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ABSTRACT: The C-terminal domain of human centrin 2 (C-HsCen2) strongly binds to P1-XPC, a peptide
comprising 17 amino acids with a NWKLLAKGLLIRERLKR sequence. This peptide corresponds to
residues N847-R863 of XPC, a protein involved in the recognition of damaged DNA during the initial
step of the nucleotide excision repair pathway. The slow internal dynamics of the protein backbone in the
C-HsCen-P1-XPC complex was studied by measuring the relaxation rates of zero- and double-quantum
coherences involving neighboring pairs of carbonyl13C and amide15N nuclei. These relaxation rates,
which reflect dynamics on time scales in the range of micro- to milliseconds, vary significantly along the
protein backbone. Analysis of the relaxation rates at different CaCl2 concentrations and ionic strengths
shows that these slow motions are mainly affected by the binding of a Ca2+ ion to the lower-affinity
EF-hand III. Moreover, we discuss the possible functional role of residues that undergo differential exchange
in the formation of HsCen homodimers.

Calcium ions are involved in many biological processes,
ranging from muscle contraction to gene transcription (1).
Regulation of calcium-mediated cellular signaling depends
critically on a class of Ca2+ binding proteins, known as the
calmodulin (CaM)1 or EF-hand superfamily. The 29-residue
EF-hand motif is composed of a helix-loop-helix scaffold,
so folded that it can provide seven ligands (2) to the Ca2+

ion through main- and side-chain oxygen atoms. Two EF-
hand motifs, joined together by an antiparallelâ-sheet, form
a structural and functional domain, called the EF-hand
domain. Centrins are regulatory calcium-binding proteins that
constitute a large subgroup of the calmodulin superfamily.
Centrins are low-molecular mass (∼20 kDa) biomolecules
that are highly conserved in diverse evolutionary eukaryotic
lineages from yeast to humans (3, 4). The first member of
the centrin family was discovered as the major component

of striated flagellar rootlets associated with the basal bodies
of unicellular green algae (5), where it participates in Ca2+-
dependent rootlet contractions. Centrins have since been
found to be ubiquitous and associated with centrioles of basal
bodies and centrosomes, as well as with spindle pole bodies
from yeast (6). Sequence comparisons of centrins originating
from different species revealed that the EF-hand motifs, and
particularly the Ca2+ binding loops, are the most conserved
regions in these proteins. However, some EF-hand motifs
among various known isoforms have lost their ability to bind
Ca2+. The reasons for the decreased affinity for Ca2+ ions
are not easy to elucidate. Ca2+ binding induces significant
conformational changes in EF-hand domains from a compact,
closed conformation to an open structure exposing a large
hydrophobic surface (7). In humans, three centrin isoforms
(HsCen1, HsCen2, and HsCen3) with variable levels of
sequence identity (53-81%) have been identified, each
containing four EF-hand motifs and therefore up to four Ca2+

binding sites.

In addition to their role in centriole duplication and
dynamics, other functions of centrins in various cell com-
partments have recently been identified. It was shown that a
fraction of HsCen2 that is present in the cell nucleus is
involved in the nuclear excision repair (NER) process
through its interaction with a major component of the NER
system, the XPC-hHR23B heterodimer, composed of the
XPC and hHR23B proteins (8), thus forming a HsCen2-
XPC-hHR23B heterotrimer. NER is a major pathway for
recognition and removal of bulky single-strand lesions of
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DNA such as UV-induced photoproducts or carcinogenic
adducts (9). Dysfunction of the NER pathway produces
severe disorders, such as the hereditary disease xeroderma
pigmentosum, characterized by a high photosensitivity and
a 1000-fold increase in the incidence of sunlight-induced skin
cancers. Experimental data strongly suggest that the HsCen2-
XPC-hHR23B heterotrimer plays a key role in the recogni-
tion of damaged DNA during the initial phase of the NER
pathway and in the recruitment of key proteins (including
transcription factor IIH) involved in damage repair. The
association of HsCen2 and the XPC-hHR23B heterodimer
stimulatesin Vitro NER activity, by enhancing the specific
binding of the HsCen2-XPC-hHR23B heterotrimer to
damaged DNA regions (10). Recent studies performed on
plant cells have confirmed the hypothesis that centrin plays
a role in the repair process, by showing that low expression
levels of centrin lead to decreased NER activity (11).

HsCen2 is a small protein (172 residues, ca. 20 kDa)
composed of two EF-hand domains, each of them comprising
two EF-hand motifs with variable Ca2+ binding affinities.
Flow dialysis experiments show that only two Ca2+ binding
sites have biologically significant affinities, on the order of
104 and 105 M-1 (12). Studies on isolated domains demon-
strated that these correspond to sites III and IV, respectively
(13, 14, 15). Moreover, we showed that HsCen2 binds the

peptide P1-XPC, composed of 17 residues (NWKLLAKGL-
LIRERLKR) encompassing the sequence of N847-R863 of
the XPC protein (16). NMR and ITC studies of the
interaction between Ca2+-saturated HsCen2 and P1-XPC
indicated that binding occurs through the C-terminal domain
(C-HsCen2), comprising residues T94-Y172 (14, 16).
Previous investigations by NMR spectroscopy demonstrated
that the C-terminal domain of HsCen2 acquires a unique
stable three-dimensional (3D) structure (see Figure 1) only
in the presence of stoichiometric amounts of Ca2+ and P1-
XPC (14). Interestingly, these studies also indicated the
presence of slow conformational motions in the loop regions
of C-HsCen2 (14) that seem to be modulated by the Ca2+

concentration.
To characterize motions in the C-HsCen2-P1-XPC-Ca2+

ternary complex, we measured not only the relaxation rates
of single-quantum coherences SQC(15N) of backbone amide
nitrogen nuclei but also the relaxation rates of zero- and
double-quantum coherences ZQC(13C,15N) and DQC(13C,15N)
of backbone carbonyl and neighboring amide nitrogen nuclei.
These rates were studied at two calcium concentrations. Such
experiments can reveal motions on fast and slow time scales.
The SQC(15N) relaxation rates report mainly on fast sub-
nanosecond motions, while the differences between the ZQC-
(13C,15N) and DQC(13C,15N) relaxation rates are sensitive to

FIGURE 1: Structure of the complex formed by C-HsCen2 (cyan) with P1-XPC (red) (14). Calcium ions are shown as green spheres.
Residues undergoing conformational exchange contributions significantly larger than those of the rest of the protein are depicted in magenta
for (A) 1 mM CaCl2 and (B) 10 mM CaCl2. Residues whose exchange contributions are significantly different at 1 and 10 mM CaCl2 are
highlighted in panel C. Panel D shows the residues whose exchange contributions are modified with an increase in the NaCl concentration.
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motions on slow time scales ranging from micro- to
milliseconds (17-19). To our knowledge, this work is the
first application of such advanced NMR methods to dynamic
effects in a biologically relevant complex. This study may
contribute to improving our understanding of the role of
centrins in the DNA repair process.

THEORY

It has been shown recently that the relaxation rates of zero-
and double-quantum coherences ZQC(13C,15N) and DQC-
(13C,15N) involving neighboring carbonyl C′ and amide N
nuclei in protein backbones can provide evidence of slow
motion in proteins (17-19). Correlated fluctuations involving
two dipole-dipole interactions (DD-DD) and two chemical
shift anisotropy interactions (CSA-CSA), as well as corre-
lated isotropic chemical shift modulations (CSM-CSM),
contribute to the difference∆R between the relaxation rates
of zero- and double-quantum coherences, ZQC(C(N-) and
DQC(C(N(), respectively (20-22). Thus, the differential line
broadening

can be decomposed into a sum of three terms:

The cross-correlated rateRCSM-CSM accounts for the effect
of fluctuations of isotropic chemical shifts, typically on time
scales of micro- to milliseconds, that simultaneously affect
the environments of C′ and N nuclei belonging to the same
peptide plane. These chemical shift changes can be caused
either by variations of dihedral anglesφ and ψ of the
backbone, as can be rationalized by ab initio calculations
(23), or by transient interactions between complexes. In the
case of calcium-binding proteins, they can also result from
fluctuating interactions with the metal ions. The second term
in eq 2 comprises contributions from various auto- and cross-
correlated dipole-dipole effects (20, 21). For the worst-case
assumption of a rigid backbone, the contributions toRDD-DD

due to dipolar autorelaxation are estimated to be on the order
of 0.16 Hz in the C-HsCen2-P1-XPC complex [with an
overall correlation time (τc) of ∼6 ns] and can therefore
safely be neglected. In addition, various cross-correlated
dipolar relaxation rates involving external nuclei may
contribute to the termRDD-DD. Such dipole-dipole contribu-
tions may stem from C′-X/N-X or C′-X/N-Y pairs, where X
can be a proton like HN, HR, etc., and Y a13C nucleus in the
vicinity. Using bond distances derived from the structure of
the C-HsCen2-XPC complex [Protein Data Bank (PDB)
entry 2A4J], the contributionRDD-DD in eq 2 can thus be
estimated. The third term in eq 2 arises from contributions
of cross-correlated CSA relaxation of C′ and N nuclei due
to concerted modulations of the chemical shifts that are
caused by overall molecular tumbling. An accurate evaluation
of these contributions would require the determination of
the full CSA tensors of all C′ and N nuclei of C-HsCen2 in
the C-HsCen2-P1-XPC complex. However, a recent study
of cross-correlated relaxation in ubiquitin (24) showed that
some of the principal components of the CSA tensors are,
to a great extent, independent of the environment, while
others are correlated with the isotropic shifts. These empirical

correlations were found to be largely independent of the
model for the peptide plane motions. Thus, for C′ nuclei in
ubiquitin, theσyy component of the CSA tensor, which is
nearly parallel to the CdO bond, turns out to be roughly
proportional to the isotropic chemical shift (σyy ) 3σiso -
334.9 ppm) while the other two components are almost
invariant (σxx ) 251.2 ppm andσzz ) 83.6 ppm). For amide
15N nuclei, one finds thatσyy ) 2σiso - 163.2 ppm,σxx )
σiso + 105.5 ppm, andσzz ) 57.7 ppm. Assuming that these
empirical rules, originally derived for ubiquitin (24), can also
be applied to the C-HsCen2-P1-XPC complex, and using
the assignments of the isotropic chemical shifts in this
complex, we can estimate the site-specificRCSA-CSA contri-
butions and hence determine the “corrected” exchange rate
RCSM-CSM. This approach is similar to our analysis of cross-
correlated relaxation in major urinary protein (MUP) in the
presence or absence of a pheromone (17).

RESULTS AND DISCUSSION

OVerall Molecular Tumbling.Using the strategy developed
by Dosset et al. (25), no significant anisotropy of rotational
diffusion of the C-HsCen2-P1-XPC complex could be deter-
mined fromR1(15N) andR2(15N) measurements. Furthermore,
the local correlation times obtained fromR1(15N) and R2-
(15N) relaxation rates and from15N{1H} NOE measurements
(26, 27) were found to be nearly constant along the protein
backbone. Hydrodynamic calculations (28) performed on an
ensemble of 20 structures of the C-HsCen2-P1-XPC
complex [PDB entry 2A4J (29)] yielded three average
diffusion coefficientsDx, Dy, andDz. On the basis of this
family of NMR structures, the average ratios and their
standard deviations were determined:Dz/Dy ) 0.69 ( 0.2
and Dz/Dx ) 0.83 ( 0.24. However, due to their large
uncertainties, these ratios are not very conclusive. Thus, in
the absence of clear evidence of anisotropy, the overall
tumbling of the C-HsCen2-P1-XPC complex was assumed
to be isotropic. The overall correlation time (τc) of the
C-HsCen-P1-XPC complex was determined fromR2 and
R1 relaxation rates (30, 31) measured with 100 and 200 mM
NaCl, and with a CaCl2 concentration that is either equimolar
(1 mM CaCl2) or in excess (10 mM CaCl2) with respect to
the C-HsCen-P1-XPC complex. In the sample with 100 mM
NaCl and 10 mM CaCl2, an overall correlation time (τc) of
6.56( 0.07 ns was obtained, whereas with 200 mM NaCl
and 10 mM CaCl2, the model-free approach yielded an
overall correlation time (τc) of 6.01 ( 0.12 ns; with 200
mM NaCl and equimolar 1 mM CaCl2, a somewhat smaller
τc value of 5.54( 0.11 ns was obtained. The larger value
obtained in the 100 mM NaCl sample suggests the existence
of a monomer-dimer equilibrium, in agreement with previ-
ous studies which demonstrated partial dimerization of
HsCen2 at lower salt concentrations (12, 32). In addition,
the difference in the apparent correlation times obtained in
the two samples at 200 mM NaCl may be explained by the
existence of slightly different concentrations of the complex.
Indeed, in the 1 mM CaCl2 sample, a precipitate was
observed upon solvation of the dry mixture of C-HsCen and
P1-XPC. This difference inτc is therefore likely to arise from
the persistence of some small fraction of the complex as a
dimer in the sample, even at such a high NaCl concentration.

Model-Free Analysis of Single-Quantum15N Relaxation.
Generalized order parameters [S2 (33)] were obtained for both

∆R ) 1/2[R(DQC) - R(ZQC)] (1)

∆R ) RCSM-CSM + RDD-DD + RCSA-CSA (2)
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NaCl and CaCl2 concentrations (Figure S1 of the Supporting
Information). Residues D115, K127, and D150 could not be
analyzed due to spectral overlap. In 100 mM NaCl and 10
mM CaCl2, residues E117, L126, N136, and G153 have
reduced order parameters. Two residues, E117 and L126,
are located in binding loop III, whereas N136 is in the linker
domain; G153 belongs to binding loop IV. In 200 mM NaCl
and 10 mM CaCl2 (i.e., in excess with respect to the
complex), one observes an almost completely flatS2 profile
where, apart from the N-terminal residues, only N136
exhibits significant fast motions. Moreover, for 1 mM CaCl2

(i.e., equimolar with respect to the complex), none of the
residues (except for the terminal ones) exhibits any notable
mobility. These rather flatS2 profiles stand in contrast to
those obtained for calbindin, another EF-hand protein, where
very low order parameters (0.40< S2 < 0.75) were found
for residues located in the linker and its immediate vicinity
(34).

Exchange contributions (Rex) to the transverse magnetiza-
tion rates [R2(15N)] were also investigated (Figure S1 of the
Supporting Information). In 100 mM NaCl and 10 mM
CaCl2, significant Rex contributions were observed for
residues E117, T118, and K120, all of which are located in
the first binding loop. At 200 mM NaCl with either 1 or 10
mM CaCl2, only residue I121 exhibits any significant
exchange effects (Rex > 2.5 s-1). The relaxation rates of I121
with 100 mM NaCl could not be determined because its
relaxation was too fast. As slow motions in proteins are often
associated with important functional aspects, we undertook
a more detailed investigation of movements on the micro-
to millisecond time scale in the complex.

Slow Motions Studied by Multiple-Quantum Relaxation
Measurements.The slow internal dynamics in the C-HsCen2-
P1-XPC complex have been characterized by measuring
relaxation rates of zero- and double-quantum coherences
involving neighboring pairs of nuclei,13C′(i-1) and15N(i),
using a pulse sequence described previously (17, 19). The
rates could be measured for almost all peptide bonds in the
protein, except for a few residues with overlapping reso-

nances (M97, D115, K127, and D150) or with very fast
relaxation (I121, T169, K96, S98, and E99). As explained
above, contributions from cross-correlated DD-DD and
CSA-CSA effects were estimated from the structure and
from the isotropic 15N and 13C chemical shifts of the
C-HsCen2-P1-XPC complex.

The influence of the Ca2+ concentration on differences in
∆R relaxation rates was investigated for the C-HsCen2-
P1-XPC complex in 200 mM NaCl with either 1 or 10 mM
CaCl2. Previous work (13) showed that the affinity of site
IV is ∼1 order of magnitude higher than that of site III. This
may be explained by the presence of an Asn residue in the
highly conserved 12th position of loop III, which, in contrast
to the expected Glu, is able to provide only a single oxygen
atom from its side-chain carbonyl group for Ca2+ binding.
Thus, we measured the relaxation rates (∆R) defined in eq 1
both with 1 mM CaCl2 (equimolar) and 10 mM CaCl2 (i.e.,
in excess with respect to the C-HsCen2-P1-XPC complex).
These∆R rates are shown in Figure 2. First, the average
and standard deviation of all measured rates were calculated.
Then, outliers that lie more than 1.5 times the standard
deviation from the average were excluded from the average,
and a new average and standard deviation were calculated.
For an equimolar concentration of 1 mM CaCl2, the resulting
set of rates had an average〈∆R〉 of -7.32 s-1, with a standard
deviationσ of 1.82 s-1, which represents the dispersion of
∆R about its average along the protein sequence. Similar
experiments were performed for the C-HsCen2-P1-XPC
with an excess concentration of 10 mM CaCl2. In this case,
we obtained a〈∆R〉 of -7.48 s-1, with a standard deviation
σ of 2.99 s-1 for a set of 69 residues. As mentioned above,
it is possible to estimate theRCSM-CSM relaxation rates by
subtracting the calculated DD-DD and CSA-CSA contri-
butions from the relaxation rate∆R (24).

With (equimolar) 1 mM CaCl2 and 200 mM NaCl, one
thus finds〈RCSM-CSM〉 ) -4.34 s-1, with a standard deviation
σCSM of 2.57 s-1. This attests to the presence of a significant
degree of chemical exchange involving most of the residues
in the protein.RCSM-CSM values that significantly differ from

FIGURE 2: Plot of the raw multiple-quantum relaxation rates (∆R) measured in the C-HsCen-P1-XPC complex in samples with 1 mM
CaCl2 (top) or 10 mM CaCl2 (bottom), in 200 mM NaCl in both cases. See the text for details.
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the average〈RCSM-CSM〉 were found for residues G119, I121,
N136, L137, and G155, indicating large exchange contribu-
tions at these sites. Residues K96, M97, S98, D101, and L171
also have significant exchange contributions. However, these
residues are very flexible, since they belong to the N- and
C-termini of the protein, so that the calculated dipole-dipole
and CSA-CSA contributions to∆R may not be reliable.

Similarly, in (excess) 10 mM CaCl2, the average〈RCSM-CSM〉
was-4.44 s-1, with a standard deviationσCSM of 3.82 s-1.
Rates significantly different from the average were found
for only residues D116, E117, T118, G119, I121, L137, and
G155. As described above,RCSM-CSM values for residues 96,
99, and 101, which are located in a flexible N-terminal
region, could not be considered as reliable evidence for the
presence of exchange. These experiments therefore show,
for both calcium concentrations, the existence of larger
exchange contributions in both EF-hand loops, as well as in
the linker region (L137) of the protein in the C-HsCen2-
P1-XPC complex.

Slow Motions Are Affected by Protein-Ca2+ Interactions.
A comparison ofRCSM-CSM contributions in the protein at
two CaCl2 concentrations may allow one to assess a possible
sensitivity of slow motions to the presence of Ca2+. Thus,
one finds an average difference of chemical shift modulation
rates between samples with 10 and 1 mM CaCl2: 〈δRCSM-CSM〉
) 〈RCSM-CSM[10] - RCSM-CSM[1]〉 ) -0.54 s-1 with a
standard deviationσCSM of 2.34 s-1. Comparison between
both samples allowed identification of residues whose
RCSM-CSM contributions were altered by changing the calcium
concentration. These are residues D116, E117, T118, G119,
K120, I121, S122, N126, A130, E132, E148, S158, and
E160. They are mostly located in site III and its vicinity
and in loop IV (E148) of the C-terminal domain (Figure 1C).
Note thatRCSM-CSM rates measured in different samples can
be readily compared, despite the difference inτc.

Since theδRCSM-CSM differences between the two samples
with 1 and 10 mM CaCl2 reflect only a change in the line
width that is due to exchange, this observation can be inter-
preted as a modification of exchange upon addition of Ca2+.
Moreover, since the magnitudes of theRCSM-CSM rates are
larger in the sample with 10 mM CaCl2, this reveals the

presence of a significantly increased chemical exchange
extending over the first EF-hand motif upon addition of Ca2+,
whereas motions in loop IV remain largely unaffected.
Because of its lower Ca2+ affinity (14), binding site III will
essentially be loaded only in the presence of a Ca2+ excess.
Since HsCen2 was shown (16) to form a stable complex with
P1-XPC and Ca2+ at concentrations used in this work, and
since theδRCSM-CSM differences upon addition of CaCl2 are
significant in loop regions only, the increased exchange rates
for the corresponding residues must be related to the
dynamics of protein-Ca2+ interactions.

The multiple-quantum exchange rates were then compared
with the Rex exchange contributions obtained by a model-
free analysis of single-quantum15N relaxation measurements.
The former are sensitive to correlated chemical shift modula-
tions of13C′ and15N nuclei on the slow micro- to millisecond
time scale, which is of particular interest in the case of EF-
hand proteins, where backbone C′O groups are involved in
metal coordination. In contrast,Rex only probes motions of
the15N-1H vectors on the same time scale. Single-quantum
R2(15N) relaxation measurements demonstrate the existence
of a relatively small set of residues with significant exchange
(see Figure S1 of the Supporting Information). Significant
contributions for anRex of >2.5 s-1 to R2(15N) were found
for only residues K120 and I121 in (equimolar) 1 mM CaCl2,
and for residues K120, I121, and L127 in (excess) 10 mM
CaCl2. In contrast, the multiple-quantum relaxation rate
measurements clearly reveal the presence of exchange for a
larger number of residues (see Figure 3) for both Ca2+

concentrations. These observations therefore demonstrate that
multiple-quantum relaxation measurements are sensitive to
exchange in the complex. Indeed, it should be remembered
that exchange contributions to line widths reflect not only
thermodynamic and kinetic parameters (the populations of
the exchanging states and the exchange rate constants) but
also spectroscopic parameters (the differences between the
chemical shifts pertaining to the exchanging states). In prin-
ciple, these can be separated by multiple refocusing experi-
ments (35). Consider the case of a two-site “fast exchange”,
in the sense that one can observe only a (weighted) average
shift, as occurs at temperatures above coalescence. With the

FIGURE 3: Plot of the corrected chemical shift modulation rates (RCSM-CSM) measured on the C-HsCen-P1-XPC complex in samples with
1 (]) and 10 mM CaCl2 ([), both with 200 mM NaCl. See the text for details.
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populationspa andpb, the contributionRex to the transverse
relaxation rateR2(15N) in a multiple-echo Carr-Purcell-
Meiboom-Gill (36, 37) experiment is (38)

wherekex is the exchange rate constant,∆ωN is the difference
between the15N resonance frequencies in the two exchanging
conformations, and 2τ is the time interval between two
consecutive 180° refocusing pulses applied to the15N nuclei
in the CPMG sequence. Alternatively, the contribution
RCSM-CSM to multiple-quantum relaxation rates that arises
from chemical shift modulations in the fast exchange limit
is (39)

Thus, for an exchange process with a given kinetic constant
kex, the exchange contributions in eqs 3 and 4 are weighted
by different products of chemical shift differences,∆ωN

2 and
∆ωN∆ωC, respectively. Therefore, in our case, observations
show that through the effects of the chemical shifts of two
distinct nuclei, multiple-quantum relaxation rates (RCSM-CSM)
appear to be much more sensitive than15N SQC relaxation
to the presence of slow backbone motions. This allowed us
to detect exchange contributions in the backbone of the
C-HsCen2-P1-XPC complex.

We have shown recently (14) that binding of C-HsCen2
to the target peptide P1-XPC in the presence of 1 equivalent
of Ca2+ considerably increases the structural stability of the
protein, which adopts a more stable conformation under these
conditions. This is in agreement with the sequence profile
of the generalized order parameterS2 determined in this work,
which shows highly restricted fast motions over the major
part of the protein. Therefore, the slow motions reported by
the RCSM-CSM multiple-quantum relaxation rates pertain to
local structural fluctuations, rather than global structural
changes, and are clearly localized in the loop fragments
involved in Ca2+ binding (Figure 1A-C). In addition, CaCl2
titration of the C-HsCen2-P1-XPC complex monitored by
15N HSQC spectra showed that with>1 equivalent of Ca2+,
ion binding to the lower-affinity site III appears to affect
the dynamic behavior of the complex (14). Interestingly,
comparison of theRCSM-CSM rates obtained here with 1 and
10 mM CaCl2 (Figure 3) indicates a correlation between the
binding of the second metal ion and the modification of slow
motions of some residues in site III. One may therefore
conclude that the micro- to millisecond motions observed
in this work represent local dynamics of loop residues within
a stable global scaffold.

The observed Ca2+ dependence strongly suggests that this
slow conformational exchange is related to the Ca2+ off-
rate from the low-affinity site. Indeed, from the binding
constant determined experimentally, which is on the order
of 104 M-1 (13), and assuming a diffusion-controlled on-
rate (108 M-1 s-1), one can calculate an off-rate on the order
of 104 s-1, which is within the range of time scales of the
motions observed here. A similar correlation between Ca2+

binding and large-scale slow motions was observed in an
artificial CaM variant (40).

Finally, the increase in the level of chemical exchange
observed in Ca2+-saturated loop IV and its vicinity, as well
as in the C-terminal region, where residues do not interact
with Ca2+ (residues N126, A130, E132, E148, S158, and
E160), cannot be ascribed to a direct effect of Ca2+. In this
case, the difference in exchange contributions at 1 and 10
mM CaCl2 must be ascribed to a modification of conforma-
tional exchange.

Effect of NaCl Concentration.Ca2+-loaded HsCen2, via
its C-terminal domain, has a tendency to self-assemble. This
tendency decreases with increasing salt concentration (32)
or in the presence of a tightly bound peptide (15). As stated
above, the NaCl concentration influences the equilibrium
between the dimeric and monomeric forms of the C-HsCen2-
P1-XPC complex in solution. The profiles of∆R relaxation
rates measured with (excess) 10 mM CaCl2 are very similar
for 100 or 200 mM NaCl, although the rates measured with
100 mM NaCl have a larger magnitude on average (〈∆R〉 )
-8.88 ( 3.23 and〈∆R〉 ) -7.48 ( 2.99 at 100 and 200
mM NaCl; see Figure 4). This difference can be partly
ascribed to different apparent correlation times (τc) of the
C-HsCen2-P1-XPC complex for both NaCl concentrations,
most likely due to the presence of complex dimers at 100
mM NaCl (see above).

The difference between theRCSM-CSM rates measured in
the 100 and 200 mM NaCl samples was generally small,
i.e., 〈RCSM-CSM[100] - RCSM-CSM[200]〉 ) -0.77 s-1, with a
standard deviation of the difference being 1.43 s-1. It is
important to note that for most residues, theRCSM-CSM

contributions, which do not depend on the overall correlation
time, remain unaffected by the NaCl concentration. Never-
theless, comparison betweenRCSM-CSM rates observed in both
samples reveals significant differences for no fewer than 10
residues (L112, D116, E117, T118, G119, S122, L126, R128,
A130, and S158; see Figure 5). These residues are mainly
located in calcium binding site III (D116, E117, T118, G119,
and S122) and its vicinity (L112, L126, R128, and A130), a
region of the protein which is also sensitive to variations of
the CaCl2 concentration (Figure 1D).

Calcium affinity of the EF-hand domains is known to
depend on the nature and concentration of monovalent ions
in solution (13, 41, 42). The observed changes inRCSM-CSM

rates, mainly localized in EF-hand site III, between samples
with 100 and 200 mM NaCl seem to indicate that the
exchange process is modified in site III through a Na+-
modulated alteration of Ca2+ affinity. This conclusion is
supported by affinity measurements on the C-terminal
domain of centrin (13). Moreover, all the residues mentioned
above are localized on the same side of the protein. This,
together with the fact that residue S158 belongs to high-
affinity site IV, whose Ca2+ affinity is not Na+-dependent,
may also indicate that these residues belong to the dimer-
ization interface of the complex.

It is interesting to relate these observations to the known
tendency of centrins to form oligomers, which depends on
several physicochemical parameters: temperature, salt con-
centration, and pH (32). Indeed, although oligomer formation
mainly involves the N-terminal domain (13, 15), C-HsCen2
dimers (12) were also observed (13), which suggests that
dimerization can also be mediated by interactions between
two C-terminal domains of the integral protein. The mono-
mer-dimer equilibrium shifts toward the monomeric form

Rex )
papb∆ωN

2

kex
[1 -

2 tanh(kexτ)

2τkex
] (3)

RCSM-CSM )
2papb∆ωN∆ωC

kex
(4)
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(14) at a high ionic strength (200 mM NaCl) or in the
presence of target peptides. The biological significance of
the propensity of HsCen2 to form oligomers remains unclear.
However, in ViVo, they are mostly bound to high-affinity
targets, forming stable hetero-oligomeric structures, and
homomolecular interactions between centrin domains within
these complexes could play a role in structural or regulatory
functions, as recently suggested in the spindle pole body
duplication (43).

Comparison of RCSM-CSM Rates with∆R Measurements.
Finally, it is interesting to investigate the possibility to extract
information directly from “raw”∆R measurements, rather
than “corrected”RCSM-CSM rates. Note that, at higher fields,
bothRCSA-CSA andRCSM-CSM terms are expected to increase
in proportion toB0

2, while the perturbation due toRDD-DD

does not depend on the static field. Thus, in the sample with
equimolar 1 mM CaCl2 and 200 mM NaCl, some residues
could be identified which exhibit∆R rates that are signifi-
cantly different from the average. As described above,
discarding residues K96, M97, S98, K100, D101, and L171,
which are located in the N- and C-termini of the protein, we
found significant∆R rates for T118, G119, I121, N136,

L137, E148, R151, and G155. Thus, some discrepancies were
found between the dynamics identified by∆R or by
RCSM-CSM rates for residues T118, E148, and R151, but their
∆R rates were nearly 1.5σ away from the average. Alterna-
tively, in the sample with (excess) 10 mM CaCl2 and 200
mM NaCl, residues with∆R rates that differ significantly
from 〈∆R〉 (neglecting those located at the protein termini)
were found to be E117, T118, G119, I121, S122, L137,
G155, and S158. Thus, discrepancies between conclusions
drawn from∆R andRCSM-CSM were found only for residues
D116, S122, and S158. If we exclude outliers, the average
and standard deviation of the difference of the rates [δ∆R
) ∆R([CaCl2])10 mM) - ∆R([CaCl2])1 mM)] between
the two samples are as follows:〈δ∆R〉 ) -0.96 s-1 andσD

) 2.18 s-1 (see Figure 2). Residues for which the addition
of Ca2+ induces a significant difference (δ∆R) are E117,
T118, G119, I121, and E148. Thus, it is clear from the
comparison with the results presented above that analysis
of corrected exchange rates (RCSM-CSM) affords a much finer
picture of the dynamics than a direct analysis of the raw∆R
rates.

FIGURE 4: Plot of the raw multiple-quantum relaxation rates (∆R) measured on the C-HsCen-P1-XPC complex in samples with 100 (top)
and 200 mM NaCl (bottom). See the text for details.

FIGURE 5: Plot of the corrected chemical shift modulation rates (RCSM-CSM) measured in the C-HsCen-P1-XPC complex in samples with
100 ([) and 200 mM NaCl (]), both with (excess) 10 mM CaCl2.
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Finally, ∆R measurements of samples with differentτc

values cannot be readily compared to retrieve information
about the exchange contribution. This problem arises for the
C-HsCen2-P1-XPC complex which can be partially dimer-
ized depending on the NaCl concentration. Only after
estimation ofRDD-DD andRCSA-CSA can such a comparison
be made for the correctedRCSM-CSM rates.

CONCLUSIONS

In this study, conformational exchange in the C-HsCen2-
P1-XPC complex was investigated using cross-correlated
contributions to the relaxation rates of zero- and double-
quantum coherencesR2(C(N-) andR2(C(N(), respectively,
involving neighboring backbone carbonyl13C′ and amide
nitrogen15N nuclei. This study confirms the potential of this
methodology for the study of conformational exchange in
proteins. These techniques allowed us to identify sites of
conformational exchange, which are mainly located in EF-
hand loops. The exchange rates were found to be affected
by Ca2+ binding and may reflect the high dissociation
constant of the metal ion in binding loop III of the protein.
In addition, our observations allowed identification of
residues that belong to the dimerization interface of the
complex, which may help improve our understanding of
centrin self-association at the atomic level.

MATERIALS AND METHODS

Sample Preparation.The C-terminal domain (T94-Y172)
of HsCen2 was expressed inEscherichia coliand purified
as described previously (13, 16). Uniform 15N labeling and
15N and13C labeling were achieved using a minimal medium
culture (M9) containing15NH4Cl and [13C]glucose as the sole
source of nitrogen and carbon, respectively. Several samples
were obtained by dissolving the lyophilized protein in a
buffer containing 20 mM deuterated Tris-DCl, with various
NaCl and CaCl2 concentrations. Solutions of 1 mM C-
HsCen2 in 100 and 200 mM NaCl and 10 mM Ca2+ were
prepared. A solution of 1 mM C-HsCen2-P1-XPC complex
with 1 mM Ca2+ and 200 mM NaCl was also studied. All
samples were dissolved in a 93:7 H2O/D2O mixture. Un-
labeled P1-XPC peptide with the sequence NWKLLAKGL-
LIRERLKR, which corresponds to the fragment of the
human XPC protein (N847-R863) that binds to HsCen2,
was purchased from Biofidal (Vaulx-en-Velin, France) and
was added in slight molar excess.

NMR Spectroscopy.All experiments were performed at
308 K on a 600 MHz Bruker Avance spectrometer, equipped
with triple-axis gradients. AmideR1(15N) and R2(15N)
relaxation experiments were performed using published pulse
sequences (44). ForR1(15N) relaxation, nine delays of 5, 50,
100, 150, 250, 300, 370, 500, and 650 ms were used and
acquired in an interleaved manner to minimize systematic
errors. The recovery delay between acquisitions was 1.8 s,
and 16 transients were acquired for each of the 256t1 time
increments. Water suppression was achieved using the
WATERGATE technique (45). Single-quantumR2(15N)
relaxation measurements were performed with relaxation
periods of 2, 20, 40, 60, 80, 100, 120, and 148 ms, also
acquired in an interleaved manner. The recovery delay was
1.8 s; 16 transients were acquired for each of the 256t1
increments, leading to a total experimental time of∼27 h.

Heteronuclear NOE experiments were performed using eight
transients for eacht1 increment, 512 (complex) points in the
1H dimension, and a recovery delay of 12 s, leading to a
total experimental time of∼22 h. The multiple-quantum
relaxation experiments were performed using the pulse
sequence given in ref17 (see Figure S2 of the Supporting
Information). A single refocusing pulse was used, and
coherences 2NxCx and 2NyCy were detected in an interleaved
manner. To improve the accuracy, the experiment was
repeated with three different multiple-quantum relaxation
times (T ) 20, 40, and 50 ms), each obtained with 64 scans,
which required∼7 h for each experiment. TheRMQ relaxation
rates were obtained from the ratio〈2NxCx〉/〈2NyCy〉 ) tanh-
(∆RT). All spectra were processed using NMRPipe/NM-
RDraw (46). A squared cosine apodization window was used,
and the digital resolution was improved by zero-filling in
both dimensions. Peaks were fitted to Gaussian line shapes
with the least-squares fitting routine provided.
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