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Protein–protein interactions play central roles in physiological and pathological processes. The bases of the mechan-
isms of drug action are relevant to the discovery of new therapeutic targets. This work focuses on understanding the
interactions in protein–protein–ligands complexes, using proteins calmodulin (CaM), human calcium/calmodulin-
dependent 30,50-cyclic nucleotide phosphodiesterase 1A active human (PDE1A), and myosin light chain kinase
(MLCK) and ligands aII–spectrin peptide (aII–spec), and two inhibitors of CaM (chlorpromazine (CPZ) and malbran-
cheamide (MBC)). The interaction was monitored with a fluorescent biosensor of CaM (hCaM M124C–mBBr). The
results showed changes in the affinity of CPZ and MBC depending on the CaM–protein complex under analysis.
For the Ca2+–CaM, Ca2+–CaM–PDE1A, and Ca2+–CaM–MLCK complexes, CPZ apparent dissociation constants (Kds)
were 1.11, 0.28, and 0.55mM, respectively; and for MBC Kds were 1.43, 1.10, and 0.61mM, respectively. In competi-
tion experiments the addition of calmodulin binding peptide 1 (aII–spec) to Ca2+–hCaM M124C–mBBr quenched the
fluorescence (Kd = 2.55� 1.75pM) and the later addition of MBC (up to 16mM) did not affect the fluorescent signal.
Instead, the additions of aII–spec to a preformed Ca2+–hCaM M124C–mBBr–MBC complex modified the fluorescent
signal. However, MBC was able to displace the PDE1A and MLCK from its complex with Ca2+–CaM. In addition, dock-
ing studies were performed for all complexes with both ligands showing an excellent correlation with experimental
data. These experiments may help to explain why in vivomany CaM drugs target prefer only a subset of the Ca2+–CaM
regulated proteins and adds to the understanding of molecular interactions between protein complexes and small
ligands. Copyright © 2013 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper.
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INTRODUCTION

Protein–protein interactions regulate a wide variety of important
cellular pathways and represent frequent targets for drug discov-
ery. Modern proteomic studies continue revealing new protein–
protein interactions involved in the control of various physiological
and pathological processes (Rimmele et al., 2010). Hence, the
identification of molecules interacting specifically with multisite
proteins or with protein–protein complexes is of great interest
(Oboyle and Waddington, 1985; Buchwald et al., 2010). One
of these proteins is calmodulin (CaM), the major transducer of
Ca2+ signals. This protein has no enzymatic activity but acts in
response to Ca2+ concentration to modulate a wide variety of
target proteins and through these interactions regulates a large
number of biochemical processes (Sorensen and Shea, 1998).
Therefore, CaM is an excellent system for studying the mecha-
nism of drugs action, targeting to protein–protein complexes.
CaM is an intracellular highly conserved protein ubiquitous in
eukaryotic cells, which possesses two Ca2+-binding domains
connected by a flexible linker. Upon Ca2+ binding, this protein
exposes its hydrophobic patches and makes possible its binding
to more than 300 target proteins (Junker and Rief, 2009), with
affinities in the nanomolar to micromolar range. Examples of
CaM-sensitive proteins are cAMP phosphodiesterase 1 (PDE1;
Goraya and Cooper, 2005), adenylyl cyclases 1 and 8 (Wang and

Storm, 2003), myosin light chain kinase (MLCK) (Webb, 2003),
Ca2+/calmodulin protein kinase II (Evans and Shea, 2009), CaM
kinase I–IV (Nairn and Picciotto, 1994), calcineurin (Aramburu
et al., 2000), nitric oxide synthase (Cho et al., 1992; Xia and Storm,
2005), caldesmon (Huber et al., 1996), and spectrin (Bjork et al.,
1995). Ca2+–CaM target complexes play key roles in many cellular
processes such as transcription, protein synthesis, fast axonal trans-
port, smooth muscle contraction, secretion, organelle tubulation,
ion channel function, cellular proliferation, and the chemotaxis to
mention some of them (Hait and Lazo, 1986; Chin and Means,
2000; Du et al., 2004; Bouche et al., 2005; Seales et al., 2006).
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The enzyme PDE1 plays a crucial role in degradation of aden-
osine 30-50-monophosphate (cAMP), an important second mes-
senger (Beavo, 1995). After the discovery of PDE1 role in signal
transduction, this protein was identified as a therapeutic target,
on the grounds of a basic pharmacological principle; that is, a
modulation of the degradation of a second messenger can make
often a quicker and longer-lasting effect than a comparable
modulation of the rates of its synthesis. Accordingly, the inhibi-
tion of CaM-mediated activation of PDE1 has been related with
the therapeutic smooth muscle relaxant effect of some drugs
(Masciarelli et al., 2004).

Another protein of big interest and related with CaM is the
MLCK, a key regulatory enzyme in the process of smooth muscle
relaxation–contraction events. The contractile activity in smooth
muscle is initiated by a Ca2+–CaM dependent self-phosphoryla-
tion of the MLCK (Webb, 2003). In the absence of Ca2+ and/or
CaM, MLCK remains inactive because it binds to its own pseudo-
substrate domain, which has sequence homology to the myosin
light chain, its physiological substrate. However, upon CaM bind-
ing, this domain is removed from the active site, and the enzyme
becomes active and self-phosphorylates (Filenko et al., 1997). As
with the complex Ca2+–CaM–PDE1, the Ca2+–CaM–MLCK com-
plex could be the target of novel drugs.

Considering that CaM and its protein–protein complexes
represent the target of potential medication, usually known as
CaM inhibitors. In this study, we analyzed both experimentally
and theoretically the effect of the CaM inhibitor malbrancheamide
(MBC) on three Ca2+–CaM target protein or peptide complexes,
namely, Ca2+–CaM–PDE1A, Ca2+–CaM–MLCK, and Ca2+–CaM–
peptide 1 derived from the human aII–spectrin (aII–spec). All these
were carried out using the fluorescent biosensor hCaM
M124C–mBBr (González-Andrade et al., 2009). In the first two cases,
chlorpromazine (CPZ), a classical CaM inhibitor was also analyzed.

MATERIALS AND METHODS

Proteins and reagents

The fluorescent biosensor hCaM M124C–mBBr was purified and
chemically modifiedwithmonobromobimane (mBBr) as previously
described by González-Andrade et al., 2009. Purity was confirmed
by SDS-PAGE, and the concentration was determined with the
bicinchoninic acid method (Smith et al., 1985). The calcium/
calmodulin-dependent 30,50-cyclic nucleotide phosphodiesterase
1A active human (PDE1A) and MLCK were obtained from Sigma-
Aldrich (Sigma, St. Louis, MO, USA). Calmodulin binding peptide
1 with the sequence GVMPREETDSKTASPWKSARLMVHTVATFNSI-
KELNERWRSLQQLA (Cat. No. RP13247) derived of portion of the
human aII–spectrin (aII–spec) from GenScript Corporation
(GenScript, Piscataway, NJ, USA). CPZ was obtained from Sigma
(Sigma, St. Louis, MO, USA), and the alkaloid MBC was extracted
and isolated from a stock culture of the fungiM. aurantiaca as pre-
viously illustrated by Figueroa et al., 2011.

Steady-state fluorescence

All measurements were conducted with an ISS–PC1 spectrofluo-
rometer (ISS, Champaign, IL) with sample stirring at 37 �C. The
biosensor fluorescence hCaM M124C–mBBr (1 mM) was incu-
bated in buffer (50mM of sodium acetate [pH 5.1] and 10mM
of CaCl2). Fluorescence emission spectra were acquired with ex-
citation and emission slit widths of 4 and 8 nm, respectively.

The excitation wavelength was 381nm, and emission wavelengths
of 415–550nm were measured. The fractional saturation (y) of
the hCaM M124C–mBBr–protein complex with peptide and/or
compounds (CPZ or MBC) was calculated by changes in fluores-
cence upon ligands binding according to y = (F� F0)/(F1� F0),
where F1 represents the fluorescence intensity at full saturation
with the ligands, y is plotted as a function of the Ca2+–CaM/in-
hibitor, Ca2+–CaM–protein/inhibitor, and Ca2+–CaM–peptide/
inhibitor or Ca2+–CaM–inhibitor/peptide relation (L); the appar-
ent dissociation constant (Kd) and stoichiometry (S) were
obtained by fitting to the equation:

y ¼
1þ Kd=Sþ L=Sð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Kd=Sþ L=Sð Þ2 � 4L=S

q

2

where y represents the fractional degree of fluorescence inten-
sity at 470 nm, Kd is the apparent dissociation constant for the
ligands, L is the protein or protein complex/ligand relation,
and S is the stoichiometric. Data were analyzed using the Origin
version 8.0 program (OriginLab, Northampton, MA).

Modeling of PDE1A

The structural model of PDE1A isoform 1 from Homo sapiens was
built up using comparative and ab initio modeling. The PDE1A1
(gi 21361262, ResSeq NP_005010.2) from Homo sapiens com-
prises 545 amino acid residues. The sequence was retrieved from
the NCBI (Sayers et al., 2010). RefSeq database (http://www.ncbi.
nlm.nih.gov/protein/NP_005010.2, accessed on March 9, 2011)
and a suitable template were searched using the Blast service
at NCBI (Sayers et al., 2010). The human PDE1B (PDB entry
1TAZ ) has nearly 60% similarity, but covers only 70% of the full
amino acid sequence of the target, and does not comprise the
CaM binding domains. Therefore, three full models were accom-
plished using the Rosetta software (Kaufmann et al., 2010),
the SAM-T08 server (available at http://compbio.soe.ucsc.edu/
SAM_T08/T08-query.html) (Karplus et al., 2003), and Pro-Sp3-
TASSER server (available at http://cssb.biology.gatech.edu/skol-
nick/webservice/pro-sp3-TASSER/index.html) (Zhou and Skolnick,
2009). The ROSETTA model was rebuilt in regions surrounding
insertions and deletions in the sequence alignment. Missing loops
were built using the fragment insertion or the randomization of
the anglesj andc, followed by one of the loop closure algorithms
in Rosetta, such as descent cyclic coordinate or kinematic closure.
In the SAM-T08 and Pro-SP3-TASSER predictions, structural defects
are frequent, such as atom clashes and/or long bonds. Therefore,
these models were then minimized with Hyperchem™ 8.0 release
8.0.6 under AMBER force field, to correct structural defects, such
as atom clashes and/or long bonds, which are frequent in the pre-
dictions from these servers. The minimized models were further
refined using the protocol ROSETTA v3.2 fast-relax (Raman et al.,
2009). The final geometries were verified from the analysis of
per-residue energy reports in the AMBER and ROSETTA force field,
and their structural consistency was examined with ProCheck
(stereochemical quality analysis software; Laskowski et al., 1993),
Verify-3D (structure evaluation software; Luthy et al., 1992), and
Whatcheck (protein verification tools software; Hooft et al., 1996)
computer programs. Then, all models were scored with the Rd.
HMM protocol to recover the model with the highest appropriate-
ness score, having an in-frame, gapless Rd.HMM alignment to the
target amino acid sequence, and not producing a better alignment
to other distantly related sequences, such as, for instance, the
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amino acid sequences of the templates selected by SAM or their
corresponding homologues (Martinez-Castilla and Rodriguez-
Sotres, 2010). The model with the highest Rd.HMM score against
the target sequence was the ROSETTA model, and this model
was selected.

Protein–protein docking

To prepare the structures for docking, the unbound structures
were placed in the zones close of interaction described in the
literature for these proteins (Persechini and Kretsinger, 1988;
Goraya and Cooper, 2005; Yosef et al., 2009), and the resulting
structure was used as the starting structure for local docking.
The structures for Ca2+–CaM–PDE1A complex were the CaM
structure refined at 1.7 Å resolution (PDB code 1CLL.pdb)
(Chattopadhyaya et al., 1992) and the model obtained by molec-
ular modeling of PDE1A; for Ca2+–CaM–MLCK complex, struc-
tures were the same as in previous case for the CaM and chain
A of the human MLCK Loc340156 (PDB code 2X4F.pdb) to MLCK.
All structures were rebuilt and refined previously using the ideal-
ization application of Rosetta v3.2 software. The docking was
carried out with the RosettaDock v3.2 employing two methods:
a low-resolution rigid-body docking and thereafter followed by
a high-resolution refinement stage for side chain conformational
sampling and backbone relaxation to generate 1000 decoys
(candidate structures) from each method. The rigid-backbone
docking protocol employed was as identical as the traditional
RosettaDock method, which involves 500 steps of low-resolution
rigid-body Monte Carlo (MC) search, followed by 50 cycles of
high-resolution Monte Carlo Minimization (MCM) refinement.
The low-resolution rigid-body search consisted in the rotation
and translation of one protein around the surface of the other
with movements chosen from a Gaussian distribution centered
at 5 and 0.7 Å. Each conformation is scored using the low-
resolution energy function based on residue pair interaction
statistics, residue environment statistics, and van der Waals
attractive and repulsive terms. Each cycle, the high-resolution
MCM refinement, consists of a 0.1 Å random rigid-body transla-
tion, Monte Carlo-based side chain roamers sampling (packing),
and gradient-based rigid-body translation (Kaufmann et al.,
2010; Chaudhury et al., 2011). All calculations were made using
a parallel distributed memory supercomputer (KanBalam System,
Dirección General de Cómputo y de Tecnologías de Información
y Comunicación, UNAM), which contains 1368 processors AMD
Opteron, around three terabyte of memory and 160 terabyte of
disk storage (http://www.super.unam.mx/). The analysis of the
docking was made with the program PyMOL 1.3 (DeLano,
2004) and LIGPLOT v.4.0 (Wallace et al., 1995).

Determination of accessible surface area

The accessible surface area (ASA) of the PDE1A, MLCK, Ca2+–CaM,
and of the Ca2+CaM–PDE1A and Ca2+CaM–MLCK complexes were
calculated by the Lee–Richards algorithm implemented in
NACCESS 2.1.1 software (Lee and Richards, 1971). ASA is calculated
using the “rolling ball” algorithm, which uses a sphere (represent-
ing the solvent) of a particular radius to “probe” the surface of
the molecule. A typical value of a “probe radius” is 1.4Å, which
approximates the radius of a water molecule. The residues at the
interface of the complexes were defined as the residues that show
a difference in the ASA upon complexation.

Protein–peptide:ligand and Protein–protein:ligand docking

Docking was carried out using the X-ray structure of Ca2+–CaM
and Ca2+–CaM–aII–spec complex (1CLL.pdb and 2FOT.pdb) as
well as the Ca2+–CaM–PDE1A and Ca2+–CaM–MLCK complex
obtained from RosettaDock. The ligands (CPZ and MBC) were
built using the program HyperChem™ 8.0 release 8.0.6. The pro-
tein complex and the ligand were further prepared using the
utilities implemented by AutoDockTools 1.5.4, revision 30
(http://mgltools.scripps.edu/). The protein complex was pre-
pared for AutoDock by addition of all hydrogen atoms, Kollman
united-atom partial charges, and the ligands were prepared by
computation of atom charges with the Gasteiger–Marsilli formal-
ism and assignment of active torsion groups, which was carried
out with AutoDockTools. Blind docking was carried out using
AutoDock4 version 4.2 software (http://autodock.scripps.edu/)
(Morris et al., 1998; Huey et al., 2007) using the default para-
meters: number of individuals in population (150), maximum
number of energy evaluations (2.5 million), maximum number of
generations (27 000), rate of gene mutation (0.02), rate of crossover
(0.8), and 1000 runs for docking. Electrostatic grid maps were
generated for each atom type in the ligands utilizing the auxiliary
program AutoGrid4 part of the software AutoDock4. Calculations
were made using the computing facilities described previously
(KanBalam cluster). Each run required an average of 0.5min. The
analysis of the docking was accomplished with AutoDockTools
using cluster analysis, LIGPLOT, and PyMOL software.

RESULTS AND DISCUSSION

Protein–protein interaction (Ca2+–CaM–PDE1A and
Ca2+–CaM–MLCK)

Calmodulin is a regulatory protein involved in numerous cellular
processes mediated by calcium. The concentration of Ca2+ varies
in different cellular compartments and states producing different
amounts of Ca2+–CaM complex, which in turn modulates the dis-
similar CaM target enzymes that will finally determine cellular
responses. In general, the activation mechanism of CaM involves
the exposure of hydrophobic patches when calcium ions bind
followed by the recognition of these domains by the target pro-
teins. Trifluoroperazine, CPZ, MBC, KAR-2, and other inhibitors
bind directly to CaM, blocking its interaction with its target pro-
teins (Brooks et al., 1985). However, the direct influence of differ-
ent CaM inhibitors on the complexes Ca2+–CaM target proteins
has been assessed, although indirect effects have been evaluated
throughout functional enzymatic assays (Sharma et al., 1997;
Figueroa et al., 2011).

Determination of the binding affinity of MBC and CPZ with
the complexes Ca2+–CaM–PDE1A and Ca2+–CaM–MLCK

The affinity of MBC and CPZ on Ca2+–CaM, Ca2+–CaM–PDE1A,
and Ca2+–CaM–MLCK complexes were determined using the
fluorescent biosensor hCaM M124C–mBBr. Figure 1 shows the
resulting CPZ and MBC titration curves, and the lines resulting
from fitting the data to the binding model of Ca2+–hCaM
M124C–mBBr–PDE1A and Ca2+–hCaM M124C–mBBr–MLCK (with
1:1 stoichiometry of protein:protein). The results indicate that
both CPZ and MBC quenched the fluorescence of the complexes,
providing direct evidence that CPZ and MBC perturb the
Ca2+–CaM–PDE1A and Ca2+–CaM–MLCK complexes. Therefore,
these compounds may be inhibiting CaM by directly binding to
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their complexes with the target protein and inducing conforma-
tional changes leading to a non-functional complex or to
Ca2+–CaM target dissociation. These results are consistent with
previous kinetic analysis that revealed that MBC was a competi-
tive inhibitor of CaM (González-Andrade et al., 2009), but it may
also help to explain how a ligand can destabilize protein–protein
complexes and act effectively as a drug in vivo. Although the mo-
lecular target of the CaM inhibitors has been clearly established,
the mechanistic details of their action will require further consid-
eration. In addition, the outcomes indicated that the two ligands
here tested interact differentially with the complexes CaM forms,
depending on the partner protein. Thus, MBC exhibited higher
affinity for the complex Ca2+–CaM–PDE1A (Kd = 0.28) than for
Ca2+–CaM–MLCK (Kd = 0.55) or Ca2+–CaM (Kd = 1.11) alone. On
the other hand, as compared with MBC, CPZ showed slightly less
affinity for all three complexes (Table 1).

Protein–peptide–ligand interaction

The affinity of Ca2+–CaM for many peptides (taken from their tar-
gets) is higher than its affinity for smallest molecules acting as
CaM inhibitors (Sharma, 2003). The possible structural grounds
for this high affinity can be derived from the CaM–peptide
complex structures, determined by X-ray or NMR analyses, and
related to the extensive binding interface produced when the

two globular domains of CaM embrace the target peptide
(Shifman and Mayo, 2002) (Figure 2). The complexes show a substan-
tial amount of hydrophobic surface area burial between Ca2+–CaM
and the target peptides, and it has been suggested that methionine
side chains, abundant in the CaM–peptide interface, play an
important role in Ca2+–CaM target recognition mechanism
and therefore mediate the high affinity. To understand the
basis of this mechanism, we made experiments of competition
between Ca2+–CaM, MBC, and aII–spec peptide using the
fluorescence biosensor of hCaM M124C–mBBr and docking
studies with Ca2+–CaM–aII–spec complex, CPZ, and MBC. The
aII–spec peptide, a high affinity CaM target, contains cleavage
sites for m-calpain, caspases 2, 3, and 7 and the recently identified
Pet toxin proteinases (Simonovic et al., 2006).

Determination of the binding affinity ofMBCwith the complex
Ca2+–CaM–aII–spec

The binding properties of MBC with the complex Ca2+–CaM–aII–
spec were also observed with the same hCaM–M124C–mBBr fluo-
rescent-engineered biosensor. The fluorescence titration curves
and binding parameters for Ca2+–CaM–aII–spec, Ca2+–CaM–aII–
spec-MBC, and Ca2+–CaM–MBC–aII–spec are shown in Figure 3
and Table 1. In the case of aII–spec, the peptide showed a higher
affinity for Ca2+–hCaM M124C–mBBr (Kd = 2.55� 1.75pM),

Figure 1. Fluorescence spectra and titration curves of the complex hCaMM124C–mBBr enzyme. (A) Ca2+–hCaM–PDE1A–MBC, (B) Ca2+–hCaM–PDE1A–CPZ,
(C) Ca2+–hCaM–MLCK–MBC, and (D) Ca2+–hCaM–MLCK–CPZ. Green arrows indicate the quenching of fluorescence of the biosensor by adding the ligands.
Protein concentration used was 1.0mM, and the buffer was 50mMof sodium acetate (pH 5.1) at 37 �C and 10mMCaCl2. Samples were excited at 381nm, and
emission spectra were recorded from 415 to 550nm. The absolute changes of maximal fluorescence emission were corrected for light scattering effects and
plotted relative changes in intensity (ΔΔIF) against the ligand to total protein–protein complex ratio (insets). The continuous line in the insets comes from the
fitting of data to the binding model (equation in methods section) to obtain the Kd and the stoichiometry ratio. The resulting parameter estimates are given
in Table 1.
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which is roughly about two orders of magnitude higher that the
affinity of MBC for Ca2+–hCaM M124C–mBBr, as judging from the
quenching of extrinsic fluorescence (Figure 4A) and from the
increase in intrinsic fluorescence (Figure 4B). The quenching is
mainly attributed to the direct interaction between the TRP1192
of the peptide and the biosensor probe (Figure 2). This last argu-
ment is consistent with available crystallographic data, which
revealed that the tryptophan side chain forms a hydrogen bond
with the carbonyl oxygen of Met124 of CaM (Simonovic et al.,
2006). The increase in intrinsic fluorescence (lex = 295nm,
lem=315–350nm) is also directly proportional to the amount of
peptide added (Figure 4B), but the signal intensity is considerably
weaker. We emphasize here the value of using a fluorescent engi-
neered biosensor to measure the Kd for different ligands. The Kd of
aII–spec peptide to Ca2+–CaM is consistent with those values
previously reported for other CaM–peptide complexes (Shifman
andMayo, 2002). In addition, competition experiments weremade
between Ca2+–CaM, MBC, and aII–spec peptide. Figure 4A
revealed that titration of Ca2+–hCaM M124C–mBBr with aII–spec
(0–293nM) quenched the extrinsic fluorescence; when MBC
(up to 16mM) was added, the fluorescent signal showed no further
changes. However, when the experiment was carried out titrating
Ca2+–hCaMM124C–mBBr–MBC complex with aII–spec, the fluores-
cent signal was quenched, indicating that the aII–spec peptide
appears to be capable of displacing MBC, keeping practically the
same affinity for Ca2+–CaM (Kd 2.72� 1.6 pM; Figure 3B and
Table 1). Thus, the ligand with lower affinity (MBC) was unable to
displace the peptide of the Ca2+–CaM–aII–spec complex, as
expected for a competitive binding mechanism. Consequently,
these results demonstrate that the molecular recognition and
binding of ligands is a very dynamic process.

Structural modeling of PDE1A

The crystal structure of PDE1A is not available; molecular model-
ing tools were used to build the structural model of PDE1A,
which in turn was used for predicting Ca2+–CaM–PDE1A interac-
tion by throughout docking analysis (see Methods section).
The protein was modeled in four steps: (i) identification of a
suitable structural template; in this case, the calcium/calmodulin-

dependent 30,50-cyclic nucleotide phosphodiesterase 1B (NCBI gi
4505677; PDB 1TAZ); (ii) alignment of target sequence and
template structure; (iii) model building; and finally, (iv) model qual-
ity evaluation. Three models were obtained for PDE1A (NCBI gi

Table 1. Binding parameters (quenching fluorescence) and energy values (kcal mol�1) of interactions (docking) of Ca2+–CaM target
protein complexes

Fluorescence quenching Docking

Complexes Ligand Kd
a (mM) Stoichiometry Ki

b (mM) EFEBc (kcal/mol)

Ca2+–CaM MBC 1.11� 0.08 2.0� 0.1 0.791 �8.32
Ca2+–CaM CPZ 1.43� 0.09 0.6� 0.08 4.54 �7.29
Ca2+–CaM aII–spec 2.55� 10�6 0.6� 0.02 – –
Ca2+–CaM–PDE1A MBC 0.28� 0.08 5.0� 0.3 0.183 �9.19
Ca2+–CaM–PDE1A CPZ 1.10� 0.09 3.0� 0.3 1.86 �7.82
Ca2+–CaM–MLCK MBC 0.55� 0.08 5.1� 0.3 0.134 �9.37
Ca2+–CaM–MLCK CPZ 0.61� 0.11 8.3� 0.4 0.493 �8.60
Ca2+–CaM–MBC aII–spec 2.72� 10�6 0.5� 0.01 – –
Ca2+–CaM–aII–spec MBC – – 2.96 �7.54
Ca2+–CaM–aII–spec CPZ – – 52.68 �5.84
aApparent dissociation constants.
bEstimated inhibition constants.
cBinding Free Energy.

Figure 2. Structural model of hCaM M124C–mBBr in presence of the
aII–spec peptide. This model was developed from X-ray structure 2FOT.
pdb. A mutation in silico was made (M124C), and subsequently, mBBr
was covalently attached to the cysteine thiol group. A geometric optimi-
zation using Hyperchem™ Professional version 8.0 software was made
only at the mutated residue and the bimane moiety. The blue density
cartoon represents CaM, the red firebrick cartoon depicts the aII–spec
peptide, the green sticks represent mBBr, the yellow-orange sticks repre-
sent TRP1192, and the white balls indicate the Ca2+. The structures were
drawn using PyMOL (DeLano, 2004).
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21361262) using a combination of ab initio and comparative mod-
eling with the Rosetta software (Kaufmann et al., 2010), or through
the SAM-T08 and Pro-Sp3-TASSER servers. Rosetta is considered a
fusion between comparative modeling and ab initio because it
uses available templates and assembles the remaining segments
forms a large set of fragments. In addition, the models from
SAM-T08 will use distant sequence homology supported by hid-
den Markov models, to obtain possible matches for the unknown
regions. All three models were refined using molecular mechanics
and their structural consistency was analyzed as described in
methods section. After this structural refinement and quality
evaluation, their biological appropriateness was tested using the
Rd.HMM protocol (Martinez-Castilla and Rodriguez-Sotres, 2010).
The best model recovered the target sequence from the NCBI-nr
(gi|21361262|ref|NP_005010.2|; calcium/calmodulin-dependent
30,50-cyclic nucleotide phosphodiesterase 1A isoform 1 [Homo
sapiens]) with a score of 365 (67.0% of sequence length), and
E-value of 1.5� 10�103 at the top of the list. The insole sequence
was not on the list as its score was negative. In any case, the Rd.

HMM appropriateness score gives the final model good confi-
dence because we have not found yet any false positive with this
protocol. Occasionally, the Rd.HMM protocol may give false nega-
tives, that is, acceptable models rendering low scores, but clearly
not the case here, because the final three-dimensional coordinates
from the best structural model (generated by Rosetta ab initio) pro-
duced a good score for the target sequence (gi|21361262|ref|
NP_005010.2), as shown in Table S1 (Supporting Information)
where all first 20 best scores were homologues of PDE1 isoforms
from higher vertebrates (only 1–5, 10, and 20 are shown). Figure
S1 shows the final Rd.HMM alignment, with three notable features:
(i) The HMMer model consensus and the target sequence match
position by position to each other, with no gaps in the middle.
(ii) There are conserved (+ and lowercase letters) and highly con-
served (uppercase letters) positions along the whole sequence
length, including the N and C-terminal regions, with a distribution
marks similar to that in the core part (where the starting template
was similar). (iii) The top hit was the target sequence, and the
sequence from the template was found nearly at the bottom of

Figure 3. Fluorescence spectra of Ca2+–hCaM M124C–mBBr adding aII–spec peptide and MBC and inversely. (A) Ca2+–hCaM M124C–mBBr fluorescence,
upon the addition of aII–spec peptide to 259nM, followed by addition of MBC to 20mM. (B) Biosensor hCaM fluorescence upon addition of MBC at saturation
(0–16mM), with the subsequent addition of aII–spec peptide to 293nM. Green arrows indicate the quenching of fluorescence of the biosensor by adding the
ligands, and black arrows indicate the change of ligand added. Experiment conditions were as indicated in Figure 1.

Figure 4. Fluorescence spectra and titration curves of Ca2+–hCaMM124C–mBBrwith the aII–spec peptide. (A) Sample was excited at 381nm, and emission
spectra were recorded from 415 to 550nm. The absolute changes of maximal fluorescence emission were plotted against the ration aII–spec/protein
total and fitted to the binding equation model to obtain the Kd. (B) Fluorescence spectra of the titration of aII–spec peptide (0–259nM), lex= 295nm
and lem=315–350nm. Protein concentration used was 250nM, and the buffer was 50mM of sodium acetate (pH 5.1) at 37 �C and 10mM CaCl2.
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the list, with negative score and no statistical significance. The
alignment of the target sequence to the structural Rd.HMM was
free of gaps (misalignments and/or frame shifts), and its Rd.HMM
score was well above the minimum score for an acceptable model
(30% of sequence length, or 163.5). These data indicated that the
atomic backbone coordinates of themodel built were a better host
for the PDE1A1’s amino acid sequence than for the amino acid se-
quence of the closest known structure (negative Rd.HMM score),
thus representing a biologically appropriate approximation to the
three-dimensional structure, with high structural quality. Figure
S2 shows the superposition of the model obtained for PDE1A with
the X-ray structure of catalytic domain of human phosphodiester-
ase 1B and the corresponding sequence alignment.

Protein–protein dockings and determination of interfaces in
the complexes

With the aim of generating structural models of the interactions
of Ca2+–CaM–PDE1A and Ca2+–CaM–MLCK complexes, protein–
protein docking studies using the RosettaDock protocol were
accomplished (Chaudhury et al., 2011). This tool is part of the
Rosetta 3.2 software package (http://www.rosettacommons.
org). One thousand structures of each complex were performed
and analyzed on the basis of their interface energy (Score) and
root mean squared deviation (RMSD) of the Ca atomic coordi-
nates from the initial model; the best docked complex was
subsequently refined having another 1000 new structures and
analyzed as before (interface energy and RMSD). Figure 5 shows
the results of the low-resolution rigid-body docking as a scatter-
plot and Figure S3 of the high-resolution refinement; therefore,
we elected the best model based on the scores. The average
computation time required for each run was 1.12 and 1.68min
for Ca2+–CaM–MLCK and Ca2+–CaM–PDE1A, respectively (about
30 h for complex). To find the interfaces determinant to the
protein–protein interaction per residue, the ASA by complex
was calculated for each case using NACCESS 2.1.1 software. The
interface between proteins was defined from Van der Waals
contacts (atom distances below the sum of their Van der Waals
1.125Å), polar interactions (polar atoms at distances below
4.7 Å), and hydrophobic interaction (hydrophobic amino acid
residues with side chains closer than 4.7 Å) (Mihel et al., 2008).
ASA changes per residue upon protein complex formation were
used as a measure of interaction strength. Table S2 shows the in-
terface residues involved in each complex formation, where

most of the residues are hydrophobic character. In the case of
CaM, this is not new because the X-ray structure of Ca2+–CaM
bound to different targets has revealed CaM hydrophobic
patches (Yang et al., 2004; Menyhard et al., 2009).

Docking studies protein–peptide:ligand and protein–
protein:ligand.

To generate a binding model to locate the most likely and
estimate a theoretical inhibition constant (Ki) for CPZ and MBC
with Ca2+–CaM, Ca2+–CaM–aII–spec, Ca2+–CaM–MLCK, and
Ca2+–CaM–PDE1A, a molecular docking study was carried out
using the program AutoDock4, made 1000 runs for each com-
plex ligand. Each run required an average of 0.5min. These pro-
gram calculates a Ki from docking energy using the following
equation: Ki = exp(ΔG * 1000)/RT), where ΔG=docking energy;
R=1.98719 cal K�1mol�1, T=298.15 K, and Ki = estimated inhibi-
tion constant, predicting the possible site of interaction of the
ligands at the complexes. An analysis of the intermolecular inter-
actions of all the complexes including hydrophobic and hydro-
gen-bonding contacts were made using LIGPLOT to select the
lowest energy states. The results are shown in Table 1 and
Figures 6, 7, and S4–S9. The Ki estimate to the ligands (MBC
and CPZ) had good correlation with experimental data, for ex-
ample, for MBC with the Ca2+–CaM and Ca2+–CaM–PDE1A com-
plexes, the Kd and Ki were 1.11 and 0.79, and 0.28 and 0.18 mM,
respectively, and for the CPZ with the Ca2+–CaM–PDE1A and
Ca2+–CaM–MLCK complexes, Kd and Ki were 1.10 and 1.86, and
0.61 and 0.49mM, respectively. Figure S10 shows an example of
clustering histogram (CaM–MLCK–MBC complex), where one can
notice that the best energetically clusters are not always the most
abundant. This may be related to the search area in the target
and its size as well as the existing energy barrier along the molec-
ular mesh. MBC and CPZ showed more conformational clusters
when docked to Ca2+–CaM–protein complex than when docked
to Ca2+–CaM alone. This makes sense by giving a larger surface
area available for contact. The results of docking to Ca2+–CaM
indicate that the protein has two preferential interaction regions
for binding these ligands, both rich in hydrophobic amino
acids and located at each lobe of Ca2+–CaM (Figure S5). For
the Ca2+–CaM–aII–spec complex, the same sites of interaction
are observed. However, a larger number of both, hydrophobic
interactions as hydrogen bonds, were observed (Figure S6
and S7). In the Ca2+–CaM–MLCK and Ca2+–CaM–PDE1A

Figure 5. Result of the low-resolution docking. Score (interface energy) and root mean squared deviation (RMSD) of the Ca atomic coordinate scatter plots
for representative (A) Ca2+–CaM–PDE1A complex and (B) Ca2+–CaM–MLCK complex. In this case, the less scores represent the best results of the docking.
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complexes, predicted binding sites are located at the interface
of the protein–protein complexes (Figure 6, 7, S8, and S9).
Figure 6 shows the docking of Ca2+–CaM–MLCK–MBC complex
where the best interaction site is located at the interface between
the two proteins. Such contact may lead to a structural change
in both proteins and perturb its interaction. Considering that
the interfaces in protein–protein complexes play a key role in
their stabilization, the observed ligand’s binding may explain
its ability to produce a therapeutic effect in vivo, because a
pure competitive displacement of the MLCK from its complex
with CaM by CPZ is unlikely to take place, given its much lower
affinity constant.

CONCLUSION

In summary, we have studied the affinity of two anti-CaM
compounds on Ca2+–CaM target protein complexes and have
observed that the affinity of these compounds varies depending
on the complex so that a CaM inhibitor could have a differential

effect on the many Ca2+–CaM target protein complexes. These
differences in affinity could be useful to the development of
drugs with specificity for particular Ca2+–CaM target complexes,
which may then be useful for the treatment of pathological pro-
cesses where CaM and that particular target protein are involved.
In addition, competition experiments with MBC and aII–spec on
Ca2+–CaM revealed a competitive antagonism between both
ligands showing for the latter a higher affinity. Therefore, small
molecules (inhibitors) can act on protein complexes with unsimi-
lar affinity. With the inhibitors and complexes tested here, the
relative affinity for the complexes and for the free protein
differed, but this might be applicable to other CaM inhibitors
and other Ca2+–CaM target complexes, with important implica-
tions for the search of new drugs. Docking studies indicated that
the interface plays a key role and affect the conformational equi-
librium of protein complexes associated with CaM. Therefore,
this type of phenomenon can be related directly with the both
physiological and pathological effects where CaM participates,
through conformational equilibriums between proteins and
ligands that interact with CaM.

Figure 6. Structural models of CaM–PDE1A–MBC complex. Shown on the right is the complex in blue cartoon, red cartoon, and yellow stick, the CaM,
PDE1A, and MBC, respectively. The pocket of binding is shown in the center. Shown on the left is the two-dimensional representation of CaM–PDE1A–MBC
interactions resulting from the docking, with residues indicated for CaM(A) and PDE1A(B). The images were made with PyMOL and LIGPLOT.

Figure 7. Structural models of CaM–MLCK–MBC complex. Shown on the left is the complex in blue cartoon, green cartoon, and yellow stick, the CaM,
PDE1A, and MBC, respectively. Shown in the center is the pocket of binding in a zoom. Shown on the right is the two-dimensional representation of
CaM–MLCK–MBC interactions from the docking, with residues indicated for CaM(A) and MLCK(B).
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