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Centrins, members of the EF-hand superfamily, are acidic Ca2+

binding proteins closely related to calmodulin (CaM).
They are highly concentrated in microtubule organizing centers
(MTOC), which are called the centrosome in higher eukaryotes,
spindle pool body (SPB) in yeast, and basal bodies in green
algae.1 The centrins play a critical role in the cellular duplication
and segregation of the MTOC.2 In the green algae Chlamydo-
monas reinhardtii, the flagellar excision is mediated by contractile
fibers containing centrins, the contraction depending on the
intracellular Ca2+ concentration.3 Other cellular functions
have been recently reported for centrins. In the nucleus, they are
associated with the XPC/HR23B complex, initiating the nucleotide
excision DNA repair mechanism.4,5 In yeast, the centrins (Cdc31)
are part of the Sac3�Thp1�Sus1 complex, being involved in the
mRNA nuclear export;6,7 Cdc31 specifically interacts with Sac3
protein. Centrins are also related to the proteasome and implicated
in protein degradation.8How centrins could exert all these functions
remain to be unveiled later.

The yeast SPB, a multilayer arrangement anchored into the
nuclear envelope, attaches the half-bridge, a structure containing
the centrin that has an essential role in the SPB duplication.9�11

Temperature-sensitive mutants of Cdc31 affect the SPB duplica-
tion and arrest the cell cycle.12 However, the molecular basis of
centrin function in SPB or centrosomes is still unknown. Three
protein targets of the Cdc31, localized in the half-bridge, were
identified: Kar1,13,14 Mps3,15 and Sfi1.16 In vitro and in vivo
experiments provided evidence of the Cdc31 binding to the
segment 237�255 of Kar1, a segment localized in an essential

domain required for SPB duplication.13,14 Whereas Kar1 is
restricted to yeast, Sfi1 was identified in yeast SPB and human
centrosomes. Saccharomyces cerevisiae Sfi1 (ScSfi1) and human
Sfi1 (hSfi1) have 21 and 25 conserved repeats, respectively; each
one is able to bind a molecule of centrin, in a 1:1 ratio. Thus, a
single molecule of Sfi1 binds multiple molecules of centrins.16�18

The crystal structure of Saccharomyces cerevisiae centrins in
complex with two or three repeats of ScSfi1 shows Sfi1 as a long
R-helix with the centrins wrapped around.17 The centrins are
organized in two domains (N- and C-terminal), which are
connected by a linker, and each is composed of two EF-hand
motifs. The N-terminal Cdc31 domain is in a “closed” conforma-
tion (antiparallel EF-hand R-helices), whereas the C-terminal
domain is in an “open” conformation (perpendicular EF-hand
R-helices).17 The central linker is bent in Cdc31, favorable to bring
together the N-terminal Cdc31 and the N-terminal part of the
Sfi1 repeat. Cdc31 binds Sfi1 via a deep hydrophobic cavity of the
C-terminal domain, while its N-terminal has limited contacts
with the N-terminal part of the Sfi1 repeat. The adjacent centrins
have contacts: the C-terminal domain of one centrin interacts
with the N-terminal domain of the next centrin, which is rotated
by ∼65� along the Sfi1 helix as compared to the previous one.
Electron microscopy of Sfi1 (containing 15 repeats)/centrin
complexes has shown filaments whose length (59 nm) is not
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ABSTRACT: Cdc31, the Saccharomyces cerevisiae centrin, is an
EF-hand calcium-binding protein essential for the cell division
and mRNA nuclear export. We used biophysical techniques to
investigate its calcium, magnesium, and protein target binding
properties as well as their conformations in solution. We show
here that Cdc31 displays one Ca2+/Mg2+ mixed site in the
N-terminal domain and two low-affinity Ca2+ sites in the C-terminal domain. The affinity of Cdc31 for different natural target
peptides (fromKar1, Sfi1, Sac3) that we obtained by isothermal titration calorimetry shows weakly Ca2+, but alsoMg2+ dependence.
The characteristics of target surface binding were shown to be similar; we highlight that the 1�4 hydrophobic amino acid motif, in a
stable amphipathic R-helix, is critical for binding. Ca2+ and Mg2+ binding increase the R-helix content and stabilize the structure.
Analysis of small-angle X-ray scattering experiments revealed that N- and C-terminal domains are not individualized in apo-Cdc31;
in contrast, they are separated in theMg2+ state, creating a groove in themiddle of the molecule that is occupied by the target peptide
in the liganded form. Consequently, Mg2+ seems to have consequences on Cdc31’s function and could be important to stimulate
interactions in resting cells.
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influenced by the calcium concentration.17 Differentmodels have
been suggested for the structural organization of Sfi1/centrin
complexes into the MTOC. Longitudinal interactions between
centrins (along the Sfi1 helices)17 or lateral interactions
(perpendicular to the Sfi1 helices)18 have been proposed. How-
ever, the cellular effect of these interactions and the role of
calcium have not been demonstrated to date.

Other centrin targets (outside the MTOC) were identified,
such as XPC (Xeroderma pigmentosum group C) and Rad4
proteins, in human and yeast cells, respectively. These proteins
are involved in the nuclear excision repair (NER) mechanism.
XPC interacts with human centrin 2 (HsCen2)4 and hHR23
proteins. The yeast centrin is similarly present in the Rad4/
ScRad23 repair complex,8 and like in humans, Cdc31 interacts
exclusively with the Rad4 protein.

The binding sites in the centrin targets are generally segments
of ca. 20 amino acids, which adopt an amphipatipatic R-helix
upon centrin binding, placing a hydrophobic triad (1�4�8
motif) on one face. A 17-residue fragment N847�R863 of XPC
(P17-XPC) shows a high affinity for HsCen2, and the centrin
binding motif was identified as the hydrophobic triad
W848

1L
851

4L
855

8 (1�4�8 motif).19,20 The centrin binding mo-
tifs in Sfi1 are also of 1�4�8 type (based on the position of the
hydrophobic residues), but disposed in a reverse mode (8�4�1)
as compared to the centrin binding motif in XPC, by a reverse
orientation of the target R-helix. In the centrin binding motifs,
the first and fourth positions are always occupied by hydrophobic
residues, whereas the eighth position is less conserved
(hydrophobic, but also charged or polar residues).

Centrins (∼20 kDa) are EF-hand calcium binding proteins
and as other proteins from the CaM subfamily seem to act as a
Ca2+ sensor. In their Ca2+-loaded form their affinity for specific
targets is higher than in the apo-form,19,21 and this could
modulate their cellular activity.3 Currently, it is not clear if
centrins are normally associated with their targets inside the
cells or if their interactions are regulated by the intracellular Ca2+

concentration.
HsCen2, human centrin 3 (HsCen3), Chlamydomonas rein-

hardtii centrin (CrCen), and Scherfellia dubia centrin (SdCen),
which are the best-characterized centrin family members, show
very different Ca2+ binding properties. HsCen2 binds only one
Ca2+ per molecule with a significant affinity (KdCa = 30 μM),
through the EF-hand IV;22 Mg2+ does not influence Ca2+ binding.
HsCen3 binds one Ca2+ with high affinity (KdCa = 3 μM) and
two Ca2+ with low affinity and binding to the high affinity site is
strongly (KdMg = 11 μM) antagonized by Mg2+.21 CrCen binds
three Ca2+ per monomer; two with a high affinity (1�10 μM) in
the N-terminal domain, and one with a moderate affinity, in the
C-terminal domain, all the sites being Ca2+-specific.23 Like
CrCen, SdCen exhibits three physiologically significant Ca2+-
binding sites: two in the N-terminal domain and one in the
C-terminal domain.24

Cdc31 displays 63% sequence identity (75% similarity) with
HsCen3 (the closest homologue of Cdc31) (Figure 1A) and
likely shares many properties with the latter. It possesses four
EF-hands, whereas EF1 and EF4 display canonical sequences
close to those of CaM, EF2 at least should not bind Ca2+.
The capacity of EF3 motif to bind Ca2+ should be significantly
decreased: its loop sequence exhibits an Asn instead of Glu in
the �Z position, and in HsCen2 this substitution shows a 10
times lower binding affinity. The EF1 and EF4 have a Glu in
the�Z position, which is favored as compared to an Asp residue

in the EF hand functional motifs of EF hand proteins
(Figure 1B). Mutations in EF1 and EF4 of Cdc31 resulted in a
nonfunctional protein in vivo.25

Even though several studies of yeast centrin structure and
biological functions have been performed, there are still unan-
swered questions. Three-dimensional structures of Cdc31 in
complex with ScSfi117 or Sac326 fragments have been recently
reported, but its calcium, magnesium, and protein target binding
characteristics as well as the conformational exploration of
different Cdc31 states were not investigated. By using different
biophysical techniques, we focused on the structural, molecular,
and thermodynamic basis of the cellular role of Cdc31, which
belongs to the HsCen3 subfamily. We show here that Cdc31 has
one high affinity Ca2+/Mg2+mixed site in the N-terminal domain
and two lower affinity Ca2+ sites in the C-terminal domain. Ca2+

and Mg2+ binding induce conformational changes and a struc-
tural stabilization. Cdc31 interacts with high affinity (and a
weakly dependence on Mg2+ and Ca2+ concentration) with
different peptides from several natural targets (from Sfi1, Kar1,
and Sac3). The 1�4 hydrophobic residues of the R-helical
centrin binding motif of targets are critical for binding. Small-
angle X-ray scattering (SAXS) experiments provided the low-
resolution structure, in solution, of the apo-, Mg2+-, and
ScSfi1 peptide/Ca2+-Cdc31 forms. As compared with the apo-
form, the N- and C-terminal domains of Cdc31 are more
individualized after Mg2+ binding, which could be helpful for
target binding. Consequently, Mg2+ seems to have consequences
on Cdc31’s function and could stimulate in vivo interactions in
resting cells.

’MATERIALS AND METHODS

Biological Material. Cdc31 (18.7 kDa, 161 amino acids) was
overexpressed and purified as previously described for
HsCen2.18,27 The protein was pure as analyzed by SDS-PAGE.
In the present experiments we have used the wild-type protein and
a substituted variant (C158M) designed to avoid oxidation pro-
blems due to the Cys side chain. The peptides P19-ScKar1
(corresponding to the sequence K237�K255 of the yeast Kar1
protein) and P18-ScSac3 (corresponding to the sequence
K797�I814 of the yeast Sac3 protein) were purchased from
BIOFIDAL (Vaulx-en-Velin, France) and Hybio (Shenzhen Hy-
bio Engineering Co., Shenzhen, China). The peptides R18-ScSfi1,
R19-ScSfi1 (corresponding to the I680�R699 and E710�K729

sequences of the yeast Sfi1 protein), R17-hSfi1 (sequences
R641�T660 and S649�T660 of the human Sfi1), and P11-XPC
(sequence R843�K853 of the humanXPCprotein) were purchased
from GeneCust (Dudelange, Luxembourg). All the peptides were
acetylated at the N-terminal end and amidated at the C-terminal
end. Purity was greater than 95%, as assessed by high-pressure
liquid chromatography analysis.
Metal Removal and Cation Binding.Cdc31 was precipitated

with 3% trichloroacetic acid and passed through a 40 � 1 cm
Sephadex G-25 column, equilibrated in 50mMTris-HCl, pH 7.5,
150 mMKCl (buffer A). Typically, the contamination represents
less than 2% of the total binding capacity. Ca2+ and Mg2+

concentrations were determined with a Perkin-Elmer 2380
atomic absorption spectrophotometer. Flow dialysis on 40 μM
Cdc31 was carried out in the absence or in the presence of Mg2+

at 25 �C, in buffer A according to the modified method of
Colowick and Womack.28 The analysis of the raw data and the
evaluation of the binding parameters were done as previously
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described.29 The data were analyzed with the Adair equation for
three binding sites (see ref 21). The antagonism between Ca2+

and Mg2+ was tested with the competition equation for each site,
K0

Ca/K0
Ca.app = 1 +K0

Mg.comp(Mg2+), whereK0
Ca andK0

Ca.app are
the intrinsic Ca2+ binding constants for a given site in the absence
and the presence of Mg2+, respectively, and K0

Mg.comp is the
calculated Mg2+ binding constant for this site.
Direct Mg2+ binding was studied by equilibrium gel filtration

at room temperature as reviewed previously,29 in buffer A
containing 50 μM EGTA to complex contaminating Ca2+.
Fluorescence Spectroscopy. Tyr fluorescence spectra and

isotherms were measured at 20 �C using a Perkin-Elmer LS 50B
spectrofluorimeter. The protein concentration was 12 μM. Trp
fluorescence measurements were performed at 20 �C, using a
Jasco FP777 spectrofluorimeter. The wavelength for excitation
was 295 nm, and the fluorescence emission was monitored with a
band-pass of 5 nm between 305 and 400 nm. The solution of free
peptide gives a maximum of fluorescence emission at 350 nm.
The fluorescence emission of Trp of P18-ScSac3 was followed as
a function of the Cdc31 concentration. The binding of Cdc31 to
the peptide (2 μM) affects the fluorescence of the peptide,
and the maximum of fluorescence emission is blue-shifted
(to 330 nm). The fluorescence intensity at 330 nm as a function
of protein concentration was fitted to a one-site binding model

using Origin 7.0 software (OriginLab Corp.). The buffer con-
tained 50 mM Mops, pH 7.2, 100 mM NaCl, 2 mM CaCl2.
Interaction with Hydrophobic Probes. The hydrophobic

exposure of Cdc31 was followed by monitoring the fluorescence
of TNS as previously described.21 The fluorescence enhance-
ment of TNS by Cdc31 is about 5 times weaker than that of other
centrins. Therefore, the protein concentrations of 10 μM were
used in these experiments.
Circular Dichroism (CD). CD experiments have been per-

formed on a Jasco J-715 spectropolarimeter equipped with a
Peltier temperature control unit. Far-UV CD spectra were
recorded between 195 and 260 nm, at 20 �C, using 1 mm quartz
cells. The spectra were acquired as an average of five scans, with a
scan speed of 50 nm/min and a response time of 2 s. The
spectrum of the buffer was subtracted from the sample spectra.
The Cdc31 samples were at 13.5 μM in 10 mM Tris buffer, pH
7.0, 100 mM NaCl. The apo-form was obtained by the addition
of 2 mM EDTA. The Mg2+-Cdc31 and Ca2+-Cdc31 forms
contained 2 mM EGTA and 2 mM MgCl2 or 2 mM CaCl2,
respectively. Temperature denaturation (between 5 and 95 �C)
was followed recording the ellipticity at 222 nm, with a tempera-
ture increase rate of 1 �C/min. The thermal unfolding process
was almost reversible (∼95% of the CD signal was recovered
after thermal denaturation). Thermal denaturation profiles in

Figure 1. (A) The sequence alignment between different centrins was performed withMULTALIN.48 The sequence of Saccharomyces cerevisiae centrin
(ScCen) was aligned to the human centrins (HsCen1, HsCen2, HsCen3), Scherfellia dubia centrin (SdCen), Chlamydomonas reinhardtii centrin
(CrCen), and Mus musculus centrin 4 (MmCen4). The secondary structures derived from the crystal structure of Cdc31 in complex with the Sfi1
fragment (2GV5.pdb) are indicated on the top of the sequences. ESPript49 was used for the graphical representation. The identical residues over all
sequences are shown on a red background, and conservative residues are colored in red. The four EF-hand loopmotifs are indicated. (B) The ion binding
EF-hand loop motifs in Cdc31.
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Figure 4B were analyzed by a nonlinear least-squares fit assuming
a two-state model according to the equation

yðTÞ ¼ yn

+ snT +
exp½�ðΔHm=RÞð1=T� 1=TmÞ�ðA+ ðsd�snÞTÞ

1 + exp½ � ðΔHm=RÞð1=T � 1=TmÞ�
ð1Þ

where yn is the y intercept, sn is the initial slope, sd is the slope at
the end of the denaturation, A is the amplitude of the denatura-
tion transition, Tm is the midpoint of the thermal denaturation,
and R is the universal gas constant (kcal mol�1).
The far-UV CD spectra have been analyzed for the secondary

structure content by CDPRO software package.30 Different tools
have been developed to analyze the CD spectra and use different
secondary structure calculation algorithms. The CDSSTR anal-
ysis procedures were used to calculate the secondary structures of
the Cdc31 protein.
Isothermal Titration Calorimetry (ITC). ITC titrations were

performed on a VP-ITC calorimeter (GE, Healthcare). Prior to
the measurements all the solutions were degassed under vacuum
for the elimination of bubbles. The ITC measurements were
done at 30 �C, and solutions were prepared in the same buffer
containing 50 mMMops buffer, pH 7.4, 100 mM NaCl. For the
interaction between the protein and the peptides the buffer
solution contained 2mMCaCl2 or 2mMEDTA or 2mMEGTA
and 2 mMMgCl2. Cdc31 at 10�25 μM (in the calorimeter cell)
was titrated with the peptides (100�200 μM). The automatic
injections of 5�10 μL with 240 or 280 s intervals between each
injection have been used. The first injection (2 μL) was ignored
in the final data analysis. To correct for the heat effects of
dilution, control experiments were performed at the same
concentrations. Thermodynamic parameters, ΔH (enthalpy
change), n (stoichiometry), and Ka (equilibrium binding con-
stant) were obtained by nonlinear least-squares fitting of the
experimental data using the Origin software provided with the
instrument. The free energy of binding (ΔG) and entropy (ΔS)
were obtained using the classical thermodynamic formulas
ΔG = �RT ln Ka and ΔG = ΔH � TΔS, where R is the gas
constant and T is the absolute temperature in kelvin.
Small-Angle X-ray Scattering (SAXS) Experiments. SAXS

experiments were carried out on the SWING beamline at the
SOLEIL synchrotron radiation facility in France. The incident
beam energy was 12 keV, and the sample to detector (Aviex
CCD) was set to 1820 mm. The scattering vector range was 0.01
< q < 0.5 Å�1. A concentrated sample (6�22 mg/mL) was
injected into a size-exclusion column (SHODEX KW402.5)
using an Agilent high performance liquid chromatography sys-
tem and eluted directly into the SAXS flow-through capillary cell
at a flow rate of 150 μL min�1. Following the procedure
described by David and P�erez,31 SAXS data were collected online
throughout the whole elution time, with frame duration of 2 s and
a dead time between frames of 0.5 s. For each frame, the protein
concentration (about 1 or 2 mg/mL at the top of elution peak)
was estimated from UV absorption at 280 nm using a spectro-
meter located immediately upstream of the SAXS cell. Selected
identical frames corresponding to the main elution peak were
averaged. A large number of frames were collected during the first
minutes of the elution flow and averaged to account for buffer
scattering, which was subsequently subtracted from the averaged
protein signal. The scattered intensities were displayed on an
absolute scale using the scattering by water. Data analysis and ab

initio shape calculations were performed using the programs of
Svergun’s team (PRIMUS, GNOM, GASBOR, CRYSOL, DA-
MAVER, and CORAL).32 SAXS experiments were performed on
the apo-Cdc31 (10 mM EDTA), the Mg2+-Cdc31 form (10 mM
EGTA, 10 mM MgCl2), and the complex R18-ScSfi1/Cdc31
(1:1 ratio and 10 mM CaCl2). The buffer was 50 mM Mops,
200 mM NaCl, pH 7.1.

’RESULTS

Divalent Cation Binding Studies. Flow dialysis on apo-
Cdc31 in the absence of Mg2+ yielded a biphasic isotherm
(Figure 2A) with one site of very high affinity (KdCa of 0.3 μM)
and two sites of much lower affinity (KdCa of 28 and
41 μM). Table 1 shows the intrinsic association constants K0

n

extracted from the analysis of the ensemble of the binding data.
The Mg2+ effect on Ca2+ binding is clearly highlighted for the
high affinity site: at 5 mM Mg2+ the apparent KdCa for the high-
affinity site is 16 μM. Using the competition equation (see
Materials and Methods), one observes that Mg2+ directly com-
petes with Ca2+: the KMgcomp is around 90 μM. As in the case of
HsCen3,21 the high affinity site is of the Ca2+/Mg2+ mixed type.
The low affinity sites are much less affected by increasing Mg2+

concentrations until 5 mM. Using the competition equation, we

Figure 2. Binding of Ca2+ andMg2+ to Cdc31. (A) Direct Ca2+ binding
to recombinant Cdc31 wasmonitored by flow dialysis at 25 �C in 50mM
Tris/HCl (pH 7.5) and 150 mM KCl (buffer A). The protein concen-
tration is 25 μM. Binding in the absence (filled and empty cercles,
duplicated experiment) or presence of 0.2 (squares) and 5 mM Mg2+

(stars). The solid lines are the theoretical isotherms calculated with
the Adair equation for three sites with the intrinsic constants listed
in Table 1. (B) The Scatchard plot of the direct binding of Mg2+ to
Cdc31 monitored by equilibrium gel filtration in buffer A containing
30 μM EGTA.
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obtained for the low affinity sites a KdMg of around 3�4 mM, i.e.,
values also obtained in the case of CaM.33

DirectMg2+ binding was studied with equilibrium gel filtration
(in buffer A containing 50 μMEGTA). An isotherm without any
cooperativity has been obtained, with a KdMg value of 44 μM
(very similar to the value obtained using competition equation)
and a stoichiometry of 0.99 (Figure 2B). Sites of low affinity for
Mg2+ (Kd > 500 μM) cannot be detected by equilibrium gel
filtration.
Intrinsic fluorescent groups are often good markers of the

conformational states of a protein. Cdc31 possesses five Tyr
residues, all located in the N-terminal domain (Tyr 42 and Tyr 78
being in the EF1 and EF2 sites, respectively) (Figure 1A).
Consequently, Tyr fluorescence experiments give information
about the affinity and selectivity of sites located in the N-terminal
domain. The Tyr residues are conformation-sensitive since upon
denaturation with 4 M guanidine-HCl the fluorescence decreases
1.4-fold concomitant with a 3 nm blue shift of the maximal
fluorescence intensity. Upon binding of Ca2+ or Mg2+ (1 mM)
there is a 1.2-fold fluorescence increase and the spectra of the
Mg2+- andCa2+-loaded forms are indistinguishable (Figure 3A). The
simultaneous addition of the two cations does not increase the
effect, indicating that Ca2+ and Mg2+ compete with each other.
The Mg2+ titration curve in the presence of 50 μM EGTA to

neutralize contaminating Ca2+ is shown in Figure 3B. Although the
measurements were performed until a [Mg2+] concentration
(2.5 mM) lower than the Kd value of the low affinity sites
(3�4 mM), it clearly appears that the curve can be described by
a transition with a [Mg2+]0.5 of 66 μM close to the Kd value of the
Ca2+/Mg2+ high affinitymixed site.We can conclude that the Ca2+/
Mg2+ high affinity mixed site is located in the N-terminal domain.
Conformation Effects of Ca2, Mg2+, and Peptide Binding

on Cdc31. Far-UV CD spectroscopy has been used to follow the
secondary structure changes in Cdc31 after Mg2+, Ca2+, or
peptide R18-ScSfi1 binding (in the presence of CaCl2). The
apo-Cdc31 has a CD spectrum with a positive 196 band and two
negative 208 and 222 nm bands, which are characteristics for a
rich R-helix conformation (Figure 4A). The ion binding (Mg2+

or Ca2+) induces similar CD spectral changes (the 196, 208, and
222 nm bands have comparable increases): the stable R-helical
secondary structure of the protein increases from 38.5% R-
helices (in apo-Cdc31 state) to 44.6% and 44.5% R-helices in
the presence of Mg2+ and Ca2+, respectively. A small additional
increase of the R-helix content is observed when R18-ScSfi1
peptide is added at 1:1 ratio, in the Ca2+ saturated form. The
peptide alone, at the same concentration, has a CD spectrum
with negative peaks, at 199 and 222 nm, indicating a low
proportion of R-helix in equilibrium with a high proportion of
random coil (Figure 4A). The R-helical content for R18-ScSfi1/
Cdc31 complex (estimated by CDPRO software) is of 47.5%, in
agreement with theR-helical secondary structure observed in the

crystal structure of Cdc31/Sfi1 complexes.17 In these structures,
the Sfi1 peptide is completely folded into a R-helix.17 The small
increased R-helical content, in solution, for the complex, as
compared to the Ca2+ or Mg2+ forms, must be mostly due to
the partial R-helix folding of the peptide. The same behavior was
also observed in the NMR solution structure of C-HsCen2/R17-
hSfi1-20 complex, in which 10 from the 20 residues of R17-hSfi1-
20 peptide are organized into a R-helix.
CD thermal denaturation (between 5 and 95 �C) was per-

formed to find out if the ions or the ligands (i.e., the peptide)
induced thermal stabilization in Cdc31 (Figure 4B). In order to
compare the thermal stability of different Cdc31 states, the CD
thermal denaturation curves were fit with eq 1 (see Materials and
Methods), assuming a two-state unfolding transition. We are
aware that this model has limitiations. Cdc31 is a muldidomain
protein with a complex unfolding process (structural stability and
unfolding are probably different in each of both EF-hand
domains). Moreover, for the Mg state, the experiments were
performed at 2 mM MgCl2, in the range of the Kd of the low
affinity sites (e.g., 3�4 mM at the experimental conditions of
flow dialysis). Therefore, we cannot exclude the presence of
several populations (the low-affinity sites being probably not
completely saturated, at the experimental conditions of CD).
However this two-state model is sufficient to prove that Mg2+

and Ca2+ binding lead to a structural stabilization of the protein.
The apo-form displays a CD melting curve with a cooperative

Figure 3. (A) Ca2+- and Mg2+-dependent conformational changes
monitored by Tyr fluorescence at 25 �C, after excitation at 278 nm.
12μMCdc31 in buffer A plus 50μMEGTA(apo), 1mMMg2+ plus 50μM
EGTA (gray), or 1 mM Ca2+. The denatured conformation was
measured after addition of 4 M guanidine-HCl. All spectra were
normalized to the same protein concentration. (B) Mg2+ titration
(duplicated experiment) of the fluorescence change in the presence of
50 μMEGTA. The line is calculated with the Adair equation for one site
per monomer and yields a KD of 66 μM.

Table 1. Intrinsic Ca2+ Binding Constants of Cdc31 at
Different Mg2+ Concentrations Derived from the Stoichio-
metric Constants Which Were Obtained by Fitting All the
Data to the Adair Equation for Three Sites

(Mg2+) (mM) K0
1 (M

�1) K0
2 (M

�1) K0
3 (M

�1)

0 3.0 � 106 3.5 � 104 2.4 � 104

0.2 8.2 � 105 1.5 � 104 1.5 � 104

5 6.3 � 104 1.7 � 104 1.4 � 104
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thermal transition, with a midpoint temperature of 36.7 �C. The
Ca2+- and Mg2+-Cdc31 forms shows almost the same thermal
denaturation curves, indicating that Ca2+ and Mg2+ binding to
Cdc31 have almost similar effect on the conformation of Cdc31.
Like HsCen3, but different from HsCen2, the Mg2+- and Ca2+-
Cdc31 shows a regularly decrease of ellipticity (a large transition)
from 20 to 95 �C, with the midpoint of the transition of 65 and
58 �C, respectively. The ions induce structural stabilization in
Cdc31, which has been also observed for others members of this
family of proteins.19,21,24 The R18-ScSfi1/Cdc31 complex shows
a cooperative unfolding and an increase in the midtemperature
transition (72.4 �C), indicating a strong stabilization of Cdc31 by
the R18-ScSfi1 peptide.
A specific conformational probe for CaBPs is the fluorescence

of the hydrophobic TNS, whose signal is enhanced after exposure
of hydrophobic surfaces.34 Figure 5A shows that the apo-form
enhances the TNS fluorescence 7-fold and shifts the maximum
from 407 to 427 nm, therefore indicating a large exposure of
hydrophobic area. Addition of 1 mM Mg2+ leads to a 1.4-fold

fluorescence decrease as compared to the apo-state. Interestingly,
the addition of Ca2+ to the apo-form shows a biphasic response of
TNS fluorescence enhancement (Figure 5B). At Ca2+ concen-
trations between 10 and 300 μM a weak fluorescence decrease is
observed as compared to the apo-state. This conformation
persists up to 300 μMCa2+, i.e., largely above the concentrations
that saturate the two low affinity sites. Much higher Ca2+

concentrations lead to a fluorescence enhancement of 2.5-fold.
The Ca2+ titration of this step yielded (Ca2+)0.5 values
(Figure 5B) considerably above the physiological Ca2+ concen-
tration inside a yeast cell,35 and its physiological relevance is
therefore not clear. High concentrations of Mg2+ do not lead to
any fluorescence increase.
Analysis of SAXS experiments provided complementary in-

formation on the conformation of Cdc31, in the apo- and holo-
states (Mg2+-Cdc31 and R18-ScSfi1/Ca2+-Cdc31). Complexes
of Cdc31 with Ca2+ could not be studied because they poly-
merize too strongly at the concentration used for SAXS experi-
ments. Interestingly, this behavior is not observed despite some
oligomerization also occurs for Mg2+-Cdc31. By using the size-
exclusion chromatography setup installed on the SWING beam-
line (SOLEIL facility), it was possible to study the three species
by SAXS in monomeric form free from oligomers.
Dimensions of the protein (radii of gyration Rg and maximum

distancesDmax) were extracted from the analysis of the scattering
curves I(q) by using the well-known Guinier approximation ln

Figure 5. Ca2+-dependent exposure of hydrophobic side chains. Hy-
drophobic exposure was measured at 25 �C in buffer A with the
hydrophobic probe TNS. (A) Emission fluorescence spectra of TNS
alone (at concentration of 100 μM) and with 8 μM Cdc31 in the
presence of 100μMEGTA (apo), 1mMMg2+ plus 100μMEGTA (Mg2+)
or 1 mM (dotted), 10 mM (dashed) or 45 mM Ca2+ (Ca2+). (B) Ca2+

titration in the absence (solid circles) and presence (open cirles) of
1 mM Mg2+.

Figure 4. CD spectra of Cdc31. (A) Far-UV CD spectra at 20 �C of
13.5 μMCdc31 in 10 mM Tris/HCl, pH 7.0, 100 mMNaCl, in the pre-
sence of 2 mM EDTA, (the apo-form, black), Mg2+-Cdc31 (2 mM
MgCl2 and 2 mM EGTA, gray), Ca2+-Cdc31 (2 mM CaCl2, red), and
Cdc31/R18-ScSfi1 (1/1 ratio, in the presence of 2 mM CaCl2, green).
The CD spectrum of R18-ScSfi1 peptide (13.5 μM) is colored in blue.
(B) Thermal denaturation curves recorded between 5 and 95 �C at
222 nm, for the apo-Cdc31, Mg2+-Cdc31, Ca2+-Cdc31, and R18-ScSfi1/
Cdc31 (1:1) complex. The samples are represented by the same colors
like in panel A.
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I(q) = ln I(0) � q2Rg
2/3 in the qRg < 1 range and from the pair

distance distribution function P(r), deduced from I(q) using the
program GNOM.36 P(r) represents the average number of
neighboring atoms from any pair atom at a distance r. Rg and
Dmax values are given in Table 2, together with the values
determined from the crystal structure of R18-ScSfi1/Cdc31
complex (2GV5, molecule B), and the values obtained from
the same PDB file from which the peptide was removed. Despite
the 2GV5 structure was obtained in the absence of Ca2+, the
conformation of Cdc31 in the complex is nearly the same in the
presence and in the absence of Ca2+.17

Figure 6. (A) Distance distribution function P(r) of apo-Cdc31 (black), Mg2+-Cdc31 (gray), and from crystal structure 2GV5 (molecule B) without
peptide (red). (B) Distance distribution function of R18-ScSfi1/Cdc31 complex (green) and from crystal structure 2GV5 (molecule B) with peptide
(red). (C)Crystal structure 2GV5 (molecule B) without peptide. The three Ca2+ sites are shown as orange spheres. The envelope of the protein is shown
in gray. (D) Crystal structure 2GV5 (molecule B) with peptide (pink). (E) Most typical envelope deduced from the scattering curve I(q) using the
program GASBOR for Mg2+-Cdc31 (F) Most typical envelope obtained for the complex R18-ScSfi1/Cdc31. The conformation obtained using the
program CORAL, which moved the N-terminal domain, is superimposed. (G) Most typical envelope for the apo-Cdc31. (H) R18-ScSfi1/Cdc31:
comparison of the experimental curve (black dots) with the calculated one (red line) from the conformation shown in (F).

Table 2. Radius of Gyration Rg and the Maximum Distances
Dmax Values Deduced from the Experimental Curves for the
Studied Samples and from the Calculated Curves Based on
Crystal Structures

Rg (Å) Dmax (Å)

Cdc31 (EDTA) 22.7 ( 0.5 81 ( 5
Cdc31 (Mg 2+) 23.6 ( 0.5 78 ( 5
Cdc31 (R18-ScSfi1/Cdc31/Ca2+) 22.1 ( 0.5 72 ( 5
Crystal 2GV5B (without peptide) 20.9 64
Crystal 2GV5B (with peptide) 20.1 64
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The presence of Mg2+ as well as the addition of the peptide
R18-ScSfi1 has only a moderate effect on the dimensions of the
protein (which are slightly higher than those corresponding to
the crystal structure, probably due to the flexible 13 residues
N-terminal part). The N-terminal end (M1-L13) of Cdc31 is not
visible in the crystal structure,17 but this fragment accounts
for 7 and 8% of the full length of R18-ScSfi1/Cdc31 and apo-
Cdc31, respectively. However, a closer examination of the
distance distribution function P(r) and of the envelopes obtained
using the ab initio program GASBOR37 provides two important
results.
(1) The P(r) function of Mg2+-Cdc31 (gray curve in

Figure 6A) presents a shoulder around 40 Å, very similar
to the shoulder observed in the P(r) curve calculated from
the crystal structure without peptide (red curve in
Figure 6A). This shoulder is due to the interdistance
between the N- and C-terminal domains and indicates that
these domains are individualized, with an average inter-
distance of 40 Å. It is instructive to observe that this
shoulder is almost completely absent for the apo-Cdc31
(black curve in Figure 6A). This reflects that the two
domains are not individualized in the apo-protein whereas
they are well separated in the Mg2+-Cdc31. This is con-
firmed by the analysis of the envelopes obtained using
GASBOR program. For each protein, 20 envelopes were
determined and then superimposed with the chain of
programs DAMAVER. The various envelopes are very
similar since the NSD parameter (normalized spatial dis-
crepancy) used to quantify their difference is about 1, which
indicates a high reliability of the solutions. The most typical
envelope is represented in Figures 6E and 6G for Mg2+-
Cdc31 and apo-Cdc31, respectively. Envelope E clearly
shows a separation between both domains, which is absent
in envelopeG. It should be noted that this “groove” inMg2+-
Cdc31 is probably underestimated insofar as the low
affinity Mg2+ sites (see flow dialysis experiments) are
not fully occupied at the experimental conditions. The
filling of the “groove” between the two domains in the
apo-form cannot originate from the position of the 13
residues N-terminal end (predicted disordered), as the
Asn14 residue is located on the other side of the protein,
opposed to the “groove”, as shown in Figure 6C (arrow).

(2) The P(r) function for R18-ScSfi1/Cdc31 complex is
shown in Figure 6B, in comparison with that calculated
from the crystal structure 2G5V (molecule B) with the
peptide (the N-terminal M1�L13 residues are missing, as
mentioned previously). The calculated curve does not
display any shoulder around 40 Å, as expected from our
previous analysis, since the “groove” between the two
domains is now occupied by the peptide. The remarkable
fact is that the experimental curve very clearly shows an
unexpected “bump” around 40 Å, indicating that the two
domains are not in contact. To account for this effect, the
N-terminal domain is slightly moved by using the pro-
gram CORAL and by modeling together the N-terminal
missing part. A variation by a few degrees of this domain
leads to an excellent adjustment of the calculated curve to
the experimental one (Figure 6H). Moreover, the struc-
ture thus obtained adapts perfectly to the most typical
envelope obtained with programs GASBOR and DAMA-
VER (Figure 6F).

Interaction with Natural Peptides. ITC has been used to
characterize the interaction between Cdc31 and their targets. We
have used different peptides derived from the natural targets
Kar1, Sfi1, and Sac3, such as P19-ScKar1, R18-ScSfi1, R19-
ScSfi1, and P18-ScSac3 (Figure 7). The peptidic fragments of
Kar1 and Sfi1 responsible for the interaction with centrins have
been previously characterized (see Introduction) and shown to
possess the conserved 1�4�8 triad. For the thermodynamic
study of the interaction between ScSfi1 and Cdc31 we have
selected two of the 21 identified repeats: R18 and R19. R18
contains a Phe in the first position (which is generally occupied
by a Trp), and R19 has a Phe in the fourth position of the triad
1�4�8 (Figure 7). Phe is quite common (11/21) in the fourth
position of the ScSfi1 repeats. The eighth amino acid in the triad
is more variable (hydrophobic, polar, or charged residue). R18
has a Glu in the eighth position and is found in the R17-R18-
ScSfi1/Cdc31 crystal structure (2GV5). The R18-ScSfi1 and
R19-ScSfi1 synthetic peptides are 20 amino acid residues long
and cover the N-terminal part of the repeats. The 17th residue
position, numbered from first position of the triad (Figure 7), is
also well conserved (generally a hydrophobic). This residue has
contacts with the N-terminal domain of the Cdc31 in the crystal
structure of the Cdc31/ScSfi1 complex.17 When we wanted to
study the Cdc31/ScSac3 interaction by ITC, we had no indica-
tion about which peptidic fragment of Sac3 was involved in the
Cdc31 interaction. Therefore, we have used bioinformatics
tools38 to search for an amphipathic R-helix peptidic segment,
with a 1�4�8 motif. We found a putative centrin binding motif
in Sac3 protein: the segment 797�814. The corresponding
peptide (K797FFEKWQASYSQAKKNRI814) was synthesized
and tested by ITC. For all the interactions the Cdc31 was titrated
by the peptides. Figure 8 shows the thermograms and the binding
curves of the interactions tested (at 30 �C). All thermograms
show a single site interaction. ITC data were fitted with a one site
binding model. The thermodynamic parameters obtained are
summarized in Table 3. For all tested peptides, strong interac-
tions (∼107 M�1) are observed in the presence of Ca2+. Lower
affinities are obtained for the apo- and Mg2+-forms, i.e., 2 and 1
order of magnitude lower than for the Ca2+-form. The Cdc31/
target interactions are primarily mediated by the centrin C-term-
inal domain via the hydrophobic interactions with the C-terminal
part of the Sfi1 repeat. The centrin N-terminal domain has only a
reduced number of contacts with the Sfi1 repeats.17 To char-
acterize the role of the N-terminal Sfi1 segment for the Cdc31
interaction we tested, by ITC, the binding of Cdc31 to one
human Sfi1 repeat (R17) containing or not the N-terminal
fragment. For the two peptides tested, R17-hSfi1-20 (20 residues
long) and R17-hSfi1-12 (12 residues long) (Figure 7), the
thermodynamic parameters obtained are almost the same. The
molecular recognition between Cdc31 and P18-ScSac3 has been
followed by ITC and by changes in the emission of Trp

Figure 7. Amino acids sequences of the peptides used in this paper. Some
peptides are in an inverted representation (C toNend) in order to indicate
the 1�4�8 triad (in gray). The alignment of the peptides was made to
take into account the superposition of anchoring 1�4�8 residues.
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Figure 8. ITCthermogramsand isotherms(at 30 �C) ofbindingofdifferentnatural target peptides toCdc31.TitrationofCdc31byR18-ScSfi1andR19-ScSfi1(A),
P19-ScKar1 (B), and P18-ScSac3 (C) in the absence of Ca2+ (2 mMEDTA) and in the presence of Mg2+ (2 mMMgCl2, 2 mMEGTA) or Ca2+ (2 mMCaCl2).
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fluorescence of P18-ScSac3 induced by Cdc31 binding (which
lacks the Trp residue). The peptides were titrated by Cdc31, and
the maximum of the observed fluorescence was shifted from 350
to 330 nm (data not shown). The intensity of Trp emission
increased (at 330 nm) up to the saturation. These experiments
clearly indicate that the P18-ScSac3 interact with Cdc31, the Trp
being embedded in an apolar environment, such as the other Trp
containing target peptides bound to centrins or to calmodulin.
The fluorescence titration curve gives a dissociation constant of
0.1 μM for P18-ScSac3 (in the presence of calcium), very close to
those obtained by ITC (Table 3).

’DISCUSSION

As discussed before,21 the CaM superfamily displays a bewil-
dering diversity in the cation binding properties, including the
affinity, kinetics, specificity, and cooperativity. Our data indicate
that this is even true for the much more confined centrin
subfamily. Chlamydomonas reinhardtii centrin kept three func-
tional EF-hands, with one of the C-terminal sites showing a very
low affinity.23 HsCen2 evolved still further away from the
prototypical CaM and binds only one Ca2+ per monomer with
amoderate affinity (KdCa = 30 μM) but strict Ca2+ specificity.22 A
particular truncated form of HsCen2, including the C-terminal
half and helix D, can bind two Ca2+ ions in EF3 and EF4, as does
also the entire protein in a complex with melittin.22 HsCen3
displays one high affinity (KdCa = 3 μM; KdMg = 10 μM) Ca2+/
Mg2+ mixed site and two low affinity (KdCa = 140 μM) Ca2+-
specific sites. The affinity of HsCen3 for Mg2+ is among the
highest registered for the whole EF-hand Ca2+-binding protein
family.21 In this study we show that Cdc31 displays several
characteristics of HsCen3: one Ca2+/Mg2+ mixed site (KdCa =
0.3 μM; KdMg = 44 μM) and two low affinity (KdCa = 28 μM;
KdCa = 41 μM) Ca2+ sites. Mg2+ has an effect on the latter Ca2+

sites, but we are unable to distinguish between direct competition
or an indirect (allosteric) effect, as the one that occurs in CaM,
which is commonly considered to possess Ca2+-specific sites.

The affinity of Cdc31 for Ca2+ is distinctly higher and the affinity
for Mg2+ much lower than in HsCen3. These quantitative
differences may reflect differences in the Ca2+ homeostasis of
yeast and man. In yeast Ca2+ influx is elicited by hyper- and
hypotonic shock, cold and salt stress39 and, as recently been
reported,40 oxidative stress. An increase in cytosolic Ca2+ has also
been detected in budding yeast after mating pheromone
treatment.41 Despite earlier reports of weak Ca2+ signaling in
yeast,35 recently Ca2+-dependent processes, such as the capaci-
tative Ca2+ entry (CCE) at the plasma membrane and the
unfolding response (UPR) in the endoplasmic reticulum, have
been discovered in yeast.42 Molecular components of a dynamic
Ca2+ signaling have been evidenced, such as the plasma mem-
brane Ca2+ channel Cch1p/Mid1p and the vacuolar Ca2+

channel Yvc1, the vacuolar Ca2+ pump Pmc1p, the golgi Ca2+

pump Pmr1p, and the vacuolar Ca2+/3 H+ exchanger Vcx1p/
Hum1p.40

The three-dimensional structure of the complex of three
Cdc31 molecules with a Sfi1 three-repeat showed Ca2+ bound
at EF1, EF3, and EF4 of two of the Cdc31 units.17 Geier et al.25

showed that inactivation of EF1 or EF4 abolishes Ca2+-depen-
dent conformational changes and Cdc31’s function in cell
viability, whereas the inactivation of EF2 and EF3 did not
influence these responses. Our study complements these former
data and shows that Cdc31 has a high affinity Ca2+/Mg2+ binding
site and two low affinity Ca2+ sites. The Ca2+/Mg2+ high affinity
mixed site has an affinity, which is 10-fold higher and 4-fold lower
for Ca2+ and Mg2+, respectively, than in HsCen3.a In HsCen3 a
remarkable feature is the critical role of the high affinity Ca2+/
Mg2+ mixed site in the conformational transition from a
molten globule (MG) to a compact folded state.21 In vivo, the
permanent occupation of this site by a dication (Mg2+ in the
relaxed and Ca2+ in the activated form) protects the protein
from the MG state and from fast proteasomal degradation.
The rationale for the evolutionary acquisition of such a Ca2+/
Mg2+ site in a sensor protein is double: either the site serves to
anchor the sensor to a particular structure, such as TnC,43 or it

Table 3. Thermodynamic Data of the Interaction of Cdc31 with P19-ScKar1, R18-ScSfi1, R19-ScSfi1, P18-ScSac3, and R17-hSfi1
Peptidesa

protein Ca2+ (2 mM)

EDTA

(2 mM)

Mg2+ (2 mM) 2

mM EGTA peptide

Ka ((error)

(M�1) ΔG (kcal/mol)

ΔH ((error)

(kcal/mol)

TΔS

(kcal/mol) n

Cdc31 + P19-ScKar1 2.3 � 107 (0.15) �10.2 �18.8 (0.08) �8.6 0.98

Cdc31 + P19-ScKar1 3.6 � 106 (0.1) �9.0 �25.5 (0.09) �16.4 0.99

Cdc31 + P19-ScKar1 4.4 � 105 (0.1) �7.8 �29.7 (0.2) �21.9 0.91

Cdc31 + R18-ScSfi1 1.0 � 107 (0.03) �9.7 �21.9 (0.07) �12.2 0.93

Cdc31 + R18-ScSfi1 2.9 � 106 (0.05) �8.9 �25.7 (0.09) �16.8 0.91

Cdc31 + R18-ScSfi1 2.4 � 105 (0.13) �7.5 �40.0 (1.2) �32.5 0.94

Cdc31 + R19-ScSfi1 3.5 � 107 (0.29) �10.4 �12.7 (0.06) �2.3 1.00

Cdc31 + R19-ScSfi1 3.0 � 106 (0.04) �9.0 �13.7 (0.41) �4.7 0.68

Cdc31 + R19-ScSfi1 1.9 � 105 (0.3) �7.3 �14.0 (1.2) �6.7 0.71

Cdc31 + P18-ScSac3 2.2 � 107 (0.2) �10.2 �25.4 (0.13) �15.2 1.05

Cdc31 + P18-ScSac3 1.5 � 106 (0.11) �8.5 �37.9 (0.36) �29.4 1.13

Cdc31 + R17-hSfi1�20 3.9 �106 (0.15) �9.1 �19.2 (0.09) �10.1 0.69

Cdc31 + R17-hSfi1�20 1.4 � 105 (0.07) �7.1 �20.7 (0.07) �13.6 0.93

Cdc31 + R17-hSfi1�20 ∼mM

Cdc31 + R17-hSfi1�12 2.3 � 106 (0.08) �8.8 �21.0 (0.13) �12.2 0.69

HsCen2 + P11-XPC 1.0 � 107 (0.03) �9.7 �24.6 (0.06) �14.9 0.95
a ITC experiments have been performed at 30 �C in 50 mM Mops buffer, pH 7.4, 100 mM NaCl.
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protects the protein from falling into the MG state and being
degraded, such as HsCen3.21

Since the Ca2+/Mg2+ high affinity mixed site in Cdc31
controls the Tyr fluorescence characteristics, it is likely that it
is located in the N-terminal half of the protein. EF2 site does not
appear to be active, since the EF2motif displays an Arg instead of
an oxygen-bearing group in position Z of the binding loop, a His
instead of Gly in the central turn position, a Met instead of Ile/
Leu in the short β-pleated sheet, and an Asp instead of Glu in the
critical position�Z (Figure 1B). EF1 motif could thus be assign
as the Ca2+/Mg2+ high affinity mixed site. Based on the fragment
studies, the site EF1 in HsCen3, too, has been considered to be
the Ca2+/Mg2+ mixed site.21 Therefore, we can speculate that the
EF3 and EF4 are the low affinity Ca2+ sites.

Our CD studies yields information about the secondary
structure and the thermal stability of Cdc31. While the apo-
HsCen3 displays only∼27% residues in R-helix conformation,21

the Cdc31 seems to have more structural organization in the apo-
form (38.5% R-helices). Moreover, unlike the apo-HsCen3, the
apo-Cdc31 shows a cooperative unfolding process. This indicates
that the apo-Cdc31 adopts a less flexible conformation as
compared to the molten globule apo-HsCen3 state.21 The addi-
tion of Ca2+ andMg2+ induces a secondary structural organization
and a thermal stabilization of Cdc31. Most sensor CaBPs, such as
CaM, are well-folded in the apo state, with no hydrophobic
residues exposed to the solvent. Upon binding of Ca2+, most
CaBPs of the sensor type—but not the Ca2+ buffering proteins
such as parvalbumins—exhibit a hydrophobic exposure on the
surface, allowing interaction with the target proteins. Unlike the
CaM, the apo-Cdc31 exposes hydrophobic surface area, as
indicated by TNS fluorescence results. A significant fluorescence
of TNS is observed for theMg2+- and Ca2+-Cdc31 but also for the
apo-Cdc31. As indicated by our ITC experiments, Mg2+ and Ca2+

binding also affect (increase) the affinity of protein to peptides
(Table 3). Nevertheless, in vitro and within the concentration
range used in our experiments, Mg2+ and Ca2+ binding does not
seem to be critical for the interactions with target proteins since
apoprotein could also interacts with the peptides which we tested.
However, the interactions of target proteins with Cdc31 in the cell
conditions, at rest ion concentrations, may not be considered until
the in vivo protein intracellular concentrations are not carefully
estimated.

Small-angle X-ray scattering (SAXS) experiments comple-
ment our knowledge on centrin structures and provide new
information about the Cdc31 conformations in solution on
changes that take place upon ligands (ions or/and target)
binding. The full-length apo-centrin structures have not been
determined until now by X-ray crystallography or NMR, prob-
ably due to their high flexibility. Despite this flexibility, we show
here that the N- and C-terminal domains of apo-Cdc31 are in
close vicinity, likely fused together. The addition of Mg2+ allows
their individualization. This more open conformation could thus
be helpful for the interaction of protein with their targets. Our
SAXS characterization of the R18-ScSfi1/Cdc31 complex de-
monstrate that Cdc31 could adopt a slight more open conforma-
tion in solution (the N-terminal domain could move) as
compared to the crystal structure. In the same direction our
ITC data provide evidence that the contacts between the
N-terminal Cdc31 domain and the N-terminal Sfi1 repeat are
not important for the complex formation. The interaction
between the N-terminal Cdc31 domain and the N-terminal
Sfi1 peptide could be thus absent in solution. These contacts,

which are observed in the crystal structure, are a consequence of
the central linker bent of Cdc31 (due to the presence of a proline
residue, Pro94, in the central linker) and are probably encouraged
by the crystal lattice. An equivalent proline (Pro99) is also present
in the central linker region of the HsCen3, suggesting that similar
structural characteristics might exist in the homologous human
centrin HsCen3. Similarly, fewer contacts have been observed
between Sac3 and N-terminal Cdc31 domain26 as compared to
the crystal structure of Cdc31/ScSfi1.17

The yeast Cdc31 centrin is involved in different cellular
functions, interacting with different targets, such as Sfi1 or
Kar1 in the SPB or the Sac3, a nuclear pore-associated protein.
The understanding of the regulation of these different functions
by Cdc31 requires a detailed thermodynamic characterization of
these interactions. ITC thermodynamics gave information on the
physical forces involved as well as on the role of triad residues
(1�4�8) in the interaction between Cdc31 and different natural
target peptides. All interactions are enthalpically driven, with an
important exothermic heat exchange (favorable enthalpy term),
indicating that polar processes (like favorable hydrogen bond
contacts, van der Waals, etc.) must be important, in addition to
the hydrophobic contacts previously shown to be important for
centrin complex formation.17,18,27 Hydrogen bonds have been
observed between centrins and targets in the X-ray complex
structures, generally between the acidic centrin residues (Asp)
and the charged basic residues of the peptidic targets. The
entropic term is negative (unfavorable), associated with the
conformational transitions observed in the peptides and the
protein upon complex formation, from a flexible to more
structured forms.27 As mentioned, the Mg2+- and apo-form of
Cdc31 have 1 and 2 order of magnitude lower affinities for the
target peptides than the Ca2+-form. For Kar1/Cdc31 interaction,
the affinity obtained by ITC in buffers containing 2mMCa2+ was
similar to those obtained by Geier et al.25 at 1.35 μM of Ca2+.
ITC affinity is 50 times lower in the absence of calcium. Geier
et al.25 have also observed that the affinity of Cdc31 for Kar1
decreases (20-fold) at 0.038 μM of Ca2+. Cdc31 could bind
targets even in the absence of Ca2+ and therefore shows a modest
Ca2+ sensitivity, a general characteristic of all centrins.24,27

Many sensor CaBPs are poorly sensitive to Mg2+. In CaM, the
presence of Mg2+ increases the thermodynamic stability of the
protein, without a significant structural effect (the exposure of a
hydrophobic surface) required for the interaction with
targets.44,45 While Mg2+-CaM binds peptides with slightly lower
affinity than apo-CaM,44 the role of Mg2+ in Cdc31 seems to be
different. Mg2+ has not only an effect on the Cdc31 conformation
but also on the stability and the interaction of the protein with
targets, like Kar1 and Sfi1. HsCen3 has also the ability to bindMg2+

ions. The native PAGE experiments showed qualitatively a bind-
ing of melittin peptide to HsCen3 in the presence of 1 mMMg2+

and EGTA.21 However, the binding affinity of Mg2+-HsCen3 for
the target peptides has not been characterized. The affinity of
Cdc31 for SPB targets is 10 times higher in the presence of Mg2+

than in the apo-form.
Calorimetric titrations of Cdc31 by R18-ScSfi1 and R19-ScSfi1

peptides provided similar thermodynamic parameters. This in-
dicates that each repeat is capable to bind onemolecule of Cdc31,
as was already shown by pull-down experiments.16 The re-
placement of Trp1 by a Phe, and of Leu8 by a Glu, in the R18-
ScSfi1 has no significant effect on the affinity of binding. The
substitution of Trp1 by another hydrophobic residue (Leu) in the
R9-hSfi1 repeat showed no effect on HsCen2/R9-hSfi1
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interaction.46 The drastic change of a hydrophobic residue with a
charged one, in the eighth position of the R18-ScSfi1 and the P19-
ScKar1 peptides (Leu8 replaced byGlu and Asp, respectively) also
does not influence the affinity constants for Cdc31. The P17-XPC
(L855A) variant (where Leu8 was replaced by an Ala) showed also
an unchanged binding free energy.27 The eighth residue of the
triad in the centrin binding motif seems to be less important for
centrin binding. Recently, the available crystal structure of Cdc31
bound to Sac326 showed a reverse binding motif in Sac3 (like in
ScSfi1), with a basic residue (Arg) in the eighth position of the
triad. The P18-ScSac3 peptide (tested here by calorimetry) does
not have the eighth residue of the triad and shows a high affinity
constant for Cdc31 in the absence or in the presence (Ka = 2.2�
107M�1) ofCa2+. Thiswas not the case for theminimal sequences
(containing only 1�4 residues of the triad) of centrin-binding
peptides tested, as the P5-XPC (847�851) and the R17-hSfi1-6
(655�660). These peptides have weak affinity constants for
centrins, in the presence of Ca2+ (Ka = 2.5 � 105 M�1 and Ka <
104 M�1, respectively). Although the 805�815 fragment of the
ScSac3 peptide was shown not to be necessary in vitro for Cdc31
binding,25 it enabled the P18-ScSac3/Cdc31 interaction to be
significant. The entropic term for P5-XPC(847�851)/HsCen2
interaction is positive (favorable),27 whereas for P18-ScSac3/
Cdc31 interaction is negative (unfavorable). A longer sequence
could efficiently stabilize the bound peptide (in a R-helix) and the
protein in the complex. To test this hypothesis, we have synthe-
sized and characterized by ITC the interaction between HsCen2
and P11-XPC peptide (R843ALGNWKLLAK853), containing the
1�4 hydrophobic residues of the triad. This peptide, containing 11
residues, is longer (in the N-terminal end) than P5-XPC. The
affinity (in the presence of calcium) is 1.03� 107 M�1 (Table 3),
which is about 2 orders of magnitude higher than the affinity for
P5-XPC. The bulky hydrophobic residues, 1 and 4, of the triad are
thus critical for centrin binding and serve as key anchor points. The
R-helix organization of the centrin binding motif is necessary to
correctly point the hydrophobic 1�4 side-chains of the target
surface for the interaction with centrin.

’CONCLUSIONS

In general, few Ca2+ sensors have been reported in yeast
(calcineurin seems to be a major one). CaM has been considered
as vital for SPB duplication and formRNA export but is functional
without the need for Ca2+ binding.47What about the yeast centrin
function in vivo?We showed that Cdc31 bind Ca2+, but alsoMg2+

ions, and this has a structural effect on Cdc31 and induced a
structural stabilization of the protein. We provided evidence that
yeast centrin can bind targets, in vitro, even in the absence of ions
binding. Interestingly, the Cdc31 is sensitive to Mg2+, an ion
which is present in millimolar concentrations inside the cells. Mg2+

ions affect the Cdc31 conformation, and this seems to be helpful
for target binding. Indeed, a higher affinity of binding of target
peptides to Cdc31 is observed in the presence of concentrations
of Mg2+ which are similar to the intracellular concentrations.

We note that in the presence of high Mg2+ concentration the
self-assembly (polymers which are generally formed at high Ca2+

concentration) of Cdc31 are not observed. The post-translational
modifications in Cdc31, such as ubiquitination, were shown to
influence the Cdc31 function and prevent the oligomerization of
centrins.8 Mg2+ could be also an important functional factor to
stimulate the interactions of Cdc31 in resting cells or to prevent
the self-assembly (aggregation) of Cdc31 in vivo.
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’ABBREVIATIONS

HsCen1 to HsCen3, human centrin isoforms 1 to 3; Cdc31,
Saccharomyces cerevisiae centrin; CrCen, Chlamydomonas reinhard-
tii centrin; SdCen, Scherffelia dubia centrin;CaM, calmodulin; Sfi1,
suppressor of fermentation induced loss of stress resistance
protein1; ScSfi1, Saccharomyces cerevisiae Sfi1; hSfi1, human Sfi1;
CaBPs, calcium binding proteins; P19-ScKar1p, peptide K237�K255

of yeast Kar1p; P17-XPC, peptide N847�R863 of human XPC
protein; P18-ScSac3, peptide K797�I814 of yeast Sac3; R18-
ScSfi1 and R19-ScSfi1, peptides I680�R699 and E710�K729 of yeast
Sfi1, respectively; R17-hSfi1�20, peptide R641�T660 of human
Sfi1; P11-XPC, peptide R843�K853 of human XPC;MG, molten
globule; SPB, spindle pole body;TNS: 2-p-toluidinylnaphtalene-6-
sulfonateTnC, troponin C; ITC, isothermal titration calorimetry;
CD, circular dichroism; SAXS, small-angleX-ray scattering;MTOC,
microtubule organizing centers;NER, nucleotide excision repair.

’ADDITIONAL NOTE
aNote that in the case of HsCen3 the high affinity site could not
be titrated by Ca2+ at Mg2+ concentrations above 0.2 mM.21 This
is not the case for Cdc31, which has a much higher affinity for Ca2+,
and a much lower one for Mg2+.
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