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ABSTRACT: Erythropoietin (EPO) is an attractive protein-unfolding/folding
model because of its high degree of unfolding and folding reversibility and
intermediate size. Due to its function for regulating red blood cell production
by stimulating late erythroid precursor cells, EPO presents obvious values to
biological research. A nonemissive anthracene derivative, that is 9,10-bis[4-(3-
sulfonatopropoxyl)-styryl]anthracene sodium salt (BSPSA), with aggregation-
induced emission (AIE) charateristics shows a novel phenomenon of AIE when
EPO is added. The AIE biosensor for EPO shows the limit of detection is 1 ×
10−9 M. Utilizing the AIE feature of BSPSA, the unfolding process of EPO
using guanidine hydrochloride is monitored, which indicates three steps for the
folding structures of EPO to transform to random coil. Computational
modeling suggests that the BSPSA luminogens prefer docking in the
hydrophobic cavity in the EPO folding structures, and the assembly of
BSPSA in this cavity makes the AIE available, making the monitoring of
unfolding of EPO possible.

■ INTRODUCTION

Protein folding and unfolding are strategically important to
secreted, membrane-bound, and cellular function.1 It is well-
known that studies for the conformation change of the protein
are widely applied in functional studies of proteins, which
significantly promote the understanding of the mystery of life,
and developments in the field of clinical diagnostics.2,3 The
conformation studies also promote understanding the role of
dynamics in the function of proteins,4 involving motion of key
residues5 or large-scale domain movements,6 which take place
within the context of protein folding and unfolding. A transition
between folded and unfolded structures is also required for
function of some proteins.7 Hence, understanding the
mechanism and process of protein folding and unfolding is of
fundamental importance for proteomic and pharmaceutical
research.
Erythropoietin (EPO), produced primarily in the kidney of

adults, is a glycoprotein hormone with multiple functions. It is
usually used in treatment of cancer,8 kidney dysfunction,9 and
nervous system injuries.10 Unlike small molecular agents,
protein pharmaceuticals must have the correct conformation
to ensure bioactivity and efficacy. The conformation studies of
EPO also provide a tool for understanding the intermolecular
action between EPO and its receptor11 or other bioactive
molecules.12 Meanwhile, because of its high degree of unfolding
and folding reversibility and intermediate size, EPO con-
formation change is an attractive protein-unfolding/folding
model for biological research.

Although the biological functions of proteins have a great
relationship with its conformations and folding structures, to
understand protein unfolding process is still a challenge.
Different methods were developed in protein folding and
unfolding studies like hydroxyl radical protein foot printing,13

single molecule methods,14 atomic force microscopy,15

fluorescence,16,17 high precision densimetric and ultrasonic
measurements,18 and force spectroscopy.19 Since these
methods lack appropriate probes, intermediate states which
are suspected to be involved in the unfolding processes of many
proteins are often not monitored.20,21 Hence, the character-
ization of the intermediate states becomes difficult in proteins,
especially in the multidomain proteins, such as EPO. Because
each domain of EPO is capable of unfolding independently as
other multidomain proteins,22 the study of the intermediate
states of EPO becomes more difficult. According to the
literature we know, a two-state assumption model is usually
adopted in kinetic and thermodynamic analysis of EPO
unfolding studies.23,24 In this model the unfolding process of
EPO is believed to follow a single step, two states pathway,
directly from a three-dimensional structure to one-dimensional
structure. In such a model no intermediate state, which may be
involved in protein unfolding process,25 was considered.
Advances, therefore, in the research of the intermediate states
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of EPO with an appropriate probe will be of crucial importance
to study the function of EPO.
Recently, materials with aggregation-induced emission (AIE)

properties are drawing the attention of more and more
researchers.26−29 Unlike the traditional fluorescence (FL)
dyes which are always accompanied by aggregation-caused
quenching (ACQ) properties, materials with AIE properties are
nearly nonluminescent in solution state but emissive in the
aggregated state.30,31 It is reported that ionized AIE-active
compounds are nonemissive in aqueous buffer solution, but
become highly emissive upon binding to biomolecules such as
proteins, through hydrophobic or electrostatic interactions or
other noncovalent interactions.25,32−34 In 2006, Tang and co-
workers first used AIE-active tetraphenylethylene (TPE)
derivatives for the detection of bovine serum albumin
(BSA);33 later in 2010, the same group found that a
nonemissive tetraphenylethene derivative named sodium 1,2-
bis[4-(3-sulfonatopropoxyl)phenyl]-1,2-diphe-nylethene
(BSPOTPE) could be induced to emit by human serum
albumin (HSA), and thus could be used as a probe for HSA
detection.25 In our previous report, we developed 9,10-bis[4-(3-
sulfonatopropoxyl)-styryl]anthracene sodium salt (BSPSA),
with aggregation-induced emission (AIE) charateristics, for
protein quantification and visualization.34

Here, BSPSA was used to investigate the unfolding process of
EPO. Compared to the method reported in the literature that
used three small molecular probes to research the conformation
change of protein,35 the present method in our paper shows
good information of the protein conformation change by using
BSPSA only. In addition, the BSPSA was easy to synthesize,
and the sensitivity of the EPO detection could achieve 1 nmol.
The results showed a stable intermediate was monitored in its
unfolding process induced by guanidine hydrochloride
(GndHCl, 99.5%), a common protein denaturant. Besides,
computational modeling suggests that the BSPSA luminogens
dock in the hydrophobic cavity in the EPO folding structures.
In combination with the circular dichroism (CD) and
molecular modeling, the process of EPO unfolding was clearly
shown.

■ MATERIALS AND METHODS
General Information. All reagents were of analytical reagent

grade. 4-Methoxystryrene, palladium(II) acetate, 9,10-dibromoanthra-
cene, 1,3-propanesultone, and K3PO4 were purchased from Alfa Aesar.
The dry N,N-dimethylacetamide (DMAc) and guanidine hydro-
chloride (GndHCl, 99.5%) were from Sigma-Aldrich. The boron
tribromide (99.99%), methanol, ethanol, and sodium ethylate were
obtained from Sinopharm Chemical Reagent Co. (China). Eryth-
ropoietin (EPO) was purchased from Sihuan Biopharmaceutical Co.
(China).

The excitation and emission spectra were measured with Perkin-
Elmer-LS55 luminescence spectroscopy. The 1H NMR spectra were
recorded on a Bruker Avance III 400 MHz spectrometer. Circular
dichroism (CD) spectra were recorded on a Jasco J-815 CD
spectrometer. The elemental analysis was recorded on VarioEL cube
(Elmentar, Germany). MS experiments were carried out with Quattro
microtriple quadrupole mass spectrometer (Waters). The UV
spectrum was acquired by TU-1901 UV−vis spectrophotometer
(Beijing, China). Fluorescence microscope images were recorded on
an Olympus IX71 fluorescence microscope (Olympus, Japan).

Synthesis of 9,10-Bis[4-(3-sulfonatopropoxyl)-styryl]-
anthracene Sodium Salt (BSPSA). Scheme 1 presents the synthetic
route we followed to synthesize BSPSA which was improved according
to the literature reports.34,36 9,10-Bis(4-hydroxystyryl)anthracene was
synthesized on the basis of the literature reports.34,36 Then, 0.54 g of
the 9,10-bis(4-hydroxystyryl)anthracene and 20 mL of ethanol were
added into a round-bottom flask under nitrogen. Then, a solution of
NaOEt (0.20 g) in ethanol (20 mL) was added to the above mixture
with stirring until the solution color turned to orange-red.
Subsequently, 1,3-propanesultone (0.37 g) in ethanol (20 mL) was
added to the reaction mixture. The reaction mixture was stirred
overnight. Then, the yellow product was precipitated out from the
solution. After filtration and concentration, the product was washed
with ethanol and acetone two times to give 0.78 g (85.4%) of a yellow
solid. 1H NMR (400 MHz, DMSO-d6): δ = 8.37 (m, 4H), 7.96 (d,
2H), 7.74 (d, 4H), 7.53−7.56 (m, 4H), 7.01 (d, 4H), 6.86 (d, 2H),
4.11−4.14 (m, 4H), 2.50−2.58 (m, 4H), 2.01−2.06 (m, 4H).

■ RESULTS AND DISCUSSION

EPO Quantitation in Solution by BSPSA. BSPSA can be
applied to the visual monitoring EPO unfolding process as well
as quantitative analysis of EPO. To prove its feasibility, the

Scheme 1. Synthetic Route of BSPSA34
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fluorescence (FL) spectra of BSPSA were carried out. Figure
1A shows the FL intensity changes after the addition of
different amounts of EPO. It can be seen from Figure 1A that
the BSPSA solution is feebly luminescent in the absence of
EPO. However, after EPO is added, the BSPSA solution
becomes luminescent. The FL spectra intensity keeps rising
when the concentration of EPO is increased from 0.001 to 0.8
μM. In addition, the peak shifts from 540 to 522 nm with the
increase of EPO; the reason may be attributed to restricted
intramolecular motion. BSPSA molecules are aggregated in the
hydrophobic cavities of EPO, and then the rotations of the
molecules are frozen, which can make the molecular structure
of BSPSA much more rigid and BSPSA will become more
difficult to be excited. More restricted intramolecular motions
can be induced with the increase of EPO, and thus the emission
peak of BSPSA shifts toward higher-energy (blue) wave-
lengths.37 Figure 1B shows the changes of the rate of the FL
spectra intensity with the addition of different amounts of EPO.
The rate of the enhancement of FL spectra intensity is faster at
low EPO concentrations and then becomes constant when the
concentration of EPO is above 0.3 μM. The FL spectra
intensity is increased about 350-fold when the concentration of
EPO reaches 0.3 μM, and the limit of detection is 1 nM. When
the concentration of EPO is increased from 0 to 20 nM, the
enhancement in FL spectra intensity is linear to the
concentration of EPO with a high correlation coefficient
(0.9965). Hence, quantitative analysis of EPO can be fulfilled
accordingly. These exciting results show great potential of
BSPSA for EPO unfolding process research.
Conformation Studies of EPO by BSPSA. According to

reports in the literature we know, a two-state assumption model
is usually adopted in kinetic and thermodynamic analysis of
EPO unfolding studies.23,24 In this study, the unfolding process
of EPO by guanidine hydrochloride is monitored by utilizing
the AIE feature of BSPSA. The results show that three steps are
discovered in the unfolding process of EPO. Figure 2 shows the
FL intensity changes of BSPSA at 522 nm with increased
concentrations of GndHCl in the presence or absence of EPO.
The FL spectra intensity of BSPSA in the absence of EPO is

virtually nonluminescent. As control experiments, different
amounts of GndHCl are added into BSPSA solution in the
absence of EPO; the FL spectra intensity of BSPSA at 522 nm
is practically unaffected (○ in Figure 2). However, the FL
spectra intensity of BSPSA in the presence of EPO is strongly

luminescent (● in Figure 2). After different amounts of
GndHCl are added into BSPSA solution in the presence of
EPO, the FL spectra intensity of BSPSA at 522 nm has great
changes. In the GndHCl-induced denaturation process, the
change is divided into three transition steps. The first transition
step appears in the range of GndHCl concentration 0−1.0 M.
The FL spectra intensity drops sharply by about 33.3%. The
second transition step appears the range of GndHCl
concentration 1.0−1.8 M. The FL spectra intensity stays
virtually invariant. Then, the FL spectra intensity decreases
monotonously along with the addition of GndHCl. When the
GndHCl concentration is higher than 4.0 M, the emission is
completely quenched. Therefore, a three-state transition for the
EPO unfolding process has been discovered. The results
demonstrate that the process of EPO unfolding is similar with
some other protein unfolding process which was also
monitored by utilizing the AIE feature of small molecules.25

Conformation Studies of EPO by CD. CD is a common
tool for the study of the unfolding process of proteins.
Arakawa23 and Lah24 studied the thermal-induced EPO
unfolding process by the FL technique with CD. Hence, to
further confirm the EPO unfolding process, the FL technique
with CD is also used for the EPO unfolding study for
comparison in this paper. Figure 3A shows the change of CD
spectra which shows the secondary structures of EPO after

Figure 1. (A) FL spectra of BSPSA containing different amounts of EPO. (B) Change of FL spectra intensity at 522 nm with different amounts of
EPO. [BSPSA] = 0.4 μmol; λex = 404 nm.

Figure 2. Change of the FL spectra intensity of BSPSA at 522 nm with
different concentrations of GndHCl in the presence or absence of
EPO. [BSPSA] = 0.4 μmol; [EPO] = 0.85 μmol; λex = 404 nm.
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different amounts of GndHCl are added. The CD spectra show
the helical contents of EPO. There is no obvious change in the
negative ellipticity as the GndHCl concentration is increased
from 0 to 1.0 M. Afterward, a much larger change in the
secondary structure is observed, which demonstrates that the
EPO chains are gradually changed from helical strands to
random coils. Figure 3B shows the change of the negative
ellipticity of EPO at 220 nm along with the variation of
GndHCl concentration. It can be seen from the figure that no
intermediate states are monitored by the CD technique.
Though CD spectra can provide valuable information about
the secondary structures of EPO, details about the tertiary
structures cannot be obtained. The plateau of the transition
curve in Figure 3B indicates that the secondary structures of
EPO remain intact when the concentrations of GndHCl range
between 0 and 1.0 M. However, the FL spectral intensity drops
sharply in this region (Figure 2) which is inconsistent with the
CD spectral data (Figure 3B). This indicates that the tertiary
structures are changed in this region of GndHCl concen-

trations. That the FL spectra intensity staying virtually invariant
when the GndHCl concentrations range from 1.0 to 1.8 M
hints at the formation of a stable intermediate (Figure 2), which
cannot be obtained with the CD spectra data (Figure 3B).
Afterward, the EPO strand is unfolded, which is consistent with
the CD spectra data. After accomplishment of the EPO
unfolding process, the BSPSA molecules are released back to
the solution which leads to the obvious decrease of the FL
spectra intensity.

Computational Modeling of EPO. Studying the con-
formation to gain deeper insights into the binding mode and
detailed interactions between BSPSA and EPO, the computa-
tional modeling is conducted as follows. The structure of
BSPSA was evaluated and optimized by free software MOPAC
6, and the crystal structure of EPO was taken from the Protein
Data Bank (PDB code 1EER). BSPSA was docked to EPO by
AutoDock 4.0 software package38,39 with an AutoDockTool.40

For EPO, the Kollman charges, solvation parameters, and polar
hydrogen were added. With regard to the ligand BSPSA,

Figure 3. (A) CD spectra of EPO with different amounts of GndHCl. (B) Change of CD spectra intensity at 220 nm with different amounts of
GndHCl. [EPO] = 0.85 μmol.

Figure 4. (A) The 45 conformations of BSPSA docked on EPO. The 18 conformations located in the hydrophobic cavity are represented by green
ball, and the others are represented by yellow ball. The cavity is shown by blue color cycle. The residue W64 is marked by black color cycle. (B)
Details of the binding interactions in one chosen conformation from the 18 conformations. The BSPSA is plotted by a stick representation with a
color scheme of gray for carbon, red for oxygen, and yellow for sulfur. The residues interacting with BSPSA are also shown as sticks.
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Gasteiger charges were assigned, and nonpolar hydrogen was
merged. Ligand molecules were treated as flexible to enjoy full
torsional freedom during modeling. This grid must surround
the region of interest in the protein. AutoGrid 4.0 Program,
supplied with AutoDock 4.0, was used to generate grid map for
the ligand. A default protocol was applied, and the docking
between EPO and BSPSA was performed for 45 runs. The
resulted 45 docked conformations were summarized and
analyzed using AutoDock Tools. Molecular dynamics simu-
lations were performed on the best docked conformation of
EPO and BSPSA using GROMACS41 program to investigate
the binding stability of the complex. Following an initial
equilibration of 20 ps at 300 K, a 200 ps simulation was carried
out at the same temperature. The computational modeling
results are showed in Figure 4.
It can be seen from Figure 4A that EPO has an interdomain

hydrophobic cavity, and this cavity is adjacent to residue W64.
Our docking computations show 18 out of 45 conformations
locate in the hydrophobic cavity (circled by blue color liner),
and indicate BSPSA has a preference to occur near this
structural region. For analysis of the binding interactions
between BSPSA and the residues in the cavity, we choose one
of these 18 docked conformations and mark the possible
residues in Figure 4B. As shown in Figure 4B, the BSPSA reside
in the interdomain cleft, and its aromatic rings stack on the
above and below helix via some strong hydrophobic
interactions. In the binding conformations observed, some
residues, such as Arginine(Arg)103, Arg110, and Lysine(Lys)-
116 in this cavity, serve as proton donors to form hydrogen
bonds with oxygen atoms of the sulfonate group of BSPSA. All
the mentioned interactions altogether help to rigidify the
molecular conformation of the BSPSA and to prohibit the
intramolecular rotation from occurring after being photo-
excited, hence making the binding state being highly emissive.
The detailed binding modes of the reminding 17 conformations
in the hydrophobic cavity closely resemble this one observed.
This is expected due to the fact that during docking
computations the BSPSA is treated as fully flexible.
Mechanistic Understanding. GndHCl is a common bulky

ionic cosolvent for protein research. It can weaken hydrophobic
interaction and interfere with association between charged
solutes.42 When EPO unfolds, many nonpolar side chains are
exposed to the aqueous medium, but they can be stabilized by
GndHCl. After GndHCl enters into the hydrophobic pocket of
EPO, the spatial architecture of the protein folds is broken
down. The unfolding process of EPO is summarized in Figure
5. During the first unfolding transition, CD spectral data show
that the secondary structures of EPO remain intact when the
GndHCl concentrations range between 0 and 1.0 M. The sharp
dropping of the FL spectra intensity indicates that the tertiary
structures are rearranged in this region. Due to the domain
being separated, the interdomain hydrophobic pocket is
opened. Then, the BSPSA molecules are released into the
aqueous medium and become nonemissive because of their
unhindered intramolecular rotation. The FL intensity of EPO,
therefore, drops sharply.
During the second unfolding transition, the concentrations of

GndHCl are in the range 1.0−1.8 M. The FL spectra intensity
stays virtually invariant while the CD signal is weakened. In this
process, according to the recent reports,25,43 though parts of the
secondary structures have been damaged, the intermediate state
may offer additional hydrophobic sites for BSPSA molecules to
bind. Because the intradomain contacts may become loose after

domain separation, the BSPSA molecules can enter into the
buried hydrophobic patches which are inside the domains more
easily. Hence, the curve of FL spectra intensity appears stable in
the range 1.0−1.8 M. However, the hydrophobic patches in the
EPO protein are completely destroyed because neither
secondary structures nor strand helicity is retained when the
concentration of GndHCl comes to 4 M. This is confirmed by
the CD spectral data. In this process, the solution is feebly
luminescent because the BSPSA molecules are completely
released from the EPO protein.

■ CONCLUSIONS
In this work, we successfully establish a new convenient
method for EPO unfolding research by a synthetically readily
accessible and environmentally stable FL molecule named
BSPSA. The results indicate that the EPO unfolding process
induced by GndHCl is a three-step transition with the
intermediate state involved. Compared to the two-state
assumption model of EPO unfolding studies, this work exactly
describes the EPO unfolding process which is of crucial
importance to study the function of EPO. Besides, this work
can promote the studies of other biologically important
processes by small molecules with AIE characteristics.
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