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This article describes the development of a new fluorescent-engineered human calmodulin, hCaM
M124C–mBBr, useful in the identification of potential calmodulin (CaM) inhibitors. An hCaM mutant con-
taining a unique cysteine residue at position 124 on the protein was expressed, purified, and chemically
modified with the fluorophore monobromobimane (mBBr). The fluorophore-labeled protein exhibited
stability and functionality to the activation of calmodulin-sensitive cAMP phosphodiesterase (PDE1) sim-
ilar to wild-type hCaM. The hCaM M124C–mBBr is highly sensitive to detecting inhibitor interaction
given that it showed a quantum efficiency of 0.494, approximately 20 times more than the value for
wild-type hCaM, and a large spectral change (�80% quenching) when the protein is in the presence of
saturating inhibitor concentrations. Two natural products previously shown to act as CaM inhibitors,
malbrancheamide (1) and tajixanthone hydrate (2), and the well-known CaM inhibitor chlorpromazine
(CPZ) were found to quench the hCaM M124C–mBBr fluorescence, and the IC50 values were comparable
to those obtained for the wild-type protein. These results support the use of hCaM M124C–mBBr as a
fluorescence biosensor and a powerful analytical tool in the high-throughput screening demanded by
the pharmaceutical and biotechnology industries.

� 2009 Elsevier Inc. All rights reserved.
Calmodulin (CaM)1 is a small Ca2+-modulated protein of 148
amino acids (16,706 Da) considered as the primary transducer of
Ca2+-mediated signals in eukaryotes. It has four motifs called EF
hands (each bind a single Ca2+ ion) that are composed of two a-heli-
ces linked by a 12-residue loop. CaM amino acid sequence is highly
conserved in animal and plants, although the latter organisms ex-
press several CaM isoforms.

CaM acts on many cellular targets, including soluble enzymes,
ion channels, and primary pumps, resulting in a variety of essential
downstream cellular effects [1–6]. Accordingly, this protein influ-
ences a number of important physiological processes representing
ll rights reserved.
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an important drug target [7]. Indeed, many CaM inhibitors are
well-known antipsychotic smooth muscle relaxants, antitumoral
and a-adrenergic blocking agents, among others. The interaction
of CaM with its physiological targets depends on the exposure of
two hydrophobic pockets (Fig. 1) following the conformational
change elicited by Ca2+ binding to the protein.

Many compounds, including drugs, pesticides, and research
tools, interact with CaM at the same hydrophobic sites also pro-
voking conformational changes in the protein. Many of these sub-
stances behave as CaM antagonists, the best-known structural
examples of these interactions are the antipsychotic analogs of tri-
fluoroperazine (TFP) (Fig. 1) [8]. Such interactions can be detected
using several analytical methods, including affinity chromatogra-
phy, ultraviolet (UV), circular dichroism (CD) spectroscopy [9],
gel electrophoresis [10,11], nuclear magnetic resonance (NMR)
[12,13], X-ray diffraction [8,14–16], functional enzymatic assays
[17–19], and fluorescence-based technologies such as fluorescence
resonance energy [20–23]. The fluorescence-based methods are
highly specific, low cost, selective, and they have rapid reaction
time, although sometimes the preparation of the sensing element
can be laborious. Among the fluorescence-based methods, the
use of site-selective fluorescently labeled CaM has become popular
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Fig. 1. Three-dimensional structures of CaM in its different conformations: (A) calcium free (Protein Data Bank [PDB] code: 1CFD); (B) with calcium (PDB code: 1CLL); (C)
with TFP (PDB code: 1LIN). The structures were drawn using the PyMOL program [38].
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recently. In addition, these methods have been demonstrated to be
a powerful biosensing system for screening certain classes of drugs
such as tricyclic antidepressants [24]. One of the most widely used
procedures involves the covalent attachment to CaM of a thiol-
reactive fluorophore strategically located using site-directed cys-
teine mutagenesis. With such a molecular probe, it is possible to
correlate the conformational changes with ligand binding by the
changes in the emission properties of the labeled proteins.

In previous investigations, it has been determined that the
attachment of different fluorophores at the cysteine residue lo-
cated at position 109 produced better extrinsic fluoresce enhance-
ment on ligand binding [25]. Here we describe the development of
a fluorescence-based assay useful for detecting potential CaM
inhibitors using a fluorescent human CaM (hCaM). The protein
was engineered by rational design, replacing Met124 by cysteine
using site-directed mutagenesis; the resulting protein, hCaM
M124C, was purified by hydrophobic exchange chromatography
and monobromobimane (mBBr) was attached covalently to
Cys124 as fluorescent probe. The fluorophore mBBr was selected
because of its high sensitivity. Such sensitivity has been success-
fully exploited in the elucidation of the secondary structure of T4
lysozyme [26]. The stability and functionality of hCaM M124C–
mBBr (hCaM labeled with mBBr at position 124) were determined
by CD measurement and functional enzymatic assay using calmod-
ulin-sensitive cAMP phosphodiesterase (PDE1) as a monitor en-
zyme. Furthermore, the usefulness of hCaM M124C–mBBr was
demonstrated by testing the ability of the known CaM inhibitors
malbrancheamide (1), tajixanthone hydrate (2) [27,28], and chlor-
promazine (CPZ) (Fig. 2) to quench the fluorescence of the engi-
neered protein and to inhibit CaM–PDE1 complex.

Materials and methods

Reagents

CALM1 (human phosphorylase kinase, delta) gene was pur-
chased from Origene Technology (Rockville, MD, USA). pGEM-T
Easy Vector System I was purchased from Promega (Madison, WI,
USA). pET12b vector was obtained from Novagen (Darmstadt, Ger-
many). Pfu DNA polymerase was purchased from Stratagene (La
Jolla, CA, USA). NdeI and BamHI were obtained from New England
Biolabs (Ipswich, MA, USA). Primers for polymerase chain reaction
(PCR) mutagenesis and Escherichia coli BL21-AI One Shot were pur-
chased from Invitrogen (Carlsbad, CA, USA). mBBr was purchased
from Toronto Chemical Research (Toronto, Canada). All other re-
agents were of analytical reagent grade and were purchased from
Sigma (St. Louis, MO, USA).

Subclonig of gene encoding for hCaM and site-directed mutagenesis

CALM1 gene encoding hCaM was amplified using PCR from the
complementary DNA (cDNA) clone pCMV6-XL5 (Origene Technol-
ogy) along with the primers (50-CATATGGCTGATCAGCTGACCG-30

and 50-CCTAGGAGTAAAACGTCAGTAGT AGAC-30) to insert restric-
tion sites NdeI and BamHI at the start and end of the gene. Ampli-
fied products were cloned into a vector (pGEM-T Easy Vector
System I) and further subcloned into the protein expression vector
pET12b Novagen (EMD Chemicals, Darmstadt, Germany). Single
amino acid substitutions were generated by overlapping PCR
mutagenesis using the Quick Change Kit (Stratagene). All clones
and mutations were confirmed by nucleotide sequencing with an
ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA). In all cases, the single methionine at position 124 in
the wild-type sequences was replaced by cysteine to facilitate con-
jugation of the reporter group to this thiol. Plasmids were trans-
formed into E. coli BL21-AI One Shot following the specifications
of the kit’s manufacturer.

Protein purification of hCaM and the mutant hCaM M124C

A single colony of E. coli strain BL21-AI/pET12b was grown in
Luria–Bertani (LB) medium containing 100 mg/ml of ampicillin
overnight with shaking at 37 �C and was inoculated into 500 ml
of LB medium containing 100 mg/ml of ampicillin until the optical
density (OD) of the culture at 550 nm reached between 0.8 and 1.0.
Expression was induced by the addition of L-(+)-arabinose (0.2%,
w/v) overnight with shaking at 37 �C. The cells were harvested
by centrifugation (10 min, 4000g), resuspended in 50 mM Tris–
HCl, 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithio-
threitol (DTT), and 200 mg/ml of egg white lysozyme at pH 7.5
and were chilled on ice for 30 min. Resuspended cells were lysed
by sonication, and cellular debris was removed by centrifugation
for 15 min at 15,000g. The supernatant was collected, and CaCl2

and NaCl were added to final concentrations of 5 and 500 mM,
respectively. The protein was purified using a Phenyl Sepharose
CL-4B chromatographic column. Briefly, the supernatant was ap-
plied to the column preequilibrated with 50 mM Tris–HCl,
0.5 mM DTT, 0.1 mM CaCl2, and 500 mM NaCl at pH 7.5. The col-
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Fig. 2. Structures of compounds 1, 2, and CPZ. The structures were drawn with ChemBioDraw software (version 11.0, CambridgeSoft, http://www.cambridgesoft.com).
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umn was washed with loading buffer, followed by the same with
1 mM EDTA and 150 mM NaCl. Finally, the protein was loaded on
a cationic exchange column (Source Q, Amersham Biosciences, Pis-
cataway, NJ, USA) at pH 8.8 and was eluted by a linear gradient of
40 min (0–100%) with 500 mM NaCl. Protein was collected in frac-
tions and assessed for purity by gel electrophoresis. All prepara-
tions were at least 98% pure by this criterion (Fig. 3).
Fig. 3. Purification of hCaM M124C by sodium dodecyl sulfate–polyacrylamide gel electr
line 2: supernatant of lysate; line 3: fraction nonbound at Phenyl Sepharose CL-4B colu
cationic exchange column. The densitometric profiles were obtained using ImageJ softw
Chemical modification of unique reactive cysteine of hCaM M124C
protein with mBBr

All fluorophore conjugations steps were typically carried out at
room temperature. To a protein at a concentration of 5 to 10 mg/
ml, 5 mM was added and incubated for 3 h to reduce intramolecu-
lar disulfide bonds, and then it was washed on a gel filtration HR-
ophoresis (SDS–PAGE) and line profiles. Line 1: molecular weight standard proteins;
mn; line 4: fraction bound at Phenyl Sepharose CL-4B column; line 5: hCaM after
are (http://rsb.info.nih.gov/ij).
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Fig. 4. In silico model of the mutation of cysteine residue and bimane attachment
(hCaM M124C–mBBr) created using HyperChem software (version 7.5, HyperCube,
http://www.hyper.com), by a geometric optimization using the AMBER force field,
reaching a minimum gradient of 0.01 kcal ÅA

0
–1 mol–1. Red lines show amino acid of

the site binding in the CaM–TFP complex, green sticks show mBBr, orange sticks
show TFP, and pale yellow balls show Ca2+. Hydrogens are omitted for clarity. (For
interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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100 column (Pharmacia Biotech, Piscataway, NJ, USA). A thiol-reac-
tive fluorophore (20% in dimethyl sulfoxide [DMSO]) was added in
small aliquots to reach a final concentration of 10 molar excess and
DMSO of approximately 5%. Conjugation proceeded in the dark
overnight at 4 �C. Separation of protein from unreacted fluorophore
was achieved by size exclusion chromatography (Superdex 75).
The efficiency of report group attachment was assessed by reactiv-
ity of the protein against 5-50-dithiobis-(2-nitrobenzoic) acid
(DTNB), measuring the release of 2-nitrobenzoate (TNB). Next, pro-
tein concentrations of both wild-type and labeled hCaM were
determined with the bicinchoninic acid method [29].

Circular dichroism

CD wavelength scans and thermal melting data were recorded
on a JASCO J-715 spectropolarimeter under an N2 atmosphere with
an attached thermal Peltier temperature control module. Thermal
denaturation of hCaM wild-type and hCaM M124C–mBBr was
monitored at 222 nm with a resolution step of 0.5 �C, a bandwidth
of 1.0 nm, and a response time of 16 s. The concentration of protein
used was 5 lM in 100 mM sodium phosphate buffer (pH 5.1). The
sample was heated at a rate of 60 �C/h from 20 to 90 �C. Data were
analyzed using the spectra manager software (version 1.50.00)
supplied with the instrument and using a nonlinear regression
analysis to a two-state model with the Origin 7.0 program (Origin-
Lab, Northampton, MA, USA):

h ¼ ðhN þmN½T�Þ þ ðhU þmU½T�Þe�ðDHm=RTþDHm=RTmÞ

1þ e�ðDHm=RTþDHm=RTmÞ
; ð1Þ

where hN and hU represent the molar ellipticity in the native and un-
folded states, respectively; mN and mU represent the temperature
dependence of the molar ellipticity in the native and unfolded
states, respectively; T represents temperature (K); R represents
ideal gas constant (kcal mol–1 K–1); DH represents change in enthal-
py (kcal mol–1 K–1); and Tm represents melting temperature (K).

Steady-state fluorescence

All measurements were conducted with an ISS–PC1 spectroflu-
orometer (ISS, Champaign, IL, USA) with sample stirring at 37 �C.
The protein hCaM M124C–mBBr (5 lM) was incubated in buffer
(100 mM phosphate [pH 5.1] and 10 mM CaCl2). Fluorescence
emission spectra were acquired with excitation and emission slit
widths of 4 and 8 nm, respectively. The excitation wavelength
was 381 nm, and emission wavelengths of 420 to 640 nm were
measured. The fractional degree of saturated hCaM M124C–mBBr
with ligand (y) was calculated by changes in fluorescence on ligand
binding according to y = (F � F0) / (F1 � F0), where F1 represents
the fluorescence intensity at saturation of the ligand, y is plotted
as a function of the inhibitor concentration, and the apparent dis-
sociation constants (Kd) were obtained by fitting to Eq. (2):

y ¼
ð1þ Kd=P0 þ L0=P0Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ Kd=P0 þ L0=P0Þ2 � 4L0=P0

q

2
; ð2Þ

where y represents the fractional degree of fluorescence intensity at
470 nm, Kd is the apparent dissociation constant for the ligands, and
P0 and L0 are the total concentrations of the protein and ligand,
respectively. The data were analyzed using the Origin 7.0 program.

hCaM–PDE1 bioassay

hCaM–PDE1 assay was performed in a 96-well plate as de-
scribed previously [30] with some modifications. Briefly, wild-type
hCaM or hCaM M124C–mBBr (0.08 lg) was incubated with 0.015
units of CaM-deficient/CaM-dependent cAMP phosphodiesterase
from bovine brain for 30 min in 40 ll of assay solution containing
0.063 units of 50-nucleotidase, 45 mM Tris–HCl, 5.6 mM magne-
sium acetate, 45 mM imidazole, 2.5 mM calcium chloride, and
10 lM bovine serum albumin (BSA) at pH 7.0. Test compounds
were then added to the assay medium at 0.5, 1, 2, 3, 4, 7, 13, 20,
32, 50, and 65 lM in acetonitrile (ACN)/water (1:1), and the sam-
ples were incubated for 30 min. After that, 10 ll of 10.8 mM cAMP
was added to start the assay. After 15 min, the assay was stopped
by the addition of 190 ll of Malachite green solution. The phospho-
diesterase reaction was coupled to the 50-nucleotidase (Crotalus
atrox venom from Sigma) reaction; the amount of inorganic phos-
phate released, measured spectrophotometrically at 700 nm, was
correlated with the activity of the PDE1. All of the results are ex-
pressed as the mean of at least six experiments ± standard error
of the mean (SEM). The IC50 values were determined by nonlinear
regression analysis performed with the Origin 7.0 program as re-
ported previously [28].

Results and discussion

Design of a suitable site for hCaM mutagenesis

The specificity of the interaction of CaM with its molecular tar-
gets and its role in the regulation of several biochemical processes
make this protein a powerful research tool to explore its physiolog-
ical role and a target for drug discovery. Therefore, we have specif-
ically labeled a cysteine residue at 124 with mBBr, a sensitive
fluorescent probe, to yield a new hCaM variant (Fig. 4) following
a rational approach with the goal of preserving the structural and
functional properties of the native protein. The cysteine residue
was introduced exchanging Met124 by site-directed mutagenesis.
This position was selected for the following reasons. First, X-ray
analyses of cocrystallized CaM-Ca2+–TFP complex indicated the
participation of 14 side chains in the binding site [25], including
Met124; specifically, this position interacts with two molecules
of TFP (Fig. 4). Furthermore, when TFP binds to CaM-Ca2+, residue
Met124 moves from being totally exposed to a buried position near
the hydrophobic pocket (Fig. 4). Second, Met124 is located in a rel-
ative rigid a-helical region; therefore, disruption in the native fold

http://www.hyper.com


Table 1
Experimental IC50 values and apparent Kd values of compounds 1, 2, and CPZ
determined by PDE1 and fluorescent assays.

Compound hCaM WT hCaM M124C–mBBr

IC50 (lM)a IC50 (lM)a Kd (lM)b

1 3.65 ± 0.74 3.04 ± 0.11 0.261 ± 0.023
2 5.62 ± 1.25 5.58 ± 0.20 0.033 ± 0.006
CPZ 21.98 ± 1.94 19.20 ± 0.36 1.714 ± 0.184

a Determined by PDE1 assay.
b Determined by fluorescent assay.
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of the protein for the formation of disulfide-linked aggregates is
unlikely. This position also shows a large chemical shift change
in the 1H and 13C NMR spectra when the protein is titrated with
the inhibitor W-7 [31]. Therefore, the microenvironment sur-
rounding position 124 is very susceptible to CaM inhibitors.
Accordingly, attachment of a fluorophore at this position should re-
port any conformational change on the inhibitor binding. Third, we
carried out in silico studies of the modified protein using the
HyperChem 7.5 program. When the structure was minimized to
a 0.09 kcal/mol gradient with the AMBER94 force field, the linear
distances from the thiol group of Cys124 (Cys124 SG) to N1 of each
TFP molecule present in the Ca2+-CaM–TFP complex were 3.75 and
4.96 Å, respectively. These distances were small enough to allow
fluorescent quenching by the inhibitors but large enough to pose
no severe steric hindrance on binding of a medium-sized ligand.
Fourth, the solvent accessibility of hCaM M124C calculated by
the Lee–Richards algorithm implemented in NACCESS 2.1.1 soft-
ware [32] was 60.5 Å2; thus, the inclusion of a small fluorophore
such as mBBr should not affect its stability [26]. In summary, mod-
ification at position 124 was in agreement with previous work de-
scribed in the literature [26,33].

The hCaM M124C was generated as described in Materials and
methods and was chemically modified to give the corresponding
hCaM M124C–mBBr.

Stability and functionality of hCaM M124C–mBBr

The folding, stability, and functionality of both the wild-type
and mutant hCaM M124C–mBBr were studied by monitoring
structural changes in the overall conformation using physical
methods [34,35] (far-UV CD) and an enzymatic assay. The percent-
ages of secondary structure elements calculated from the far-UV
CD spectra of both wild-type and hCaM M124C–mBBr do not show
significant variations (84.27% a-helix and 1.24% b-structure)
(Fig. 5A). The Tm values of wild-type hCaM and hCaM M124C–mBBr
were 61 and 57 �C, respectively, suggesting thermal stability in
both cases (Fig. 5B). The modified protein also displayed a signifi-
cant activation of the PDE1. The IC50 values obtained for CPZ by
PDE1 assays are consistent with those reported previously in the
literature [9,36,37] (Table 1).

Titration of hCaM M124C–mBBr with compounds 1, 2, and CPZ

The modified protein showed a quantum efficiency of 0.494,
approximately 20 times more than the value for wild-type hCaM
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Fig. 5. Far-UV CD spectra (A) and molar ellipticity at 222 nm (B) for Apo-hCaM WT (s)
determined from CD spectra using K2D2 program [39]. Thermal denaturation for both
temperature, from 20 to 90 �C. The buffer was 100 mM sodium phosphate (pH 5.1). The
(/ = 0.025). hCaM M124C–mBBr displayed the largest fluorescence
response at 470 nm (kex = 381 nm), thereby avoiding any interfer-
ence due to UV absorption of most common ligands.

Fig. 6 and Table 1 summarize the concentration-dependent ef-
fect of compounds 1, 2, and CPZ on the fluorescence response of
hCaM M124C–mBBr. The addition of compound 2 and CPZ
quenched the fluorescence of the engineered protein in approxi-
mately 84%, whereas compound 1 showed a slightly smaller re-
sponse (78%). In all cases, the effect correlated with the
structural changes of the protein on binding of the inhibitor (Figs.
4 and 6).

The signal changes maximal in fluorescence (470 nm) was plot-
ted versus the inhibitor/protein total ratio, and the fitting curves
provided an apparent Kd (see Materials and methods). The Kd of
CPZ was similar to that reported previously for antagonists of the
CaM [40]. The IC50 values calculated for CPZ, 1, and 2 were consis-
tent with those previously reported [9,27,36] and those found in
the current study with native hCaM (Table 1), providing an impor-
tant evidence of the specificity of hCaM M124C–mBBr.

Conclusions

A new fluorescent-engineered hCaM, hCaM M124C–mBBr, has
been designed by a combination of site-directed mutagenesis and
covalent attachment of a fluorophore probe. The protein is stable
and functional for activation of PDE1 and shows promise for
detecting new CaM inhibitors in a reliable, quick, and sensitive
manner. The fluorophore-labeled protein detects classic CaM
inhibitors such as CPZ and was used strategically for reevaluating
two natural products. Its efficacy was demonstrated by means of a
functional enzymatic assay and by fluorescence spectroscopy. Fi-
nally, hCaM M124C–mBBr can be used as an important tool for
identifying new CaM inhibitors that will be useful as potential
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Fig. 6. Titration by fluorescence of engineered hCaM with compounds 1 (A), 2 (B),
and CPZ (C) (left panels). Buffer was 5 mM KAc (pH 5.1) at 37 �C and 1 mM CaCl2,
and excitation was at 381 nm. The absolute changes of fluorescence emission at
470 nm (DDIF) were plotted against the ratio inhibitor/protein and fitted to the
binding equation model to obtain the fractional degree of saturated hCaM M124C–
mBBr (right panels).
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drugs or pesticides. Another possibility not tested in this work is to
use hCaM M124C–mBBr to detect new potential protein–protein
interactions given that this protein conserved functionality to
interact with PDE1.
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