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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 N847R863 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 carbof and amide!®N 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 Ca@icentrations and ionic strengths
shows that these slow motions are mainly affected by the binding of?a i6a to the lower-affinity
EF-hand Ill. 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, of striated flagellar rootlets associated with the basal bodies
ranging from muscle contraction to gene transcriptith ( of unicellular green algaes), where it participates in C&
Regulation of calcium-mediated cellular signaling depends dependent rootlet contractions. Centrins have since been
critically on a class of Cd binding proteins, known as the  found to be ubiquitous and associated with centrioles of basal
calmodulin (CaM) or EF-hand superfamily. The 29-residue bodies and centrosomes, as well as with spindle pole bodies
EF-hand motif is composed of a hetloop—helix scaffold,  from yeast §). Sequence comparisons of centrins originating
so folded that it can provide seven ligan@ (o the C&* from different species revealed that the EF-hand motifs, and
ion through main- and side-chain oxygen atoms. Two EF- particularly the C&" binding loops, are the most conserved
hand motifs, joined together by an antiparafiesheet, form  regions in these proteins. However, some EF-hand motifs
a structural and functional domain, called the EF-hand among various known isoforms have lost their ability to bind
domain. Centrins are regulatory calcium-binding proteins that c2+ The reasons for the decreased affinity foPCimns
constitute a large subgroup of the calmodulin superfamily. gre not easy to elucidate. €abinding induces significant
Centrins are low-molecular mass 20 kDa) biomolecules  ¢onformational changes in EF-hand domains from a compact,
t_hat are highly conserved in diverse evolultlonary eukaryotic osed conformation to an open structure exposing a large
lineages from yeast to humart, ¢). The first member of  4rphobic surface7. In humans, three centrin isoforms
the centrin family was discovered as the major component (HsCenl, HsCen2, and HsCen3) with variable levels of
sequence identity (5381%) have been identified, each
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(NWKLLAKGLLIRERLKR) corresponding to residues Ng4Rg63 ~ XPC—hHR23B heterotrimer. NER is a major pathway for
of XPC. recognition and removal of bulky single-strand lesions of
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Ficure 1: Structure of the complex formed by C-HsCen2 (cyan) with P1-XPC (réd4)) 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 CaCk and (B) 10 mM CaGCl Residues whose exchange contributions are significantly different at 1 and 10 mMatacCl
highlighted in panel C. Panel D shows the residues whose exchange contributions are modified with an increase in the NaCl concentration.

DNA such as UV-induced photoproducts or carcinogenic peptide P1-XPC, composed of 17 residues (NWKLLAKGL-
adducts 9). Dysfunction of the NER pathway produces LIRERLKR) encompassing the sequence of N8&RB63 of
severe disorders, such as the hereditary disease xerodermgne XPC protein 16). NMR and ITC studies of the
pigmentosum, characterized by a high photosensitivity and interaction between Céasaturated HsCen2 and P1-XPC
a 1000-fold increase in the incidence of sunlight-induced skin indicated that binding occurs through the C-terminal domain
cancers. Experimental data strongly suggest that the Hs€en2 (C-HsCen2), comprising residues T9%172 (14, 16).
XPC—hHR23B heterotrimer plays a key role in the recogni- Previous investigations by NMR spectroscopy demonstrated
tion of damaged DNA during the initial phase of the NER that the C-terminal domain of HsCen2 acquires a unique
pathway and in the recruitment of key proteins (including stable three-dimensional (3D) structure (see Figure 1) only
transcription factor 1IH) involved in damage repair. The in the presence of stoichiometric amounts ofCand P1-
association of HsCen2 and the XPBHR23B heterodimer  XPC (14). Interestingly, these studies also indicated the
stimulatesin »itro NER activity, by enhancing the specific  presence of slow conformational motions in the loop regions
binding of the HsCen2XPC—hHR23B heterotrimer to  of C-HsCen2 {4) that seem to be modulated by the?Ca
damaged DNA regionsl(). Recent studies performed on concentration.
plant cells have confirmed the hypothesis that centrin plays To characterize motions in the C-HsCet21-XPC-Ca&*
a role in the repair process, by showing that low expression ternary complex, we measured not only the relaxation rates
levels of centrin lead to decreased NER activityt)( of single-quantum coherences S of backbone amide
HsCen2 is a small protein (172 residues, ca. 20 kDa) nitrogen nuclei but also the relaxation rates of zero- and
composed of two EF-hand domains, each of them comprisingdouble-quantum coherences ZAT(**N) and DQCEC,*N)
two EF-hand motifs with variable €& binding affinities. of backbone carbonyl and neighboring amide nitrogen nuclei.
Flow dialysis experiments show that only twoEd&inding These rates were studied at two calcium concentrations. Such
sites have biologically significant affinities, on the order of experiments can reveal motions on fast and slow time scales.
10* and 16 M1 (12). Studies on isolated domains demon- The SQCPN) relaxation rates report mainly on fast sub-
strated that these correspond to sites Il and IV, respectively nanosecond motions, while the differences between the ZQC-
(13, 14, 15). Moreover, we showed that HsCen2 binds the (**C,**N) and DQC{3C,'*N) relaxation rates are sensitive to
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motions on slow time scales ranging from micro- to correlations were found to be largely independent of the
milliseconds 17—19). To our knowledge, this work is the  model for the peptide plane motions. Thus, férmQclei in
first application of such advanced NMR methods to dynamic ubiquitin, theo,, component of the CSA tensor, which is
effects in a biologically relevant complex. This study may nearly parallel to the €O bond, turns out to be roughly
contribute to improving our understanding of the role of proportional to the isotropic chemical shift{ = 3oiso —

centrins in the DNA repair process. 334.9 ppm) while the other two components are almost
invariant oy = 251.2 ppm and,, = 83.6 ppm). For amide
THEORY 15N nuclei, one finds that,, = 20is, — 163.2 ppm o =
It has been shown recently that the relaxation rates of zero-%iso T 105.5 ppm, and,, = 57.7 ppm. Assuming that these
and double-gquantum coherences Z&C(N) and DQC- empirical rules, originally derived for ubiquitir24), can also

(33C 5N involving neighboring carbonyl Cand amide N b€ applied to the C-HsCerP1-XPC complex, and using
nuclei in protein backbones can provide evidence of slow the assignments of the isotropic chemical shifts in this
motion in proteins17—19). Correlated fluctuations involving ~ COMPIex, we can estimate the site-specifc" 5" contri-

two dipole-dipole interactions (DB-DD) and two chemical ~ Putions and hence determine the “corrected” exchange rate
shift anisotropy interactions (CSACSA), as well as corre- ~ R->" > This approach is similar to our analysis of cross-
lated isotropic chemical shift modulations (CSMESM), correlated relaxation in major urinary protein (MUP) in the
contribute to the differencAR between the relaxation rates ~Présence or absence of a pheromatig. (

of zero- and double-quantum coherences, ZQ®\;) and RESULTS AND DISCUSSION

DQC(CiN.), respectively20—22). Thus, the differential line ] _
broadening Overall Molecular TumblingUsing the strategy developed

by Dosset et al.q5), no significant anisotropy of rotational
AR = 1/2[R(DQC) — R(ZQC)] 1) diffusion of the C-HsCen2P1-XPC complex could be deter-
mined fromR;(*>N) andR,(**N) measurements. Furthermore,
(**N) relaxation rates and frodiN{'H} NOE measurements
AR = RCSM-CSM 4 pDD-DD | pCSA-CSA ) (26, 27) were found to be nearly constant along the protein
backbone. Hydrodynamic calculatiorZ) performed on an
The cross-correlated rafSM-CSM gccounts for the effect ensemble of 20 structures of the C-HsCet2-XPC
of fluctuations of isotropic chemical shifts, typically on time complex [PDB entry 2A4J 29)] yielded three average
scales of micro- to milliseconds, that simultaneously affect diffusion coefficientsD,, Dy, andD,. On the basis of this
the environments of Gand N nuclei belonging to the same family of NMR structures, the average ratios and their
peptide plane. These chemical shift changes can be causedtandard deviations were determined;/Dy = 0.69 + 0.2
either by variations of dihedral angles and ¢ of the and D/Dy = 0.83 £ 0.24. However, due to their large
backbone, as can be rationalized by ab initio calculations uncertainties, these ratios are not very conclusive. Thus, in
(23), or by transient interactions between complexes. In the the absence of clear evidence of anisotropy, the overall
case of calcium-binding proteins, they can also result from tumbling of the C-HsCen2P1-XPC complex was assumed
fluctuating interactions with the metal ions. The second term to be isotropic. The overall correlation time.Y of the
in eq 2 comprises contributions from various auto- and cross- C-HsCenr-P1-XPC complex was determined froRy and
correlated dipoledipole effects 20, 21). For the worst-case R, relaxation rates30, 31) measured with 100 and 200 mM
assumption of a rigid backbone, the contribution&t8-°P NaCl, and with a CaGlconcentration that is either equimolar
due to dipolar autorelaxation are estimated to be on the order(1 mM CaC}) or in excess (10 mM Cag)l with respect to
of 0.16 Hz in the C-HsCen2P1-XPC complex [with an  the C-HsCerP1-XPC complex. In the sample with 100 mM
overall correlation time ;) of ~6 ns] and can therefore NaCl and 10 mM CaG| an overall correlation timer{) of
safely be neglected. In addition, various cross-correlated 6.56 + 0.07 ns was obtained, whereas with 200 mM NaCl
dipolar relaxation rates involving external nuclei may and 10 mM CaGl the model-free approach yielded an
contribute to the terrfRP°P~PP, Such dipole-dipole contribu- overall correlation time1() of 6.01 4+ 0.12 ns; with 200
tions may stem from EX/N-X or C'-X/N-Y pairs, where X mM NaCl and equimolar 1 mM Cag;la somewhat smaller
can be a proton like M H®, etc., and Y &°C nucleus inthe 7. value of 5.54+ 0.11 ns was obtained. The larger value
vicinity. Using bond distances derived from the structure of obtained in the 2700 mM NaCl sample suggests the existence
the C-HsCen2XPC complex [Protein Data Bank (PDB) of a monomet-dimer equilibrium, in agreement with previ-
entry 2A4J], the contributioiRPP~PP in eq 2 can thus be  ous studies which demonstrated partial dimerization of
estimated. The third term in eq 2 arises from contributions HsCen2 at lower salt concentratiorf?( 32). In addition,
of cross-correlated CSA relaxation of @d N nuclei due  the difference in the apparent correlation times obtained in
to concerted modulations of the chemical shifts that are the two samples at 200 mM NaCl may be explained by the
caused by overall molecular tumbling. An accurate evaluation existence of slightly different concentrations of the complex.
of these contributions would require the determination of Indeed, in the 1 mM Caglsample, a precipitate was
the full CSA tensors of all Cand N nuclei of C-HsCen2 in  observed upon solvation of the dry mixture of C-HsCen and
the C-HsCen2P1-XPC complex. However, a recent study P1-XPC. This difference in. is therefore likely to arise from
of cross-correlated relaxation in ubiquitia4) showed that  the persistence of some small fraction of the complex as a
some of the principal components of the CSA tensors are, dimer in the sample, even at such a high NaCl concentration.
to a great extent, independent of the environment, while Model-Free Analysis of Single-QuantufiN Relaxation.
others are correlated with the isotropic shifts. These empirical Generalized order parametes8 (33)] were obtained for both
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Ficure 2: Plot of the raw multiple-quantum relaxation ratéeRj measured in the C-HsCetP1-XPC complex in samples with 1 mM
CacCl, (top) or 10 mM Cad (bottom), in 200 mM NacCl in both cases. See the text for details.

NaCl and CaGlconcentrations (Figure S1 of the Supporting nances (M97, D115, K127, and D150) or with very fast
Information). Residues D115, K127, and D150 could not be relaxation (1121, T169, K96, S98, and E99). As explained
analyzed due to spectral overlap. In 100 mM NaCl and 10 above, contributions from cross-correlated BDD and
mM CaCl, residues E117, L126, N136, and G153 have CSA—CSA effects were estimated from the structure and
reduced order parameters. Two residues, E117 and L126from the isotropic®N and '3C chemical shifts of the
are located in binding loop I, whereas N136 is in the linker C-HsCen2-P1-XPC complex.
domain; G153 belongs to binding loop IV. In 200 MM NaCl  The influence of the G4 concentration on differences in
and 10 mM CaGl (i.e., in excess with respect to the AR relaxation rates was investigated for the C-HsCen2
complex), one observes an almost completely $fgtrofile P1-XPC complex in 200 mM NaCl with either 1 or 10 mM
where, apart from the N-terminal residues, only N136 CaC}. Previous work 13) showed that the affinity of site
exhibits significant fast motions. Moreover, for 1 mM CaCl v is ~1 order of magnitude higher than that of site II. This
(i.e., equimolar with respect to the complex), none of the may be explained by the presence of an Asn residue in the
residues (except for the terminal ones) exhibits any notable highly conserved 12th position of loop Ill, which, in contrast
mobility. These rather flag profiles stand in contrast to  to the expected Glu, is able to provide only a single oxygen
those obtained for calbindin, another EF-hand protein, where gtom from its side-chain carbonyl group for Tainding.
very low order parameters (0.40 & < 0.75) were found  Thus, we measured the relaxation rat&R) defined in eq 1
for residues located in the linker and its immediate vicinity both with 1 mM CaCJ (equimolar) and 10 mM Cagli.e.,
(34). in excess with respect to the C-HsCeff21-XPC complex).
Exchange contributions$t,) to the transverse magnetiza- TheseAR rates are shown in Figure 2. First, the average
tion rates Rx(**N)] were also investigated (Figure S1 of the and standard deviation of all measured rates were calculated.
Supporting Information). In 100 mM NaCl and 10 mM Then, outliers that lie more than 1.5 times the standard
CaCl, significant Rex contributions were observed for deviation from the average were excluded from the average,
residues E117, T118, and K120, all of which are located in and a new average and standard deviation were calculated.
the first binding loop. At 200 mM NacCl with either 1 or 10  For an equimolar concentration of 1 mM CaChe resulting
mM CaCh, only residue 1121 exhibits any significant set of rates had an averageR(of —7.32 s, with a standard
exchange effectfx > 2.5 s'1). The relaxation rates of 1121 deviationo of 1.82 s, which represents the dispersion of
with 100 mM NaCl could not be determined because its AR about its average along the protein sequence. Similar
relaxation was too fast. As slow motions in proteins are often experiments were performed for the C-HsCel2-XPC
associated with important functional aspects, we undertookwith an excess concentration of 10 mM Ca@h this case,
a more detailed investigation of movements on the micro- we obtained dARCof —7.48 s, with a standard deviation
to millisecond time scale in the complex. o of 2.99 s for a set of 69 residues. As mentioned above,
Slow Motions Studied by Multiple-Quantum Relaxation it is possible to estimate thB“SM-CSM relaxation rates by
Measurementdhe slow internal dynamics in the C-HsCen2  subtracting the calculated DEDD and CSA-CSA contri-
P1-XPC complex have been characterized by measuringbutions from the relaxation rat&R (24).
relaxation rates of zero- and double-quantum coherences With (equimolar) 1 mM CaGland 200 mM NaCl, one
involving neighboring pairs of nuclet3C'(i—1) and®N(i), thus findsIRCSM-CSM= —4.34 s1, with a standard deviation
using a pulse sequence described previously 19). The ocsw Of 2.57 L. This attests to the presence of a significant
rates could be measured for almost all peptide bonds in thedegree of chemical exchange involving most of the residues
protein, except for a few residues with overlapping reso- in the protein R°SM-CSMyalues that significantly differ from
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Ficure 3: Plot of the corrected chemical shift modulation raf@sSf*-cSM) measured on the C-HsCeR1-XPC complex in samples with
1 (¢) and 10 mM CaGl (#), both with 200 mM NaCl. See the text for details.

the averag@ReSM-CSMwere found for residues G119, 1121, presence of a significantly increased chemical exchange
N136, L137, and G155, indicating large exchange contribu- extending over the first EF-hand motif upon addition ofCa
tions at these sites. Residues K96, M97, S98, D101, and L171whereas motions in loop IV remain largely unaffected.
also have significant exchange contributions. However, theseBecause of its lower Ca affinity (14), binding site 111 will
residues are very flexible, since they belong to the N- and essentially be loaded only in the presence of & @xcess.
C-termini of the protein, so that the calculated dipeadigpole Since HsCen2 was showh€) to form a stable complex with

and CSA-CSA contributions toAR may not be reliable. P1-XPC and CH at concentrations used in this work, and
Similarly, in (excess) 10 mM Caglthe averag@RcSM-CsMT] since theyRESM-CSM differences upon addition of CaCire
was—4.44 s, with a standard deviatioocsy of 3.82 st significant in loop regions only, the increased exchange rates

Rates significantly different from the average were found for the corresponding residues must be related to the
for only residues D116, E117, T118, G119, 1121, L137, and dynamics of proteirCa* interactions.

G155. As described abovBFSMCSMvalues for residues 96, The multiple-quantum exchange rates were then compared
99, and 101, which are located in a flexible N-terminal \ith the R., exchange contributions obtained by a model-
region, could not be considered as reliable evidence for thefree analysis of single-quantuliN relaxation measurements.
presence of exchange. These experiments therefore showrhe former are sensitive to correlated chemical shift modula-
for both calcium concentrations, the existence of larger tions of!3C’ andN nuclei on the slow micro- to millisecond
exchange contributions in both EF-hand loops, as well as intime scale, which is of particular interest in the case of EF-
the linker region (L137) of the protein in the C-HsCen2  hand proteins, where backbon&Cgroups are involved in
P1-XPC complex. metal coordination. In contrasRe only probes motions of
Slow Motions Are Affected by ProteitlCa?" Interactions. the®N—1H vectors on the same time scale. Single-quantum
A comparison ofRSM-CSM contributions in the protein at  Ry(**N) relaxation measurements demonstrate the existence
two CaC} concentrations may allow one to assess a possibleof a relatively small set of residues with significant exchange
sensitivity of slow motions to the presence of?Carhus, (see Figure S1 of the Supporting Information). Significant
one finds an average difference of chemical shift modulation contributions for arRex of >2.5 s to Ry(**N) were found
rates between samples with 10 and 1 mM GaGIRESM-CSM] for only residues K120 and 1121 in (equimolar) 1 mM CaCl
= [RCSMCSM[10] — RCSMCSM[1]0= —0.54 s! with a and for residues K120, 1121, and L127 in (excess) 10 mM
standard deviatiomcsw of 2.34 s*. Comparison between  CaCb. In contrast, the multiple-quantum relaxation rate
both samples allowed identification of residues whose measurements clearly reveal the presence of exchange for a
RCSM-CSM contributions were altered by changing the calcium larger number of residues (see Figure 3) for bott?*Ca
concentration. These are residues D116, E117, T118, G119concentrations. These observations therefore demonstrate that
K120, 1121, S122, N126, A130, E132, E148, S158, and multiple-quantum relaxation measurements are sensitive to
E160. They are mostly located in site lll and its vicinity ~exchange in the complex. Indeed, it should be remembered
and in loop IV (E148) of the C-terminal domain (Figure 1C). that exchange contributions to line widths reflect not only
Note thatR“M-CSM rates measured in different samples can thermodynamic and kinetic parameters (the populations of
be readily compared, despite the differencedn the exchanging states and the exchange rate constants) but
Since theyRCSM~CSM differences between the two samples also spectroscopic parameters (the differences between the
with 1 and 10 mM CaGlreflect only a change in the line  chemical shifts pertaining to the exchanging states). In prin-
width that is due to exchange, this observation can be inter-ciple, these can be separated by multiple refocusing experi-
preted as a modification of exchange upon addition gfCa  ments 85). Consider the case of a two-site “fast exchange”,
Moreover, since the magnitudes of tRESM-CSM rates are  in the sense that one can observe only a (weighted) average
larger in the sample with 10 mM Caglthis reveals the  shift, as occurs at temperatures above coalescence. With the
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populationsp, andpy, the contributionRe to the transverse
relaxation rateR,(*°N) in a multiple-echo CarrPurcell-
Meiboom-Gill (36, 37) experiment is 8)

_ PP ADN - 2 tanhkexr)]

Rex ®3)

Kex 2rkey

whereke is the exchange rate constafityy is the difference
between thé®N resonance frequencies in the two exchanging
conformations, and 2is the time interval between two
consecutive 180refocusing pulses applied to tH& nuclei

in the CPMG sequence. Alternatively, the contribution
RCESM-CSM to multiple-quantum relaxation rates that arises
from chemical shift modulations in the fast exchange limit
is (39

2ppAoyAwc
Kex

M-CSM
RCSM-CSM _

(4)

Kateb et al.

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

Effect of NaCl ConcentratiorC&"-loaded HsCen2, via
its C-terminal domain, has a tendency to self-assemble. This
tendency decreases with increasing salt concentra8ign (
or in the presence of a tightly bound peptid®)( As stated
above, the NaCl concentration influences the equilibrium
between the dimeric and monomeric forms of the C-Hs€en2
P1-XPC complex in solution. The profiles AR relaxation
rates measured with (excess) 10 mM Ga&k very similar
for 100 or 200 mM NacCl, although the rates measured with
100 mM NaCl have a larger magnitude on averdgdr(=
—8.88 £+ 3.23 andlAR= —7.48 £ 2.99 at 100 and 200

Thus, for an exchange process with a given kinetic constantmM NaCl; see Figure 4). This difference can be partly
kex, the exchange contributions in eqs 3 and 4 are weightedascribed to different apparent correlation timeg 6f the

by different products of chemical shift differencésyn? and
AwnAwc, respectively. Therefore, in our case, observations
show that through the effects of the chemical shifts of two
distinct nuclei, multiple-quantum relaxation rat&$V-CsM)
appear to be much more sensitive tHéN SQC relaxation

C-HsCen2-P1-XPC complex for both NaCl concentrations,
most likely due to the presence of complex dimers at 100
mM NacCl (see above).

The difference between tH&SVM-CSM rates measured in
the 100 and 200 mM NaCl samples was generally small,

to the presence of slow backbone motions. This allowed usi.e., IRESM-CSM100] — RESM-CSM200]00= —0.77 s'%, with a

to detect exchange contributions in the backbone of the
C-HsCen2-P1-XPC complex.
We have shown recenthfi{) that binding of C-HsCen2

standard deviation of the difference being 1.43.dt is
important to note that for most residues, tRESM-CSM
contributions, which do not depend on the overall correlation

to the target peptide P1-XPC in the presence of 1 equivalenttime, remain unaffected by the NaCl concentration. Never-

of C&* considerably increases the structural stability of the

theless, comparison betweBf>™-CSMrates observed in both

protein, which adopts a more stable conformation under thesesamples reveals significant differences for no fewer than 10

conditions. This is in agreement with the sequence profile
of the generalized order paramefdetermined 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 myltiple-quantum relaxation rates pertain to
local structural fluctuations, rather than global structural
changes, and are clearly localized in the loop fragments
involved in C&" binding (Figure 1A-C). In addition, CaGl
titration of the C-HsCen2P1-XPC complex monitored by
15N HSQC spectra showed that withl equivalent of C#,
ion binding to the lower-affinity site Il appears to affect
the dynamic behavior of the complef4). Interestingly,
comparison of thdR°*SM-CSM rates obtained here with 1 and
10 mM CacC} (Figure 3) indicates a correlation between the
binding of the second metal ion and the modification of slow
motions of some residues in site lll. 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 G4 dependence strongly suggests that this
slow conformational exchange is related to the*'Caff-
rate from the low-affinity site. Indeed, from the binding
constant determined experimentally, which is on the order
of 10* M~! (13), and assuming a diffusion-controlled on-
rate (16 M~1s™1), one can calculate an off-rate on the order
of 10* s™1, which is within the range of time scales of the
motions observed here. A similar correlation betweefitfCa
binding and large-scale slow motions was observed in an
artificial CaM variant 40).

residues (L112, D116, E117, T118, G119, S122, L126, R128,
A130, and S158; see Figure 5). These residues are mainly
located in calcium binding site Il (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 CaC} concentration (Figure 1D).

Calcium affinity of the EF-hand domains is known to
depend on the nature and concentration of monovalent ions
in solution (L3, 41, 42). The observed changes RySV-CSM
rates, mainly localized in EF-hand site Ill, between samples
with 100 and 200 mM NaCl seem to indicate that the
exchange process is modified in site Il through a*Na
modulated alteration of Ga affinity. This conclusion is
supported by affinity measurements on the C-terminal
domain of centrin13). 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 1V, whose C&" 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 pH3®). Indeed, although oligomer formation
mainly involves the N-terminal domaiig, 15), C-HsCen2
dimers (12) were also observedl8), 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
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Ficure 5: Plot of the corrected chemical shift modulation rat@sS{'-CSM) measured in the C-HsCetP1-XPC complex in samples with
100 (®) and 200 mM NaCl ), both with (excess) 10 mM Cagl

(14) at a high ionic strength (200 mM NacCl) or in the L137,E148, R151, and G155. Thus, some discrepancies were
presence of target peptides. The biological significance of found between the dynamics identified &R or by
the propensity of HsCen2 to form oligomers remains unclear. RCSM-CSM rates for residues T118, E148, and R151, but their
However,in vivo, they are mostly bound to high-affinity ~ AR rates were nearly 1csaway from the average. Alterna-
targets, forming stable hetero-oligomeric structures, and tjyely, in the sample with (excess) 10 mM Ca@hd 200
homomolecular interactions between centrin domains within mpM NaCl, residues withAR rates that differ significantly
these complexes could play a role in structural or regulatory from (ARO(neglecting those located at the protein termini)
funcyong, as recently suggested in the spindle pole body are found to be E117, T118, G119, 1121, S122, L137,
dupllcatlon €3). M-CSM ) G155, and S158. Thus, discrepancies between conclusions
Comparison of R> Rates WithAR Measurements. g0 fromAR andRESM-CSM were found only for residues
Finally, it is interesting to investigate the possibility to extract D116, S122, and S158. If we exclude outliers, the average

information directly from “raw” AR measurements, rather and standard deviation of the difference of the ratesq

than “corrected’R°SM CSMrates. Note that, at higher fields, - h
both RESA-CSA and RESM-CSM terms are expected to increase - AR([CaCkI=10 mM) — AR([CaCl]=1 mM)] between
the two samples are as followSdAR= —0.96 s! andop

in proportion toBg?, while the perturbation due tB°P—bP ; . ’ -
does not depend on the static field. Thus, in the sample with = 2-18 S* (see Figure 2). Residues for which the addition
equimolar 1 mM CaGland 200 mM NaCl, some residues ©f C&" induces a significant differenc4R) are E117,
could be identified which exhibiAR rates that are signifi- ~ T118, G119, 1121, and E148. Thus, it is clear from the
cantly different from the average. As described above, comparison with the results presented above that analysis
discarding residues K96, M97, S98, K100, D101, and L171, of corrected exchange ratdR“¢M-S) affords a much finer
which are located in the N- and C-termini of the protein, we picture of the dynamics than a direct analysis of the feiv
found significantAR rates for T118, G119, 1121, N136, rates.
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Finally, AR measurements of samples with differept

Kateb et al.

Heteronuclear NOE experiments were performed using eight

values cannot be readily compared to retrieve information transients for eacti increment, 512 (complex) points in the
about the exchange contribution. This problem arises for the 'H dimension, and a recovery delay of 12 s, leading to a

C-HsCen2-P1-XPC complex which can be partially dimer-

total experimental time of-22 h. The multiple-quantum

ized depending on the NaCl concentration. Only after relaxation experiments were performed using the pulse

estimation ofRPP~PP and RESA~CSA can such a comparison
be made for the correcte@SV-CSM rates.

sequence given in ref7 (see Figure S2 of the Supporting
Information). A single refocusing pulse was used, and

coherences 2[C, and 2NC, were detected in an interleaved

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 coherencé®(C.N+) andRy(C.N.), respectively,
involving neighboring backbone carbon{aC' and amide
nitrogen®®N 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 C&" binding and may reflect the high dissociation
constant of the metal ion in binding loop Il 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

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. THq relaxation
rates were obtained from the ratN,C,[[2N,C,J= tanh-
(ART). All spectra were processed using NMRPipe/NM-
RDraw @6). 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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Order parameters (Figure S1) and the pulse sequence used

for the measurement of zero- and double-quantum coherence

Sample PreparatioriThe C-terminal domain (T94Y172)
of HsCen2 was expressed Escherichia coliand purified
as described previouslyL8, 16). Uniform *N labeling and

relaxation rates (Figure S2). This material is available free
of charge via the Internet at http://pubs.acs.org.
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