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tes octocarinatus centrin to
peptide from xeroderma pigmentosum group C
protein (XPC)†

Enxian Shi,ab Wenlong Zhang,a Yaqin Zhao a and Binsheng Yang *a

Centrins are Ca2+-binding proteins that belong to the EF-hand (or calmodulin) superfamily, which are highly

conserved among eukaryotes. To probe whether Euplotes octocarinatus centrin (EoCen) could replace

human centrin 2 (HsCen2), herein, we chose a 22-residue peptide (K842–R863) from the human

xeroderma pigmentosum group C protein (XPC), a dominant component of the nuclear excision repair

(NER) pathway, and investigated the detailed structural and energetic characterization of the interaction

with EoCen using spectrophotometric methods, native PAGE and isothermal titration calorimetry (ITC).

Fluorescence and UV difference spectroscopy revealed that the well-conserved tryptophan residue was

buried in the hydrophobic pocket exposed by the C-terminal domain of EoCen. The native PAGE

indicated that a new band appeared corresponding to a complex which was exclusively mediated by C-

terminal domain of EoCen. Circular dichroism (CD) showed that peptide underwent a random coil-to-

helix structural transition upon binding to the centrin, and ITC suggested centrin–peptide interactions

were driven by an enthalpic contribution, which compensated for the unfavorable (negative) entropy

term. Also, the affinity reduced by a factor of 4.67 compared with HsCen2, mainly due to V108 of the

EoCen substitution for L112 of HsCen2.
1. Introduction

Centrins are small (�20 kDa), acidic, Ca2+-binding proteins that
belong to the EF-hand calmodulin (CaM) superfamily. The rst
members of centrins to be discovered were in the unicellular
green algae Tetraselmis striata1 and Chlamydomonas reinhardtii,
as major components of the Ca2+-sensitive contracting bers
associated with the basal bodies.2,3 Aerwards orthologous
centrins were also observed in many eukaryotes, e.g. yeast,4

higher plants,5 invertebrates6 and humans.7,8 Only one isoform
existed in the lower eukaryotes, such as green algae and yeast;
however, four isoforms have been discovered in the higher
eukaryotes. Only about 10% (ref. 9) of the centrins are concen-
trated on the microtubule organizer centers (MTOC), which are
structurally and functionally similar to basal bodies in ciliated
and agellated cells, the spindle pole bodies (SPB) in yeast and
the centrosome in higher eukaryotes. Centrins regulate the
duplication and segregation of MTOC during the cell cycle.10,11

In addition, the majority of centrins are localized in the nucleus
region, where they play diverse roles. HsCen2 has been
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demonstrated to participate in the nuclear excision repair (NER)
inside the nucleus,12,13 and in the export of mRNA from the
nucleus.14 Other possible implications were also found in the
regulation of the G-protein transducin (Gt) in photoreceptor
cells15 or in the activity of the paramecium ciliary reversal-
coupled voltage-gated Ca2+ channels.16

The biological functions of centrins require an association
with diverse protein targets in various cellular processes. In yeast
SPB, centrins interact with three proteins in the half-bridge,
Kar1p,4 Mps3p17 and S1.18 Kar1p and Mps3p has a trans-
membrane domain and are likely involved with the lipid bilayer
of the half-bridge. However, S1, which plays a critical role in
SPB duplication and has �20 centrin-binding motifs, does not
have a transmembrane domain. XPC,12which possesses only one
centrin-binding site, triggers NER and recognizes bulk DNA
lesions. The yeast complex of Sac3 (ref. 19) with Sus1 and Cdc31
promotes nuclear pore association and mRNA export. Trans-
ducin, a G-protein from visual signal transduction, is also
a potential centrin target in mammalian photoreceptor cells.15

Furthermore, HsCen2, HsCen3 and EoCen can bind to melittin,
a natural peptide from bee venom mimicking CaM targets.20–23

Centrins bind targets mainly through the hydrophobic triad
W1xxL4xxxL8, which was rst identied in XPC. However, the
binding motif is in the opposite orientation, L8xxxL4xxW1, in
centrin's other targets (Sac3, S1 and transducin).

Ciliate Euplotes octocarinatus centrin (EoCen) was rst re-
ported by our laboratory,24 and is cloned from E. octocarinatus;
RSC Adv., 2017, 7, 27139–27149 | 27139
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the precise biological functions remain to be determined.
EoCen is a protein of 168 residues, which shares about 60, 62
and 66% sequence identity with HsCen1, HsCen2 and HsCen3,
respectively, and shares approximately 50% sequence identity
with the well-studied EF-hand protein CaM. Like CaM, centrin
is organized into two independent domains tethered by
a central linker, each domain consisting of a pair of EF-hand
motifs of helix-loop-helix that can potentially bind two Ca2+

ions.25 Sequence analysis and the available experimental data
suggest that the diversity among various centrins stems from
the rst 20-residue fragment and this stretch is absent in
standard CaM.26 Earlier biochemical and physicochemical
experiments have demonstrated that the N-terminal fragment
plays a critical role in self-assembly,27–30 whereas the C-terminal
fragment is strongly conserved and contributes to the target
recognition of centrin.31–33 Our group have reported that the
melittin binding is mainly mediated by the C-terminal fragment
of EoCen (Ka � 106 M�1).22,23,34

Human heterodimer XPC/hHR23B behaved as a damage
detector that initiated the global genome NER,35 and centrin 2
interacts with the heterodimer physically and stimulates the
NER process.13 In Arabidopsis thaliana, the homolog of Atcen2
and AtRad4 interacted to modulate the repair efficiency of bulk
DNA lesions.36 Also, the yeast ortholog Rad4–Rad23 and human
XPC–Rad23B showed almost equal binding affinities to the
damaged DNA duplex, and recognized DNA lesions in analo-
gous methods.37 The NER protein Rad33 showed a functional
resemblance to the centrin homologue Cdc31.38 However, the
XPC homologue in Euplotes octocarinatus has not been identi-
ed yet. The centrin-binding motif of XPC homologs from
species were strongly conserved (see Fig. 6B), so we chose a 22-
residue synthetic peptide derived from human XPC to study the
peptide recognition of EoCen. Whether P22-XPC could substi-
tute Euplotes octocarinatus XPC protein or EoCen could substi-
tute HsCen2 may be the rst step to understand the possibility
of NER in Euplotes octocarinatus. We characterized the struc-
tural and energetic aspects of the interaction and explained the
lower affinity compared with HsCen2 from the amino acid
sequence. Our results revealed biochemical features of centrin
binding to XPC and provide insights into the molecular mech-
anism of centrin functions in the cellular context.
2. Experimental
2.1 Reagents

Ethylene diamine tetraacetic acid (EDTA), 4-(2-hydroxyethyl)-1-
piperazineethane sulfonic acid (Hepes), potassium chloride
and other solvents were all analytic grade reagents. L-Trypto-
phan was chromatographically pure.
2.2 Protein expression and purication

For the expression and purication of intact Euplotes octocar-
inatus centrin, the N-terminal domain and C-terminal domains
were carried out according to our previous publications.24 Aer
purication, the proteins were kept at �20 �C, and the stock
27140 | RSC Adv., 2017, 7, 27139–27149
protein solutions were conserved in 10mMHepes, 100 mMKCl,
pH 7.4.

2.3 Peptide synthesis

The peptide derived from human xeroderma pigmentosum
group C (P22-XPC; KRALGNWKLLAKGLLIRERLKR), Lys842–
Arg863 (ref. 31 and 39) covering the crucial centrin-binding
region was synthesized by Wuhan Fine Peptide Co., Ltd. The
purity of the XPC peptide was greater than 98%, as indicated by
HPLC. The molecular mass was veried by microelectrospray
ionization mass spectrometry.

2.4 UV spectroscopy

UV spectra were recorded using a Varian Cary 50 Bio UV-Visible
Spectrophotometer. Each decalcied protein was diluted to
10 mM Hepes, 100 mM KCl, pH 7.4. The peptide concentration
was assessed spectrophotometrically using an extinction coef-
cient of 5500 M�1 cm�1 at 280 nm. The protein concentration
was determined using an extinction coefficients of 5600 (EoCen)
M�1 cm�1 and of 1400 (C-EoCen) and 4350 (N-EoCen) M�1 cm�1

at 280 nm. The sample included 77.4 mM of individual
compounds or of the equimolar mixtures. The concentration of
tryptophan in different solvents was 55 mM.

2.5 Fluorescence emission spectroscopy

Binding of the XPC peptide to EoCen, N-EoCen, and C-EoCen
was monitored by uorescence spectroscopy. The experiments
were performed on a Fluoromax-4 spectrouorometer (HORIBA
Jobin Yvon, France). The excitation wavelength was set at
280 nm, and uorescence emission spectra were recorded from
295 to 450 nm, with all slit widths set to 5 nm, using quartz
cuvettes. The sample buffer contained 10 mM Hepes, 100 mM
KCl, pH 7.4. The sample included 8 mM of individual
compounds or of equimolar mixtures. To attenuate the inter-
ference from the tyrosine residue in EoCen, the excitation
wavelength was set at 295 nm in the titration experiments.
Aliquots of a 480 mM protein sample were added into an XPC
peptide solution 8 mM (initial concentration) and incubated for
3 min. The emission spectrumwas recorded over the range 305–
450 nm. About 20 data points were collected per titration over
protein–peptide molar ratios of 0–2. To correct the dilution
effect, the uorescence intensity was converted to molar uo-
rescence intensity by dividing the uorescence intensity by the
analytical concentration of the XPC peptide. Also, changes in
the uorescence intensity at 331 nm were assigned to the
complex and the data were tted to a single-site binding model
using SigmaPlot 10.0 (shown in ESI†).

2.6 Gel electrophoresis

The electrophoretic mobility of the protein was evaluated by
nondenaturing polyacrylamide gel electrophoresis (PAGE)
under discontinuous conditions as a modied technique
described by Beckingham.40 Polyacrylamide gels contained
390 mM Tris (pH 8.8), 0.1% ammonium persulfate, and 15%
acrylamide/bis (29 : 1). To induce polymerization, 0.1% TEMED
This journal is © The Royal Society of Chemistry 2017
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was added. A tris-glycine electrophoresis running buffer was
composed of 25 mM Tris (pH 8.3) and 250 mM glycine. All
electrophoreses were performed at room temperature. The gels
were run at a constant current of 11–12mA for 2 h. The gels were
stained with Coomassie blue R-250 for 5 min, and washed in
distilled water for 2 h.

2.7 Isothermal titration calorimetry (ITC)

The thermodynamic parameters of the molecular interactions
between EoCen (intact EoCen and two isolated domains) and
target peptide (P22-XPC) at 30 �C were investigated by ITC using
a MicroCal iTC200 instrument (Malvern Instruments Ltd. UK).
The proteins and peptide in the presence of EDTA were equili-
brated in the same buffer (10 mM Hepes, 100 mM KCl, pH 7.4).
The centrins (77.1 mM) in the calorimeter cell were titrated with
the target peptide (1540 mM) by successive automatic injections
of 0.5 mL each. The rst injection of 0.2 mL was ignored in the
nal data analysis. Integration of the peaks corresponding to
each injection and a correction for baseline were performed
using the Origin-based soware provided by the manufacturer.
The data were t to an interaction model to generate the stoi-
chiometry (n), equilibrium binding constant (Ka), and enthalpy
of complex formation (DH). The free energy (DG) was determined
using the following equations: DG ¼ �RT ln(Ka), where R (1.987
cal mol�1) is the gas constant and T (303.15 K) is the absolute
temperature, and DG ¼ DH � TDS. The following units were
used: affinity constant (Ka) M

�1; Gibbs energy change (DG) kcal
mol�1; enthalpy change (DH) kcal mol�1; and entropy change
(DS) kcal (mol K)�1. Titrations were performed in triplicate. To
determine the dilution/mixing heat, control experiments was
performed by injecting the peptide solution into the buffer.

2.8 Far-UV circular dichroism (CD)

CD experiments were performed on a Chirascan spectrometer
(Applied Photophysics Ltd. UK) continuously purged by N2 and
equipped with a temperature-control system. Far-UV spectra
were recorded between 200 and 250 nm using 1 mm quartz
cells. The spectra were collected as an average of three scans
with a step size of 1 nm and a bandwidth of 1 nm. The samples
were dissolved in 10 mM Hepes, and 100 mM KCl (pH 7.4). The
concentrations of the full-length EoCen, C-terminal domain
and N-terminal domain were all 7.84 mM. The buffer signal was
digitally subtracted using soware provided by the manufac-
turer. For the P22-XPC titration, small aliquots of 0.47 mM
peptide solution were added to achieve an XPC peptide to
proteins molar ratio of 0.25–2. To correct for dilution and to
normalize the results from different titrations, the CD data were
converted to molar ellipticity by dividing the analytical
concentration of protein.

3. Results and discussion
3.1 Interaction with XPC peptide monitored by micro-
environment change of Trp

In proteins, the Trp residue is oen regarded as an intrinsic
uorescent probe to monitor protein conformational change,
This journal is © The Royal Society of Chemistry 2017
because the indole chromophore is very sensitive to changes in
the surrounding microenvironment.41 The XPC peptide
contains only one tryptophan residue, whereas EoCen includes
no tryptophan and has four tyrosine residues which are not
sensitive to the micro-environment. The maximum emission
wavelength of the peptide alone was situated at 356 nm (line
b in Fig. 1A–C), reecting the exposure of the indole moiety to
the highly polar environment. Adding 1 equivalent of XPC
peptide to the intact protein or its C-terminal fragment solution
resulted in 1.65-fold and 1.40-fold increases in intensity,
respectively, accompanied by a blue-shi (from 356 to 331 nm)
of the emission maximum, which manifested that the complex
was formed in the absence of Ca2+ ion (that is, in the presence of
EDTA). At the same time, uorescence spectra of the intact
protein as well as the C-terminal fragment were scanned as
a control (line a in Fig. 1A and B), respectively. However, for the
N-terminal fragment, the maximum emission of the equimolar
mixture remained unchanged, which suggested that the N-
terminal was not signicantly engaged in peptide binding.
The environmental sensitivity of the uorescence parameters of
the peptide binding to centrin strongly suggested that the
indole uorophore was oriented in a hydrophobic cavity
exposed by the protein, resembling other Trp-containing target
peptides bound to CaM42 or centrin.20,43–45 Moreover, the uo-
rescence intensity and the shape of the emission spectra still
kept unchanged even when the salt concentrations reached 2 M
(Fig. S1C†), which implied that the complex formation was
mainly mediated by a hydrophobic interaction and the elec-
trostatic interaction played negligible role.

Successive titration proteins to XPC peptide solution resul-
ted in an increase in intensity at 331 nm and an isosbestic point
appeared at 378 and 367 nm for EoCen and C-EoCen, respec-
tively (Fig. S1A and B†). The isosbestic point indicated that there
were only two distinct species in the system, namely the XPC
peptide and complex. The Trp uorescence change represented
the formation of a 1 : 1 complex (inset of Fig. S1A and B†). The
binding isotherms were obtained by changes in intensity at
331 nm vs. the free concentrations of protein (Fig. 1D) and were
well tted to a one-site model using an iteration method
(Fig. S2†) and produced a dissociation constant Kd of (0.22 �
0.01) and (0.17 � 0.01) mM for the C-terminal fragment and
intact protein, respectively (see ESI†), almost in agreement with
the values obtained by calorimetry titrations (Table 2).

Additional support for this structural detail was provided by
UV difference spectra of tryptophan residue. EoCen contains no
cysteine or tryptophan and has four tyrosine residues and ten
phenylalanine residues, so UV spectra of intact and isolated
fragments of EoCen were characteristic of tyrosine and
phenylalanine (line b in Fig. S3A–C†). The absorption bands at
253, 259, 265 and 269 nm were due to the absorption by Phe,20

and those at 279 and 286 nm were attributed to the absorption
of Tyr.46,47 The XPC peptide contains only one tryptophan, so the
peptide showed the representative prole of tryptophan (the
absorption wavelengths were at 280 and 290 nm) (line c in
Fig. S3A–C†). It is important to emphasize that absorption at
about 290 nm is only for the tryptophan residue and ruled out
contributions from phenylalanines or tyrosines in protein.
RSC Adv., 2017, 7, 27139–27149 | 27141
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Fig. 2 (A) Difference UV spectra of XPC bound to proteins in 10mMHepes, 100mMKCl, pH 7.4 (using the calculated sum spectra of the proteins
and the XPC peptide as reference). Integral EoCen (a), C-EoCen (b), N-EoCen (c). (B) Difference UV spectra of tryptophan in different solvents
(using tryptophan in water as blank). DMSO (blue line), DMF (green line), dioxane (magenta line).

Fig. 1 Interaction between the XPC peptide and apoprotein measured by the Trp fluorescence of XPC in 10 mM Hepes, 100 mM KCl (pH 7.4) in
the presence of EDTA for WT-EoCen (A), C-EoCen (B), and N-EoCen (C). Samples contain 2 mL of 8 mM of the individual compounds or of the
equimolar mixture. (a) Protein, (b) XPC peptide, (c) complex of protein/XPC, (d) the calculated sum spectra of same concentrations of protein and
XPC peptide. Binding isotherms for the interaction of XPC peptide with EoCen (red) and C-EoCen (blue) (D). Data points are an average of three
experiments. Solid lines represent the best fits, according to eqn (4) in ESI.†

27142 | RSC Adv., 2017, 7, 27139–27149 This journal is © The Royal Society of Chemistry 2017
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However, there were no apparent differences between the
spectra of equimolar mixtures and the sum of the spectra of
individual components. To highlight the alteration to the
Table 1 Parameters of apoprotein and its complex with the XPC peptid

Proteins
Number of amino
acids MW (kDa) pI

XPC 22 2.6 12.02
Cen 168 19.7 4.65
Cen–XPC (1 : 1) 190 22.3 5.15
C-Cen 79 9.2 4.47
C-Cen–XPC (1 : 1) 101 11.8 5.60
N-Cen 101 11.9 4.87
N-Cen + XPC 123 14.5 7.87

a Data available on the web site http://web.expasy.org/protparam/.

Fig. 3 (A) Native PAGE of XPC peptide binding to N-EoCen, C-EoCen
and WT-EoCen in the presence of EDTA. The concentrations of N-
EoCen and C-EoCen were 100 mM, and that of WT-EoCen was 60 mM.
The ratio of the XPC peptide to protein was 1 : 1. (B) Concentration
gradient of XPC peptide binding to WT-EoCen by means of native
PAGE in the presence of EDTA. The concentration of WT-EoCen is 120
mM. The ratio of XPC to WT-EoCen is 0.0 (1), 0.2 (2), 0.5 (3), 0.8 (4), 1.0
(5), 2.0 (6). (C) Concentration gradient of XPC peptide binding to C-
EoCen by means of native PAGE in the presence of EDTA. The
concentration of C-EoCen is 500 mM. The ratio of XPC to C-EoCen is
0.0 (1), 0.3 (2), 0.5 (3), 0.8 (4), 1.0 (5), 1.3 (6).

This journal is © The Royal Society of Chemistry 2017
environment of tryptophan in the peptide, UV difference
spectra were obtained by subtracting the calculated sum from
experimental values (Fig. 2A). A positive peak can be seen
centered about 294 nm and a negative peak situated at 289 nm
for the intact protein and the C-terminal domain, indicating the
change of environment around Trp. To verify the effect, UV
spectra of tryptophan in different solvents were performed
(Fig. S3D†). The absorption wavelength of tryptophan in H2O
was located at 288 nm, and shied to 291 nm in each of DMSO,
DMF, and dioxane. The UV difference spectra of tryptophan in
different solvents showed an increase in absorbance as the
positive peaks centered at about 293 nm and a decrease in
absorbance as the negative peaks situated at 289 nm (Fig. 2B).
The control experiment demonstrated that the shis of peaks
resulted from the increase in apolarity of the micro-
environment around Trp. This was rstly demonstrated by
our group although UV spectra were less sensitive than uo-
rescence spectra.41 In contrast, there was no change when the N-
terminal fragment was incubated with XPC peptide, indicating
no measurable interaction. So, a conclusion can also be drawn
that the micro-environment around the Trp residue in the
peptide changed from a polar water solvent to a more hydro-
phobic interface upon complex formation.

3.2 Native PAGE assay

In our research, the complex formation of EoCen with the
peptide was monitored on the native PAGE, which is possibly
the most highly resolving electrophoretic method yet estab-
lished for separating proteins. The centrin superfamily is
characterized by an additional N-terminal segment of about 20
residues with a basic property and high sequence diversity,
which are absent in calmodulin and other Ca2+-binding
proteins.26 It is the distinction between centrin and CaM that
result in the centrins' unique character, namely aggregation, as
has been corroborated by our group.29,30 From Fig. 3A (lane 1
and lane 5), two bands with different mobilities for the full
length and N-terminal domain of EoCen could be observed,
which implied two distinct conformations of the protein. The
bottom band that migrated faster contributed to the mono-
mers, and the top clear band that migrated more slowly corre-
sponded to the multimers. By contrast, the C-terminal domain
had less tendency to self-association and possessed a smaller
molecule weight and exhibited a much more negative net
ea

Number of positively
charged residues

Number of negatively
charged residues Total charge

1 8 +7
39 26 �13
40 34 �6
20 12 �8
21 20 �1
23 17 �6
24 25 +1

RSC Adv., 2017, 7, 27139–27149 | 27143
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Fig. 4 Peptide binding to WT-EoCen (A), C-EoCen (B), and N-EoCen (C), studied by isothermal titration calorimetry. Thermograms (top panels)
and binding isotherms (bottom panels) of the titration of the XPC peptide, in the absence of Ca2+, at 30 �C.
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charge among these proteins, so the position of it was much
closer to the bottom of the gel (the positive pole) (Fig. 3A lane 3).

Aer apoprotein was incubated with the XPC peptide with
a ratio of 1 : 1 at 4 �C overnight, the sample was analyzed by
27144 | RSC Adv., 2017, 7, 27139–27149
native PAGE. It could be seen that a clear new band appeared
with a mobility slightly slower than that of EoCen, indicating
the formation of the peptide–centrin complex, among which the
positively charged XPC peptide alone could not migrate to the
This journal is © The Royal Society of Chemistry 2017
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anode in this native system. And the band of monomers and
multimers faded simultaneously (Fig. 3A lane 6), suggesting the
addition of the peptide inhibited the centrin's aggregation.
Similar observations occurred for the C-terminal domain of
EoCen. The complex of C-EoCen and the XPC peptide with
increasing molecule weight and decreasing negative net charge
from 8 to 1 comparing with C-EoCen, was positioned at the top
of the gel, migrating most slowly. In addition, the interaction
between the XPC peptide and N-EoCen was also investigated. As
shown in Fig. 3A (lane 2), no new complex band could be
observed even though the ratio of XPC peptide to N-EoCen
reached 5.0 and the reaction time extended to 48 h (data not
shown). The parameters of EoCen and its complex are listed in
Table 1. EoCen and C-EoCen were acidic proteins, having
a lower pI value (between 4.40 and 4.90), and the XPC peptide
contained 8 basic residues, having a higher pI value (12.02). As
alluded to above, the interaction between EoCen and XPC was
mediated exclusively by the C-terminal domain. Although the
net charge of the N-terminal domain is �6, no complex formed
with the XPC peptide, proving that the hydrophobic interaction
dominated without a signicant electrostatic component. With
the increasing ratio of peptide to apoprotein, the complex band
became highlighted and the monomers and multimers faded
away gradually (Fig. 3B and C). The new band reached
a maximal intensity at an equimolar mixture of both proteins.
Native PAGE was a visual inspection to detect the existence of
the complex.
3.3 High-affinity binding of XPC peptide to EoCen

The binding properties of the P22-XPC peptide to EoCen were
investigated using ITC, an efficient method for the determina-
tion of the affinity constant and the energetic balance of
molecular interactions. The raw ITC data and the binding
isotherms corresponding to the interaction of the XPC peptide
with apoEoCen and its two isolated domains are shown in
Fig. 4, and the total thermodynamics parameters for the three
proteins are presented in Table 2. For the integral protein, the
change in enthalpy (DH) was negative, indicating that the
binding reaction was exothermic. Under the experimental
conditions (in the presence of EDTA), the isotherm for the
integral protein indicated a single binding event with a stoichi-
ometry of 1 : 1 and a high affinity Ka ¼ (1.67 � 0.35) � 106 M�1.
The large reaction enthalpy change greatly overcame the
entropy component to the free energy of interaction. The metal-
free form of C-EoCen interacted with the peptide with a similar
affinity ((0.46 � 0.09) � 106 M�1) and the binding was
Table 2 Thermodynamics parameters of the XPC peptide to EoCen and

Protein N Ka(error) (10
6 M�1) DH

EoCen 0.84 1.67(0.35) �
C-EoCen 0.97 0.46(0.09) �
N-EoCen NB

a NB ¼ no binding measured in the present conditions.

This journal is © The Royal Society of Chemistry 2017
enthalpically driven (DH ¼ �13.88 kcal mol�1, at 30 �C). The
association constant for the isolated C-EoCen was 3.6-fold
smaller than that of the high-affinity site in the integral protein
in the present conditions. The stoichiometry was also one,
meaning that the C-terminal domain of EoCen had only one site
for XPC. These results conrmed that the C-terminal domain of
EoCen could bind the target even in the absence of Ca2+ ions.
Indeed, the free energy of the peptide binding to C-EoCen
contributed 92% of that of the integral protein.

In the case of N-EoCen, the heating rate was very small, and
remained nearly constant during the titration, failing to show
a detectable interaction in the present conditions. ITC
measurements revealed again that the unique binding site in
apoEoCen was situated in the C-terminal domain and the cen-
trin–peptide interactions were driven by the enthalpy contri-
bution, which compensated for the unfavorable (negative)
entropy component.
3.4 Conformational change of the interaction

CD spectroscopy was used as an elementary investigation tool to
characterize the conformation properties of the EoCen/peptide
interaction. As shown in Fig. 5, the far-UV CD spectrum of
apoproteins showed two negative bands at 222 and 208 nm,48

which is typical for a well-folded protein with an a-helical
secondary structure. As anticipated, the free peptide in the
aqueous solution had a random coil-type spectrum, with
a negative peak at 203 nm.21,31,44,46 Adding 1 equivalent of XPC to
the C-EoCen solution induced a moderate enhancement (by
26%) in the molar ellipticity, which suggested that the peptide
underwent a random coil-to-helix transition upon binding to
the protein. Doubling the peptide-to-protein ratio (2 : 1) was not
accompanied by obvious CD changes, in perfect agreement with
the ITC-obtained 1 : 1 stoichiometry. The restricted conforma-
tional freedom associated with the peptide transition should
overcome the dehydration effect (related to an increase in water
entropy), and accounted for the overall negative (unfavorable)
entropy contribution to the free energy of interaction (Table 2).

In the case of the integral protein (Fig. 5B), the addition of
the peptide led to a slightly smaller (by �10%) increase in
intensity. In contract, there was negligible change when the
peptide was added into the N-EoCen solution (Fig. 5C). So, the
interaction of EoCen with the XPC peptide was predominantly
mediated by the C-terminal fragment while the N-terminal was
not involved in complex formation. These ndings indicated
that the centrin–peptide interaction resulted in well organized,
ordered and stable structures.
its fragments in the presence of EDTAa

(error) (kcal mol�1)
TDS
(kcal mol�1)

DG
(kcal mol�1)

14.98(0.25) �6.61 �8.37
13.88(0.42) �6.15 �7.73

RSC Adv., 2017, 7, 27139–27149 | 27145
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Fig. 5 CD analysis. Far-UV CD spectra of the peptide (7.84 mM),
integral and fragments of EoCen (7.84 mM) in 10 mM Hepes, 100 mM
KCl (pH 7.4), in the presence of EDTA. The effect of peptide addition to
the C-EoCen (the ratio from 0 (b), 0.25 (c), 0.5 (d), 0.75 (e), 1 (f), to 2 (g))
is shown in panel A and that of peptide addition to the EoCen (the ratio
of XPC peptide to apoprotein is 0 (b), 1 (c)) is shown in panel B. And no
effect of the addition to the N-EoCen (the ratio of 0 (b) and 1 (c)) is
shown in panel C.

27146 | RSC Adv., 2017, 7, 27139–27149
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Base on certain physicochemical techniques, we character-
ized the peptide binding properties of the highly puried
EoCen. Exposure of the hydrophobic surface is instrumental for
peptide binding. Contrary to CaM, the C-terminal domain of
centrin adopted the open conformation even in the absence of
Ca2+,49,50 the N-terminal occupied a closed conformation in the
metal-free form and adopted open conformation only in metal-
saturated form. Consequently, this may explain the high affinity
of C-EoCen to XPC in a metal-free state, while the N-terminal
domain is not engaged in peptide recognition. In other words,
the binding of EoCen to peptide is Ca2+-independent, although
Ca2+ ions could enhance the affinity (unpublished result). This
means EoCen can bind to XPC in the absence of a Ca2+ ion, and
trigger the NER system. In the light of the position of the bulk
hydrophobic residues that anchor the surface (Fig. 6A), the CaM
binding motifs have been grouped into four categories: 1-5-10,
1-8-14, 1-16 and IQ motifs.42,51,52 The binding modes of the CaM
interaction with its target are described as the canonical wrap-
around mode, extended mode and dimerization mode. The
centrin-binding sequence of XPC is categorized as a 1-4-8 motif
(Fig. 6B), a subclass of the 1-14 motif. In addition to the
difference in structure between CaM and centrin, the binding
sequence of XPC is not long enough to span the two terminals.
According to previous work56,57 and the data reported in the
Fig. 6 (A) Sequence and motifs of CaM and centrin-binding peptides.
Green residues indicate the bulky hydrophobic side chains anchoring
the peptide into the hydrophobic pocket of the protein. They define
the common patterns for the CaM (top) or centrin (bottom) targets.
Blue (basic) and red (acidic) residues are involved in electrostatic
interactions with the protein. Note that the sequence of the repeat in
hSfi1 (residues 112–131) is reversed. (B) Evolutionary conservation of
the amino acid sequences of the putative centrin 2-binding domain
among the XPC homologs of human (Hs), mouse (Mm), Drosophila
melanogaster (Dm), Arabidopsis thaliana (At), and Saccharomyces
cerevisiae (Sc). Identical and similar amino acids with respect to the
human sequence are indicated by solid and shaded boxes, respec-
tively. The positions of the three amino acids that are involved in the
interaction with centrin 2 are indicated by red boxes.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The centrin residues involved in target binding. (A) Graph
showing the main human centrin 2 residues interacting with the target
XPC. The F113 residue is central to the interaction and makes contacts
with three conserved residues (underlined) that form the hydrophobic
triad of the centrin-target. (B) The amino acid sequence of the C-
terminal of human centrin 2 and the C-terminal domain of Euplotes
octocarinatus centrin. The two putative EF-hands are highlighted in
yellow. Asterisks indicate amino acid identities. Critical amino acids
that interact with XPC are shown in red.
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work, the binding mode of EoCen to P22-XPC is in the extended
mode (Fig. 8).

From uorescence and UV difference spectra, Trp, which is
highly conserved and critical anchoring residue, transfers from
the polar water solvent to the apolar hydrophobic surroundings.
A complex still could form even in conditions with a high salt
concentration. Native PAGE analysis also reects that the elec-
trostatic component is not a primary force. Two crystal struc-
tures of the full-length (2ggm.pdb)53 and truncated HsCen2 in
complex with an XPC peptide (2obh.pdb),54 and NMR structure
of C-HsCen2 complexed with XPC peptide (2a4j.pdb)55 have
been reported. The structure from ref. 53 shows that nine non-
polar residues of HsCen2 (L133, L112, M145, F113, M166, L126,
A109, E105 and V129) contact with the triad of the XPC peptide
(W1xxL4xxxL8) and the Trp residue is buried in the hydrophobic
pocked created by the C-terminal and two EF-hand motifs
(Fig. 7A). Besides, the carboxyl group of E148 established
a hydrogen bond with the Trp residue of the XPC peptide.33
Fig. 8 Binding mode of the XPC peptide to EoCen according to the
available data. The N- and C-terminal domains are shown by two types
of circle sectors representing closed and open conformations. The
high and low affinity sites for Ca2+ of the EF-hands are shown by red
and blue empty circles, respectively. The tryptophan residue in the XPC
peptide is shown by the purple star.

This journal is © The Royal Society of Chemistry 2017
Sequence analysis shows that C-EoCen (90T-168Y) shares 71%
sequence identity with C-HsCen2 (94T-172Y), and, what is more,
eight non-polar residues that bind to the XPC peptide and E144
residue (corresponding to the E148 residue in HsCen2) are
completely conserved (Fig. 7B), so we surmise that the force
between EoCen and the XPC peptide is predominantly a hydro-
phobic interaction.

The XPC peptide, which is an amphiphilic molecule and
exhibits a disordered structure in the absence of the protein,
folds into an a helix upon binding to centrin, which induces the
structural rearrangement and decrease in exibility, giving
a negative entropic term to the free energy of interaction. The
centrin/XPC peptide interaction is driven by a negative enthalpy
change. The affinity constants are 1.67 � 106 M�1 and 0.46 �
106 M�1 for EoCen and C-EoCen, respectively, by ITC. While the
constants are 5.88� 106 M�1 and 4.55� 106 M�1 for EoCen and
C-EoCen, respectively, by spectrouorimetric titration. There is
little difference in the constants by the two measurement
methods. Fluorescence spectroscopy is very sensitive for the
tryptophan residue and requires a lower concentration of the
sample, whereas ITC needs a higher concentration of the
sample and is imprecise during the tness of data. The reduced
affinity by a factor of 4.67 by comparison with HsCen2 obtained
from ITC is the result of at least two main reasons. One is
related to the amino acid sequence difference, V108 in EoCen
vs. L112 in HsCen2. Holes formed by the Val residue in EoCen
differ from those formed by the Leu residue in HsCen2, so the
affinity constants vary. In other words, the tness of interfaces
between the key and hole causes the difference in the binding
affinity. The side chain of the Val residue lacks one methylene
by comparison with the Leu residue. The difference between the
Val and Leu residues results in the distinct interface hydro-
phobicities. The other reason is that the human XPC peptide is
not a native target molecule of EoCen. There is only one centrin
isoform in Euplotes octocarinatus, so EoCen must participate in
the duplication and separation of MTOCs and in the NER
process. We offer a glimpse into the centrin function in the cell
process with the aid of the human XPC peptide and infer the
possibility of NER throughout the lower eukaryotic kingdom,
which will motivate us to explore the mechanism further.

4. Conclusions

The work represents a structural and thermodynamic charac-
terization of a 22-residue peptide (K842–R863) from human XPC
binding to Euplotes octocarinatus centrin using spectroscopic
methods, native PAGE, and ITC. Comparisons of the corre-
sponding results for integral protein and isolated fragments
show that the residues of the C-terminal are critical for the
interaction with the XPC peptide, and the N-terminal domain is
structurally independent from the peptide-bound C-terminal
domain. Fluorescence and UV difference spectra of the
intrinsic Trp manifest the highly conserved Trp residue deeply
embed in the hydrophobic cavity formed by the C-terminal
domain. CD and ITC suggest that the complex formation
results in a more helical content, and a well-organized struc-
ture. The new complex was visualized by native PAGE. The
RSC Adv., 2017, 7, 27139–27149 | 27147
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affinity decreases 4.67 fold in comparison with that of HsCen2.
The amino acids that contact with the XPC peptide and the
binding mode both resemble those of HsCen2. The only
difference lies in V108 in the EoCen substitution for L112 in
HsCen2. The distinction of the interface hydrophobicity and the
tness of interfaces between the key and hole causes the
difference in the binding affinity.
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