are present and extend into the
active site pocket, TFP seems not to make strong and specific

contacts with them. The role of electrostatic interactions in
forming complexes of CaM and target molecules has been
debated.36 It would be interesting to know why TFP is a less-
potent antagonist, while it is capable of both hydrophobic and
electrostatic interactions with the binding pocket. It is also a
question whether the extended size and hydrophobicity of DPD
would be enough to explain its significantly higher affinity for
CaM binding. To answer such questions relevant to general drug
design strategies, we decided to further refine the structural
details of the two selected complexes by relaxing crystal packing
constraints in a molecular dynamics simulation (MDS) study
and to analyze the significance of relevant interactions in the
efficiency of binding an antagonist. We wanted to see whether
the contribution of these interactions (derived from knowing
the X-ray structure of the complex with antagonists) to the
binding free energy37 would guide our understanding in efficient
drug design with respect to calmodulin, where the highly
dynamic nature of the conformation plays such an important
functional role.

Computational methods are widely used for the characteriza-
tion of protein effector binding sites, especially now that large
amounts of genomic protein structural information are becoming
available. In general drug design, common modeling strategies
to optimize binding affinity are usually focused on functional
site detection, that is, on locating binding sites on a protein
surface or cleft, followed by considering functional site similar-
ity, in which structural/chemical templates are used to classify
and locate new binding sites, and finally on docking, used to
refine and validate functional sites.38,39 The goal of such studies
is, first of all, a quick screening of a variety of compounds, and
in most cases, they do not allow for a detailed analysis

Figure 1. CHARMM atom types and partial charges for newly defined residues: DPD (top) and TFP (bottom).
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concerning the impact of conformational dynamics on protein-
effector recognition processes.35,40–42 In this study, we per-
formed 12 ns molecular dynamics calculations on fully solvated
structures and analyzed the binding interaction terms in the
frame of CHARMM and by using a Poisson-Boltzmann free
energy approach. No modeling studies have been reported to
date on the interaction of CaM with the high-affinity DPD nor
on the physiologically relevant 1:2 TFP complex.

Results

Overall Dynamics. Concerning the results of MDS, we found
it important to control whether the neighboring protein mol-
ecules in the periodic water-box system had an influence on
the dynamic motions of each protein. Is it true that the proteins
are able to freely adjust their structure to the conditions of
motion, temperature, and pressure? For this purpose, we
determined the smallest distance between the neighboring
protein molecules in the X, Y, and Z directions along the
trajectory. These plots are shown in Figure 2 for both studied
complexes. It is evident that the molecules can freely move
within their water boxes along the trajectory, and the periodic
system does not add any constraints to their structure acquired
through dynamics. To examine the effect of solvation and
dynamics on the structure of the complexes, we calculated the
RMSD related to the starting energy-minimized X-ray coordi-
nates after heating and equilibration for the protein backbone
and specific regions of interest (C-, N-domain, central helix,
antagonists) during the 12 ns simulation time, as shown in Figure
3. The trajectory displays a backbone stability achieved after
∼5 ns, with similar RMSD values for both complexes. The plots
for the two domains show rearrangements during the trajectory,
which is more significant for the TFP complex. The central helix
linker, the flexible helix region that bends to wrap around CaM
targets, remains stable, and the RMSD average values are 0.81
Å for DPD and 0.63 Å for TFP. It is interesting to see that the
structural change of the two antagonist molecules is different
in both cases. In general, the two DPDs show more structural
adjustment due to the dynamics.

Figure 4 compares the residue RMSD time-average values
of the two complex structures for the last ns. The dynamic

feature of both structures is significantly different; the binding
of antagonists seems to affect the mobility of the polypeptide
chain in different regions. In the case of the TFP complex, the
central helix and its broad neighborhood show significant
mobility, while, with DPD bound, the mobility of the linker
region seems reduced, except for a single central linker residue
(ASP78). Figure 5 compares the RMSF calculated from the
trajectory (upper panels) with reference to the energy-minimized
structure and the RMSF derived from the experimental B-factors
of the CR-atoms25,26 using eq 3 (lower panels). The figure shows
that the trajectory RMSF (RMSFavg of 1.42 and 2.07 Å for
CaM-DPD and CaM-TFP, respectively) values are somewhat
larger than those obtained from the X-ray structure refinement
procedure (RMSFavg of 1.0 and 1.1 Å for CaM-DPD and
CaM-TFP, respectively). Crystallographic refinements always

Figure 2. Projection of the least distance between the neighboring proteins in the periodic water-box systems onto the X, Y, and Z axes of both
complexes, plotted along the trajectory.

Figure 3. RMSD from the energy-minimized starting structure during
the 12 ns trajectories acquired for the CaM-antagonist complexes. Dark
trace: CaM-TFP; grey trace: CaM-DPD.
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tend to underestimate large fluctuations, and it is accordingly
expected to see more pronounced RMSF in solution simula-
tions.43 An interesting feature of Figure 5 is that the fluctuations
show a much more significant mobility in the CaM-TFP
complex. These fluctuations seem to affect more or less the
whole structure.

In Figure 6, the time evolution of the radius of gyration is
shown for both complexes. The Rgyr of CaM-TFP remains
stable over almost the whole dynamics run, while the Rgyr of
the DPD complex changes from a higher starting value down
to a value still higher than that of the TFP complex. When
interpreting the Rgyr values, one has to consider that Rgyr is a
radius in a globular approximation. As discussed below, MDS
drives the almost identical starting structures into structures that
are distinct also in their overall shape. Thus, Rgyr has a different
meaning in the two cases.

In Figure 7, the time-evolution of the interaction energies is
plotted for the CaM-antagonist complexes based on the energy
terms in CHARMM. The energies are reported separately for
each antagonist. Notable differences characterize the respective
complexes. In the case of CaM-TFP1, the total energy average
is -65.2 kcal/mol and -96.1 kcal/mol for CaM-TFP2. For
DPD, the values are -45.4 kcal/mol for CaM-DPD1 and -53.3
kcal/mol for CaM-DPD2. The results suggest that the CHARMM
interaction energy is larger when the complex is formed with

Figure 4. RMSDres values for the main chain of CaM-DPD (top)
and CaM-TFP (bottom) complexes.

Figure 5. Comparison of RMSF from simulation (upper panels) with
the fluctuations derived from experimental crystallographic B-factors
(lower panels) for CaM-DPD (top) and CaM-TFP (bottom).

Figure 6. Radius of gyration (Rgyr) for all CR-atoms for the two
CaM-antagonist complexes. Black trace: CaM-TFP; grey trace:
CaM-DPD.

Figure 7. Interaction energies for the CaM-antagonist complexes.
Dark trace: CaM-TFP, grey trace: CaM-DPD. Top: total energy;
middle: electrostatic, bottom: van der Waals contribution.
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TFP. As expected, its major contribution comes from the
electrostatic energy term, which is -34.3 kcal/mol for the
binding of TFP1 and -63.4 kcal/mol for TFP2, due to
the charged piperazine rings. This term is accordingly much
smaller for the neutral DPD (-5.5 and -10.5 kcal/mol,
respectively). We note, however, that the van der Waals
(vdW) term is larger for DPD (-39.5 and -44.1 kcal/mol
versus -30.4 and -32.6 kcal/mol of TFP).

The overall structures after MDS (the structures in the figure
were determined by overlapping the backbones in a least-squares
fitting procedure) and an enlarged view of the position of the
antagonists in the X-ray structure and after MDS are shown for
both complexes in Figure 8. Comparison of Figure 8a,c shows
that the overall shape of the complexes evolved to distinct
structures, the complex with TFP is more elongated, while the
CaM-DPD complex is more bulky. Figure 8b,d show how the
position of the antagonists changed during the dynamics run.
There are significant changes for both types of complexes, but
the rearrangement is much more dramatic for the two TFP
molecules. In this complex, the rearrangement of the interact-
ing amino acids, also shown in the figure, is also significant.
This comparison show structural instability of the binding
complex in the case of TFP as also indicated by the RMSF
data in Figure 5.

Results of the calculations based on HBPLUS to describe
the sites of H-bonding and hydrophobic interactions between

the protein and the antagonists are shown in Table 1. The
residues involved in these interactions are indicated as shaded
blocks for the two complexes based on the structures of the
last frame in MDS, and of the X-ray data respectively. These
data also show that MDS changes the sites of interactions for
both kinds of antagonists. The change is more striking in the
case of TFP; TFP1 leaves the C-domain during the dynamics
and establishes interactions with the N-domain, and TFP2
rearranges itself within the same region of the C-domain. Within
the N-domain, Glu11 and Glu14 seem to play an important role
in binding. We return to this point when the electrostatic
contributions are analyzed.

Electrostatic Calculations. Poisson-Boltzmann free energy
calculations have been used in a variety of approximations to
describe the energetics of protein complex formation. In the
present study, we adapted a procedure that has been used by
the Karplus group44 to calculate and analyze the difference in
the binding energy of a charged and a neutral antagonist to a
protein matrix. The binding free energy in this approximation
was estimated by the electrostatic free energy change ac-
companying a theoretical “rigid” ligation process, where the
conformation of the partners is not allowed to change. In this
model, we follow the binding of the antagonists frozen in their
structure within the complex into the binding site also frozen
in the structure of the complex. Therefore, the greater the
conformational rearrangement of complex formation, the less

Figure 8. Effect of MDS on the structure of CaM-antagonist complexes. (a) MDS structure (last frame) of the CaM-TFP complex; (b) Structure
of the antagonists and interacting amino acids within the CaM-TFP complex in the X-ray structure (violet and red, respectively) and in the MDS
structure (blue and green, respectively); (c) MDS structure (last frame) of the CaM-DPD complex; (d) Structure of the antagonists and interacting
amino acids within the CaM-DPD complex in the X-ray structure (violet and red, respectively) and in the MDS structure (blue and green, respectively).
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adequate this model is with respect to the real binding process.
In the case of CaM, as it is well-known, the change from its
dumpbell shape without antagonists to the globular, compact
structure of the complex forms clearly means a significant
conformational change. Obviously, this cannot be declared
negligible, but one has to note that there is no experimental
data for the structure without ligand. Most probably, CaM
without antagonist in a physiological solvent cannot even be
characterized by a single, well-defined structure, supposing a
distribution of structures would be more realistic.12–15 The basis
for using the rigid model in the present study was that the
significant conformational change upon binding the antagonists
can be supposed similarly characteristic for both of the compared
complex formations. Thus, we would neglect similar terms for
both structures in the comparison.

The calculations were performed by using the X-ray data and
also those of the last frame in MDS, which we found well
representing the average structure for the last 2 ns of the
trajectory (data not shown). Table 2 shows the electrostatic
binding free energy terms and total free energy values for the
compared systems. In Figure 9a,b we plotted the energy
contributions for all residues on the same scale as obtained for
the X-ray data and for the MDS structure at ε ) 4, respectively.
As seen in Table 2, using any of the three inner dielectric values,

MDS brought significant improvement in the electrostatic
binding free energy of the CaM-2TFP complex. As it can be
expected, and seen both in the table and in the figures, the TFP
ligand well outperformed the uncharged DPD in its direct
charge-charge interaction with the protein, both in the X-ray
and in the MDS-derived structures. However, due to the coupled,
formidable protein desolvation terms, at the low inner dielectric
value of 2, DPD proved to be the favored ligand and, even at
higher inner dielectric values, desolvation terms level out the
favorable direct interactions of the TFP ligands. In Table 3 we
show the data for significant energy contributions at the two
higher ε values, corresponding also to those plotted in Figure
9a,b for ε ) 4. Some important structural details at the sites of
interactions for the two TFP molecules in the MDS structure
are visualized in Figure 10. One can see that the carboxylate
oxygens of Glu11 and Glu14 of CaM all reach close to the
positive pyridino-N of TFP1 and TFP2, respectively (with an
average distance of 4.8 Å), as also indicated by the data shown
in Table 1. One has to realize, however, that the polarized methyl
group attached to the same N of TFP (at an average distance of
3.7 Å from the glutamate oxygen) opposes a direct, clear
charge-charge interaction with the N. This effect is pinpointed
as a great protein desolvation energy showing that the interaction
of the Glu residues would be more favorable with water. The

Table 1. Residues Taking Part in Hydrophobic Interactions and H-Bonds (Grey Boxes) with Antagonists in the X-ray and MDS Structures, as
Determined by HBPLUS

Table 2. ∆G (in kJ/mol) of Direct Interaction (dir), Ligand Desolvation (ligdes), and Protein Desolvation (protdes) of Ligand and Protein, Respectively,
Based on the Structures of X-ray Crystallography and of MDS

X-ray structures MDS derived structures

TFP complex DPD complex TFP complex DPD complex

ε ) 2 ε ) 4 ε ) 10 ε ) 2 ε ) 4 ε ) 10 ε ) 2 ε ) 4 ε ) 10 ε ) 2 ε ) 4 ε ) 10

∆Gdir (kJ/mol) -104.4 -69.9 -46.6 -10.5 -6.4 -3.7 -58.6 -46.8 -37.6 -2.0 -1.0 -0.4
∆Gligdes (kJ/mol) 59.8 30.0 11.8 47.8 22.3 7.4 52.6 27.0 11.2 41.2 19.6 6.7
∆Gprotdes (kJ/mol) 180.8 90.6 35.4 78.4 40.2 16.5 99.3 49.6 19.5 53.3 26.1 9.9
∆Gtot (kJ/mol) 136.2 50.7 0.6 115.6 56.2 20.2 93.4 29.9 -7.0 92.6 44.7 16.2
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carboxyl oxygens of Glu120 (could not be shown in Figure 10)
attracted to the positive moiety of TFP2 come into close contact
with the apolar Met124 side chain, which is again unfavorable.
Thus, in the TFP structures, direct interaction that would
promote binding is always overpowered by even greater and
unfavorable desolvation.

The fitting of the two TFP molecules into the protein remains
problematic in both approaches. As visualized in Figure 9 (ε )
4), the most critical charge-charge direct interaction terms
change from Glu11, Glu14, Glu114, Glu120, Glu123, Glu127
in the X-ray structure to Glu11, Glu14, Glu127 after MDS. The
magnitude of the contributions also change; the fitting becomes
better after MDS, but the shortcoming of the TFP complex
remains basically the same, where the TFP-s cannot reach close
enough to optimize the overall effect. Concerning the X-ray
crystallography data of the TFP complex (1A29.pdb), it has been
reported that Glu120, forms an H-bond with TFP1 (25).
However, in a solvated system, Glu120 is not embedded in the
hydrophobic interior of CaM, rather it reaches into the solvent
and according to the results in a fully solvated state, will more
readily interact with water molecules than with the bulky, partly
hydrophobic TFP as a H-bond donor.

As it was mentioned above, the energy terms in Table 2 show
the improvement of the structure along with MDS in the case
of the CaM-2DPD complex as well. The direct interaction term
became less favorable at all inner dielectric values, however, a
considerable improvement was achieved by the protein desol-
vation terms. The overall effect was an optimization of the
electrostatic binding free energy of the complex. Interestingly,
the desolvation energy was made more favorable by the better
desolvation of polar resides, those of Glu11, Glu14, Glu84, and
Glu87 (and two methionines, Met71 and Met124), which are
allowed by the MDS-derived arrangement to maximize their
solvent contacts. These energy contributions are shown in Figure
9 and Table 3. In case of interaction with these charged residues,
the hydrophobic nature of DPD promotes their turning to the
surface of the protein instead of the interior, not interfering with
their solvation is a beneficial effect of the ligand.

Desolvation energy thus plays a major role in defining the
electrostatic fit of the complexes studied by us. The PBFE

approach, however, can not directly account for the role of
the hydrophobic effect. To obtain an estimation concerning the
role of hydrophobic interactions, we determined the SASA
values of those amino acids that may be involved in the
interactions with the antagonists for two cases: when the
antagonist is present (SASA1) and when it is omitted from
the structure (SASA2). After subtracting the two values, the
∆SASA ) SASA2 - SASA1 data, characteristic for the effect
of binding the antagonist, are given in Table 4. In the list of
the amino acids, we considered the values for the hydrophobic
residues for both complexes and for both kinds of structures.
High ∆SASA values report significant hydrophobic effects. The
conclusion from the comparison of X-ray and MDS structures
is that for the DPD complex, MDS increased the role of
hydrophobic interactions, while for TFP these contacts became
weaker. As it is expected in a comparison of the two antagonists,
and was also indicated by the results shown in Table 1, the
∆SASA values show that the hydrophobic contacts are very
significant in the DPD complex in both kinds of structures, while
these contacts are rare in the complexes with TFP.

Discussion

Our purpose with this study was to investigate the structure
of two CaM-antagonist complexes of very much different
dissociation constants after relaxing the starting X-ray structure
in solvent by involving molecular dynamics to yield better
insights in the binding specificity of CaM to antagonists, and
may be to target proteins and peptides, at the molecular level.
The respective X-ray structures of both complexes showed25,26

virtually identical protein folds for both structures. Our working
hypothesis was that there could be an important contribution
from protein dynamics in forming the stable structure of the
complexes, and we believe that our results warrant this
viewpoint. The notion that antagonists bound within the
calmodulin active site possess freedom of movement and that
even domain movements can be expected, could also be
predicted from experimental findings.7,12,13 In X-ray crystal-
lography, the three crystal structures describing the calmodulin-

Table 3. ∆G (in kJ/mol) of Direct Interaction (dir) Protein Desolvation (protdes), and the Total Electrostatic Free Energy (tot) of the Dominating
Interactions of the X-ray- and MDS-Derived Structures, Determined at Different ε Values

CaM-TFP

X-ray structures MDS-derived structures

∆Gdir ∆Gprotdes ∆Gtot ∆Gdir ∆Gprotdes ∆Gtot>

ε ) 4 ε ) 10 ε ) 4 ε ) 10 ε ) 4 ε ) 10 ε ) 4 ε ) 10 ε ) 4 ε ) 10 ε ) 4 ε ) 10

Glu11 -3.3 -2.7 7.3 3.4 4.0 0.7 -7.6 -5.2 17.9 7.1 10.3 1.9
Glu14 -4.1 -2.8 9.0 3.9 4.8 1.1 -2.6 -2.5 5.7 2.3 3.2 -0.2
Glu114 -7.4 -4.2 25.9 9.4 18.4 5.2 -0.6 -0.6 0.1 0.1 -0.5 -0.5
Glu120 -8.8 -5.3 16.0 5.9 7.2 0.6 -2.7 -2.0 1.1 0.4 -1.6 -1.6
Glu123 -1.7 -1.3 2.9 1.3 1.2 0.0 -2.8 -2.5 2.3 1.2 -0.5 -1.3
Met124 -1.6 -0.7 3.2 1.1 1.6 0.4 -0.9 -0.4 2.0 0.7 1.1 0.3
Glu127 -3.6 -2.9 18.2 7.3 14.6 4.4 -2.5 -2.5 5.4 2.3 2.9 -0.2

CaM-DPD

X-ray structure ∆Gprotdes MDS-derived structure ∆Gprotdes

ε ) 4 ε ) 10 ε ) 4 ε ) 10

Glu11 4.4 2.1 1.2 0.6
Glu14 4.1 1.8 1.3 0.7
Met71 3.3 1.0 1.0 0.4
Glu84 1.6 0.7 0.1 0.1
Glu87 2.2 0.9 0.0 0.0
Met124 2.2 0.8 0.2 0.1
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TFP complex of different stochiometries (1:1, 1:2, and 1:4) and
one of the two calmodulin-DPD complex structures were all
determined from crystals of the same space group. Thus, in all
cases, the crystal constraints were identical. Still, if one looks
at the CaM-TFP complexes, the position of the antagonist
molecules may differ. Even though TFP1 of the 1:2 and 1:4
complexes binds at overlapping sites, this is not the case for
the 1:1 complex. Additionally, TFP2 of the 1:4 complex
becomes shifted over 9 Å from the position it occupies in the
1:2 complex (a position that remains unoccupied in the 1:4
complex). This is of functional significance also because the
former is a C-domain binding site while the latter is at
interdomain location. In the case of the DPD complex, the power
of symmetry restraints was also nicely demonstrated. In the data
bank, one can find two structures for the CaM-DPD complex,
determined from crystals belonging to a different space group.

Figure 9. (a) ∆G (in kJ/mol) of direct interaction (purple in CaM-2DPD and light blue in CaM-2TFP) and protein desolvation (dark blue in
CaM-2DPD and orange in CaM-2TFP) for each residue of the CaM-2TFP and CaM-2DPD complexes in their X-ray-derived conformations.
(b) Same for the MDS-derived states.

Figure 10. The two TFP molecules at the binding site after MDS.
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These structures contained DPD in a reoriented conformation
and evidence for considerable domain displacement was also
detected.26

The present 12 ns of simulations proved adequate to
equilibrate the two CaM complexes and to unravel important
differences between “static” and “dynamic” models. Inspection
of Figure 8 and results of the simulation clearly show that the
models equilibrated after MD simulations present marked
structural differences between the two complexes, with a
backbone RMSD of 3.5 Å between the two simulated models
as opposed to an insignificant RMSD of 0.6 Å for the X-ray
structures. The resulting DPD complex clearly adopts a distinctly
more globular conformation, similar to that of target-bound
CaM.20 The net result of this globular structure (as opposed to
the more elongated CaM-TFP structure) is to better position
the DPDs via favorable hydrophobic contacts. Table 1
shows that the contacts in several cases are not the same as
those in the X-ray structure. In this table, interactions with
atomic distances characteristic for H-bonding and hydrophobic
interactions are labeled. For the two DPD molecules, altogether
16 contacts are indicated, while for the TFP molecules only 3
and 2 contacts were found, respectively. The significance of

hydrophobic interactions in the case of DPD binding is also
demonstrated by the ∆SASA data in Table 4. Hence, we confirm
the finding that one reason for DPD being the more efficient
antagonist is that it is optimally wrapped by the protein.
Extensive contacts with the CaM hydrophobic patches not only
enhance affinity but also prevent target binding because the
binding sites of both domains are occupied. Additionally, DPD
maintains the interactions with central helix residues (Met76,
Phe92) during the simulation, thus anchoring the helix to reduce
its flexibility and prevent antagonist escape. In marked contrast,
TFP has hydrophobic contacts only with a few residues.

To study the role of electrostatic interactions in complex
formation, we used a very rough approximation, a “rigid
binding” approach to determine the energetics of antagonist
binding by PBFE calculations. MDS lowered the electro-
static binding free energies for both complexes independently
from the inner dielectric value used, thus providing further
support for the validity of the MDS derived structures. At
the low inner dielectric value of 2, the DPD complex is favored
in both the X-ray- and MDS-derived arrangements, but at the
more realistic values of 4 and especially of 10, TFP becomes
the better ligand of the two, therefore, PBFE results alone do
not allow clear distinction of them. However, analysis of the
details did provide important insights into how it is possible
that CaM, with negatively charged amino acids at the binding
site, can establish both specific and nonspecific bonds with its
targets based on electrostatic interactions.36

PBFE calculations are not particularly sensitive to hydro-
phobic effects, hydrophobicity is introduced through the des-
olvation terms. Desolvation energy, although not an explicit
hydrophobic measure, does describe how well the residues
accept the replacement of binding site solvent molecules by an
uncharged, ligand-shaped and -sized, low dielectric medium;
in other words, how the residues tolerate loss of their solvent
contacts upon complexation. Desolvation free energy of the
hydrophobic residues in the two CaM complexes studied by us
is quite similar both in the X-ray structures and in the MD-
derived state, due to the fact that hydrophobic contacts not met
by the ligand are usually fulfilled by the hydrophobic patch of
the other CaM lobe; therefore, the change in going from the
closed and solvated form to the closed and ligand bound form
is, for most hydrophobic groups, not notable. Interestingly, in
this case, the considerable difference that was seen between the
desolvation free energy of the DPD and TFP complexes, greatly
favoring the DPD ligand, arises from those polar residues of
the binding site that TFP attempts to approach, attracted by their
negative charge. TFP shields these polar segments from interac-
tion with the solvent-water molecules, thus creating a large
and unfavorable desolvation term, while it cannot reach close
enough to compensate this effect by the accompanying
charge-charge interaction. This is also reflected in the high
values of solvent accessible surface area differences given for
the major electrostatic partners of TFP (Glu11, Glu14, Glu127)
in Table 4, compared to those of the DPD complex, especially
in the MD-derived structure.

Looking at the structural features behind the energy data, we
have to note that the negatively charged amino acids of the CaM
active site are surrounded by hydrophobic residues; for example,
along Glu11, we find Phe12, by Glu14, Ala15 and Leu18 and
the through-space neighbor of Glu120 is Leu116. It seems that
the positively charged moieties of the TFPs are not able to reach
close enough to the negative charge centers to make up for their
accompanying loss of water contact because of the surrounding,
often bulky, hydrophobic groups. From the TFP side of the

Table 4. SASA Difference Created by Binding of the Ligand in the
Case of the X-ray- and MDS-Derived Structures of the CaM-2TFP and
CaM-2DPD Complexes

∆SASA

DPD TFP

X-ray MDS X-ray MDS

Gln8 0 1.1 0 0
Glu11 6.2 11.6 18.7 47.8
Phe12 0 14.1 0 0
Glu14 5.8 5.0 29.8 33.9
Ala15 29.1 22.0 11.3 25.5
Leu18 26.6 12.7 39.1 22.5
Phe19 44.9 61.6 0 15.2
Ile27 13.1 20.2 10.4 0
Leu32 23.3 46.7 6.5 13.2
Val35 15.9 17.5 13.0 0
Met36 15.8 18.6 0 0
Leu39 7.4 34.7 0 0
Gln41 17.5 4.1 0 0
Met51 15.8 17.8 0 0
Ile52 10.6 12.3 0 0
Val55 12.6 23.2 0 0
Ile63 11.6 29.6 0 0
Phe68 17.0 26.0 0 0
Met71 36.8 38.7 0 0
Met72 55.2 58.1 0 0
Lys75 0 7.4 0 0
Met76 18.2 23.3 0 0
Glu84 5.7 0 0 0
Phe91 19.8 0 0 0
Phe92 43.1 31.1 14.5 18.4
lle100 16.4 15.8 19.7 0
Leu105 20.2 21.0 19.3 0
Val108 6.0 12.3 0 0
Met109 28.7 24.2 28.6 14.0
Leu112 16.4 11.4 1.1 0
Glu114 0 0 25.5 0
Leu116 1.0 1.1 18.8 13.0
Glu120 0 0 26.0 15.4
Val121 0 0 0 0
Met124 0 0 69.7 36.2
Ile125 17.7 9.1 17.8 0
Glu127 0 0 25.3 32.0
Ala128 6.6 8.7 18.6 15.7
Val136 0 13.4 17.1 11.1
Phe141 14.3 17.0 29.2 10.5
Met144 36.6 19.2 36.5 54.6
Met145 54.7 47.9 0 0
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contact, it may also be unfortunate that the positive charge of
its pyridino-N not only may polarize the neighboring methyl
group, but in interaction with all neighboring electron clouds
may just be part of an extended dipole type of charge distribution
instead of being a point-charge partner in the interaction with
the amino acids. That the Glu and Asp residues of CaM are
indeed difficult to reach, can be demonstrated by analyzing the
available structural data for the peptide complexes of the
protein.26,45–58 We identified 53 H-bond contacts between
negatively charged amino acids of CaM and its complexed
peptides. In 85% of the cases, the interacting partner was a Lys
or an Arg residue, and in only eight cases did other possible
proton donors, such as Thr, His, Ser, Asn, and Gln, take part in
the interactions. In the 13 complexes analyzed, in no cases did
the carboxylate oxygens of CaM associate with backbone amide
nitrogens of the target peptide. This demonstrates nicely that
the negative charge centers of CaM prefer interacting with such
molecular segments where an isolated positive charge is located
at the end of a long, flexible aliphatic chain. We suggest that,
in such cases, the interaction of CaM and target (antagonist)
can be well-defined and specific. TFP is not such a case: the
positive charge is carried by the N of the piperazine ring and
the neighboring methyl group. We propose that the binding of
TFP represents a case of nonspecific interactions with respect
to CaM, that is, when the binding partner can not really benefit
from its positive charges due to steric constraints.

The conclusions of this study are strongly related to a
successful drug design strategy for the CaM-antagonist
approach. Our opinion is that a well-designed molecule
should not only maximize hydrophobic contacts, but its
binding may be promoted also by direct charge-charge
contacts, in case it carries positive charge in a proper
configuration. The charge should be located at the end of a
flexible arm, so that the structure could benefit from
electrostatic contacts, without interfering with the proper
solvation of polar residues lining the ligand entrance region
of the protein.

Computational Methods

Molecular Dynamics. Molecular dynamics simulations were
performed using CHARMM,59 version c32b1, with the CHARMM22
all-atom parameter set and the TIP3P water potential60 and
NAMD61 to extend the production runs in the ns-time scale. Initial
coordinates for the two CaM complexes were obtained from the
RCSB data bank, namely, CaM with 2 DPD molecules (1QIV.pdb,
2.64 Å resolution)26 and CaM with 2 TFP (1A29.pdb, 2.74 Å
resolution).25 Missing residues (Ala1, Asp2, Ala147, and Lys148)
were added with the biopolymer module of the InsightII software
package (Accelrys, San Diego). The antagonist molecules were
parametrized for CHARMM following available protocols.62,63 For
this purpose, all quantum chemical computations and normal mode
calculations were performed using the NWCHEM package64,65 with
full geometry optimizations of the antagonist structures performed
using DFT66–68 with the B3LYP functional69 and the SBKJC/VDZ
EPC.70 Partial atomic charges were derived by using the CHELPG
protocol.71 Parameter refinement for CHARMM was then per-
formed using AFMM72 (Figure 1 and Table 5). The models of both
complexes were further prepared for simulation by addition of
explicit hydrogens using HBUILD, as implemented in CHARMM,
and consistent with pH 7.0. Both complexes were first gently
minimized in vacuo using a conjugate gradient algorithn with
harmonic constraints imposed on backbone atoms decreased as
follows: 150, 100, 50, 20 kcal/mol/Å2. To achieve charge neutrality,
counterions were added using SolVate 1.0,73 which places Na+ and
Cl- counterions at physiological concentration (0.154 mol/L)
according to a Debye-Hückel distribution, followed by a large
number of (2000000) of Monte Carlo equilibration steps. For

CaM-TFP, 26 Na+ ions were added and 11 Cl-, while 28 Na+

and 12 Cl- were required for CaM-DPD. The complexes and
counterions were then placed into truncated octahedral cells filled
with TIP3P water molecules. The size of the cells were 67 × 76 ×
74 Å for CaM-DPD, and 70 × 67 × 63 Å for CaM-TFP. Waters
overlapping the protein or counterions were deleted, and the final
simulation systems consisted of 39654 atoms for CaM-DPD and
31389 atoms for CaM-TFP. The solvated models were then
subjected to energy minimization. With the proteins fixed, 200 steps
of steepest descent minimization were first applied to relax solvent
and counterions. A second minimization was then performed on
the whole system with gradually decreasing backbone harmonic
force constants, as described above. NPT molecular dynamics were

Table 5. CHARMM Atom Types and Parameters for DPD and TFP

TFP

bond Kr kcal/(mol Å2) req (Å)

CA- NH1 390.000 1.222
CA-S 230.000 1.773

angle Kθ kcal/(mol rad2) qeq (deg)

CA-CA-NH1 65.000 120.000
CA-CA-S 65.000 120.000
CA-CT-FL 60.000 109.470
CA-NH1-CA 35.000 109.470
CA-S-CA 75.000 98.000

torsion periodicity V kcal/(mol rad2) γ (deg)

CA-CA-NH1-CA 3 0.600 0.000
CA-CA-NH1-CT2 4 0.670 0.000
CA-CA-S-CA 3 0.400 0.000
CA-NH1-CT2-CT2 3 0.067 0.000
CA-NH1-CT2-HA 3 0.067 0.000
CT2-CT2-NH1-CT2 3 1.440 0.000
CT2-CT2-NH1-CT3 3 1.440 0.000
HA-CT2-NH1-CT2 3 1.440 0.000
HA-CT2-NH1-CT2 3 1.440 0.000
HA-CT3-NH1-CT2 3 1.440 0.000

improper periodicity V(dihe) (kcal/mol) γ (deg)

CA-CA-CA-NH1 2 68.560 180.000
CA-CA-CA-S 2 56.090 180.000

DPD

atom type atom mass description

ON 16.000 etheroxygen

bond Kr kcal/(mol Å2) req (Å)

ON-CT2 87.996 1.430
ON-CA 86.617 1.380

angle Kq kcal/(mol rad2) θeq (deg)

CT2-ON-CA 52.560 110.690
CA-CA-ON 48.820 119.220
CT2-CT2-ON 47.760 125.400
HA-CA-ON 45.200 120.000
HA-CT2-ON 42.110 108.160

torsion periodicity V kcal/(mol rad2) γ (deg)

CA-CA-CA-ON 4 3.168 0.000
HA-CA-CA-ON 4 0.158 0.000
CA-ON-CT2-HA 4 0.305 0.000
CA-ON-CT2-CT2 2 0.305 0.000
CA-CA-ON-CT2 4 0.997 0.000
ON-CA-CA-ON 1 3.168 0.000

atom type vdW radius (Å) ε (kcal/mol)

ON 1.700 -0.120
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performed under periodic boundary conditions and initiated with
30000 steps of heating to 300 K, followed by 50000 steps of
equilibration and subsequent acquisition of 12 ns production
trajectories. The dielectric constant was set to 1.0. All hydrogen
bonds were constrained using the SHAKE algorithm,74 and an
integration time step of 1 fs was used. Coordinates were saved every
10 ps, and the nonbonded lists were updated heuristically. Full
electrostatics were calculated using the particle mesh Ewald75

method, with a grid spacing less than 1 Å and a κ value of 0.34
Å-1.76 The cutoff distance was 12.0 Å, and the switch distance
was 10 Å. Constant temperature (300 K) was controlled with the
Langevin method, and constant pressure (1.01325 bar) was
maintained using the Langevin piston method.77 Data analysis was
performed on the production run of the acquired trajectories for
both complexes. Interaction energies were calculated using available
CHARMM protocols. Hydrogen bonding patterns and hydrophobic
interactions were determined using HBPLUS, version 3.0,78 a
program developed to calculate H-bonds.78 This program identifies
bonding patterns between an effector and a protein based on the
atomic distances, angles, and atom types and HBPLUS input.
HBPLUS selects donor and acceptor atoms and computes all the
H-bonds that satisfy selected geometric criteria. Cutoff distances
for H-bonding and donor-acceptor distances were 2.7 and 3.3 Å,
respectively; the donor-H-acceptor angle was set at any angle
greater than 90°.

Trajectory Analysis. The average structures of the CaM
complexes 〈xi〉 obtained from the last ns of the 12 ns trajectories
were calculated as

〈xi〉 )
1
N∑

k)1

N

xi(t) (1)

over the values of each atomic Cartesian coordinate xi at different
times t during the length of the production trajectory.

The root-mean-square deviations of the CR atoms in the
trajectories and the radius of gyration of the proteins, Rgyr, were
monitored as a function of time with respect to the starting structures
after solvation and energy minimization. The root-mean-square
deviation is defined as

RMSD) ( 1
NCR

∑
i)1

NCR

(ri
A(t)- ri

B)2)1⁄2

(2)

where A and B refer to the two structures being compared, N is
the number of CR atoms. Structure B is the reference structure after
energy minimization. The difference is taken after a least-squares
fit superposition. RMSD time averages for the last ns were
calculated for the amino acid residues and denoted by RMSDres

The average of atomic fluctuations was calculated from the
simulations and compared to the experimental B-factors of the
starting X-ray structures by the relation79

RMSF) 〈∆ri
2〉1⁄2 ) (3Bi ⁄ (8π2))1⁄2 (3)

where ∆ri is the atomic displacement of atom i from its average
position. The bracket refers to the time average of fluctuations for
each residue for the time course selected as the last ns of the
simulations. The nonresolved residues in the crystallographic
B-factors with values of 0 were set to 100 Å2, which corresponds
to a RMSF of 2 Å.80

The radius of gyration is defined as

Rgyr(t)) ( 1
NCR

∑
i)1

NCR

(ri(t)- rCG(t))2)1⁄2

(4)

where ri(t) and rCG(t) are the coordinates of atom i and of the center
of gravity of the protein, respectively, at time t, with NCR
representing the total number of CR atoms involved.

Electrostatic Free Energy Calculations. Electrostatic free
energy of binding was calculated by subtracting the electrostatic
free energy of the solvated protein and of the antagonist molecules

from the electrostatic free energy of the solvated structure of the
complex formed with each of the two antagonists.

∆Gbind )GPL -GP -GL (5)

We started from the following approximation: we left the
conformation of the separated protein and the two antagonists
unchanged relative to that in the complex. In this way, the significant
conformational change upon binding the antagonists, especially the
first one, was not taken into consideration. The validity of this
approach will be discussed later in details. Briefly, since our goal
was to compare the ∆G bind values for two complexes, we may
have supposed that in the ∆∆G bind value, the contribution of the
neglected terms would practically cancel each other.

The electrostatic free energy of binding defined as described
above was, in turn, broken into three components of physical
meaning, according to the procedure described by M. Karplus and
co-workers44 as follows:

∆Gbind )∆Gdir +∆Gdes
PL-P +∆Gdes

PL-L (6)

where ∆Gdir is the direct interaction term, describing the interaction
of atomic point charges of one of the components exposed to the
electrostatic potential of the other part, while the ∆Gdes is the
desolVation energy (protein and antagonist desolvation, correspond-
ing to the second and third term of eq 6, respectively), which in
our assumption represents the change in protein-solvent interac-
tions and antagonist-solvent interactions upon complex formation.
These terms can be calculated as follows:

∆Gdir )
1
2 ∑

i∈ prot

j∈ lig

qiVjfi
PL + 1

2 ∑
i∈ prot

j∈ lig

qjVifj
PL (7)

where qi and qj are partial charges of protein and ligand atoms,
Vjfi

PL denotes the electrostatic potential produced by the partial
charge of ligand atom j at atom i of the protein in the complex,
while Vifj

PL denotes the potential at atom j of the ligand resulting
from the partial charge of the protein atom i. The protein desolvation
term has the form

∆Gdes
PL-P ) 1

2 ∑
i∈ prot

j∈ prot

qi(Vjfi
PL -Vjfi

P ) (8)

where Vjfi
PL is the electrostatic potential at atom i of the separately

solvated protein resulting from the partial charge of another protein
atom j. The antagonist desolvation term is calculated by:

∆Gdes
PL-L ) 1

2 ∑
i∈ lig

j∈ lig

qi(Vjfi
PL -Vjfi

L ) (9)

where Vjfi
L is the electrostatic potential at atom i of the separately

solvated antagonist resulting from the partial charge of another
antagonist atom j.

The calculations were performed by using DelPhi, solving the
Poisson-Boltzmann equation (Poisson-Boltzmann free energy -
PBFE) in a linear approximation.81–84 The electrostatic potentials
were obtained using a focusing protocol, where the system filled
20, 30, 50, and 90% of the box stepwise, allowing for gradual
refinement of boundary conditions. The inner dielectric constant
in the calculations was ε ) 2, ε ) 4, and ε ) 10 for the protein
and ε ) 80 for water. In the analysis, we compared the free energy
change upon binding (∆G bind) of the two complexes obtained from
a structure best representing the average within the last 2 ns of the
MDS trajectory and also from that of the structures determined by
X-ray crystallography (where missing residues were built in the
structure and energy-minimized, keeping all other atoms frozen).
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