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ABSTRACT: There are four isoforms of centrin in mammals, with variable sequence, tissue expression,
and functional properties. We have recently characterized a number of structural, ion, and target binding
properties of human centrin isoform HsCen2. This paper reports a similar characterization of HsCen3,
overexpressed inEscherichia coliand purified by phase-reversed chromatography. Equilibrium and dynamic
binding studies revealed that HsCen3 has one mixed Ca2+/Mg2+ binding site of high affinity (Kd ) 3 and
10 µM for Ca2+ and Mg2+, respectively) and two Ca2+-specific sites of low affinity (Kd ) 140µM). The
metal-free protein is fragmented by an unidentified protease into a polypeptide segment of 11 kDa, which
was purified by HPLC, and identified by mass spectrometry as the segment of residues 21-112. Similarly,
controlled trypsinolysis on Ca2+-bound HsCen3 yielded a mixture of segments of residues 1-124 and
1-125. The Ca2+/Mg2+ site could be assigned to this segment and thus resides in the N-terminal half of
HsCen3. Temperature denaturation experiments, circular dichroism, and utilization of fluorescence
hydrophobic probes allowed us to propose that the metal-free protein has molten globule characteristics
and that the dication-bound forms are compact with a polar surface for the Mg2+ form and a hydrophobic
exposed surface for the Ca2+ form. Thus, HsCen3 could be classified as a Ca2+ sensor protein. In addition,
it is able to bind strongly to a model target peptide (melittin), as well as to peptides derived from the
protein XPC and Kar1p, with a moderate Ca2+ dependence.

In higher eukaryotes, the number, direction, and polarity
of microtubules are organized by the centrosome, which, in
interphase, is composed of two centrioles surrounded by a
pericentriolar material containing∼100 proteins. Before
mitosis, this complex structure duplicates and forms the two
poles of the mitotic spindle (for a review, see ref1). It is
now widely accepted that abnormal centrosome duplication
and its possible correlation with an altered chromosome
integrity may promote a cancer phenotype (2-4). Calcium
and calcium-modulated proteins, including calmodulin and
some protein kinases, are required in several key steps of
the cell cycle like the G1-S, G2-M, and metaphase-
anaphase transitions (5).

Centrins, members of the EF-hand superfamily, and closely
related to calmodulin, are part of the centrosome structure
and are essential components of the centriole duplication
process (6-8). The four vertebrate centrin isoforms that have
been identified so far can be classified into three phylogenetic
groups, each including a murine variant (MmCen1-
MmCen4)1 (9, 10). Comparative sequence analysis suggested
the existence of two divergent subfamilies: MmCen1,

MmCen2, MmCen4, and centrin fromChlamydomonas
(CrCen) belong to one branch, while MmCen3 and the yeast
homologue Cdc31p belong to another branch (10). Sequence
similarity patterns seem to be poorly correlated to the tissue
expression profiles, splicing variability, or cellular localiza-
tion. The study of specific cell or tissue expression of
vertebrate centrins was hampered by the lack of monoclonal
antibodies, able to discriminate among the four isoforms.
The available results show that while MmCen2 and MmCen3
appear to be ubiquitously expressed, MmCen1 and MmCen4
have a tissue-specific expression profile, being mainly
detected in the male germ cells (MmCen1) (11) or in brain,
lung, kidney, and ovary (MmCen4) (9). Fluorescence and
electron microscopy revealed that members of the two
subfamilies of mammalian centrins may be found in the distal
lumen of the centrioles and in the pericentriolar material (9,
12), but larger quantities are present in other cell compart-
ments, like the nucleus or the submembrane space (12). The
yeast centrin homologue Cdc31p localizes to the half-bridge
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of the spindle pole body (SPB) that crosses the nuclear
envelope (13).

The functions of centrins are actually poorly understood.
Using RNA interference to reduce the levels of HsCen2 in
HeLa cells, Salisbury et al. (7) observed a progressive loss
of centrioles, due to a complete block of centriole duplication.
During subsequent cycles, the cells accumulate several nuclei
and finally die. Similar observations were made for the
duplication of basal bodies in the green algae (6, 14). Centrins
may play an additional role as components of Ca2+-sensitive
contractile fibers attached to centrosomes/basal bodies, as
in the striated flagellar roots of green algae (15, 16). The
precise structural and dynamic basis of centrin function in
the motility and contractility phenomena observed in the
ciliated cells is currently a matter of speculation.

Like other proteins from the CaM subfamily, centrins seem
to act as a Ca2+ sensor; i.e., in their Ca2+-loaded form, they
interact with specific target proteins to modulate their cellular
activity (17). HsCen2 and CrCen, which are the two best
characterized members, exhibit very different Ca2+ binding
properties. HsCen2 binds only one Ca2+ per molecule with
a significant affinity (Kd ) 30 µM), apparently through EF-
hand IV (18, 19). In contrast, CrCen binds four Ca2+ ions
per monomer at two independent pairs of EF-hands withKd

values of 1-10 µM for the N-terminal domain and distinct
affinities (micromolar and millimolar) for the C-terminal
pairs (20).

The first centrin-target interaction was described in the
yeast SPB, where Cdc31p can bind to a nuclear membrane
protein of the half-bridge, named Kar1p, with aKd of 60
nM (21). The centrin binding site of Kar1p (that has no
mammalian homologue) is centered around the fragment of
residues K239-K257 (22). HsCen1 and HsCen2, but not
MmCen4, also bind to this peptide with a lower (∼10 times)
affinity (9, 22). Other potential protein targets in the SPB
were recently proposed, including mps3p (23) and Sfi1 (24),
both having homologues in higher-eukaryote centrosomes.

Recently, two potential centrin targets were identified
outside the centrosome, i.e., the nuclear protein complex
NER (nucleotide excision repair) (25) and the nuclear mRNA
export machinery (26). In the NER process, HsCen2 was
found to be associated with the heterodimer formed by the
XPC protein (for xeroderma pigmentosum group C) and the
hHR23B protein, that was shown to recognize and bind to
the damaged DNA, and then recruit other proteins such as
transcription factor complex TFIIH (25). Using a combined
theoretical and experimental approach, we identified a 17-
residue XPC fragment (P1-XPC) having a high affinity (Kd

) 4.5 nM) for HsCen2 (17). In the mRNA export complex,
a nucleoporin-associated factor called Sac3 also interacts with
yeast centrin Cdc31p, and although the precise location of
the centrin-binding site has still not been identified, a
particular segment (K733-R860) in the C-terminal domain is
a good candidate (26). Transducin, a G-protein from visual
signal transduction, was recently proposed as another po-
tential centrin target in mammalian photoreceptor cells
(reviewed in ref10). HsCen2 is also able to bind a natural
peptide mimicking the CaM targets, melittin (Kd ) 100 nM)
(18).

To understand the functional significance of the high level
of diversity in sequence, tissue expression, cell localization,
and biological functions of various human centrin isoforms,

a comprehensive molecular characterization of the different
polypeptides is required. The aim of this work was to study
the molecular properties of HsCen3, including Ca2+ binding,
Ca2+-induced conformational changes, and interactions with
target peptides. Unexpectedly, we located a single high-
affinity Ca2+/Mg2+ mixed site in the N-terminal half. The
apo state of HsCen3, which is a molten globule (MG), adopts
a compact state with polar surface upon binding of Mg2+,
and a well-structured state with exposed hydrophobic surface
upon binding of Ca2+. Like HsCen2, HsCen3 shows a high-
affinity interaction with melittin and P1-XPC.

EXPERIMENTAL PROCEDURES

Materials. HsCen3 was cloned into expression vector pET
Blue-1 (Novagen). The vector was transferred intoEscheri-
chia coli Tuner (DE3) pLacI, overexpressed, and purified
as previously described for HsCen2 (18). Small amounts of
impurities were removed by chromatography on DE52
cellulose in Tris-HCl (pH 7.5) with a linear gradient of KCl,
all in 90 µM Ca2+. The protein was eluted at 150 mM KCl
and was pure as analyzed by SDS-PAGE. The concentra-
tions for HsCen3 and its 11 kDa fragment (see below) were
determined spectrophotometrically using an extinction coef-
ficient (ε278) of 8250 M-1 cm-1, based on the Trp and Tyr
content. ME was purified as described previously (27). Its
concentration was assessed spectrophotometrically using an
ε280 of 5500 M-1 cm-1. The peptides P1-XPC (corresponding
to residues N847-R863 of the human XPC protein) and
P-Kar1p (corresponding to residues K239-K257 of the yeast
Kar1p protein) were purchased from BIOFIDAL (Vaulx-
en-Velin, France). The purity was greater than 95%, as
assessed by high-pressure liquid chromatography analysis.

Mass Spectrometry.The molecular masses of whole
HsCen3, its 11 kDa endogenous fragment (see the Results),
and the 14 kDa tryptic fragment were determined by
MALDI-TOF mass spectrometry. To localize the 11 kDa
endogenous fragment in the sequence of HsCen3, its SDS-
PAGE protein band was digestedin situ with trypsin, the
extracted peptides were analyzed by MALDI-TOF mass
spectrometry, and the obtained molecular weights were
compared to those of the known trypsin peptides in HsCen3.

Metal RemoVal and Cation Binding. HsCen3 or its 11 kDa
fragment was precipitated with 3% trichloroacetic acid and
passed through a 40 cm× 1 cm Sephadex G-25 column,
equilibrated in 50 mM Tris-HCl (pH 7.5) and 150 mM KCl
(buffer A). Typically, the contamination represents less than
2% of the total binding capacity. Ca2+ and Mg2+ concentra-
tions were determined with a Perkin-Elmer 2380 atomic
absorption spectrophotometer.

Flow dialysis on 40µM HsCen3 was carried out in the
absence or presence of 0.05, 0.1, 0.2, 0.5, 1.0, 2, and 5 mM
Mg2+ at 25°C in buffer A according to the modified method
of Colowick and Womack (28). Treatment of the raw data
and evaluation of the binding parameters were carried out
as previously described (29). The data were analyzed with
the Adair equation for three binding sites:

ν ) (K1[Ca2+] + 2K1K2[Ca2+]2 +

3K1K2K3[Ca2+]3)/(1 + K1[Ca2+] + K1K2[Ca2+]2 +

K1K2K3[Ca2+]3)
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whereK1-K3 are the stoichiometric association constants
for the binding of the first, second, and third Ca2+ to the
protein, respectively. The intrinsic association constants used
in this study to present the data are linked to the stoichio-
metric ones by statistical factors of 3, 1, and1/3, respectively.
After each experiment, SDS-PAGE was carried out on the
protein solution to assess protein integrity.

Direct Mg2+ binding was studied by equilibrium gel
filtration at room temperature as reviewed previously (29)
in buffer A containing 50µM EGTA to complex contami-
nating Ca2+. The antagonism between Ca2+ and Mg2+ was
tested with the competition equation for each site.K′Ca/K′Ca.app

) 1 + K′Mg.comp[Mg2+], where K′Ca and K′Ca.app are the
intrinsic Ca2+ binding constants for a given site in the absence
and presence of Mg2+, respectively, andK′Mg.comp is the
calculated Mg2+ binding constant for this site.

Interaction with Hydrophobic Probes.The Ca2+-dependent
changes in the hydrophobic exposed surface of HsCen3 and
its 11 kDa fragment were followed by monitoring the
fluorescence properties of TNS as described previously (30).
The Ca2+ and Mg2+ titrations were carried out on 2µM
metal-free protein in buffer A. The Ca2+ titration was also
carried out in the presence of 2 mM Mg2+, to start with the
Mg2+ form instead of the apo form.

Interaction with Melittin. The interaction of HsCen3 and
the 11 kDa fragment with ME was monitored by nondena-
turing PAGE as previously described for CaM (31) and by
covalent cross-linking followed by SDS-PAGE (30). Com-
plex formation was also characterized by Trp fluorimetry as
described for HsCen2 (18).

CD Spectroscopy. CD experiments were performed on a
Jasco 715 CD spectrometer equipped with a Peltier temper-
ature control unit. Far-UV spectra were recorded between
200 and 250 nm at 20°C using 1 mm quartz cells. Spectra
were collected as an average of four scans, with a scan speed
of 20 nm/min and a response time of 2 s. Samples were
dissolved in 14 mM MOPS buffer (pH 7.4) containing 24
mM NaCl. Temperature denaturation curves were recorded
between 20 and 95°C with a rate of temperature increase
of 1 °C/min.

Isothermal Titration Calorimetry. Thermodynamic param-
eters of molecular interactions between HsCen3 and target
peptides at 30°C were investigated by ITC using a MicroCal
MCS instrument (MicroCal Inc., Northampton, MA). The
proteins and peptides were equilibrated in the same buffer
containing 50 mM MOPS (pH 7.4), 100 mM NaCl, and Ca2+

(1 mM) or EDTA (1 mM). In a standard experiment, the
protein (10-20 µM) in the 1.337 mL calorimeter cell was
titrated by the peptide (generally 10 times more concentrated)
by ∼30 successive automatic injections of 7-10 µL each.
The first injection of 2µL was ignored in the final data
analysis. Integration of the peaks corresponding to each
injection and correction for the baseline were carried out
using Origin-based software provided by the manufacturer.
Fitting of the data to various interaction models results in
the stoichiometry (n), equilibrium binding constant (Ka), and
enthalpy of complex formation (∆H). The reported thermo-
dynamic parameters represent an average of at least two
experiments. Usually, control experiments, consisting of
injecting peptide solutions into the buffer, were performed
to evaluate the heat of dilution.

RESULTS

Purification and Identification of the Spontaneous CleaV-
age Product of Hscen3. The metal-free form of HsCen3 is
prone to spontaneous proteolysis, resulting in the appearance
of a protein band of 11 kDa in SDS-PAGE. The action of
the unidentified protease becomes evident after storage for
10 days at 4°C and progresses after another 10 days.
Mixtures of whole HsCen3 and the 11 kDa fragment could
be separated by DE52 cellulose chromatography with a linear
gradient from 0 to 200 mM KCl: the 11 kDa fragment elutes
as a twin peak at 95 mM KCl. Alternatively, a protocol for
fast separation was elaborated by Ca2+-dependent phenyl
Sepharose chromatography: the 11 kDa fragment was not
retained, whereas the whole protein was retained in the
presence of 1 mM Ca2+. The latter was eluted with 1 mM
EGTA. Mass spectrometric analysis yielded a molecular mass
of 10 900.4 Da, and trypsin digestion followed by mass
spectrometric analysis allowed identification of seven pep-
tides of 10, all located between Glu 21 and Arg 97 (Figure
1). Therefore, there is strong evidence that the 11 kDa
fragment corresponds to residues 21-112, and may be
considered as the functional N-terminal half of HsCen3. In
this study, this fragment is termed the 11 kDa endogenous
fragment. The UV absorption spectra of the fragment and
of whole HsCen3 are indistinguishable, as both contain three
near-UV light absorption residues (Figure 1).

Limited Trypsin Proteolysis of HsCen3, Purification, and
Identification of N-Terminal Polypeptides.Tryptic digestion
(protease/HsCen3 ratio of 1/100) was carried out at 25°C
in 50 mM Tris-HCl (pH 7.5) and 1 mM Ca2+. After 8 min,
the digestion was stopped by addition of soybean trypsin
inhibitor and 5% TCA precipitation. The peptides were
separated by Sephadex G-50 gel filtration in 50 mM Tris-
HCl (pH 7.5) and 50 mM Ca2+ and by DE52 cellulose
chromatography as described above. Mass spectrometric
analysis yielded twin peaks with molecular masses of
14 823.1 and 14 660.0 Da, suggesting that is comprises
residues 1-124 and 1-125, respectively (Figure 1). Their
UV spectra are identical to that of the whole HsCen3. In
this study, this fragment is termed the 14 kDa fragment.

Direct Cation Binding Studies.Flow dialysis on apo-
HsCen3 in the absence of Mg2+ yielded a biphasic isotherm
(Figure 2) with one site of high affinity (Kd ) 3.3 µM, no
cooperativity) and two sites of low affinity (Kd ) 140 µM,
no cooperativity). The effect of Mg2+ on Ca2+ binding is
antagonistic, but rather complex: with an increase in the

FIGURE 1: Amino acid sequence of HsCen3. The four EF-hand
motifs are in bold. The trypsin peptides of the 11 kDa fragment
identified by MALDI-TOF mass spectrometry are boxed. The red
overlined polypeptide segment (10 899.1 Da) corresponds best to
the experimentally determined molecular mass (10 900.5 Da) of
the 11 kDa spontaneous fragment. The blue underlined polypeptide
segment (14 821 and 14 665 Da) corresponds best to the experi-
mentally determined molecular mass (14 823.1 and 14 660.0 Da,
respectively) of the 14 kDa tryptic fragment. The near-UV-
absorbing residues are highlighted in green.
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concentration of free Mg2+ from 0 to 0.1 mM, the single
high-affinity site rapidly loses its affinity for Ca2+, so above
0.1 mM Mg2+ this site does not bind Ca2+ anymore under
the conditions of flow dialysis. Presumably, above 0.2 mM,
the bound Mg2+ does not dissociate from the high-affinity
site. The two sites of low affinity for Ca2+ are much less
affected by an increase in the Mg2+ concentration. Table 1
shows the intrinsic association constantsK′n extracted from
the analysis of the ensemble of binding data. Assuming a
direct competition between Ca2+ and Mg2+, the calculated
Kd for Mg2+ amounts to 10µM, in excellent agreement with
the direct Mg2+ binding experiment (see below). These
observations suggest that the high-affinity site is of mixed
Ca2+/Mg2+ type.

When binding of Mg2+ to HsCen3 was assayed with
equilibrium gel filtration in buffer A containing 50µM
EGTA, an isotherm without any cooperativity was obtained
with aKd value of 11µM and a stoichiometry of 0.98 (Figure
2, inset). These data suggest that HsCen3 contains one Ca2+/
Mg2+ mixed site with a high affinity for both Ca2+ and Mg2+,
and two low-affinity Ca2+ binding sites, comparable to those
measured for several S100 proteins (32). Despite their

selectivity, the Ca2+ affinity of these latter sites is influenced
by Mg2+, probably by an allosteric interaction.

The ion binding to the 11 kDa tryptic fragment was
monitored by equilibrium gel filtration: 0.97 and 1.6 Ca2+

ions bound at 51 and 875µM free Ca2+, respectively,
whereas 0.89 Mg2+ ion is bound at 95µM free Mg2+ in
EGTA-containing buffer A. These data suggest that the
fragment contains the high-affinity Ca2+/Mg2+ mixed site
and one of the low-affinity Ca2+-specific site.

Ion Binding Assessed by ITC. We also explored the ion
binding properties of HsCen3 by using isothermal titration
calorimetry (ITC). Under our experimental conditions [20
µM HsCen3 and 350-500 µM CaCl2 or MgCl2 in 50 mM
MOPS buffer (pH 7.4) and 100 mM NaCl], only the strong
binding site is expected to be observed. The binding isotherm
at 30 °C indeed shows a single binding event with a
stoichiometry of 1:1, and dissociation constants of 8 and 28
µM were determined for Ca2+ and Mg2+, respectively. These
results confirm the capacity to bind strongly both Ca2+ and
Mg2+ ions, as well as the relative affinity ratio between the
two cations. The dissociation constants estimated by ITC are
2-3-fold larger than those measured by flow dialysis.
Besides the difference in temperature and ionic conditions,
it is likely that in the calorimetric experiments, the contribu-
tion of the weak binding sites (although too small to be
confidently distinguished) could distort the binding isotherm,
which was fitted to a simple one-site model. For both cations,
binding to HsCen3 is exothermic (∆H ) -6.0 and-7.4
kcal/mol for Ca2+ and Mg2+, respectively) and enthalpy-
driven.

Global Structural Characterization and Trp Fluorescence.
CD spectroscopy is a practical and efficient method for a
general structural characterization of a soluble protein. As
shown in Figure 3A, the far-UV CD spectrum of the protein
in the absence of Ca2+ shows two minima at 207 and 222
nm, which is typical for a protein with a significantR-helical
secondary structure (33). A rough estimation, based on the
linear relationship between the molar ellipticity at 222 nm
and the helix content inR-helix/coil mixtures, suggests that
27% of the residues haveR-helix-type backbone dihedral
angles. This helical content is smaller than could be expected
from a well-structured EF-hand protein, but similar to that
observed under the same physical conditions with HsCen2
(17). Addition of Ca2+ induces a 32% increase in the overall
CD intensity, accompanied by a change in the ratio between
the negative bands at 222 and 207 nm from 0.81 to 0.89,
most probably resulting from a Ca2+-induced increase in the
R-helix content and decrease in the conformational flexibility
of the protein (see below). A similar spectral change (the
peak ratio becomes 0.98) was observed when Mg2+ was
added (Figure 3A). An additional increase in ellipticity (30%
relative to the Ca2+ form) was noted when Ca2+-saturated
HsCen3 was mixed with an equimolar concentration of a
target peptide (P1-XPC), while the 222 nm:207 nm peak ratio
became slightly larger than 1. Note that the peptide alone,
at the same concentration, gives a random coil-type spectrum,
and that the ellipticity increase at 222 nm in the complex is
larger that the sum of the contributions from the isolated
molecules. The CD observations indicate that Ca2+, Mg2+,
and target peptide binding induce important secondary and/
or tertiary structure changes in HsCen3, similar to those noted
for HsCen2 (17).

FIGURE 2: Binding of Ca2+ and Mg2+ to HsCen3. Direct Ca2+

binding to recombinant HsCen3 was monitored by flow dialysis at
25 °C in 50 mM Tris-HCl (pH 7.5) and 150 mM KCl (buffer A).
The protein concentration is 25µM. Duplicate (circles or squares)
experiments are shown in the absence (black) or presence (filled
symbols) of 0.05 (cyan), 0.1 (green), 0.5 (red), and 5 mM Mg2+

(blue). The solid lines are the theoretical isotherms calculated with
the Adair equation for three sites with the intrinsic constants listed
in Table 1. The large empty red circles represent the results of
equilibrium gel filtration experiments in the presence of 90µM
and 1 mM Ca2+, respectively (no Mg2+). The inset shows direct
binding of Mg2+ to HsCen3 monitored by equilibrium gel filtration
in buffer A containing 50µM EGTA.

Table 1: Intrinsic Ca2+ Binding Constants of HsCen3 at Different
Mg2+ Concentrations Derived from the Stoichiometric Constants
which Were Obtained by Fitting All of the Data to the Adair
Equation for Three Sites

[Mg2+] (mM) K′1 (M-1) K′2 (M-1) K′3 (M-1)

0 3.3× 105 7.0× 103 7.5× 103

0.05 1.1× 105 6.5× 103 4.5× 103

0.1 2.6× 104 2.4× 103 2.6× 103

0.2 1.7× 104 3.0× 103 1.0× 102

0.5 1.3× 104 4.0× 103 6.0× 10
1.0 1.0× 104 3.0× 103 6.0× 10
2.0 6.2× 103 3.0× 103 6.0× 10
5.0 5.0× 103 1.2× 103 6.0× 10
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The structural stability, as assessed by the thermal
denaturation experiments, also exhibits a significant sensitiv-
ity to the interaction with dications or peptides (Figure 3B).
The ellipticity at 222 nm in the apo form decreases
steadily from 20°C and reaches a plateau at∼70 °C. The
absence of a clear cooperative transition reflects a loosely
organized structure (34) that progressively unfolds fluctuating
helical segments with a temperature increase. In the Ca2+-
saturated protein, the denaturation profile is different: a broad
sigmoidal transition starts at 30°C and shows a midtem-
perature at∼70 °C. A similar behavior was observed for
the Mg2+ form. Addition of the peptide P1-XPC in the
presence of Ca2+ further stabilizes the structure of HsCen3:
the baseline is prolonged up to 50°C and is followed by a
cooperative unfolding centered around 80°C. In contrast with
HsCen2 (17), HsCen3 shows a single-step unfolding process
in both the presence and absence of P1-XPC, suggesting a
distinct structural relationship between the two EF-hand
domains.

The fluorescence spectra of the single Trp93, located in
the linker segment between the two halves (Figure 1), suggest
that in the native protein the Trp is well-protected from the
solvent, since addition of 4 M guanidine-HCl leads to a red
shift from 342 to 351 nm and a 2-fold decrease in the
fluorescence intensity. The Trp fluorescence is weakly
affected by the binding of dications (data not shown), with
a 1.3-fold increase in the emission intensity upon binding
of Ca2+, and almost no change upon binding of Mg2+. The
11 kDa endogenous fragment of HsCen3 behaved in a
manner similar to that of whole HsCen3.

Interaction with Hydrophobic Probes.Metal-free HsCen3
enhances the fluorescence of the hydrophobic probe TNS
4-fold with a maximum at 426 nm (Figure 4A). When Ca2+

binds, the fluorescence emission further increases 2-fold and
is red-shifted to 433 nm. In contrast, binding of Mg2+ leads
to a 2-fold decrease in fluorescence as compared to that of

FIGURE 3: Circular dichroism analysis. (A) Far-UV spectra of 20
µM HsCen3 in 14 mM MOPS buffer (pH 7.4) and 24 mM NaCl in
the presence of 1 mM CaCl2 (red), 1 mM EDTA (black), 1 mM
EGTA and 1 mM MgCl2 (green), or 1 mM CaCl2 and 20µM P1-
XPC (blue). Also shown is the spectrum of 20µM P1-XPC in the
same buffer (magenta). (B) Thermal denaturation curves, monitored
by the CD band intensity at 222 nm. The samples are represented
by the same colors as in panel A. The thin straight lines at the
beginning of the records are only intended to underscore the initial
baseline of the denaturation process.

FIGURE 4: Ca2+-dependent exposure of hydrophobic side chains.
Hydrophobic exposure was monitored at 25°C in 50 mM Tris-
HCl (pH 7.5) and 150 mM KCl with the hydrophobic TNS. (A)
Emission fluorescence spectra of TNS alone (black) and with whole
HsCen3 in the presence of 50µM EGTA (blue), 1 mM Mg2+

(green), 1 mM Ca2+ (red), or 1 mM CaCl2 and MgCl2 (magenta).
(B) Same spectra for the 11 kDa endogenous fragment of HsCen3.
(C) Ca2+ titrations of the TNS fluorescence change of HsCen3 in
the absence (b) and presence of 1 mM Mg2+ (9). The fluorescence
was measured at 438 nm and normalized to relative changes. The
theoretical curves are calculated with the Adair equation for two
sites with the following intrinsic constants: 2.8× 104 and 6.4×
103 M-1 without Mg2+ and 3.5× 104 and 6.0× 103 M-1 with 1
mM Mg2+. (D) Mg2+ titration. The theoretical curve was calculated
with the Adair equation for one site with an intrinsic constant of
4.0 × 104 M-1.
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the apo form, and the resulting spectrum is close to that of
TNS alone. These data, together with the thermal denatur-
ation results, strongly suggest that the metal-free protein has
a loosely folded conformation, close to the molten globule
(MG) state. Additional support for the MG state is that
limited trypsin proteolysis in 1 mM EGTA leads to very fast
(within 10 min) and complete proteolysis, whereas in the
presence of Ca2+ or Mg2+, a 14 kDa band accumulates and
remains stable with respect to proteolysis for more than 1 h
(data not shown). The Ca2+-induced fluorescence enhance-
ment of TNS is likely due to the exposure of a large
hydrophobic surface, since HsCen3 binds to phenyl-
Sepharose in the presence of Ca2+ and is eluted upon
replacement of Ca2+ by EGTA. The Mg2+-induced decrease
in fluorescence indicates that the protein changes from a MG
state to a well-structured globular protein, but lacking
exposed hydrophobic patches. In agreement with this ob-
servation, the Mg2+ form does not bind to phenyl-Sepharose.

The metal-free 11 kDa endogenous fragment of HsCen3
enhanced the TNS fluorescence to the same degree as the
whole protein, and the binding of Mg2+ led to the same
reduction in intensity (Figure 4B). However, contrary to the
whole HsCen3, the addition of Ca2+ did not induce a
fluorescence increase, but a decrease to the same extent as
Mg2+ did. It thus seems clear that the N-terminal half of
HsCen3 behaves like a structural unit which adopts the MG
state in the ion-free state and a compact, ordered conforma-
tion upon binding of Ca2+ or Mg2+. However, this domain
is unable to form the exposed hydrophobic patch, which
seems to be a specific property of the C-terminal half.

Titration of the TNS-apo-HsCen3 complex or the TNS-
11 kDa fragment complex with Ca2+ or Mg2+ yields
information about the affinity of the complex for the cations.
The [Ca2+]0.5 value was 155µM (Figure 4C), very similar
to theKd of the two low-affinity sites, meaning that binding
of Ca2+ to the low-affinity sites is instrumental in the
formation of the hydrophobic patch on the protein surface.
In the presence of 2 mM Mg2+, the [Ca2+]0.5 value was 60
µM, leading to the suggestion that binding of Ca2+ to the
compact and ordered Mg2+ form is thermodynamically
favored over binding of Ca2+ to a molten globule state. The
[Mg2+]0.5 was 25µM (Figure 4D), which is comparable to
the value found by flow dialysis studies and very similar to
the ITC results. Interestingly, for the TNS-11 kDa fragment
complex, which can only proceed from the molten globule
state to the ordered structure, the [Ca2+]0.5 and [Mg2+]0.5

values were 1.5 and 19µM, respectively (data not shown),
indicating that the binding of any of the two cations to the
single high-affinity site is enough to induce the structural
transition from the MG to the ordered state.

Interaction with Melittin. The presence of an exposed
hydrophobic area in the Ca2+ form of HsCen3 was similarly
observed in HsCen2 (18), which is able to bind melittin. It
was thus tempting to examine also HsCen3 for the interaction
with this target model. First, the interaction with ME was
monitored by native PAGE on mixtures of 5µg of HsCen3
and increasing amounts of ME (Figure 5A). The Ca2+-,
Mg2+-, and metal-free forms of HsCen3 migrate with
mobilities of 0.38, 0.46, and 0.62, respectively, whereas the
positively charged ME alone does not enter the gel. At a
1:1 protein:peptide molar ratio, approximately half of the
protein migrates as a complex with a well-defined mobility

of 0.26; at a 1:2 molar ratio, most of the free HsCen3
disappeared and the complex migrates as a smear with
mobility ranging from 0.17 to 0.26. This suggests that with
an increase in peptide concentration, first a well-defined 1:1
complex is formed, and later one or more MEs bind to the
complex, thus forming a smear. No such complex was
formed in the presence of EGTA, although aggregates are
formed which do not enter the gel (arrow). Interestingly, in
1 mM Mg2+ and EGTA, a small amount of complex is
formed, with a mobility of 0.31. The Mg2+-induced complex

FIGURE 5: Interaction of melittin with HsCen3. (A) Native PAGE
in the presence of 1 mM Ca2+, Mg2+, or EGTA. All lanes contained
0.3 nmol of HsCen3 and ME in increasing ratios as indicated. Free
melittin does not migrate to the cathode in this native system.Rf
values are 0.38 (Ca2+ form), 0.46 (Mg2+ form), and 0.83 (apo form)
for HsCen3 and 0.26 for the 1:1 complex. (B) SDS-PAGE after
covalent cross-linking. In the presence of DSS, HsCen3 exhibits a
small amount of homodimer (arrow). When in addition ME is
present, covalent conjugates containing 1:1 and 2:1 ME-HsCen3
complexes are seen. (C) Complex formation monitored by Trp
fluorescence. The maximal intensity of the spectrum (solid red line)
of the 1:1 complex is 1.23-fold higher that that of the theoretical
sum (dotted red line) of the HsCen3 and ME spectra and is blue
shifted by 16 nm. (D) Fluorescence titration of HsCen3 with ME
in buffer A containing 1 mM CaCl2.
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must involve the N-terminal domain, whereas the Ca2+-
induced complex involves the C-terminal domain and its
hydrophobic patch.

We also examined the ME interaction with HsCen3 using
the divalent cross-linker disuccinimidyl suberate (DSS) and
SDS-PAGE (Figure 5B). HsCen3 alone treated with DSS
exhibited a main band at 22 kDa, but also a faint band of 45
kDa, indicating that, like HsCen2 (18), the protein is partly
homodimeric. This dimer band was not observed in the
absence of Ca2+. In the presence of ME, two major protein
bands appear, one at 26 kDa corresponding to the 1:1 ME-
centrin covalent adduct and one at 29 kDa corresponding to
the 2:1 ME-HsCen3 complex.

Formation of a complex between HsCen3 and ME was
also demonstrated by monitoring changes in the Trp fluo-
rescence. Figure 5C shows that in the presence of Ca2+ the
fluorescence spectrum of an equimolar mixture of HsCen3
and ME has a higher intensity and is more blue-shifted (from
348 to 332 nm) than the sum of spectra of the individual
components. Only small changes occurred upon addition of
a second ME, suggesting that, contrary to the first ME,
binding of the second ME does not lead to major spectral
perturbations (Figure 5D). Titration of HsCen3 with ME,
monitored by the Trp fluorescence change at 320 nm, shows
an inflection point at 0.91 ME/HsCen3; above this point,
the fluorescence increases much less and can be attributed
to the ME increments. The data points close to the inflection
point allow estimation of a dissociation constantKd of 20-
50 nM, i.e., a 2-3-fold higher affinity than that of HsCen2
for ME.

Interaction with Target Peptides. ME is a useful model
for the interaction of targets with members of the CaM
superfamily, but more relevant biological information can
be gathered with peptides that are known to represent centrin
binding segments in Kar1p (35) or XPC (25). Therefore, we
titrated HsCen3, in the presence or absence of Ca2+, with
these two peptides using the ITC technique. As illustrated
in the thermogram of Figure 6A, P1-XPC forms a 1:1
complex with Ca2+-saturated HsCen3 in an exothermic
reaction (negative enthalpy). Fitting of the integrated data
to a one-site binding model results in a high affinity (Kd )
13 nM) and a large binding enthalpy (-14.9 kcal/mol). As
shown above, complex formation results in more helical
content, and an increased thermal stability, suggesting that
the peptide and/or additional fragments of the protein become
more structured. The interaction parameters are comparable
to those of HsCen2, although the binding free energy is
lower, essentially due to a decreased enthalpy contribution
(Table 2). During the binding experiments, we also noted,
as in the case of HsCen2 (17), that the affinity of HsCen3
for the target decreases by almost 1 order of magnitude when
NaCl is replaced by the same concentration of KCl. In the
absence of Ca2+, P1-XPC still binds to HsCen3, but because
of an unfavorable entropy contribution, the affinity is 70-
fold lower.

Similar experiments (Figure 6B) showed that P-Kar1p, the
target peptide usually assayed for binding to various centrins
(22), binds to Ca2+-saturated HsCen3 (as well as to HsCen2),
but with a significantly lower affinity (200 nM) and a lower
enthalpy (-11.1 kcal/mol). Again, the metal-free form of
HsCen3 interacts with this peptide with a reduced affinity
(17-fold). For the two peptides, the binding entropy change

is more negative when the protein is in the apo form since
it includes a larger unfavorable contribution due to the
transition from a fluctuating structural state to a more stable
and persistent conformation.

DISCUSSION

DiVersity in Ca2+ Binding. A characteristic feature of the
proteins from the EF-hand superfamily is the wide diversity
in the cation binding properties, including the affinity,
kinetics, specificity, and cooperativity. CaM (36), vertebrate
TnC (37), calcineurin B (38), and CLSP (30) all have four
functional EF-hands, one pair in each domain of the protein.
The two halves constitute more or less independent structural
units. CaVP, which belongs to the CaM superfamily, has
only one functional two-Ca2+-binding pair in the C-terminal
half (39). Except for the C-terminal pair in TnC and the
N-terminal pair in CLSP, all these sites are quite specific
for Ca2+, i.e., interact poorly or not with Mg2+, and have a

FIGURE 6: Target peptide binding. Titration of HsCen3 with (A)
P1-XPC and (B) P-Kar1p peptides using ITC at 30°C. Protein (10
µM) was dissolved in MOPS buffer (pH 7.4), 100 mM NaCl, and
1 mM CaCl2, and the titrant was at a concentration of 100µM in
the same buffer.
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moderate affinity (Kd ) 1-10 µM under physiological
conditions). They have been designated as activator or sensor
sites (40). The centrins also belong to the CaM superfamily,
but display great variance in their divalent cation binding
properties.Chlamydomonascentrin may be more ancestral,
since it kept four functional EF-hands in two distinct protein
domains (20); one of the C-terminal sites has a very low
affinity. HsCen2 evolved still farther away from the proto-
typical CaM and binds only one Ca2+ per monomer with a
moderate affinity (Kd ) 30 µM), but strict Ca2+ specificity
(18). A particular truncated form of HsCen2, including the
C-terminal half and helix D, can bind two Ca2+ ions per
monomer (19), as does also the entire protein in a complex
with melittin (18). In this study, we show that the closely
related (sequence that is 53% identical) HsCen3 displays one
high-affinity Ca2+/Mg2+ mixed site and two low-affinity (Kd

) 140 µM) Ca2+-specific sites. The affinity of HsCen3 for
Mg2+ is among the highest registered for EF-hand Ca2+-
binding proteins. At rest, Mg2+ occupies the high-affinity
site and likely does not exchange for Ca2+ in moderately
stimulated cells ([Ca2+]free e 5-10 µM). This suggests that
the N-terminal domain of HsCen3 plays a structural rather
than a regulatory role in the Ca2+ signaling processes.

As for the topology of the functional EF-hands in human
centrins, we previously reported that HsCen2 binds its single
Ca2+ to EF-hand IV in the C-terminal half (19). In MmCen4,
the sequence of which is 74% identical to that of HsCen2,
also only EF-hand IV seems to bind Ca2+ (9). Analysis of
the HsCen3 sequence predicts (Table 3) that EF-hand III is
inactive, mainly due to the N for E substitution in position
12 of the loop. We also note that EF-hand I is characterized
by an unusual Glu in position 6 (between+Z and-Y), and
EF-hand II should have a low affinity due to a Thr in position
+Z. Our studies on the 11 kDa endogenous fragment and
the 14 kDa tryptic fragment strongly suggest that the Ca2+/
Mg2+ binding site is situated in the N-terminal half, and it
is tempting to attribute this site to EF-hand I, partly because
it contains aZ acid pair (41-43). It should be noted that
two other members of the CaM superfamily possess high-
affinity Ca2+/Mg2+ mixed sites: TnC in the two C-terminal
EF-hands (37) and CLSP in the two N-terminal EF-hands
(18). In TnC, the role of the C-terminal half is to bind TnC
to the troponin complex in a Ca2+/Mg2+-dependent manner
(44).

Metal-Induced Structural Changes. Cation binding to the
single Ca2+/Mg2+ mixed site seems to control an important
structural transition from a molten globule state to a compact
globular conformation. Indeed, the lowR-helical content
(27%), the absence of well-defined transitions in the CD

melting curve, the strong interaction of apo-HsCen3 with
TNS, and the high susceptibility of apo HsCen3 to proteolysis
strongly suggest a loose packing. This structure can be
described as a core of collapsed hydrophobic residues
surrounded byR-helical segments which are in a dynamic
equilibrium between various conformations over the entire
peptide backbone. In HsCen3, the transition from the MG
to the compact state clearly occurs when the high-affinity
site is occupied by either Ca2+ or Mg2+. The MG state also
prevails in the metal-free state of various EF-hand proteins,
includingNereisSCP (45, 46) and calexcitin (47). HsCen3,
NSCP, and calexcitin possess at least one high-affinity Ca2+/
Mg2+ mixed site, and in all three proteins, the transition is
also controlled by interaction with either Ca2+ or Mg2+.
Under physiological conditions, the Ca2+/Mg2+ site is always
occupied by a divalent cation, and the protein is protected
from the MG state, even at rest. It is plausible that the
function of this site is to prevent the protein from adopting
a MG state and being readily catabolized (47). Interestingly,
a re-examination of our data on HsCen2 (see Figure 2 of ref
18 and Figure 4 of ref19), which does not interact with
Mg2+, incites us to propose that the C-terminal domain of
metal-free HsCen2 also possesses a MG structure. Thus, in
this protein, the transition from the MG to the native state is
controlled by only Ca2+ binding to EF-hand IV. This is
reminiscent of CaVP that also has only Ca2+-specific sites,
but behaves as a MG in the apo form (39, 48). In conclusion,
the MG state may be quite common in the apo forms of
several EF-hand subfamilies. Proteins containing Ca2+ or
Mg2+ can escape the MG state, and thus avoid degradation
by the proteasome, since Mg2+ occupies the site under
physiological resting conditions, whereas proteins with
exclusively Ca2+-specific sites may avoid the MG state by
forming a permanent complex with a target peptide, as CaVP
does (49).

One may question whether the whole apo-HsCen3 or only
the N-terminal half adopts a MG state. Three experimental
observations favor the first hypothesis. (1) The melting curve
of the integral protein in Figure 3B shows no discrete
structural transition. (2) Trypsin cleavage of native apo-
HsCen3 results in very small fragments, much smaller than
the size of the C-terminal half (data not shown). (3) The
Ca2+ titration of the TNS fluorescence enhancement in the
presence of whole HsCen3 shows no transition to the
compact native state (weak TNS enhancement) before the
solvent-exposed hydrophobic patch is formed (strong TNS
enhancement). As suggested by the single transition in
thermal denaturation, the two halves in HsCen3 are structur-
ally much more interdependent than in HsCen2. The case
of the N-terminal 11 kDa endogenous fragment is simpler,

Table 2: Thermodynamic Parameters of the Interaction between HsCen2, HsCen3, and Target Peptides

protein ligand 1 mM Ca2+
Kd (error)

(nM)
∆H (error)
(kcal/mol)

∆G
(kcal/mol) T∆S

HsCen2a P1-XPC with 4.5 (0.8) -27.2 (0.2) -11.6 -15.6
HsCen2a P1-XPC without 125 (16) -35.8 (0.6) -9.6 -26.2
HsCen3 P1-XPC with 13 (3) -14.9 (0.4) -10.9 -4.0
HsCen3 P1-XPC without 909 (16) -31 (1) -8.4 -22.6
HsCen2 P-Kar1p with 260 (34) -13.3 (0.2) -9.2 -4.1
HsCen3 P-Kar1p with 200 (16) -11.1 (0.4) -9.3 -1.8
HsCen3 P-Kar1p without 3300 (440) -12 (0.7) -7.6 -4.4

a From ref17.
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since Ca2+ binding can overcome the MG state and induces
the compact globular state.

Like other members of the CaM superfamily, the Ca2+

form of HsCen3 exposes a hydrophobic patch on the surface
that is monitored by TNS. TNS fluorescence enhancement
results form binding either to the MG (see above) or to a
solvent-exposed hydrophobic patch (50). The difference in
maximal fluorescence wavelength, illustrated in Figure 4A,
indicates that the two TNS binding sites have different

natures. The hydrophobic exposure is confirmed by the fact
that HsCen3 binds in a Ca2+-dependent manner to phenyl-
Sepharose. Mg2+ binding alone does not lead to hydrophobic
exposure, as was also observed in CLSP (30). In fact, the
hydrophobic exposure is concomitant with the binding of
Ca2+ to low-affinity Ca2+-specific site EF-hand IV in the
C-terminal half of HsCen3. Interestingly, in the 11 kDa
fragment, no hydrophobic patch could be induced, and it does
not bind to phenyl-Sepharose. One may suppose that
formation of the solvent-exposed hydrophobic patch is under
the control of binding of Ca2+ to EF-hand IV, in both HsCen2
(18) and HsCen3 (this study).

Target Binding. Exposure of the hydrophobic patch is
instrumental for the interaction with target proteins. As
demonstrated for HsCen2 (18), ME is a good model for the
study of intermolecular interactions. It also interacts with
HsCen3, as we showed here by band shift in native PAGE,
covalent cross-linking, and Trp fluorescence changes. How-
ever, the stoichiometry of the complex is two ME molecules
per HsCen3 instead of one ME per HsCen2. In the CaM-
ME complex, the N-terminal end of the MER-helix interacts
with the N-terminal half of the protein and the C-terminal
end of ME with the C-terminal half of CaM (51). On the
basis of the spectral similarities in the CaM-ME, HsCen2-
ME, and HsCen3-ME complexes, we assume that HsCen3,
through its C-terminal hydrophobic patch, interacts in a
similar way with ME. In HsCen3, one more ME interacts
with the N-terminal domain, provided Ca2+ or Mg2+ is
bound, i.e., when this domain is not in the MG state. The
latter interaction may be weaker and different in nature, since
no hydrophobic surface is formed. CrCen (sequence that is
51% identical with that of HsCen3) also shows two distinct
binding events, apparently related to the binding of one
Kar1p peptide at each of the two halves (20).

The binding of ME places HsCen3 in the category of Ca2+

sensors, but more relevant information is gained by inves-
tigating the complex formation with peptides derived from
physiological target proteins. Genetic and biochemical
experiments allowed identification of several protein targets,
including Kar1p (21), mps3p (23), and Sfi1 (24) in the
centrosome/SPB, G-protein transducin in the connecting
cilium of photoreceptor cells (52, 53), and XPC (25) and
Sac3 (26) in the nucleus region. Further, the binding peptides
of Kar1p (22) and XPC (17) have been identified. The Ca2+

sensitivity of these interactions appears to be quite variable:
while interaction with G-transducin, Kar1p, and XPC is more
or less dependent on Ca2+ concentration, binding of Cdc31p
to Sfi1 takes place even at 5 mM EGTA.

The reported variability of target interactions with centrins
(9, 53) incited us to test the potential for binding to HsCen3.
In the presence of Ca2+, both formed a complex, but with
highly distinct affinities: Kd ) 13 and 200 nM for P1-XPC
and Kar1p, respectively. In the absence of Ca2+, the
HsCen3-P1-XPC complex exhibited a 70-fold lower affin-
ity. As in the case of HsCen2, the binding processes are
driven by favorable enthalpy changes and counteracted by
negative entropy changes; i.e., the number of hydrophobic
and electrostatic bonds largely compensates for the increase
in the level of conformational order, especially in the target
peptide (as evidenced by the gain inR-helix content). It
should be noticed that in the majority of the CaM complexes
with natural targets the driving force is also enthalpic (54-

Table 3: Ca2+-Binding Loop Sequences in HsCen1-HsCen3,
MmCen4, CrCen, and CaMa

a In gray are residues with a lower occurrence in the corresponding
position within the EF-hand family (57).
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56). Despite the promiscuity of molecular interactions in the
CaM superfamily, we expect that details in the structure of
the targets ensure the specificity of interactions. A specific
feature of centrins is an extension of∼20 residues at the
N-terminal end. In the case of HsCen3, this region includes
an unusual basic sequence (KTKRKKRR) whose role may
be related to the capacity of centrins to bind amphiphilic
helices containing acidic residues.

Conclusion. Our study is a first step toward understanding
the mode of action and functional diversity of centrins.
Sequence comparison, and a number of functional properties,
including Ca2+ binding affinities, Ca2+/Mg2+ selectivity, and
Ca2+ sensitivity of target binding, support the hypothesis that
HsCen3, on one side, and HsCen1 or HsCen2, on the other
side, belong to different functional classes. In their evolution
toward more specificity in the target binding, they may have
been driven into structures that are thermodynamically or
biochemically unfavorable inside the cell. Therefore, the
natural selection may have introduced restricted mutations
to prevent the MG state. In the centrin field, two strategies
seem to operate: introduction of a Ca2+/Mg2+ mixed site
(as in TnC) or a decrease in the Ca2+ dependency, to remain
bound to the target protein under all cellular conditions.
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