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Centrins are conserved calcium (Ca*)-binding proteins typically associated with centro-
somes that have been implicated in several biological processes. In Toxoplasma gondii, a
parasite that causes toxoplasmosis, three centrin isoforms have been recognized. We
have recently characterized the metal binding and structural features of isoform 1
(T9CEN1), demonstrating that it possesses properties consistent with a role as a Ca®*
sensor and displays a Ca?*-dependent tendency to self-assemble. Herein, we expanded
our studies, focusing on the self-association and target binding properties of TJCEN1 by
combining biophysical techniques including dynamic light scattering, isothermal titration
calorimetry, nuclear magnetic resonance, circular dichroism, and fluorescence spectros-
copy. We found that the self-assembly process of TJCEN1 depends on different physico-
chemical factors, including Ca?* concentration, temperature, and protein concentration,
and is mediated by both electrostatic and hydrophobic interactions. The process is com-
pletely abolished upon removal of the first 21-residues of the protein and is significantly
reduced in the presence of a binding target peptide derived from the human XPC protein
(P17-XPC). Titration of P17-XPC to the intact protein and isolated domains showed that
TgCEN1 possesses two binding sites with distinct affinities and Ca* sensitivity; a high-
affinity site in the C-lobe which may be constitutively bound to the peptide and a low-
affinity site in the N-lobe which is active only upon Ca* stimulus. Overall, our results
suggest a specific mechanism of TgCEN1 for Ca®*-modulated target binding and
support a N-to-C self-assembly mode, in which the first 21-residues of one molecule
likely interact with the C-lobe of the other.

Introduction

Centrins are highly conserved calcium (Ca®*)-binding proteins that are widely distributed throughout the
eukaryote kingdom. They were initially identified in green algae as components of Ca**-sensitive con-
tracting fibers [1-3]. Later, centrins were found in the centrosome-like microtubule-organizing centers
(MTOC:s) in many other organisms [2,4-6]. However, increasing evidence establishes that centrins local-
ize not only to centrosomes but also to other cell compartments and organelles [7]. These different locali-
zations have been shown to be essential to the functions of centrin in various biological processes, such
as DNA repair, centrosome duplication, mRNA nuclear export, and signal transduction [8-13].

Centrins possess a structural organization similar to the prototype Ca®"-binding protein calmodulin
(CaM) with the presence of two independent domains, namely the N- and the C-terminal domains
which are linked by an o-helix; each domain contains two helix-loop-helix motifs, called the
EF-hands, which contain potential Ca®*-binding sites. Ca** binding to the EF-hand motifs controls
an important conformational change from a closed to an open state, exposing the hydrophobic
surface for the interaction of the protein with its signaling partners [10,14].
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Toxoplasma gondii, an apicomplexan parasite responsible for toxoplasmosis, possesses three centrin isoforms,
i.e. centrin 1 (TgCEN1), centrin 2 (TgCEN2), and centrin 3 (TgCEN3) [15]. Recent studies in our laboratory
demonstrated that TgCEN1 behaves biochemically as a Ca** sensor in vitro, being able to bind two Ca** ions
via its N-terminal EF-hands and to undergo significant Ca**-dependent conformational changes that result in
the exposure of hydrophobic surfaces [16]. Thus, as a regulatory protein, the biological function of TgCEN1
should be mediated by interaction with downstream proteins. However, until now, no reports regarding its
physiological targets and cellular functions have been published. TgCENT1 is highly similar to human centrin 1
(HsCEN1) and centrin 2 (HsCEN2) (~70% identity). Sequence alignment of centrins from different organisms
indicated that the higher variability occurs mainly within the first 20-25 residues of the N-terminal region,
which has no counterpart in CaM, and has been suggested to be responsible for Ca**-dependent self-assembly
and polymerization of centrins [14,17-20]. Experimental data on centrins from yeast, green algae, ciliate, and
humans demonstrated that they can form multimers and suggested that centrins have important structural
functions by contributing to the formation of Ca**-sensitive contractile filaments [14,17-19]. Our previous
work has shown that TgCENT is also able to reversibly self-assemble in the presence of Ca®" and has demon-
strated the importance of the N-terminal fragment (preceding the first EF-hand motif) in this process [16].
Notably, TgCEN1 mainly localizes to centrioles/centrosomes [15], and therefore it may also be involved in the
formation of supramolecular assemblies.

Herein, we expanded the information on the macromolecular properties of TgCEN1 by better investigating
the self-assembly process of the protein and its dependence on different physicochemical factors, and by char-
acterizing the energetics and structural features of the interaction of TgCEN1 with a peptide derived from the
human xeroderma pigmentosum group C protein (P17-XPC), which is a well-known natural target of centrins
[21]. To this end, we have used a comprehensive approach combining different biophysical techniques includ-
ing dynamic light scattering (DLS), isothermal titration calorimetry (ITC), nuclear magnetic resonance (NMR),
circular dichroism (CD), and fluorescence spectroscopy. Cloning and expression of the two isolated N- and
C-terminal domains (N-TgCEN1, 1-94 aa and C-TgCEN1, 95-169 aa) and comparison of the results for the
entire protein provided further information to probe the biochemical behavior of the protein. Our results
support a finely tuned regulation of TgCEN1 with respect to the self-association propensity and the interaction
with specific targets that depends on Ca®* concentration and other physicochemical factors, providing insights
into the possible structural and regulatory roles of TgCENT1 in the dynamics of centrosomes.

Materials and methods

Protein production and peptide synthesis
The full-length TgCEN1 and the truncated variant of TgCENI1 lacking the first 21 residues (A21TgCEN1) were
overexpressed in E. coli strain Rosetta and purified as described previously [16].

The N- and C-terminal domains of TgCEN1 were produced by recombinant techniques. The N-domain
(N-TgCENI, 1-94 aa) and its variant lacking the first 21 residues (A21N-TgCEN1, 22-94 aa) were obtained by
the introduction of a termination codon at the position coding for Ala95 of both the intact TgCEN1 and trun-
cated A21TgCEN1 forms using the QuikChange® site-directed mutagenesis kit (Agilent Technologies). The
primers used to introduce the amino acid substitution were as follows: forward (5'-catgactgtcaagatgtgag
aacgcgatccgegeg-3') and reverse (5'-cgegeggategegttcteacatcttgacagtcatg-3'). The C-domain (C-TgCENT1, 95-169
aa) was obtained introducing a Tobacco Etch Virus (TEV) cleavage site after Met94 using the following
primers: forward (5'-gactgtcaagatggaaaacctttatttccagggtgcagaacgegatc-3’) and reverse (5'-gatcgcgttctgeaccct
ggaaataaaggttttccatcttgacagtc-3’). Both domains were efficiently expressed in E. coli strain Rosetta and purified
via Nickel affinity chromatography. Incubation with a previously prepared recombinant His-tagged
TEV-protease was carried out for 16 h at 4°C (ratio 1:50). Tag-free proteins were reloaded into a His-trap
column and collected in the flow-through. Protein concentration was determined using the Biuret method [22]
and purity of the proteins was confirmed by SDS-PAGE to be at least 90%. Purified proteins were washed in
50 mM Tris-HCI, 150 mM KCl, pH 7.5 and protein aliquots were stored at —80°C until use.

To produce '°N-labelled proteins for NMR analysis, cells were grown in M9 minimal medium with *NH,Cl
(1g L™!) as a sole nitrogen source.

The P17-XPC peptide (847-NWKLLAKGLLIRERLKR-863) and N21 peptide (1-MHSRKGASSLPRG
RGAGKKTE-21) were purchased from GenScript U.S.A. Inc. (NJ], U.S.A.). The peptides purity was estimated
higher than 90% by HPLC and their molecular mass was verified by electrospray ionization mass spectrometry
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(ESI-MS). P17-XPC peptide concentration was calculated using its predicted molar extinction coefficient
(80280 = 5500 M™' cm™", http://web.expasy.org/protparam/).

Turbidimetry

Turbidity experiments were conducted on a Jasco V-560 UV-visible spectrophotometer by recording absorb-
ance at 340 nm as a function of time with 1 cm path length quartz cuvettes. Standard conditions were 20 mM
Tris-HCI, 20 mM KCl pH 7.5, protein concentration of 20 uM, 1 mM CaCl, at 37°C. The effects of different
physicochemical parameters on the self-assembly propensity of TgCEN1 and its domains were assessed by
varying the CaCl, concentrations (0-2 mM), temperature (4-45°C), protein concentrations (5-50 M), and salt
concentrations (0-150 mM KCl). The turbidity changes were also monitored in the presence of 1-anilino-8-
naphthalenesulphonic acid (ANS) at a final concentration of 600 M.

Dynamic light scattering

Dynamic Light Scattering (DLS) measurements were done on a Zetasizer Nano ZS instrument (Malvern
Instruments, Worcestershire, U.K., 4 mV He-Ne laser, |, =633 nm, q =173°) equipped with a Peltier tempera-
ture controller, using disposable 12.5 x 45 mm cells with stopper to prevent evaporation [23]. Protein samples
(200 pl of 10 pM protein, except where differently specified) in 20 mM Tris-HCI, 20 mM KCl pH 7.5 were
clarified by centrifugation (21 000 g for at least 30 min) before starting acquisition to remove debris. All buffers
were filtered immediately before measurements. The diameter of particles, describing their macromolecular size
in solution, was reported as number distribution to emphasize the relative proportions of species of different
sizes.

In the thermal ramping experiment, sample aliquots (200 pl of 5 wM protein in the presence of 1 mM
CacCl,) were introduced into the temperature-controlled sample compartment and the temperature was ramped
from 15 to 45°C with 1°C increments, with size measurements collected at every 1°C increase. Data were
reported as z-average which is the intensity weighted mean hydrodynamic size of the collection of particles.
Transition midpoint (T,,) of the process was obtained by fitting the signal changes to a logistic curve.

Far-UV circular dichroism spectroscopy

Circular dichroism (CD) measurements were carried out with a Jasco J-1500 spectropolarimeter equipped with
a Peltier type thermostated cell holder. Far-UV spectra (200-250 nm) were an average of five accumulations
recorded at 25°C with the same parameters as previously described [13,24]. Protein and peptide concentrations
were 10-20 pM in 0.1 cm quartz cuvettes. CD spectra were recorded in 50 mM Tris-HCIl, 150 mM KCl pH
7.5, 0.5 mM DTT in the presence of an excess of CaCl, or EGTA with respect to the protein concentration.
The spectrum of the buffer alone was subtracted from that of the sample.

Fluorescence spectroscopy

Fluorescence spectra were recorded on a Jasco FP8200 spectrofluorimeter. The binding of TgCENI1 or its
domains to P17-XPC peptide was followed by monitoring the fluorescence of the single Trp residue of the
peptide [12,25,26]. Excitation was set at 295 nm and fluorescence emission was measured from 305 to 500 nm,
with 5 nm excitation and emission bandwidths. The buffer used was 50 mM Tris-HCI, 150 mM KCI pH 7.5,
0.5 mM DTT, in the presence of 5 mM CaCl, or 5 mM EGTA.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were conducted on a MicroCal PEAQ-ITC (Malvern)
instrument. The proteins and peptides were solubilized in the same buffer containing 50 mM Tris-HCI,
150 mM KCl pH 7.5 and 5 mM CaCl, or 5mM EGTA, which was filtered and degassed before each run.
Typical ITC measurements were performed by titrating 30-50 wM of protein (0.2 ml) with a 1 or 1.5 pl injec-
tion of 0.5 mM peptide at 25°C (total injections 39 or 26, respectively) with an injection interval of 120 or
180 s.

An injection of peptide into buffer without any protein was considered as reference and subtracted from
each experiment. The first injection (0.2 1) was ignored in the final data analysis. Titrations were analyzed by
a two or one-site peptide-binding model. The best fitting was used to get apparent dissociation constants (Ky)
and enthalpy changes (AH), as previously described [27]. The reported thermodynamic parameters are the
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mean + standard error of the mean (SEM) of at least three independent titrations using two different protein
preparations.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) experiments were performed at 298 K on a 600 MHz Bruker
Avance III spectrometer, equipped with a triple resonance cryo-probe. '°N-labelled protein was dissolved in
50 mM Tris-HCl, 50 mM KCl pH 7.5, 0.5 mM DTT, 10% D,O at a final concentration of ~0.4 mM. The I5N-
labeled protein was gradually titrated with a CaCl, solution to a final concentration of 5 mM. Successively, the
Ca**-bound °N-labeled protein was titrated with increasing amounts of unlabeled P17-XPC, dissolved in the
same NMR bulffer, until reaching a final molar ratio protein : peptide of 1:2.5. Complex formation was moni-
tored acquiring both "H-'>N-SOFAST-HMQC (heteronuclear multiple quantum coherence) experiments [28]
and 'H-'"N HSQC (heteronuclear single quantum coherence) spectra before and after each addition of
P17-XPC. Both experiments were recorded with a data matrix of 2048 (F2,1H) x 256 (F1,15N) complex points
and spectral windows of 8417.51 Hz (1H) x 1642.06 Hz (15N) [29]. In total, eight transients were acquired with
a recycle delay of 1.2's and 0.2 s for the "H-""N HSQC and the "H-""N-SOFAST-HMQC experiments, respect-
ively. The NMR spectra were processed using Topspin v. 3.6.2 (Bruker) and NMRpipe[30], while data analysis
and spectra investigation were performed with the software Ccpnmr Analysis v. 2.5.2 [31].

Results
Self-assembly process of TJCEN1 depends on different physicochemical

factors

In our previous work, we demonstrated that TgCEN1 has a high tendency to self-assemble in the presence of
Ca®" [16]. The self-assembly tendency of TgCENI was followed by monitoring light scattering at 340 nm as a
function of time at 37°C and using 20 wM protein concentration (Figure 1A). Upon addition of Ca** (1 mM)
TgCEN1 displayed a clear increase in turbidity, while, in the absence of Ca®" (i.e. in the presence of the metal
chelator EGTA) it did not (Figure 1A). Moreover, upon addition of EGTA to Ca**-saturated TgCEN1, the tur-
bidity at 340 nm was significantly reduced and the sample regained optical transparency, supporting a revers-
ible Ca“—dependent process (Figure 1A) [16].

To distinguish the species present in solution in the turbidity experiments, new DLS studies were undertaken
under the same conditions (37°C, 20 mM Tris-HCl, 20 mM KCI pH 7.5). DLS is a powerful tool to study the
formation of molecular assembly in solution and to obtain information on the relative size distributions of
protein assemblies. Scattering spectra were recorded for 10 uM solutions of TgCENI1 in the absence and pres-
ence of 1 mM Ca’". In the absence of Ca**, DLS spectra of TgCEN1 displayed a single narrow peak, corre-
sponding to particles with number-averaged hydrodynamic diameter of 7.54 £ 0.01 nm (Figure 1B), which is
compatible with a single prevailing monomeric form of the protein. Interestingly, upon addition of Ca®" this
peak disappeared, and a new distinct species appeared with a diameter of 570 + 5 nm (Figure 1B). In this case,
the Gaussian distribution was wider with respect to that observed in the absence of Ca**, indicating a heteroge-
neous distribution of particle size. A deeper analysis of Ca** dependence of TgCEN1 self-assembly indicated
that a moderate molar excess of Ca** was required to initiate the association process. As shown in Figure 1C
the intensity of the scattered light, measured as turbidity at 340 nm after 25 min, increased as a function of Ca’*
concentration and had a plateau at high Ca®* concentrations. A 7.5:1 metal/protein ratio was the minimum
where light scattering was detected. No changes in the turbidity profiles were observed upon Mg”* addition (up
to 10 mM, data not shown), suggesting that the association process is Ca** specific. These results clearly
confirm the Ca**-dependent reversible ability of TgCENT to associate and form larger scattering objects.

Self-assembly properties of TgCEN1 were also analyzed as a function of temperature and protein concentra-
tion. Increasing the temperature resulted in an increase in the slope of the growth phase at 340 nm and a
higher plateau indicative of a faster self-assembly process and of the larger size of the scattering particles,
respectively (Supplementary Figure S1A). Accordingly, DLS analysis showed that the mean diameter of
TgCENI1 particles varied significantly as a function of temperature. The increase in temperature resulted in the
increase in the z-average hydrodynamic diameter of TgCEN1 particles (from ~230 nm at 15°C to ~470 nm at
45°C) with a transition midpoint at 36 + 1°C (Figure 1D). As for the temperature, the increase in TgCEN1 con-
centrations also caused a faster self-assembly process and a higher plateau (Supplementary Figure S1B). Low
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Figure 1. Self-assembly properties of TJCEN1.

(A) Turbidity measurements of TJCEN1. Scattering intensity (measured as the turbidity at 340 nm) of TJCEN1 as a function of
time at 37°C in 20 mM Tris—HCI, 20 mM KCI pH 7.5 protein concentration of 20 uM, in the presence of 1 mM EGTA (red) or

1 mM CaCl, (blue). The effect of EGTA on a solution of Ca®*-saturated T9CEN1 is also shown (black). (B) Particle-size
distribution from DLS data of 10 wM TgCEN1 in 20 mM Tris—HCI, 20 mM KCI pH 7.5 at 37°C in the presence of 1 mM EGTA
(dotted line) or 1 mM CaCl, (solid line). (C) Dependence of the TJCEN1 self-assembly on the Ca®*concentrations. Main,
turbidity (at 340 nm after 25 min) is represented as a function of metal/protein ratio. Inset, Turbidity profiles of 20 uM TgCEN1
(measured at 340 nm) as a function of time at increasing Ca®*concentrations (5, 20, 100, 150, 200, 250, 500, 1000, and

2000 nM). (D) Effects of temperature on TQCEN1 particles hydrodynamic diameter. Best fit of the experimental data is
represented as a black line.

light scattering was observed at protein concentrations less than 5 wM, supporting the existence of a threshold
concentration for the occurrence of the self-assembly process.

To understand the nature of the forces driving TgCENI1 association, we next examined self-assembly of
TgCENI by varying the ionic strength of the solution (0-150 mM KCI). A clear inhibition of self-assembly
process at high ionic strength was seen, supporting the contribution of electrostatic interactions in self-
assembly. As shown by turbidity profiles (Figure 2A), at low salt concentration the reaction was very fast, and
an increase in ionic strength is accompanied by a progressive decrease in the assembly rate (decrease in the
slope of the growth phase) and in the intensity of the final plateau. Consistently, the DLS number distribution
indicated a dominant particle population with a hydrodynamic diameter of ~7 nm at high ionic strength, while
at low salt concentrations species with larger diameters (600-800 nm) are prevalent (Figure 2B).

Along with electrostatic interactions, hydrophobic forces are also crucial in protein self-assembly. Thus, to
study the involvement of a hydrophobic component in self-association of TgCENI1, we used the fluorescent
probe ANS which offers a spectroscopic approach to assess hydrophobicity of the protein’s surface. We found
that the binding of ANS interferes with the assembly process. As shown in Figure 2C, the final intensity of the
scattered light, measured as turbidity at 340 nm, decreased at increasing ANS concentrations. This inhibition
effect suggests that the binding sites of ANS at least partially overlap with the interacting regions involved in
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Figure 2. Effects of ionic strength and ANS on TgCEN1 self-assembly.

(A and B) Dependence of the TJCENT1 self-assembly on KCI concentrations. (A) Turbidity profiles and (B) particle-size
distribution from DLS data of TgCEN1 in 20 mM Tris—HCI pH 7.5 at different KCI concentrations in the presence of 1 mM
CaCl,, at 37°C. (C and D) Inhibitory effect of ANS. (C) Turbidity profiles and (D) particle-size distribution from DLS data of
TgCEN1 in 20 mM Tris—HCI, 20 mM KCI pH 7.5, 1 mM CaCl,, at 37°C in the absence and presence of ANS.

self-association; thus, ANS binding likely hampers aggregation by shielding TgCEN1 hydrophobic regions
involved in the assemblies. Of note, no complete disappearance of light scattering was observed even at high
concentrations of ANS, indicating that the association process was not completely quenched by the addition of
ANS. Accordingly, the hydrodynamic diameter of TgCEN1 particles decreased upon addition of ANS (from
~570 nm in the absence of ANS to ~238 nm in the presence of 600 wM ANS), although a complete conversion
of TgCENI assemblies to the monomeric form did not occur (Figure 2D). Together, these results suggest both
hydrophobic and electrostatic contributions to the self-assembly process.

Contribution of protein domains to the self-assembly process

Similar to CaM, centrins are composed of an N- and C-terminal lobe separated by a flexible linker region (an
o-helix or a short loop). However, centrins are unique in possessing an additional N-terminal positively
charged tail of ~20-25 residues with variable composition that is usually disordered. In TgCENI, this region
encompasses the first 21 residues, has a basic character (three Lys and three Arg, +5 net charge), and exhibits a
high intrinsic disorder based on GeneSilico MetaDisorder Service analysis [32]. Previous experiments in our
laboratory using a truncated variant of TgCEN1 lacking the first 21 residues (A21TgCEN1) support the notion
that the N-terminal portion in centrins has a role in the self-association process. Indeed, no changes in turbid-
ity at 340 nm were observed upon addition of 1 mM Ca>" to A21TgCEN1 sample under the same experimental
conditions used for the full-length protein (Supplementary Figure S2A) [16]. Accordingly, new DLS measure-
ments showed the presence of a single peak centered at 7.01 £0.01 nm compatible with a monomeric protein
in both the absence and presence of Ca** (Supplementary Figure S2B). No changes in turbidity or size distribu-
tion were observed for the A21TgCEN1 variant under all the other conditions tested in the present work
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(temperature, protein concentration, KCl, and ANS) (Supplementary Figure S2). Thus, the Ca®*-dependent self-
assembly process is completely abolished upon removal of the first 21 residues of the protein, highlighting that
this basic portion is essential for TgCEN1 assemblies.

To explore the hypothesis that the N-terminal fragment can mediate Ca**-modulated heterologous interac-
tions between N- and C-lobes belonging to two different subunits, we synthesized a peptide comprising the
first N-terminal 21 residues of TgCEN1 (N21, Met1-Glu21) and analyzed its effects on the A21TgCEN1 variant
that does not self-assemble. As shown by the turbidity experiments (Figure 3A), the peptide alone did not
aggregate upon addition of Ca®** in solution. On the other hand, when the peptide was added to the
A21TgCENL1, an increase in the light scattering at 340 nm was observed. Accordingly, in the presence of N21
peptide, A21TgCEN1 showed an increase in hydrodynamic radius (from 7.01+0.01 nm to 4853 nm)
(Figure 3B) as well as in DLS count rate (which constitutes the average scattering intensity in the measurement,
Supplementary Figure S3).

We also investigated the contribution of the individual N- and C-lobe of TgCEN1 to the self-assembly
process, by cloning the isolated N- and C-terminal domains (N-TgCEN1, 1-94 aa; C-TgCEN1, 95-169 aa) and
analyzing their association propensity under different experimental conditions. The two domains were well-
folded in the presence of 1 mM Ca®*, as suggested by their far-UV CD spectra (Supplementary Figure S4A).
Interestingly, even if they exhibited no turbidity changes at 340 nm upon addition of Ca** (Supplementary
Figure S4B), DLS analysis revealed the presence of particles with diameter of 250 + 1 nm for N-TgCEN1 and
311 +1 nm for C-TgCENI, respectively (Supplementary Figure S4C). An inhibition of association process was
observed for the N-TgCEN1 at high ionic strength with a shift of the particle size towards smaller size
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Figure 3. Contribution of protein domains to self-assembly.

(A) Scattering intensity (measured as the turbidity at 340 nm) of 20 WM A21TgCEN1 as a function of time at 37°C in 20 mM
Tris—HCI, 20 mM KCI pH 7.5 before (blue line) and upon (black line) addition of 50 uM N21 peptide in the presence of 1 mM
CaCl,. The profile of N21 peptide alone in the presence of 1 mM CaCl, is also shown (red line). (B) Particle-size distribution
from DLS data of 10 uM A21TgCEN1 in 20 mM Tris—HCI, 20 mM KCI pH 7.5 at 37°C before (solid line) and upon (dotted line)
addition of 50 wM N21 peptide in the presence of 1 mM CaCl,. (C and D) Particle-size distribution from DLS data of 10 uM

N-TgCEN1 and C-TgCEN1 in 20 mM Tris—HCI pH 7.5 in the presence of 1 mM CaCl, at selected KCI concentrations (C) and
upon addition of 600 wM ANS (D).
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following the increase in salt concentration, while only small changes in the DLS profiles of C-TgCEN1 were
observed (Figure 3C). On the other hand, the addition of ANS had no effect on N-TgCEN1 but had a remark-
able impact on the association properties of C-TgCEN1, causing a decrease in diameters of the particles in
solution (new species with diameters of 35+ 1 nm and 7.96 + 0.01 nm) (Figure 3D).

Taken together, these data suggest that the two N and C isolated domains of TgCENI1 also have an aggrega-
tion propensity that is mediated mainly by electrostatic forces for the N-terminal domain and by hydrophobic
forces for the C-terminal domain. However, the entire protein is required for TgCEN1 to self-assemble into
larger oligomers, most likely attributable to heterologous interactions between N- and C-terminal domains of
different molecules mediated by the basic N-terminal 21 residues.

TgCEN1 has a specific Ca%*-controlled target binding mechanism

Our previous studies demonstrated that, upon binding Ca®*, TgCEN1 exposed a hydrophobic area which is
likely instrumental for the interaction with target proteins [16]. The physiological targets of TgCENI are not
known at present, although it is well-established that the centrin targets in many organisms usually have a
typical binding motif consisting of the hydrophobic triad W'L* L* (1-4-8 motif) [33-35]. We therefore used
ITC to study the energetics of the interaction of TgCEN1 and its isolated N- and C-terminal domains with a
17-residue target peptide derived from the nucleotide excision repair human xeroderma pigmentosum group C
protein (P17-XPC). This peptide represents a high affinity human centrin binding site which is in the
C-terminal portion of XPC (between residues N847 and R863) and exhibits the hydrophobic triad (W848,
1851 and L855) [33]. To avoid experimental artifacts and misinterpretations associated with the abovemen-
tioned self-assembly propensity of full-length TgCENI, for the binding experiments we used the truncated
variant of TgCENI lacking the first 21 residues (A21TgCEN1, 22-169) and the N-terminal domain lacking the
first 21 residues (A2IN-TgCEN1, 22-94 aa).

Representative isotherms for P17-XPC binding to A21TgCEN1 and the individual domains in the presence
of Ca®* or EGTA are shown in Figure 4 and the thermodynamic parameters are presented in Table 1. The ITC
experiments showed that in the presence of Ca®" the binding of P17-XPC to A21TgCENI is exothermic. The
binding curve is clearly characterized by a two-step process, which best fit to a model predicting two sets of
sites: one high-affinity site (Kg; of 1.3+£0.3 nM) and a second site with lower affinity (K4, of 4.1 £0.9 uM)
(Figure 4A and Table 1). On the other hand, in the absence of Ca®", the thermogram showed a single inter-
action site with a Ky of 59.1 +11.8 nM (Figure 4B and Table 1). These results were confirmed by studying the
binding of each isolated lobe to the peptide. Calorimetric titrations of P17-XPC to C-TgCENI showed a single
binding event (stoichiometry of 1) with similar affinity both in the presence and in the absence of Ca** (Ky of
6.7 + 1.1 nM with Ca*" and Ky of 50.1 + 9.7 nM without Ca®"), indicating that the complex formation between
the peptide and the C-terminal domain is not significantly influenced by Ca®* availability (Figure 4C,D and
Table 1). It is worth mentioning that the K, values obtained for the binding of P17-XPC to the C-TgCEN1 are
very similar to that of the high affinity site in the intact protein, thus implying that the high affinity site in
holo-A21TgCENI1 corresponds to the C-terminal domain. Interestingly, the N-terminal domain displayed a
single binding site with a K of ~0.4 uM only in the presence of Ca>*, while no measurable binding affinity
was obtained with the apo-A2IN-TgCENI1 (Figure 4E,F and Table 1), clearly suggesting that the sole binding
site in the apo-protein is located in the C-lobe.

Further insight into the TgCEN1 target recognition mode was obtained by examining the interaction of Ca**-
bound '°N-labeled A21TgCEN1 with the P17-XPC peptide through '’N-HSQC titration experiments. As evident
in Figure 5A, several "H-">N resonances, dispersed throughout the HSQC spectrum, undergo significant chem-
ical shift perturbation in presence of peptide, suggesting that a strong conformational rearrangement of the
holo-protein is induced by binding of P17-XPC. The '"N-HSQC titrations again pointed to two P17-XPC
binding sites on Ca**-bound A21TgCENI with different affinities. Up to a 1:1 stoichiometric ratio, the
binding is described by slow chemical exchange, which is usually associated to binding events characterized by
a high affinity [36], as the "H(N) backbone resonances corresponding to Ca®*-bound protein gradually dis-
appear without a significant line broadening (i.e. peak 4, Figure 5B) and those for complexed-protein appear
(i.e. peaks 1 and 2, Figure 5B). On the other hand, the binding of the second peptide caused a relevant line
broadening and change in positioning of some "H-'">N cross-peaks (i.e. peaks 3, 5, G43 and G79, Figure 5B).
This effect is a distinctive mark of cross-peaks undergoing an intermediate exchange on an NMR timescale and
is indicative of a substantially weaker affinity for this interaction (K in the pM range) [37]. The types of
chemical exchange found for the two binding events agree well with the affinities obtained by calorimetry.
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Figure 4. P17-XPC binding to A21TgCEN1 and its N- and C-terminal domains studied by ITC in the presence and

absence of Ca?*.

Representative thermograms (top panels) and the derived binding isotherms (bottom panels) of titration of P17-XPC into
A21TgCEN1 (A and B), C-TgCEN1 (C and D), and A21N-TgCENT1 (E and F) in the presence of 5 mM CaCl, or 5 mM EGTA at
25°C. The ligand dilution blank experiments (P17-XPC titrated into buffer) were subtracted from the binding isotherm obtained
in the presence of protein. A first injection of 0.2 ul was made and then the first data point was removed from data fitting.
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Table 1 Thermodynamic parameters of the interaction of A21TgCEN1 and its N- and C-terminal domains with
P17-XPC in the presence of 5 mM CaCl, or 5 mM EGTA at 25°C

Buffer condition n Ky (nM) AH (kJ mol™") —TAS (kJ mol™)
A21TgCEN1 + P17-XPC CaCl, ny=0.7+0.1 1.3+0.3 —99.7£5.3 48.6+5.8
n,=0.8+0.1 4102 +914 -50.8+11.3 25.7+11.5
EGTA 0.9+0.1 59.1+11.8 -131.7+1.6 89.9+1.9
A21N-TgCEN1 + P17-XPC CaCl, 0.7+0.1 396.3 +60.9 —74.25+4.3 37.4+£39
EGTA - - - -
C-TgCEN1 + P17-XPC CaCl, 0.8+0.1 6.7+1.1 —-95.7+9.9 48.8+10.2
EGTA 0.8+0.1 50.1+£9.7 -118.7+2.9 76.5+3.1

The reported parameters are the mean + standard error of the mean (SEM) of at least three independent titrations using two different protein
preparations.

Interestingly, the resonances corresponding to two N-terminal glycines, G43 and G79 of A21TgCEN1, which
were previously assigned [16], seem to be almost unperturbed up to a 1:0.5 protein : peptide molar ratio, while
a dramatic signal decrease and line broadening at 1: 1 stoichiometric ratio were observed (Figure 5, green aster-
isk). Above a 1:1 ratio, we could observe a significant chemical shift change and sharpening of these reso-
nances. At 2.5 molar excess of P17-XPC, the second binding site is completely saturated. Our NMR data
suggest that the two glycine residues are likely involved in the binding of the second peptide or are reporters of
a second event of binding, thus supporting the hypothesis that the low affinity site is located in the N-terminal
domain.

Additional evidence that in the apo-TgCEN1 a single binding site for the P17-XPC is located on the C-lobe
was obtained by fluorescence spectroscopy, monitoring the Trp residue (W848) of the P17-XPC. Addition of
stoichiometric amount of both holo- and apo-C-TgCENI1 to the P17-XPC solution resulted in a blue shift in
maximum wavelength and an increase in fluorescence intensity of Trp, confirming that Trp848 of the peptide
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Figure 5. ">°N-HSQC titrations spectra of the binding of P17-XPC to '°N-labeled Ca?*-A21TgCEN1.

(A) "®N-HSQC spectra of '®N-labeled A21TgCENT1 in its Ca®*-bound conformation collected at titration steps corresponding to
the [peptide]/[protein] molar ratio of 0 (orange) and 2.5 (blue). The magnified region of G43 and G79 is shown in the panel.
Selected titration points collected at titration steps corresponding to the [peptide]/[ protein] molar ratio of 0 (orange), 0.5 (black),
1 (red) and 2.5 (blue) are reported. The asterisk highlights the beginning of the saturation of the second binding site
corresponding to a [peptide]/[protein] molar ratio of 1. (B) One dimensional 'H-traces of selected peaks of the 'H-""N HSQC
spectrum of "®°N-labeled A21TgCEN1 shown in A in the presence of increasing concentration of P17-XPC. [peptide)/[protein]
molar ratios are reported in the panel corresponding to peak 1.
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is involved in binding to C-TgCENI1 both in the apo and holo-state (Supplementary Figure S5). Stoichiometric
addition of the N-lobe to the peptide in the presence of Ca*" paralleled what observed for the C-lobe (blue
shift and Trp fluorescence emission increment), while no changes in the fluorescence spectrum of P17-XPC
upon addition of the N-lobe in the presence of EGTA were observed (Supplementary Figure S5).

Altogether, the ITC, NMR and fluorescence data indicated that TgCEN1 has two sites for the binding of
target peptide P17-XPC: one high-affinity site in the C-lobe which displays poor Ca** sensitivity and one low-
affinity site in the N-lobe which binds the peptide in a Ca**-dependent manner.

Thermodynamic parameters of the binding between P17-XPC with the entire TgCEN1 and its N- and
C-terminal domains obtained by ITC analysis suggested that this process is driven by an enthalpic component,
which compensates for the unfavorable entropy (Table 1). This negative entropy may be associated with a con-
formational rearrangement following formation of the complex. To investigate this point, we carried out
far-UV CD analysis. As shown in Figure 6, the isolated A2IN- and C-TgCEN1 domains are well-folded with
spectral properties that are indicative of protein containing mainly o-helical structure (two minima at 208 and
222 nm); on the contrary, free P17-XPC in the aqueous solution displayed a spectrum with an ellipticity close
to zero as expected for an unfolded peptide. Upon addition of stoichiometric amounts of P17-XPC to
C-TgCENT1 an increase in the ellipticity of the bands at 208 and 222 nm was observed which reveals an increase
in the a-helixes both in the presence of Ca* or not (i.e. with EGTA), and confirms an interaction between the
peptide and the C-lobe even in the absence of Ca** (Figure 6A). Since the free peptide has a predominantly
random coil conformation and generally the EF-hand containing proteins do not increase their helical content
after binding to their target peptides [12,13,24,38-42], the higher ellipticity signal observed for the bimolecular
complex could be ascribed to induced helicity in P17-XPC upon binding to C-TgCEN1 (as suggested by the
difference spectra where the CD spectrum of C-TgCEN1 alone is subtracted from that of the complex).
The same changes in CD profiles were obtained for the N-lobe in the presence of Ca®*, but not upon peptide
addition to the apo-domain (Figure 6B), therefore supporting the hypothesis that the binding of P17-XPC to
the N-lobe of TgCENT is Ca**-dependent.

Target peptide binding has an inhibitory effect on the self-assembly process

of TgCEN1

To get insight into the interplay between self-assembly and target binding we investigated the effect of
P17-XPC on the Ca**-induced association of TgCEN1. As suggested by turbidity measurements at 340 nm, the
addition of the peptide clearly inhibited the self-assembly process in the intact TgCEN1 (Figure 7A).
Accordingly, the hydrodynamic radius of TgCEN1 particles decreased upon addition of P17-XPC (from 570 +
5nm to 307+ 1nm) (Figure 7B). These results agree with previous observations on the centrins from

() C-TgCEN1 ® A21N-TgCEN1

CD [mdeg]

+ EGTA

200 210 220 230 240 250 200 210 220 230 240 250
Wavelength (nm) Wavelength (nm)

Figure 6. Far UV CD analysis of P17-XPC binding to isolated domains.

(A) Far UV CD spectra of 20 pM P17-XPC alone (solid line), 20 uM C-TgCEN1 (dashed line), and 1: 1 protein-peptide complex
(dotted line) in the presence of 5 mM CaCl, (top) or EGTA (bottom). (B) Far UV CD spectra of 20 uM P17-XPC alone (solid line),
20 wM A21N-TgCENT1 (dashed line), and 1 : 1 protein—peptide complex (dotted line) in the presence of 5 mM CaCl, (top) or
EGTA (bottom). The CD spectrum resulting from subtraction of the spectrum of protein—peptide complex from that of protein
alone was also shown (dash-dotted line).
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Figure 7. Inhibitory effect of P17-XPC on TgCEN1 self-assembly.

(A) Turbidity profiles of intact TJCEN1 and (B and D) particle-size distribution from DLS data of (B) intact TgCEN1, (C)
N-TgCEN1 and (D) C-TgCEN1 in 20 mM Tris-HCI, 20 mM KCI pH 7.5, 1 mM CaCl,, at 37°C in the absence and presence of
P17-XPC.

S. cerevisiae (Cdc31p), S. dubia (SACEN), HsCEN1 and HsCEN2 for which the presence of the binding peptide
Karlp (centrosomal target protein) caused a strong reduction in the formation of multimeric structures [14]
and with the observation that addition of XPC peptide to centrin from Euplotes octocarinatus (EoCEN) resulted
in the dissociation of protein aggregates [43].

Of note, addition of P17-XPC to N-TgCENI had no effect on the association properties of this domain. The
DLS distributions showed the presence of the same species in both the absence and presence of the peptide
(Figure 7C). On the other hand, the peptide had a remarkable impact on assembly of C-TgCEN1, since upon
incubation of the C-terminal domain with P17-XPC a significant decrease in diameters of the particles in solu-
tion was observed (Figure 7D). These observations suggest that only the target peptide recognition at the
C-terminus, which, as demonstrated above, is a key region for the high affinity interaction with P17-XPC, com-
petes with the self-assembly process.

Discussion

The understanding of the self-assembly properties of centrins in vitro has been a relevant topic for several
years and many studies have demonstrated that these proteins are key structural components of Ca**-sensitive
filaments [17,19,44,45]. We found that TgCEN1 can self-assemble in the presence of Ca®" and that the assem-
bly process depends on different physical and chemical factors, comprising Ca** and protein concentration,
temperature, ionic strength, and molecular hydrophobicity. Overall, our results support a model in which, in
the presence of Ca®", both ionic and hydrophobic interactions contribute to the self-assembly of TgCENI, in
accordance with what already observed for other centrins, such as HsCEN2, HsCEN1 and EoCEN [17-19,44].
Indeed, the inhibition at high ionic strengths, and the essential role of the N-terminal region of TgCENI (res:
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1-21), with its highly basic character, emphasize the relevance of the electrostatic component. Whereas the
quenching/inhibition effect of the hydrophobic probe ANS clearly indicates that the molecular associations also
have a hydrophobic character. Of interest, while at high salt concentration (150 mM KCl) TgCENI is mono-
meric in solution, the addition of ANS only partially quenched the aggregation process, suggesting that electro-
static interactions likely are the major forces driving the Ca**-dependent self-assembly behaviors of TgCENI.
Ca®" requirement may play a dual function in the association process; Ca>" binding to TgCEN1 caused the
exposure of hydrophobic surfaces, as previously demonstrated [16], therefore supporting its hydrophobic con-
tribution to the self-assembly. Moreover, it can enhance the interactions between neighboring centrin molecules
by mediating ionic interactions.

Various mechanisms have been suggested for describing the self-association of different centrins. For
HsCEN2, Craescu and coauthors favored a model in which preformed oligomers between the C-terminal
domains evolve towards larger polymers via the participation of the basic N-terminal extension [17,44]. They
suggested that the binding sites of the N-fragment are the negatively charged regions adjacent to the hydropho-
bic cavity of C-terminal domains, close to the target binding site of the centrin [17,44]. On the other hand, the
self-assembly mechanism of the algal Sherffelia dubia centrin was that its N-terminal extension associates with
the peptide-binding site of another centrin [14]. In the case of TgCENI, the complete absence of molecular
associations upon the removal of the first 21 residues, as demonstrated by both turbidity and DLS measure-
ments, suggests that the N-terminal fragment has an essential role in protein self-association. We found that
the Ca**-saturated isolated N and C domains of TgCEN1 have the propensity to form small oligomers, most
likely attributable to electrostatic intermolecular interactions for the N-terminal domains and hydrophobic
interactions for the C-terminal domains. However, the formation of larger final molecular particles requires the
integral protein and the contribution of the basic N-terminal 21 residues which likely mediate heterologous
interactions between the N- and C-terminal domains from different molecules. The ability of a 21-residue
peptide, derived from the N-terminal unstructured fragment, to induce the aggregation of the truncated variant
of TgCEN1 lacking the first 21 residues (A21TgCEN1) provide support for this hypothesis. Accordingly, the
inhibition effect of the P17-XPC peptide on the association properties of the protein and of the C-terminal
domain, which is a crucial recognition site for the peptide, points toward a mechanism in which the
N-terminal extension of one TgCEN1 molecule may recognize and bind to a region nearby or to the peptide
binding site in the C-terminus of another molecule and may be modulated by the presence of target proteins.
The presence of negatively charged regions close to the peptide binding site in the C-lobe of TgCEN1 further
support this mechanism (Figure 8A). However, we cannot exclude an association model in which the
N-terminal domains mediate the interaction between different monomers. Recently, the crystal structure of the
trimeric N-terminal domain of Euplotes octocarinatus centrin was reported, underpinning the ability of the
protein to self-associate in a mode of N-to-N [45]. Indeed, most of the crucial residues that contribute to the
forming the homotrimer in EoCen are conserved also in TgCEN1 (Supplementary Figure S6).

Clearly, the molecular associations of TgCEN1 seem to be dependent not only on the characteristics of the
N-terminal extension but also on the peptide-binding site and on the interaction with potential target proteins.
Interestingly, TgCEN1 displays distinct target binding properties, such as the number of binding sites, binding
affinity, and sensitivity for Ca>*. Titration of the peptide fragment from the human XPC protein to the intact
TgCENT1 and its isolated N- and C-terminal domains revealed that the protein possesses two binding sites that
interact with the peptide in a different manner. One site is in the N-terminal domain and binds P17-XPC in a
strict Ca®"-dependent way and with moderate affinity, while a second site is in the C-terminal domain and
binds the peptide with high affinity and poor Ca** sensitivity. The ability of TgCENT1 to bind P17-XPC via the
C-terminal lobe and with high affinity even in the presence of EGTA is consistent with the behaviors of many
other centrins in which the C-lobe mediates the complex formation [12,35,46-50], and prompted us to propose
that TgCEN1 may be constitutively bound to a target via the C-terminal lobe even at the basal level of Ca** in
the cell (~100 nM)[51]. Interestingly, residues involved in the 3D structure of the complex between HsCEN2
and P17-XPC (PDB: 2GGM, [35]) are conserved in the TgCEN1 sequence (Figure 8A).

On the other hand, the Ca®* dependence of the interaction between the N-terminal domain of TgCENI and
P17-XPC is very similar to that observed in SACEN [20] and suggests that a Ca®" stimulus can determine a
second interaction with the same or different target molecules. TgCENI possesses two high affinity Ca**-
binding sites in the N-lobe that regulate a protein conformational change [16]. The N-lobe can function as a
Ca®" sensor and the binding of Ca®" could activate peptide recognition in the N-terminal lobe. Since TgCEN1
is mainly localized to the centrioles [15], the interaction with more targets can result in relevant dynamics and/
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Figure 8. Sequence alignment and proposed mechanism for TJCEN1 target binding.

(A) Sequence alignment of the human CEN2 (HsCEN2, Uniprot: P41208) with the centrin from S. dubia (SACEN, Uniprot:
Q06827) and TgCEN1 (Uniprot: AOA125YHX7). Residues of HsSCEN2 mainly involved in the XPC peptide binding (PDB code:
2GGM, [35]) are highlighted in yellow while acidic residues located in the XPC binding pocket are underlined. Sequences were
aligned using Clustal Omega (https:/www.ebi.ac.uk/Tools/msa/clustalo/) [52]. (B) Schematic of the target binding modes for
TgCEN1 according to the data available. The N- and C-terminal domains are shown in green and red, respectively, as two
types of circle representing the closed and open conformations. Ca?* ions are depicted in blue.

or structural variations of local cellular assemblies with a significant impact on the structural role of the
protein. Moreover, heterologous interactions involving other centrosome proteins may occur, resulting in new
structural and physicochemical properties (Figure 8B).

Overall, our results suggest that an equilibrium may exist between the interaction of TgCEN1 with individual
target proteins and the self-assembly propensity that would be conditioned by different parameters, such as the
Ca®* concentration. Of course, our experiments performed with purified TgCEN1 and a model peptide,
although easier to study, represent a simplification of the possible protein—protein interactions. In this context,
the identification of TgCENI physiological targets as well as molecular structure determination will be crucial
to better describe these aspects and to understand the Ca**-controlled structural changes and function of
TgCENT1 in the highly dynamic structure of centrosomes.
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