
proteins
STRUCTURE O FUNCTION O BIOINFORMATICS

Solution structures of chicken parvalbumin
3 in the Ca21-free and Ca21-bound states
Michael T. Henzl,1* John J. Tanner,1,2 and Anmin Tan1

1Department of Biochemistry, University of Missouri, Columbia, Missouri 65211

2Department of Chemistry, University of Missouri, Columbia, Missouri 65211

INTRODUCTION

Members of the EF-hand protein family participate in diverse Ca21-

signaling pathways,1–4 either as explicit regulatory proteins or as mo-

bile Ca21 buffers. The proteins are named for their distinctive helix-

loop-helix Ca21-binding motif, the configuration of which can be

mimicked with the thumb and first two fingers of the right hand.5

Despite the similarity of their metal ion-binding sites, EF-hand pro-

teins exhibit major differences in divalent ion affinity. We are studying

the physical basis for these differences in specific members of the par-

valbumin family. Parvalbumins are small (Mr 12,000), vertebrate-spe-

cific EF-hand proteins3,6,7 that are believed to function primarily as

cytosolic Ca21 buffers. They can be assigned to a- and b sub-lineages

on the basis of isoelectric point (pI < 5 for b) and lineage-specific

sequence differences.8,9 In saline at pH 7.4, the overall DG80 for Ca21

binding ranges between 218.4 and 222.3 kcal/mol. Besides improving

our understanding of this biologically important EF-hand protein fam-

ily, an explanation for the differences in binding affinity could furnish

insight into protein-ligand interactions in general.

The PDB contains high-resolution structures for several Ca21-bound

parvalbumins, including carp b (5CPV),10 leopard-shark a (5PAL),11

pike b (2PVB),12 rat a (1RWY),13,14 and rat b (1RRO).15 Their

striking similarity, irrespective of divalent ion-binding behavior, sug-

gests that alterations in divalent ion affinity might arise from structural

differences in the apo-proteins. Structural data for Ca21-free rat a-
and b-parvalbumins16,17 are consistent with this hypothesis. Whereas

the unliganded- and bound states of the high-affinity a isoform are

quite similar, Ca21 removal is accompanied by a substantial conforma-
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ABSTRACT

Birds express two b-parvalbumin isoforms,

parvalbumin 3 and avian thymic hormone

(ATH). Parvalbumin 3 from chicken (CPV3) is

identical to rat b-parvalbumin (b-PV) at 75 of

108 residues. CPV3 displays intermediate Ca21

affinity—higher than that of rat b-parvalbu-

min, but lower than that of ATH. As in rat

b-PV, the attenuation of affinity is associated

primarily with the CD site (residues 41–70),

rather than the EF site (residues 80–108).

Structural data for rat a- and b-parvalbumins

suggest that divalent ion affinity is correlated

with the similarity of the unliganded and

Ca21-bound conformations. We herein present

a comparison of the solution structures of

Ca21-free and Ca21-bound CPV3. Although

the structures are generally similar, the con-

formations of residues 47 to 50 differ mark-

edly in the two protein forms. These residues

are located in the C helix, proximal to the CD

binding loop. In response to Ca21 removal,

F47 experiences much greater solvent accessi-

bility. The side-chain of R48 assumes a posi-

tion between the C and D helices, adjacent to

R69. Significantly, I49 adopts an interior posi-

tion in the unliganded protein that allows

association with the side-chain of L50. Con-

comitantly, the realignment of F66 and F70

facilitates their interaction with I49 and

reduces their contact with residues in the N-

terminal AB domain. This reorganization of

the hydrophobic core, although less profound,

is nevertheless reminiscent of that observed in

rat b-PV. The results lend further support to

the idea that Ca21 affinity correlates with the

structural similarity of the apo- and bound

parvalbumin conformations.
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tional change in the low-affinity b isoform—implying

that the attenuated divalent ion affinity of the latter may

reflect the energetic cost associated with remodeling the

apo-protein.

Chicken parvalbumin 3 (CPV3) is one of two b-PV
isoforms expressed in the chicken; the other is called

avian thymic hormone (ATH). The sequence of CPV3 is

noteworthy for its similarity to that of rat b-PV, with

identities at 75 of 108 residues (Fig. 1). ATH and CPV3

were both originally discovered in the thymus

gland18,20,21 and evidently play an endocrine role in the

avian immune systems, modulating T-cell maturation

and proliferation.22,23 However, both proteins have also

been detected in alternative tissue settings—ATH in the

avian retina24 and CPV3 in hair cells of the avian audi-

tory organ (basilar papilla).25 Interestingly, the mamma-

lian b isoform is likewise highly expressed in the mam-

malian auditory organ (organ of Corti), in the highly

specialized sensory cells known as outer hair cells.26,27

Presumably, ATH and CPV3 function as specialized Ca21

buffers in the retina and basilar papilla.

The overall DG80 for Ca21 binding by CPV3, in saline at

pH 7.4, is 285.8 kJ/mol (220.5 kcal/mol),28 intermediate

between that of rat a-PV, at 293.8 kJ/mol (222.4 kcal/

mol) and rat b-PV, at 277.0 kJ/mol (218.4 kcal/mol).29

In light of the proposed correlation between divalent ion

affinity and the similarity of the unliganded and Ca21-

bound proteins, it was of some interest to examine the re-

semblance between the Ca21-free and Ca21-bound forms

of CPV3. Due to our inability to crystallize Ca21-loaded

CPV3, it proved necessary to determine the structure of

the Ca21-bound protein, as well as the unliganded protein,

by NMR. 15N relaxation measurements are reported for

both forms of the protein.

METHODS

Protein expression and purification

Because the wild-type CPV3 sequence includes a sol-

vent-exposed cysteine at position 72, rather than the con-

sensus serine, the protein readily forms disulfide-linked

dimers and trimers in the absence of reductant. We have

chosen to work with the C72S variant to avoid the exper-

imental complications attendant to this behavior. This

sequence substitution has no discernible impact on diva-

lent ion affinity.18,29 The CPV3-C72S coding sequence,

optimized for expression in Escherichia coli, was pur-

chased from Genscript (Piscataway, NJ) and cloned

between the Nde I and Bam HI sites of pET11a. Bacteria

harboring the resulting construct were grown at 378C in
15N- or 13C,15N-labeled Spectra 9 medium (Cambridge

Isotope Laboratory, Andover, MA), containing ampicillin

(100 lg/mL). For the production of protein fractionally

labeled with 13C, the culture medium contained 15% (v/

v) 13C,15N-labeled Spectra 9 and 85% unlabeled Spectra

9. IPTG was added (to 0.25 mM) when the absorbance

(at 600 nm) reached 0.6. The culture was harvested by

centrifugation after an additional 20 h. Details of the

purification—lysis, anion-exchange, and gel-filtration—

are described elsewhere.28 Each liter yielded 20 to 25 mg

of protein, with purity exceeding 98%.

NMR sample preparation

To prepare the Ca21-free sample, sufficient protein to

yield 0.5 mL of a 3 mM solution was concentrated to 5

mL by ultrafiltration, then dialyzed at 48C for 48 h,

against 4 L of 0.15M NaCl, 0.025M Hepes, 5.0 mM

EDTA, pH 7.4. Dialysis was continued for 48 h against

0.15M NaCl, 0.01M Mes, 5.0 mM EDTA, pH 6.0. After

adding 0.1 volume of buffer prepared in D2O and 0.1%

sodium azide, the solution was concentrated to 0.5 mL

and loaded into a 5-mm Shigemi microcell (Shigemi,

Inc., Allison Park, PA).

An analogous procedure was used to prepare the

Ca21-bound protein, except that the protein sample was

simply dialyzed for 48 h, with three changes, against 2 L

of Mes-buffered saline, pH 6.0, containing 0.10 mM

Ca21, prior to addition of D2O and azide and concentra-

tion to 0.5 mL.

NMR spectroscopy

All NMR data were acquired at 208C on a Varian

INOVA 600 MHz spectrometer, equipped with a triple-

Figure 1
The amino acid sequences of CPV3-C72S18 and rat b-PV.19 Dashes are used to denote sequence identities.
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resonance cryoprobe. 1H chemical shifts were referenced

relative to DSS; 13C and 15N shifts were referenced indi-

rectly, employing the 1H/X frequency ratios. Data were

processed with NMRPipe30 and analyzed with Sparky.31

Resonance assignments

Backbone 13C assignments relied on these pairs of 3D

experiments: HNCA32 and HN(CO)CA33; HNCACB34,35

and CBCA(CO)NH36; and HNCO32 and HCACO-

CANH.37 The CCONH38 spectrum provided aliphatic
13C assignments beyond Cb. Aliphatic 1H signals were

assigned with data from the HBHACONH, HCCONH,38
15N-edited TOCSY-HSQC,39 and HCCH-TOCSY40

experiments. The HBCBCGCDHD and HBCBCGCDCEHE

spectra41 permitted assignment of the Cd and Ce resonan-

ces from phenylalanine and tyrosine. Analysis of a frac-

tionally 13C-labeled sample as described by Neri et al.42

yielded stereospecific assignments for the methyl protons

in valine and leucine. Assignment of the e-methyl protons

of M35 were made on the basis of strong NOEs to the g-
methyl protons of V106, after initial structure calculations

indicated intimate contact between the two methyl groups.

Solution structure calculations

NOE-based distance restraints were collected from

three-dimensional 15N-edited and 13C-edited NOESY-

HSQC43 data sets acquired on 13C, 15N-labeled protein,

employing mixing times of 125 ms and 100 ms, respec-

tively. Cross peaks were picked manually and integrated

in Sparky. TALOS44 was used to collect f,w dihedral

angle restraints for apo- and Ca21-bound CPV. Structure

calculations were performed with CYANA v. 2.1,45 allow-

ing the program to make all NOE assignments. CYANA

combines the CANDID algorithm for iterative assign-

ment of distance restraints with DYANA, a fast torsion-

angle dynamics algorithm.46

To explicitly include Ca21 in the structure calculations,

a modified aspartate (Asm)—having Ca21 covalently

bound to atom OD1—was added to the standard CYANA

residue library. The 1x ligand (D51) in the CD site of rat

a-PV (PDB code 1RWY) was used to model the Asm

side-chain conformation and Ca21-OD1 bond length. D51

and D90 of CPV3 were replaced with Asm residues in the

CPV3 sequence input file. The remaining Ca21-O bonds

in the CD site were created with link statements—connect-

ing the Ca21 of Asm51 to the appropriate O atoms of

D53 (OD1), S55 (OG), F57 (O), E59 (OE1), and E62

(OE1, OE2). The corresponding bonds in the EF site were

similarly defined with link statements connecting the Ca21

of Asm90 to D92 (OD1), D94 (OD1), K96 (O), and E101

(OE1, OE2). Lower- and upper limits were set for these

Ca21-O bonds, at 0.1 Å below and 0.1 Å above the corre-

sponding bond lengths in the 1RWY structure. These

restraints were weighted empirically, employing a value of

5.0 in the final calculation. Upper limits (3.0 Å) were also

placed on the distances between Asm51 OD1 and the

other O ligands in the CD site and between Asm90 OD1

and the other O ligands in the EF site. These restraints,

which prevent close O-O contacts from developing as the

Ca21-binding site forms, were also weighted empirically,

with a value of 4.0 employed in the final calculation.

Güntert45 has listed six criteria that a successful

CYANA calculation should satisfy. The average CYANA

target function should be less than 250 Å2 in the first

cycle and less than 10 Å2 in the final cycle. The calcula-

tion should leave fewer than 20% of the cross-peaks

unassigned, and 80% or more of the long-range NOEs

should be retained. The RMSD for the ensemble should

be under 3 Å in cycle 1, and the RMSD for the mean

structures from the first and last cycles should likewise

be less than 3 Å. The ensembles calculated for the Ca21-

free and Ca21-bound CPV3 structures both met these

criteria. The quality of the final structures was also ana-

lyzed with PROCHECK47 and the PDB validation server.

15N relaxation data

R1, R2, and {1H}15N NOE data were collected on 15N-

labeled protein using Varian BioPack pulse sequences.

The R1 data were acquired with these relaxation delays,

in ms: 50, 100, 150, 250, 350, 450, 600, 800, 1000, and

1200. The R2 data were collected with delays of 10, 30,

50, 70, 90, 110, 130, 150, 170, and 190 ms. Uncertainties

were estimated from replicate data sets collected at three

delay values. For calculation of the steady-state heteronu-

clear {1H}15N-NOE, HSQC spectra were collected with

and without 3.0 s proton saturation, employing a total

recycle delay period of 5.0 s. Duplicate experiments fur-

nished estimates of the experimental uncertainty.

Signal intensities were measured automatically for

resolved amide signals in Sparky. R1 and R2 values were

extracted by fitting the intensity data (in Origin, v. 7.5)

to the equation for a two-parameter single-exponential

decay. The ratio of the signal intensities in the presence

and absence of proton saturation yielded an estimate for

the NOE.

Analysis of the relaxation data was performed with Ten-

sor2.48 An overall rotational correlation time (sc) was esti-
mated from a subset of amide vectors having R2/R1 values

within one standard deviation of the mean value.49 Inter-

nal mobilities were examined with the Lipari-Szabo

model-free formalism.50,51 Tensor2 employs the five mod-

els suggested by Clore et al.52,53 and the model selection

strategy described by Mandel et al.54

Accession numbers

Coordinates and structural restraints for Ca21-free

CPV3 have been deposited in the Protein Data Bank

with accession number 2KYC. 1H, 15N, and 13C assign-

ments have been deposited in the BioMagnetic Resonance

Bank with accession number 16945. The corresponding

M.T. Henzl et al.
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Figure 2
(A) 1H-15N HSQC spectrum of Ca21-free chicken CPV3 (3 mM) in 0.15M NaCl, 0.01M Mes, 0.005M EDTA, pH 6.0, at 208C. (B) 1H-15N HSQC

spectrum of Ca21-bound chicken CPV3 in 0.15M NaCl, 0.01M Mes, 0.1 mM Ca21, pH 6.0, at 208C.
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accession numbers for the Ca21-bound protein are 2KYF

and 16955, respectively.

RESULTS

Resonance assignments

The CBCACONH and HNCACB spectra yielded

assignments for the Ca and Cb nuclei. The HNCA/

HNCOCA and HNCO/HCACOCANH spectral pairs

were used to confirm the backbone assignments and to

resolve ambiguities. Aliphatic carbon assignments beyond

Cb were made with the CCONH experiment. The ali-

phatic side-chain carbon assignments were complete,

excluding the 18 carboxylates (Asp, Glu, and C-termi-

nus), the seven carboxamides (5 Gln, 2 Asn), and the

R75 guanidinino group.

Aliphatic 1H assignments were made from HBHA-

CONH, HCCONH, 15N-edited TOCSY-HSQC, and

HCCH-TOCSY experiments. Assignments for Hd and He

in Phe and Tyr were obtained from the HBCBCGCDHD

and HBCBCGCDCEHE experiments, which correlate

those protons with Cb. Proton assignments were greater

than 95% complete for both the Ca21-free and Ca21-

bound forms of the protein.

Figure 2(A) displays the 1H-15N HSQC spectrum of

Ca21-free CPV3 at 208C. Signals are observed for each of

the main-chain amide signals. The following pairs of

resonances are strongly overlapped: S7/E61, I11/E101,

R16/A20, E25/E81, S33/S36, Q42/A74, R48/F57, D51/

A89, R69/F70, and R75/D90.

The 1H-15N HSQC spectrum of Ca21-bound CPV3 at

208C is displayed in Figure 2(B). Main-chain amide sig-

nals are observed for all residues except I2. The spectrum

exhibits improved dispersion relative to that of the Ca21-

free protein, with major overlap restricted to just three

pairs of resonances: I11/K44, D22/Q68, and Q54/V76.

Figure 3 displays the backbone amide 1H and 15N chemi-

cal shift differences produced by Ca21 binding for each

amide signal. The superimposed spectra for the apo- and

Ca21-bound protein are displayed in Supporting Infor-

mation, Figure 1.

Solution structure of Ca21-free CPV3

Figure 4(a) displays an ensemble of 20 low-energy con-

formers of Ca21-free CPV3 calculated with CYANA.45 The

calculation employed 1937 distance restraints collected

from 15N- and 13C-edited NOESY-HSQC spectra, as well

as 158 dihedral angle restraints generated with TALOS.

Figure 3
Chemical shift perturbations in response to Ca21 binding/dissociation.

The filled circles represent the absolute value of the difference in 15N

chemical shift; the hollow circles represent the absolute value of the

difference in 1H chemical shift.

Figure 4
Tertiary structure of CPV3. (a) Solution structure of Ca21-free CPV3.

An ensemble of 20 low-energy structures calculated with CYANA. (b)

Low-energy ensemble of Ca21-bound CPV3. The spheres represent the

average position of the Ca21 ions in the ensemble. This and Figures 8

to 10 were produced with PyMol.55

M.T. Henzl et al.
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Table I lists structural quality statistics for the ensemble.

The RMSD, relative to the ensemble average, is 0.66 Å

for the backbone atoms (Cb, Ca, C0, O, and N), 1.07 Å

for all heavy atoms. 100% of the f,w combinations in

the 20 conformers reside in favored, allowed, or gener-

ously allowed regions of the Ramachandran plot. The

average NOE restraint violation is 0.019 Å, and there is

just one violation exceeding 0.4 Å in six or more of the

structures. The average dihedral restraint violation is

0.668, with no violations exceeding 58 in six or more

structures.

Solution structure of Ca21-bound CPV3

CYANA was likewise used to determine the tertiary

structure of Ca21-bound CPV3. Interestingly, the 15N-

and 13C-edited NOESY experiments yielded substantially

more crosspeaks than the corresponding experiments on

the apo-protein, despite the fact that the sample concen-

trations were comparable. Thus, the calculation on the

Ca21-loaded protein utilized 2825 distance restraints and

171 TALOS restraints. Given that the backbone dynamics

for the two protein forms are not radically different (vide

infra), the disparate number of NOEs presumably reflects

greater sidechain motion in the apo-protein.

The resulting ensemble of 20 low-energy Ca21-bound

conformers is displayed in Figure 4(b). The RMSD for

the ensemble is 0.30 Å for backbone atoms and 0.67 Å

for all heavy atoms. With the exception of I2 in one of

the conformers, all f,w combinations reside in allowed

regions of the Ramachandran plot. The average NOE

restraint violation is 0.029 Å, with just one violation in

excess of 0.4 Å in six or more structures. The average di-

hedral restraint violation is 1.348, with just two violations

exceeding 58 in six or more structures.

Comparison of the Ca21-bound and
Ca21-free CPV3 structures

An average RMSD of 2.27 � 0.08 Å was calculated for

corresponding Ca atoms in the Ca21-bound and Ca21-

free structures. This value was obtained by averaging over

all pairs of conformers in the two ensembles. The values

observed for individual conformer pairs ranged from

2.02 to 2.48 Å. RMSD values for the ensemble-averaged

Ca21-free and Ca21-bound structures are plotted as a

function of residue number in Figure 5. A priori, large

differences are anticipated in the ion-binding loops,

where the presence or absence of the divalent ion is

expected to impact the path of the polypeptide chain. In

fact, elevated RMSDs are observed for residues 51 to 55

Table I
Restraints and Statistical Analysis for Ca21-Free and Ca21-Bound CPV3 Structures

Ca21-free CPV3 Ca21-bound CPV3

No. experimental restraints
Total NOEs 1937 2825
Intraresidue 528 655
Sequential 532 682
Medium-range (1 < |i 2 j| � 4) 448 684
Long-range (|i 2 j| > 4) 429 804
TALOS 158 171
Residual CYANA target function 2.34 � 0.25 6.20 � 0.42

Restraint violations
NOE restraints (>0.1 �, 6 or more structures) 8 42
NOE restraints (>0.2 �, 6 or more structures) 2 13
NOE restraints (>0.3 �, 6 or more structures) 1 3
NOE restraints (>0.4 �, 6 or more structures) 1 1
Dihedral restraints (>58, 6 or more structures) 0 2

RMSD from experimental restraints
NOE restraints (�) 0.019 � 0.002 0.029 � 0.002
Dihedral restraints (deg.) 0.66 � 0.21 1.34 � 0.15

RMSD from idealized covalent geometry
(values in parentheses include hydrogen atoms)
Bonds (�) 0.0019 (0.0095) 0.0043 (0.010)
angles (deg) 0.29 (0.56) 1.1 (0.87)
Dihedral angles (deg) 25.7 28.3
Improper angles (deg) 0.089 (0.31) 0.087 (0.30)

Coordinate RMSD from average structure (�)
Backbone (Cb, Ca,C0,O, N) 0.66 � 0.13 0.30 � 0.06
All heavy atoms 1.07 � 0.13 0.67 � 0.07

Ramachandran plot (ensemble averages)
Most favored regions (%) 64.3 75.3
Allowed regions (%) 34.8 24.6
Generously allowed (%) 0.9 0.0
Disallowed (%) 0.0 0.1

Apo- and Ca21-Bound CPV3 Solution Structures
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in the CD loop and for residues 90 to 96 in the EF loop.

Significantly elevated values are also observed in several

other regions of the molecule. These include residues 19

to 23 in the AB loop, residues 46 to 50 in the C-terminal

half of helix C, and residues 65 to 78, corresponding to

the C-terminal half of the D-helix and the extended D/E

loop.

Figure 6 compares the Ca21-bound and Ca21-free

structures using a difference distance map, in which the

inter-residue distance between pairs of Ca atoms in the

Ca21-bound CPV3 structure has been subtracted from

the corresponding distance in the Ca21-free structure.

Distances that increase with Ca21 removal are displayed

in red, whereas distances that decrease in the absence of

Ca21 are displayed in blue. The Ca atoms in residues 47

to 57 evidently adopt positions closer to the AB domain

(residues 1–40), but further from residues 60 to 108 in

the apo-form of the protein. Also, upon dissociation of

Ca21, the Ca atoms in the EF loop (90–100) occupy

positions more distant from their counterparts in the D

and E helices and in the extended D/E loop.

Figure 7 displays the changes in solvent-accessible sur-

face area (SASA) that accompany Ca21-removal, as a

function of residue number. F47, R48, and I49 exhibit

the largest values, followed by R69 and R75. Marginally

increased accessibility is also observed for D90 and T3.

Given the substantial rearrangement of the EF site ion-

binding loop upon Ca21 removal, the heightened accessi-

bility of D90 (the -x ligand) is probably meaningful.

However, the significance of the increased SASA of T3 is

questionable, considering its proximity to the N-termi-

nus, where the ensembles exhibit increased disorder.

Figure 8 presents a stereoview of the superimposed,

ensemble-averaged apo- (magenta) and Ca21-bound

(green) CPV3 structures, highlighting several residues at

the C-terminal end of helix C. Arguably, the most inter-

Figure 5
The RMSD values (in Å) between the Ca21-free and Ca21-bound

structures of CPV3 have been plotted as a function of residue number.

(top) RMSD for the Ca atoms; (middle) the average RMSD for all of

the backbone atoms; (bottom) average RMSD average for all atoms in

the residue. The RMSD values were averaged over all possible pairwise

combinations of the 20 chains in the Ca21-free and Ca21-bound

ensembles, using CNS.56 The error bars represent one standard

deviation.

Figure 6
Difference distance map. The changes in inter-residue distance (in Å)

that accompany Ca21 removal were calculated with CNS. The quantity

rij (Ca
21-free)—rij(Ca

21-bound) is displayed as a contour plot, where

rij(Ca
21-free) is the Ca-Ca distance for residues i and j in the Ca21-free

structure, and rij(Ca
21-bound) is the corresponding distance for the

Ca21-bound structure. The differences were averaged over all possible

combinations of the 20 chains in the Ca21-free and Ca21-bound

ensembles.

Figure 7
Estimated changes in solvent-accessible surface area that accompany

Ca21 removal from CPV3. Each point represents the accessible surface

area of a residue in the Ca21-free conformation minus that of the

corresponding residue in the Ca21-bound conformation, averaged over

all possible pairwise combinations of the 20 chains in each ensemble.

The error bars represent one standard deviation.

M.T. Henzl et al.
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esting conformational alterations are observed in this

region of the molecule, proximal to the CD binding site.

Ca21 removal is apparently accompanied by a partial

reconfiguration of the hydrophobic core. Whereas the

side-chain of F47 is largely buried in the Ca21-loaded

state, it becomes much more solvent-accessible upon dis-

sociation of the divalent ion [Fig. 8(a)]. By contrast, I49

enjoys substantial solvent accessibility in the Ca21-bound

state, but adopts an interior position in the apo-protein.

Although the accessibility of L50 is unchanged, the resi-

due undergoes reorientation, facilitating contact with I49.

The side-chain of R48 also relocates upon Ca21 removal,

adopting a position in the cleft between the C and D hel-

ices, adjacent to R69 [Fig. 8(b)]. The coordinated move-

ment R48 and R69 substantially reduces the solvent

accessibility of R48, while increasing the accessibility of

R69.

Figure 9 presents a close-up stereoview of the ligation-

dependent changes in the vicinity of F47, I49, and L50.

The configuration of these residues in the Ca21-free pro-

tein is displayed in panel (a); the corresponding view of

the Ca21-loaded protein is shown in Figure 9(b).

Whereas only the edge of F47 has significant surface ex-

posure when Ca21 is bound, the entire phenyl ring

becomes accessible in the apo-protein. The side-chain of

I49 is largely exposed in the Ca21-bound protein, but

becomes completely sequestered upon Ca21 removal.

Whereas the side-chain of L50 is completely buried in

the Ca21-bound protein, the side-chain experiences

minor exposure in the Ca21-free protein.

The orientations of F66 and F70 change perceptibly

upon dissociation of Ca21. In the Ca21-bound protein

[Fig. 10(b)], the phenyl rings are intimately associated

with residues from the AB domain, notably F29.

Although F66 contacts one of the methyl groups in L50,

interaction with I49 and L50 is otherwise minimal. With

the removal of Ca21, F66 and F70 approach the side-

chains I49 and L50 [Fig. 10(a)]. The phenyl ring of F29

likewise undergoes repositioning, perhaps to retain con-

tact with F66 and F70. Earlier, we noted the elevated

RMSD values observed for residues 65 to 78, which re-

side in the C-terminal half of helix D and the extended

D/E loop. The reorientation of F66 and F70, in concert

with that of R69, may provoke the repositioning of the

Figure 8
Stereoviews of the superimposed ensemble-averaged structures of Ca21-

bound (green) and Ca21-free (magenta) CPV3. The side-chains of F47,

R48, I49, and L50 are included to emphasize the extent of their

realignment. The apo-protein residues are indicated by the letter ‘‘a’’
appended to the residue label. (b) Represents an approximately 908
rotation of view (a). The sidechain of (Ca21-bound) L50 is obscured in

(a) and was left unlabeled.

Figure 9
Stereoviews of the ligation-dependent reorientation of F47, I49, and L50

in Ca21-free (a) and Ca21-bound (b) forms of CPV3.
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polypeptide backbone in the D/E region, resulting in the

heightened RMSD values observed for residues 72 to 78.

15N relaxation analysis

Ca21-free CPV3

Relaxation data were collected at 208C. The R1 and R2

data are well accommodated by a two-parameter expo-

nential decay model. Resonances having substantial over-

lap were omitted from the analysis. R1 and R2 values for

83 of 107 amide vectors are plotted in Figures 11(A,B),

respectively. The corresponding numerical values

are tabulated in Supporting Information, Table I. Re-

sonances having substantial overlap were omitted from

the analysis.

The rotational correlation time (sc) was estimated

from the subset of amide vectors [Fig. 11(C), �] having

an R2/R1 ratio within one standard deviation of the

mean. The data are well accommodated by a spherically

symmetric rotational diffusion model, yielding a sc value
of 6.92 � 0.04 ns, which corresponds to a rotational dif-

fusion coefficient of 2.41 3 107 s21. Axially symmetric

and fully symmetric models yielded insignificant reduc-

tions in v2. The ensemble-averaged apo-protein structure

exposes 6080 Å2 of total surface area, as determined with

Naccess.57 Substituting this value into the empirical rela-

tionship between sc and total SASA derived by Krishnan

and Cosman58 affords a predicted sc of 6.76 ns, which

agrees well with the sc estimate obtained from the

trimmed R2/R1 values.

The {1H}15N NOE values [Fig. 11(D)] are tightly clus-

tered about a mean value of 0.81 � 0.06. Only seven

amides exhibit values below 0.75. These include T3

(0.70); N52 (0.71) and D53 (0.73) in the CD binding

loop; D92 (0.71) and G93 (0.72) in the EF binding loop;

and the C-terminal S108 (0.48).

Main-chain flexibility was examined using the Lipari-

Szabo treatment.50,51 Relaxation data for 73 of the 83

amide vectors were amenable to treatment using the

model-free approach, employing a spherically symmetric

Figure 10
Stereoviews of the ligation-dependent orientation of F66 and F70 in

Ca21-free (a) and Ca21-bound (b) forms of CPV3.

Figure 11
15N relaxation data and internal mobility analysis for Ca21-free CPV3.

The approximate positions of the six helical segments are indicated at

the top of the figure. (A) R1 values. (B) R2 values. (C) Calculated R2/R1

ratios. The filled circles (l) represent the amide vectors used in the

estimation of sc. (D) {
1H}15N NOE values. (E) Order parameter (S2)

determined by model-free analysis. (F) se (*) and Rex (l) values for

residues displaying motion on a timescale exceeding 20 ps.
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diffusion model. The results are displayed in Figures

11(E,F), and the model-free parameters are listed in Sup-

porting Information, Table III.

The motion of 61 amide vectors can be modeled with

the overall rotational correlation time (sc) and a general-

ized order parameter (S2). Two amides (D92, G93)

require a se term to describe internal motion on the 20

ps to 10 ns timescale. An additional five (Q54, S55, I58,

L86, A87) require an Rex term to describe internal

motion on the ls-ms timescale. Four amides (D4, N52,

D53, E62) can be accommodated only by inclusion of

both se and Rex terms. Finally, residue 108 exhibits

behavior consistent with motion on two timescales

shorter than the overall rotational correlation time. The

average order parameter for the apo-protein is 0.95,

identical to the value obtained for Ca21-free ATH and

comparable to the value of 0.92 obtained for the Ca21-

free forms of rat a-PV and rat b-PV.16,17,59

The data for 10 of the 83 vectors for which relaxation

data were collected are not compatible with any of the

five standard models, suggesting that those amides are

undergoing more complex motions. The residues in

question are S9, D10, C18, S40, S41, Y65, L67, Q68, A79,

and T82. Their positions are displayed in Supporting In-

formation, Figure 2(A).

Ca21-bound CPV3

Relaxation data were likewise collected on the Ca21-

bound form of the protein at 208C. The improved dis-

persion of the 1H,15N-HSQC spectrum permitted extrac-

tion of R1 and R2 values for 99 of the 107 amide vectors

[Figs. 12(A,B), respectively]. The numerical values are

tabulated in Supporting Information, Table II.

As described above, sc was estimated from the subset

of amide vectors [Fig. 12(C), �] having an R2/R1 ratio

within one standard deviation of the mean. A spheri-

cally symmetric rotational diffusion model yielded a sc
of 6.78 � 0.02 ns, corresponding to a rotational diffu-

sion coefficient of 2.46 3 107 s21. Axially symmetric

and fully anisotropic models did not afford any further

reduction in v2. The predicted sc value for the ensem-

ble-averaged Ca21-bound structure is 6.47 ns, based on

the exposure of 5900 Å2 of surface, estimated with

Naccess.57 Thus, as noted above for the apo-protein,

the calculated and measured rotational correlation

times for the Ca21-loaded protein exhibit reasonable

agreement.

The {1H}15N NOE values [Fig. 12(D)] exhibit a mean

value of 0.81 � 0.05. Only T3, (0.69), I5 (0.72), and

S108 (0.51) have steady-state NOEs below 0.75.

Relaxation data for 83 of the 99 amide vectors were

amenable to the Lipari-Szabo model-free treatment,

employing an isotropic diffusion model. The results are

displayed in Figures 12(E,F). Numerical values for the

model-free parameters are tabulated in Supporting Infor-

mation, Table IV.

The motions of the majority of the amide vectors (68/

83) can be modeled with sc and S2. Five require a se
term to describe internal motion on the 20 ps to 10 ns

timescale (I5, C18, S72, S80, K83). Eight others require

an Rex term to describe internal motion on the ls-ms

timescale (D51, N52, D53, S55, A87, A89, H91, E104).

One amide (T3) requires the inclusion of both se and

Rex terms, and residue 108 evidently experiences motion

on two timescales shorter than the overall rotational cor-

relation time. The average order parameter for the Ca21-

bound protein, at 0.95, is virtually identical to that deter-

mined for the apo-protein.

The data for 16 of 99 amide vectors are not compati-

ble with any of the five standard models: S7, S9, G34,

S40, S41, Q42, Y65, F66, L67, Q68, R69, L77, T78, A79,

T82, and Q103.

Their positions in the Ca21-bound protein are shown

in Supporting Information, Figure 2(B). This list shows

considerable overlap with that for the Ca21-free protein.

Figure 12
15N relaxation analysis of Ca21-bound CPV3. (A) R1 values. (B) R2

values. (C) R2/R1 ratios, the filled circles denoting those amides used to

estimate sc. (D) {
1H}15N NOE values. (E) The order parameter (S2)

obtained from model-free analysis. (F) se (*) and Rex (l) values for

residues displaying lower frequency local motions.
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Only S7, G34, Q42, F66, R69, L77, and Q103 are not

represented in the apo-protein list. And of those residues,

data were not available for residues S7, Q42, and R69 in

the Ca21-free protein.

DISCUSSION

Several years ago, the uncanny resemblance of the

Ca21-loaded parvalbumin structures in the PDB

prompted the collection of structural data for several

unliganded parvalbumins. With this study, the solution

structures of four Ca21-free parvalbumin isoforms have

been obtained. Data for the (high-affinity) rat a and

(low-affinity) rat b isoforms suggested that divalent ion

affinity is correlated with the similarity of the unliganded

and bound states of the protein.

The tertiary structure of rat a-PV is largely independ-

ent of ligation state. By contrast, in rat b-PV, Ca21 bind-

ing and dissociation is accompanied by substantial rear-

rangement of the hydrophobic core. Whereas residues 49,

50, and 85 are closely associated in the apo-protein, the

interaction is abolished when Ca21 binds. This noncova-

lent contact, absent in the Ca21-free forms of rat a-PV
or ATH, offers a rationale for the sequence eccentricities

in rat b-PV. Whereas the b-parvalbumin consensus

sequence includes I49, L50, and F85, rat b incorporates

F49, I50, and L85 at these positions. Site-directed muta-

genesis data60 strongly suggest that the energy required

to break the contact between residues 49, 50, and 85 in

the apo-form of rat b-PV reduces the net binding free

energy, accounting in part for the observed attenuation

of divalent ion affinity. Specifically, replacement of L85

by phenylalanine significantly increases divalent ion affin-

ity, and the magnitude of the increase is sensitive to the

identity of the residues 49 and 50. The rat b sequence

also departs from the parvalbumin norm at positions 57

(Y replaces F), 58 (L replaces I), 59 (D replaces E), and

60 (G replaces E), and these residues likewise influence

the impact of the L85F mutation.

It should be noted that, although ATH is a high-affin-

ity parvalbumin, the structures of unliganded and Ca21-

bound structures differ perceptibly.61 Ca21 removal is

accompanied by a rigid-body movement, involving rota-

tion and displacement, of the B helix. This structural

alteration exposes substantial apolar surface area and pre-

sumably explains the major increase in ANS fluorescence

emission that accompanies addition of the unliganded

protein, but not the Ca21-bound protein, to a solution

of that hydrophobic probe.62 Except for the modification

of helix B, however, the Ca21-bound and Ca21-free

structures are very similar. In contrast to the rat b iso-

form, the packing of the hydrophobic core is largely

unperturbed. With respect to divalent ion affinity, the

critical issue may be the extent to which Ca21 binding

and dissociation provoke restructuring of the hydropho-

bic core.

The sequence similarity of rat b and CPV3 (69% iden-

tity) and the intermediate Ca21 affinity of the latter fos-

tered speculation as to whether unliganded CPV3 would

exhibit any suggestion of the structural alterations

observed in rat b. CPV3 harbors the parvalbumin con-

sensus residues at positions 49, 50, 57, 58, 59, 60, and

85. However, the otherwise strong sequence conservation

with rat b in the AB domain and the CD site (Fig. 1)

might encourage the unliganded CPV3 to adopt a struc-

ture that differed in significant respects from that of the

Ca21-loaded protein.

Interestingly, Ca21 dissociation provokes a significant

structural alteration just proximal to the CD binding

loop, involving residues 46 to 50. Much as F49 and I50

rotate into the apolar interior of rat b-PV in response to

Ca21 removal, I49 and L50 are similarly sequestered in

apo-CPV3. Accompanying the reorientation of residues

49 and 50, the side-chain of F47 adopts a more solvent-

exposed configuration. The side-chains of I49 and L50

appear to interact. Concomitant with these changes, R48

and R69 approach each other and occupy the cleft

between the helix C and the C-terminal end of the helix

D.

The movement of F47, I49, and L50 is accompanied

by reorientation of F66 and F70. In the Ca21-bound pro-

tein, these residues interact strongly with residues in the

AB domain, notably F29. With dissociation of Ca21,

however, the phenyl rings assume a configuration that

permits interaction with I49 and L50, as well as F29. The

side-chain of F85 approaches the side-chains of I49 and

L50 but does not contact those residues. It would be of

interest to examine the impact of the F85L mutation on

divalent ion-binding behavior—both in wild-type CPV3

and in variants harboring the I49F and/or L50I substitu-

tions.

The reorientation of F66 and F70 in CPV3 is reminis-

cent of that seen upon Ca21 removal from rat b-PV. In
the latter, however, F66 and F70 actually withdraw from

the hydrophobic core, which permits the D helix—dis-

torted in the Ca21-bound state—to straighten. Although

the orientation of helix D is largely unchanged in Ca21-

free CPV3, the realignment of F66 and F70 may contrib-

ute to repositioning of the polypeptide backbone in the

extended D/E loop. 15N relaxation measurements suggest

that the D helix and the D/E loop region comprise a very

dynamic region of the molecule. Seven of the residues

that experience the most complex atomic motion in both

the Ca21-free and Ca21-bound structures reside this

region: F66, L67, Q68, R69, L77, T78, and A79.

In rat b-PV, the departure of the unliganded confor-

mation from the high-affinity parvalbumin norm is at-

tributable, at least in part, to the I49F, L50I, and F85L

substitutions. CPV3, however, harbors the consensus resi-

due at each of these positions. Thus, the basis for the

atypical unliganded conformation is less clear. It could

possibly reflect the sequence identity between CPV3 and
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rat b-PV in other regions of the molecule, notably in the

AB domain. In this context, we previously examined the

interaction between the AB and CD-EF domains in rat

a- and b-PV, employing the individual AB and CD-EF

peptides.63 Interestingly, in the presence of saturating

Ca21, the b CD-EF peptide exhibits markedly greater af-

finity for the a AB peptide than the b AB peptide. Simi-

larly, an equimolar mixture of a AB and b CD-EF exhib-

ited substantially higher affinity for Ca21 than the corre-

sponding mixture of the b peptides. These observations

implied that the AB domain imposes some structural

restraint on the unliganded CD-EF domain, reversal of

which requires the expenditure of Ca21-binding energy.

CONCLUSIONS

Based on an admittedly small number of data points,

there appears to be a correlation between the similarity

of the unliganded and Ca21-bound conformations and

divalent ion affinity. At one extreme, the two states of

the high-affinity rat a isoform are very similar. At the

other, substantial differences are observed between the

structures of the low-affinity rat b isoform. In between,

the conformations of the intermediate-affinity CPV3,

although similar, exhibit a reorganization of the core resi-

dues that is reminiscent of that observed in rat b.
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