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Abstract: Calcium-binding protein 1 (CaBP1), a neuron-specific member of the calmodulin (CaM)

superfamily, regulates the Ca21-dependent activity of inositol 1,4,5-triphosphate receptors

(InsP3Rs) and various voltage-gated Ca21 channels. Here, we present the NMR structure of full-
length CaBP1 with Ca21 bound at the first, third, and fourth EF-hands. A total of 1250 nuclear

Overhauser effect distance measurements and 70 residual dipolar coupling restraints define the

overall main chain structure with a root-mean-squared deviation of 0.54 Å (N-domain) and 0.48 Å
(C-domain). The first 18 residues from the N-terminus in CaBP1 (located upstream of the first EF-

hand) are structurally disordered and solvent exposed. The Ca21-saturated CaBP1 structure

contains two independent domains separated by a flexible central linker similar to that in
calmodulin and troponin C. The N-domain structure of CaBP1 contains two EF-hands (EF1 and

EF2), both in a closed conformation [interhelical angles 5 129� (EF1) and 142� (EF2)]. The C-domain

contains EF3 and EF4 in the familiar Ca21-bound open conformation [interhelical angles 5 105�
(EF3) and 91� (EF4)]. Surprisingly, the N-domain adopts the same closed conformation in the

presence or absence of Ca21 bound at EF1. The Ca21-bound closed conformation of EF1 is

reminiscent of Ca21-bound EF-hands in a closed conformation found in cardiac troponin C and
calpain. We propose that the Ca21-bound closed conformation of EF1 in CaBP1 might undergo an

induced-fit opening only in the presence of a specific target protein, and thus may help explain the

highly specialized target binding by CaBP1.
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Introduction

Excitation of neurons leads to the generation of cyto-

solic calcium signals that are critical for activating

neurotransmitter release and triggering alterations

in neuronal cell function.1,2 Neuronal calcium-bind-

ing proteins (CaBP1–5)3–5 are a subclass of the CaM

superfamily6 that regulates specific Ca2þ channel

targets in the brain and retina. Multiple isoforms of

CaBPs are localized in different neuronal cell

types7–10 and perform specialized roles in sensory

transduction and disease processes.11 CaBP1 is the

best characterized family member and has been

shown to regulate inositol 1,4,5-triphosphate recep-

tors (InsP3Rs),12,13 P/Q-type voltage-gated Ca2þ
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channels,14 L-type Ca2þ channels,15–17 and the tran-

sient receptor potential channel (TRPC5).18 Early

studies suggested that only the C-terminal half of

CaBP1 (EF3 and EF4) also called calbrain19 might

be sufficient to bind and regulate InsP3Rs.20 By con-

trast, the full-length CaBP1 (including the N-termi-

nal myristoyl group) is necessary for membrane-tar-

geting21 and regulation of L-type voltage-gated Ca2þ

channels.22 Thus, CaBP1 appears to interact differ-

ently with the various Ca2þ channel targets and

therefore, detailed structures are needed to under-

stand their complex regulatory mechanisms.

CaBP1 is structurally similar to CaM with nearly

42% amino acid sequence identity. CaBP1 contains

four EF hands: EF1 and EF2 form the N-domain, and

EF3 and EF4 form a C-domain. EF3 and EF4 are

both Ca2þ sensor sites that bind Ca2þ with relatively

high affinity (Kd ¼ 2 lM) and selectivity over Mg2þ.23

By contrast, the metal-binding properties of the N-do-

main in CaBP1 are quite unique. The EF1 of CaBP1

binds Ca2þ with relatively low affinity (Kd ¼ 50–100

lM) and with little or no selectivity over Mg2þ (Kd ¼
300 lM for Mg2þ).23 The low affinity Ca2þ binding to

EF1 might be physiologically relevant in neuronal

dendrites that can have locally high Ca2þ levels24 or

in neurons that generate repetitive Ca2þ spikes and/

or waves.25,26 EF2 does not bind Ca2þ or Mg2þ,

because it contains a glycine at the 5-position of the

binding loop that prevents Ca2þ binding. Another dis-

tinguishing feature of CaBP1 is that it contains a con-

sensus site for N-terminal myristoylation and four

extra residues in the central interdomain linker.

NMR structures are known for the full-length Mg2þ-

bound CaBP1 and a C-domain fragment (residues 96–

167) in both the Ca2þ-free and the Ca2þ-bound

states.20 There is also a crystal structure of half-satu-

rated CaBP1 (Ca2þ bound only at EF3 and EF4).22

The structure of full-length CaBP1 in the Ca2þ-satu-

rated state was not previously studied.

We report here a high resolution NMR structure

of full-length CaBP1 with Ca2þ-bound at EF1, EF3,

and EF4. This Ca2þ-saturated state of CaBP1 con-

tains two noninteracting and independent domains

similar to that described previously for Mg2þ-bound

CaBP1.20 The N-domain contains Ca2þ bound at EF1

but not at EF2; the helices of EF1 and EF2 form a

four helix bundle and adopt a closed conformation.

The C-domain contains EF3 and EF4 in the familiar

Ca2þ-bound open conformation like that seen for

CaM. We propose that the unusual Ca2þ-bound closed

conformation of EF1 could play a role in preventing

the binding of unwanted target proteins and may

increase the specificity of target recognition.

Results

NMR spectroscopy of Ca21-saturated CaBP1
15N–1H HSQC NMR spectrum of full-length CaBP1

in the Ca2þ-saturated state exhibits the expected

number of highly dispersed peaks, indicating that

the protein adopts a stable three-dimensional fold.23

The first 18 residues from the N-terminus exhibited

weak NMR signals that could not be assigned. The

remaining residues (19–167) exhibited strong NMR

peaks, whose sequence-specific assignments were

described previously27 (BMRB No. 16862). Three

downfield shifted amide proton resonances at �10.5

ppm in the 15N–1H HSQC spectrum of Ca2þ-satu-

rated CaBP1 are assigned to Gly40, Gly117, and

Gly154 that correspond to the conserved glycine at

the 6-position in the binding loops of EF1, EF3, and

EF4. The conserved Gly residue at the 6-position

has a downfield shifted amide proton chemical shift

only when Ca2þ or Mg2þ binds to the EF-hand loop.

Thus, the three downfield shifted amide resonances

assigned to Gly40, Gly117, and Gly154 in the pres-

ence of saturating Ca2þ verify that Ca2þ is bound at

EF1, EF3, and EF4, consistent with three Ca2þ

bound to CaBP1 at saturation.23 By contrast, Gly76

(6-position in EF2) has a relatively low value for its

amide proton chemical shift (8.15 ppm), which is fur-

ther evidence that Ca2þ is not bound to EF2 in

CaBP1 under saturating conditions.

CaBP1 has two independent domains
The first step in the NMR structural analysis of

Ca2þ-saturated CaBP1 was to identify, whether the

four EF-hands combine to form two independently

Figure 1. 15N–1H HSQC spectra of Ca2þ-saturated

CaBP1 for the N-domain fragment (residues 1–91) (A) and

C-domain fragment (residues 96–167) (B).
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folded domains: N-domain (EF1 and EF2) versus C-

domain (EF3 and EF4) like what is seen in CaM.28

Alternatively, the four EF-hands might interact to

form a single globular structure like what is

observed in recoverin,29,30 NCS-1,31,32 CIB1,33 or the

compact oligomeric crystal structure of half-satu-

rated CaBP1.22 First, we analyzed NOESY-HSQC

spectra of Ca2þ-saturated CaBP1 and were unable to

detect any nuclear Overhauser effect (NOE)-based

contacts between the two domains, consistent with

the Ca2þ-saturated protein having noninteracting

domains.

The most convincing evidence for two independ-

ent domains is demonstrated by analyzing NMR

spectra of individual domain fragments of Ca2þ-satu-

rated CaBP1: N-domain (residues 1–91) and C-do-

main (96–167). The 1H–15N-HSQC spectra of the

domain constructs (Fig. 1) indicate that each domain

is separately folded without having the other domain

present. A spectral comparison of full-length CaBP1

versus the domain fragments indicates that they

have very similar chemical shifts except for residues

in unstructured regions. Hence, the structures of the

individual domain fragments closely resemble their

structure in the full-length protein.

Lastly, we examined the backbone flexibility of

the central domain linker region (residues 92–98).

In Figure 2(A), {1H}–15N NOE measurements indi-

cate relatively low heteronuclear NOE values (<0.6)

for residues in the central linker region, suggesting

that CaBP1 does indeed contain a flexible inter-

domain linker. By contrast, much higher heteronu-

clear NOE values (�0.8), moderate 15N transverse

relaxation rates (average R2 ¼ 15.3 s�1), and uni-

form 15N longitudinal relaxation rates (average R1 ¼
1.75 s�1) are found for residues in each domain, indi-

cating the two domains are separately folded like

the two lobes of CaM.28 Thus, Ca2þ-saturated

CaBP1 has two independent domains separated by a

central flexible linker.

NMR-derived structures of

Ca21-saturated CaBP1
Sequence-specific NMR assignments for Ca2þ-satu-

rated CaBP1 have been described previously27

(BMRB No. 16862). On the basis of the NMR assign-

ments, NMR-derived structures of Ca2þ-saturated

CaBP1 were initially calculated using NOE distan-

ces, hydrogen bonds, and dihedral angle restraints

as input for a restrained molecular dynamics struc-

ture calculation as described in ‘‘Materials and

Methods’’ section. Preliminary structures calculated

by simulated annealing were then refined using re-

sidual dipolar coupling (RDC) restraints (DNAHN; 47

and 23 RDCs for N-domain and C-domain) using

Xplor-NIH.34 The RDCs from each domain were ana-

lyzed separately, and the final average residual dipo-

lar coupling magnitude and rhombicity are

12.88(60.63) Hz and 0.23(60.05) (respectively, for

the N-domain) and 19.88(61.22) Hz and 0.24(60.07)

Figure 2. 15N NMR relaxation data showing {1H}–15N NOE (A), 15N longitudinal relaxation rate (B), and 15N transverse

relaxation rate (C) for Ca2þ-saturated CaBP1. A schematic representation of the secondary structure is shown at the top with

a-helices and b-strands indicated by boxes and arrows, respectively.
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(respectively, for the C-domain), indicating that the

two domains align with different orientations, con-

sistent with the highly flexible interdomain linker

observed in Figure 2. Table I summarizes the struc-

ture statistics for the 15 lowest energy conformers.

The calculated structures were validated using PRO-

CHECK, which shows that 88.9% of N-domain resi-

dues and 82.0% of C-domain residues belong to the

most favorable region on the Ramachandran plot. In

addition, a comparison of residual dipolar couplings

(withheld from the refinement) with corresponding

RDC values back calculated from the NMR-derived

structures was used to assess the quality of struc-

tures (Fig. 3). The subset of NH RDCs withheld

from the structure refinement correlates well with

the NH RDCs back calculated from the refined

structure of CaBP1, resulting in Q-free ¼ 0.18/R-free

¼ 0.98 (N-domain) and Q-free ¼ 0.12/R-free ¼ 0.99

(C-domain). For additional cross-validation, C0–Ca

RDCs were measured in the same medium. The C0–

Ca RDCs back calculated from the refined structure

were correlated with C0–Ca RDCs measured with Q-

free ¼ 0.36/R-free ¼ 0.93 (N-domain) and Q-free ¼
0.34/R-free ¼ 0.95 (C-domain).

The final NMR-derived structures (refined by

RDCs) of Ca2þ-saturated CaBP1 are illustrated in

Figure 4 and summarized in Table I. The 15 lowest

energy conformers are superimposed [Fig. 4(A)] and

have an overall main chain root-mean-square devia-

tion (RMSD) of 0.54 Å (N-domain) and 0.48 Å (C-do-

main). The Ca2þ-saturated CaBP1 structure con-

tains a total of eight a-helices and four b-strands:

Table I. Structural Statistics for the Ensemble Structures of CaBP1

Ca2þ bound
N-domain

Ca2þ bound
C-domain

Number of total experiment restraints 893 701
Intra NOE restraints 218 179
Medium NOE restraints 332 241
Long NOE restraints 154 126
Hydrogen bond restraints 48 50
Dihedral angle restraints 94 82
N-H residual dipolar restraints 47 23

RMSD from dipolar coupling restraints (Hz) 0.119 6 0.040 0.064 6 0.019
RMSD from ideal geometry

Bond length (Å) 0.003 6 0.001 0.002 6 0.000
Bond angle (�) 0.424 6 0.026 0.358 6 0.013
Impropers (�) 0.372 6 0.036 0.245 6 0.015

RMSD from average structure (Å)
Backbone 0.54 6 0.100 0.48 6 0.087
Heavy 1.24 6 0.107 1.28 6 0.093

Ramachandran analysis (%)
Most favored regions 88.9 82.0
Allowed regions 11.1 18.0
Disallowed regions 0.0 0.0

Figure 3. Correlation between experimentally measured RDC values and back-calculated RDC values from Ca2þ bound CaBP1

N-domain (A) and C-domain (B). The NH RDCs used for structure calculation (47/23 RDCs), the subset of NH RDCs withheld

from the structure calculation (6/6 RDCs), and C0�Ca RDCs (30/24 RDCs) were all used to calculate the overall Q-factor and

R-factor. For the cross-validation, the subset of NH RDCs (6/6 RDCs) and C0–Ca RDCs (30/24 RDCs) was used to calculate the

free Q-factor and R-factor. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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a1(residues 22–34), a2(residues 44–54), a3(residues

61–70), a4(residues 80–88), a5(residues 101–111),

a6(residues 121–130), a7(residues 140–147), a8(resi-

dues 158–165), b1(residues 41–43), b2(residues 77–

79), b3(residues 118–120), and b4(residues 155–157).

CaBP1 contains two domains comprising four EF

hands: EF1 (green, residues 22–55) and EF2 (red,

residues 61-91) are linked and form the N-domain;

Figure 4. Main chain structures of Ca2þ-saturated CaBP1 determined by NMR. Superposition of the 15 lowest energy

structures (A) and ribbon representations of the energy-minimized average structure (B) are illustrated for the N-domain (left)

and C-domain (right). N-terminal residues (1–19) are unstructured and not shown. EF-hands are highlighted in color. Orange

spheres represent bound Ca2þ. Protein databank accession nos. 2LAN and 2LAP.
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EF3 (cyan, residues 101–130) and EF4 (yellow, resi-

dues 140–167) form the C-domain. The extent of

Ca2þ-induced conformational changes in each EF-

hand is typically quantified by the interhelical angle

as defined by35 that ranges from �135� (Ca2þ-free

closed form) to �90� (Ca2þ-bound open form). The

interhelical angles for the EF-hands in Ca2þ-bound

CaBP1 are 128.7� (EF1), 142.5� (EF2), 105.2� (EF3),

and 90.9� (EF4; see Table II). The structures of EF3

and EF4 in the Ca2þ bound C-domain of full-length

CaBP1 both adopt the familiar Ca2þ-bound open

conformation refined by the RDC data. The overall

RMSD is 0.6 and 1 Å when comparing the Ca2þ-

bound C-domain structure from full-length CaBP1

(this study) with the C-domain fragment20 and half-

saturated crystal structure, respectively.

The structure of the Ca2þ bound N-domain of

CaBP1 adopts a closed conformation with Ca2þ

bound at EF1 and no metal bound at EF2. The inter-

helical angle of Ca2þ-bound EF1 (128.7�) is slightly

greater (and hence slightly more closed) than that of

Mg2þ-bound EF1 (126.8�)20 or Ca2þ-free EF1

(127�).22 The helices of EF1 and EF2 in the Ca2þ

bound N-domain form a 4-helix bundle (Fig. 4) that

closely resembles the ‘‘closed’’ conformation observed

previously for the Mg2þ-bound N-domain,20 but is

quite different from the Ca2þ-free N-domain

observed in the crystal structure. The main differ-

ence between the Ca2þ-free and Ca2þ-bound N-do-

main is the relative orientation of EF1 and EF2

(Supporting Information, Fig. S2). In the Ca2þ-free

N-domain, the two antiparallel helices of EF1(a1/a2)

are nearly perpendicular to the corresponding heli-

ces of EF2(a3/a4). In the Ca2þ-bound N-domain, the

helices of EF1 become more parallel to those of EF2.

Thus, divalent metal binding to EF1 (either Ca2þ or

Mg2þ) causes a 90� reorientation between EF1 and

EF2 that enables b-sheet formation to connect the

two EF-hands (Supporting Information, Fig. S2).

The overall RMSD between the Ca2þ-free and Ca2þ-

bound N-domain structures is 2.5 Å, whereas the

RMSD between the Mg2þ-bound and Ca2þ-bound N-

domain structures is only 0.54 Å.

A surface representation of Ca2þ-saturated

CaBP1 is illustrated in Figure 5. The highly charged

N-domain forms an exposed patch of basic residues

(R28, R32, K36, and R45) flanked by negatively

charged residues in the EF-hand loops. These

exposed basic residues might play a role in forming

electrostatic contacts with specific target proteins.

The Ca2þ-bound N-domain has only a few exposed

hydrophobic residues (M54, M57, M61, and L91)

very similar to that of the Ca2þ-free N-domain. By

contrast, the Ca2þ bound C-domain exhibits an

extensive solvent-exposed hydrophobic surface (sur-

face area of 584.97 Å2) lined by exposed residues,

F111, M128, L131, L132, I144, V148, M164, and

M165 (highlighted yellow in Fig. 5). The exposure of

nonconserved hydrophobic residues (L132, I144, and

V148) may play a role in target recognition by form-

ing hydrophobic contacts with specific target

proteins.

Previous studies suggested that Ca2þ-saturated

CaBP1 may form a dimer under NMR conditions.23

Indeed, our 15N NMR relaxation analysis (R1 and

R2) of CaBP1 [Figs. 2(B,C)] suggests an average

rotational correlation time of �9 ns (between that

expected for a protein monomer and dimer) that

decreased somewhat when the protein concentration

was lowered 10-fold. But, we did not observe any

significant chemical shift changes in NMR spectra

recorded as a function of protein concentration (50

lM to 1 mM). Also, intermolecular NOEs could not

be detected in 13C-filtered NOESY-HMQC spectra of

CaBP1 recorded from a mixed labeled sample. Thus,

the CaBP1 monomer–dimer equilibrium may have

an exchange rate that is faster than the chemical

shift time scale, which might explain why the dimer

interface cannot be resolved by NMR. Such fast

exchange kinetics and hence low affinity for dimeri-

zation is not likely to be physiologically relevant and

was not characterized further. We also note that the

oligmerization of CaBP1 observed in the recent crys-

tal structure22 clearly does not occur in solution

under physiological conditions.

Ca21-dependent binding of CaBP1

to ANS fluorophore
To further test whether the Ca2þ-bound N-domain

adopts a closed conformation, we recorded fluores-

cence emission spectra of ANS (8-anilino-1-naphtha-

lene-sulfonic acid) in the presence and absence of

CaBP1. The ANS emission spectrum typically shows

Table II. Interhelical Angles of the EF-Hands in CaM,
CaBP1, and cTnC

Interhelical angles (�)

EF1 EF2 EF3 EF4
Proteins a1–a2 a3–a4 a5–a6 a7–a8

CaBP1 (1Ca2þ/2Ca2þ) 128.7 142.5 105.2 90.9
CaBP1 (1Mg2þ/1Mg2þ) 126.8 140.2 140.1 126.2
apo-CaM (0Ca2þ/0Ca2þ) 130.9 130.8 139.5 126.0
CaM (2Ca2þ/2Ca2þ) 103.8 101.0 101.0 101.0
cTnC (1Ca2þ/2Ca2þ) 144.0 110.3 116.2 121.8
cNTnC-cTnI (1Ca2þ) 105.7 88.5

Residues in the helices are as follows: Mg2þ bound CaBP1
(PDB code 2K7B for N-domain and 2K7C for C-domain)
and Ca2þ bound CaBP1: (a1) 22-34, (a2) 45-54, (a3) 61-70,
(a4) 80-88, (a5) 101-110, (a6) 121-130, (a7)141-147, (a8)158-
165; apo-CaM (PDB code 1DMO) and Ca2þ bound
CaM(PDB code 1J7P): (a1) 6-18, (a2) 29-38, (a3) 45-55, (a4)
65-75, (a5) 82-90, (a6) 103-112, (a7) 118-127, (a8)137-143;
Ca2þ bound cTnC (PDB code 2CTN for N-domain and
3CTN for C-domain) and Ca2þbound cNTnC-cTnI com-
plex(PDB code 1MXL):(a1) 14-27, (a2) 41-48, (a3) 54-62,
(a4) 74-84, (a5) 95-103, (a6) 114-123, (a7) 130-140, (a8)150-
158; Interhelical angles were computed by INTERHLX.
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a blue spectral shift with increased intensity when

ANS binds to a hydrophobic site on a protein. Fluo-

rescence spectra of ANS bound to a CaBP1 C-do-

main fragment (residues 96–167) show the charac-

teristic Ca2þ-induced blue shift and markedly

increased intensity, consistent with ANS binding to

the exposed hydrophobic patch in the Ca2þ-bound C-

domain (Supporting Information, Fig. S1). By con-

trast, fluorescence spectra of ANS are almost unaf-

fected by the presence of the CaBP1 N-domain frag-

ment (residues 1-91) in either the presence or the

absence of Ca2þ (Supporting Information, Fig. S1).

Hence, the CaBP1 N-domain shows very weak bind-

ing to ANS even in the Ca2þ-saturated state, consist-

ent with a closed conformation for the Ca2þ bound

N-domain.

Discussion
In this study, we determined the NMR solution

structure of full-length, Ca2þ-saturated CaBP1 with

Ca2þ bound at EF1, EF3, and EF4. The first 18 resi-

dues from the N-terminus (upstream of EF1) are sol-

vent exposed and structurally disordered, consistent

with CaBP1 having an exposed N-terminal myristoyl

group for membrane-targeting as described previ-

ously for recoverin30 and NCS-1.32 The overall struc-

ture of CaBP1 in solution contains two independent

domains separated by a flexible linker like that

observed for CaM28 and TnC.36 This is in sharp con-

trast to the recent crystal structure of half-saturated

CaBP122 that contains a more compact conformation

in which the side-chain carboxylate of E94 in the

central linker forms contacts with N-domain resi-

dues. No such interaction could be seen in the NMR

solution structure, which instead contains an

unstructured and flexible domain linker (Fig. 2).

The compact conformation in the crystal structure is

stabilized almost entirely by intermolecular interac-

tions because of crystal packing, which might

explain why this compact conformation is not stable

in solution at physiological temperatures. The NMR

structure of the Ca2þ-saturated C-domain of CaBP1

adopts an ‘‘open’’ conformation (Fig. 4) with an

exposed hydrophobic patch (Fig. 5) very similar to

that in the crystal structure (RMSD ¼ 1 Å). By con-

trast, the structure of the Ca2þ bound N-domain of

CaBP1 adopts a closed conformation similar to that

of the Mg2þ-bound N-domain.20 Therefore, the N-do-

main does not undergo the classic Ca2þ induced

closed-to-open transition seen in other EF-hand cal-

cium sensor proteins like CaM,6,37 skeletal TnC,38

recoverin,30,39 and many others. The lack of any

Ca2þ binding to CaBP1 at EF2 along with the low

affinity Ca2þ binding at EF1 might explain why

Ca2þ binding to the N-domain is not sufficient to

drive a closed-to-open transition. As a result, the

CaBP1 N-domain remains in a closed conformation

in both the Ca2þ-free and the Ca2þ-bound states. A

Figure 5. Space-filling representation of Ca2þ-saturated CaBP1 illustrating the N-domain (top) and C-domain (bottom). Acidic

residues (Asp and Glu), basic residues (Arg, His, and Lys), and hydrophobic residues (Ile, Leu, Phe, Met, and Val) are colored

red, blue, and yellow, respectively.
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Ca2þ bound, closed EF-hand has only been reported

for two other EF-hand calcium sensors [calpain40

and cardiac troponin C (cTnC)41] and in the pseudo-

EF-hand of S100 proteins (calcyclin42 and S100B43).

The two independent domains of CaBP1 have

very different structural and functional roles in reg-

ulating Ca2þ channel targets. The structure of the

CaBP1 C-domain is quite similar to that of CaM,

and thus, the C-domain alone (also called calbrain19)

exhibits Ca2þ-dependent and tight binding to partic-

ular CaM-binding motifs in L-type Ca2þ channels22

and the N-terminal ligand-binding domain of

InsP3Rs.13,20 By contrast, the CaBP1 N-domain

alone does not bind to these same sites. Neverthe-

less, the CaBP1 N-domain is essential for mem-

brane-targeting21 and calcium-dependent facilitation

of L-type Ca2þ channels,22 suggesting that the N-do-

main serves a regulatory function. We suggest that

the two domains of CaBP1 may interact with two

separate sites on Ca2þ channel targets (Fig. 6), anal-

ogous to the CaM bipartite interaction with voltage-

gated Ca2þ channels.44,45 In this context, the CaBP1

C-domain would serve as a Ca2þ-dependent anchor

by binding to an IQ-motif in L-type Ca2þ channels22

or the ligand-binding domain in InsP3Rs.13,20 This

initial anchoring by the CaBP1 C-domain then

would position the myristoylated N-domain in close

proximity to bind to a separate site in the channel

or perhaps bind to an auxiliary protein. This sce-

nario would predict that the CaBP1 N-domain must

somehow interact with a target protein (Fig. 6).

CaBP1 is structurally analogous to cardiac tro-

ponin C (cTnC),41 and both may recognize targets by

a similar induced-fit mechanism. The C-domain of

cTnC undergoes a Ca2þ-induced closed-to-open tran-

sition,41,46 but the Ca2þ-bound N-domain of cTnC

remains in a closed conformation like that of CaBP1.

The cTnC N-domain contains one Ca2þ bound at

EF2 (EF1 is unoccupied), reminiscent of the CaBP1

N-domain that contains Ca2þ bound only at EF1.

The Ca2þ bound N-domain of cTnC converts into an

open conformation only upon binding to cTnI.47 By

analogy to cTnC, we suggest that the Ca2þ bound N-

domain of CaBP1 may undergo a similar ‘‘induced-

fit’’ closed-to-open transition only in the presence of

a specific target protein (Fig. 6). The induced-fit

opening of the CaBP1 N-domain may explain why

CaBP1 exhibits such highly specific target binding,

compared with calmodulin that binds to many differ-

ent protein targets.

Voltage-gated Ca2þ channels are negatively

regulated by CaM44,45,48 and positively regulated by

CaBP115–17,22 to fine tune the Ca2þ channel activity

in neurons. A schematic model of Ca2þ channel ac-

tivity differentially regulated by CaM and CaBP1 is

shown in Figure 6. During calcium-dependent inhi-

bition (CDI) of L-type Ca2þ channels,49 CaM binds

to the channel instead of CaBP1, and the two lobes

of CaM bind to separate sites to promote channel

closure44,45 (Fig. 6, right panel). The level of CaM in

stimulated neurons may be higher than that of

CaBP1 during CDI,16 which could explain how CaM

might displace CaBP1 from the channel in a closed

conformation (Fig. 6, left panel). During calcium-de-

pendent facilitation (CDF) of L-type channels,22

CaBP1 is proposed to bind to L-type channels in

place of CaM, and the CaBP1 N-domain is then pre-

dicted to switch into an active open conformation to

promote channel opening as depicted in Figure 6

(right panel). We cannot rule out the possibility that

the Ca2þ-bound closed conformation of the CaBP1

N-domain might also interact with the channel or

Figure 6. Schematic model showing possible structural interactions of CaM and CaBP1 with voltage-gated Ca2þ channels

during calcium-dependent inhibition (CDI, left panel) and calcium-dependent facilitation (CDF, right panel). The CaBP1 C-

domain (gray) and CaM C-domain (green) both compete to interact with the CaV1.2 IQ-motif (yellow) in the C-terminal

cytosolic domain. The CaBP1 N-domain (pink) switches from a closed to open conformation upon binding to a separate

helical segment in the channel that may play a role in CDF as described by Ref. 22. Bound Ca2þ (orange), N-terminal

myristoyl group (red), CaM (green), and transmembrane channel domain (light blue) are highlighted.
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other protein targets. However, such a target inter-

action with a closed EF-hand structure so far has

not been reported and seems unlikely. Future stud-

ies are needed to identify specific binding partner

proteins and/or particular sites on Ca2þ channels

that bind specifically with the CaBP1 N-domain and

then ultimately determine the atomic-level structure

of CaBP1 bound to Ca2þ channel targets.

Materials and Methods

Sample preparation
All NMR experiments were performed on a small

splice-variant of human s-CaBP1 referred to in this

study as CaBP1. The recombinant CaBP1 protein

was cloned into a pET3b vector and expressed in

Escherichia coli BL21(DE3) cells as described previ-

ously.23 Uniformly 13C/15N-labeled protein expres-

sion was induced by the addition of 0.5 mM IPTG at

37�C in M9 minimal medium containing 15NH4Cl

and U-13C glucose. Cells obtained from M9 cultures

were disrupted by sonication. The cell lysate was

centrifuged, and the supernatant was loaded onto a

Phenyl-Sepharose 4B column (Amersham Bioscien-

ces), and CaBP1 protein was purified as described.23

The protein purity was greater than 95% as con-

firmed by SDS-PAGE.

NMR spectroscopy
Samples for NMR analysis were prepared by dissolv-

ing 13C/15N-labeled CaBP1 (1 mM) in 0.3 mL of a 90/

10% H2O/D2O or 100% D2O with 10 mM [2H11] Tris

(pH ¼ 7.4), 1 mM 2H-labeled dithiothreitol and 5

mM CaCl2. All NMR experiments were recorded at

37�C on a Bruker Avance 600 or 800 MHz spectrom-

eters with triple-resonance cryogenic probe. Back-

bone and side-chain chemical shift assignment were

accomplished with 15N-HSQC, HNCO, CACBCONH,

NHCACB, HBHACONH, 15N-HSQC-TOCSY, and

HCCH-TOCSY spectra. 1H chemical shift assign-

ments of aromatic side chains were based on

HBCBCGCDHD, 1H–1H TOCSY, and 1H–1H NOESY

spectra. Stereospecific assignments of valine and

leucine methyl groups were obtained by performing
13C-CT-HSQC experiments on a protein sample gen-

erated by growing bacterial cells in M9 medium con-

taining 10% 13C-labeled glucose and 90% unlabeled

glucose. H–15N residual dipolar coupling constants

(DNH) were measured using a 15N-labeled protein

sample (�0.3 mM) containing 10 mg/mL Pf1 phage

(Asla Biotech) using 2D IPAP (inphase/antiphase)
1H–15N HSQC experiment.50 For the cross-valida-

tion, C0–Ca residual dipolar coupling constants (DC0–

Ca) were measured in 13C/15N protein sample (�1

mM) containing 10 mg/mL Pf1 phage by 3D HNCO-

J-IPAP experiment.51

Measurement of 15N longitudinal relaxation rate

R1, transverse relaxation rate R2, and 1H–15N NOE

were obtained as previously described52 at 60.82

MHz 15N resonance frequency. The heteronuclear

NOEs were obtained as a ratio of HSQC cross-peak

intensities measured with and without steady-state

saturation of proton magnetization.52 Standard devi-

ations in NOE measurements were estimated from

the signal-to-noise ratio. Relaxation delays for R1

experiments were 0.016, 0.04, 0.08, 0.16, and 0.32 s,

and for R2 experiments 8, 16, 24, 32, 48, 64, and 80

ms. Uncertainty of R1 and R2 values were deter-

mined by Monte-Carlo error simulation. The global

correlation time sc was calculated using 54 residues

after excluding residues for which the resonance fre-

quencies overlap. All NMR data were processed

using NMR Pipe software package53 and analyzed

using SPARKY(T.D. Goddard et al., University of

California, San Francisco).

Structure calculation and validation
Structures of CaBP1 were calculated by Xplor-NIH

2.2334 using two stage simulated annealing proto-

cols. In the first stage, dihedral angle restraints

derived from TALOS,54 NOE distance restraints,

hydrogen bond distance restraints, distance re-

straints involving Ca2þ bound to EF-hand loop resi-

dues 1, 3, 5, 7, and 12 in EF3 and EF4 (as described

by Ref. 20), and Ca2þ bound to loop residues 1, 3, 5,

and 7 in EF1 were used to calculate ensemble model

structures using the YASAP protocol.55 For EF1, the

loop residue at the 12-position (D46) was verified to

not contact the bound Ca2þ based on the D46A

mutation that has almost no effect on Ca2þ bind-

ing.20 In a separate second stage calculation, the

preliminary model structures (calculated by simu-

lated annealing) were refined against the residual

dipolar coupling (DNAH) restraints as described by

Ref. 56. Initial residual dipolar coupling magnitude

and rhombicity were calculated by fitting the meas-

ured residual dipolar couplings to the calculated

structure using the PALES program.57 After refine-

ment, the 15 lowest energy structures (from a total

of 150) were selected and analyzed. The NMR-

derived structures of CaBP1 were assessed by PRO-

CHECK and also validated by comparing the corre-

lation between experimentally measured RDCs and

back-calculated RDCs from our structure using the

PALES program. A subset of NH RDCs (6 RDCs for

N-domain and 6 RDCs for C-domain), which were

withheld from the structure calculation and C0Ca

RDCs (30 RDCs for N-domain and 24 RDCs for C-do-

main), were used to calculate the free Q-factor and

free Pearson’s R-factor. The NMR-derived ensemble

structures of CaBP1 were deposited in the Protein

Data Bank, with accession codes 2LAN (N-domain)

and 2LAP (C-domain).

Fluorescence spectroscopy

ANS emission spectra were recorded at 25�C on Var-

ian Cary Eclipse spectrofluorometer with excitation
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set at 370 nm, and emission was recorded from 400

to 600 nm. The excitation and emission slit width

were 5 and 10nm, respectively. Samples contained

60 lM ANS, 60 lM protein, 10 mM Tris buffer (pH

¼ 7.5), 1 mM dithiothreitol (DTT) with either 2 mM

EDTA (apo-state), 5 mM MgCl2, or 5 mM CaCl2.
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