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Abstract

The effects of urea and guanidine hydrochloride (GdnHCI) on the activity, conformation and unfolding process of protein
tyrosine phosphatase (PTPase), a thermostable low molecular weight protein from Thermus thermophilus HB27, have been
studied. Enzymatic activity assays showed both urea and GdnHCl resulted in the inactivation of PTPase in a concentration
and time-dependent manner. Inactivation kinetics analysis suggested that the inactivation of PTPase induced by urea and
GdnHCI were both monophasic and reversible processes, and the effects of urea and GdnHCl on PTPase were similar to that
of mixed-type reversible inhibitors. Far-ultraviolet (UV) circular dichroism (CD), Tryptophan and 1-anilinonaphthalene -8-
sulfonic acid (ANS) fluorescence spectral analyses indicated the existence of a partially active and an inactive molten
globule-like intermediate during the unfolding processes induced by urea and GdnHCI, respectively. Based on the sequence
alignment and the homolog Tt1001 protein structure, we discussed the possible conformational transitions of PTPase
induced by urea and GdnHCl and compared the conformations of these unfolding intermediates with the transient states in
bovine PTPase and its complex structures in detail. Our results may be able to provide some valuable clues to reveal the
relationship between the structure and enzymatic activity, and the unfolding pathway and mechanism of PTPase.
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Introduction

Although protein folding and unfolding have been extensively
studied for several decades, it still attracts numerous researchers’
attention nowadays. Unfolding of small compact proteins is well
defined as a simple two-state cooperative transition, in which only
folded (native) and unfolded (denatured) molecules are populated
at equilibrium [1,2]. However, it is currently accepted that the
unfolding/refolding of some proteins involve multiple processes.
Some non-native states (such as molten globule state) with specific
spectroscopic properties distinct from those of native and
completely unfolded states have been observed under mildly
denaturing conditions [3-5]. These conformational states are
widely present and result in protein non-cooperative unfolding
transitions. Characterizations of protein folding intermediates are
important in identifying and understanding protein folding
pathway and mechanism.

Protein tyrosine phosphorylation is of critical importance in the
regulation of cell proliferation, differentiation and migration, the
immune response and cytoskeletal reorganization [6,7]. Reversible
phosphorylation is controlled by a dynamic balance of opposing
activities of protein tyrosine kinases (PTKase, EC 2.7.10.2) and
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protein tyrosine phosphatases (P1Pase, EC 3.1.3.48) [8]. PTKases
catalyze tyrosine’s phosphorylation with ATP as the substrate
whereas PTPases catalyze the removal of phosphate from tyrosine
residue [9]. PTPases belong to a large and structurally diverse
family of enzymes, which specifically regulate a wide range of
signaling pathways [10]. Lots of PTPases structures have been
resolved to understand its substrate specificity, catalytic mecha-
nism and biologic functions in vivo since the first purification of
PTPase in 1988 [11]. Based on the structures and substrate
specificities, the PTPase superfamily can be divided into four
subfamilies: 1) classical pTyr specific PTPase, 2) dual specificity
phosphatases, 3) Cdc25 phosphatases, and 4) low molecular weight
(LMW) PTPase [12]. The structures of LMW PTPase are highly
conserved from prokaryotic to eukaryotic organisms, which share
a common PTPase signature motif or P-loop C(X);R(S/T) located
around the active sites [13,14]. Defective or inappropriate PTPase
activities will lead to a variety of diseases, including type II
diabetes, cancer, dysfunctions of the immune system and infection
by pathogenic bacteria [15,16]. A number of PTPases have been
taken into account to be strategic therapeutic targets such as
diabetes and cancer due to their essential biological functions
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[17,18]. Therefore, understanding the relationship between
PTPase structure, enzymatic activity, folding mechanism and
their functions @ vivo is critical to better utilize PTPases as
therapeutic targets for human diseases.

More and more attentions have been paid to an extremely
thermophilic bacterium Thermus thermophilus to explore its
potential scientific and economic value since the completion of
the Thermus thermophiles genome project [19]. The crystal
structure of Tt1001 protein from Thermus thermophilus HB8
(PDB ID: 2CWD), a classical LMW PTPase, has been resolved
(Lokanath, N.K., Terao, Y., Kunishima, N. (2005), Crystal
structure of Ttl001 protein from Thermus Thermophilus Hb8,
unpublished.), however the protein’s enzymatic properties and its
functions i vivo are still unknown. Our previous study has shown
another PTPase from Thermus thermophilus HB27, a homolog of
Tt1001, exhibits significant structural thermostability and high
levels of residual activity treated under high temperature for half
an hour [20]. However, at present, how the PTPase structure
affects protein folding/unfolding states and its enzymatic activity is
not yet fully understood. In this research, we studied the
inactivation kinetics and unfolding processes of PTPase in the
presence of urea and GdnHCI to explore the effects of these
denaturants on the activity, secondary/tertiary structure and
unfolding state of PTPase.

Materials and Methods

1. Materials

Para-nitrophenyl phosphate (PNPP) was purchased from
Amresco (USA). Urea, GdnHCI (ultrapure), DTT and I-
anilinonaphtalene-8-sulphonate (ANS) were products of Sigma
(St. Louis, MO, USA). All other reagents were local analytical
grade products.

2. Protein expression and purification

The gene encoding PTPase of Thermus thermophilus HB27
(Gene ID: 2775219) was successfully cloned and efficiently
expressed in Escherichia coli BL21 [DE3]. PTPase was further
purified as previously described [20]. The protein was purified and
analysed to be homogeneous on 15% SDS-PAGE. The enzyme
concentration was determined by BCA protein assay kit (Pierce,
USA).

All experiments were generally performed in 50 mM sodium
acetate buffer (pH 3.8) with 5 mM DTT. PTPase was incubated
in the absence and presence of urea and GdnHCI for 3 h at 25°C
before all the measurements were performed so that equilibrium
was achieved. The final PTPase concentration was 2.4 uM for
most experiments, unless mentioned specifically.

3. PTPase assay

The enzymatic activity was determined as described previously
with minor modification [21]: the assay was carried out at 30°C in
200 pl reaction mixtures in the absence and presence of urea or
GdnHCI. The reaction was terminated after incubation at 30°C
for 10 min by addition of 1 ml 1 M NaOH. The changes in
absorbance at 405 nm were recorded on a Helios y spectropho-
tometer (Thermo spectronic, USA). The molar extinction
coefficient of 1.80x10"* M~ 'eem™' was used to calculate the
amount of product in this reaction.

4, Kinetic analysis

For the analysis of a mixed-type inhibition mechanism (Fig. 1)
[22], the Lineweaver-Burk equation in the double reciprocal form
can be written as:
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Figure 1. The illustration of mixed-type inhibition mechanism.
E, S, | and P represent enzyme, substrate, inhibitor and

product, respectively.
doi:10.1371/journal.pone.0107932.g001
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The following equation (2) and (3) can be deduced based on the
equation (1),

K., K[l
Slope = 2
P Var  VoKi .
. 1 1 1
Y-intercept = - 7 +o KV 1 (3)

The plot of slope versus [I] and y-intercept versus [I] converts
the relationship to a straight line so that the values of K; and « can
be calculated according to the above equations.

5. Fluorescence spectroscopy

The fluorescence emission spectra were recorded at 25°C on a
F-2500 fluorescence spectrophotometer (Hitachi, Japan). Intrinsic
fluorescence was recorded in the wavelength range 300-400 nm
after exciting at 280 nm with a 1 cm pathlength quartz cuvette.
PTPase was incubated in the presence of urea or GdnHCI for 3 h
at 25°C before the spectra were recorded. All fluorescence spectra
were corrected by subtraction of the apparent fluorescence of the
respective concentrations of urea or GdnHCI under the same
conditions. The final spectrum was an average of three corrected
spectra.

For ANS fluorescence measurements, 120 uM ANS were added
into PTPase solutions in the presence of urea or GdnHCI to react
for 30 min in the dark before the spectra were recorded. ANS
fluorescence emission spectra were collected in the wavelength
range 400-600 nm with an excitation wavelength 380 nm. The
final spectrum was an average of three scans after subtraction of
the buffer containing the appropriate concentration of denatur-
ants.

6. CD spectroscopy

Far-UV circular dichroism (CD) spectra were performed at
25°C on a Jasco J-715 spectrophotometer (Jasco, Japan). The
spectra were recorded over a wavelength range 200-250 nm using
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a 2 mm pathlength quartz cuvette. The final concentration of
PTPase was 11 uM. Each spectrum was an average of five scans.
The spectra were corrected by subtracting the baseline recorded
for the buffer containing the respective concentration of denatur-
ants under the same conditions.

7. Protein sequence alignment and crystal structure
visualization

The amino acid sequence of PTPase (Pubmed ID:
YP_004789.1) was used to search its homolog proteins structures
in protein database bank (PDB). Tt1001 protein from Thermus
thermophilus HB8 shows 100% sequence identity with PTPase and
its crystal structure has been resolved at 1.90 A resolution. The
sequence alignment of PTPase with Tt1001 protein was completed
by Clustal X [23] and rendered by ESPript 3 with 2CWD as the
secondary structural template [24]. The Tt1001 protein crystal
structure was visualized by Pymol (The PyMOL Molecular
Graphics System, Version 0.99, Schrodinger, LLC.).

Results

1. Effects of urea and GdnHCl on the activity of PTPase

To explore the effects of urea and GdnHCI on the enzymatic
activity of PTPase, the relative residual activities of PTPase in the
presence of different concentrations of urea and GdnHCI were
measured, as presented in Fig. 2A&B, respectively. PTPase
activity decreased gradually with increasing urea and GdnHCI
concentrations, as shown in Fig. 2A&B. The values of ICs,
defined as the denaturant concentration required for 50% activity
inhibition, were expected to be 2.65 M for urea and 0.24 M for
GdnHCI, respectively. PTPase activity was almost completely lost
in 9 M urea or | M GdnHCI, indicating that the conformation of
the active sites of PTPase almost have been completely changed by
these denaturants. The plots of PTPase residual activity in urea or
GdnHCI as a function of PTPase concentration showed a series of
straight lines which all pass through the origin, as shown in
Fig. 2C&D, respectively. The slopes of these lines decreased with
increasing urea and GdnHCI concentrations, indicating that urea
and GdnHCI were both reversible denaturants of PTPase.

The kinetics of P1Pase inactivated by urea and GdnHCI were
studied to reveal the inactivation kinetic mechanism including
Inactivation rate constants, reactive type and other kinetic
parameters. I'ig. 3A&B showed the inactivation kinetics of PTPase
in the presence of a series concentrations of urea and GdnHCI,
respectively. The results showed that the PTPase activity was
gradually lost in a time-dependent manner in the presence of urea
or GdnHCI. Semi-logarithmic plots (Fig. 3C&D) indicated the
inactivation of PI'Pase induced by either urea or GdnHCI was a
typical kinetic monophasic process. The apparent kinetic constants
of PTPase inactivated by urea and GdnHCI were calculated and
presented in Table 1 and 2, respectively.

Tig. 4A&B showed the Lineweaver-Burk plots of PTPase in the
presence of a series concentrations of urea and GdnHCI,
respectively. Both of these plots were intersected at the second
quadrant and the apparent K,, values increased along with the
decrease of the apparent V. values, indicating the effects of urea
and GdnHCI on the inactivation kinetics of PTPase resembled
that of a mixed-type inhibitor. The secondary plots of slope and y-
intercept vs urea or GAnHCI concentrations showed as a straight
line (Fig. 4C&D), which was in good agreement with the
previously proposed model of mixed-type inhibition. The values
of K; and a for the two denaturants were calculated and presented
in Table 3. Either 1Cs5y or K;, the value of GdnHCI was much
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smaller than that of urea, indicating that GAnHCI was a much
more effective denaturant than urea for PTPase.

2. Urea and GdnHCI induced intrinsic fluorescence

spectra changes of PTPase

The intrinsic fluorescence emission spectra of PI'Pase in the
presence of urea and GdnHCI were recorded from 300 nm to
400 nm to monitor the conformational changes around the Trp
residues of PTPase during the unfolding processes induced by urea
and GdnHCI. Fig. 5A&B showed the intrinsic fluorescence spectra
changes of PTPase in the presence of different concentrations of
urea and GdnHCI, respectively. In 0-5 M urea, the maximum
fluorescence emission intensity (Imax) of PIPase increased with
increasing urea concentrations. Imax was about 1.5 fold in 5 M
urea as compared to that of native protein. While further
increasing urea concentrations up to 8 M, Imax began to decrease
to about 125% of native PTPase (Fig. 5C), and the maximum
fluorescence emission wavelength  (Amax) red-shifted from
345.5 nm to 347.5 nm (Fig. 5E), suggesting the conformation of
PTPase had been gradually changed that the Trp residues was
accessed by solvents more easily duo to the unfolding of PTPase
induced by urea.

As shown in Fig. 5D, Imax first increased and then decreased
with increasing GdnHCI concentrations. In 0.5 M GdnHCI, Imax
increased to about 150% of native protein. While further
increasing GdnHCI concentrations to 2.5 M, Imax began to
decline to about 120% of native PTPase. In contrast to Imax,
Amax first blue-shifted and then red-shifted with increasing
GdnHCI concentrations. While increasing GdnHCI concentra-
tions to 0.5 M, Amax blue-shifted from 345.5 nm to 337.5 nm.
With further increasing GdnHCI concentrations to 2.5 M, Amax
subsequently red-shifted from 337.5 nm to 343 nm (Fig. 5F).

3. Urea and GdnHCl induced ANS fluorescence spectra
changes of PTPase

Further, to probe the exposure of hydrophobic residues, which
were buried in the folded state of PTPase, the extrinsic ANS
fluorescence emission spectra were conducted from 400 nm to
600 nm. The effects of urea and GdnHCI on the ANS
fluorescence spectra of PTPase were shown in Fig. 6A&B,
respectively. Once binding with native PTPase, Amax of ANS
fluorescence blue-shifted from about 500 nm to 475 nm. With
increasing urea concentrations to 5 M, the Imax value decreased
significantly, while Amax virtually did not vary, indicating the
ANS-binding buried hydrophobic patches of PTPase had been
exposed to solvents gradually. In 5 M urea, Imax declined to
about 45% of native PTPase, as shown in Fig. 6C.

In the presence of GdnHCI, Amax of ANS fluorescence blue-
shifted from about 500 nm to 470 nm. Distinct from that of urea,
Imax almost did not vary in 0-0.5 M GdnHCI. While further
increasing GdnHCI concentrations up to 2.5 M, Imax significantly
decreased to about 10% of native PTPase, while Amax almost did
not change (Fig. 6D), suggesting the buried hydrophobic patches
of PTPase almost had been exposed to solvents completely.

4. Urea and GdnHCI induced Far-UV CD spectra changes
of PTPase

Far-ultraviolet circular dichroism (CD) spectra were measured
from 200 nm to 250 nm to monitor the o-helix structural
transitions of PTPase induced by urea and GdnHCI. Fig. 7A&B
showed the far-UV CD spectra changes of PTPase in the presence
of different concentrations of urea and GdnHCI, respectively. The
relative ellipticity values at 222 nm (0999) in far-UV CD spectra, a
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Figure 2. Inactivation of PTPase induced by urea (A) and GdnHCI (B). The plots of enzymatic activity versus [PTPase] in the presence of

different concentrations of urea (C) and GdnHCI (D).
doi:10.1371/journal.pone.0107932.g002

typical signal of protein’s o-helix structure, vs urea or GdnHCI
concentrations were shown in Fig. 7C&D, respectively. Here the
0299 value of native protein was considered to be 100%. The 6999
value first increased and then declined slightly with increasing urea
concentrations from 0 to 4 M (Fig. 7C). In the presence of 0.2 M
urea, the By99 value increased to about 109% as compared to that
of native PTPase, suggesting that 0.2 M urea induced other
secondary structures such as B-sheets, B-turns or random coils of
PTPase to transform into o-helix structures, thus resulted in the o-
helix structural contents increase. While increasing urea concen-
tration to 2 M, the 6399 value virtually did not change, indicating
the a-helix contents of PTPase did not change. With further
increasing urea concentrations more than 2 M, the 0999 value
began to decline gradually, indicating the o-helix structures were
induced to unfold or transform into other secondary structures. In
4 M urea, the 0599 value decreased to about 103% of native
protein (Fig. 7C). In a word, the 699 values in different

concentrations of urea reflected the changes of the a-helix
structural contents of PTPase.

The a-helix structural changes of PTPase induced by GdnHCI
resembled that by urea, as shown in Fig. 7D. In 0.2 M GdnHCI,
the 8999 value increased to about 109% compared to that of native
PTPase, suggesting that 0.2 M GdnHCI also was able to induce
the increase of the a-helix structures of PI'Pase. While increasing
GdnHCI concentrations to about 1.0 M, the 0999 value almost did
not change, indicating the o-helix structural contents of PTPase
were not affected by increasing GdnHCI concentrations. Distinct
from urea, the 0999 value began to decline when increasing
GdnHCI concentrations more than 1 M. In 2 M GdnHCI, the
0590 value decreased to about 98% of native PTPase. While
further increasing GdnHCI concentrations to 3 M, the 0599 value
decreased to about 70% of native protein, suggesting about 30%
o-helix structures of PTPase had been induced to unfold or
transform into other secondary structures.
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Table 1. The inactivation rate constants and residual activity of PTPase in the presence of different concentrations of urea.
Urea (M) Inactivation rate constant A (x10 3s™") Residual activity (%)

0 0 100.00

1 0.634 80.39+0.63

2 0.501 61.35+0.78

3 0.558 49.41+0.21

4 0474 28.04+2.24

5 0.489 15.44+1.12

doi:10.1371/journal.pone.0107932.t001
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Table 2. The inactivation rate constants and residual activity of PTPase in the presence of different concentrations of GdnHCI.

GdnHCI (M) Inactivation rate constants A (x10 3s ") Residual activity (%)
0 0 100.00

0.1 0.432 80.76+0.35

0.2 0.686 51.87+1.20

0.4 0.647 22.65+0.85

0.6 0.619 12.70%0.68

0.8 0.555 10.99£0.78

doi:10.1371/journal.pone.0107932.t002

5. Sequence alignment and Tt1001 protein structural
analysis

To reveal the relationship between the structure of PTPase and
its activity and unfolding conformational state induced by urea
and GdnHCI, the amino acid sequence of PTPase was used to
search its homolog protein structure in PDB. Fortunately, about
38 homolog proteins structures which show certain sequence
identities with PTPase have been resolved. Among of them,
Ttl1001 protein from Thermus thermophilus HB8 shows 100%
sequence identity with PTPase (Fig. 8), suggesting the structure of
Tt1001 protein is closely similar to that of PTPase.

The 1.90 A crystal structure of Ttl001 protein reveals two
molecules forming a dimer in the asymmetric unit of the crystal.
Each monomer contains a CXsR(S/T) signature motif or P-loop
which is essential to the phosphate binding and catalytic activity.
The structure shows that Cysl1, Glyl3, Asnl4, Cysl6 and Serl8
located in the P-loop form a relatively closed cleft which serves as
the active center. The only two tryptophan residues, W48 and
W137 both expose on the surfaces of PTPase (Fig. 9), which are
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readily accessible to solvents and in good agreement with the
Amax value 345.5 nm of the intrinsic fluorescence of native
PTPase. W48 locates on a flexible loop close to the active center,
and W137 locates on a long a-helix (a5) structure which is far
away from the active center. Compared to the a5-helix structure,
the conformation of the flexible loop including W48 residue may
be changed by denaturants more easily, which thus affect the
conformation of the adjacent active sites and the activity of
PTPase.

Discussion

The denaturation of small protein is generally believed to be a
highly cooperative process, which may be approximated by a two-
state model and no significant intermediates are present during the
transition from a native state (N) to a denatured state (D) [25,26].
However, recent results show the existence of intermediates
between native and unfolded states, which are found in mildly
denaturing conditions and referred as molten globules in some
cases [27-31]. The peptide chains in the molten globule state are
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Figure 3. Inactivation kinetics of PTPase in the presence of different concentrations of urea (A) and GdnHCI (B). (C-D) Semilogarithmic

plots for urea and GdnHCl, respectively.
doi:10.1371/journal.pone.0107932.9003
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Table 3. The inhibition and inactivation kinetic parameters of PTPase in the presence of urea and GdnHCI.

Denaturants Inhibition type IC5, K o
Urea Mixed 265121 M 174 M 2.16
GdnHCI Mixed 240*=1.01 mM 0.27 mM 6.99

doi:10.1371/journal.pone.0107932.t003

nearly as compact as that in the native state [31], and usually
characterized for the existence of pronounced secondary structures
by far-UV CD spectra [31-33].

Urea and GdnHCI are the most common chemical denaturants,
which are usually used to denature proteins and characterize the
conformation, stability, and folding/unfolding pathway and
mechanism of proteins [34-37]. Urea and GdnHCI have shown
a variety of behaviors towards different proteins [37-42]. For
example, low concentrations of urea or GdnHCI are able to
increase the enzymatic activity of prostaglandin d-Synthase [41].
As for matrilysin, half of the fluorescence has been changed in 2.2
2.7 M GdnHCI, whereas nothing has happened even in 8 M urea
[42]. Here we studied the effects of urea and GdnHCI on the
activity, conformation and unfolding state of P1Pase from
Thermus thermophilus HB27.

The activity assay and inactivation kinetics suggest the
mactivation of PTPase induced by urea or GdnHCI is a
monophasic, time and concentration-dependent reversible pro-
cess. Also the effects of urea and GdnHCI on PTPase activity are
similar to that of mixed-type inhibitors. In addition, GAnHCI has
shown to be much more effective than urea to induce the
mactivation and unfolding of PTPase, which is in accordance with
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The o-helix structural contents of PI'Pase increased slightly in
0.2 M urea, then did not vary until about 2 M urea, while in 0.2
2 M urea, the Imax and Amax values of the intrinsic fluorescence
changed a little, and the residual activity still remained more than
60% of native PTPase. These results together suggest that 0.2-2 M
urea may induce a slight conformational change around the active
sites of PTPase, which result in a partial activity loss, a slight red-
shift of the intrinsic fluorescence Amax and a slight decrease of the
ANS fluorescence Imax as well as the a-helix structural contents
increase, indicating the existence of a partially active molten
globule-like intermediate. The formation of a molten globule-like
intermediate may result in the decrease of the Imax value of the
mntrinsic fluorescence due to the exposure of the Trp residues of
PTPase. However, the Imax value of the intrinsic fluorescence
increased gradually in 0-5 M urea, which may arise from the
increase of solution viscosity due to increasing urea concentration.

The o-helix structural contents of PTPase increased to 109% of
native protein in 0.2 M GdnHCI, then did not alter until about 1
M GdnHCI. While in 0.5 M GdnHCI, more than 80% activity of
PTPase had been lost, indicating most of the conformations of the
active sites had been changed. In addition, the Imax value of the
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Figure 4. Inhibition kinetics of PTPase in the presence of different concentrations of urea and GdnHCI. Lineweaver-Burk plots for urea
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Figure 5. Intrinsic fluorescence spectra of PTPase in the presence of different concentrations of urea and GdnHCI. (A) Urea
concentrations for the labels 1-9 were 0, 1, 2, 3, 4, 5, 6, 7 and 8 M, respectively. (B) GdnHCI concentrations for the labels 1-7 were 0, 0.5, 1, 1.25, 1.5, 2
and 2.5 M, respectively. (C-D) The relative changes of Imax value as a function of [urea] and [GdnHCI], respectively. (E-F) The relative changes of

Amax value as a function of [urea] and [GdnHCl], respectively.
doi:10.1371/journal.pone.0107932.g005

intrinsic fluorescence increased to about 150% and Amax blue-
shifted about 8 nm compared to that of native protein, clearly
indicating a significant conformational change around the Trp
residues of PTPase. These results together reveal that low
concentrations GdnHCI (=0.5 M) may induce a significant
conformational change of the active sites and tertiary structures
of PTPase, which result in the loss of the activity, promote the
formation of a-helix structure and an inactive molten globule-like
intermediate.

The formation of a partially active/inactive intermediate could
be due to the conformational changes around the Trp residues and
the active sites, small local structural rearrangements of native
state [40] or the stabilizing effects of Gdn™ on protein conforma-
tion at low concentrations [43,44]. Previous studies have shown
the different effects of GdnHCI and urea on the conformational
stability of protein [41,42,45-48]. While further increasing
denaturants concentrations more than 2 M wurea or 0.5 M
GdnHCL the conformation of the partially active/inactive
intermediate was induced continually by denaturants to bring

PLOS ONE | www.plosone.org

about the exposure of the hydrophobic patches and the unfolding
of PTPase, which finally result in the decrease of the Imax value of
the intrinsic and ANS fluorescence and Amax’s red-shift as well as
the complete loss of activity and the decrease of a-helix structural
contents.

The difference in the activity of molten globule-like intermedi-
ate present in GdnHCI and urea also suggest that GdnHCI is
much more effective than urea when used to inactive P1Pase,
which may arise from that GAnHCI could induce a significant
conformational change of the active sites by the electrostatic
interactions of Gdn" with the charged groups around the active
sites of PTPase [43,44,49,50]. In fact, we did notice that the acidic
Glu and Asp residues contents are up to 19.2%, and the basic Arg
residues content is up to 12.4%. The Tt1001 protein structure
suggests most of these charged residues such as E35, D36, R37,
E39, D41, E52, D55, R57, R59 and R60 surround the active sites
and expose to solvents. Once these residues interact with Gdn™ via
the electrostatic interactions, the barrier which protects the
conformation of the active sites will be destroyed quickly, which
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Figure 6. ANS binding fluorescence spectra of PTPase in the presence of different concentrations of urea and GdnHCI. (A) Urea
concentrations for the labels 1-6 were 0, 1, 2, 3,4 and 5 M, respectively. (B) GdnHCI concentrations for the labels 1-7 were 0, 1.00, 1.25, 1.50, 1.75, 2.00
and 2.50 M, respectively. (C-D) The relative changes of Imax value as a function of [urea] and [GdnHCI], respectively.
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Figure 7. Far-UV CD spectra of PTPase in the presence of different concentrations of urea and GdnHCI. (A) Urea concentrations for the
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doi:10.1371/journal.pone.0107932.g007
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Figure 8. The sequence alignment of PTPase with Tt1001 protein.
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doi:10.1371/journal.pone.0107932.g008

thus affect the conformation of the active sites and result in the
activity loss of PTPase.

Although our previous gel filtration analysis indicated PTPase
was a monomer in solution, which is different from the dimer state
in the crystal structure of Tt1001, the Tt1001 protein structure
may be still valuable to reveal the conformational transition of
PTPase induced by different concentrations urea and GdnHCI.

20Q0Q
VLEEEGAYFPHVARRLTREDVLAYDHILVMDRENLEEVLRRFPEARGKVRLVLEELGGGE
VLEEEGAYFPHVARRLTREDVLAYDHILVMDRENLEEVLRRFPEARGKVRLVLEELGGGE

® Active sites

A W48 & W137

While comparing the location of W48 and W137, we may be able
to conclude low concentrations urea (=2 M) or GdnHCI (=0.5 M)
may first induce the conformational changes of the flexible loop
including the easily accessible W48 residue rather than the o
structure with W137 residue, thus result in the conformational
changes of the adjacent active sites and the activity loss as well as
the increase of a-helix structural contents. The difference between

Figure 9. Cartoon representation of the one molecule in the asymmetric unit of the Tt1001 crystal structure. The active sites Cys11,
Gly13, Asn14, Cys16 and Ser18 of Tt1001 and Trp48, Trp137 are represented as sticks.

doi:10.1371/journal.pone.0107932.g009
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Figure 10. The different unfolding intermediates of PTPase in
the presence of urea and GdnHCI. N, |, I¥ and D represent native
state, partially active intermediate state, inactive intermediate state and
denatured state, respectively.

doi:10.1371/journal.pone.0107932.g010

urea and GdnHCl is the conformational changes of the active sites
induced by urea are not as obvious as that by GdnHCI, as the
residual activity of PTPase in 2 M urea was still much higher than
that in 0.5 M GdnHCI. The conformational change of the loop
may result in the W48 residue is accessed by solvents more easily,
as indicated by a slight red-shift of Amax. However, GAnHCI may
induce a more significant conformational changes of the flexible
loop which resulted in the W48 residue was buried into the interior
of PTPase and not accessible to solvents easily, as observed an
obvious 8 nm blue-shift of Amax and the increase of the Imax
value. Also, this flexible loop was likely induced by GdnHCI to
transform into a-helix structures, which resulted in the increase of
o-helix structural contents. Although this inference based on the
Tt1001 protein structure is consistent with our experimental
observations, we are still not able to exclude the possibilities that in
the low concentrations of urea (=2 M) or GdnHCI (=0.5 M), the
conformational changes of other loops or secondary structures
may contribute to the activity loss and the increase of o-helix
structural contents, and the conformational changes around W137
residue probably cause the intrinsic and ANS fluorescence spectra
changes as well as the increase of o-helix structural contents, more
evidences are needed to reveal the conformational changes in
detail.

References

1. Privalov PL, Khechinashvili NN (1974) A thermodynamic approach to the
problem of stabilization of globular protein structure: a calorimetric study. J Mol
Biol 86: 665-684.

2. Privalov PL (1979) Stability of proteins: small globular proteins. Adv Protein
Chem 33: 167-241.

3. Wong KP, Tanford C (1973) Denaturation of bovine carbonic anhydrase B by
guanidine hydrochloride. A process involving separable sequential conforma-
tional transitions. J Biol Chem 248: 8518-8523.

4. Mitchinson C, Pain RH (1985) Effects of sulphate and urea on the stability and
reversible unfolding of beta-lactamase from Staphylococcus aureus. Implications
for the folding pathway of beta-lactamase. ] Mol Biol 184: 331-342.

5. Brems DN, Brown PL, Becker GW (1990) Equilibrium denaturation of human
growth hormone and its cysteine-modified forms. J Biol Chem 265: 5504-5511.

PLOS ONE | www.plosone.org

Inactivation and Unfolding of Protein Tyrosine Phosphatase

The crystal structure of bovine PTPase (bPTPase) (PDB ID:
1DGY) has been resolved at 1.90 A [51], which shows about 41%
sequence identities and shares a common signature motif
CX)sR(S/T) with PTPase. The structure of 1DGY9 reveals a
dimer formed by Tyrl31 and Tyrl32 from two different
monomers at pH 7.0 in 0.1 M Tris. However, Tabernero et al
also demonstrate that the native bPTPase and S19A mutant exist
as a monomer at pH 4.8 in the low ionic strength buffer, which is
consistent with our previous gel-filtration analysis that PTPase
existed as a monomer in 50 mM, pH 3.8 sodium acetate buffer. In
addition, the dimer structure of bPTPase may represent a transient
state between an inactive and active state. The activity of bPTPase
seems to be dependent on the phosphorylation or dephosphory-
lation of tyrosine, which will affect the conformation of the
variable loop and thus result in the opening or closing of the active
sites. The structures of bPTPase complexed with its inhibitors
vanadate and molybdate at 2.2 A resolution (PDB ID: 1Z12 and
1713) also reveal a reactive transition state in the reaction
catalyzed by PTPase [52]. The conformation of the partially
active/inactive intermediates present in low concentrations of urea
and GdnHCI seems to be similar to these transition states as these
denaturants was also able to induce the conformational changes of
the variable loop thus affect the activity of enzyme, however, no
obvious conformational changes are observed in the structures of
bPTPase and its complexes, which is different from the
conformations of these intermediates in this research, as at least
a slight increase of o-helix structure was found to exist in these
unfolding intermediates of PTPase.

In conclusion, our results reveal the existence of different
unfolding intermediates during the unfolding processes of PTPase
induced by urea and GdnHCI (Fig. 10). Although the specific
unfolding pathway and mechanism still remain unclear, at least
our research could provide some experimental evidences about the
different effects of urea and GdnHCI on the conformation and
activity of PTPase, which may be valuable to reveal the
relationship between PTPase structure and its activity, as well as
the protein folding pathway and mechanism in the future.

Acknowledgments

We’d like to thank the editor, Dr. Eugene A. Permyakov for his efforts and
reviewers for their constructive comments and pertinent suggestions. Also,
we wish to thank Prof. Xuewu Zhang (University of Texas Southwestern
Medical Center at Dallas) for critical suggestions and comments.

Author Contributions

Conceived and designed the experiments: YW HH QX. Performed the
experiments: YW LL CG. Analyzed the data: YW HH SX PZ.
Contributed reagents/materials/analysis tools: YW LL CG. Contributed
to the writing of the manuscript: YW HH QX.

6. den Hertog J (1999) Protein-tyrosine phosphatases in development. Mech Dev
85: 3-14.

7. Hunter T (2000) Signaling-2000 and beyond. Cell 100: 113-127.

8. Burke TR Jr, Zhang ZY (1998) Protein-tyrosine phosphatases: structure,
mechanism, and inhibitor discovery. Biopolymers 47: 225-241.

9. Denu JM, Dixon JE (1998) Protein tyrosine phosphatases: mechanisms of
catalysis and regulation. Curr Opin Chem Biol 2: 633-641.

10. Stoker AW (2005) Protein tyrosine phosphatases and signalling. J Endocrinol
185: 19-33.

11. Tonks NK, Diltz CD, Fischer EH (1988) Purification of the major protein-
tyrosine-phosphatases of human placenta. J Biol Chem 263: 6722-6730.

12. Wang WQ, Sun JP, Zhang ZY (2003) An overview of the protein tyrosine
phosphatase superfamily. Curr Top Med Chem 3: 739-748.

September 2014 | Volume 9 | Issue 9 | 107932



20.

21.

23.

24.

32.

33.

34.

. Hendriks WJ, Elson A, Harroch S, Stoker AW (2008) Protein tyrosine

phosphatases: functional inferences from mouse models and human discases.

FEBS J 275: 816-830.

. Jia Z, Barford D, Flint AJ, Tonks NK (1995) Structural basis for phosphotyrosine

peptide recognition by protein tyrosine phosphatase 1B. Science 268: 1754
1758.

. Mustelin T (2006) Protein tyrosine phosphatases in human disease. Adv Exp

Med Biol 584: 53-72.

. Xie J, Seto CT (2007) A two stage click-based library of protein tyrosine

phosphatase inhibitors. Bioorg Med Chem 15: 458-473.

. Easty D, Gallagher W, Bennett DC (2006) Protein tyrosine phosphatases, new

targets for cancer therapy. Curr Cancer Drug Targets 6: 519-532.

. Ostman A, Hellberg C, Bohmer FD (2006) Protein-tyrosine phosphatases and

cancer. Nat Rev Cancer 6: 307-320.

. Henne A, Bruggemann H, Raasch C, Wiezer A, Hartsch T, et al. (2004) The

genome sequence of the extreme thermophile Thermus thermophilus. Nat
Biotechnol 22: 547-553.

Wang Y, Meng F, Zhang Y (2009) Expression, purification and characterization
of recombinant protein tyrosine phosphatase from Thermus thermophilus
HB27. Acta Biochim Biophys Sin (Shanghai) 41: 689-698.

Zhang ZY, VanEtten RL (1991) Pre-steady-state and steady-state kinetic analysis
of the low molecular weight phosphotyrosyl protein phosphatase from bovine
heart. Journal Of Biological Chemistry 266: 1516-1525.

. Kuby SA (1991) A study of enzymes: enzyme catalysis, kinetics, and substrate

binding. CRC Press Inc, Boca Raton 1: 20-37.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007)
Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947-2948.

Robert X, Gouet P (2014) Deciphering key features in protein structures with the
new ENDscript server. Nucleic Acids Res 42: W320-324.

. Aune KC, Tanford C (1969) Thermodynamics of the denaturation of lysozyme

by guanidine hydrochloride. II. Dependence on denaturant concentration at 25
degrees. Biochemistry 8: 4586-4590.

5. Bonincontro A, Cinelli S, Onori G, Stravato A (2004) Dielectric behavior of

lysozyme and ferricytochrome-c in water/ethylene-glycol solutions. Biophys J

86: 1118-1123.

. Dolgikh DA, Gilmanshin RI, Brazhnikov EV, Bychkova VE, Semisotnov GV, et

al. (1981) Alpha-Lactalbumin: compact state with fluctuating tertiary structure?
FEBS Lett 136: 311-315.

. Uversky VN (1993) Use of fast protein size-exclusion liquid chromatography to

study the unfolding of proteins which denature through the molten globule.
Biochemistry 32: 13288-13298.

Shortle DR (1996) Structural analysis of non-native states of proteins by NMR
methods. Curr Opin Struct Biol 6: 24-30.

. Mok YK, Kay CM, Kay LE, Forman-Kay J (1999) NOE data demonstrating a

compact unfolded state for an SH3 domain under non-denaturing conditions.

J Mol Biol 289: 619-638.

. Ptitsyn OB (1995) Molten globule and protein folding. Adv Protein Chem 47:

83-229.

Kuwajima K (1989) The molten globule state as a clue for understanding the
folding and cooperativity of globular-protein structure. Proteins 6: 87-103.
Vassilenko KS, Uversky VN (2002) Native-like secondary structure of molten
globules. Biochim Biophys Acta 1594: 168-177.

Chen Z, Chen X]J, Xia M, He HW, Wang S, et al. (2012) Chaperone-like effect
of the linker on the isolated C-terminal domain of rabbit muscle creatine kinase.

Biophys J 103: 558-566.

PLOS ONE | www.plosone.org

1

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

Inactivation and Unfolding of Protein Tyrosine Phosphatase

. He HW, Feng S, Pang M, Zhou HM, Yan YB (2007) Role of the linker between

the N- and C-terminal domains in the stability and folding of rabbit muscle
creatine kinase. Int ] Biochem Cell Biol 39: 1816-1827.

5. He HW, Zhang J, Zhou HM, Yan YB (2005) Conformational change in the C-

terminal domain is responsible for the initiation of creatine kinase thermal
aggregation. Biophys J 89: 2650-2658.

Povarova OI, Kuznetsova IM, Turoverov KK (2010) Differences in the
pathways of proteins unfolding induced by urea and guanidine hydrochloride:
molten globule state and aggregates. PLoS One 5: €15035.

Halim AA, Feroz SR, Tayyab S (2013) Does recovery in the spectral
characteristics of GdnHCl-denatured Bacillus licheniformis alpha-amylase due
to added calcium point towards protein stabilization? Biosci Biotechnol Biochem
77: 87-96.

Jana S, Chaudhuri TK, Deb JK (2006) Effects of guanidine hydrochloride on the
conformation and enzyme activity of streptomycin adenylyltransferase moni-
tored by circular dichroism and fluorescence spectroscopy. Biochemistry (Mosc)
71: 1230-1237.

Ferreon AC, Bolen DW (2004) Thermodynamics of denaturant-induced
unfolding of a protein that exhibits variable two-state denaturation. Biochemistry
43: 13357-13369.

Inui T, Ohkubo T, Emi M, Irikura D, Hayaishi O, et al. (2003) Characterization
of the unfolding process of lipocalin-type prostaglandin D synthase. ] Biol Chem
278: 2845-2852.

Inouye K, Tanaka H, Oneda H (2000) States of tryptophyl residues and stability
of recombinant human matrix metalloproteinase 7 (matrilysin) as examined by
fluorescence. ] Biochem 128: 363-369.

Mayr LM, Schmid FX (1993) Stabilization of a protein by guanidinium chloride.
Biochemistry 32: 7994-7998.

Smith JS, Scholtz JM (1996) Guanidine hydrochloride unfolding of peptide
helices: separation of denaturant and salt effects. Biochemistry 35: 7292-7297.

. Pace CN (1975) The stability of globular proteins. CRC Crit Rev Biochem 3: 1

43.

Yao M, Bolen DW (1995) How valid are denaturant-induced unfolding free
energy measurements? Level of conformance to common assumptions over an
extended range of ribonuclease A stability. Biochemistry 34: 3771-3781.
Wang GF, Cao ZF, Zhou HM, Zhao YF (2000) Comparison of inactivation and
unfolding of methanol dehydrogenase during denaturation in guanidine
hydrochloride and urea. Int J Biochem Cell Biol 32: 873-878.

Deshpande RA, Khan MI, Shankar V (2003) Equilibrium unfolding of RNase
Rs from Rhizopus stolonifer: pH dependence of chemical and thermal
denaturation. Biochim Biophys Acta 1648: 184-194.

Bhuyan AK (2002) Protein stabilization by urea and guanidine hydrochloride.
Biochemistry 41: 13386-13394.

Monera OD, Kay CM, Hodges RS (1994) Protein Denaturation with
Guanidine-Hydrochloride Or Urea Provides a Different Estimate Of Stability
Depending on the Contributions Of Electrostatic Interactions. Protein Science
3: 1984-1991.

Tabernero L, Evans BN, Tishmack PA, Van Etten RL, Stauffacher CV (1999)
The structure of the bovine protein tyrosine phosphatase dimer reveals a
potential self-regulation mechanism. Biochemistry 38: 11651-11658.

Zhang M, Zhou M, VanEtten RL, Stauffacher CV (1997) Crystal structure of
bovine low molecular weight phosphotyrosyl phosphatase complexed with the
transition state analog vanadate. Biochemistry 36: 15-23.

September 2014 | Volume 9 | Issue 9 | 107932



