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ABSTRACT: R-Synuclein is a well-known heat-resistant protein that does not aggregate upon heat treatment,
whereas glutathioneS-transferase (GST) is a heat-labile protein that easily precipitates as a result of thermal
stress. This paper reports the role of the C-terminal acidic tail ofR-synuclein in protein thermosolubility
and stability. The region ofR-synuclein that is responsible for the heat resistance was initially investigated
using a series of deletion mutants, and the C-terminal acidic tail (residues 96-140) was found to be
crucial for the thermosolubility ofR-synuclein. The thermal behavior of the GST-R-synuclein fusion
protein was next investigated, and the fusion protein was seen to be extremely heat-resistant. Using a
series of GST-synuclein deletion mutants, the C-terminal acidic tail ofR-synuclein was shown to play
a critical role in conferring the heat resistance of the fusion proteins. Furthermore, the acidic tail appeared
to protect the fusion protein from pH- and metal-induced protein aggregation, suggesting that the acidic
tail can increase the virtual stability of the protein by protecting it from the aggregation induced by
environmental stresses. Interestingly, the acidic tail also appeared to protect the GST enzyme from the
thermal inactivation to a considerable extent. However, CD analysis of the heat-induced secondary structural
changes of the GST-R-synuclein fusion protein revealed that the fusion protein is irreversibly denatured
by heat treatment with a slightly lowered melting temperature (Tm). Thus, the results demonstrate that
introducing an acidic tail into GST promotes the thermosolubility and virtual stability of the fusion protein,
although it might be unfavorable for its intrinsic stability.

Most proteins are unfolded and in turn precipitate as the
temperature is increased, and the process is usually irrevers-
ible (1). Although most proteins are so heat-labile, some
proteins are known to be stable even at the boiling temper-
ature of water. One group of heat-stable proteins is repre-
sented by proteins from hyperthermophilic organisms (re-
viewed in refs2-4). These proteins have an extremely high
melting temperature (Tm),1 relative to their mesophilic
counterparts (near or above the boiling point of water).
However, when the temperature is increased above theTm,
most hyperthermophillic proteins also denature, leading to
insoluble aggregation (5-7). Another group of heat stable
proteins, which have been recently recognized, consists of
the “intrinsically unstructured proteins” (also called “natively
unfolded proteins”; reviewed in refs8-10). The heat stability
of intrinsically unstructured proteins originates from the fact

that heat treatment causes no drastic change in the conforma-
tion of the intrinsically unstructured proteins. Thermody-
namically, the intrinsically unstructured proteins are not heat-
stable since the conformation of the protein is almost
unfolded at room temperature and must be somewhat
changed at high temperatures (11, 12). Thus, the term “heat-
resistant proteins” (HRPs) is more appropriate for describing
the thermal behavior of the intrinsically unstructured proteins.
HRPs can be defined as proteins that are not aggregated by
heat treatment, such as hyperthermophilic proteins and
unstructured proteins.

Previously, the thermal behavior of proteins was system-
atically investigated by purifying and characterizing some
HRPs from Jurkat T cells and human serum that are not
aggregated by heat treatment (11). Many proteins in both
Jurkat cell lysates and human serum appeared to be heat-
resistant, and a systematic investigation of the effect of heat
on the purified HRPs revealed four major types of thermal
behavior of HRPs, indicating that protein heat resistance can
be achieved in several different ways. Group I HRPs are
represented by unstructured proteins such asR-synuclein and
Rs-casein. These proteins have a semi-unfolded conformation
regardless of temperature, although they are known to
undergo some structural change at high temperatures as
shown by CD (11, 12). Group II HRPs represented by human
serum fetuin and albumin are characterized by an irreversible
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conformational change upon heat treatment, while group III
HRPs represented by transthyretin and bovine serum fetuin
are characterized by a reversible conformational change.
Group IV HRPs represented by conventional heat-stable
proteins such as hyperthermophilic proteins are characterized
by the absence of heat-induced conformational changes.

R-Synuclein, which is an acidic presynaptic protein of 140
amino acids (13, 14), belongs to the intrinsically unstructured
protein family (15-17). R-Synuclein consists of three distinct
regions (reviewed in refs18-21): the N-terminal amphi-
pathic region (residues 1-60), the hydrophobic NAC region
(residues 61-95), and the C-terminal acidic tail (residues
96-140). The N-terminal region is highly conserved between
species, while the C-terminal region is highly variable in
size as well as in sequence.R-Synuclein is intrinsically
unstructured in its native state (16, 17), which may explain
its ability to interact with many other proteins or ligands.
Interestingly, R-synuclein acquires an increased level of
secondary structure, when it associates with small acidic
phospholipid vesicles, detergents, organic solvents, and some
metal ions (15-17, 22-25). As mentioned above,R-sy-
nuclein is extremely heat-resistant, which is possibly due to
the abnormal primary and tertiary structural features.

In this study, stress-induced aggregation profiles of GST-
R-synuclein fusion proteins made of GST and a series of
deletion fragments ofR-synuclein have been investigated,
focusing on the role of the C-terminal acidic tail of
R-synuclein in protein thermosolubility and stability.

MATERIALS AND METHODS

Materials.Glutathione (GSH), dithiothreitol (DTT), 1-chlo-
ro-2,4-dinitrobenzene (CDNB), and isopropylâ-D-thio-
galactopyranoside (IPTG) were purchased from Sigma (St.
Louis, MO). Glutathione-Sepharose 4B beads were obtained
from Peptron (Taejeon, Korea). Bovine plasma thrombin was
supplied by Sigma. Leupeptin, pepstatin, and phenylmethane-
sulfonyl fluoride (PMSF) were purchased from Boeringer
Mannheim (Mannheim, Germany). The pGEX vector was
from Pharmacia Biotech (Buckingamshire, U.K.).

Purification ofR-Synuclein and GST Protein.R-Synuclein
was overexpressed inEscherichia coli, and the recombinant
protein was purified to apparent homogeneity by taking
advantage of the thermosolubility of the protein and by using
conventional column chromatography techniques, as previ-
ously described (16, 26). The GST protein encoded by the
pGEX expression vector was purified by affinity chroma-
tography using glutathione-Sepharose 4B beads. The GST
protein was further purified on a FPLC gel filtration column.

GST-Synuclein Fusion Constructs.A series of GST-R-
synuclein fusion constructs shown in Figure 1B were
generated by PCR amplification of theR-synuclein gene with
the specific primer sets described below. The protein coding
regions of the full-lengthR-synuclein (residues 1-140) and
the amino-terminal amphipathic part (residues 1-60) were
amplified by PCR with the 5′-oligonucleotide primer
GCGCTCGAGCCAGATCT GCCATGGATGTATTCA-
TGA containing the underlinedBglII restriction site and 3′-
oligonucleotide primers GCGCAAGCTTGTCGACTTAG-
GCTTCAGGT TCGTAGT and GCGCAAGCTTGTCGAC-
CTATTTGGTCTTCTCAGCCAC containing the underlined
SalI restriction sites, respectively. The protein coding regions

of the NAC (residues 61-95) and the NAC plus acidic tail
(residues 61-140) were amplified by PCR with the 5′-
oligonucleotide primer GCGCAGATCT CATATGGAG-
CAAGTGACA containing the underlinedBglII restriction
site and 3′-oligonucleotide primers GCGCAAGCT-
TGTCGACCTAGACTTAGCCAGTGGC and GCGCAA-
GCTTGTCGACTTAGGCTTCAGGTTCGTAGT contain-
ing the underlinedSalI restriction site, respectively. The
protein coding region of the C-terminal acidic tail (residues
96-140) was amplified by PCR with the 5′-oligonucleotide
primer GCGCGGTACCGAGATCTGGATGAAAAAGG-
ACCAGTTGGGC containing the underlinedKpnI restriction
site and 3′-oligonucleotide primer GCGCAAGCTTGTC-
GACTTAGGCTTCAGGTTCGTAGT containing the un-
derlinedSalI restriction site. The amplified DNAs were gel
purified, digested with appropriate enzymes, then ligated into
the pGEX vector that had been digested with the appropriate
restriction enzymes, and gel purified. All constructs were
verified by DNA sequencing.

Bacterial Expression and Purification of GST-Synuclein
Fusion Proteins.The GST-synuclein fusion constructs were
transformed intoE. coli strain BL21(DE3) plysS, for protein
expression. The transformed bacteria were grown in a LB
medium with 0.1 mg/mL ampicillin at 37°C to anA600 of
0.8, and then cultured for a further 4 h after being induced
with 0.5 mM IPTG. The cells were harvested by centrifuga-
tion at 10 000 rpm for 10 min, resuspended in phosphate-
buffered saline (PBS, pH 7.4), and then disrupted by
ultrasonication. After removal of the cell debris, the super-
natants were loaded onto a glutathione-Sepharose 4B
column equilibrated with PBS. After being washed with PBS,
the protein was eluted with 10 mM GSH. The protein was
concentrated and buffer changed with a Centricon apparatus
(Amicon, Beverly, MA).

Heat-Induced Protein Aggregation Assay.The heat-
induced aggregation ofR-synuclein, GST, and GST-R-
synuclein fusion proteins was qualitatively assayed by SDS-
PAGE after heat treating the protein samples. Each protein
in PBS (0.6 mg/mL) was heated in a boiling water bath for

FIGURE 1: R-Synuclein and the GST-R-synuclein fusion constructs.
(A) A schematic diagram ofR-synuclein.R-Synuclein consists of
three distinct regions: the N-terminal amphipathic region (residues
1-60), the hydrophobic NAC region (residues 61-95), and the
C-terminal acidic tail (residues 96-140). (B) GST-synuclein fusion
constructs. Five GST-synuclein fusion constructs encoding the full-
length R-synuclein (GST-Syn1-140), the amphipathic region
(GST-Syn1-60), the NAC region (GST-Syn61-95), the NAC
and acidic tail regions (GST-Syn61-140), and the acidic tail region
(GST-Syn96-140) were used in this study.
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10 min and cooled in the air. The protein samples were
centrifuged at 15 000 rpm for 10 min, and the supernatants
were analyzed on a 12% SDS-polyacrylamide gel. The
protein bands were stained with Coomassie Brilliant Blue
R250. The level of heat-induced aggregation of GST-R-
synuclein fusion proteins was also quantitatively measured
by monitoring the apparent absorbance (scattering) at 360
nm as a function of time at 65°C (27, 28). Each protein
was diluted to a final concentration of 0.2 mg/mL in PBS or
Tris buffer [20 mM Tris-HCl (pH 7.4)]. The protein sample
in the spectrophotometric cuvette was placed in a thermo-
static cell holder, and the apparent absorbance was monitored
in a Beckman spectrophotometer.

pH- and Metal-Induced Protein Aggregation Assay.The
pH-induced aggregation of GST and the GST-Syn96-140
fusion protein was similarly measured by monitoring the
apparent absorbance (scattering) at 360 nm as a function of
pH. Each protein was diluted to a final concentration of 0.2
mg/mL in buffers with different pH values. The buffers that
were used were 0.1 M acetate (pH 4.0 and 5.0), 0.1 M citrate
(pH 6.0), and 0.1 M Tris-HCl (pH 7.4). The protein solutions
were incubated for 1 h atroom temperature, and the apparent
absorbance was monitored in a Beckman spectrophotometer.
The metal-induced aggregation of GST and the GST-
Syn96-140 fusion protein was similarly assessed. Each
protein was diluted to a final concentration of 0.2 mg/mL in
20 mM Tris-HCl buffers (pH 7.4) containing 0-1.0 mM
Zn2+ or Cu2+. The protein solutions were incubated for 30
min at room temperature, and the apparent absorbance at
360 nm was measured.

GST ActiVity Assay.The enzymatic activity of the GST
and GST-synuclein fusion proteins was assayed using a
chromogenic substrate, 1-chloro-2,4-dinitrobenzene (CDNB),
as previously described (29). The purified GST and GST-
synuclein fusion proteins were diluted into the substrate
solution [1 mM GSH and 2 mM CDNB in 0.1 M phosphate
buffer (pH 7.4)] to a final concentration of 20µg/mL and
incubated at 37°C for 10 min. The enzyme activity was
measured as an increase in absorbance of 350 nm, corre-
sponding to the appearance of 1-S-glutathionyl-2,4-di-
nitrobenzene. The absorbance was measured on a Spectramax
250 microplate reader (Molecular Devices).

CD Measurements.The CD spectra were recorded on a
Jasco-J715 spectropolarimeter (Jasco) equipped with a tem-
perature control system in a continuous mode. The far-UV
CD measurements were carried out over the wavelength
range of 190-250 nm with a bandwidth of 0.5 nm, a
response time of 1 s, and a scan speed of 10 nm/min at 25
and 100°C. The spectra shown are an average of five scans
that were corrected by subtraction of the buffer signal. The
CD data were expressed in terms of the mean residue
ellipticity, [θ], in degrees per square centimeter per decimole.
The protein samples for CD measurements were prepared
in 10 mM sodium phosphate buffer (pH 7.5) unless otherwise
specified, and all spectra were measured in a cuvette with a
path length of 0.1 cm. The protein concentration was 0.1
mg/mL.

Thermal denaturation experiments were performed using
a heating rate of 1°C/min and a response time of 1 s. The
thermal scan data were collected from 25 to 100°C in 0.1
cm path length cuvettes with protein concentrations of 0.1
mg/mL GST and 0.3 mg/mL GST-Syn96-140. The CD

spectra were measured every 0.5°C at a wavelength of 222
nm, unless otherwise specified. The reversibility of the
thermal transition was examined by recording a new scan
by decreasing the temperature and by another scan after
cooling the thermally unfolded protein sample.

RESULTS

Preparation of GST-Synuclein Fusion Proteins.R-Sy-
nuclein consists of three distinct regions: the N-terminal
amphipathic region (residues 1-60), the hydrophobic NAC
region (residues 61-95), and the C-terminal acidic region
(residues 96-140; Figure 1A). Five GST-synuclein fusion
constructs encoding the entire region ofR-synuclein (GST-
Syn1-140), the amphipathic region (GST-Syn1-60), the
NAC region (GST-Syn61-95), the NAC and acidic tail
regions (GST-Syn61-140), and the acidic tail region
(GST-Syn96-140) were synthesized (Figure 1B). Using
these constructs, the GST-synuclein fusion proteins were
overexpressed inE. coli and purified by affinity chroma-
tography using a glutathione-Sepharose 4B column. The
GST-synuclein fusion proteins were further purified on a
gel filtration column. GST protein encoded by the pGEX
vector was similarly prepared. The recombinantR-synuclein
was prepared as previously described (16, 26). The protein
samples used in this study were highly purified as determined
by SDS-PAGE (shown in Figures 2-4).

Thermal BehaVior of R-Synuclein and GST Protein.
R-Synuclein is an intrinsically unstructured protein (reviewed
in refs 8-10) which almost lacks a regular secondary
structure and contains a very high proportion of random coil
(16, 17). Previous studies have shown that intrinsically
unstructured proteins, such asR-synuclein andRs-casein, are
heat-resistant since the proteins have a similar unfolded
conformation regardless of the temperature and their unfolded
conformation is stable at high temperatures as well as at room
temperature (11). The thermal behavior ofR-synuclein and
GST protein was initially compared using a qualitative heat-
induced protein aggregation assay. Each protein was boiled
in a boiling water bath, and the protein solution was
centrifuged to remove the precipitates. Subsequently, the
supernatant was analyzed on an SDS-polyacrylamide gel
(Figure 2). As expected,R-synuclein did not precipitate upon

FIGURE 2: Thermal behavior ofR-synuclein and the GST protein.
Each protein in PBS (0.6 mg/mL) was heated in a boiling water
bath for 10 min and centrifuged at 15 000 rpm for 10 min. The
supernatants were analyzed on a 12% SDS-polyacrylamide gel,
and the protein bands were stained with Coomassie Brilliant Blue
R-250: lanes 1 and 3,R-synuclein with and without heat treatment,
respectively; and lanes 2 and 4, GST with and without heat
treatment, respectively.
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heat treatment, whereas the GST protein did. This indicates
that the GST protein is a typical example of a heat-labile
protein. The results were reproducible regardless of the pH
(5-8.5) and salt concentration (0-0.5 M) of the buffer
solution, and the protein concentration (0.1-5 mg/mL).

Thermal BehaVior of R-Synuclein Deletion Mutants.The
thermal stability of theR-synuclein deletion mutants obtained
by thrombin digestion of GST-synuclein fusion proteins was

next examined. The GST-R-synuclein fusion proteins were
treated with thrombin, and the cleaved products were boiled
in a boiling water bath. The protein solutions were centri-
fuged, and the supernatants were analyzed on an SDS-
polyacrylamide gel. As shown in Figure 3, the wild type
(Syn1-140) and two deletion mutants containing the acidic
tail (Syn61-140 and Syn96-140) were found to be heat-
resistant. In contrast, the N-terminal part ofR-synuclein
(Syn1-60) and the NAC peptide (Syn61-95) appeared to
precipitate upon heat treatment. Interestingly, only the
deletion mutants containing the C-terminal acidic tail were
heat-resistant, indicating that the C-terminal acidic tail is
responsible for the heat resistance.R-Synuclein has the ability
to aggregate over time, or upon incubating at 37°C to form
amyloid fibril (reviewed in refs18-20 and30). Consistent
with our data, previous studies have shown that C-terminally
truncatedR-synuclein proteins and the NAC peptide as-
sembled into filaments much more readily than the wild-
type protein (31-34). Overall, it appears to be likely that
C-terminally truncatedR-synuclein mutant proteins are less
stable at room temperature and higher temperatures than both
the wild type and mutant proteins containing the C-terminal
acidic tail.

Thermal BehaVior of GST-Synuclein Fusion Proteins.The
thermal behavior of GST-synuclein fusion proteins was
similarly investigated. As shown in Figure 4A, GST-Syn1-
140, GST-Syn61-140, and GST-Syn96-140 fusion pro-
teins did not precipitate regardless of the heat treatment,
indicating that these proteins are heat-resistant; on the other
hand, GST-Syn1-60 and GST-Syn61-95 fusion proteins
appeared to be heat-labile, and the proteins had completely
precipitated upon heat treatment. Unlike the cases of GST-
R-synuclein fusion proteins,R-synuclein did not protect GST
from heat-induced aggregation when the two proteins were
mixed and incubated in a boiling water bath (Figure 4B).
Consistent with previous reports (21, 35), however,R-sy-
nuclein appeared to have chaperone-like activity to protect
GST from heat-induced aggregation at a relatively mild
temperature (60°C). These results suggest that the covalent
bond between GST andR-synuclein is critical for extreme
thermosolubility of the fusion protein.

The heat-induced aggregation of the GST-synuclein
fusion proteins was quantitatively assessed by measuring the
turbidity at 65°C as a function of time. As shown in Figure
4C, the OD360 of the GST protein drastically increased 2
min after heat treatment, and most of the protein had
aggregated by 3 min. The GST-Syn61-95 fusion protein
behaved like the GST protein, and resulted in complete
aggregation. The GST-Syn1-60 fusion protein also resulted
in complete aggregation after heat treatment, although
aggregation of this protein was relatively delayed. Consistent
with the results depicted in Figure 4A, there was no evidence
of any protein aggregation for GST-Syn1-140, GST-
Syn61-140, and GST-Syn96-140 fusion proteins even
after heat treatment for 30 min. Interestingly, these three heat-
resistant GST-synuclein fusion proteins all contain the acidic
tail of R-synuclein. This suggests that a heat-labile protein
can be transformed into a heat-resistant protein by introduc-
ing theR-synuclein acidic tail.

Previously, many of the heat-resistant proteins from Jurkat
T cell lysates and human serum were reported to be highly
acidic proteins (11), suggesting that the pI value may be

FIGURE 3: Thermal behavior ofR-synuclein deletion mutants. The
GST-R-synuclein fusion proteins were treated with thrombin, and
the cleaved products were boiled in a boiling water bath. The protein
solutions were centrifuged, and the supernatants were analyzed on
a 12% SDS-polyacrylamide gel. Syn96-140 appeared to run
slower than Syn61-140 on SDS-PAGE as had been previously
observed (56).

FIGURE 4: Thermal behavior of GST-R-synuclein fusion proteins.
(Α) SDS-PAGE analysis of the GST-R-synucelin fusion proteins
before (left) and after (right) boiling: lane 1, GST-Syn1-140;
lane 2, GST-Syn1-60; lane 3, GST-Syn61-95; lane 4, GST-
Syn61-140; and lane 5, GST-Syn96-140. (B) R-Synuclein did
not protect GST from heat-induced aggregation when the two
proteins were mixed and incubated in a boiling water bath.
R-Synuclein and GST were mixed (2:1 w/w ratio) and incubated
at the indicated temperatures for 10 min. After centrifugation,
supernatants were analyzed on an SDS gel. (C) Heat-induced
aggregation of the GST-R-synucelin fusion proteins. Heat-induced
aggregation of the GST and the GST-synuclein fusion proteins
was quantitatively assessed by monitoring the light scattering
(OD360) as a function of time at 65°C.
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related to the protein’s heat resistance. The solubility of
proteins may play an important role in determining the heat
resistance, since highly charged proteins would be more
soluble even at higher temperatures. To confirm this hy-
pothesis, the pI and hydropathy values ofR-synuclein with
its deletion mutants and those of GST and GST-synuclein
fusion proteins were compared (Table 1). Table 1 clearly
shows that heat-resistant proteins, such asR-synuclein,
Syn61-140, Syn96-140, GST-Syn1-140, GST-Syn61-
140, and GST-Syn96-140, have abnormally low pI and
hydropathy values, whereas the heat-labile proteins (Syn1-
60, GST, GST-Syn1-60, and GST-Syn61-95) with the
exception of Syn61-95 have much higher values. Interest-
ingly, a heat-labile peptide Syn61-95 has a very low pI
value, but it has an extremely high hydropathy value (Table
1). Therefore, it is possible that a highly charged protein
with a low hydropathy value possesses an advantage in
resisting heat-induced protein aggregation.

Effect of DiValent Cation Binding.Some divalent cations,
such as Cu2+ and Ca2+, are known to bind specifically to
the C-terminal acidic tail ofR-synuclein with a dissociation
constant in the micromolar range (24, 36). Zn2+ and other
metal ions also appear to bind specifically toR-synuclein,
although the binding sites are yet to be identified (22, 24,
25). Since the C-terminal acidic tail ofR-synuclein is
important for protein heat resistance, the effect of the divalent
cation binding on the heat-induced aggregation of GST-
synuclein fusion proteins containing the C-terminal acidic
tail was investigated. Figure 5 shows that low concentrations
of the divalent cations do not affect the heat-induced
aggregation of the fusion proteins. However, high concentra-
tions significantly increased the level of protein aggregation,
although the fusion proteins do not result in complete
precipitation. Particularly, Zn2+ appeared to be most effective
for enhancing the heat-induced protein aggregation. If one
considers the fact that the dissociation constants between
R-synuclein and the divalent cations are considerably low
(24, 36) and that most proteins are affected by a high
concentration of metal ions, the results suggest that the
specific binding of the divalent cations at the C-terminal
acidic tail ofR-synuclein does not affect the thermal behavior
of the fusion proteins. However, nonspecific binding of the
metal ions at a high concentration appears to induce more
protein aggregation during heat treatment.

Enzyme ActiVity of GST-Synuclein Fusion Proteins after
Heat Treatment.Unlike the wild-type GST protein, GST
fusion proteins containing the acidic tail ofR-synuclein were
shown to be heat-resistant. This suggests that the heat-labile
protein could be transformed into a heat-resistant protein
simply by introducing the acidic tail ofR-synuclein. We next
investigated whether the heat-resistant GST fusion proteins
could keep the enzymatic activity after heat treatment. The
GST and GST-synuclein fusion proteins were boiled in a
water bath for 10 min and cooled in the air to room
temperature. The catalytic activities of these heat-treated
proteins were then compared. As shown in Figure 6A, all
the GST and GST fusion proteins completely lost their
enzymatic activity under these conditions. Subsequently, the
thermostability of GST and the GST-Syn96-140 fusion
protein was quantitatively measured by thermal inactivation
curves (Figure 6b), which were used to determine theT50

values, the temperatures at which 50% of initial enzymatic
activity is lost after heat treatment. As shown in Figure 6B,
the T50 of the GST-Syn96-140 fusion protein is∼2 °C
higher than that of GST. Interestingly, the thermal inactiva-
tion of GST is well-correlated with the level of thermal
aggregation of the protein. This suggests that the introduced
acidic tail is able to protect the enzyme from the thermal
inactivation by preventing the thermal aggregation of the
fusion protein.

Heat-Induced Secondary Structural Changes of the GST-
Syn96-140 Fusion Protein.Previously, heat-induced sec-

Table 1: Isoelectric Point (pI) and Hydropathy Values of
R-Synuclein and Its Deletion Mutants, as Well as GST and
GST-Synuclein Fusion Proteins

protein
thermal
behavior

pI
valuea

hydropathy
valueb

R-synuclein HRc 4.67 -0.403
Syn1-60 HLd 9.52 -0.188
Syn61-95 HL 4.53 0.726
Syn61-140 HR 3.85 -0.564
Syn96-140 HR 3.76 -1.567
GST HL 6.18 -0.390
GST-Syn1-140 HR 5.25 -0.378
GST-Syn1-60 HL 7.64 -0.349
GST-Syn61-95 HL 6.01 -0.244
GST-Syn61-140 HR 4.95 -0.435
GST-Syn96-140 HR 4.85 -0.560
a The pI values were calculated by using the ProtParam program

(www.expasy.ch).b The hydropathy values were calculated by using
the ProtParam program.c HR, heat-resistant.d HL, heat-labile.

FIGURE 5: Effect of divalent cations on the thermal behavior of
the GST-synuclein fusion proteins. Heat-induced aggregation of
the GST-Syn1-140 (A) and GST-Syn61-140 and GST-
Syn96-140 (B) fusion proteins at 65°C was assessed as described
in the legend of Figure 4, in the presence of the indicated cation
concentrations.
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ondary structural changes ofR-synuclein assessed by CD
analysis were reported (Figure 3A in ref11). The CD
spectrum ofR-synuclein indicated that the protein almost
completely lacks secondary structural elements. The CD
spectrum ofR-synuclein at 100°C was slightly different from
that at 25°C, but it also represented the characteristics of
random coiled polypeptides. Consistent with these results, a
linear temperature dependence of the CD signal, often seen
with unfolded peptides, was observed.

The CD spectrum of GST at 25°C (Figure 7A) indicates
that the protein contains well-ordered secondary structural
elements. However, at 100°C, the far-UV CD spectrum was
greatly diminished in magnitude due to protein precipitation
(data not shown). The temperature-induced changes in the
ellipticity of GST at 222 nm indicate that theTm of GST is
approximately 70°C. The GST had completely precipitated
at 100°C, and the repetition temperature scan showed the
absence of any CD signal at 222 nm, indicating that GST
had irreversibly precipitated (data not shown). These results
confirm that the GST protein is a typical heat-labile protein
that unfolds and precipitates as the temperature is increased.

The far-UV CD spectra of the GST-Syn96-140 fusion
protein are shown in Figure 7B. The far-UV CD spectrum
of the GST-Syn96-140 fusion protein at room temperature
(solid line) indicates that the protein contains well-ordered
secondary structural elements. The CD spectrum showed a
decrease in the level of these elements at 100°C, but the
overall shape was unchanged (dotted line), suggesting that
heating does not lead to complete unfolding. Interestingly,
a new absorption band at 195 nm appears, which is
characteristic of random coiled polypeptides. After the
protein had cooled, the far-UV CD spectrum (dashed line)
remained distinguishable from the initial one, suggesting that
the conformation of the GST-Syn96-140 fusion protein
may be irreversibly changed. The CD spectrum of the heat-
treated GST-Syn96-140 fusion protein at room temperature
rather resembles that obtained at 100°C, and indicates that
the protein consists of two distinct domains: one with regular
secondary structural elements and the other with a random
coil-like conformation. To confirm the conformational
changes induced by heating, the GST-Syn96-140 melting
curves were measured as a function of temperature. The
temperature-induced changes in ellipticity at 222 nm are
presented in the inset of Figure 7B. Interestingly, the heat-
induced unfolding of the GST-Syn96-140 fusion protein
appeared to take place in two stages (solid line). The
transition midpoint appeared at 62°C for the first transition

FIGURE 6: GST activity of the GST-synuclein fusion proteins after
heat treatment. (A) GST and the GST fusion proteins completely
lost their enzymatic activity after boiling in a water bath for 10
min (white bars). (B) Thermal inactivation and aggregation of GST
and the GST-Syn96-140 fusion protein. Activity is expressed as
a percentage of initial activity (left). Values are the means of three
independent experiments with the standard deviations shown as bars.
Heat-induced aggregation was quantitatively assessed by monitoring
the light scattering (OD360) as a function of temperature (right).
The protein samples were incubated for 5 min at the indicated
temperatures.

FIGURE 7: Far-UV CD spectra and melting curves of (A) GST and
(B) the GST-Syn96-140 fusion protein. Far-UV CD spectra
measured at 20 and 100°C are drawn as solid lines and dotted
lines, respectively. The dashed lines represent the spectra measured
just after cooling of the protein solution from 100 to 20°C. The
insets show the mean molar ellipticity per residue of each protein
at 222 nm as a function of temperature. The solid and dotted lines
represent temperature scans from 20 to 100°C (heating mode) and
from 100 to 20°C (cooling mode), respectively.
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and at 95°C for the second. As expected, the temperature
course for the GST-Syn96-140 fusion protein appeared to
be irreversible (dotted line).

GST is a heat-labile protein, while the GST-Syn96-140
fusion protein is a heat-resistant protein. To compare the
stability of the two proteins, it would be useful to determine
the melting temperatures (Tm) of both proteins. However, it
is difficult to compare theTm values of the GST-Syn96-
140 fusion protein and GST directly since the proteins
contain a different number of peptide domains. Interestingly,
theTm value of the GST-Syn96-140 fusion protein (62°C
for the first transition) appeared to be slightly lower than
that of GST (70°C). Since theTm of a given protein is related
to the change in the free energy between the native and
thermally denatured state of a protein, theTm has been used
as a thermodynamic parameter of the conformational stability
of the protein. Therefore, it is highly likely that introducing
the acidic tail to the C-terminus of GST is favorable for
protein solubility and consequently for heat resistance, but
unfavorable for the intrinsic stability of the protein.

pH- and Metal-Induced Protein Aggregation.The pH-
induced aggregation of GST and the GST-Syn96-140
fusion protein was investigated by measuring the turbidity
at 25 °C as a function of pH. As shown in Figure 8A, the
OD360 of the GST protein steadily increased from pH 7.4 to
5.0 and reached a maximum value at pH 4.0, whereas the
OD360 of the GST-Syn96-140 fusion protein was un-
changed until pH 5.0, but drastically increased at pH 4.0
perhaps due to the neutralization of the acidic tail. This
suggests that the C-terminal acidic tail is able to protect GST

from pH-induced aggregation, though the protection effect
is not sufficient under very acidic conditions. The C-terminal
acidic tail also appeared to protect GST from metal-induced
aggregation (Figure 8B). The OD360 of the GST protein
steadily increased when it was treated with 0.2-1.0 mM
Zn2+, while the OD360 of the GST-Syn96-140 fusion
protein was always much lower than that of GST. In
particular, Cu2+-induced protein aggregation was completely
blocked by the acidic tail. These results indicate that the
C-terminal acidic tail can also protect GST from metal-
induced aggregation.

DISCUSSION

R-Synuclein is a well-known heat-resistant protein that
does not aggregate when treated with heat, whereas GST is
a heat-labile protein that easily precipitates under thermal
stress. In this study, we have shown that the C-terminal acidic
tail of R-synuclein (residues 96-140) renders the protein
heat-resistant. Furthermore, we have demonstrated that the
GST-R-synuclein fusion protein is also heat-resistant. Like
the R-synuclein, the fusion protein appears to be extremely
thermosoluble even when it is boiled in a water bath. Using
a series of GST-synuclein deletion mutants, we have shown
that the C-terminal acidic tail ofR-synuclein also plays a
critical role in conferring heat resistance of the fusion
proteins. Interestingly, the acidic tail turns out to protect the
fusion protein from the loss of activity after heat treatment;
a significant increase in thermostability has been observed
from the GST-Syn96-140 fusion protein with a 2°C
increase in theT50 value. However, a systematic investigation
of the heat-induced secondary structural changes ofR-sy-
nuclein, GST, and the GST-R-synuclein fusion protein
reveals that the fusion protein is irreversibly denatured by
heat treatment with a slightly loweredTm value (∼8 °C).
Therefore, introducing an acidic tail into the GST protein
appears to be favorable for thermosolubility and thermosta-
bility, but unfavorable for the intrinsic stability of the protein.
Interestingly, the GST protein fused with the acidic tail
appears to be more resistant to the pH- and metal-induced
protein aggregation, suggesting that the acidic tail increases
the virtual stability of the protein by protecting it from
environmental stresses.

The C-terminal acidic tails of the synuclein family
members are very diverse in size as well as in sequence
(reviewed in refs18-21). When the fact that the N-terminal
amphipathic region is strictly conserved among the synuclein
family members fromTorpedoto humans is considered, the
C-terminal acidic tail may be responsible for the specificity
of each synuclein protein. In this study, the C-terminal acidic
tail of R-synuclein appears to play a critical role in conferring
heat resistance to the GST fusion protein as well as to the
synuclein protein itself. Presumably, the abolishment of heat-
induced protein aggregation inR-synuclein and the GST-
synuclein fusion proteins at high temperatures results from
the facts that the acidic tail increases the solubility of protein
by increasing the hydrophilicity of the protein and that the
acidic tail makes the intermolecular interaction unfavorable
by repulsion between negatively charged residues. This idea
is supported by the observation thatR-synuclein with a
truncated C-terminal region and the NAC peptide lacking
the C-terminal acidic tail are found to aggregate faster than
the full-lengthR-synuclein under the same conditions (31-

FIGURE 8: Effects of the acidic tail on stress-induced protein
aggregation. (A) pH-induced aggregation of GST and the GST-
Syn96-140 fusion protein at room temperature. (B) Metal-induced
aggregation of GST and the GST-Syn96-140 fusion protein at
room temperature. Protein aggregation was monitored by light
scattering analysis at 360 nm.
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34). It is well-documented that the solubility of a protein is
approximately proportional to the square of the net charge
on the protein (37). In fact, introducing the acidic tail
significantly decreases the pI and hydropathy values of the
fusion proteins (Table 1). Given that all the synuclein proteins
are extremely heat-resistant, all the acidic tails from the
synuclein proteins may increase the solubility of the fusion
proteins and consequently could make the proteins heat-
resistant.

Introducing the C-terminal acidic tail ofR-synuclein
appears to transform a heat-labile protein into a heat-resistant
protein. Analysis of the heat-induced secondary structural
changes of GST and the GST-Syn96-140 fusion protein
indicates that theTm of the fusion protein is∼8 °C lower
than that of GST itself. This suggests that the acidic tail of
the fusion protein destabilizes the GST domain in terms of
the Tm (Figure 7). It is well-documented that nonspecific
repulsions, which arise when a protein is highly charged,
affect protein stability (reviewed in ref38). As the net charge
on the native protein is increased, the increasing level of
charge repulsion destabilizes the folded protein. It has been
also reported that the exposed hydrophilic residues them-
selves are unfavorable for protein stability, since the region
becomes more flexible (39-41). However, it is somewhat
inappropriate to directly compare theTm value of a one-
domain protein (GST) with that of a two-domain protein
(GST-synuclein). The stability of each domain in a multi-
domain protein is usually affected by the stability of the other
domain. Introducing a more stable domain stabilizes the other
domain, but a less stable domain could destabilize the other
domain (42-45).

The acidic tail appears to protect the fusion protein from
thermal inactivation to a considerable extent. TheT50 values
of GST and the GST-Syn96-140 fusion protein are 55.5
and 57.5°C, respectively, suggesting that the acidic tail
increases the thermostability of the fusion protein. Presum-
ably, a significant increase in thermostability observed from
the GST-Syn96-140 fusion protein results from the fact
that the acidic tail protects the protein from heat-induced
aggregation. As shown in Figure 6B, GST aggregates from
52 °C, which is much lower than theTm (70 °C). Interest-
ingly, loss of GST activity is very well correlated with the
aggregation of the protein that occurs prior to complete
unfolding. On the other hand, the GST-Syn96-140 fusion
protein does not aggregate, but it unfolds at high temperatures
with aTm of 62°C. For the GST-Syn96-140 fusion protein,
loss of activity appears to result from the unfolding of the
protein. The acidic tail also appears to protect the fusion
protein from pH- and metal-induced aggregation. Therefore,
it is likely that the introduced acidic tail increases the virtual
stability by protecting the protein from stress-induced ag-
gregation, although the effect on thermostability is limited
due to the decrease of theTm (from 70 to 62 °C). The
destabilizing effect of the introduced acidic tail on protein
stability could be minimized by shortening the size of the
acidic tail.

Most of the small molecular chaperone proteins, such as
HSP25,R-crystalline, tubulin, etc., contain a unique flexible
hydrophilic tail at the C-terminus, and this hydrophilic tail
is important for their molecular chaperone function (46-
49). R-, â-, andγ-synuclein proteins also have chaperone-
like activity, and the C-terminal acidic tail ofR-synuclein

plays a critical role in this chaperone-like activity (22, 35).
Deleting the acidic tail abolishes the chaperone-like activity
of R-synuclein (35). Therefore, it is also possible to speculate
that the heat resistance ofR-synuclein and the GST-
synuclein fusion protein might originate from their self-
chaperoning activity. However, the possibility is less likely
since R-synuclein and the GST-synuclein fusion protein
never precipitate even when they are boiled in a water bath
for a long time, and these proteins do not form oligomers
when treated with heat. These phenomena are quite distinct
from those of a molecular chaperone and a substrate protein
system, where the chaperoning effect is limited to mild
temperature ranges and the stable complex of a chaperone-
substrate protein is usually observed when the mixtures are
treated with heat (50-52). In fact, our data clearly demon-
strate thatR-synuclein cannot protect GST from heat-induced
aggregation when the two proteins are mixed and incubated
at higher temperatures (Figure 4B). Thus, it is highly likely
that the extreme heat resistance ofR-synuclein and the GST-
R-synuclein fusion protein is their intrinsic property.

R-Synuclein has the potential to bind several divalent
cations and metal ions, including Fe2+, Al3+, Zn2+, Cu2+,
and Ca2+ (22, 24-26, 36). Metal ions (Fe2+, Al3+, Zn2+,
and Cu2+) bind toR-synuclein and induce self-oligomeriza-
tion of the protein. Cu2+ and Ca2+ are known to bind
specifically to the C-terminal acidic tail with a dissociation
constant of 59µM and an IC50 of 300µM, respectively (24,
36). However, the binding sites and binding constants of
Fe2+, Al2+, and Zn2+ have yet to be determined. In this study,
divalent cation binding does not appear to affect the thermal
behavior of bothR-synuclein and the GST-R-synuclein
fusion proteins, although nonspecific binding at high cation
concentrations appears to induce a certain amount of protein
aggregation. Previous studies have shown that Zn2+ binding
at a high concentration (∼5 mM) completely abolishes the
chaperone-like activity ofR-synuclein, presumably due to
the conformational change ofR-synuclein (22). However,
the data presented here suggest that the chaperone-like
activity also would not be affected by specific binding of
the cations at low concentrations.

The NAC peptide (residues 61-95) has been identified
as the second major component of the senile plaques in the
brains of Alzheimer’s disease patients (14), and C-terminally
truncatedR-synuclein has been found in the Lewy bodies in
the brains of Parkinson’s disease patients (53, 54). This
suggests that abnormal digestion ofR-synuclein under certain
conditions may be involved in the pathology of the neuro-
degenerative diseases. Earlier works have shown thatR-sy-
nuclein is extremely sensitive to most proteases (16).
Interestingly, a series ofR-synuclein deletion mutants appear
to behave differently after thermal stress (Figure 3). Syn1-
60 and Syn61-95 easily precipitate during heat treatment,
whereas Syn61-140 and Syn96-140 are extremely heat-
resistant. Earlier works have also demonstrated that the NAC
peptide is amyloidogenic by itself and stimulates Aâ ag-
gregation (33, 34), and the C-terminally truncatedR-sy-
nuclein proteins assembled into filaments much more readily
than the wild-type protein (32). Overall, it is highly likely
that some types ofR-synuclein protease digestion result in
the formation of unstable peptide fragments, which may
confer pathologic protein aggregation.
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In summary, we have demonstrated that the introduction
of the acidic tail ofR-synuclein into a heat-labile protein
protects the protein from environmental stresses, such as heat,
pH, and metal ions. Consequently, the acidic tail greatly
increases the thermosolubility of the fusion protein and
significantly improves the thermostability. Overall, our data
suggest that the acidic tail contributes to the virtual stability
of the protein, although it does not appear to increase its
intrinsic stability. Introducing the acidic tail also contributes
to the protein solubility since it will greatly increase the
hydrophilicity of the protein and make intermolecular
interactions unfavorable through electrostatic repulsion.
Therefore, the acidic tail ofR-synuclein can be utilized to
increase protein solubility and to protect the protein from
environmental stresses. Many biologically or medically
important proteins that have solubility problems or stress-
induced aggregation problems might be saved by introducing
the acidic tail ofR-synuclein. To the best of our knowledge,
this is the first report showing that an acidic tail can be
utilized to greatly increase the solubility and virtual stability
of target proteins. The polyhistidine tag (His tag) originally
developed to facilitate purification (reviewed in ref55) has
also been implicated in increasing the solubility of target
proteins to a certain degree, although the effect and its
mechanism have not been intensively analyzed. Since the
His tag is mildly charged under physiological conditions (pKa

of His ≈ 6.2), its solubilizing effect is expected to be much
lower in magnitude than that of the acidic tail ofR-synuclein
which contains 15 Glu/Asp residues (pKa of Glu/Asp≈ 4.5).
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