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ABSTRACT: Protein S-nitrosation is a post-translational
modification that regulates the function of more than 500
human proteins. Despite its apparent physiological signifi-
cance, S-nitrosation is poorly understood at a molecular level.
Here, we investigated the effect of S-nitrosation on the activity,
structure, stability, and dynamics of human glutathione
transferase P1-1 (GSTP1-1), an important detoxification
enzyme ubiquitous in aerobes. S-Nitrosation at Cys47 and
Cys101 reduces the activity of the enzyme by 94%. Circular
dichroism spectroscopy, acrylamide quenching, and amide
hydrogen−deuterium exchange mass spectrometry experi-
ments indicate that the loss of activity is caused by the
introduction of local disorder at the active site of GSTP1-1.
Furthermore, the modification destabilizes domain 1 of GSTP1-1 against denaturation, smoothing the unfolding energy
landscape of the protein and introducing a refolding defect. In contrast, S-nitrosation at Cys101 alone introduces a refolding
defect in domain 1 but compensates by stabilizing the domain kinetically. These data elucidate the physical basis for the
regulation of GSTP1-1 by S-nitrosation and provide general insight into the consequences of S-nitrosation on protein stability
and dynamics.

S-Nitrosation is a post-translational modification of cysteine
residues in proteins that results from the formation of a
covalent complex between NO and the cysteine thiol.
Increasingly intensive study is confirming the importance of
this modification alongside other, more extensively studied
post-translational modifications such as phosphorylation,
glycosylation, and ubiquitination. S-Nitrosation affects a wide
range of proteins,1 regulates a number of physiological
phenomena,2,3 and has been linked to several diseases.4

S-Nitrosation has been shown to induce enzyme activation5

or inhibition6 and to regulate the activity of several ion
channels7,8 and control the allosteric behavior of hemoglobin.9

Despite the clear importance of S-nitrosation to the
physiological regulation of protein function, relatively little is
known about the molecular origins of these effects. Specifically,
biophysical data linking the S-nitrosation event to its functional
consequence are lacking. Far-UV circular dichroism spectros-
copy revealed a small loss of α-helical content upon S-
nitrosation of OxyR10 and the chloride channel CLIC4,11 and a
subtle change in the tertiary structure of S-nitrosated CLIC4
was suggested by trypsin digestion and thermal denaturation
experiments.11 S-Nitrosation has also been shown to regulate
the immune response in plants by triggering the oligomeriza-
tion of NPR1.12 Only four crystal structures and two solution
structures [nuclear magnetic resonance (NMR)] have been
determined for S-nitrosated proteins to date: myoglobin,13

thioredoxin,14 protein-tyrosine phosphatase 1B,15 nitrophor-

in,16 p21Ras17 (NMR), and S100A118 (NMR). The limited size
of this structural data set makes it difficult to identify trends or
make predictions about the consequences of S-nitrosation on
protein structure. In addition, structural data need to be linked
to changes in protein function, stability, and dynamics to
completely elucidate S-nitrosation at a molecular level.
In this study, we explore the effect of S-nitrosation on the

activity, structure, stability, and dynamics of human glutathione
transferase P1-1 (GSTP1-1). GSTP1-1 is a homodimeric
detoxification enzyme that solubilizes toxins by conjugation
to glutathione and regulates cell proliferation by inhibition of c-
jun N-terminal kinase. S-Nitrosated GSTP1-1 is known to exist
in vivo,19−21 and in vitro work has demonstrated that the
modification affects the detoxification activity of the enzyme.22

Given that the target cysteines are not directly involved in
catalysis by GSTP1-1, it is not clear how the S-nitrosation event
causes the apparent loss of activity. Here, we provide
experimental evidence of a severe disruption of GSTP1-1
stability and domain 1 dynamics upon S-nitrosation at Cys47
and Cys101. These data detail the regulation of GSTP1-1 by S-
nitrosation and provide insight into the biophysical basis for
protein regulation by S-nitrosation in general.
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■ EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and S-Nitrosation.

The pET-15b vector encoding N-terminally His6-tagged
GSTP1-1 was a kind gift from S. Y. Blond (Centre for
Pharmaceutical Biotechnology, University of Illinois, Chicago,
IL). His6-GSTP1-1 was expressed in Escherichia coli T7 cells
and purified by Co2+ affinity chromatography as described
previously.23 S-Nitrosated GSTP1-1 was prepared by mixing
fully reduced protein (with or without a 50-fold molar excess of
glutathione sulfonate) with a 50-fold molar excess of S-
nitrosoglutathione (GSNO) at 37 °C for 1 h. Excess GSNO
was removed by dialysis or buffer exchange. The S-nitrosation
stoichiometry was determined by UV difference spectroscopy
as described previously22 based on an S-NO extinction
coefficient of 750 M−1 cm−1 at 330 nm.
Steady-State Enzyme Kinetics. Enzyme activity was

measured at 20 °C for the conjugation of GSH to CDNB.24

GSH (1 mM) and CDNB (1 mM) were mixed with 1−10 nM
enzyme in 100 mM sodium phosphate buffer (pH 6.5) with 1
mM EDTA, 0.02% sodium azide, and 3% (v/v) ethanol.
Product formation was monitored by the absorbance at 340
nm. All measurements were performed in triplicate and
corrected for the nonenzymatic reaction rate.
Steady-State Spectroscopic Measurements. Fluores-

cence emission spectra were recorded using a Jasco FP-6300
fluorescence spectrophotometer. Excitation was at 280 nm, and
protein concentrations were 2 μM in 20 mM phosphate buffer
(pH 7.4) with 150 mM NaCl, 2 mM EDTA, and 0.02% sodium
azide. For the acrylamide quenching experiments, excitation
was at 295 nm and emission was collected at 342 nm. The
protein concentration was 1 μM, and the acrylamide
concentration was varied between 0 and 0.3 M. For
denatured-state quenching, the protein was equilibrated in 8
M urea before the fluorescence measurements, and N-
acetyltryptophanamide was included as a control. The
quenching data were fit to a modified form of the Stern−
Volmer equation (Lehrer plot), for systems with multiple
fluorophores:25,26#tab;
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where F0 is the total fluorescence in the absence of a quencher
(contributed by both the accessible and nonaccessible fractions
of fluorophores), F is the fluorescence at a particular quencher
concentration, KQ is the Stern−Volmer quenching constant of
the accessible fraction, [Q] is the concentration of quencher
(acrylamide), and fa is the fraction of the initial fluorescence
accessible to the quencher.
Far-UV circular dichroism measurements were performed in

triplicate on a Jasco J810 circular dichroism spectropolarimeter
with 2 μM protein in the same buffer as the fluorescence
measurements. The raw data were averaged and converted to
mean residue ellipticity, [θ] (degrees square centimeters per
decimole) using the following equation:#tab;
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where θ is the measured ellipticity (millidegrees), C is the
protein concentration (millimolar), n is the number of residues,
and l is the path length (centimeters).
Equilibrium Unfolding and Refolding. Equilibrium

unfolding experiments were conducted by mixing 1 μM protein

[20 mM phosphate buffer (pH 7.4) with 150 mM NaCl, 2 mM
EDTA, and 0.02% sodium azide] with 0−8 M urea. Refolding
was initiated by diluting 10 μM protein in 8 M urea into 1−7.8
M urea with a final protein concentration of 1 μM. All solutions
were prepared in triplicate and allowed to equilibrate for 30
min before the structure of the proteins was probed using
fluorescence spectroscopy (λex = 280 nm; λem = 342 nm) and
circular dichroism at 222 nm.

Unfolding Kinetics. Unfolding kinetics were measured by
intrinsic fluorescence using a stopped-flow instrument (Applied
Photophysics SX-18MV). Excitation was at 280 nm, and
emission was collected using a 320 nm long-pass filter. Final
protein concentrations were 1 μM, and the urea concentration
was varied from 5.5 to 8 M in 20 mM phosphate buffer (pH
7.4) with 150 mM NaCl, 2 mM EDTA, and 0.02% sodium
azide. At least three traces were recorded and averaged at each
urea concentration, and the data were fit to single- or double-
exponential equations in SigmaPlot version 11.0. The depend-
ence of the observed rate constants on urea concentration was
fit to the following equation:
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where ku is the observed unfolding rate constant, ku
H2O is the

unfolding rate constant in the absence of urea, and mu
⧧ is the m

value for the unfolding of the native state to form the transition
state.

Hydrogen−Deuterium Exchange Mass Spectrometry.
For the on-exchange reactions, 10 μL of reduced or S-
nitrosated GSTP1-1 at a concentration of 8 mg/mL [20 mM
phosphate buffer (pH 7.4) with 150 mM NaCl, 2 mM EDTA,
and 0.02% sodium azide] was diluted with 40 μL of 100% D2O
at 20 °C for 10, 15, 30, 100, 300, or 3600 s before the
simultaneous quench, reduction, and proteolysis as previously
described.27 Ice-cold quench buffer was added in an equal
volume to the reaction buffer and contained 1 mg/mL pepsin
(Sigma), 100 mM TCEP, and 2 M guanidinium chloride. For
the fully deuterated control, deuteration was conducted
overnight and the buffer was supplemented with 0.02% formic
acid. The nondeuterated control experiment was performed as
described above except MilliQ H2O was used in place of D2O.
Following addition of the quench buffer, proteolysis was
allowed to proceed for 5 min before the samples were injected
onto an Aeris PEPTIDE 3.6 μm XB-C18 RP column
(Phenomenex), submerged in ice, coupled to an AB SCIEX
QSTAR Elite mass spectrometer via a six-port switching valve.
Peptides were eluted at a rate of 300 μL/min with a linear
acetonitrile gradient (5 to 95%) over 15 min. Initial peptide
identification was performed using collision-induced dissocia-
tion (CID) in information-dependent acquisition (IDA) mode,
and all subsequent samples were analyzed in MS mode. All
reactions were performed in duplicate. The initial peptide pool
was sequenced using PEAKS 6 (Bioinformatics Solutions Inc.),
and deuterium exchange data were processed using HDExa-
miner 1.3 (Sierra Analytics).

■ RESULTS
S-Nitrosation of GSTP1-1 in Vitro. GSTP1-1 S-nitrosated

at Cys47 and Cys101 exists in vivo19−21 and has previously been
generated in vitro.22,28 Here, we produced S-nitrosated GSTP1-
1 by reaction with GSNO, the most prominent physiological
transnitrosation agent.29 S-Nitrosation was confirmed by ESI-
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MS,30 and the stoichiometry of nitrosation was determined by
UV absorption to be 2 ± 0.1 S-nitrosothiols per subunit,
consistent with previous reports. Cys101 of GSTP1-1 has been
identified as an unusually long-lived S-nitrosocysteine in vivo.19

We produced GSTP1-1 Cys101-NO by saturating the protein

with glutathione sulfonate (GSO3
−) before reaction with

GSNO. GSO3
− binds the active site and prevents Cys47

nitrosation by inducing the closed state of α2,30 resulting in an
S-nitrosation stoichiometry of 1.2 ± 0.1 per subunit. In all
subsequent experiments, GSTP1-1 Cys101-NO was compared

Figure 1. S-Nitrosation does not substantially alter the structure of GSTP1-1. (A) Dimeric human GSTP1-1 (PDB entry 6GSS). The sites of
nitrosation, Cys47 and Cys101, are indicated (magenta), as are the locations of Trp28 and Trp38, the two tryptophan residues in each subunit
(cyan). The inset shows the active site of GSTP1-1 showing the glutathione binding site and packing of Cys47. Glutathione (GSH, magenta sticks)
does not interact directly with Cys47 of the protein, nor does the cysteine thiol participate in catalysis. Packing of Cys47 into a hydrophobic pocket
(blue surface) maintains the conformation of helix α2 and the GSH binding site. (B) Circular dichroism spectra for reduced and S-nitrosated
GSTP1-1. The raw data were converted to mean residue ellipticity (MRE) as described in Experimental Procedures. (C) Fluorescence spectra of
reduced and S-nitrosated GSTP1-1 with a λex of 280 nm.

Figure 2. S-Nitrosation reduces the unfolding cooperativity in domain 1 of GSTP1-1. Urea-induced unfolding of reduced GSTP1-1 (●) and S-
nitrosated variants (○) monitored by tryptophan fluorescence with a λex of 280 nm (A and C) and circular dichroism at 222 nm (B and D). Data
points are the average of three replicates.
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to reduced GSTP1-1 saturated with GSO3
−, to control for the

presence of the ligand.
S-Nitrosation Severely Impairs the Enzyme Activity

but Does Not Substantially Alter the Structure of
GSTP1-1. GSTP1-1 catalyzes the conjugation of reduced
glutathione to a variety of drugs and toxins, including several
chemotherapeutic agents. Although neither Cys47 nor Cys101
is directly involved in catalysis, Cys47 is thought to contribute
to maintaining the conformation of the active site by interacting
with a hydrophobic pocket in domain 1 (Figure 1A) and, in the
thiolate form, with Lys54.31 Cys101 is highly solvent-exposed,
and the Cys101 thiol does not appear to make any stabilizing
interactions with the rest of the protein. The enzyme activity of
reduced and S-nitrosated GSTP1-1 was evaluated using the
standard CDNB/GSH conjugation assay.24 S-Nitrosation at
Cys47 and Cys101 caused a 94% decrease in the specific
activity of the enzyme, from 96 μmol min−1 mg−1 (reduced) to
6 μmol min−1 mg−1 (Cys47/Cys101-NO).
We used several spectroscopic methods to probe the effect of

S-nitrosation on the structure of GSTP1-1 in solution. Circular
dichroism spectra are similar for reduced and S-nitrosated
GSTP1-1, although a small decrease in the level of α-helical
structure is apparent for the Cys47/Cys101-NO and Cys101-
NO proteins (Figure 1B). Steady-state fluorescence (λex = 280
nm) shows substantial quenching of tryptophan fluorescence
for Cys47/Cys101-NO GSTP1-1 (Figure 1C). This quenching
effect is most likely due to Förster resonance energy transfer
between the two tryptophan residues in each subunit (Trp28
and Trp38) and Cys47-NO (Figure 1A)32 and does not
necessarily indicate a structural change in the vicinity of the
tryptophans. In support of this interpretation, no significant
shift in the maximal emission wavelength is apparent.
Acrylamide quenching was used to compare the accessibility
of tryptophan residues in reduced and S-nitrosated GSTP1-1.
Within error, the effective quenching constants (KQ) for

reduced (1.7 ± 0.4 M−1) and Cys101-NO (1.8 ± 0.5 M−1)
GSTP1-1 are identical, and very similar to that reported
previously.33,34 The KQ for quenching of Cys47/Cys101-NO
GSTP1-1 (2.8 ± 0.3 M−1) is slightly elevated, however,
suggesting that one or both tryptophans are more solvent-
exposed in the S-nitrosated protein.

S-Nitrosation Reduces the Unfolding Cooperativity in
Domain 1 of GSTP1-1. To investigate the effect of S-
nitrosation on the stability of GSTP1-1, we monitored the
unfolding equilibrium of the protein using circular dichroism
and fluorescence spectroscopy (Figure 2). The majority of the
helical structure of GSTP1-1 is located in domain 2, while both
tryptophan residues are in domain 1 (Figure 1A). CD ellipticity
at 222 nm is therefore primarily a probe of domain 2 unfolding,
while tryptophan fluorescence reports on the unfolding of
domain 1.35 Neither S-nitrosation at Cys47 and Cys101 nor S-
nitrosation at Cys101 alone affects the unfolding of domain 2 of
GSTP1-1 (ellipticity at 222 nm) (Figure 2B,D). S-Nitrosation
does, however, significantly influence the unfolding equilibrium
of domain 1. While the unfolding of the reduced protein shows
a sigmoidal, cooperative transition, the profile for Cys47/
Cys101 nitrosated GSTP1-1 is almost linear (Figure 2A). The
dependence of unfolding on denaturant concentration (m
value) is therefore significantly decreased. This implies that S-
nitrosation at both cysteines severely impairs the cooperativity
of unfolding of domain 1 and reduces the change in solvent
accessible surface area upon unfolding.36 In addition, the
starting point of the unfolding curve is higher for the modified
protein, but the denaturation end point is lower than that for
reduced GSTP1-1. S-Nitrosation of GSTP1-1 may therefore
result in a partially unfolded “native” state that fails to unfold to
the same degree as the reduced protein, even at high denaturant
concentrations. This observation is supported by acrylamide
quenching experiments in 8 M urea. While the tryptophans of
reduced GSTP1-1 in the denatured state are completely

Figure 3. S-Nitrosation of GSTP1-1 introduces a refolding defect. Urea-induced unfolding (●) and refolding (○) of GSTP1-1 and S-nitrosated
variants monitored by tryptophan fluorescence with a λex of 280 nm (A and C) and circular dichroism at 222 nm (B and D). (A and B) Cys47/
Cys101-NO and (C and D) Cys101-NO. Data points are the average of three replicates.
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accessible to quencher, the Lehrer plot for the S-nitrosated
protein indicates that 34% of its tryptophan fluorescence is
inaccessible to quenching by acrylamide. The denatured state of
S-nitrosated GSTP1-1 is therefore unusually compact.
Similar to double nitrosation at Cys47 and Cys101, Cys101

nitrosation results in a less cooperative unfolding transition for
domain 1 of GSTP1-1 (Figure 2C). In addition, the starting
and ending points of the curve suggest that the modified
protein is partially unfolded initially but retains more “folded”
character than the unmodified protein when denaturation is
complete. This effect is much less pronounced, however, than
for Cys47/Cys101-NO GSTP1-1.
Because of refolding hysteresis (discussed below), the

unfolding transitions in Figure 2 could not be fit to a model
for equilibrium unfolding.
S-Nitrosation Causes a Refolding Defect in GSTP1-1.

We examined the refolding equilibrium of reduced and S-
nitrosated GSTP1-1 using circular dichroism and fluorescence
spectroscopy (Figure 3). Unlike the reduced protein, which
unfolds and refolds reversibly (not shown), S-nitrosated
GSTP1-1 refolds defectively. Domain 1 of Cys47/Cys101-
NO GSTP1-1 (monitored by fluorescence) refolds reversibly
(Figure 3A). Circular dichroism measurements, however, reveal
hysteresis in domain 2 refolding (Figure 3B). The shallow slope
of the refolding transition suggests that domain 2 folds less
cooperatively than it unfolds and implies a smaller change in
solvent accessible surface area upon folding.36 Despite the
hysteresis, the native state is essentially completely recovered at
low urea concentrations.
While circular dichroism measurements suggest that the α-

helical structure of Cys101-NO GSTP1-1 is completely and
reversibly recovered upon dilution of the denaturant (Figure
3D), folding hysteresis is detected by tryptophan fluorescence
(Figure 3C). The hysteresis is apparent from approximately 4
M urea (the midpoint of the unfolding transition), with the
folding transition displaying a slope that is shallower than that
for unfolding. In addition, the fluorescence signal, and therefore
the structure of domain 1, is not completely recovered at low
urea concentrations. Light scattering data (not shown) suggest
that the hysteresis and lack of recovery of the native state are
not the result of protein aggregation.
S-Nitrosation Alters the Unfolding Pathway of GSTP1-

1. Equilibrium unfolding experiments demonstrate that S-
nitrosation severely destabilizes domain 1 of GSTP1-1. To
further understand the effect of S-nitrosation on the unfolding
of the protein, we measured unfolding kinetics using a stopped-
flow instrument (Figure 4). Structural changes were followed
by intrinsic fluorescence, thereby focusing on the local
environment of Trp28 and Trp38 in domain 1 (Figure 1A).
The unfolding of the reduced protein shows two phases: a

positive amplitude burst phase followed by a negative
amplitude phase (Figure 4A). The positive amplitude phase
has previously been attributed to the unfolding of helix 2.35

This burst phase is largely unresolved, with approximately 1%
of the signal captured, and was therefore excluded from the fit.
In contrast, the negative amplitude phase is well-defined and
was fit to a single-exponential decay function. The unfolding of
reduced GSTP1-1 in complex with GSO3

− follows kinetics very
similar to those of the apoenzyme.
The S-nitrosated isoforms of GSTP1-1 show unfolding

kinetics substantially different from those of the reduced
proteins (Figure 4A). In contrast to the positive amplitude
burst phase and negative amplitude slow phase of the reduced

proteins, both Cys47/Cys101-NO and Cys101-NO GSTP1-1
show only positive amplitude phases. These events occur on a
time scale much longer than that of the burst phase for the
reduced proteins, and only a small proportion of the signal is
not captured. While the unfolding of Cys101-NO GSTP1-1 fits
well to a single-exponential function, the unfolding kinetics of
Cys47/Cys101-NO GSTP1-1 are better described by a double-
exponential function.
To characterize the unfolding kinetics further, the rate

constants for the resolvable phases of unfolding were
determined as a function of urea concentration (Figure 4B).
Because the S-nitrosated and reduced proteins do not appear to
follow the same unfolding pathway (Figure 4A), the constants
reported in Table 1 are not necessarily for the same structural
events and therefore cannot be directly compared. The data are
nonetheless informative with regard to the character of the
individual phases. For the reduced proteins, GSO3

− binding
does not significantly alter the kinetic cooperativity (m value).
However, the ligand does appear to stabilize the native state of
domain 1 of the reduced protein, which is evident in the 25-fold
decrease in ku

H2O, consistent with previous work.35 The
unfolding of Cys101-NO GSTP1-1 is monophasic and different

Figure 4. S-Nitrosation alters the unfolding pathway of GSTP1-1. (A)
Fluorescence transients after mixing 1 μM reduced or S-nitrosated
GSTP1-1 with 8 M urea: reduced (black), Cys47/Cys101-NO (red),
reduced with GSO3

− (green), and Cys101-NO (blue). Fluorescence
transients for the protein mixed with buffer only are shown with
dashed lines. λex = 280 nm, and λem = 342 nm. For the reduced
proteins (apo and liganded), the first phase (rapid increase in
fluorescence) occurred too rapidly to be well resolved and only the
second phase (slow decrease in fluorescence) was fit to a single-
exponential decay function. The unfolding transient for Cys47/
Cys101-NO was fit to a double-exponential function, while the
transient for Cys101-NO fit well to a single-exponential function. (B)
Urea dependence of the observed unfolding rate constants for the
proteins in panel A. The data were fit to a linear function as described
in Experimental Procedures, and the fit parameters are listed in Table
1. Data points are the average of three replicates, and error bars
represent the standard deviation.
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from that of the reduced proteins. The large mu
⧧ and small ku

H2O

indicate that this phase represents the highly cooperative
unfolding of a stable structural element in domain 1. The two
phases (fast and slow) in the unfolding of Cys47/Cys101-NO
GSTP1-1 are both characterized by a very low mu

⧧ and a high
ku
H2O. In contrast to Cys101-NO GSTP1-1, this suggests the
unfolding of an unstable structural element that experiences a
small change in solvent accessible surface area between the
native and transition states.
S-Nitrosation Increases the Conformational Dynamics

of GSTP1-1. To rationalize the effect of S-nitrosation on the
stability and activity of GSTP1-1, the dynamics of the reduced
and modified proteins were probed using amide hydrogen−
deuterium exchange mass spectrometry (DXMS) (Figure 5). In
both reduced and S-nitrosated GSTP1-1, α2 rapidly exchanges
nearly all of its amide protons. This is consistent with NMR
data that showed that α2 is largely disordered above 17 °C37

and therefore poorly protected from deuterium exchange. In
contrast, the helical bundle comprising domain 2 is relatively
stable in both proteins, in agreement with DXMS data for class
mu GSTM1-138 and the GST homologue CLIC1.39

The deuteration difference map and peptide deuteration
kinetics reveal substantial differences in amide hydrogen
exchange behavior between reduced and S-nitrosated GSTP1-
1 (Figure 6 and Figures S1 and S2 of the Supporting
Information). Although α2 is equally susceptible to deuteration
in both proteins, the rest of domain 1 is significantly more
dynamic in S-nitrosated GSTP1-1. Specifically, strands β1−β3,
helices α1 and α3, and the apex of helix α8 all show higher
levels of deuteration in the modified protein over 10−3600 s.

The exception to this trend is part of the peptide that includes
S-nitrosated Cys47 (residues 37−47), which exchanges fewer
deuterons than in the reduced protein, suggesting that this
region is locally protected from deuterium exchange. The
dynamics of domain 2 are also affected by S-nitrosation,
particularly over longer time scales (>30 s), evident in the
increased level of deuteration of α4, α5, and α7. Together, the
DXMS data show that S-nitrosation at Cys47 and Cys101
destabilizes both domain 1 and domain 2 of GSTP1-1.

■ DISCUSSION

S-Nitrosation is a post-translational modification with a wide
range of substrates and clear physiological relevance. Despite
this, the molecular mechanisms by which this cysteine
modification effects changes in protein function remain poorly
understood. Here, we investigated the effect of S-nitrosation on
the activity, stability, structure, and dynamics of GSTP1-1, with
the aim of understanding how the activity of this ubiquitous
enzyme is regulated. We found that S-nitrosation destabilizes
GSTP1-1, causing domain 1 of the protein to unfold with low
cooperativity and introducing a global refolding defect.
S-Nitrosation was previously observed to reduce the activity

of GSTP1-1 in vitro by 30%.22 We observed a substantially
larger reduction in activity (94%), possibly due to the fact that
we nitrosated the protein at 37 °C instead of 25 °C, resulting in
a larger proportion of the population of the protein being
modified.30 Despite the significant decrease in enzyme activity,
our spectroscopic analyses revealed little structural difference
between the S-nitrosated and reduced isoforms, except for a
small reduction in α-helical content and a change in acrylamide

Table 1. Kinetic Constants for the Unfolding of Reduced and S-Nitrosated GSTP1-1

reduced reduced with GSO3
−

Cys101-NO (with
GSO3

−)
Cys47/Cys101-NO, fast

phase
Cys47/Cys101-NO, slow

phase

ku
H2O (s−1) (5 ± 2) × 10−5 1.8 × 10−6 ± 6 × 10−7 (3 ± 2) × 10−8 0.21 ± 0.11 0.04 ± 0.02
mu

⧧ (kcal mol−1 M−1) 0.62 ± 0.04 0.81 ± 0.04 1.3 ± 0.1 −0.07 ± 0.06 −0.06 ± 0.08

Figure 5. Conformational dynamics of reduced and S-nitrosated GSTP1-1 probed by DXMS. The percentages of deuteration of (A) reduced and
(B) S-nitrosated GSTP1-1 after 100 s are mapped onto the structure of a single subunit of the protein (PDB entry 6GSS). The highly dynamic α2
helix is indicated, as are the S-nitrosation target cysteines (C47 and C101) and the dominant fluorophores (W28 and W38).
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quenching behavior (Figure 1). Cys47 does not participate
directly in catalysis,40 but chemical modification of the thiol
impairs the activity of the enzyme.41−43 Our DXMS data
suggest that S-nitrosation at this residue inactivates GSTP1-1
by substantially increasing the dynamics of the active site
(Figures 5 and 6).
Equilibrium unfolding experiments showed, strikingly, that S-

nitrosation significantly reduces the unfolding cooperativity of
GSTP1-1 (Figure 2). This indicates that the modification
decreases the difference in solvent accessible surface area
between the native and denatured states.36 Acrylamide
quenching experiments in 8 M urea support this by suggesting
that the denatured state of S-nitrosated GSTP1-1 retains
significant residual structure. Furthermore, data for the
unfolding kinetics show that S-nitrosated GSTP1-1 unfolds
quickly (high ku

H2O) and via a low-energy transition state (low
mu

⧧) (Figure 4). Together, these data indicate that S-nitrosation
at Cys47 and Cys101 smoothes the unfolding energy landscape
of GSTP1-1.
Trp28 is the dominant fluorophore of GSTP1-1, contributing

70% of the fluorescence signal.44 Unlike Trp38, which is
solvent-exposed even in the native state because of its position
on the highly dynamic α2, Trp28 is relatively solvent
inaccessible in reduced GSTP1-1 (Figure 6). This is consistent
with the cooperative transition observed when the unfolding of

the reduced protein is probed by tryptophan fluorescence; as
the protein unfolds, the buried Trp28 becomes solvent-exposed
in a concerted manner. The very low unfolding cooperativity of
S-nitrosated GSTP1-1 is explained by our DXMS experiments,
which reveal that the local environment of Trp28 becomes less
ordered and more solvent accessible upon S-nitrosation
(Figures 5 and 6). S-Nitrosation appears to substantially
destabilize domain 1 of GSTP1-1 (proximal to Trp28 and -38),
resulting in a partially disordered state that unfolds with low
kinetic and thermodynamic cooperativity.
In addition to destabilizing domain 1, S-nitrosation increases

the conformational flexibility of parts of domain 2, which is
particularly stable in reduced GSTP1-1 (Figures 5 and 6). This
is most apparent at longer deuteration times (>30 s), indicating
that the conformational transitions that expose the amide
hydrogens in domain 2 are much slower than those associated
with domain 1. The increased dynamics of domain 2 may alter
the folding energy landscape of S-nitrosated GSTP1-1,
potentially explaining the low refolding cooperativity of this
domain (Figure 3).
S-Nitrosation at Cys47 is disfavored whenever the G-site of

GSTP1-1 is occupied,30 for example, by GSH, glutathione
disulfide, or the dinitrosyl−diglutathionyl−iron complex.45 In
addition, Cys47-NO is highly susceptible to denitrosation by
GSH.30 These factors are consistent with the low level of

Figure 6. S-Nitrosation increases the conformational flexibility of GSTP1-1. The percentage differences in deuteration between reduced and S-
nitrosated GSTP1-1 after 100 s are mapped onto the structure of dimeric GSTP1-1 (PDB entry 6GSS), calculated as the percentage of deuteration
(S-nitrosated) minus the percentage of deuteration (reduced). Red coloring indicates that the level of deuterium exchange is higher for the nitrosated
protein, while blue coloring indicates that the level of deuterium exchange is higher for the reduced protein. Helices α1−α8 are labeled, and the
target cysteines (Cys47 and Cys101) are shown as sticks. The deuteron uptake plots compare deuteron incorporation of reduced (●) and S-
nitrosated (○) GSTP1-1 over time for representative peptides. Lines through the points are guides for the eye only. The plots are scaled according
to the maximal number of exchangeable amide hydrogens for that peptide, assumed to equal the number of non-proline residues in the peptide
minus the first two residues, which are subject to rapid back exchange.
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Cys47-NO GSTP1-1 observed in vivo (3−55% depending on
the concentration of the NO donor).21 S-Nitrosation at Cys47
is therefore only likely to occur under conditions of oxidative
stress, when GSH concentrations are low and NO donors
(GSNO and CysNO) are more abundant.20 Cys101-NO of
GSTP1-1 is relatively kinetically resistant to denitrosation by
GSH30 and unusually persistent in vivo.19 We therefore also
analyzed the stability and unfolding of Cys101-NO GSTP1-1,
prepared by saturating the protein with GSO3

− prior to S-
nitrosation with GSNO. GSO3

− binds the G-site of GSTP1-1,
biasing the closed state of α237 and preventing S-nitrosation of
Cys47.30 S-Nitrosation at Cys101 reduces the cooperativity of
unfolding of domain 1 of GSTP1-1, although not to the same
extent as the fully nitrosated protein (Figure 2). It also
introduces a refolding defect in the same domain, preventing
the full recovery of the native state (Figure 3). In contrast to S-
nitrosation at both cysteines, Cys101 nitrosation stabilizes the
protein kinetically (Figure 4). This kinetic stabilization may
compensate in vivo for the apparent thermodynamic destabi-
lization and refolding defect. Although S-nitrosation at Cys101
alone does not affect the enzymatic activity of GSTP1-1,22 it
may affect the ability of GSTP1-1 to inhibit c-jun N-terminal
kinase46 or bind peroxiredoxin.47

GSTP1-1 is tightly regulated by S-nitrosation. GSNO
spontaneously and rapidly S-nitrosates Cys47 when α2 is in
its open conformation,30 thereby introducing local disorder,
destabilizing domain 1, and smoothing the unfolding energy
landscape. Cys101 is nitrosated more slowly but persists in
vivo,19,30 introducing a refolding defect but kinetically
stabilizing GSTP1-1. This work elucidates the regulation of
GSTP1-1 by S-nitrosation at a molecular level, contributing to a
general understanding of how cysteine S-nitrosation controls
protein stability and activity.
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