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ABSTRACT: Calcineurin is a calmodulin-binding protein in brain and the only serine/threonine protein
phosphatase under the control of Ca2+/calmodulin (CaM), which plays a critical role in coupling Ca2+

signals to cellular responses. CaM up-regulates the phosphatase activity of calcineurin by binding to the
CaM-binding domain (CBD) of calcineurin subunit A. Here, we report crystal structural studies of CaM
bound to a CBD peptide. The chimeric protein containing CaM and the CBD peptide forms an intimate
homodimer, in which CaM displays a native-like extended conformation and the CBD peptide shows
R-helical structure. Unexpectedly, the N-terminal lobe from one CaM and the C-terminal lobe from the
second molecule form a combined binding site to trap the peptide. Thus, the dimer provides two binding
sites, each of which is reminiscent of the fully collapsed conformation of CaM commonly observed in
complex with, for example, the myosin light chain kinase (MLCK) peptide. The interaction between the
peptide and CaM is highly specific and similar to MLCK.

Calcineurin is the only known protein Ser/Thr phosphatase
whose activity is regulated by calmodulin (1, 2). Calcineurin
is involved in many critical cellular processes, including
T-cell activation, apoptosis, ion channel regulation, and
cardiac myocyte hypertrophy (3-6). As a heterodimeric
protein, calcineurin consists of a 61 kDa catalytic subunit A
(CNA) and a 19 kDa regulatory subunit B (CNB). CNA
contains four functional domains: a catalytic domain, a CNB
binding domain, a calmodulin-binding domain (CBD), and
an autoinhibitory domain (AID) (7-10). CNB has four EF-
hands similar to those in calmodulin (11). Crystal structures
of calcineurin have revealed that the catalytic domain is
ellipsoidal and consists of a mixture ofR-helices and
â-sheets. The CNB binding domain protrudes from the
ellipsoid, forming a five-turnR-helix connected to the
catalytic domain via a short linker. The two globular domains
of CNB are arranged linearly along the CNB binding domain
and form a 33 Å long hydrophobic groove to associate with
CNA (8, 9). In total, there are four crystal structural studies
of calcineurin and its various complexes, the first of which
was reported almost a decade ago (8, 9, 12, 13). However,
the calmodulin-binding domain or CBD of calcineurin is
notably absent from all published structures because this

region is largely disordered in the absence of bound
calmodulin. Therefore, the structure of the calmodulin-
binding domain, its interaction with calmodulin, and activa-
tion of calcineurin by calmodulin remain unknown.

Calmodulin (CaM) is a ubiquitous and highly conserved
acidic Ca2+-binding protein, which regulates many cellular
proteins and transmembrane ion transporters (14, 15). The
classic model of calmodulin binding to its target proteins or
synthetic peptides involves the unwinding and bending of
the centralR-helix to bring the N- and C-terminal lobes in
a collapsed conformation, thus, exposing hydrophobic grooves
which interact with two hydrophobic anchor residues of a
target molecule (16-20). But more recent structural studies
have revealed that calmodulin can adopt a wide spectrum
of conformations to interact with different targets. These
include adopting an extended conformation (21-23), absence
of the hydrophobic pocket in the N-terminal lobe (24),
formation of a different loop from the central linker for
peptide interaction (25), binding of Ca2+ ions in only one
EF-hand pair (22, 23), binding to the target peptide only with
the C-terminal lobe (21), binding to the myristoyl moiety of
the target peptide (26), and promoting target dimer formation
(22). These results clearly demonstrate the diversity of
conformations that calmodulin is able to adopt in accom-
modating different binding partners.

In this study, we have generated a fusion protein in which
a 25-residue peptide (residues 389-413, sequence AAARKE-
VIRNKIRAIGKMARVFSVL) derived from CBD of cal-
cineurin subunit A was fused to the C-terminus of calmodulin
via a 5-glycine flexible linker (Figure 1). The crystal structure
of this fusion protein, which we shall refer to as CcL
(Calmodulin fused to calmodulin-binding domain of cal-
cineurin via a Linker), is reported here.
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MATERIALS AND METHODS

Materials. IPTG, Tris, EDTA, MnCl2, and CaCl2 were
purchased from Sigma (St. Louis, MO). Restriction enzymes
(Nde I and Bam HI), T4 DNA ligase, and Pyrobest
polymerase were purchased from TaKaRa Biotech (Tokyo,
Japan). Protein standard was obtained from Sigma and DEAE
Sepharose FF from Amersham Biosciences (Uppsala, Swe-
den). All other reagents used were of analytical grade.

Construction of Expression Vector pETCcL.A three-step
PCR procedure was employed to create the fusion protein
CcL. The primers and PCR strategies used are described
below. Sequences complementary to templates are under-
lined, STOP codon is in italics, and glycine codons are in
bold type. In the first PCR reaction, the sense primer
(carrying Nde I site), 5′-CCGCCATATGGCTGATCAACT-
GACA-3′, and the antisense primer, 5′-TGCAGCACCAC-
CACCGCCACCCTTCGCTGTCATCATCTG-3′, were used
with the plasmid pETCaM (27) as template. In the second
PCR reaction, the sense primer, 5′-GCGAAGGGTGGCG-
GTGGTGGT GCTGCAGCCCGGAAGGAG-3′, and anti-
sense primer (carrying Bam HI site), 5′-CGCGGGATCCT-
TAGAGAACTGAGAATACTCT-3′, were used with the
plasmid pETCNA vector (28) as template. The two PCR
products were partly complementary to each other and were
used as templates in the third PCR reaction together with
the primary sense and the secondary antisense primers. The
final PCR product and the blank pET21a plasmid were cut
with Nde I and Bam HI. Positive recombinant colonies were
obtained after standard ligation, transformation, and plasmid
screening, and the complete sequence of CcL was confirmed
by DNA sequencing.

Expression and Purification of CcL.A single colony of
Escherichia colistrain BL21 (DE3)/pETCcL from a freshly

streaked plate was inoculated into 50 mL of LB media
containing 100µg/mL ampicillin and incubated with shaking
at 37°C overnight; the growth was used to inoculate 2 L of
TM containing 100µg/mL ampicillin. When OD600 reached
1.0, IPTG was added to 0.5µM, and the culture was shaken
continuously at 28°C for another 16 h. The cells were
harvested by centrifugation at 10 000g for 10 min.

The cell pellet was washed once with 100 mL of lysis
buffer (50 mM Tris-HCl, pH 7.4, and 1 mM EDTA), then
completely resuspended in 200 mL of lysis buffer with 0.2
mM phenylmethylsulfonyl fluoride (PMSF) and 20 mM
â-mercaptoethanol, and the cells were lysed by sonication.
The lysate was clarified by centrifugation at 40 000g for 20
min. The supernatant was transferred to a flask, which was
placed in an 85°C water bath and kept for 20 min. The
precipitate was removed by centrifugation at 40 000g for 20
min. The supernatant was diluted 2-fold with Milli-Q water
and adjusted to pH 7.4 with 1 M Tris base. The sample was
applied to a DEAE column preequilibrated with 20 mM Tris-
HCl, pH 7.4, and mounted to a fast protein liquid chroma-
tography (FPLC) system (Amersham). The column was
washed with the same buffer and eluted with 20 mM Tris-
HCl, pH 7.4, and 100 mM NaCl. Fractions of 2.5 mL were
collected, and the purity of the protein was analyzed by 12%
SDS-PAGE.

To assess oligomeric state of CcL in solution, we
performed gel filtration experiements. At protein concentra-
tion of 2 mg/mL, 0.5 mL CcL was loaded onto a Superdex
75 column (column volume: 120 mL). The running buffer
was 20 mM Tris-HCl (pH 7.4), and 1 mM CaCl2. The
Superdex 75 column was fully calibrated.

Assay of Phosphatase ActiVity. The phosphatase activity
of CNA was assayed in thep-nitrophenyl (pNPP) substrate
solution containing 50 mM Tris-HCl, pH 7.4, 0.5 mM MnCl2,
1 mM CaCl2, 0.5 mM DTT, 0.2 mg/mL bovine serum
albumin, and 20 mMp-nitrophenyl phosphate. CNB was
added to the substrate solution to a final concentration of 2
µM when using CNB to stimulate CNA phosphatase activity.
Measurements using CaM or CcL to stimulate CNA phos-
phatase activity used a ratio of CaM or CcL to CNA of 2:1
on a molar basis. The reactions were performed in a 0.2 mL
volume at 30°C for 20 min and terminated by the addition
of 1.8 mL of a 0.5 mM Na2CO3 and 20 mM EDTA solution.
The absorbance was measured at 410 nm. The units (U) of
activity are defined as nanomole of pNPP hydrolyzed per
minute.

Crystallization and Data Collection.CcL was crystallized
at room temperature by hanging-drop vapor-diffusion method,
in the presence of 1 mM calcium. Two different crystal
forms, hexagonal and plate-shaped, were obtained. Hexago-
nal crystals were grown from 29% PEG monomethyl ether
2K, 0.2 M ammonium sulfate, and 0.1 M malonic acid, pH
4.5. Plate crystals were obtained from a different buffer (0.1
M citrate, pH 4.5).

X-ray diffraction data were collected at NSLS. The
hexagonal crystal diffracted to 2.6 Å in space groupP321,
with cell parametersa ) b ) 137.7 Å, c ) 45.3 Å. The
plate crystal diffracted to 2.17 Å in space groupC2, with
cell parametersa ) 116.2 Å,b ) 41.9 Å,c ) 69.6 Å,â )
110.5°. Both crystal forms have two molecules in the
asymmetric unit. Each data set was collected from a single-
crystal cryo-cooled to 100 K. The data were processed and

FIGURE 1: CcL construct and SDS gel of its expression and
purification. (a) The C-terminus of CaM is fused to the N-terminus
of the CBD peptide through a 5-glycine linker. (b) Lane A,
molecular weight standard; lane B, supernatant of lysate; lane C,
purified CcL.
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scaled with DENZO and SCALEPACK (29). The statistics
of the diffraction data are summarized in Table 1.

Structure Determination and Refinement.The structure
was solved by molecular replacement (MR) using a previ-
ously solved calmodulin complex structure devoid of the
peptide from the CaM-binding domain of CaM-dependent
protein kinase II (PDB accession code: 1CDM) as a search
model. For MR calculations, the program PHASER was used
(30). An initial attempt to use the entire collapsed CaM
molecule (1CDM) as the search model was unsuccessful. It
is well-known that the central helical region of CaM can be
very flexible; therefore, further MR was carried out using
the two individual halves of CaM. Using the N-terminal lobe
(residues 4-73) of CaM as a search model, we obtained two
solutions with least-likelihood gain (LLG) of 107 and a
Z-score of 10.97 from PHASER (30). By fixing the two
N-terminal lobes, we identified two additional solutions with
LLG of 398 and aZ-score of 13.45 using the C-terminal
(residues 84-116) lobe as a search model. After several
rounds of CNS (31) refinement and manual model editing
with XFIT (32), the central helical region of CaM as well
as the fused peptide could be clearly seen at 3σ levels of the
Fo - Fc difference density map. However, the initial
assignment of the N- and C-terminal lobes from the MR
solutions was found to be incorrect. On the basis of the
connections of the central helical region, one of the initial
N-terminal lobes was actually a C-terminal lobe, and vice
versa.Fo - Fc difference densities of at least 4σ levels were
also found in each of the eight EF-hand motifs, corresponding
to bound calcium ions. CNS (31) was used for the addition
of water molecules to the models. The model in theC2 space
group was further refined by REFMAC (33) with each CaM
molecule and peptide sequence defined as individual TLS
(34) groups.

RESULTS AND DISCUSSION

Preparation of CcL and Its ActiVation on CNA.CcL was
highly expressed as a soluble cytosolic protein inE. coli.
More than 100 mg of purified protein were obtained from 1

L of cell culture (Figure 1). CaM induces a 2-fold increase
in the phosphatase activity of CNA in the absence or presence
of CNB, as evident in Figure 2. As expected, in contrast,
CcL has no effect on the activity of CNA, evidently
suggesting that the CBD peptide has taken up the binding
position in CaM and prevented CaM from binding the target
molecule CNA.

As demonstrated by gel filtration (Figure 3), more than
10% of CcL existed as dimer. The characteristic monomer,
as expected from our experience, was the dominant peak.
To ascertain the identity of the small peak, an SDS-PAGE
gel was run, and the result confirmed it was CcL. We have
further carried out analytical ultracentrification experiments
(protein concentration of 2 mg/mL in 20 mM Tris-HCl, pH
7.4, and 1 mM CaCl2). The result also indicated the existence
of a small amount of CcL dimer (data not shown).

OVerall Structure.We have determined the crystal struc-
tures of CcL in two different crystal forms (space groupC2
andP321) in the presence of Ca2+. The finalR/Rfree factors
are 0.234/0.297 for theP321 structure at 2.6 Å resolution
and 0.204/0.289 for theC2 structure at 2.17 Å resolution,
respectively (Table 1). Since theP321 data is of lower
resolution, the slightly higherR-factors are not surprising.
For theC2 crystal, the diffraction was somewhat isotropic,
as in certain regions the diffraction was much worse than
others. This may have contributed to the relatively highRfree

value. The coordinates have been deposted (PDB accession
codes: 2F2P forP321 and 2F2O forC2). The final structures
from the two crystal forms are nearly identical, with root-
mean-square deviation (rmsd) of only 0.94 Å. Not surpris-
ingly, the individual N- and C-lobes between the two crystal
forms overlap slightly better (average rmsd of 0.85 Å). In
both crystal forms, CcL forms a tight dimer, in which two
CaM molecules associate in a head-to-tail manner (Figure
4). The two monomers are essentially identical, displaying
an rmsd of 0.63 Å for theC2 structure and 0.50 Å for the
P321 structure, respectively. As illustrated in Figure 4, the
two CaM molecules maintain an extended conformation,
similar to the open structure of the native Ca2+/CaM in the
absence of ligand (35, 36) with an rmsd of 1.7 Å. As
expected, eight Ca2+ ions are bound in the four EF-hand
lobes in two CaM molecules. The two CBD peptides are
bound at equivalent positions between the N-terminal lobe
of the first CaM molecule and the C-terminal lobe of the

Table 1: Diffraction and Structure Refinement Statistics

Crystal Parameters and Data Statistics
space group C2 P321
cell dimension (Å)
a 116.19 137.72
b 41.85 137.72
c 69.64 45.28
solvent content (%) 39 60
no. of molecules in ASU 2 2
resolution range (Å) 50-2.17 50-2.60
total no. of reflections 346901 256617
no. of unique reflections 18125 15794
Rsym 0.057 0.096
completeness (%) 97.6 99.5

Refinement Statistics
resolution range (Å) 50-2.17 50-2.60
sigma cutoff for refinement none none
R (Rfree) 20.4% (28.9%) 23.4% (29.7%)
no. of reflections in test set (%) 1774 (9.9%) 1495 (9.4%)
no. of non-hydrogen protein atoms 2494 2666
no. of calcium atoms 8 8
no. of water molecules 178 32
rmsd bond lengths (Å) 0.003 0.011
rmsd bond angles (deg) 1.34 1.29

FIGURE 2: Activation of CNA by CaM and CcL. When pNPP was
used as a standard substrate, the phosphatase activity of isolated
CNA was 51.2 units/mg. Upon addition of CaM or CcL, the
phosphatase activity of CNA was 107.5 units/mg or 50.2 units/
mg, respectively. In the presence of CNB, the phosphatase activity
of CNA was 199.2 units/mg. When mixed with CaM or CcL, the
activity of CNA in the presence of CNB was 378.0 units/mg or
190.2 units/mg, respectively.
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second CaM molecule. A single CaM moiety in the CcL
dimer exhibits the classical extended conformation and
dumbbell-folding topology with maximum length of∼63 Å.
It is very similar to the structure of the ligand-free CaM
structure (35, 36) which has maximum length of∼65 Å.
The rmsd between the two structures is only 1.7 Å for all
CR atoms. As in the ligand-free Ca2+/CaM structure, the
central helix between the N- and C-lobes of CaM monomer
is fully retained, showing no sign of bending and/or
unwinding (Figure 5). Interestingly, only a few direct contacts
are observed between two CaM monomers (Ser38A-
Lys94B, Ser38A-Asn111B, Asn111A-Lys21B). Instead,
the dimer formation is mainly mediated by the bound CBD
peptides (see below).

NoVel Binding Conformation.In the CcL structure, the
two extended CaM molecules form an “X-shaped” dimer,
in which each of the “V-shaped” halves at the top and bottom
houses one CBD peptide-binding site. Each novel CBD-

binding site is composed of the N-lobe of one CaM molecule
and the C-lobe of the other CaM molecule, conveniently
described as N1-C2. Most interestingly, this N1-C2 con-
figuration assumes an ellipsoidal shape of approximately 50
× 29× 25 Å that closely resembles the collapsed conforma-
tion of the ligand-bound CaM, such as CaM in complex with
the smooth muscle myosin light chain kinase (smMLCK)
peptide (19). The CaM-smMLCK complex shows that the
R-helix of the central linker of CaM is unwound to allow
the N- and C-lobes to bend by∼100° and rotate by∼120°,
forming a collapsed and compact conformation (19, 20)
which has dimensions of 50× 30 × 25 Å (18). The rmsd
between the N1-C2 assembly and the CaM-smMLCK
structure is 1.9 Å for CR atoms (Figure 6). The subtle
difference between the two structures is the relative position
of the N- and C-lobes, which differ by∼10°.

The N- and C-lobes in N1-C2 are associated with a
number of contacts involving several hydrophobic residues

FIGURE 3: Gel filtration of CcL. The major peak is CcL monomer, while the smaller peak corresponds to the dimer.

FIGURE 4: Overall dimer structure of CcL. (a) The top half represents N1 (blue) and C2 (green) assembly, with the peptide (yellow)
trapped between N1 and C2. Ca2+ ions are shown in red spheres. There is a pseudo two-fold rotation symmetry running horizontally
through the center of the dimer. (b) Side view of the CaM dimer, rotated approximately 90° around the central vertical axis from panel a.
The two peptides run in opposite direction. The N- and C-termini of the peptides are highlighted. Minimally∼9 amino acids would be
required to link N- and C-termini of the peptide.
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in helix II in N1 and helix VI in C2 such as Leu32, Thr34,
Val35, Met36, Ser38, and Leu39 in helix II from N1 and
Leu105, Val108, Met109, Thr110, and Leu112 in helix VI
from C2 (Figure 7). These residues are exposed to the solvent
and form a large hydrophobic channel on the surface, similar
to other collapsed CaM-ligand complexes such as CaM-

smMLCK. Although the distribution of hydrophobic residues,
spatial organization of the EF-hands, conformation of EF-
hands between CcL, and the CaM-smMLCK structure are
all very similar, it has not been shown before that CaM is
able to accomplish this via formation of a “heterodimer”
involving intermolecular N- and C-lobes. Furthermore, the
extended conformation of each CaM in the N1-C2 config-
uration does not bear resemblance to the CaM/K+ channel
complex, in which the CaM moieties also retain an extended
conformation. In the CaM/K+ channel complex, two ex-
tended CaM molecules mediate the dimerization of the target
protein, while the N-lobe and C-lobe of each CaM molecule
make contacts with different regions of the CaM-binding
domain of the K+ channel (22). In contrast, the CaM
molecules in the CcL dimer bind twoR-helical peptides in
an identical fashion (Figure 4a). Taken together, our observa-
tions suggest that the N1-C2 assembly represents yet another
novel conformation of CaM.

Interaction of the CBD Peptide.Of the 25 residues of the
calmodulin-binding domain (CBD) peptide, 23 residues
(residues 389-411 in CNA numbering) were observed with
clear electron density, all of which are in contacts with N1-
C2 (<4 Å). The two remaining C-terminal residues of the
CBD peptide and the glycine linker were not visible, a
significant observation clearly indicating that the linker
remains completely disordered and mobile. The peptide folds
into an amphiphilicR-helix and is embraced by N1 and C2
(Figure 4a). The conserved hydrophobic residues Ile396,

FIGURE 5: Omit Fo - Fc electron density map of the centralR-helix of one CaM molecule. In total, 29 residues of the centralR-helical
linker (bovine CaM sequence 65-93) were omitted in the refinement and the subsequent map calculation. For the purpose of comparison,
the 29 residues in the final structure are shown together with the map. The map is contoured at 2.5σ.

FIGURE 6: Comparison between the CcL N1-C2 assembly with the peptide bound (left) and the CaM-smMLCK complex (right). Peptides
are shown in yellow/brown; N-lobe and C-lobe are shown in green and blue, respectively. The N- and C-termini of the peptides are highlighted.

FIGURE 7: Close view to show detailed interaction between the
CBD peptide and N1-C2. All hydrophobic residues involved in
the interaction are shown. CaM is shown in transparent and the
peptide backbone in yellow. Side chains of hydrophobic residues
of the peptide are highlighted in orange. Met residues of CaM are
displayed in blue, and the rest of hydrophobic residues are in cyan.
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Ile400, Ile403, and Val 409 in the CcL peptide form a 1-5-
8-14 hydrophobic motif (37), which points to one side of
the hydrophobic concave patch between N1 and C2. Met406,
Ala407, and Phe410 are also in close proximity to the
hydrophobic surface cavities and are involved in the hydro-
phobic interaction with CaM (Figure 7). The positions of
these three hydrophobic residues in the CcL structure are
similar to their counterparts, Ala809, Ile810 and Leu813, in
the CaM-smMLCK complex (19). The orientation of the
CBD peptide is also identical to the kinase peptide in CaM-
smMLCK, with its N-terminus pointing to the C2. As
expected, all of the Met residues of N1-C2 except Met76
are involved in interaction with the peptide, again akin to
CaM-smMLCK. Despite the high similarity, there are
several small differences. The hydrophobic anchor residues
in the CBD peptide are farther apart, separated by 13 residues
(Ile396 and Phe410), rather than the 12 residues (Trp800
and Leu813) in CaM-smMLCK. Ala402 in the CBD peptide
points to the helix I hydrophobic residue cluster (particularly
Ala15) in N1. Gly404 of the peptide is close to Ala88 in
C2. Interestingly, their counterparts His805 and Arg808 in
smMLCK are hydrophilic residues. There are a total of nine
(Ile396, Ile400, Ala402, Ile403, Gly404, Met406, Ala407,
Val409, and Phe410) hydrophobic anchor residues in the
CBD peptide to participate in hydrophobic interaction with
N1-C2, rather than seven in CaM-smMLCK. Arg812 in
the peptide of CaM-smMLCK is the only residue that forms
a hydrogen bond and salt bridge with CaM; this helps
maintain the bent structure (19). However, in the CBD
peptide, two additional residues Arg401 and Phe410 form
hydrogen bonds with N1-C2. Furthermore, Arg408 (Arg812
in CaM-smMLCK) in the CBD peptide forms salt bridges
with Glu83 of N1. The increased interactions seen in CcL
not only enhance the association between the CBD peptide
and CaM but also play a key role to facilitate and sustain
the compact N1-C2 conformation of CaM.

In the CcL structure, N1 and C2 of CaM recognize and
bind CBD peptide without any involvement of the central
helices. The helical structure of the central linker is fully
retained (Figure 7). The peptide makes no direct interaction
with either the N-terminal half of the helix from the first
CaM molecule or the C-terminal half of the helix from the
second CaM molecule. This observation is in agreement with
the previous report (38) that showed mutations of the central
helix have minimal effect on the function of CaM. In other
CaM-peptide complexes such as CaM-smMLCK complex
(19), no direct contacts exist between the peptide and the
central R-helix. Our results support the notion that the
function of the central helix is simply to afford CaM the
flexibility to allow the two lobes to move to their appropriate
positions for interaction with target molecules.

Implication of the NoVel Dimer Conformation.In this
particular case where calcineurin is the substrate of CaM,
obviously the N1-C2 conformation of CaM cannot be
physiologically relevant as there is only one CaM-binding
site in calcineurin. Additionally, it has been demonstrated
that calcineurin and CaM form a binary complex instead of
a tetramer (1), which would be formed through CcL-like
interaction. However, it is important to stress that this
“artifical” CcL construct is indeed able to form dimers in
solution (Figure 3). Indeed, native CaM can also form a
dimer as shown by several biophysical techniques including

ultrahigh-resolution electrospray ionization mass spectra (39),
although biological implication of such a native CaM dimer
is not clear. Dimer formation is one of the many recognition
strategies used by CaM. CaM recognizes and binds to the
IQ motif ([I,L,V]QXXXRXXXX[R,K]) found in many
proteins, some of which contain multiple IQ motifs to
regulate a wide diversity of biological functions (40). In some
proteins that act in a Ca2+-dependent manner, the IQ motif
may either conform to a 1-5-8-14 motif (37), which is similar
to the CBD peptide, or act to bind and retain CaM at low
Ca2+ levels. In myosins and some nonmyosin proteins, there
are multiple 14-residue motifs that are separated by 9-16
residues (40). We envisage that the novel CaM dimerization
strategy is especially useful for targeting proteins that contain
multiple IQ motifs. If such a speculation is validated, the
CaM dimer structure would be able to bind two IQ sites
simultaneously. We estimate that at least∼9 residues are
necessary to connect the N- and C-termini of the two peptides
in the CcL dimer structure (Figure 4b), in excellent agree-
ment with the minimum separation between IQ motifs. As
an analogy, the dimer structure is similar to a linkage of
two levers with the fulcrum in the center of the two CaM
R-helical linkers. The four arms of the levers, which are the
N-lobes and C-lobes of two CaM molecules, hold the target
peptides in place. Additionally, the novel dimerization
strategy could also serve as another mechanism by which
CaM mediates the dimerization of the target proteins as in
the case of CaM in complex with CaM-binding domain of
K+ channel (22), where it forms an elongated dimer with
two CaM molecules bound at both ends. Each CaM wraps
around threeR-helices, two from one subunit of CaM-binding
domain of the K+ channel and one from the other.

It is becoming clear that CaM is able to adopt a multitude
of conformations in order to interact specifically with a
plethora of target proteins. Such conformational plasticity
appears to rely on the flexibility of its centralR-helical linker,
which allows juxtaposition of the N- and C-lobes in the
appropriate configurations for optimal contacts with the target
proteins.

To circumvent difficulties in obtaining cocrystals of the
CaM-calcineurin or CaM-CBD peptide complexes, we
have succeeded in solving the structure of a fusion protein
consisting of CaM covalenly linked to a CBD peptide. One
potential caveat of this approach is that the structure of the
fusion protein may deviate from that of the natural complex
due to constraint in the movement of the peptide and CaM.
It is important to note that, in the complex structure of CaM-
smMLCK, the closest CR distance between the N-terminal
region of the peptide and the C-terminal end of CaM is<9
Å. Such a short distance would be readily covered by only
three residues. Thus, the 5-Gly linker, which is flexible and
long enough, would reduce the constrains on the CBD
peptide in intereacting with CaM. In fact, invisibility of all
five glycine residues in the electron density map provides
direct evidence to support the notion that the linker remains
completely free and mobile as previously alluded. We
therefore conclude that the novel CaM conformation is
unlikely an “artifact” of the fusion protein.

Structural data of the CcL complex reported here will
provide insights into CaM interaction with target proteins
containing multiple CaM-binding sites such as IQ motifs.
This work once again exemplifies the diversity of CaM
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binding conformation and its resulting versatile ability to
recognize and regulate a wide variety of target molecules.
This novel finding adds to the ever increasing diversity of
CaM binding conformations, and we expect more CaM
conformations to be discovered.
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