
pubs.acs.org/BiochemistryPublished on Web 04/21/2010r 2010 American Chemical Society

Biochemistry 2010, 49, 4383–4394 4383

DOI: 10.1021/bi901764m

Scherffelia dubia Centrin Exhibits a Specific Mechanism for
Ca2þ-Controlled Target Binding†

Laura Radu,‡,§ Isabelle Durussel, ) Liliane Assairi,*,‡,§ Yves Blouquit,‡,§

Simona Miron,‡,§ Jos A. Cox,*, ) andConstantin T. Craescu‡,§,^

‡Institut Curie Centre de Recherche, Centre Universitaire Paris-Sud, 91405 Orsay Cedex, France, §INSERM U759,
Centre Universitaire Paris-Sud, 91405 Orsay Cedex, France, and )Department of Biochemistry,

University of Geneva, Geneva 4, Switzerland ^Deceased.

Received October 13, 2009; Revised Manuscript Received April 21, 2010

ABSTRACT: Centrins are calcium binding proteins that belong to the EF-hand (or calmodulin) superfamily,
which are highly conserved among eukaryotes. Herein, we report the molecular features and binding
properties of the green alga Scherffelia dubia centrin (SdCen), a member of the Chlamydomonas reinhardtii
centrin (CrCen) subfamily. The Ca2þ binding capacity of SdCen and its isolated N- and C-terminal domains
(N-SdCen and C-SdCen, respectively) was investigated using flow dialysis and isothermal titration calori-
metry. In contrast with human centrin 1 and 2 (from the same subfamily), but like CrCen, SdCen exhibits
three physiologically significant Ca2þ binding sites, two in the N-terminal domain and one in the C-terminal
domain.Mg2þ ions could compete with Ca2þ in one of the N-terminal sites.When Ca2þ binds, the N-terminal
domain becomes more stable and exposes a significant hydrophobic surface that binds hydrophobic fluore-
scent probes. The Ca2þ binding properties and the metal ion-induced structural changes in the C-terminal
domain are comparable to those of human centrins. We used isothermal titration calorimetry to quantify the
binding of SdCen, N-SdCen, and C-SdCen to three types of natural target peptides, derived from the human
XPC protein (P17-XPC), the human Sfi1 protein (R17-hSfi1), and the yeast Kar1 protein (P19-Kar1). The
three peptides possess the complete (P17-XPC and R17-hSfi1) or partial (P19-Kar1) centrin binding
motif (W1L4L8). The integral SdCen exhibits two binding sites for each target peptide, with distinct affinities
for each site and each peptide. The high-affinity peptide binding site corresponds to the C-terminal domain of
SdCen and displays binding constants and the poor Ca2þ sensitivities similar to those observed for human
centrins. The low-affinity site constituted by theN-terminal domain is active only in the presence of Ca2þ. The
thermodynamic binding parameters suggest that the C-terminal domain of SdCen may be constitutively
bound to a target, while the N-terminal domain could bind a target only after a Ca2þ signal. SdCen is also able
to interact with calmodulin binding peptides (W1F5V8F14motif) with a 1:1 stoichiometry, whereas the isolated
N- and C-terminal domains have a much lower affinity. These data suggest particular molecular mechanisms
used by SdCen (and probably by other algal centrins) to respond to cellular Ca2þ signals.

Centrins are acidic Ca2þ binding proteins of the EF-hand
superfamily, well conserved in the eukaryotic kingdom (1, 2).
Centrins were first identified in unicellular green algae, such as
Tatraselmis striata (3) and Chlamydomonas reinhardtii (4, 5), as
components of the basal bodies-associated, Ca2þ-sensitive contrac-
ting fibers. The capacity of the centrin-based filaments to con-
tract with an increase in Ca2þ concentration, even in the absence
of ATP (3), suggested that centrins are responsible for Ca2þ-
dependent motility processes, at least in ciliated or flagellate
cells. Flagellar excision, as a response to adverse environmental
conditions in algae, is also dependent on centrin filaments and
seems to be regulated by the intracellular Ca2þ concentration (5).

Centrins have since been found to be ubiquitous proteins in
many other eukaryotic species, including higher plants (6),
yeast (7), invertebrates (8), and humans (9, 10) (see ref 11 for a
review). The protein is concentrated in themicrotubule-organizing
centers (MTOCs),1 functionally similar to basal bodies, which are
named spindle pole body (SPB) in yeast and centrosome in higher
eukaryotes. Accumulation of proteomic data for various species
allowed the establishment of a phylogenic tree of the centrin family
that has fourmain subfamilies (11,12).C. reinhardtii centrin (CrCen)
is the prototype for the largest subfamily, which comprises
also human centrins HsCen1 and HsCen2. Human centrin 3
(HsCen3) and yeast centrin (Cdc31) form the next subfamily,
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while plant and paramecium centrins define the two other
subfamilies.

The functional significance andmolecularmechanism of centrin-
mediated motility are actually not known. However, a clear sign
of progresswas the discovery in yeast and human cells of a centrin
target protein named Sfi1, containing a large number of similar
sequence motifs, each being able to bind a centrin molecule
independently (13). The centrin-Sfi1 interaction studies (13, 14)
showed that the binding affinity ismoderately increased (∼20-fold)
by Ca2þ, suggesting that the two proteins are constitutively
bound. However, the mechanism of Ca2þ-controlled contraction
of centrin-Sfi1 complexes is not known (14, 15) and requires
additional experimental investigation.

The presence of centrins in the centrosome is related to another
functional role, the regulation of the MTOC duplication and
separation during the cell cycle. It was clearly demonstrated in
several eukaryotic species that the absence or a nonfunctional
centrin induces a failure of MTOC duplication and defects in
cellular mitosis (16-20). Nothing is known about an eventual
centrin-mediated role of Ca2þ in this process.

New centrin implications are currently being discovered in
various cellular processes, including nucleotide excision repair
(21), the light transduction cascade in photoreceptor cells (22),
the ciliary voltage-gated Ca2þ channel in Paramecium (23), axo-
nemal chemotaxis in Tetrahymena (24), and the nuclear mRNA
export machinery in yeast (25, 26).

Centrin molecules (∼20 kDa) consist of two relatively inde-
pendent EF-hand domains, each one including two EF-hand
motifs. The N-terminal domain of centrins contains a highly
variable and unstructured fragment of 20-25 amino acids and
exhibits more variable Ca2þ binding properties relative to the
C-terminal domain. Eachmolecule possesses four potential Ca2þ

binding sites (I-IV), but because of amino acid substitutions in
the binding loop sequence or in the adjacent helices, the affinity
and specificity for Ca2þ ionmay vary from one species to another.
For instance, HsCen1 and HsCen2 have a moderate-affinity
(Kd of 10 μM for site IV) and a low-affinity (Kd of >100 μM for
site III) Ca2þ binding site, while the N-terminal domain has
nonphysiological (Kd>1 mM) ion binding sites (27-29). HsCen3
displays one high-affinityCa2þ/Mg2þ-mixed site, which likely sits
in EF-hand I, and two low-affinity Ca2þ-specific sites (30). Green
algal CrCen binds three Ca2þ ions per monomer with submilli-
molar dissociation constants, displaying higher affinity for the
two N-terminal sites (1-10 μM) and a distinctly lower affinity
(∼100 μM) for the C-terminal site (31).

Understanding of centrin functions, and particularly the Ca2þ

dependence, requires a detailed description of the molecular and
structural properties of the isolated proteins and of their inter-
actions with relevant cellular targets. Algal centrins exhibit specific
properties as compared to centrins from the same phylogenic
subfamily such as human centrin 1 and 2. In addition, cellu-
lar investigations of green algae (Chlamydomonas and Tetra-
selmis) (32, 33) have documented the participation of centrins in a
network of Ca2þ-sensitive fibers connecting the basal bodies
among them and with the nucleus. Scherffelia dubia centrin was
reported to polymerize in a Ca2þ-dependent manner and to form
a filamentous network (39). We therefore initiated a molecular
and thermodynamic study that aimed to determine the detailed
Ca2þ binding parameters and Ca2þ-dependent functional prop-
erties of the algal S. dubia centrin (SdCen). Our data show that
SdCen and CrCen share a unique molecular property, the
capacity of the N-terminal domain to bind two Ca2þ ions with

high affinity and to change its conformation upon Ca2þ binding.
Consequently, theN-terminal domain could bind target motifs in
a strict Ca2þ-dependent manner. At low Ca2þ concentrations,
only the C-terminal domain may bind a target molecule, while in
the presence of a Ca2þ signal, the N-terminal domain can also
bind the target and the whole SdCen protein may interact simul-
taneously with two protein targets. These experimental observa-
tions emphasize a distinct functionalmode of SdCenas compared
to that of centrins from the same subfamily (HsCen1 and
HsCen2) or centrins from the Cdc31 subfamily. Similar mole-
cular properties of SdCen and CrCen suggest that this functional
feature could be common to all the algal centrins. This hypothesis
is supported by sequence comparison of centrins from algae and
nonplant organisms, which also suggests that the sequence sig-
nature of the plant and algae centrins is mainly localized in the
second EF-hand.

MATERIALS AND METHODS

Materials.Melittin (ME) was purchased and further purified
as described previously (34). Peptides P17-XPC, P19-Kar1, R17-
hSfi1 (corresponding to the R641-T660 sequence of human Sfi1
protein), and skMLCK were purchased from Biofidal (Vaulx-en-
Velin, France) andHybio (Shenzhen, China). All the peptides are
acetylated at the N-terminus and amidated at the C-terminus.
Purity was greater than 95%, as assessed by high-pressure liquid
chromatography analysis. The primers were purchased from
Eurogentec.
Cloning, Expression, and Purification of the Proteins.

The S. dubia centrin (SdCen) coding sequence was amplified
from a plasmid containing the centrin gene (kindly provided by
M.Melkonian, University of K€oln, Cologne, Germany), accord-
ing to the polymerase chain reaction (PCR) method by using the
Vent or Phusion DNA polymerase, the dNTPs, and the flanking
50- and 30-primers (50-GGAATTCCATATGAGCTACAGGA-
AGGCTGCC-30 and 50-GGCGCTCGAGTCAGAACAGTG-
ACGTCTTCTTCATG-30, respectively). The PCR products were
inserted at the NdeI and XhoI restriction sites of the pET24a ex-
pression vector using T4 DNA ligase. This recombinant plasmid
was used as a template for PCR amplification of the N-terminal
domain (Met1-Met93) of SdCen (orN-SdCen) using the 30-primer
(50-CGGCGCTCGAGTCACATCTTGGCGGTCATCATCTG-
30) and of the C-terminal domain (Met93-Phe168) of SdCen (or
C-SdCen) using the 50-primer (50-GGAATTCCATATGGGC-
GAGCGCGACTCCC-30). The resulting plasmids encoding either
SdCen, N-SdCen, or C-SdCen were used to transform Escherichia
coli strain NM554, and the clones obtained were sequenced to
verify their integrity and finally used to transform E. coli strain
Bl21(DE3)/pDIA17 for further expression of the protein. For
overproduction of SdCen and its two domains, the transformants
containing the specific plasmid were grown at 37 �C in 2YT
medium (Difco) in the presence of chloramphenicol (30 μg/mL)
and kanamycin (70 μg/mL). When the absorbance reached 1.5 at
600 nm, the production of the protein was induced by addition of
1mM isopropyl β-D-1-thiogalactopyranoside, and the growth was
continued for an additional 3 h at 37 �C. The cells were then
pelleted by centrifugation and served as a source for protein
purification. The proteins (SdCen, N-SdCen, and C-SdCen) were
purified as previously described for HsCen2 (27). The protein
concentration was determined by spectrophotometry using extinc-
tion coefficients (ε) of 1490 and 2860M-1 cm-1 at 280 and 259 nm,
respectively, based on the Tyr and Phe content.
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Metal Removal and Cation Binding. SdCen was precipi-
tated 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 mMKCl (buffer A). Typically, the contamina-
tion represents less than 2% of the total binding capacity. Total
Ca2þ and Mg2þ concentrations were determined with a Perkin-
Elmer 2380 atomic absorption spectrophotometer. Flow dialyses
on 50 μM SdCen were conducted in the absence or presence of
2 mM Mg2þ at 25 �C in buffer A according to the modified
method of Colowick and Womack (35). Treatment of the raw
data and evaluation of the binding parameters was conducted as
previously described (36). The data were analyzed using the
Adair equation for three binding sites (for details, see ref 30). In
the flow dialysis experiment on a 2:1 mixture of ME and SdCen,
2μMMEwaspresent in the perfusion buffer (27). The antagonism
between Ca2þ and Mg2þ was tested with the competition equa-
tion for each site: K0

Ca/K
0
Ca.app = 1 þ K0

Mg.comp[Mg2þ], where
K0

Ca and K0
Ca.app are the intrinsic Ca

2þ binding constants for a
given site in the absence and presence of Mg2þ, respectively, and
K0

Mg.comp is the calculated Mg2þ binding constant for this site.
Interaction with Hydrophobic Probes. The Ca2þ-dependent

changes in the hydrophobic patches of SdCen were followed by
monitoring the fluorescence properties of 2-p-toluidinylnaphthalene
6-sulfonate (TNS) as described previously (37), using a Perkin-
Elmer LS 50B spectrofluorometer. The Ca2þ dependence of the
probe fluorescence enhancement was monitored starting with a
solution in buffer A of 4 μM protein, 40 μM TNS, and 2 μM
contaminating Ca2þ (measured by atomic absorption photo-
metry); this solution was titrated with increasing Ca2þ or EGTA
concentrations. The amount of free Ca2þ was calculated with
WEBMAXC STANDARD. Mg2þ titrations were conducted on
10 μM metal-free protein in buffer A containing 1 mM EGTA.
Isothermal Titration Calorimetry. Calcium was removed

from all buffers [50 mM MOPS and 100 or 500 mM NaCl
(pH 7.4)] when they were passed through a Chelex 100 column
(31). Centrins (SdCen,N-SdCen, andC-SdCen) in buffer [50mM
MOPS, 100 mM NaCl, and 50 mM EDTA (pH 7.4)] were
stripped with buffer [50 mMMOPS and 500mMNaCl (pH 7.4)]
and desalted through aG25 column equilibrated in buffer [50mM
MOPS and 100 mM NaCl (pH 7.4)]. Thermodynamic para-
meters of molecular interactions between centrin and metal ions
or target peptides were investigated by ITC using a VP-ITC
instrument (MicroCal Inc.,Northampton,MA). The protein, the
metal ions, and the peptides were equilibrated in the same buffer
containing 50 mM MOPS (pH 7.4), 100 mM NaCl, and CaCl2
(1 mM), or EDTA (2 mM). Centrin at 15-45 μM in the calori-
meter cell was titrated with the metal ions (0.5-1.0 mM) or the
peptides (150-200 μM) by automatic injections of 5-10 μL. The
first injection of 2 μL was ignored in the final data analysis.
Integration of the peaks corresponding to each injection and
correction for the baseline were accomplished usingOrigin-based
software provided by the manufacturer. The fit of the data to an
interaction model results in the stoichiometry, equilibrium bind-
ing constant (Ka), and enthalpy (ΔH) of complex formation. All
the experiments were repeated twice and gave similar results.
Control experiments, consisting of the injection of peptide solu-
tions into the buffer, were performed to evaluate the heat of
dilution.
Fluorimetric Titrations. Trp fluorimetry was used for moni-

toring the titration of centrin into the peptide solution. The
experiments were performed on a Jasco FP777 spectrofluoro-
meter (Jasco, Tokyo, Japan) equipped with a temperature control

device. The fluorescence excitation wavelength was 295 nm, and
fluorescence emission spectra were recorded between 290 and
410 nm at 25 �C, using quartz cuvettes. Samples were prepared in
buffer A and studied at 25 �C. Formation of the complex was
followed by changes in the microenvironment of the peptide Trp
upon centrin titration, which in turn is reflected in fluorescence
emission changes.

CDmeasurementswere performedon a Jasco J-715CD spectro-
polarimeter equipped with a Peltier temperature control device.
Far-UV spectra were recorded between 200 and 250 nm at 22 �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 prepared in 10 mMTris buffer (pH 7.5) and
20 mM NaCl. Thermal denaturation was followed by recording
the ellipicity at 222 nm between 5 and 90 �Cwith a rate of tempe-
rature increase of 1 �C/min. The reversibility of the thermal un-
folding process was assessed to be higher than 95%, by compa-
ring the CD spectra at the beginning and at the end of the thermal
cycle.

RESULTS

Ca2þBinding Properties. (i) Flow Dialysis Studies and
Effect of Mg2þ and Melittin. Flow dialysis on the apoprotein
in the absence of Mg2þ yielded a biphasic isotherm (Figure 1),
which leveled out at three bound Ca2þ ions per monomer. This
stoichiometry suggests that under the experimental conditions
SdCen has two high-affinity sites (Ka ∼ 3� 105 M-1, no coope-
rativity) and one moderate-affinity site (Ka=5.1�104M-1) (see
Table 1a). In the presence of 2 mM Mg2þ, the Ca2þ binding
isotherm of the two high-affinity sites is slightly shifted to the
right, and according to theAdair analysis, only the affinity of one
site is significantly decreased (4-fold). The flow dialysis was also
performed on a 1:2 mixture of apo SdCen and ME, a model
peptide that interacts with centrins (27, 30). The isotherm shows

FIGURE 1: Ca2þ binding to SdCen measured by flow dialysis. Direct
Ca2þ binding to recombinant SdCen 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 was 50 μM. Duplicate (empty and filled
symbols) experiments are shown in the absence (red) or presence of
2mMMg2þ (green).Theblue crossed symbols represent a flowdialysis
on a 2:1 molar mixture of ME and SdCen. Results of similar dupli-
cate experiments with N-SdCen in the absence of Mg2þ are colored
magenta. The solid lines are the theoretical isotherms calculated
with the Adair equation for three (SdCen) or two (N-SdCen) sites
with the intrinsic constants listed in Table 1. The black circles repre-
sent results of equilibrium gel filtration experiments with SdCen and
N-SdCen (no Mg2þ).



4386 Biochemistry, Vol. 49, No. 20, 2010 Radu et al.

the same stoichiometry, but a slightly higher affinity, especially
for the single moderate-affinity site (4.9-fold increase in K0

3).
Recombinant N-SdCen binds two Ca2þ ions with a rather

high mean affinity (Ka = 7.5 � 104 M-1) and a slight positive
cooperativity (nH = 1.09). Thus, the two high-affinity sites on
whole SdCen reside in the N-terminal half, although in isolated
N-SdCen this affinity is weakened by a factor of 4-5. This
suggests that, contrary to the case of CaM and CrCen or other
centrins, the presence of the C-terminal half enhances the Ca2þ

affinity in the N-terminal half. The location of the high-affinity
sites is corroborated by the fact that 2 mM Mg2þ shifts the
binding curve of N-SdCen to the right to the same extent as in
whole SdCen (not shown). As in CrCen (31) and in HsCen2 (27),
the moderate-affinity Ca2þ-specific site is thus located in the
C-terminal half of the SdCen, most probably site IV.

(ii)Thermodynamics of Ca2þBinding. Isothermal titration
calorimetry was used as an additional method to study the Ca2þ

binding to the algal centrin. The solutions of SdCen, N-SdCen,
andC-SdCen (25μM)were titratedwith aCaCl2 solution (750μM)
in the same buffer as the protein [50 mM MOPS (pH 7.4) and
100mMNaCl] at 30 �C.As shown inFigure 2, fitting the data for
the SdCen integral protein with a three-site sequential binding
model gives affinity values of 2.6�105, 1.1�105, and 4.3�105M-1

(Table 1b). The titration of the isolated N-terminal domain
(Figure 2) reveals two binding sites with positive enthalpy that
should correspond to the endothermic binding sites observed in
the integral protein. The fitting of the isotherm with a two-site
sequential bindingmodel gives binding constants of 0.8�105 and
1.9� 105 M-1 (Table 1b), very similar to the value obtained by
flowdialysis on isolatedN-SdCen (Table 1a). The binding enthalpy

Table 1

(a) Intrinsic Ca2þ Binding Constants of SdCen in the Presence and Absence of 2 mM Mg2þ or Melittin Derived from the Stoichiometric Constants,

Which Were Obtained after All the Data Had Been Fit to the Adair Equation for Three Sites

putative EF-hands I and II putative EF-hands III and IV

K0
1 (M

-1) K0
2 (M

-1) K0
3 (M

-1) K0
3 (M

-1)

SdCen 3.0 � 105 3.4� 105 5.1� 104

SdCen with 2 mM Mg2þ 7.5� 104 2.4� 105 3.9� 104

SdCen with 50 μM melittin 2.3� 105 5.8� 105 2.5 � 105

N-SdCen 6.0� 104 8.0� 104

(b) Ca2þ Binding Constants of SdCen Determined Using the ITC Method

protein K1 (M
-1) ΔH1 (kcal/mol) K2 (M

-1) ΔH2 (kcal/mol) K3 (M
-1) ΔH3 (kcal/mol)

SdCen 2.6� 105 16.9 1.1� 105 1.3 4.3� 105 -7.9

N-SdCen 0.8� 105 0.6 1.9� 105 1.7

C-SdCen 1.1� 105 -18.7

FIGURE 2: Ca2þ binding observed by isothermal titration calorimetry. Thermograms (top panels) and isotherms (bottom panels) of the titration
of Ca2þ (0.5 mM) into 45 μM SdCen (left), 25 μMN-SdCen (middle), and 25 μMC-SdCen (right) at 30 �C.
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is different from that of the endothermic binding site in the inte-
gral protein, suggesting that some differencesmay exist in the bind-
ing properties between the isolated domain and the integral protein,
as also suggested by the dialysis experiments. An exothermic
Ca2þ binding site (Ka=1.1� 105 M-1) has been detected in the
isolated C-terminal domain, as indicated by the one-site fitting
of the corresponding isotherm (Figure 2). Consequently, the
exothermic binding site belongs to the C-terminal domain in the
integral SdCen.
Ca2þ-Induced Conformational Changes. (i)Secondary

Structure and Structural Stability. Ca2þ binding to SdCen
induces a slightly more negative ellipticity in the far-UV CD
spectrum (data not shown) as commonly observed for various
centrins (27, 30, 39). This may be interpreted as a stabilization of
some helical segments and/or a rearrangement of the helical
elements within the tertiary structure (40).WhenCa2þ binds, iso-
latedN-SdCen also exhibits a significant decrease (more negative
by ∼10%) in ellipticity at 222 nm, suggesting a Ca2þ-dependent
increase in R-helical content (41). More significantly, addition of
Ca2þ increases considerably the thermal stability of theN-terminal
domain, in contrast with the behavior of the N-terminal domain
ofHsCen2 (Figure 3). Themetal-free formofN-SdCen displays a
CDmelting curve with a cooperative thermal transition at∼55 �C,
similar to that of N-HsCen2 (29). The binding of Ca2þ to EF-
hands I and II considerably increases the thermal stability of
N-SdCen, which in the holo form shows a cooperative transition
with a midtransition temperature above 90 �C (Figure 3). This is
in contrast with the thermal denaturation of N-HsCen2 which
has been shown to be insensitive to calcium ions (29).

(ii) Tertiary Changes.Metal-free SdCen enhances the fluore-
scence of the hydrophobic probe TNS 2-fold, with a maximum at
423 nm (Figure 4A).WhenCa2þ binds, the fluorescence emission
further increases (more than 8-fold) and is red-shifted to 432 nm.
The large Ca2þ-induced fluorescence enhancement of TNS occurs
in two steps: the major increase (66% of total enhancement)
occurs at the very low [Ca2þ]0.5 of 7 nM and is strongly coopera-
tive, while the minor increase (34%) occurs at a [Ca2þ]0.5 of 5 μM
(Figure 4B). It can thus be inferred that two distinct hydrophobic
surfaces are exposed with different Ca2þ sensitivities. Binding of

Mg2þ to the apoprotein leads to a slight but significant 16%
increase (compare green and blue lines in Figure 4A) in fluore-
scence, without a red shift. This transition could be titrated and
yielded a [Mg2þ]0.5 of ∼1 mM (data not shown), which is
comparable to the small antagonistic effect in the flow dialysis
experiments.

Metal-free N-SdCen enhances the fluorescence 3-fold. When
Ca2þ binds, the TNS fluorescence further increases more than

FIGURE 3: Thermal denaturation studied by CD. The CD denatura-
tion curves of N-SdCen in the presence and the absence of Ca2þ and
of N-HsCen2 in the presence of Ca2þ were recorded as the tempera-
ture dependence of the ellipticity at 222 nm. The rate of temperature
increase was 1 �C/min.

FIGURE 4: Ca2þ-dependent exposure of hydrophobic side chains.
(A) Hydrophobic exposure was monitored, at 25 �C in 50 mM Tris-
HCl (pH 7.5) and 150 mM KCl, with the hydrophobic probe TNS.
Emission fluorescence spectra of TNS alone (black) and with 3 μM
SdCen in the presence of 50 μMEGTA (blue), 1 mMMg2þ (green),
1 mMCa2þ (red), 1 mMCa2þ and 1mMMg2þ (magenta), or 1 mM
Ca2þ and 4 μM P19-Kar1 (yellow). (B) Dependence of the signal on
the free Ca2þ concentration. The solution containing TNS and SdCen
contained 2 μM contaminating Ca2þ and was titrated with EGTA
(bluemarks) orCa2þ (redmarks).For theEGTAtitration, theamount
of free Ca2þ was calculated as indicated in Materials and Methods.
(C) Ca2þ dependence for N-SdCen. Same symbols as for panel B.
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7-fold and is red-shifted to 443 nm (data not shown). Interest-
ingly, for the TNS-N-SdCen complex, the [Ca2þ]0.5 value is
2.5 μM (Figure 4C), suggesting that the highly Ca2þ-sensitive
step in the whole protein may be assigned to the N-terminal EF-
hands. Again, the Ca2þ affinity is partially lost in isolated
N-SdCen because the C-terminal part of the protein is removed.
Binding of Natural Target Peptides. As a regulatory pro-

tein, centrin should perform its cellular functions by interacting
with other proteins. The specific target proteins of algal centrins
are actually not known, but it is highly probable that the centrin
targets in various organisms share a common binding motif. We
therefore performed ITC measurements on the interaction be-
tween SdCen or its N-terminal and C-terminal domains with
three natural target peptides, one derived from the DNA repair
(nucleotide excision repair) human protein XPC (P17-XPC),
another derived from the human centrosomal Sfi1 protein (R17-
hSfi1), and the third derived from the yeast Kar1 protein (P19-
Kar1) (Figure 5). The raw ITC data and the binding isotherms
corresponding to the interaction of the first two peptides with
SdCen in the presence or absence of Ca2þ are shown in Figure 6A,
while the complete thermodynamic data for the three peptides
are presented in Table 2. In the presence of Ca2þ, the binding
isotherm could be fitted to only a two-site binding model, clearly
indicating that the S. dubia centrin possesses two active binding
sites for these peptides, in contrast to previously studied centrins
in which only the C-terminal domain binds one target peptide
(30, 42, 43). The binding affinity is different for the three peptides
and for the two binding sites (Table 2).

The P17-XPC peptide binding to the N- and C-terminal
fragments was also monitored by ITC. Under the experimental
conditions (in the presence of Ca2þ), the isotherm for C-SdCen
shows a single binding event with a stoichiometry of 1:1, and an
association constant of 65.8� 106 M-1. The metal-free form of
C-SdCen interacts with this peptide with a similar affinity (60.2�
106 M-1). The association constant for the isolated C-SdCen is
6.5-fold smaller than that of the high-affinity site in the integral
protein in the presence of Ca2þ. These results confirm the capa-
city of the C-terminal domain of centrins to bind targets even in
the absence of calcium (Figure 6B). In the presence of Ca2þ,
N-SdCen exhibits a single binding site with affinity values depen-
ding on the target type (Figure 6B). The binding constants of
isolated N-SdCen are larger than that of the same domain in the
integral protein (19- and 3-fold higher for P17-XPC and R17-
hSfi1, respectively). A plausible explanation is that the binding of
a first molecule to the C-terminal domain (the high-affinity site)
of the integral protein affects the binding of the second molecule
to the N-terminal domain, probably through a steric effect.

In the absence of Ca2þ, the binding isotherms of SdCen show a
simple single-site interaction (Figure 6A), indicating that one of
the binding sites is inactive. The measured affinities for P17-XPC

and R17-hSfi1 are 23- and 43-fold lower than that of the high-
affinity site in the presence of Ca2þ. In contrast, apo N-SdCen
does not display measurable peptide binding (Figure 6B), indi-
cating again that the unique binding site in apo SdCen is situated
in the C-terminal half. These observations demonstrate that the
high- and low-affinity sites in holo SdCen correspond to the
C-terminal and N-terminal domains, respectively.2 Overall,
the ITC results show that SdCen possesses two target binding
sites, only one of which (in the N-terminal domain) is strictly
dependent on Ca2þ.

The centrin binding motif was shown to consist of a hydro-
phobic triad (W1L4L8) (Figure 5) that is deeply embedded in
the hydrophobic cavity exposed by the C-terminal domain of
centrins like HsCen2 (44) or yeast Cdc31 (43). The peptide
derived from the Kar1 protein is somewhat different because it
does not contain the third hydrophobic anchor residue (Figure 5),
but we tested it to compare the characteristics of binding to the
two algal centrins (SdCen and CrCen) (45). The profile for
binding of P19-Kar1 to SdCen or N-SdCen is similar to the
profile of binding of the two previous peptides (Table 2). The
affinity for N-SdCen is very low in this case (Ka=3�104 M-1),
and this may explain why the binding to N-CrCen was not
previously detected (45). The increase in the affinity of the iso-
lated N-SdCen terminal domain is only marginal relative to that
of the domain in the integral protein.

With its two active EF-hand domains, SdCen may present
target binding modes similar to those shown by CaM. We were
keen to ascertain the capacity of SdCen to bind awell-characterized
CaM target peptide derived from the skeletal musclemyosin light
chain kinase, exhibiting the 1-5-8-14 anchoring motif (Figure 5)
(46). ITC titration of Ca2þ-bound SdCen by skMLCK shows
indeed a strong interaction (∼107 M-1) and a 1:1 stoichiometry
(Figure 6C). In the absence of Ca2þ, the affinity decreases by
a factor of 50, and the free energy components are very similar
to those of the interaction of SdCen with centrin-specific
peptides. The comparison of the interaction of integral SdCen
and its halves with skMLCK in the presence of Ca2þ revealed
that N-SdCen (Figure 6D) and C-SdCen (Figure 6D) display
100-150-fold lower affinities than intact SdCen, indicating that
the high affinity is due to a wrapping up of the two halves around
this peptide. This type of interaction of 1-5-8-14 type peptides is
reminiscent of their interaction with CaM.

Fluorescence spectroscopy was also used to explore the target
binding to SdCen or N-SdCen. These experiments are made
possible by the presence of a Trp residue in each of the studied
peptides, but not in SdCen. The fluorescence titration provided
data about the binding strength and stoichiometry (see footnote 2),
but also some structural information about the mode of binding.
The emission fluorescence of the peptide Trp is very sensitive to
formation of the complex, showing a significant blue shift and a
3-7-fold increase in intensity. This indicates that the indole
group moved from an aqueous environment to an apolar cavity
representing the binding pocket of each domain composed of
paired EF-hands. Figure 7 illustrates the fluorescence spectra of
P17-XPCandR17-hSfi1 in the presence ofN-SdCen.Addition of

FIGURE 5: Sequences of the target peptides used in our experiments.
The hydrophobic triad representing the centrin binding motif is
colored green. Note that the sequences of R17-hSfi1 and melittin
are reversed. skMLCKrepresents theCaMbinding site of the skeletal
muscle myosin light kinase with the anchoring residues in relative
positions 1, 5, 8, and 14 (green).

2The 2:1 complex of the Ca form of SdCen with P17-XPC and the 1:1
complex of the apo form of SdCen could be clearly shown by band shifts of
SdCen in nondenaturating polyacrylamide electrophoreses when the pep-
tide:SdCen ratios were increased from 0 to 2 (I. Durussel and J. A. Cox,
data not shown). The same stoichiometries were observed when P17-XPC
was titrated with the Ca and apo forms of SdCen, as monitored by the
fluorescence of the peptide Trp (J. A. Cox, data not shown).
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N-SdCen to P17-XPC leads to a 3-fold increase in Trp fluore-
scence, accompanied by a blue shift from 352 to 321 nm (isosbestic
point at 365 nm) (Figure 7A). The apo form does not notably
change the fluorescence properties of the peptide Trp, in agree-
ment with the ITC data. Addition of an excess of 2.3 mMEGTA
to the complex formed in the presence of 1.5 mM Ca2þ does not
dissociate the complex, suggesting a strong increase in Ca2þ

affinity. TheR17-hSfi1 peptide displays the same conformational
changes when interacting with N-SdCen, except that the fluore-
scence increase is smaller and less blue-shifted (from 355 to 321 nm,
isosbestic point at 358 nm) (Figure 7B). Fluorescence titration of

the yeast Sfi1 repeat by the N-terminal domain of CrCen also
induces a blue shift in λmax from 355 to 335 nm, but in contrast
with the N-SdCen case, a substantial quenching of the fluore-
scence is observed (48). The available data do not allow an expla-
nation of this difference in the titration behavior of the two algal
centrins.

DISCUSSION

Calcium and the Cell Cycle. The precise role of Ca2þ in the
cell cycle is hotly debated. Cell cycle transients were observed in
manycell types, includingechinoderms (49), seeurchinembryos (50),

FIGURE 6: Peptide binding to SdCen (A),N-SdCen (B), andC-SdCen (C), studied by isothermal titration calorimetry. Thermograms (top panels)
and binding isotherms (bottom panels) of the titration of P17-XPC, R17-hSfi1, or skMLCK (D) into SdCen or N-SdCen, in the presence and
absence of Ca2þ, at 30 �C.

Table 2: Summary of the Thermodynamic Parameters of the Interaction between SdCen and Its N-Terminal and C-Terminal Domains with the Peptides

Derived from Centrin Target Proteinsa

protein (10 μM) ligand (150 μM) [Ca2þ] (mM) n Ka (�106 M-1) (error) ΔH (kcal/mol) (error) ΔG (kcal/mol) TΔS (kcal/mol)

SdCen P17-XPC 1 2 K1 = 426 (67) -31.3 (0.1) -12.0 -19.3

K2 = 0.75 (0.07) -16.9 (0.5) -8.2 -8.7

0 1 K = 19 (0.9) -34.3 (0.1) -10.1 -24.2

N-SdCen 1 1 K = 14 (1) -24.1 (0.2) -9.9 -14.2

0 - NBc - - -
C-SdCen 1 1 K = 65.8 (5.3) -29.8 (0.1) -10.9 -18.9

0 1 K = 60.2 (3.5) -34.2 (0.09) -10.8 -23.4

SdCen R17-HsSfi1b 1 2 K1 = 20 (4) -25.6 (0.5) -10.1 -15.5

K2 = 2.5 (0.2) -12.1 (0.5) -8.9 -3.2

0 1 K = 0.49 (0.01) -34.3 (0.3) -7.8 -26.5

N-SdCen R17-HsSfi1 1 1 K = 6.9 (0.3) -24.1 (0.9) -9.5 -14.6

0 - NBc - - -
SdCen P19-Kar1 1 2 K1 = 39 (11) -18.74 (0.04) -10.5 -8.24

K2 = 0.03 (0.01) -10 (1) -6.2 -3.8

0 1 K = 0.40 (0.01) -29.7 (0.5) -7.8 -21.9

N-SdCen 1 1 K = 0.043 (0.002) -11.6 (0.2) -6.4 -5.2

0 - NBc - - -
SdCen skMLCK 1 1 K = 18.3 (0.1) -14.5 (0.54) -10.1 -4.4

0 1 K = 0.4 (0.03) -28.8 (0.3) -7.8 -21.0

N-SdCen 1 1 K = 0.15(0.03) -15.2 (0.6) -7.2 -8.0

0 - NBc - - -
C-SdCen 1 1 K = 0.41(0.01) -18.3 (0.3) -7.8 -10.5

0 1 K = 0.15(0.03) -10.2 (0.5) -7.2 -3.0

SdCen mellitin 1 1 K = 32.7 (6) 4.23 (0.05) 10.4 6.15

aSamples are inMOPS buffer (pH 7.4) and 100 mMNaCl, in the presence (1 mM) and absence (2 mMEDTA) of Ca2þ ions. Experiments were conducted at
30 �C. bThe ligand concentration was 200 μM in this experiment. cNo binding observed under these experimental conditions.
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and mammalian cells in culture (51), but no such transients were
detected in dividing mouse embryos (52). Since also in vertebrates,
blocking of the Ca2þ signal prevents mitosis, Whitaker (53)
hypothesized that the changing endoplasmic reticulum architec-
ture createsmicrodomains ofCa2þ (not visible bywhole cell Ca2þ

imaging) around the mitotic spindles and the centrosomes.
Centrosome duplication and segregation in the prophase are
also related toCa2þ signals (54). It is well-documented that CaM,
via CaMKII and calcineurin, is an important relay protein of the
Ca2þ signal, but an important role for centrins in Ca2þ-mediated
centrosome duplication must also be envisioned (55). The dis-
covery of Sfi1 (13) led Salisbury to postulate a novel mechanism
of cell duplication (55) based on a “unit of duplication”, a
γ-tubulin nucleating complex associated with a centrin/Sfi1 fiber
via the N-terminus of Sfi1. Centriole (SPB) duplication requires
either C-terminal tail-to-tail homodimerization of Sfi1, thus
forming the SPB in yeast, or oligomerization (a 9-mer, forming
the cartwheel) in green algae (56) and likely in vertebrates (where
a well-structured precursor cartwheel is less often seen). The
centrin-Sfi1 complexes should also play an important role in
the structure and function of the Ca2þ-sensitive fibers connecting
the centrioles among them or with other cellular structures.
Calcium Binding Capacity of Centrins.Generally, the CaM

superfamily members have four functional Ca2þ binding sites,
one pair in each domain of the protein. Usually, these sites are
quite specific for Ca2þ, i.e., interact poorly or do not interact with

Mg2þ, and have amoderate affinity for Ca2þ under physiological
conditions. The centrins also belong to the CaM superfamily but
display a greater variance in their divalent cation binding proper-
ties, at least in their N-terminal domain. C. reinhardtii centrin
kept three functional EF-hands with two high-affinity sites in
the N-terminal domain and one site of moderate affinity (Ka=
2-4�104M-1 forEF-handIV) in theC-terminal domain (31,45).
HsCen2 binds only one Ca2þ per monomer with a high affinity
(Ka ∼ 105 M-1) and strict Ca2þ specificity (27). HsCen3 shows
still another binding profile with one high-affinity Ca2þ/Mg2þ-
mixed site in theN-terminal domain and two low-affinity (Ka∼ 7�
103 M-1) Ca2þ-specific sites in the C-terminal domain (30). In
this study, we showed that SdCen possesses three sites, two in the
N-terminal domain and one site in the C-terminal domain, like
CrCen. The Mg2þ affinity cannot be probed by direct methods,
but a weak Ca2þ/Mg2þ antagonism at one site is clear from our
binding data.

The N-terminal domain (without the variable 20-residue
N-terminal segment) of SdCen is 95% identical in sequence with
CrCen, while the C-terminal domain is 78% identical in sequence
with CrCen (Figure S1 of the Supporting Information). This
comparison and our experimental data suggest that, as in CrCen
(45) and other centrins (HsCen2), EF-hand III has a very low
affinity. The moderate affinity is associated with EF-hand IV,
and the two high-affinity sites are EF-hand I and EF-hand II, as
in CrCen. TNS data suggest that the Kd for Mg2þ is around
1 mM. Again, this points to similarity between SdCen and CrCen,
for which a Kd.comp of 2 mM can be calculated from the data in
ref 57. Our binding data for N-SdCen confirm our assignation of
EF-hand I and EF-hand II as the high-affinity sites. However, in
contrast withCrCen (31, 57), the isolatedN-SdCen has weakened
Ca2þ binding affinity relative to that of the whole protein. It is
intriguing that the structural independence of the two EF-hand
domains, well-documented for CrCen (31), HsCen2 (28, 29), and
CaM (58), is much less the rule for SdCen: this study shows that
the N-terminal Ca2þ affinity, the hydrophobic profile, and the
interaction with peptides are significantly different in the integral
protein versus the isolated domain.

The strong TNS fluorescence enhancement by the Ca2þ-
loaded form clearly is reminiscent of the one that occurs in
CaM and in other centrins and corresponds to the exposure of
one or two hydrophobic patches on the surface of the protein.
The Ca2þ dependence of hydrophobic exposure is clearly bipha-
sic with one transition in the nanomolar range and one in the
micromolar Ca2þ range. In CrCen, too, there are two hydro-
phobic patches: one in the N-terminal domain and one in the
C-terminal domain (48). In HsCen2 (27) and HsCen3 (30), there
is no hydrophobic patch associated with the N-terminal domain,
and the changes observed in the C-terminal domain occur at a
relatively high Ca2þ concentration, as expected for the moderate
Ca2þ affinity in the C-terminal domain. These hydrophobic
patches are important for SdCen activity since they are for a
great part hidden in the complex ofCa2þ-loaded SdCenwithP19-
Kar1 (Figure 4A).

Whereas the C-terminal domain of the centrins studied to date
displays well-conserved Ca2þ binding properties, their N-terminal
domains underwent profound modifications during evolution:
HsCen2 [and HsCen1 (J. A. Cox, unpublished data)] lost the
potential to bind Ca2þ in the N-terminal domain, whereas the
N-terminal domain of HsCen3 still binds Ca2þ, leading to
conformational changes, but serves only for the purpose of a tran-
sition from a molten globule state to a compact conformation,

FIGURE 7: Binding of N-SdCen to P17-XPC and to R17-hSfi1,
measured by Trp fluorescence. P17-XPC (3.2 μM) (A) or R17-Sfi1
(B) was titrated by N-SdCen: green for the peptide alone, cyan for
4 μMN-SdCen alone, solid red for the peptidewith 4 μMN-SdCen in
the presence of 1.5 mM Ca2þ, dashed red for the peptide after
neutralization of Ca2þ by an excess of 2.5 mM EGTA, and blue for
the peptide with 4 μMN-SdCen in the presence of 1 mM EGTA.
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without formation of a hydrophobic surface (30). However, the
N-terminal domain of the green algal centrins exhibits two high-
affinity sites for Ca2þ and forms a hydrophobic surface, and its
subsequent interaction with target peptides is strictly dependent
on Ca2þ.
Target Binding Properties. In agreement with the metal ion

binding properties, SdCen exhibits specific target binding fea-
tures, including the number of binding sites, the strength of bind-
ing, and the Ca2þ dependence. Here we focus on the thermo-
dynamic parameters of the interaction of SdCen with three
peptides derived from known centrin targets: XPC, hSfi1, and
Kar1.

TheCa2þ-loaded formof SdCen possesses two distinct binding
sites for each of the three peptides, with different affinities. The
enthalpy change is the sole driving force for both binding steps.
The thermodynamic characteristics of the high-affinity site are
similar to those of HsCen2, which binds the peptide only in the
C-terminus. The apo form of SdCen still binds 1 mol of peptide,
but the affinity was more than 20-100-fold lower. We attributed
this to the high-affinity site (the C-terminal domain) because
N-SdCen binds one peptide with lower affinity, and this binding
is strictly dependent on Ca2þ. The strongest binding to the high-
affinity site is exhibited by the P17-XPC peptide that possesses
a “canonical” centrin binding motif, the hydrophobic triad
W1L4L8 (44). The R17-hSfi1 peptide also possesses this motif
provided that its sequence is “read” in a reverse direction (14)
(Figure 5). The two peptide helices in the complex with centrin
are oriented in a reverse direction so that the negative pole of the
R17-hSfi1 dipole interacts in an unfavorable way with side chain
negative charges of the centrinG-helix (59). This may explain the
20-fold reduction in the C-terminal domain affinity forR17-hSfi1
relative to the P17-XPC peptide. In contrast, the second binding
step of R17-hSfi1 is 3-fold faster than the corresponding one
of P17-XPC. Thus, R17-hSfi1 has a stronger preference for
the N-terminal domain of SdCen, emphasizing the significance
of theN-terminal domain interactionswith centrosomal proteins.
The much lower affinity of P19-Kar1 should be related to the
presence of an acidic side chain in place of the third hydrophobic
residue (L8) of the triad (Figure 5).

The Ca2þ-dependent binding to SdCen and N-SdCen mark-
edly changes the Trp fluorescence of peptides P17-XPC, R17-
hSfi1, and P19-Kar1, strongly suggesting that the indole group of
the targets becomes deeply embedded in a hydrophobic pocket of
SdCen, as in the case of HsCen2 (41), CrCen (45), or Cdc31 (43).
This points to a critical role of the target Trp in the binding to
various centrins, as it is also the case for target peptides of CaM.

The diversity of Ca2þ and target binding of centrins, judging
from previous work and our data, are schematically illustrated in
Figure 8A.Although belonging to the same phylogenic subfamily
as human centrins 1 and 2, SdCen, and probably all the green
algal centrins, conserved high-affinity Ca2þ binding sites in the
N-terminal domain that control conformational opening and
target binding. Sequence comparison of centrins of various origin
shows that algal centrins have two common distinctive properties
in the second calcium binding loop of the N-terminal domain:
one is an acidic pair in X (Asp) and -X (Asp), and the second is
the presence of a Glu residue in position 12 of the loop. Indeed,
introduction of an X,-X acid pair (positions 1 and 9 in the loop)
increased significantly the Ca2þ affinity through a reduction in
the ion dissociation rate (60). Also, the longer chain of a Glu in
position 12 is suited for an optimal bidentate coordination of the
divalent cation (61). These two parameters may be determinants

for the unique properties of the N-terminal domain of algal
centrins (Figure S1 of the Supporting Information). Interestingly,
analysis of angiosperm centrin sequences shows that the two
specific properties of the second EF-hand motif are also highly
conserved in flowering plants, suggesting that their functional
properties may be similar to those of algal centrins (Figure S2 of
the Supporting Information).
Functional Implications. The contractile fibers linking the

two centrioles may play an important functional role not only in
anchoring the basal body (centrosome) to the perinuclear space
but also in controlling the initiation of centriole duplication (62).
By analogy with structural observations in yeast SPB (43), one
can consider these fibers as mainly composed of Sfi1 and centrin
proteins. TheCa2þ sensitivity of centrins in these array fibers could
constitute the regulatory component for the Ca2þ-controlled
centriole duplication or cell cycle progress.

Our study is part of a major project that aims to understand
the mode of action and functional diversity of centrins. Sequence
comparison and a number of functional properties, including
Ca2þ binding affinities, Ca2þ/Mg2þ selectivity, and Ca2þ sensi-
tivity of target binding, support the hypothesis that SdCen is very
similar to CrCen. These green alga centrins resemble CaM, the
most representativemember of the CaM superfamily, in the sense
that Ca2þ-regulated conformational changes allow hydrophobic
exposure in both domains; however, the green alga centrins
interact with two centrin-specific target molecules, whereas CaM

FIGURE 8: (A) Different modes of binding of centrins to calcium and
target according to the available data. The N- and C-terminal
domains are shown as two types of circle sectors representing closed
and open conformations. The high and low affinities for calcium of
the EF-hands are shown by red and yellow circles, respectively.
Bound target peptides are shown as small blue bars. (B) Possible
Ca2þ-controlled target binding modes specific for SdCen (and prob-
ably for all algal centrins).
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forms generally a 1:1 complex with its targets (43). This difference
may come from the sequence of the target fragment rather than
from the structural variation in the centrin domains. Indeed, our
experiments with a CaM-specific target (skMLCK) showed that
SdCen is able to bind a peptide possessing a hydrophobic
anchoring residue in the 14th position from the Trp, forming a
compact structure with the peptide wrapped up by the two halves
of centrin (L. Radu et al., unpublished results).

Physiologically relevant complexes may require the binding of
two molecules of the same target protein, one to each half, and
the green alga centrins may act as linkers between two large
molecules. Moreover, the Ca2þ sensitivity of the interaction of
the N-terminal domain with target fragments suggests how the
cellular function of SdCen (and probably of the other green algal
centrins) is regulated by the Ca2þ signal (Figure 8B). While the
C-terminal domain with its higher target affinity and lower Ca2þ

sensitivity may be constitutively linked to one target, an increase
in the local Ca2þ concentration triggers a secondary interaction
with identical or distinct target molecules, resulting in structural
and/or dynamics changes of local cellular assemblies. It is not
actually known whether bindingmotifs resembling the skMLCK
peptidemay be encountered in natural centrin targets. Our results
show that by its conformational flexibility and plasticity SdCen
maybind variousmotifs in different interactionmodes (Figure 8B).
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