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ntrin self-assembly investigated by
fluorescence resonance light scattering†

Yaqin Zhao Xiaojuan Guo and Binsheng Yang*

Centrin self-assembly is primarily involved in fiber contraction, which is associated with the cell division

cycle and ciliogenesis. During centriole separation, centrin reversible phosphorylation plays a key role.

There is a question as to how centrin phosphorylation cooperatively co-exists with self-assembly during

cell mitosis. Our results suggested that centrin from Euplotes octocarinatus (EoCen) in the self-assembly

state can also be phosphorylated by protein kinase A (PKA). Dimers, trimers or tetramers of EoCen have

nearly equal abilities of PKA phosphorylating Ser166. In turn, the phosphorylation reaction can change

metal ion-induced self-assembly of EoCen. The self-assembly amount and velocity of phosphorylated

EoCen were evidently reduced. The self-assembly mode can be reversed by the regulating factor KCl,

but not by NaCl or LiCl. At high concentrations of KCl, the degree of EoCen self-assembly was higher

than that of phosphorylated EoCen (EoCenp). There were no differences at low concentrations of KCl.

Site III on EoCen may be responsible for controlling the balance between phosphorylation and self-

assembly. Such results can provide valuable insights for understanding the molecular basis for centrin

functions in resting or active cell mitosis.
1. Introduction

Centrins are calcium-binding proteins consisting of about 170
residues. They were rst identied as components of basal
body-associated and Ca2+-sensitive contracting bers in
unicellular green algae.1,2 Later, homologous proteins have
been successively identied in a variety of species from
eukaryotes, including protists, fungi, plants, and animals.3,4

The number of centrin isoforms varies for different organisms.
Some eukaryotes, such as green algae and yeast have only one
isoform; in contrast, higher eukaryotes have several isoforms.
Three centrins exist in humans (human centrin 1, HsCen1,
human centrin 2, HsCen2 and human centrin 3, HsCen3),5 and
there is a supplementary isoform in mice (MmCen4).6 In cells,
centrin is involved in signal transduction via such mechanisms
as phosphorylation or dephosphorylation,7,8 in nuclear mRNA
export9 and so on. Recently, HsCen1 has been identied as
a novel member of a growing family of proteins called Cancer/
Testis Antigens (CTAs), which is up-regulated in prostate
cancer (PCa) and pancreatic cancer.10 It is highly expressed in
cancer, but less so in normal cell lines. In cancer cells, centrins
occupy hub positions in key protein interaction networks.
HsCen2 plays a regulatory role in DNA damage recognition
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during the rst steps of nucleotide excision repair by binding to
the xeroderma pigmentosum group C (XPC) protein.11 HsCen2
may promote the binding of XPC with DNA and increase the
specicity of the heterotrimer for damaged DNA.12,13No detailed
functional reports for HsCen3 have been reported so far.

Euplotes octocarinatus centrin (EoCen), cloned rst by our
research groups (GenBank accession number: Y18899),
contains 168 residues. It exhibits high sequence identity (above
60%) with centrin from humans. A BLAST search with EoCen
and sequence alignment of the results indicate that a large
amount of sequence variability among various centrins comes
from the rst 20-residue fragment and this N-terminal fragment
constitutes distinctive features among the members of the large
calmodulin (CaM) super-family.14,15 The NMR structure
(2joj.pdb) of the N-terminal domain of EoCen has been deter-
mined. No data for full-length EoCen or its C-terminal domain
are available. EoCen and CaM share approximately 50% of
sequence identity. Thus, it can be inferred that EoCen also
consists of two structurally independent globular domains
tethered by a exible linker (Fig. 1). Each structural domain
contains two helix-loop-helix (known as EF-hand) Ca2+-binding
motifs.16,17 Available data indicated that centrin self-assembly is
mainly related to the N-terminal domain of the protein.18 The C-
terminal also contributes to self-assembly.19 However, protein
kinase A (PKA) phosphorylation of centrin occurs at Ser166 on
the C-terminal domain.18 It is unknown what will happen
during EoCen self-assembly aer phosphorylation. Due to
similar ion radii and similar coordination numbers, lantha-
nides have been widely used for studying Ca2+-binding proteins
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular simulation structure of EoCen using Swiss-model
software.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
2/

20
26

 1
:2

7:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
by replacement of the native cofactor.20–22 Lanthanides can enter
the cell, accumulate in some cells, substitute for Ca2+ and
induce signaling to enhance the orderliness of microtubules or
to regulate cell apoptosis.23–26

The objective of this study was to investigate the self-
assembly of PKA phosphorylation of EoCen (EoCenp), the
phosphorylation of aggregated EoCen, control of the centrin
self-assembly level by PKA phosphorylation or bymetal ions and
the relationship between EoCen phosphorylation and EoCen
self-assembly. This research identies KCl as being important
in the regulation of the self-assembly of EoCen and EoCenp.
Such knowledge will shed light on the self-assembly of EoCen
and EoCenp under physiological conditions that may serve to
regulate sub-centriolar duplication in the cell cycle.

2. Experimental
2.1 Reagents

N-2-Hydroxyethylpiperazine-N-2-ethanesulfonic acid (Hepes),
PreScission Protease (PPase) and protein kinase A (PKA) were
purchased from Sigma. Other chemicals utilized for protein
purication were of analytical grade. Tryptone and yeast extract
were obtained from OXIDE. Ampicillin (Ampr) and isopropyl-b-
D-thiogalactopyranoside (IPTG) were purchased from Amresco
Ltd. Other biochemical reagents in construction, expression
and purication of proteins were purchased from Trans Gene.

2.2 Protein preparation

Three proteins of full length (EoCen, 1–168 aa), isolated
C-terminal domain of EoCen (C-EoCen, 90–168 aa) and isolated
N-terminal domain of EoCen (N-EoCen, 1–101 aa) were used in
the present study. Using EoCen as a PCR template, two trun-
cates of C-EoCen and N-EoCen were obtained and sub-cloned
into the expression vector of pGEX-6p-1. The recombinant
plasmids of pGEX-6p-EoCen, -C-EoCen and -N-EoCen were ob-
tained. Aer verication by DNA sequence analysis, the
recombinant plasmids were transferred into E. coli (DE3) and
incubated at 37 �C. At an optical density of 0.5–0.7 (at 600 nm),
protein synthesis was induced using isopropyl-b-D-thio-
galactopyranoside (IPTG 0.8 mM) for 3.6 h. Fusion proteins
were rst puried as a GST fusion protein using glutathione
sepharose 4FF in PBS (KH2PO4 1.8, Na2HPO4 10, KCl 2.7 and
NaCl 140mM). Then, GST fusion proteins were cleaved by PPase
and subjected to the ÄKTA purier FPLC system and passed
over a HiLoad™ 16/60 Superdex™ 200 gel ltration column.
This journal is © The Royal Society of Chemistry 2017
The fractions were analyzed by SDS-PAGE (indicated >95%
purity), combined, and concentrated for storage at �80 �C.

The proteins of EoCen, C-EoCen and N-EoCen were soluble
and their concentrations were measured by absorption at
280 nm with an extinction coefficient of 3280(EoCen) ¼ 5600 M�1

cm�1, 3280(C-EoCen) ¼ 1400 M�1 cm�1 and 3280(N-EoCen) ¼ 4350
M�1 cm�1, respectively.

2.3 Phosphorylation reaction

Proteins including EoCen or N-EoCen or C-EoCen were phos-
phorylated by PKA at 30 �C in 50 mM Tris–HCl (pH 7.5), 5.0 mM
MgCl2, and 1.5 mM ATP in the presence of 2 U mL�1 of puried
catalytic subunit of PKA for 10 h. Through addition of kinase,
phosphorylation reactions were started and terminated by
freezing in liquid N2, followed by lyophilization. For removal of
the remaining enzymes or other inorganic salts, samples were
passed through a HiLoad™ 16/60 again and were stored at
�80 �C.

2.4 31P-NMR measurement

With D2O lock, proteins in 5 mm-o.d. sample tubes were
measured by 31P-NMR (Bruker DRX 300) spectroscopy. The 3000
transients were accumulated at room temperature applying 90�

pulses at 2.0 s repetition time and composite pulse proton
decoupling. It took about 10 min to measure one sample. The
assignment of inorganic phosphate (Pi) signals was based on
their chemical shis. Pi served as an internal reference for
calibrating the chemical shi at 0 ppm. A 1 Hz exponential
line broadening was applied before Fourier transformation
observation.

2.5 Resonance light scattering

Resonance light scattering (RLS) of proteins was monitored
using uorescence technology in 1 cm path quartz cells at 25 �C.
The RLS experiment was performed in 100 mM Hepes at pH 7.4
with a uorescence spectrometer (F-2500, Hitachi, Japan), using
the same emission and excitation wavelengths (Dl ¼ 0 nm).
Samples were measured by adding metal ions gradually.

An equilibrium time of 10 min was used between each
titration.

2.6 Time-resolved uorescence measurements

The time-resolved uorescence measurements were performed
using an FL920 uorescence lifetime spectrometer (Edinburgh
Instruments, Livingston, UK) operating in the time-correlated
single photon counting (TCSPC) mode. The excitation wave-
length was 280 nm and the slit width was set at 5 nm. All decay
traces were measured using a 4096-channel analyzer. The time
resolution per-channel was 24 ps. The number of peak counts
was approximately 104. For data analysis, we used commercial
soware provided by Edinburgh Instruments. The data were
tted using a reconvolution method of the instrument response
function (IRF) producing c2 tting values of 1–1.3. Errors
were given as standard deviations obtained from the ts. All of
these measurements were collected three times to check
RSC Adv., 2017, 7, 10206–10214 | 10207
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reproducibility and to obtain average values for the lifetimes.
Proteins measured in experiments were freshly prepared and
the recordings were taken at 25 �C. The uorescence decay value
of proteins was tted using a sum of exponentials:

I(t) ¼ P
Bi exp(�s/si) (1)

where Bi and si are the amplitude and lifetime, respectively, of
the ith component. I(t) was convoluted with the measured
instrumental response and then compared with the experi-
mental data by nonlinear least-squares methods.
2.7 In vitro aggregation experiment

AFM measurement was performed using a Bruker (Multimode
8) atomic force microscope. Samples were prepared by dropping
20 mL of protein EoCenp (80 mM) onto a freshly cleaved mica
surface. The protein was allowed to adhere to mica for 15 min,
washed with 20 mL of H2O three times and then allowed to dry
for 1 h. Commercial tip-less AFM cantilevers were used in this
study (k ¼ 40 N m�1). Cantilevers were kept in liquid media for
all AFMmeasurements. The AFM cantilever was positioned over
the microstructure using a combination of manual positioning
and the automated AFM XY stage while monitoring structures
visually using a 30� objective.
2.8 Cross-linking analysis

The cross-linking experiment was performed as follows. The
protein solutions (4 mg mL�1) in PBS buffer were incubated
with glutaraldehyde at 25 �C for 15 min. Reactions were stopped
by adding SDS loading buffer in a water bath at 90 �C for 5 min.
Cross-linked samples were analyzed on 12% SDS-PAGE and
visualized using Coomassie blue R-250 staining.
Fig. 2 31P-NMR spectra of PKA phosphorylated samples of glutaral-
dehyde (0.05%) cross-linked EoCen (A) and EoCen (B). Inorganic
phosphate was used as a control.
3. Results and discussion
3.1 Phosphorylation behavior of EoCen and aggregated
EoCen

EoCen can be readily phosphorylated by PKA in vitro and the
percentage of phosphorylated EoCen to total protein may reach
to above 95%.18 31P-NMR signals of EoCen appeared at around
1.51 ppm compared to the chemical shi of inorganic phosphate
(Pi) at 0.0 ppm, indicating that a phosphate group has been
introduced at Ser166. EoCen indeed contains a consensus amino
acid motif (KKXS*X) for phosphorylation by PKA. Aer glutaral-
dehyde (0.05%) cross-linking, EoCen aggregated frommonomers
to dimers, trimers, tetramers and polymers (Fig. S1†). Previous
data demonstrated that EoCen self-assembly occurred in the
mode of C-to-C as well as N-to-N (between C- and C-terminal
domains as well as between N- and N-terminal domains).27

When incubating the samples of aggregated EoCen with PKA in
the presence of ATP in 50mMTris–HCl (pH 7.5) and 5mMMgCl2
at 30 �C, 31P-NMR signals of samples appeared at 1.49 ppm
(Fig. 2A), suggesting that proteins of aggregated EoCen can also
be phosphorylated by PKA. The comparison of 31P-NMR signal
intensities of EoCen (Fig. 2B) to aggregated EoCen, phosphory-
lated using PKA, showed no differences. In spite of involvement
10208 | RSC Adv., 2017, 7, 10206–10214
in aggregation of the C-terminal domain, there were no effects on
micro-environments around Ser166 by introduction of a phos-
phate group. Hence, aggregated EoCen can be phosphorylated
by PKA.

3.2 Self-assembly of EoCen and EoCenp

Introducing a phosphate group at Ser166 had no effect on
centrin in Euplotes octocarinatus self-assembly. Yet self-
assembly of PKA phosphorylated EoCen (EoCenp) occurred. In
addition to the monomer, EoCenp also displayed various self-
assembly conformations for dimers, trimers and tetramers
(Fig. 3A, lane 2). Due to the phosphorylation site of PKA on
EoCen being located at the C-terminal domain, aggregation of
the N-terminal domain may still occur. With increasing
concentration of EoCenp, the percentage of monomer
decreased and percentage of multimers increased (Fig. 3A, lane
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) Cross-linking analysis of EoCenp. It was cross-linked with
glutaraldehyde and separated on 12% SDS-PAGE. Lane 1 to lane 5 of
EoCenp concentration: 0, 5, 10, 50, and 100 mM. (B) 3D and 2D AFM
image of PKA phosphorylated EoCen. The experiment was performed in
10 mM Hepes (pH 7.4, 30 mM KCl), with 5 mM EoCenp. (C) Clean mica
plate as control.

Fig. 4 (A) Resonance light scattering spectra (RLS) of Tb3+ titrating
EoCen in 100mMHepes at pH 7.4 and room temperature. Rt¼ [Tb3+]/
[EoCen]. (a) ¼ 0, (b) ¼ 2.0, (c) ¼ 2.5, (d) ¼ 3.0, (e) ¼ 3.5, (f) ¼ 4.0. (B)
Titrating curves of molar resonance light scattering intensity (RLS) at
370 nm vs. the ratio of Tb3+ to protein (a) EoCenp, (b) EoCen. [Protein]
¼ 2.5 mM.
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2–5), indicating that EoCenpmaymainly formmonomers at low
concentrations and multimers at high concentrations. In
addition, the aggregation of apoEoCenp can also be conrmed
from the heterogeneous roughnesses of the mica plate surface
coated with apoEoCenp (Fig. 3B), using the clean mica plate
surface as control (Fig. 3C). Metal ion-induced EoCen is aggre-
gated through its C- and C-terminal domains as well as N- and
N-terminal domains.27 The distance, based on Fig. 1, from the
EoCen N-terminal to its C-terminal was measured to be about
4 nm. EoCenp displayed various thicknesses from 0.4 to 170 nm
This journal is © The Royal Society of Chemistry 2017
(Fig. 3B), indicating EoCenp self-assembly with different
conformations and forming various multimers.

Due to abundant spectral characterization and similar liga-
tion characteristics to Ca2+, Tb3+ has been used widely to study
the conformations of Ca2+-binding proteins.28–31 As shown in
Fig. 4A, resonance scattering light (RLS) signals of EoCenp at
372 nm increased continuously with the addition of Tb3+ and
nally reached a maximum amplitude at 82 mM Tb3+. All of
these changes in RLS are consistent with the increase of EoCen
upon terbium binding.19,31 Comparing RLS titration curves
(Fig. 4B) of Tb3+ binding with proteins of EoCen before being
phosphorylated to aer being phosphorylated by PKA, sug-
gested that Tb3+ binding with N-terminal domains of the two
proteins resulted in a dramatic increase in RLS signals, while
binding with C-terminal domains showed a little increase in
RSC Adv., 2017, 7, 10206–10214 | 10209

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26865j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
2/

20
26

 1
:2

7:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
RLS signals. The N-terminal domain plays major roles in both
proteins of EoCen and EoCenp aggregation. This conclusion is
consistent with our previous results.19,31 However, the nal
amplitude of EoCen induced by Tb3+ was relatively higher than
that of Tb3+ binding to EoCenp, which may result from static
repulsion from the phosphate group at Ser166. In other words,
introduction of the phosphate group at Ser166 in EoCen
weakened its degree of aggregation.

3.3 KCl regulates self-assembly of EoCen and EoCenp

Increasing KCl concentration in the buffer may alter two centrin
proteins involved in EoCen and EoCenp self-assembly. It can be
seen from Fig. 5 that in a given concentration of KCl in the buffer,
RLS signals of two proteins also increased with increasing
concentration of Tb3+, similar to the effect in buffer in the
absence of KCl. However, in the process of protein self-assembly,
contributions from Tb3+ binding with the III site on EoCenp
becamemore evident (Fig. 4B and 5A). EoCen itself contains four
metal ion binding sites, among which site IV and site III, located
at the C-terminal domain, have high affinity and site I and site II,
located at the N-terminal domain, have low affinity.18,19,31 Metal
ions bind to EoCen in the order of IV > III > I > II.32 Thus, we can
Fig. 5 RLS titration curves of EoCen (a) and EoCenp (b) with the addition
concentrations of KCl were 20 (A), 40 (B), 60 (C), 80 (D) and 150 (E) mM

10210 | RSC Adv., 2017, 7, 10206–10214
infer that site III on centrin from Euplotes octocarinatus may be
responsible for controlling the balance between phosphorylation
and self-assembly. The EF-hand motifs in EoCen are in pairs,
forming a stable four-helix bundle. Binding of calcium to site III
decreased the backbone dynamics and exibility of the EF-hand
loops and stabilized proper conformation for phosphorylation.
Metal ions binding to site IV on EoCen with high affinity may
change protein conformation for successive functional regula-
tion. With increasing concentration of KCl in buffer, contribu-
tions from site III for changing protein self-assembly between
EoCen and EoCenp became more prominent (Fig. 5). By virtue of
a phosphorylation site located at Ser166, the addition of Tb3+

could only change the aggregation from the C-terminal domain.
Thus, aer a given Tb3+ bound to a protein, the contribution for
Euplotes octocarinatus centrin self-assembly from the N-terminal
domain became pivotal. In addition to controlling the balance
between phosphorylation and self-assembly, the static interac-
tion of KCl required more Tb3+ for protein aggregation. More-
over, aggregation of both EoCen and EoCenp had positive
correlation with protein concentration (Fig. S2†). Increasing
EoCen or EoCenp concentration led to larger aggregation of
particles and faster aggregation velocity.
of Tb3+ in the presence of different concentrations of KCl in buffer. The
, respectively.

This journal is © The Royal Society of Chemistry 2017
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Due to a similar electrostatic potential to KCl, metal
ion-induced EoCen or EoCenp aggregation also showed
a signicant RLS signal decrease in buffer containing LiCl or
NaCl (Fig. S3†). Unlike that of KCl, addition of LiCl or NaCl in
buffer did not regulate the self-assembly conversion between
EoCen and EoCenp (Fig. S4†). The rigidity and matrix of the
metal-binding sites of EoCen may be more suitable for KCl but
not for LiCl or NaCl.

3.4 Fluorescence lifetime measurements of EoCen and
EoCenp

As previously reported,33 the Tyr72 residue is primarily involved
in the interaction with metal ions, which has been proven using
the methods of non-radiative energy transfer. While studying
phosphorylation, we took only Tyr168 into consideration and
obtained the C-terminal domain of EoCen (C-EoCen) through
a genetic engineering method. As shown in Fig. 6A and B, the
uorescence lifetime of Tyr168 was tted to be 1.86, 3.52 ns for
C-EoCen and 1.74, 3.69 ns for C-EoCenp. Thus, we can infer that
Fig. 6 Fluorescence lifetimes decay of C-EoCenp (A), C-EoCen (B), EoC
with different concentrations of Tb3+. The excitation and emission wavel
(a), 1 : 1 (b), 2 : 1 (c). The concentrations of proteins were 30 mM.

This journal is © The Royal Society of Chemistry 2017
introduction of a phosphate group did not change the micro-
environments around Tyr168 in the apoprotein (Table S1†).
While Tb3+ was bound to EF-hand IV at C-EoCenp, a new uo-
rescence lifetime value of 0.31 ns for Tyr168 was obtained. No
counterpart value was found for Tb3+ bound to C-EoCen. At
neutral conditions, a Tyr residue shows two uorescence life-
time values resulting from protonation and dissociation of the
phenolic hydroxyl group. The proton of Tyr in the excited state
may be transferred to carboxyl of the Glu residue or Asp residue,
if the two residues are located near Tyr.34 At pH 7.4, Ser166 of
EoCen can be phosphorylated by PKA. The introduced phos-
phate group at Ser166 located near Tyr168 becomes negatively
charged. The proton from the phenolic hydroxyl group on Tyr
may be transferred to the phosphate group, which results in the
new uorescence lifetime value of 0.31 ns. In different polarity
solvents, Tyr residues displayed various uorescence lifetime
values (Table S2†). Aer metal ions binding to EF-hand IV,
Tyr168 on C-EoCen showed different conformations with C-
EoCenp. Thus far, there is no available NMR or X-ray
enp (C) EoCen (D) aggregated C-EoCenp (E) aggregated C-EoCen (F)
engths were 280 nm and 308 nm, respectively. [Tb3+]/[protein] ¼ 0 : 1
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Fig. 7 Resonance light scattering (measured as the turbidity at 370 nm) as a function of time after the rapid transfer of a given concentration of
Tb3+ into protein of EoCenp (A) and EoCen (B) in 10 mM Hepes, pH 7.4, 25 �C. (a–e) [Tb3+]/[protein] ¼ 0 : 1; 1 : 1; 2 : 1; 3 : 1; 4 : 1. The
concentrations of protein were 2.5 mM. Observations were done in 1 cm quartz cells.
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structure of the C-terminal domain on centrin due to its exi-
bility, particularly on the protein tail part. We can infer that C-
EoCenp bound with Tb3+ at EF-hand IV inuenced the energy
level transition. In addition, metal ion-induced self-assembly of
protein may be another factor contributing to the Tyr168 uo-
rescence lifetime value decrease. Centrin contains only Tyr and
no Trp residue.35 There are four Tyr residues of Tyr46, Tyr72,
Tyr79 and Tyr168 on EoCen. Apart from Tyr168, there was
another Tyr residue located at the N-terminal domain of the
protein. For PKA, only one site on EoCen can be phosphory-
lated.18 Hence, uorescence lifetime changes of EoCen and
EoCenpmainly resulted fromTyr168 (Fig. 6C andD). As shown in
Fig. 6E and F, uorescence lifetime of C-EoCen or C-EoCenp was
clearly shortened aer being cross-linked. Aer aggregation,
Fig. 8 The aggregation dynamic curves of EoCenp (A) and EoCen (B) i
10 mM Hepes, pH 7.4, 25 �C. (a–h) The concentrations of KCl were 0, 20
protein was 2.5 mM.

10212 | RSC Adv., 2017, 7, 10206–10214
Tyr168 uorescence lifetime of C-EoCen was decreased to 0.98
and 2.48 ns, indicating the formation of more nonpolar envi-
ronments. Similar shortening of uorescence lifetime has been
also measured for aggregated EoCen and EoCenp (Table S1†).
3.5 Kinetic measurements of Tb3+-induced EoCenp and
EoCen

Kinetic behaviors of Tb3+-induced EoCen and EoCenp self-
assembly were studied by RLS. Fig. 7A showed that uores-
cence RLS signals at 370 nm of EoCenp increased with the
addition of Tb3+ within the rst few minutes and then gradually
reached the maximum value. This polymerization process is
similar to that in the reported data on the biomolecules
nduced by Tb3+ in the presence of different concentrations of KCl in
, 40, 60, 80, 100, 120 and 150 mM, respectively. The concentration of

This journal is © The Royal Society of Chemistry 2017
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HsCen2, actin and tubulin.17,36–38 Tb3+ binding with the EF-hand
on EoCen led to conformational changes of the protein, and
then protein in this new state aggregated to form larger mole-
cules. Constantin T. Craescu17 suggested that the slope of RLS
titration curves is associated with the rate of self-assembly, and
the nal plateau is determined by the size of the scattering
objects. As described previously,19,31,39 EoCen holds four metal
ion binding sites. These four sites hold various affinities with
metal ions, which may reect various biological functions.
Hence, kinetic behaviors of EoCenp binding different numbers
of Tb3+ were different (Fig. 7A). In addition, the RLS signal,
indicating aggregation rate and maximum size, of EoCenp
differed when proteins were bound with Tb3+ at the ratios of
1 : 0, 1 : 1, 1 : 2, 1 : 3 and 1 : 4. Compared to EoCenp, aggrega-
tion rate and molecular size of EoCen were more evident
(Fig. 7B) (Table S3†). Introducing a phosphate group at Ser166
changed not only EoCen self-assembly amount but also self-
assembly velocity. In addition, Tb3+ binding at the N-terminal
domain of EoCenp resulted in a faster self-assembly than that
at the C-terminal domain.

To further probe the kinetic role of KCl in protein aggrega-
tion, Tb3+-induced EoCen and EoCenp self-assembly was
monitored by uorescence RLS. As shown in Fig. 8, with
increasing KCl concentration in buffer, self-assembly intensity
of EoCenp decreased. At the same time, velocity formation of
dimers, trimers or tetramers decreased (Table S4†). This
phenomenon has also been observed in EoCenp. In agreement
with thermodynamic data, due to weakening of the static
interaction, KCl decreased the self-assembly velocity of EoCenp
and EoCen. Comparison of the velocity of EoCenp with EoCen
in the presence of different concentrations of KCl found that the
self-assembly velocity of EoCenp at KCl concentrations below
25 mM in buffer was much faster than that of EoCen. Once KCl
concentration was above 25 mM, self-assembly velocity of
EoCenp increased further.
4. Conclusion

In summary, metal ion-induced self-assembly of EoCen aer
being phosphorylated by PKA was investigated. Aggregated
EoCen can be phosphorylated and phosphorylated EoCen can
also be self-assembled. It was demonstrated that the self-
assembly amount and velocity of EoCen decreased due to the
introduction of a phosphate group at Ser166. The phosphoryla-
tion level was not changed by virtue of aggregation. By regulation
of the balance between metal ions and KCl concentration, self-
assembly and phosphorylation behavior of EoCen was controlled.
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