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Flexibility and Plasticity of Human Centrin 2 Binding to the Xeroderma
Pigmentosum Group C Protein (XPC) from Nuclear Excision Ré&pair
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ABSTRACT. Human centrin 2 is a component of the nucleotide excision repair system, as a subunit of the
heterotrimer including xeroderma pigmentosum group C protein (XPC) and hHR23B. The C-terminal
domain of centrin (C-HsCen2) binds strongly a peptide from the XPC protein (P1-XRG:—Rbs3).

Here, we characterize the solution®Calependent structural and molecular features of the C-HsCen2 in
complex with P1-XPC, mainly using NMR spectroscopy and molecular modeling. The N-terminal half
of the peptide, organized as arhelix is anchored into a deep hydrophobic cavity of the protein, because
of three bulky hydrophobic residues in position4—8 and electrostatic contacts with the centrin helix

E. Investigation of the whole centrin interactions shows that the N-terminal domain of the protein is not
involved in the complex formation and is structurally independent from the peptide-bound C-terminal
domain. The complex may exist in three different binding conformations corresponding to zero, one, and
two C&"-bound states, which may exchange with various rates and have distinct structural stability. The
various features of the intermolecular interaction presented here constitute a centrin-specific mode for the
target binding.

Centrins are small Ca-binding proteins of the calmodulin ~ (SPB) in yeast. MTOCs have a major role in nucleating and
(CaM)t superfamily, highly conserved in the eukaryote cells orienting the microtubule network, in particular during the
from yeast to humans. There are three human centrinformation of the mitotic spindle. It was shown that the
isoforms (HsCentHsCen3), each having four potential duplication and segregation of centrosomes (or SPB) are
Ca*-binding sites but different physicochemical and binding critically dependent upon centrins in yeass, (@lgae 7),
properties {—3). Centrins were initially identified in the  and human cellsg). Elucidation of the detailed mechanism
unicellular green algae, such @straselmis striatg4) and of this function is only at the beginning, but accumulating
Chlamydomonas reinhardti{5), as major components of evidence shows that the centrosomal role requires interactions
several types of Ca-sensitive contractile fibers, including  with other protein targets9( 10). One of the first centrin/
the nuclear-basal body connectors and the distal striatedtarget interactions was described in the yeast SPB, where
fibers. Later, homologous proteins were observed in the Cdc31p (theéSaccharomyces cerisiae centrin) can bind to
microtubule-organizing centers (MTOCs), named cen- a nuclear membrane protein of the half bridge, named Karlp,
trosomes in higher organisms and the spindle pole bodywith a dissociation constant of 60 nM1). Another centrin
target, named Sfil, including a series of conserved repetitive
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the heterodimer XPC/hHR23R.§), and another one in the
MRNA export process, probably involving two partner
proteins, Sac3 and Susl7. Other possible functions were

also suggested in the regulation of the G-protein transducin

(Gy) in mammalian photoreceptor cellsg) or in the activity
of the paramecium ciliary reversal-coupled voltage-gated
C&" channels 19).

Understanding of the centrin various cell functions,
including target specificity, Ca dependence, and interaction

mode requires a detailed molecular and structural charac-

terization of the protein in isolation and in physiologically

relevant complexes. The structure determination of isolated

centrins is hampered by its high structural flexibility and the
tendency to self-associate(d). Using protein constructs cov-

ering separated domains of HsCen2, we were able to deter

mine the solution structure of the N-terminal doma2i)(
and of a C-terminal construct including the D helix, which
normally belongs to the N-terminal lob2)(In this last struc-
ture, the C&"-bound C-terminal domain assumes an open
tertiary conformation, which binds the D helix in a mode
evoking the interaction of CaM with target peptidest)
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Ficure 1. Sequences and motifs of CaM and centrin-binding

peptides. Green residues indicate the bulky hydrophobic side chains

anchoring the peptide into the hydrophobic pocket of the protein.
They define the common patterns for the CaM (top) or centrin
(bottom) targets. The peptide fragments forming a persistent
structure in the complex are underlined. Blue (basic) and red (acidic)
residues are involved in electrostatic interactions with the protein.
Residues shown in gray represent portions of the target sequences

that were not used in the structural or binding studies. Note that

NER is a major pathway for recognition and removal of the sequence of the repeat in hSfil (residues-11121) is reversed.

bulky DNA single-strand lesions such as the UV-induced
photoproducts or carcinogenic adducts. Its dysfunction

produces severe disorders in humans, including xeroderma
pigmentosum, a hereditary disease characterized by a high

photosensitivity and a 10 000-fold increase of sunlight-

References on the CaM target peptides are rCab KB5), CaMKI
(56), CaMKlla. (35), C&" pump @6), smMLCK (R20), 84), and
skMLCK (M13) (33).

Here, we present the NMR solution structure of the 1:1
complex formed by Ca-saturated C-HsCen2 and the peptide

induced skin cancers. One of the molecular componentSpq _wpc. The N-terminal half of the peptide lies on the

involved in several pathologic forms is the xeroderma

pigmentosum group C protein (XPC) complex, a heterodimer
composed of XPC and hHR23B, the human homologue of

exposed deep hydrophobic cleft formed by the two open EF-
hands of centrin and shows hydrophobic and electrostatic
contacts with the side chains of the protein. NMR and MD

yeast Rad23B. The available experimental data Suggesrsimulations, applied to the peptide binding by the?Ga

strongly that the XPC complex plays a key role in the initial
phase of the Global Genome NER, consisting in the
recognition of the damaged DNA and recruiting of other
components of the repair pathwag2( 23). The first
indication on a possible role of centrins in the NER process
was obtained from biochemical experimenis)( demon-
strating that HsCen2 co-purifies with the complex XPC/
hHR23B from HelLa nuclear extracts. Together with hLHR23B,
centrin seems to stabilize XPC through a direct physical
interaction (6). Moreover, the interaction between HsCen2
and XPC plays a direct stimulatory role in the NER process,
by enhancing the damage-specific DNA binding of the
heterotrimer (HsCen2/XPC/hHR23B24). Recent studies
using anArabidopsisvariant 5), confirmed and extended
the hypothesis of the centrin functional role in the repair

saturated whole protein, suggest that the N-terminal half of
the protein has a large structural independence and plays no
role in the interaction with P1-XPC. The present results
constitute the first atomic structure of a biologically relevant
complex of human centrins and provide a useful molecular
and energetic basis for the understanding of the first steps
of the repair function.

MATERIALS AND METHODS

Protein Expression and PurificationThe recombinant
integral protein and its C-terminal domaing{FY 17, were
overexpressed ifEscherichia colias described previously
(1, 2). Purification used three chromatographic steps, includ-
ing DEAE-TSK, phenyl-TSK, and G25 column21). Uni-

process, by showing that a low expression of the plant centrinform **N and**N/**C labeling were obtained using a mini-

is associated to a decreased NER activity, which in turn
enhanced the homologous recombination.

Starting from the hypothesis of a direct physical interaction
between HsCen2 and XPC, we identified a high-affinity
centrin-binding site in the C-terminal part of XPC and

mal medium culture (M9) containintfNH,CI and**C-glu-

cose as the sole source of nitrogen and carbon, respec-
tively. The induction step (with 0.1 mM IPTG) was pro-
longed to 18 h in this case. The P1-XPC peptide with the
sequence NWKLLAKGLLIRERLKR, derived from the

characterized the interaction between a 17-residue peptidehuman XPC protein (M—Rss)), was purchased from

(P1-XPC: Na7—Rssg), representing this site, and HsCen2
(26) (Figure 1). The binding has an affinity of 2.2 10°
M~ in the presence of Ca, which is moderately decreased
in the absence of the divalent cation (by a factor of 27) and
essentially contributed by the C-terminal half of the centrin
(C-HsCen2). The localization of the centrin-binding site was
recently confirmed by using various human XPC constructs
and binding assay4).

Biofidal (Vaulx-en-Velin, France). The high-pressure liquid

chromatography analysis indicated a purity greater than 95%.
C-HsCen2 Phosphorylatiomhe C-terminal domain (10

mg) was phosphorylated vitro, using 4uL of protein kinase

A (5 megaunits/mg), 200L of ATP (2 mM), and 1QuL of

NaN; (0.2%) in 50 mM Tris-HCI and 10 mM MgGlI(pH

7.5) at 30°C. Evolution of the phosphorylation was followed

by chromatography on CM-Trisacryl and SBBAGE (see
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Figure S1 in the Supporting Information). After 76 h, analysis Tapje 1: Restraint and Structural Statistics for the 20 Best Solution
by mass spectrometry indicated that 95% of the protein was structures of the C-HsCen2/P1-XPC Complex

modified, and the samples were only desalted through a G25

restraint statistics

gel filtration. intramolecular NOE restraints 1382

C&* Titration. The protein samples, lyophilized after intraresidue 556  40%
an extensive dialysis against ammonium bicarbonate buf- sequential o 303 2§%
fer, usually contain 810% (mol/mol) C&" contaminant. Irgﬁg';’arﬂég%gf J(\ZJIS)_” <5 ggi i%oﬁ
C-HsCen2 was dissolved in a Trig:d20 mM) buffer at hydrogen-bond restraints 84
pH 6.7, containing 200 mM NacCl, and the Tdoad was dihedral-angle restraint$(¥) 121
checked using 1D and heteronuclear single-quantum coher- intermolecular NOE restraints 73
ence (HSQC) spectra, while adding an increasing amount a"sir;%fi g#ybeirs(i:ljgtsﬁ:% ‘Q%‘t'ons none
of buffered EDTA. At 6 mM EDTA, the fraction of the dihedral aﬁgb restraint violations L0°) none

metal-bound protein is negligible (see Figure S2 in the  rmsd for covalent bonds relative to standard (&) 0.024
Supporting Information). The peptide P1-XPC was added  rmsd for COV%!ent angles relative to standard (deg) 2.7
to this apo form, and Ca titration of the complex was  @verage rmsd (A) from the average structure

: - ; helices E, F, G, H heet 0.35
performed by adding small aliquots of a stock solution of h;:gg: EFGH Zﬂg §h§et, peptide W2L9:  0.38
CaCk (0.35 M). all atoms _ 3.33

NMR SpectroscopyNMR samples at the 0-61.2 mM all atoms, only residues 16067 and 1.41
concentration (pH 6.7) were obtained by dissolving the peptide W2-19
- . L. ensemble Ramachandran plot
lyophilized protein in a buffer containing 20 mM deuterated ™ egjqyes in the most-favored region (%) 81.4
Tris/DCI, 100-200 mM NacCl, and 510 mM CaC}, in 93% residues in additional allowed regions (%) 14.0
H,0/7% 2H,0 or in 100%2H,0. The unlabeled P1-XPC residues in generously allowed regions (%) 3.3
residues in disallowed regions (%) 1.3

peptide was added in a slight molar excess. Two-dimensional
homonuclear, as well as double- and triple-resonance (HSQC, ?Backbone atoms (N, 'Cand G).

NOESY—-HSQC, TOCSY-HSQC, HNCA and HN(CO)CA,

and HCCH-TOCSY) NMR experiments 27, 28) were identification, and 121 dihedral restraints resulted from the
performed on Varian Unity-500 NMR and Bruker Avance- secondary-structure determination. The calculation of the
800 spectrometers at 308 K. Proton chemical shifts in parts structures was done using the Discover software and the cvff
per million (ppm) were referenced relative to internal DSS, force field (Accelrys, San Diego, CA) running on a SGI
while N and*C references were set indirectly relative to workstation. Starting from an initial extended conformation,
DSS using frequency ratio29). The NMR data were 200 structures were generated using a simulated annealing
processed and analyzed using Felix software (Accelrys, Sanapproach, including a 30 ps high-temperature phase (at 1000
Diego, CA), running on Silicon Graphics Indigo worksta- K), followed by a cooling phase (down to 300 K) of 8 ps,
tions. For the 305N TOCSY—HSQC and NOESY-HSQC and final energy minimizations. A force constant of 20 kcal
spectra, the data were extended by linear prediction in themol~* A-2 was used for NOE distance restrairdsand ¥
indirect dimensions, zero-filled, and multiplied by sine-bell dihedral angle restraints were applied with a force constant
functions shifted byr/4 before Fourier transformation. The of 30 kcal mol* deg 2. The quality of the 20 final structures,
(*H and*®N) three-dimensional spectra were acquired with selected according to the potential energy and the compat-

7000 and 1500 Hz spectral width féf and**N dimensions, ibility with experimental restraints, was analyzed using
respectively. A total of 128 complex points in the Insightll and PROCHECKNMR programs.

dimension tH), 32 complex points in the (**N) dimension, Molecular Dynamics (MD) Simulations of the Complex
and 2048 complex points in the acquisitigimension were  Formed by the Integral ProteinA model of the complex
collected. formed by the integral protein with P1-XPC was built

Structure CalculationThe NOE restraints were classified using the coordinates of the €afree N-terminal domain
in three classes: strong (8.0 A), medium (3.6-3.8 A), (21) and of the C&"-bound C-terminal domain in complex
and weak (3.85.0 A). Moreover, the NOE restraints in  with P1-XPC (this paper). The D and E helices, considered
secondary-structure elements were imposed to fall into theto be collinear (an extended model), were linked by the
standard ranges for helical segments {3337 A for don(i,i flexible fragment S98K100. We started with four conform-
+ 1), 4.2-4.6 A for don(i,i + 2), 4.0-4.4 A for dyn(i,i + ers in which the phase between the N- and C-terminal
2), and 2.6-3.0 A for dun(i,i + 1)] and for thep-strand domains were fixed at®Q 9¢°, 18C°, and 270 (the phase is
structures [2.62.4 A for dun(ii + 1)]. A number of the dihedral angle between the normals from the mass center
hydrogen bonds involved in the secondary-structural re- of each domain to the connecting helix direction as in Figure
gions were also included as distance restraints by using andA). The energy was minimized first by fixing the backbone
upper and lower distance of 2.2 and 1.8 A for the ®l pairs and relaxing the side chains and then by relaxing the whole
and 3.3 and 2.7 A for the NO pairs. Fora helices angs system. These relaxations were made by minimizing the
strands, the dihedral angle valuesinf = —60 (+30°), Wy energy under harmonic constraints (not to confound with
= —30 #40°), andds = —130 (*30°), andWs = 145 NOE restraints) to keep the structure close to its original
(+£35°) were used. The structure determination was per- conformation, with a decreasing force constant every 100
formed using 1382 NOE intraprotein restraints (556 intraresi- steps, from 100, to 50, 25, 10, and 5 kcal moR—2 and
due, 303 sequential, 292 medium range, and 231 long rangeinally 2000 steps without constraints. The obtained structures
and 73 intermolecular distance restraints (Table 1). Ad- were then submitted to MD simulations at 300 K in the
ditional 84 restraints were derived from hydrogen-bond vacuum using the CHARMM progran3Q) and the explicit
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hydrogen CHARMMZ22 force field 31). The protocol A
consisted of 6 ps of heating phase and 50 ps of equilibration ;

phase under a total of 2620 distance (NOE) restraints,
collected from the spectra of the integral protein/peptide
complex, followed by 10 ps without restraints. A total of 20
trajectories were calculated starting from each of the four
minimized structures, differing only by the assignment of
their initial velocities. The Shake algorithm was used to
maintain the bonds that involve a hydrogen atom, and the
time step was 1 fs. The switch function was applied to the
nonbonded interactions between 11 and 15 A, and the
dielectric constant was equal to, vith r being the distance
between atoms.

Isothermal Titration Calorimetry (ITC)Thermodynamic
parameters of molecular interactions between centrin and
target peptides at 30C were investigated by ITC using a
MicroCal MCS instrument (MicroCal, Inc., Northampton, -,
MA). The proteins and peptides were equilibrated in the same N
buffer containing 50 mM MOPS at pH 7.4, 100 mM NacCl,
and C&" (1 mM). The protein (2QuM) in the 1.337 mL
calorimeter cell was titrated by the peptide (generally 10
times more concentrated) by about 30 successive automatic
injections of 7~10uL each. The first injection of ZL was
ignored in the final data analysis. Integration of the peaks
corresponding to each injection and correction for the
baseline were done using Origin-based software provided -
by the manufacturer. Fitting of the data to various interaction
models gives the stoichiometryn)( equilibrium binding
constantK,), and enthalpy of the complex formatioAK).
Usually, control experiments, consisting of injecting peptide
solutions into the buffer, were performed to evaluate the heat
of dilution.

RESULTS

Structural Description of the C-HsCen2/P1-XPC Complex.
The binding affinity of P1-XPC to HsCen2 was shown to
be essentially due to the C-terminal domain of the protein Figyre 2: Structure of the complex formed by C-HsCen2 with
and to increase moderately with the?CaoncentrationZ6). the peptide P1-XPC in the presence of saturating® €ancentra-
Therefore, we determined the structure of the C-HsCen2/tions. (A) Stereo representation of the superposition of the 20 best
P1-XPC complex under saturating®aoncentrations, using structures calculated by MD under NMR experimental restraints.

The protein is colored in green, and the peptide is colored in
NMR spectroscopy and MD methods. The small root-mean- magenta. The hydrophobic side chains of W2, L5, and L9 from

square fjeVifitiOU (rmsd) values .an(.:i the absence of any larg@he "peptide are shown in brown. The electrostatic interaction
constraint violations (Table 1) indicate a good quality for between the peptide R12 (blue) and centrin E105 (red) residues
the final 20 structures. Analysis of the calculated structures results in the restricted conformational space explored by these

by PROCHECK-NMR shows that more than 98% of the residues, despite their exposure to the solvent. (B) Structure of the

- L . complex, represented with MOLSCRIP%7) and Raster3D58).
bac_kbone dihedral angles are distributed in the allowed 11 two EF-hands are colored in green and blue, while the pep-
regions of the Ramchandran plot. A stereoview of the 20 tide is red. The Trp residue of P1-XPC is the single side chain

best structures of the complex, superimposed on the backbonghown in this panel as a ball-and-stick model. The black arrow
protein secondary structure elements, is represented in Figur%“odr'rﬁtee:rg:ﬁegigt[smi?;th: %322% gésrﬁlﬁgimﬁﬂtc'g&he(g\e/gﬁm
2A.The flgure shows that C-HsCenz in the complex adopts der \F/)Vaals surface of C-HgC%nZ in comp?ex with P1-XPC. Blue
the classical structure of a €asaturated EF-hand do-  4ng red colors correspond to positively and negatively charged
main, with the two EF-hand motifs packed together through side chains, respectively. The ribbon representation of the pep-
an antiparalles strand. Local structural disorders, because tide backbone and the side chains are shown in magenta, ex-
of a lower (or the absence of) experimental restraint, may g‘fgrt] fgr :ZZ'd:(iisvglz ﬁ:‘g cI:Ehl:f 2’(5“%2‘ dgrecr?;)ilr(l)sregf”;hceyanro?giﬂ
be noted in the N-terminal (.949.9) and' the C-terminal contr%]buting F;o the >t/electrostaticginteraction with the targgt are
(168-172) ends of the domain, in the linker between the jngicated by arrows. In the three panels, the molecular complex
two EF-hand motifs, and in the four C-terminal residues of has similar orientations. (D) Stereoview of the complex with the
the peptide, while the. helices (E, K1068-F113; F, F123 main anchoring side chains of the peptide (red) and the principal
E132; G, D139-A149; H, E159-K167) and thes strands protein residues involved in the interaction (blue). The backbone

. of the peptide (magenta) and the protein (gray) are shown in a
(p3, K120-S122;54, E156-S158) are almost equally well- ribbon representation. The position of the?Cimns (yellow spheres)

defined. The third C&-binding loop shows a less defined g approximately indicated, in analogy with the X-ray CaM structure
structure than the fourth loop, probably because of its (PDB 3cin).
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HsCen2:Ca™

Table 2: Thermodynamic Parameters of Various Peptides Binding apo—HsCe[]2
to HsCenz2 in the Presence of Ta A } i R

B

Ka AH
(xerror) AG (+error)  TAS
(20" (kcal/ (kcal/ (kcall .
protein ligand M~ mol) mol) mol) . ®
HsCen2 P1-XPC 22(4) —116 —27.2(0.2) —15.6
C-HsCen2-Ph P1-XPC 7.1(0.3) —10.9 —29.0 (0.4) —18.1 ’

HsCen2 P1-XPC(W2A) NB
HsCen2 P1-XPC(K3E) 9.2(0.3)-11.0 —30.2(0.2) —19.2

2 Phosphorylated C-HsCen2NB = no binding observed in the
present conditions<{10* M~1).

1SN Cpam)
£
IEN {ppm?

!

126.0 #22.0 118.¢ 5.0 [10.0
P20 220 118.0 11O (0.0

g6 100 9.2 B4 7.6 6.8 9.8 10.0  ®.2 6.4 7.6 6.8
IH (pom) H tppn)

significantly lower affinity for C&* (1, 2). The two EF-hands HsCen2:Ca”":P1-XPC
adopt an open conformation with the twohelices in an C R
almost perpendicular arrangement (Figure 2B), creating a ¢
deep hydrophobic cavity, bordered mostly by negatively
charged side chains (Figure 2C). The mean interhelical angles R
in the two EF-hand motifs, calculated with the Interhlx
software (K. Yap, University of Toronto) are EAF 112
and G/H= 103, in the range of values observed for the
majority of the regulatory EF-hand domains and particularly
close to the solution structure of €abound CaM 82). .o
These values are significantly different from those determined W5 W 3z &7 TE s
for the N-terminal domain of HsCen2 (151141°), which e ,
Ficure 3: HSQC spectra ofN uniformly labeled centrin. (A)

doe_s . not bind calcium in _phySIOIoglcaI conditions and HsCenz2 in the absence of €aand peptide, (B) in the presence of
exhibits a closed conformatio). . 1 equiv of C&" but no peptide, and (C) in complex with an
The peptide, which is highly disordered in the absence of equimolar concentration of €aand P1-XPC. The protein is 1.5
the protein 26), folds into ano helix, spanning the fragment  mM in Tris di; buffer at pH 6.7, and the spectra were recorded at
NI_L3. The ilcl porton i deeply embeded n thelage 235 The 15 peeke U 5,00 © shisset e host it
_hydrophoblc pocket of C-Hs(_:enZ and Sh‘?""s many Con_taCtslines connect prgton resonances of Ndtoups. ’
involving bulky hydrophobic side chains (Figure 2D), mainly
W2, L5, and L9, which define the pattera-4—8 (numbering The Centrin N-Terminal Domain Is Not Critically 4olved
from W2 that can be noted ¥Wsee Figure 1). W2 of the in XPC Binding. As mentioned above, one of the main
peptide appears to be the most deeply buried in the centrin-specific binding features is related to the dominant
hydrophobic pocket and shows the largest number of role played by the C-terminal domain of HsCen2. To check
intermolecular NOE interactions. To assess the importancea possible role of the N-terminal domain, we analyzed the
of this residue for the binding, we synthesized a mutant NMR spectra of the P1-XPC in complex with the integral
peptide (W2A) and measured its affinity by ITC. The binding centrin. In the peptide-free apoprotein (Figure 3A), the
to HsCen2 or C-HsCen2 was undetectabld @ M) in C-terminal half adopts a highly fluctuating molten-globule
the same experimental conditions used for the wild type state, with a limited proton chemical-shift dispersion, while
(Table 2), for which the binding constant is 22108 M1 the N-terminal half shows largely shifted and narrow peaks,
(26). This result points to the critical role of the W2 residue indicating a unique and regular fold. Moreover, a detailed
and suggests an efficient way to block the HsCen2/XPC analysis of the NMR spectra reveals a high similarity between
interaction in the cell context. A parallel experiment, using the spectral features of the N-terminal domain alone or as a
the peptide variant K3E (Table 2), showed a conserved part of the integral protein, strongly suggesting that the
binding affinity (Ko = 9.2 x 10" M%), demonstrating that  structure of the domain is essentially conserved).(
the positive charge on the peptide N side has no significant Therefore, linking the two halves of the protein together

154 (ppa)

26,0 122.0 1/5.0 1140 110.0

impact on the interaction energetics. maintains the conformational features of the folding units,
The last 5 C-terminal residues in C-HsCen2, including a consistent with a high structural autonomy.
biologically relevant phosphorylation site (S17@g), are In the presence of 1 equiv of &awhere the fourth metal-

very flexible and show no unique structure (Figure 2A). To binding site should be saturated),(the HSQC spectrum
assay a possible role of the phosphoryl group in the XPC shows a severe line broadening (Figure 3B) that concerns
binding, we phosphorylated in vitro C-HsCen2 (using protein the majority of the cross-peaks from both domains. This
kinase A) and analyzed its molecular properties. Far-UV CD observation reflects the presence of large centrin self-
spectra of this modified domain showed no significant assemblies20) and illustrates the experimental difficulties
changes in the secondary-structure content relative to thefor the NMR investigation of the metal-bound states. The
wild-type form, both in the presence and absence ¢f"fCa addition of the peptide dissociates the large centrin ag-
ions (see Figure S1 in the Supporting Information). Also, gregates, resulting in a more dispersed and better resolved
ITC experiments demonstrated that S170 phosphorylationspectrum (Figure 3C). The increased spectral dispersion
does not change the affinity for P1-XPC (Table 2). These originates from the large shift of the C-terminal resonances,
data suggest strongly that the phosphorylation of this site is because the signals corresponding to the N-terminal domain
not critical for the centrin interaction with XPC. (red peaks in Figure 3C) show no significant perturbation.
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Analysis of the NMR spectra of the €asaturated protein/ A B
peptide complex indicates that the N-terminal domain of

human centrin 2 (N-HsCen2) conserves the three-dimensional
structure determined in the isolated forgi) and shows no

contacts with the C-terminal domain or the peptide. In

absence of a hydrophobic pocket, the N-terminal domain may  D-helix
only interact with other partners through its exposed surface,
which includes a distinct hydrophobic patch surrounded by

E-helix
positive charges2l). It is worth noting that the linker 5
connecting the two domains of the protein in the HsCen2/ (4 g},‘}@
P1-XPC complex has a helical structure, with a disordered 1802 @m T

region of 3 residues between S98 and K100, a situation which
is different from the CaM/peptide complexes where the
disrupted helix spans overa1 residues33—36). However,
the flexibility of the central linker fragment denotes the C
presence of uncorrelated motions of the two lobes, resulting
in multiple conformations, similarly to the case of CaBP( =
3 gl
The Modeled Structure of the Integral Centrin in Complex 2 .
a

with the XPC PeptideTo check whether one or several "‘ff"' .
relative positions of the two domains are energetically .:.I L
favored, we undertook a MD exploration of the conforma- Sl TN

tional space spanned by the HsCen2/P1-XPC complex, using  *s—— :;-.
the experimental NMR distance restraints. In these calcula- Phase
tions, we are faced with the problem of the absence of fgure 4: Molecular flexibility of the complex HsCen2/P1-XPC.
experimental information permitting us to define the rela- (A) One of the four extended conformations of the HsCen2/P1-
tive position of the two centrin domains. For this reason, XPC complex of the integral protein used as initial structures for
four starting extended conformers were modeled from molecular modeling under NMR restraints. Calcium ions bound to

the C-terminal sites are represented as orange spheres. The figure
the structures of the C-HsCen2/P1-XPC complex and of shows the antiphase conformer (phas&8C’) in which the mass

N-HsCen2 £1), linked by an unconstrained linker of residues  centers of the two domains are on opposite sides of the central
S98-K100. In constructing the initial structure of the entire  connecting helix (made of D and E helices). The blue axes define
protein, the last helix of the N domain (helix D) was put the phases of the four starting conformers. (B) Best superposition

collinear to the first helix of the C domain (helix E), similar ©f the 80 final structures generated with the restrained MD
1o thei ition in CaM. The iunction betw th t calculations. The superposition was done using the heavy backbone
0 their posilion In L.al. 1he junction between these WO 5i5mg jn regular structure elements of the N-terminal domain. The

helices was constructed in four different ways by changing spheres represent the mass center position in the final structures
the relative position of the two domains: the N and C lobes obtained with in-phase (blue), anti-phase (green), and orthogonal
were either in phase, i.e., on the same face of the IongitudinalfzreOI 3”8 mé}?er;_ta) ?:]artijng confofrrt?erz._ © ??ﬁ;le lgetv\t/een helices
. ; ; and D, reflecting the degree of bending of the structure, versus
Z):S’Sm oppofSIte pfr:ase, or OrthOQOEaI to ea}ch lother (Flgdurethe phase betweeg the _twogdo_mains. Ang_l% 0 corresponds to a well-
). Starting from these structures, the MD simulations under gytended structure, while the isolated point at’ld&responds to
NMR distance restraints generated a family of 80 structures the most closed structure. The color code is the same as in B. (D)
of the complex, 20 for each initial conformation. The Two final structures superimposed on the N-terminal domain,
superposition of the final structures, using the helices of the Selected to illustrate the most extended (green) and the most bent
N domain, is shown in Figure 4B. While the structure of (Magenta) conformations of the complex.
each domain is well-conserved during the trajectories, there
is no preferred relative arrangement of the two halves of the

this conformation does not have the shape of the globular

protein, although some parts of the space seem to be rathepa'\l/ld/peﬁtide comglexes l??ﬁaLlj.Se tr&e N _docr:n?\i/ln :? HngnZ
prohibited. Indeed, we did not obtain any structure corre- could not open and engulf the ligand as in CaM (Figure 6).

sponding to the phase betweer? 3dd 65 as it can be seen One may ask whether there are conflicts between the NMR
in Figure 4C. This is due to the fact that, in such conforma- restraints and the CHARMM force field for some of the
tions, the charged residues of helix H (K167 and K168) complex conformations. For this purpose, 10 ps of free
would face the positively charged residues (K65 and K66) dynamics were performed, starting from each of the 80 final
of the EF-hand linker in the N domain. Moreover, the in- Structures obtained under restraints, solely to relax the system.
phase conformation of the protein (phase 0) appears to beThey S_hOWGd the same qualitative -features aS. deSCI’_ibed
incompatible with the collinearity of the D and E helices, above; i.e., the two halves of the protein adopt a wide variety
because of the attraction between the two domains in thisOf relative positions, going from the extended structures to
configuration. On the contrary, in the phase 27€he the closed ones. T_hls conformational space, explored by the
structures could span from very extended to completely HsCen2/P1-XPC is much larger than that explored by CaM
closed conformations (Figure 4D). In fact, only one globular in the study of Bertini et al. 37), because in the case of
conformation was observed in all calculations; it is energeti- centrin, the closed form of the N domain allows for more
cally as favorable as the others, with the same number ofaccessible space to the C domain.

restraint violations at 0.5 A (an average of 45, for a force  Ca?*-Dependent Interaction Modes between C-HsCen2
constant of only 10 kcal mot A~2). It is worth noting that and P1-XPC.As the centrin N-terminal domain is not
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FIGURE5: C&* dependence of the interaction properties eftsCen2 and P1-XPC. (A) Evolution of the spectral area including T118 and

G155 peaks during the €atitration, specified on the right side of the panel by thé @arotein ratio,R. (B) Distribution along the protein

sequence of the composite chemical-shift distance (calculatad a=s«/[:)(6H)2 + (0N/5)3), between the peaks corresponding to the zero

and one C#& -bound states of the complex. (C) Same values are represented on the ribbon structure of the complex, using blue and yellow
colors for chemical-shift differences higher or lower than 0.1 ppm, respectively. The protein backbone is shown in gray, and the peptide
is shown in red. (D) Thermal denaturation curves of C-HsCen2/P1-XPC complexes, obtained by monitoring the circular dichroism signal
at 222 nm between 5 and 98. Samples are 20M in Bis-Tris buffer (10 mM) at pH 7.2 and 25 mM NaCl. EDTA (5 mM) or CaQ2

mM) were used to ensure the apo- and metal-bound states, respectively. Black and red represent the native protein complex, while green
and blue represent the phosphorylated (at S170) protein complex.

significantly engaged in the XPC binding, we focused on binding constant both in the presence and absence of metal
the C-terminal domain to study the €adependence of the ions (2.2x 1 and 7 x 10° M1, respectively) 26). The
interaction. In the absence of €aand target peptide, considerable peptide-induced spectral changes should reflect
C-HsCen2 shows the properties of a molten-globule stateimportant structural rearrangements and a decreased flex-
(2) with proton resonances confined to a narrow spectral ibility, as indicated by the large negative entropic contribution
range between 7.4 and 8.7 ppm (see Figure S2 in theto the binding energy2).

Supporting Information). The addition of a slight excess of The C&" titration of the protein/peptide complex is
P1-XPC to the apo ¥N)C-HsCen2 induces important illustrated in Figure 5A through a HSQC spectral region,
changes, resulting in a widely dispersed spectrum (a 3-fold including one representative peak from eaci'@zinding
larger proton spectral range) with sharp peaks, closely loop, T118 (site Ill) and G155 (site 1V). The substoichio-
resembling that of the C&-saturated protein/peptide com- metric ion concentration range is accompanied by a moderate
plex. This observation indicates that C-HsCen2 binds the chemical-shift change for about 25 amide peaks (including
peptide even in the absence of?Cions and forms a well-  T118 and G155) with no line broadening. This means that
structured complex, consistent with the high value of the the binding of the first metal ion to the high-affinity site



3660 Biochemistry, Vol. 45, No. 11, 2006 Yang et al.

(IV) induces a new conformational state, which is in very
slow exchange with the Cafree complex conformation.
Parts B and C of Figure 5 show the mixed chemical-shift
difference {H and ®°N) between the peaks of the two
conformations, mapped onto the sequence and the three-
dimensional structure. The spectral perturbations are mainly
localized on the two calcium-binding loops but are signifi-
cantly larger at the higher affinity site. They are also observed
on the neighboring helices, especially F and H, which are in
closer contact with the peptide. These observations suggest
that the first binding step rearrange the fourth binding loop
conformation but also affects the structure of the third site,
probably via the structural link constituted by the intermotif
EFS scaffold @8). Structural coupling of the binding sites
within EF-hand domains is often associated with a positive
cooperativity for ion binding, with free-energy coupling of
less than—2 kcal/mol @9). This feature was described for
CaM (40) and other members of the EF-hand superfamily,
such as calbindin i (41) andNereissarcoplasmic calcium-
binding protein 42). Lack of the intrinsic affinity value for

site I, precludes a similar analysis of ion-binding cooper- a o
Ficure 6: Comparison of the peptide-bound centrin and CaM

ativity in the HsCen2/P1-XPC complex. structures. The structure of CaM in complex with the smMLCK
In _the second tltratlo_n_ step, the metal ion binds with a peptide (F"DB lcdl) was determined by X-ray diffractioBd),

considerably lower affinity to the loop Ill. The spectral Hscen2/P1-XPC is represented by the most compact structure from

consequence consists of a gradual broadening of a fewthe 80 complex models generated with MD calculations under NMR

selected peaks in (or around) this binding loop (D116, T118, restraints. In the two complexes, shown in similar orientations, the

1121, and S122), while the chemical shift and line width of protein backbone and side chains are purple, the peptides are green,
’ L ' . .~ and the C&" ions are yellow.

the remaining peaks are conserved (Figure 5A). At a high

metal/protein ratioR = 16), the broadened peaks completely

disappear. These data are consistent with a progressivefnCrease in peptide binding@), we calculated\AG = —2.0

saturation of site Ill, which is in a fast-to-intermediate . "
exchange between bound and free states. According to thekcallmOI' As suggested by the analysis of thé Qitration

: ; : . of the protein/peptide complex, binding of the first metal
fgﬁg}'gﬁ;ﬁhg F;ergul(r)bcztl'.ogj ()trr:le Saldiigfrgqgfoémi% theion produces the main conformational change of the complex
tl)indin Ioog IISI with minlifnal cor)llse Ee\r/mes onSIthLé rsest of and therefore must play the main role in the enhancement
the rgtein%omain q of peptide affinity. From the energy-coupling relationship,

P . Co. . we may estimate that peptide binding produces an increase
. The main conformaﬂona! and dyr}am]c changes', reflected of the site IV affinity by more than an order of magnitude.
n s_lgnlflcant chemical-shift m_o_dlflcatlons and line NAr  The direct biological consequence of this observation is that,
rowing, take place at the transition from the apoprotein to

; in the cellular environment and in the presence of a strong
the C-HsCen2/P1-XPC complex. The effect .sz.tadd" target like XPC, the Ca affinity of the strong site in centrins
tion is essentially localized around the binding loops,

. X L is on the order of 19M %, comparable to that of CaMi().
suggesting that the metal ion produces minimal structural It is interesting to note that a longer construct of C-HsCen2
rearrangements of the apo complex that must be close to. '

the structure determined in this paper (Figure 2). In contrast in which the D helix is also added to the C-termlnal half
. . . : .~ and occupies roughly the place of the target peptide, also
C&" binding considerably increases the structural stability shows an 18-fold increased Eaaffinity (2)
of the complex, as reflected in the 2& shift of the mid- '
temperature of the thermal denaturation (Figure 5D). Stabi- bscusSION
lization of the metal-binding loops should decrease the
standard free energy of the native state and reduce the Specific Features of Centrin InteractioriBhe ensemble
amplitude of the conformational fluctuations, with minimal of the structural and molecular data obtained in this paper
changes in the global fold. Thus, the %Cditration experi- reveal an original interaction mode between HsCen2 and the
ments revealed three distinct interaction states (with O, 1, peptide derived from the protein XPC. In most of the CaM/
and 2 C&" bound) between C-HsCen2 and P1-XPC, peptide complexes studied thus f4@(45), the two lobes
characterized by different conformations and lifetimes (Fig- of the protein show multiple atomic contacts with the peptide,
ure 5A). This unusual plasticity and flexibility of centrins  which is engulfed in a hydrophobic channel formed by the
provide the molecular basis for a high versatility in the two open EF-hand domains (Figure 6). The complex has a
recognition of various targets and allow for a quick revers- stable globular shape, with the central linker region unwound
ibility of the signaling events. and bent by about 100elative to the extended conformation
The quantitative measure of theaffinity enhancement  observed in the C&/CaM crystal structure4®). Because
induced by the presence of the target peptide or of the of its incapacity to bind C4 ions, the N-terminal domain
increase in peptide binding in the presence of'Gans may of the human centrin 2 has a closed conformation and shows
be expressed as the free-energy coupliys between the no significant interaction with the target peptide (Figure 6).

two interaction processesA3). From the C&'-induced
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As in the solution structure of peptide-free CaBR(37), (34). In contrast, the positively charged K108 corresponds
the two lobes of the HsCen2/P1-XPC complex exhibit a to a Glu side chain in CaM (E87), where it interacts with
stable conformation but their relative position is highly basic residues of the target pepti@8,(50). The electrostatic
variable. The modeling under NMR restraints suggests ainteractions involving the K108 side chain of centrins may
significant preference for elongated global shapes (Figure accommodate the presence of a negatively charged residue
4), but even in the most compact form, the protein/peptide in the C terminus of target peptides (Figure 1) and constitute
interactions involve only the C-terminal domain of centrin another specific feature of the centrin-binding selectivity.
(Figure 6). Thus, in the absence of an anchoring interaction within the
The structural characteristics of CaM/peptide complexes hydrophobic cavity from the N half of centrin, the target
revealed several interaction patterns based on the recognitiorpeptide adapts its structure and position to optimize the
of key hydrophobic residues along the peptide sequence,hydrophobic and electrostatic interactions with the C-terminal
which may be accompanied by electrostatic attraction residues.
between charged side chairs4). The majority of CaM- The functional relevance of electrostatic interactions in
binding peptides engage interactions with both CaM domains, centrins was first emphasized by the discovery o€a
with the N-terminal anchoring residue of the peptide (often reinhardtii phenotype (vfl2) 7), where theC. reinhardtii
a W) usually bound to the CaM C domain and another distant centrin (CrCen) mutation E101K (equivalent to E105K in
residue (in position 10, 14, or 16 relative to'YAbound to HsCen2) induces perturbations in the localization of the basal
the CaM N domain47). At the interface with the C-terminal  bodies and/or their segregation. In light of the present data,
domain of CaM, peptide bulky hydrophobic side chains in the molecular mechanism of this phenotype may be explained
position 1, 5, or 8 are the most important for binding. The by a decreased affinity for a specific molecular partner
results obtained in this paper suggest that a slightly different necessary for the assembly of filamentous structures in the
pattern, +4—8, may be characteristic for centrin-binding basal body. More recentlb{), the mutation E= G in the
peptides. Indeed, in position 4, one usually observes only equivalent position of the yeast Cdc31p was shown to give
shorter side chains in CaM-binding peptides (Figure 1), while a temperature-sensitive phenotype, considered to be due to
P1-XPC as well as Karl from the yeast SRB)(exhibit a alterations of distinct functions of the centrin.
bulky hydrophobic residue. Another centrin target Sfil)( Biological Implications Accumulating evidence shows that
shows multiple repeats with the same pattern, provided thatthe physical interaction between HsCen2 and XPC is relevant
the binding direction of the peptide is reversed (Figure 1). for the efficiency of DNA repair through nucleotide excision
The multiple interactions of the anchoring side chain in (16, 24, 25), particularly by increasing the DNA-binding
position 4 increase the binding energy of the centrin targets affinity and the discrimination capacity between nondamaged
and possibly compensate for the lack of additional interac- and damaged molecules in the first steps of the pro@8s (
tions with the N-terminal domain. Indeed, although contrib- The present data constitute a first insight into the structural
uted only by the C-terminal domain of centrin, the P1-XPC- and molecular mechanism of this centrin function.
binding free energy is comparable with that of the CaM/  The capacity of HsCen2 to bind strongly P1-XPC even in
peptide complexes26, 49), in which both protein halves  the absence of Ca means that in conditions of very low
participate in the complex formation. The deep embedding cell calcium concentrations centrin may be stably coupled
of the residues L5 and L9 in the centrin pocket may be to XPC, as a constitutive component of the damaged DNA-
rationalized by the presence in centrins of a highly conservedbinding complex. Although not involved directly in the
Ala residue (A130 in HsCen2) in place of a flexible but much interaction with the binding site studied here, the N-terminal
larger Met residue in CaM (M109), allowing for a larger domain of the XPC-bound centrin may engage in interactions
hydrophobic cavity. A comparison of the present complex with (and modulate the structure of) other regions of the
structure with available CaM complexes shows indeed that XPC/hHR23B complex. In contrast with other EF-hand
the P1-XPC is slightly axially shifted in the N-terminal domains, N-HsCen2 lost the metal-binding capacity and
direction (Figure 2B), permitting a deeper embedding of the keeps a closed fold in physiological conditions. However,
bulky peptide side chains in the available space. its uncommon basic character and the presence of several
In the peptide, the fragment situated right afterdheelix, hydrophobic patche() allow for interactions with nonpolar
including residues L10, 111, R12, and E13, shows an irregular or acidic sites in the heterotrimer.
but well-defined structure, as may be seen from the good At low cell C&" concentrations, binding of only one metal
superposition of its backbone in the structural ensembleion to the fourth site of centrin strengthens the preformed
(Figure 2A). Because no NOE interactions were observed complex and considerably limits its molecular flexibility, as
in the NMR spectra, the position of this fragment is probably reflected in the large increase of the thermal stability (Figure
defined by the electrostatic interactions between the pair of 5D). This dramatic change in the complex dynamics may
complementary charged side chains of the peptide/proteinmodulate the DNA binding by increasing the specificity for
residues (R12/E105 and E13/K108) allowed by the force field the damaged sequences. In this proposed mechanism, calcium
of the MD procedure. A closer inspection of the structural signaling triggers a reinforcement of the damage detection
ensemble of the complex shows that the side chains of theefficiency of the heterotrimer HsCen2/XPC/hHR23B, through
pair R12/E105 are in close contact and exhibit a better a dynamics-mediated process. Indeed, folding of some
superposition than the neighboring pair (E13/K108) (parts unstructured domains®) and a decrease of the internal
A and C of Figure 2). The charge interactions involving E105 flexibility of proteins 63) often accompany the sequence-
have a correspondence in many CaM (E84) complexes withspecific DNA binding. At higher ion concentrations, other
peptide targets, where they are thought to be particularly Ca* sensor proteins such as CaM become activated and may
important for maintaining the bend of the interdomain linker compete (with distinct affinity) for common molecular
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targets. The fact that HsCen2 requires only one bourid Ca 9.

for optimal target binding means that the NER centrin
function is activated at lower metal concentrations, before

the induction of many other CaM-signaling processes. 10.

The centrin target peptide (P1-XPC) is situated in the C
domain of XPC, which is also involved in the binding of
the transcription factor 1IH §4). The critical interaction
between XPC and TFIIH is necessary for the successful
continuation of the repair process. Experiments using re-
constituted functional complexe%g) showed that the NER
still works, albeit less efficiently, in the absence of HsCen2,
suggesting that TFIIH could bind independently to the
C-terminal domain of XPC. Proximity (or superposition) of
the binding sites for centrin and the transcription factor
renders improbable the simultaneous binding of the two

proteins to XPC, suggesting a possible sequential mechanism. 14.

Additional experiments, both on reconstituted and cell
systems, are necessary for an in-depth understanding of the ;5
physicochemical basis of the DNA damage recognition and
repair through nucleotide exchange.
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