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ABSTRACT: Dynamics of the ratR-parvalbumin calcium-loaded form have been determined by measurement
of 15N nuclear relaxation using proton-detected heteronuclear NMR spectroscopy. The relaxation data
were analyzed using spectral density functions and the Lipari-Szabo formalism. The major dynamic
features for the ratR-parvalbumin calcium-loaded form are (1) the extreme rigidity of the helix-loop-
helix EF-hand motifs and the linker segment connecting them, (2) the N and C termini of the protein
being restricted in their mobility, (3) a conformational exchange occurring at the kink of helix D, and (4)
the residue at relative position 2 in the Ca2+-binding sites having an enhanced mobility. Comparison of
the Ca2+-binding EF-hand domains ofR-parvalbumin-Ca2+, calbindin-Ca2+, and calmodulin-Ca2+ shows
that parvalbumin is probably the most rigid of the EF-hand proteins. It also illustrates the dynamical
properties which are conserved in the EF-hand domains from different members of this superfamily: (1)
a tendency toward higher mobility of NH vectors at relative position 2 in the Ca2+-binding loop, (2) a
restricted mobility for the other residues in the binding loop, and (3) an overall rigidity for the helices of
EF-hand motifs. The differences in mobility between parvalbumin and the two EF-hand proteins occur
mainly at the linker connecting the pair of EF hands and also at the C terminus of the last helix. In
parvalbumin-Ca2+, these two regions are characterized by a pronounced rigidity compared to the
corresponding more mobile regions in calbindin-Ca2+ and calmodulin-Ca2+.

The internal dynamics of proteins may be very important
for their biological function as has been shown in protein
folding, enzyme catalysis, and protein-ligand interactions.
Many functional aspects can be interpreted from static
structures, but the extra dimension conferred by internal
motions is necessary to understand how proteins function
(1). Heteronuclear NMR relaxation techniques have emerged
as a powerful approach for studying internal motions of
proteins because they offer the advantage of probing
individual residues throughout the molecule on a time scale
that ranges from picoseconds to milliseconds. Motional
properties of the NH bond vectors may be investigated by
analysis of the relaxation behavior of the15N nuclei (2-
14).

Parvalbumins are members of the Ca2+-binding protein
super family that includes calmodulin, troponin C, onco-
modulin, and calbindin (15-17). All members of this family

contain at least one pair of the Ca2+-binding structural motifs
composed of a helix-loop-helix structure, also called “EF-
hand”, which can bind divalent cations (18). Parvalbumin,
calmodulin, troponin C, and calbindin D9K have evolved from
a common four-Ca2+-binding domain protein (15). Calmod-
ulin and troponin C behave as calcium sensors and interact
with other proteins in a Ca2+-dependent manner (19). In
contrast, parvalbumin and calbindin are not involved in
regulation processes and behave as Ca2+ buffers (20) in fast
twitch muscles and fast-firing neurones. During evolution,
these two proteins have lost one and two EF-hand domains,
respectively. In parvalbumin, the N-terminal EF-hand
domain has been deleted and the three remaining domains
are called AB, CD, and EF by referring to the sixR-helices
of the protein structure (Figure 1). The AB domain has lost
the ability to bind Ca2+ ions and forms a “flap structure” on
top of an internal salt bridge between residues Glu-81 and
Arg-75. This invariant salt bridge contributes to the stability
of the parvalbumin fold (18). Ca2+ binding occurs in the
CD and EF domains. Both sites are symmetrically arranged
and related through shortâ-strands connecting the two Ca2+-
binding loops. Parvalbumins display a nearly spherical shape
in which the six helices (A-F, see Figure 1) enclose a
compact hydrophobic core constituted by side chains of
aromatic and aliphatic residues. Parvalbumins are small (12

† M.W.B. is endebted to the Danish and Swiss fundations for
financial support.

* Corresponding author. Telephone: 33 4 67 04 34 33. Fax: 33 4
67 52 96 23.

‡ CNRS UMR 9955-INSERM U414.
§ University of Toronto.
| Universitéde Fribourg.
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kDa) and acidic proteins (4< pI < 5). They have a
remarkable thermal stability in the Ca2+-loaded form as
shown for example by rat parvalbumin (21).

From a structural point of view, parvalbumins have been
studied extensively by NMR spectroscopy (22-24) and by
X-ray crystallographic techniques (18, 25-28). Comparisons
between X-ray and NMR structures of the Ca2+-loaded pike
parvalbumin show that details of the structure are conserved
between crystal and solution states. The differences mainly
involve the N- and C-terminal domains, and the orientation
of external side chains. The N-terminal domain is not well-
defined in the X-ray structure, and the external positioning
of the F helix is explained by intermolecular interactions,
due to crystal packing effects. NMR studies using13C
relaxation have shown that the parvalbumin structure is

relatively rigid, with more mobile regions at the N and C
termini (29).

This work includes the assignment of amide15N and proton
N1H resonances and an investigation of the extent of rapid
backbone motions in the ratR-parvalbumin calcium-loaded
form by measuring15N relaxation at two different spectrom-
eter frequencies. The availability of the crystal structure of
the same protein at 2.0 Å resolution (28) allowed us to
analyze the dynamical parameters obtained from relaxation
data on a structural basis. A comparison with other members
of the EF-hand Ca2+-binding protein superfamily like cal-
bindin D9k-Ca2+ (6) and calmodulin-Ca2+ (30) emphasizes
several similarities and differences in the dynamical behav-
iors of the EF-hand calcium-binding motifs.

MATERIALS AND METHODS

Sample Preparation.Uniformly 15N-labeled recombinant
rat R-parvalbumin was expressed inEscherichia colistrain
JM109 (DE3) transformed with the pGEMEX vector (Prome-
ga) containing the rat parvalbumin gene (31) and grown in
M9 minimal media (32) supplemented with ampicillin (0.1
mg/mL) and using15NH4Cl as the sole source of nitrogen.
The protein was purified following the procedure previously
described by Pauls et al. (31). The protein sample was
dissolved in 450µL of a 95%1H2O/5%2H2O mixture (v/v)
to a final concentration of 4.5 mM and buffered with 50
mM sodium phosphate at pH 5.8. NMR tubes and vessels
were washed with diluted HCl so paramagnetic impurities
could be avoided. The1H NMR one-dimensional (1D)
spectrum of our sample is similar to the one previously
published by Pauls et al. (31) for the Ca2+-saturated form of
recombinant rat parvalbumin.

NMR Spectroscopy.All NMR spectra were recorded at
305 K on a Bruker AMX400 (9.40 T) or a Bruker AMX600
(14.10 T) spectrometer, both equipped with a three-channel
interface, a pulsed field gradient probe, and a gradient
amplifier unit.

Sequential assignments of15N resonances in Ca2+-loaded
rat R-parvalbumin are based on several types of two- and
three-dimensional1H-15N correlation spectra listed in Table
1 in addition to1H-1H NOESY1 and TOCSY data.

Measurements of15N R1 values,15N R2 values, and steady-
state 1H-15N NOE values (Table 1) were taken using
previously described sequences (30, 33) which have been
modified by introduction of pulsed field gradient purges. This
suppresses the intense water signal and permits the study of
amide protons in exchange with the solvent. The steady-
state 1H-15N NOE(η) values are obtained by recording
spectra with and without a proton saturation period of 3 s.

Relaxation Data Processing and Analysis.The Aurelia
package (Bruker) (34) was used to measure 2D peak
intensities (peak height). All calculations were carried out
using the MATLAB package (The MathWorks, Inc.). For
each peak, the error was estimated by measuring the amount
of noise on the baseline taken at cross sections passing

1 Abbreviations: 2D and 3D, two- and three-dimensional, respec-
tively; HSQC, heteronuclear single-quantum correlation; TOCSY, total
correlation spectroscopy; NOESY, nuclear Overhauser effect spectros-
copy; R1, longitudinal relaxation rate;R2, transverse relaxation rate;
CSA, chemical shift anisotropy;B0, static main field; 1SD, one standard
deviation.

FIGURE 1: Views of the X-ray three-dimensional structure of the
calcium-loaded ratR-parvalbumin first molecule (28). The helices
are labeled A-F. The segments of the calcium-binding loops
involved in the antiparallelâ-type interaction are represented as
broad arrows and the two calcium ions as black spheres. The salt
bridge between Arg-75 and Glu-81 is shown. This figure was
generated using the program Molscript (74).

Backbone Dynamics of Calcium-Parvalbumin Biochemistry, Vol. 37, No. 28, 19989965



through the maximum intensity.R1 andR2 values and the
steady-state1H-15N NOE η values were determined accord-
ing to the procedure described by Alattia et al. (29). Briefly,
values ofR1 andR2 were determined by fitting the measured
peak intensity to a single-exponential decay curve. Uncer-
tainties in the relaxation rates were determined from Monte
Carlo simulations (35, 36). Values of steady-state1H-15N
NOE η were established from the ratio of peak intensities
in spectra recorded with and without1H saturation. Values
of the spectral density function were obtained by fitting
relaxation data recorded at two spectrometer fields and using
the reduced spectral density mapping (12, 13, 37-39). This
method assumes that the high-frequency spectral density
terms are approximately equal in magnitude, i.e.,J(ωH (
ωN) ≈ J(ωH), and therefore may be replaced by a single
value, J*(ωH). This method is well-established and also
appears to introduce less error in the determination of the
spectral density at high frequencies than the full spectral
mapping procedure initially used by Peng and Wagner (33,
37) which needs additional relaxation measurements. The
acquisition of two sets of data recorded at two spectrometer
frequencies allows better accuracy in the determination of
the spectral density function (13, 40). The set of calculated
J(ω) values is informative for the shape of the spectral
density functions which can be in turn analyzed in terms of
motion of the NH vectors. The determination of the spectral
density function at zero frequencyJ(0) can be complicated
by conformational exchange, in the millisecond to micro-
second time scale which contributes to the transverse
relaxation rateR2 and therefore toJ(0) so thatJ(0)eff ) J(0)
+ λRex. The presence of a conformational exchange can
therefore enhance anomalies for theR2 andJ(0) values.Rex

is frequency-dependent and has been determined from
relaxation data recorded at the two spectrometer fields (12,
13).

In the presence of fast protein motions, theJ(0) value has
an upper limit given by 2τm/5 with τm being the overall
correlation time for an isotropic Brownian motion of the
15N-1H bond vector. The shape of the spectral density
functionsJ(ω) is determined by NH bond motions. As the
area underJ(ω) is constant (41, 42) and similar for all NH

vectors, fast internal motions tend to increaseJ(ω) at high
frequencies and therefore decreaseJ(ω) at low frequencies.
The relative evolution ofJ(ω) between zero and the highest
observable frequency is also dependent on the time scale of
the fast motion (38). J(0) is apparently the most sensitive
probe for dynamic heterogeneity along the protein backbone.
Inspection ofJ(0) andJ*(ωH) versus sequence provides a
rapid overview of the relative mobility along the protein
backbone and identifies both fast and slow dynamic processes
in the protein.

The analysis by spectral density mapping is attractive
because few assumptions are required about the form of
either the motion of the protein or the spectral density
function itself. One consequence of the fact that no model
of the protein dynamics is required is that the spectral density
values obtained do not provide a clear picture of the internal
motions present in the protein. An alternative approach is
to use explicit definitions for the form of spectral density
function such as the “model-free” density function of Lipari
and Szabo (43, 44). In this model, assuming that the overall
and internal motions contribute independently to the reori-
entational correlation function of15N-1H vectors and that
the internal motion occurs on a much faster time scale than
the global rotation of the molecule,J(ω) can be expressed
using the well-known expression of Lipari and Szabo (43)
for a spherical molecule with isotropic rotational diffusion:

S2 is the order parameter and describes the relative amplitude
of the internal motions contributing to the relaxation. It
ranges from 0 to 1.τe is the effective correlation time for
rapid internal motions andτm the overall correlation time.
An extended form of the model-free spectral density function
has been developed by Clore et al. (3, 45) to describe internal
motions that take place on two distinct time scales, differing
by at least 1 order of magnitude. An exchange term,Rex, is
also required to account for chemical and conformational
exchange processes which affect transverse relaxation times
as previously noted. The exchange rateRex is frequency-

Table 1: Two- and Three-Dimensional1H-15N NMR Experiments and Experimental Parameters

experiment

1H
(MHz) scan

mixinga

and delays
recycling
delay (s) acquisitionb processingb,c reference

1H-15N HSQC 600 8 0.8 2048× 300 2048× 1024 64-67
3D TOCSY-HSQC 400 16 60 ms 0.8 1024× 100× 128 1024× 256× 512d 47, 64-67
3D NOESY-HSQC 600 16 150 ms 0.8 1024× 100× 128 1024× 256× 512d 47, 64-68
3D HSQC-NOESY-HSQC 400 16 150 ms 0.8 1024× 100× 128 1024× 256× 512d 33, 49, 64, 67
T1 400 16 e 3 1024× 180 2048× 1024 30, 33
T1 600 16 e 3 1024× 180 2048× 1024 30, 33
T2 400 16 f 2.5 1024× 180 2048× 1024 30, 33
T2 600 16 g 2.5 1024× 180 2048× 1024 30, 33
1H-15N NOE 400 32 3 sh 5 1024× 225 2048× 1024 30, 33
1H-15N NOE 600 32 3 sh 5 1024× 225 2048× 1024 30, 33

a NOESY and TOCSY mixing times.b Acquisition (complex) and processed (real) size witht2 × t1 andF2 × F1 for 2D spectra andt3 × t2 ×
t1 andF3 × F2 × F1 for 3D spectra. Spectral width (1H) ) 5000 Hz and (15N) 1400 Hz at 400 MHz. Spectral width (1H) ) 7246.4 Hz and (15N)
2100 Hz at 600 MHz. Quadrature in indirect dimensions was accomplished using the States-TPPI method (47). GARP decoupling (69) was used
during acquisition to decouple15N. c All spectra were processed on a Silicon Graphics Indigo XS24 worksation using Uxnmr or Xwinnmr software
(Bruker). Sine-bell windows withπ/3 andπ/8 shifts were applied in15N and1H dimensions, respectively. All spectra were further processed using
polynomial baseline corrections.d Linear prediction.e Values of 12, 52, 102, 152, 202, 302, 402, 502, 802, 2002, and 3002 ms.f Values of 7, 14,
32, 47, 65, 79, 112, 202, 349, 500, and 799 ms.g Values of 7, 14, 32, 47, 65, 79, 112, 202, 277, 349, 425, 500, and 799 ms. CPMG sequence (70,
71) with the interval between15N 180° pulses set at 900µs. Additional1H 180° pulses were applied every 4 ms in the CPMG pulse train to suppress
cross-correlation acting on15N transverse relaxation (72). h Proton saturation period using 120° pulses applied every 5 ms (73).

J(ω) ) S2τm/(1 + ω2τm
2) + (1 - S2)τ/(1 + ω2τ2)

with 1/τ ) 1/τm + 1/τe
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dependent according to the relationshipRex
600/Rex

400 ) (ωH
600/

ωH
400)2 ) 2.25. A constant ratio of 2.25 is therefore

expected between exchange rates measured at 600 and 400
MHz.

In the Lipari-Szabo approach, the relaxation data and
steady state NOE were systematically fitted to a set of five
motional models as listed in Table 2 according to a procedure
previously described (46) using nonlinear least-squares
optimization and Monte Carlo error analysis (35, 36).
Initially, selection of the appropriate spectral density function
using two time scales (model V) was not considered. The
four remaining spectral density functions were considered
appropriate if they satisfy two conditions. (1) The relaxation
parametersR1

400, R1
600, R2

400, andR2
600 and the NOE param-

eters η400 and η600 must be fitted within 95 and 90%
confidence limits, respectively. (2) Each of the fitting
parameters in the spectral density must exceed its calculated
error. If more than one of the spectral density function
models satisfied both conditions, then the model with the
lowest ø2 was selected. If the single-time scale spectral
density functions failed to satisfy both of the above condi-
tions, then the two-time scale model (model V) was
considered and had to satisfy both conditions 1 and 2 to be
retained.

Prior to selection of the most appropriate model, the
correlation time τm was determined by minimizingø2,
simultaneously fromR1, R2, and1H-15N NOE η data at 400
and 600 MHz, while excluding residues with anR2/R1 ratio
outside(1SD from the average value (3).

RESULTS

Assignment of Amide15N Resonances

Beginning with preliminary assignments of proton reso-
nances obtained from NOESY and TOCSY spectra, the
sequential assignments of15N resonances for Ca2+-loaded
ratR-parvalbumin were determined using 2D1H-15N HSQC,
3D 1H-15N NOESY-HSQC, and 3D1H-15N TOCSY-
HSQC heteronuclear spectra (47, 48). To confirm and
complete the assignments, a 3D1H-15N HSQC-NOESY-

HSQC experiment was performed which more fully exploited
the15N chemical shift dispersion to resolve overlapping peaks
(49, 50). An example of a sequential walk from residue Glu-
81 to residue Glu-100 is shown in Figure 2. A total of 107
out of 109 backbone amide15N resonances were assigned,
and the corresponding15N and 1H chemical shifts are
available as Supporting Information. The cross-peaks cor-
responding to residues 1 and 2 could not be observed in this
analysis.

Measured Relaxation Parameters

The values of the relaxation parametersR1, R2, and1H-
15N NOE at 400 MHz (9.40 T) and 600 MHz (14.10 T) are
shown in Figure 3.15N relaxation data have been obtained
for 105 residues at 400 MHz, with the exception of Ala-1,
Met-2, Asp-79, and Asp-76, and for 106 residues at 600
MHz, with the exception of Ala-1, Met-2, and Asp-79. The
averageR1 value is 2.61( 0.14 s-1 at 9.40 T and 1.57(
0.07 s-1 at 14.10 T. TheR1 values display small variations
along the sequence with minima mainly occurring between
helices. The averageR2 value increases from 8.93( 0.57
s-1 at 9.40 T to 10.18( 0.80 s-1 at 14.10 T, and the
correspondingR2 profiles exhibit a similar behavior along
the sequence with a small decrease in the AB and BC loops.
The R2 profiles are essentially uniform in Ca2+-binding
domains CD and EF with a few exceptions. Ile-66 displays
the maximum value forR2. In contrast, Lys-91 and Ser-
109 display minimalR2 values. A similar lowR2 value is
also observed for residue Thr-3 present in the N-terminal
part of the sequence. The average1H-15N NOE is similar
at 9.40 and 14.10 T, withη values of-0.27 ( 0.04 and
-0.24( 0.04, respectively. The analysis of1H-15N NOE
profiles shows lowη values again associated with the AB
and BC loops, and the lowest values are observed for residues
Asp-22, Lys-37, and Ser-109. The NεH group of the Arg-
75 side chain gives relaxation values quite similar to those
previously described for the backbone NH withR1 ) 2.28
s-1, R2 ) 7.86 s-1, and η(NOE) ) -0.26 andR1 ) 1.24
s-1, R2 ) 7.52 s-1, andη(NOE) ) -0.29, values recorded
at 9.40 and 14.10 T, respectively.

Mapping of the Spectral Density Function J(ω)

The15N relaxation rate constants at a given field strength
can be converted into three spectral density values, namely
J(0), J(ωΝ), andJ(ωH + ωΝ). Relaxation measurements at
the two proton frequencies of 400 and 600 MHz allow the
evaluation of theJ(ω) function for each NH bond at several
ω values, including 0, 40, 60, 360, and 540 MHz. As
expected, an initialR2/R1 ratio analysis indicates residues
which undergo significant motions on the microsecond to
millisecond time scale (2). Only residue Ile-66 systemati-
cally displays highR2 values (Figure 3B,E) departing from
other values in helix D. The increase ofR2 measured for
this residue by reference to neighboring residues (i.e.,
increase of 2.3( 0.5 s-1 at 400 MHz and 4.8( 0.7 s-1 at
600 MHz) gives a ratio, as expected, close to the one of the
squared spectrometer frequencies (see Materials and Meth-
ods). An exchange termRex is therefore introduced in the
fitting procedure (12, 13), leading a calculatedRex value for
this residue of 2.16( 0.09 s-1 at 400 MHz (4.86( 0.09
s-1 at 600 MHz).

Table 2: Spectral Density Models and Parameters Used for the
Relaxation Data Analysis According to the Lipari-Szabo
Formalisma

model
spectral density functions

J(ω)
optimized
parameters

fixed
parameters

I J(ω) ) 2/5S2τm/(1 + ω2τm
2) S2 τm, τe ) 0

II b J(ω) ) 2/5S2τm/(1 + ω2τm
2) +

(1 - S2)τi/(1 + ω2τi
2);

τi ) τmτe/(τm + τe)

S2, τe τm

III J(ω) ) 2/5S2τm/(1 + ω2τm
2);

R2(obs)) R2 + Rex

S2, Rex τm, τe) 0

IV J(ω) ) 2/5S2τm/(1 + ω2τm
2) +

(1 - S2)τi/(1 + ω2τi
2);

τi ) τmτe/(τm + τe);
R2(obs)) R2 + Rex

S2, τe, Rex τm

Vc J(ω) ) 2/5Sf
2Ss

2τm/(1 + ω2τm
2) +

Sf
2(1 - Ss

2)τs′/(1 + ω2τs′2);
τs′ ) τmτs/(τm + τs)

Sf
2, Ss

2, τs τm, τf < 20 ps

a R2(obs) corresponds to the experimental transverse relaxation
measurements andR2 the relaxation contribution from dipole-dipole
and chemical shift anisotropy.b From refs43 and 44. c From refs3
and45.
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The resultingJ(ω) values and their corresponding standard
deviations are plotted in Figure 4 versus the protein sequence.
J(0) is simply the average valueJavg(0) which equals
1/2[J400(0) + J600(0)], with the exception of Asp-76 which
was measured at 600 MHz only. Taking the average ofJ(0)
values from the two different fields has been justified to
average the experimental measurement errors (12). From
here on, we refer toJavg(0), J(40), andJ(60) values as the

low-frequency values ofJ(ω). J(360) andJ(540) are the
high-frequency values ofJ(ω). These values define for each
residue a spectral density function which can be a single
Lorentzian or a sum of Lorentzians in the more general case.
In Figure 4, theJ(0) values are the greatest values in the
range of about 2.09-2.90 ns/rad, with an average of 2.63(
0.16 ns/rad suggesting that the overall correlation timeτc >
6.6 ns. J(ω) decreases sharply withω, and average values

FIGURE 2: Selectedω1 andω3 slices taken from 3D1H-15N NOESY-HSQC (A) and 3D1H-15N HSQC-NOESY-HSQC (B) spectra
from residue Glu-81 to residue Glu-100 of Ca2+-loaded ratR-parvalbumin at 305 K and pH 5.8. Slices are taken at15N frequencies
corresponding to the residue indicated on the top of each panel. The center of each slice is located at the frequency of the indicated1HN
resonance. In the 3D1H-15N NOESY-HSQC plot (A), intraresiduedNR anddNâ correlations are boxed. SequentialdNR(i,i-1) anddNâ-
(i,i-1) correlations are indicated by arrows beginning at the boxed intraresidue correlation in the preceding slice. Horizontal lines identify
sequentialdNN(i,i+1) NOEs. In the 3D1H-15N HSQC-NOESY-HSQC plot (B), the one-bond1H-15N correlation for each residue is
boxed. SequentialdNN correlations are indicated by arrows beginning at the boxed1H-15N correlation in the preceding slice.

9968 Biochemistry, Vol. 37, No. 28, 1998 Baldellon et al.



of J(40) andJ(360) are 0.564( 0.031 and 0.295( 0.014
ns/rad, respectively. TheJ(360) values vary between 0.008
and 0.016 ns/rad with an average of 0.011( 0.001 ns/rad.
The J(540) values are smaller and vary in the range of
0.0045-0.0094 ns/rad, with an average of 0.0060( 0.0008
ns/rad. TheJavg(0) profile presents the largest variability
within the protein sequence and is apparently the most
sensitive probe for the dynamic heterogeneity along the
backbone of the ratR-parvalbumin-Ca2+.

Since the area under the spectral density functionJ(ω)
associated with each NH vector is constant, interdependence
between low- and high-frequency values of the spectral

density functions is expected and can be used to interpret
motions occurring in the Ca2+-loaded ratR-parvalbumin at
the five frequencies shown in Figure 4. Therefore, a decrease
of theJ(0) value is balanced by an increase of the values of
J(ω) at high frequency. This is clearly observed for residues
Asp-22 and Lys-37 present in the AB and BC loops,
respectively, as well as for the C-terminal residue Ser-109.
By contrast, weak contributions ofJ(ω) at high frequencies
for all six helices and loops CD and EF suggest that these
residues are located in very well ordered and rigid domains.
Interestingly, values for the low-frequency components of
the spectral density function [i.e.,Javg(0), J(40), andJ(60)]

FIGURE 3: Plots ofR1, R2, and1H-15N NOE values of Ca2+-loaded ratR-parvalbumin as a function of residue number. Panels A and B
refer to data measured at 400 (9.40 T) and 600 MHz (14.10 T), respectively. Standard errors are given by the small bars.
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for Lys-52, Glu-62, Lys-91, and Gly-93 exhibit a sharp
decrease but without the increase of high-frequency values.
This may indicate the presence of fast motions on a time
scale much shorter than the overall molecular tumbling (i.e.,
possibly faster than the picosecond time scale). The increase
of high-frequency contributions ofJ(ω) for these residues
would probably be achieved at higher frequencies than the
observable range (38).

Lipari-Szabo model-free analysis

OVerall Rotational Correlation Timeτm. The shape of
the rat parvalbumin molecule is approximately spherical with

an average tensor ratioD||/D⊥ of 1.16, and therefore, we have
assumed an isotropic overall motion of the protein. The
value of τm was determined to be 7.6 ns according to the
R2/R1 ratio (see Materials and Methods). This value is
comparable to those reported for small proteins (2-5, 7-11,
14). In the case of Ca2+-loaded pike parvalbumin, a value
of 8 ns was determined from13C relaxation data at natural
abundance at a concentration of 13 mM (29).

Model-Free Analysis.The model-free analysis has the
advantage of removing contributions from the overall cor-
relation time and thus allows the comparison of dynamical
results obtained for various proteins. The relaxation param-

FIGURE 4: Values of the spectral density functionJ(ω) vs the protein sequence for Ca2+-loaded ratR-parvalbumin at frequencies of 0, 40,
60, 360, and 540 MHz. Following the work of Ishima and Nagayama (38), we usedJ*(ωH) ) J(ωH + ωΝ). Javg(0) is averaged over the two
field strengths. The value ofJ(0) for residue Ile-66 (marked with an asterisk) is obtained without contributions of motions on the microsecond
to millisecond time scale.
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eters of each residue at both spectrometer frequencies (i.e.,
400 and 600 MHz) were fitted using the different spectral
density function models I-V, as given in Table 2. The
optimum spectral density models were selected as described
above according to Farrow et al. (46). Relaxation data were
fitted with model II (S2 andτe) for 12 residues, with model
III ( Sf

2, Ss
2, andτe) for 65 residues, and with model V (S2

andRex) for 29 residues (Supporting Information).
TheS2 value measures the amplitude of the internal motion

contributing to relaxation. The average value of the order
parameterS2 over all residues is 0.85( 0.05. Again, several
NH bond vectors of the protein appear to be more mobile
on the picosecond to nanosecond time scale than the average
as shown in Figure 5A. They include Leu-6 and Ser-7 at
the N terminus, Ala-20, Asp-22, and Ser-23 in loop AB, Lys-
37 in loop BC, and Glu-108 and Ser-109 at the C terminus.
Single lowS2 values are also observed for Lys-52, Ser-55,
Glu-62, and Lys-91.

Conformational Exchange Parameter Rex. The residues
requiring a non-zeroRex,ls parameter in the Lipari-Szabo
formalism (ls subscript) are shown in Figure 5B. SmallRex,ls

values are required for some residues in helices A and B,
and the Ca2+ binding domain CD (values smaller than 0.5
s-1). Again, a largeRex

400 is observed for residue Ile-66
(1.87( 0.1 s-1), not differing greatly from the one previously
determined from spectral density mapping. It is interesting

to note that Ile-66 belongs to helix D which is characterized
in all known parvalbumin structures by a tightly bent
conformation. The break occurs at the level of Ser-65, which
departs from the helicalΦ andΨ angles combination.

DISCUSSION

The analysis of15N relaxation data using spectral density
mapping at two frequencies and the Lipari-Szabo formalism
indicates that the Ca2+-loaded form of the ratR-parvalbumin
is remarkably rigid. The deviations from the averageS2 (i.e.,
0.85) are small and do not exceed 0.15. This corresponds
to a small amplitude of the internal motion of the amide NH
vectors on the picosecond to nanosecond time scale. Typi-
cally, continuous variations are observed for the AB loop
and for the BC loop which links the AB domain (or AB
flap) to the more compact CD and EF domains as well as
for the N- and C-terminal regions. Four single amide NH
vectors of residues Lys-52, Glu-62, Lys-91, and Gly-93,
located in the CD and EF domains, display steep variations
corresponding to very fast motions with large amplitudes. It
is interesting to note that Lys-52 and Lys-91 belong to the
Ca2+-binding loops where they occupy the same relative
position, 2.

The local mobility of the15N-H amide vector is mainly
defined at the level of the COi-1-NHi peptide plane.
Hydrogen bonds to this peptide plane and hydrophobic
interactions involving neighboring side chains are therefore
expected to reduce the plane’s mobility, and therefore that
of the NHi vector. The presence of three molecules in the
same crystal unit cell (28) gives us an opportunity to analyze
the variability of the peptide plane conformations between
three structures for all COi-1-NHi peptide bonds through
correlated variations of the close torsion angles∆Ψi-1 and
∆Φi, also called “crankshaft motions” (51). The product of
the differences∆Ψi-1 × ∆Φi in the three molecules is used
to represent the variability of each peptide planei. The
largest values are observed for residues Met-2, Phe-18, Lys-
38, Ser-55, Glu-62, Lys-91, and Ser-109, indicating a large
variation in the orientation of their peptide planes. Indeed,
low S2 values are observed for these residues. However,
low S2 values are observed for Ser-7, Asp-22, and Lys-37,
while the orientation of the peptide plane is almost conserved.
The absence of any detectable change in the orientation of
these peptide planes between the three molecules in the
crystal structure might be related to crystal packing effects.
The analysis of the H-bond network also indicates that the
COi-1-NHi peptide planes involving residuesi of Ser-7, Ala-
20, Lys-37, Lys-38, and Ser-39 do not display hydrogen
bonding. The absence of stabilizing hydrogen bonds at the
backbone level for these residues probably contributes to their
relative mobility (i.e., lowS2 values).

N and C Termini. In rat R-parvalbumin, the NH vectors
at the N- and C-terminal ends displayS2 values higher than
those observed for similar residues in many other proteins
(3, 8, 12, 30, 46, 52-56). The lowestS2 value (0.68) is
observed for Ser-109. At the N terminus, hydrogen bonds
and hydrophobic contacts are found that anchor residues
within a smallR-helix (spanning Ser-1 to Leu-6) to residues
of the B and D helices and the BC loop (28). At the C
terminus, the carboxylate group of the residue Ser-109
interacts with Gln-31 Nε2 (helix B) and Lys-36 Nú (BC loop).

FIGURE 5: Plots of the generalized order parametersS2 (A) and
line width exchange parametersRex,ls

400 (B) as a function of residue
number for Ca2+-loaded ratR-parvalbumin are shown. These values
are based on both data sets recorded at 9.40 (400 MHz) and 14.10
T (600 MHz).
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These contacts are expected to reduce the mobility of the C
terminus of helix F and serve to fix the last residues to the
rest of the protein core. This feature is absent in other EF-
hand proteins as well as in parvalbumins of theâ-lineage.
In the case of pike parvalbumin, the HRC vectors display
the lowestS2 values (0.48 and 0.5) for N- and C-terminal
residues (29), respectively.

AB Domain. The mobility of the AB loop as shown in
Figures 4 and 5 remains relatively small compared with those
of loops in other proteins. A minimumS2 value of 0.70 is
progressively obtained for the NH vector of residue Asp-
22, but residues Thr-19 and Phe-24 in the loop display a
reduced mobility similar to residues present in the helices.
The relatively weak amplitude of internal motions of the NH
vectors of residues in this loop arises from several structural
features that involve Phe-18, Asp-22, Phe-24, and the salt
bridge between Arg-75 and Glu-81 (28). The NHs of Asp-
22 and Phe-24 are hydrogen bonded to the Glu-81 carboxy-
late group. The carbonyl of the Phe-18 is within hydrogen
bond distance of both Nε and Nη atoms of the Arg-75 side
chain. This is consistent with the HNε of Arg-75 which
displays a relatively weak mobility (S2 ) 0.63). Such a
network of hydrogen bonds probably represents the main
contribution that reduces the mobility of the NH vectors of
the AB loop. This relative rigidity must be reinforced by
the interaction of the Phe-24 side chain with the hydrophobic
core of the protein.

CD and EF Domains.The dynamical properties of the
CD and EF domains clearly differ from those of the AB
domain as shown in Figures 4 and 5. Both Ca2+-binding
loops are relatively rigid with〈S2〉 values of 0.85 for the CD
site and of 0.82 for the EF site. The flanking helices are
more rigid with 〈S2〉 values of 0.85 (helix C), 0.87 (helix
D), and 0.88 (helices E and F). Although they present a
conserved structural arrangement (57) with an approximate
2-fold symmetry axis (18), the dynamic properties of the
two Ca2+-binding sites are not strictly identical as far as they
can be compared in Figures 4 and 5. The lowS2 values
observed for residues 52 and 91 are interesting as they pertain
to residues occupying symmetrical positions at the beginning
of both Ca2+-binding loops. These two residues, 52 and 91,
are involved in two symmetricalγ-turns 50-52 and 89-91
(28, 57) which both constitute a flexible hinge between two
rigid structures, namely, the incoming helix, C or E, and the
Ca2+-binding loop, CD or EF, respectively. The increase
in mobility observed for residue 62 in the exiting helix D
can be related to the mobility of the corresponding amide
plan in the X-ray structure as reported above. A similar
mobility is not observed for symmetrical residue 101 in helix
F. This must be related to the distortion of helix D in
comparison to the more regular helix F.

Conformational Exchange at Residue Ile-66.The bending
of helix D corresponds to a break of regularity in the H-bond
pattern in this helix. The chemical exchange observed for
residue 66 indicates that not only the structure but also
dynamical processes must be involved in the bending of helix
D. The analysis of15N relaxation data is not only restricted
to motions on a fast time scale (picosecond to nanosecond),
but it also provides information throughRex terms on
processes occurring on a slower time scale (microsecond to
millisecond). Direct mapping of the spectral density function

J(ω) and the Lipari-Szabo formalism analysis show a strong
contribution ofRex at residue Ile-66. The NH of this residue
is involved in, at least, one hydrogen bond with the CO of
residue Leu-63. Moreover, this NH is protected from
chemical exchange with the solvent, as previously measured
from NH exchange rates on pike parvalbumin (24) and
confirmed by similar studies with rat parvalbumin (unpub-
lished results). Because chemical exchange of the amide
proton is excluded, theRex contribution at residue Ile-66 is
probably the result of a conformational exchange. Interest-
ingly, the geometry between the H-bond acceptors, COs of
residues Glu-62 and Leu-63, and the NH of Ile-66 is different
in the three structures in the crystal (28). A H-bond between
Ile-66 and Leu-63 is common to all three molecules, but two
molecules display a forked H-bond between NH Ile-66, CO
Glu-62, and CO Leu-63. Therefore, the conformational
exchange observed at residue Ile-66 could represent varia-
tions of the geometry of these hydrogen bonds seen on the
microsecond to millisecond time scale. This conformational
change could be simply due to local variation in the
environment of the amide nitrogen of Ile-66 because of a
change in the pattern of H-bonding or could be linked to
fluctuations of theR-helix and 310-helix segments of helix
D relative to each other. Interestingly, in the13C relaxation
study of pike parvalbumin,Rex contributions within helix D
are negligible. Thus, the conformational exchange observed
with 15N relaxation for rat parvalbumin at residue Ile-66
involves hydrogen bonds specifically. This argument is
supported by the high structural conservation of theR-parv-
albumin fold.

15N and 13C Relaxation. The availability of dynamic
information about CRH vectors of the pike parvalbumin-
Ca2+ allows a comparison with the behavior of NH vectors
of the rat parvalbumin determined in this study. The two
parvalbumins from rat and pike as studied respectively by
15N and 13C relaxation differ by 43 mutations over 109
residues, so a strict comparison cannot be performed.
However, the averageS2 value for13CRH is 0.84 andS2 value
for 15NH is 0.85, suggesting the overall rigidity ofR-parv-
albumins. TheS2 profiles of NH and CRH vectors are rather
different and do not show any evident correlations. One of
the differences occurs at the level of the AB loop, where
the NH vectors are relatively more mobile than the CRH
vectors. Indeed, there is a significant difference inS2

between the NH and CRH vectors for residues 20 and 23.
This difference in behavior between NH and CRH vectors
for these residues possibly mirrors a dissociated mobility
between the CRH vectors and the peptide plane (NH and CO
vectors). This is expected since the mobilities of the CRH
vectors are mainly affected by side chain constraints
(hydrophobic or ionic interactions), whereas the dynamics
of peptide planes are rather affected by hydrogen bonds.
From this point of view, only the motions of NH and CO
vectors are really correlated (58, 59). A strict comparison
between HN and CRH vector dynamics would require studies
on the same parvalbumin (either rat or pike).

Comparison with Other EF-Hand Pairs.The availability
of 15N relaxation data for other members of the EF-hand
Ca2+-binding protein superfamily prompted us to compare
the dynamics of the EF-hand domains which are phyloge-
netically related (60). This present comparison includes the
C-terminal domain of Ca2+-loaded calmodulin (30), the Ca2+-
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loaded calbindin D9k (6, 53), and the Ca2+-loaded rat
parvalbumin (this work). Figure 6 compares through their
S2 patterns the C-terminal EF-hand pairs in these proteins.
It readily establishes that EF-hand motifs must be considered
rigid domains including both helices (the averageS2 value
for the three proteins is 0.84) and the Ca2+-binding loop (the
averageS2 value for the three proteins is 0.82). There is a
tendency toward high mobility (i.e., lowS2 value) for the
NH vector of the residue at position 2 in the Ca2+-binding
loop. In rat parvalbumin-Ca2+, residue Lys-91 (relative
position 2) displays anS2 value of 0.70 and the corresponding
residue in the C-terminal domain of calmodulin-Ca2+ (Ile-
130, relative position 2) displays anS2 value of 0.63. In the
N-terminal domain of the calmodulin-Ca2+ (30), the residue
at relative position 2 (Ala-57) displays anS2 value of 0.69.
In calbindin-Ca2+, a similar high mobility in relative
position 2 is not observed for Lys-55 with anS2 value of
0.79 (see Figure 6). The remarkable high mobility at position
2 of the calcium binding loop in calmodulin and parvalbumin
is mainly observed for the second EF hand of the EF-hand
pair and corresponds to a break ofS2 values compared to
neighboring residues. This feature differs from what is
usually observed in loops where theS2 profile progressively
decreases from the edges to the center of the loop. The fast
dynamics at relative position 2 in the Ca2+-binding loops is
tentatively attributed to a mobile junction between two rigid
motifs: the incoming helix and the Ca2+-binding loop.

A main difference in the dynamics between these three
proteins (i.e., C-terminal domain of calmodulin-Ca2+, cal-
bindin-Ca2+, and parvalbumin-Ca2+) occurs at the level
of the linker connecting EF-hand pairs. The highest linker
mobility is observed in calbindin D9k (residues 36-45) with
anS2 value of 0.28 at residue Gly-42. Similarly, the linker
in the C-terminal domain of calmodulin (residues 113-117)
presents an important mobility at residue Leu-116 with an
S2 value of 0.50. On the contrary, the parvalbumin linker
(residues 71-78) does not correspond to a flexible loop,
where the maximum mobility is observed at residue Ala-74
with anS2 of 0.82. As shown in Figure 7, the parvalbumin
linker has an extended conformation running along the last
half of helix D, with hydrogen bonds between CO of Gly-
64 and NH Leu-77, in the turn region between CO Ser-71
and NH Ala-74, and in the Asx turn between Ser-71 and
Asp-73 (28). The salt bridge between Arg-75 and Glu-81
serves to further stabilize this linker region in parvalbumin.
The main parts of the linkers of the C-terminal domain of
calmodulin or calbindin are not stabilized by such salt bridges
or hydrogen bonds and consequently are very flexible
segments.

Another difference between parvalbumin-Ca2+, calmod-
ulin-Ca2+, and calbindin-Ca2+ occurs in the C-terminal
region. Indeed, Ser-109, the last residue at the C terminus
of parvalbumin-Ca2+, is remarkably immobile (i.e.,S2 )
0.68) compared to similar regions in the other calcium-
binding proteins. The carboxylate group of the last residue
in parvalbumin is firmly docked to the BC loop and B helix
through a network of hydrogen bonds and electrostatic
interactions. In calbindin-Ca2+ (last residue is Gln-75,S2

) 0.10) or calmodulin-Ca2+ (last residue is Lys-148,S2 )
0.30), the C terminus is not in contact with other parts of
the protein and appears to be more mobile. The absence of
C-terminal residue 109 in parvalbumins of theâ-lineage
relative to that of parvalbumins of theR-lineage and the
knowledge of X-ray structures of parvalbumins from both
lineages led us to expect an increased mobility for the
C-terminal region ofâ-parvalbumins which presumably also
present a lower thermal stability (21).

FIGURE 6: Comparison ofS2 order parameters of (A) parvalbumin-
Ca2+, (B) the C-terminal domain of calmodulin-Ca2+ (30), and
(C) calbindin D9k-Ca2+ (6).

FIGURE 7: Structural elements involving residues of the loop
between D and E helices in ratR-parvalbumin-Ca2+ (28). A
conserved salt bridge between Arg-75 and Glu-81 and hydrogen
bonds between Gly-64 CO and Leu-77 NH and between Ser-71
CO and Ala-74 NH.
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We also compared slow motions and/or NH exchange
contributions on the microsecond to millisecond time scale
usingRex terms between calbindin-Ca2+, calmodulin-Ca2+,
and parvalbumin-Ca2+. No common behavior ofRex

appears to be conserved within these proteins, probably
becauseRex terms represent different phenomena. Calbin-
din-Ca2+ has no detectableRex terms, while parvalbumin-
Ca2+ has a strongRex contribution at Ile-66 which is related
to the break of helix D. In calmodulin-Ca2+, severalRex

terms are found spread over the four EF hands.

CONCLUSION

Part of the specific dynamics in parvalbumin-Ca2+

appears to be strongly dependent on the three-dimensional
arrangement around the strictly conserved Glu-81-Arg-75
salt bridge. These key residues are involved in several
interactions resulting in a reduced mobility of the DE
segment which further locks the CD and EF domains
together. Furthermore, the interaction between the AB loop
and the salt bridge and hydrophobic contacts involving the
A, B, and D helices are known to play an important role in
the affinity for Ca2+ ions (61). Thus, it is not surprising
that no obvious correlation exists between the increase in
mobility of the linkers from parvalbumin, calmodulin, and
calbindin and their respective affinities for Ca2+. Parval-
bumin is probably the most rigid of the EF-hand proteins.
The EF-hand motifs (helix-loop-helix) have a conserved
low mobility when Ca2+ is bound. In the calcium-binding
loop, relative position 2 exhibits an increased mobility (in
parvalbumin and calmodulin) which represents a flexible
hinge between two rather rigid elements, the incoming helix
E and the forthcoming Ca2+-binding loop. The rigidity of
the DE segment and C terminus in parvalbumin enhances
helix stability and probably anchors the ends of the coordi-
nating loops (62, 63) in a proper geometry for calcium
binding. To address the question of whether this rigidity is
conserved without the AB domain and how this affects the
structure of the rest of the protein, we have commenced a
study of the truncated parvalbumin lacking this domain (work
in progress).
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SUPPORTING INFORMATION AVAILABLE

A table of chemical shifts of15N and1H amide resonances
and two tables ofR1, R2, η, andS2 values (7 pages). Ordering
information is given on any current masthead page.
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