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Background: S-Nitrosation is an emerging post-translational modification that is not yet well understood on a molecular
level.
Results:We propose a mechanism for S-nitrosation of glutathione transferase P1-1 by S-nitrosoglutathione.
Conclusion: Cys101 is nitrosated in a single step, but Cys47 nitrosation is limited by the rate of helix 2 opening.
Significance:Detailing themechanism of spontaneous transnitrosation is crucial to understanding howprotein S-nitrosation is
controlled.

S-Nitrosation is a post-translational modification of protein
cysteine residues, which occurs in response to cellular oxidative
stress. Although it is increasingly being linked to physiologically
important processes, the molecular basis for protein regulation
by this modification remains poorly understood. We used tran-
sient kinetic methods to determine a minimal mechanism for
spontaneous S-nitrosoglutathione (GSNO)-mediated transni-
trosation of human glutathione transferase (GST) P1-1, a major
detoxification enzyme and key regulator of cell proliferation.
Cys47 of GSTP1-1 is S-nitrosated in two steps, with the chemical
step limited by a pre-equilibrium between the open and closed
conformations of helix�2 at the active site. Cys101, in contrast, is
S-nitrosated in a single step but is subject to negative coopera-
tivity due to steric hindrance at the dimer interface. Despite the
presence of a GSNO binding site at the active site of GSTP1-1,
isothermal titration calorimetry as well as nitrosation experi-
ments using S-nitrosocysteine demonstrate that GSNO binding
does not precede S-nitrosation of GSTP1-1. Kinetics experi-
ments using the cellular reductant glutathione show that
Cys101-NO is substantially more resistant to denitrosation than
Cys47-NO, suggesting a potential role for Cys101 in long term
nitric oxide storage or transfer. These results constitute the first
report of the molecular mechanism of spontaneous protein
transnitrosation, providing insight into the post-translational
control of GSTP1-1 as well as the process of protein transnitro-
sation in general.

S-Nitrosation is a post-translational modification resulting
from the covalent linkage of nitric oxide (NO) to cysteine thiols.
The experimentally verified S-nitrosoproteome is rapidly
increasing (1) and S-nitrosation is recognized to control a num-
ber of important physiological processes such as vascular
homeostasis (2), autophagy (3), the innate immune response

(4), and a spectrum of other post-translational modifications
(5). Unsurprisingly, dysregulation of protein S-nitrosation has
been associated with several diseases, including neurodegen-
erative disorders, various cancers, and diabetes (reviewed in
Ref. 6).
S-Nitrosothiols are formed either by the direct, diffusion

controlled reaction between the thiyl radical and NO (7) or via
the intermediate N2O3 (8). Several enzymes have been identi-
fied as catalysts of protein S-nitrosation reactions (reviewed in
Ref. 9). However, the cellular abundance of GSH (10) means
that S-nitrosoglutathione (GSNO)2 is the major S-nitrosothiol
in vivo (11) and therefore spontaneous transnitrosation of pro-
tein thiols by GSNO is a significant route for protein S-nitrosa-
tion. In support of this, cellular GSNO appears to be in equilib-
rium with protein-SNOs, with an increase in GSNO levels
leading to increased protein S-nitrosation (12). In addition,
GSNO treatment causes widespread S-nitrosation of yeast pro-
teins (13) and GSNO is commonly used to stimulate S-nitrosa-
tion of purified protein in vitro.
Rates of transnitrosation by GSNO or other NO donors have

been measured for small molecule thiols (14), bovine serum
albumin (15), hemoglobin (16), and thioredoxin (17). However,
the kinetic mechanism of transnitrosation has yet to be
reported for any protein. Because protein S-nitrosation is
largely not under enzymatic control, elucidating possible
mechanisms of spontaneous GSNO-mediated transnitrosation
is crucial to understanding how S-nitrosation is controlled, as
well as targeted to specific cysteines.
Human glutathione transferase P1-1 is a well characterized

detoxification enzyme that also functions to regulate cell pro-
liferation by inhibiting c-Jun N-terminal kinase (18). GSTP1-1
S-nitrosated at cysteines 47 and 101 has previously been discov-
ered in vivo (19–21) and produced in vitro (22, 23). The modi-
fication is highly disruptive, significantly impairing the catalytic
activity of the enzyme (22). Here, we establish aminimal mech-
anism for GSTP1-1 transnitrosation and denitrosation at both
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Cys47 and Cys101. This model gives new insight into the post-
translational control of GSTP1-1 activity, as well as protein
transnitrosation reactions in general.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and S-Nitrosation—The
pET-15b vector encoding N-terminal His6-tagged GSTP1-1
was a kind gift from S. Y. Blond (Centre for Pharmaceutical
Biotechnology, University of Illinois, Chicago, IL). His6-
GSTP1-1was expressed inEscherichia coliT7 cells and purified
by Co2� affinity chromatography as described previously (24).
C47S, C101S, and C47S/C101S mutant GSTP1-1 were pre-
pared by site-directed mutagenesis and purified identically to
the wild-type protein. S-Nitrosated GSTP1-1 was prepared by
mixing fully reduced protein with a 50-fold molar excess of
GSNO or CysNO at 37 °C for 1 h. Excess nitrosating agent was
removed by dialysis or buffer exchange. S-Nitrosation stoichi-
ometry was determined by UV-difference spectroscopy as
described in Ref. 22 based on an S-NO extinction coefficient of
750 M�1 cm�1 at 330 nm.
Synthesis of GSNO and CysNO—GSNO and CysNO were

synthesized as described previously (25) and frozen in aliquots
at �80 °C. SNO concentrations were determined by UV
absorbance and confirmed after thawing. Solutions were pro-
tected from light throughout subsequent experiments to limit
photolysis of the S-NO bond (26).
Steady-state Fluorescence—Steady-state fluorescence mea-

surements were performed on a Jasco FP-6300 fluorimeter.
Excitation was at 280 nm and emission light was collected at
342 nm. Equilibrium titrations were performed by measuring
the fluorescence intensity of 2 �M S-nitrosated protein pre-
pared as described above but with varying concentrations of
GSNOorCysNO.The fluorescence intensities showed a hyper-
bolic dependence on reagent concentration, with the exception
of the reaction between GSNO and C47S GSTP1-1, which fit
better to a Hill equation with n � �0.5.
Kinetics Experiments—Kinetics of GSTP1-1 nitrosation or

denitrosation weremeasured by following the change in intrin-
sic protein fluorescence using an SX-18MV stopped-flow
instrument (Applied Photophysics). Excitation was at 280 nm
and emission light was collected using a 320-nm long-pass fil-
ter. Final protein concentrations were 1�M and all experiments
were performed in 20mM phosphate buffer with 150mMNaCl,
2 mM EDTA, and 0.02% NaN3. At least three traces were
recorded and averaged at each ligand concentration.�2 unfold-
ing rates were measured under the same conditions by follow-
ing the initial increase in protein fluorescence followingmixing
with 7.5 M urea (27).
Kinetic Data Analysis—Fluorescence transients for C101S or

C47S GSTP1-1 nitrosation were fit to a double-exponential
function using SigmaPlot version 11.0 or the stopped-flow
instrument software. The second exponent was fixed to the kobs
value from a single-exponential fit of the fluorescence transient
for the reaction of C47S/C101S GSTP1-1 with GSNO. In this
way, the kinetics data of the single mutants were corrected for
the slow, substoichiometric S-nitrosation at the third site. The
first exponent from the fits is subsequently reported here as the
kobs for Cys47 nitrosation (C101Smutant) or Cys101 nitrosation

(C47S mutant). The quality of the fits was judged by inspection
of the residuals.
The data for Cys101 nitrosation were fit to Equation 1, for a

single-step reaction.

kobs � k�NO
cys-101 � k�NO

cys-101[GSNO] (Eq. 1)

For S-nitrosation at Cys47 at all temperatures, the data were fit
to Equation 2, for a two-step reaction following a conforma-
tional selection mechanism.

kobs �
kopen

1 �
kclosed

k � NO
Cys-47[GSNO]

�
k � NO

Cys-47

1 �
k � NO

Cys-47[GSNO]

kclosed

(Eq. 2)

kopen and kclosed are the forward and reverse rate constants for the
pre-nitrosation conformational equilibrium, and k�NO

Cys-47 and
k�NO
Cys-47 are the rate constants for Cys47 nitrosation and denitrosa-
tion, respectively.
The data for GSH-mediated denitrosation at either

Cys47-NO or Cys101-NO were fit to Equation 3, describing a
single-step denitrosation dependent on GSH concentration.

kobs � k�NO � k � NO
GSH [GSH] (Eq. 3)

The temperature dependence of Cys47 nitrosation or �2
unfolding was analyzed using an Eyring plot generated from
Equation 4 (28).

ln� kh

kBT� � ��
�H‡

R ��1

T� �
�S‡

R
(Eq. 4)

Where k is the nitrosation rate constant, h is Planck’s constant,
kB is the Boltzmann constant, T is absolute temperature, and R
is the universal gas constant.�H‡ was calculated from the slope
of a plot of the left-hand side of Equation 4 against 1/T.�S‡ was
determined from Equations 5 and 6.

�G‡ � �RT ln�kh

kBT� (Eq. 5)

�S‡ �
�H‡ � �G‡

T
(Eq. 6)

Isothermal Titration Calorimetry—ITC experiments were
performed using a MicroCal VP-ITC instrument. 9.4 mM

GSNO or 2mMGSO3
� in the syringe was injected into the sam-

ple cell containing 61.4 �M (C47S/C101S) or 114 �M (C101S)
protein in 20 mM phosphate buffer with 150 mM NaCl, 2 mM

EDTA, and 0.02%NaN3. The temperature was kept constant at
37 °C to match the kinetics experiments. Data were analyzed
using Origin 7.0 (MicroCal).

RESULTS

GSTP1-1 S-Nitrosation Probed by Tryptophan Fluorescence—
GSTP1-1 S-nitrosated at cysteines 47 and 101 has previously
been discovered in vivo (19–21) and produced in vitro (22, 23)
by reaction with GSNO. Here, we generated a series of cysteine
mutantswith the aimof examining the kinetics of nitrosation of
GSTP1-1 in detail. Reaction of wild-type GSTP1-1 with GSNO
or CysNO resulted in S-nitrosated protein with a stoichiometry
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of 2 � 0.1 S-nitrosothiols per subunit, consistent with previous
reports. Furthermore, mutation of either Cys47 or Cys101 to
serine reduced the number of S-nitrosocysteines to 1.2 � 0.1
per subunit. Surprisingly, we also detected a substoichiometric
(0.3 � 0.1/subunit) S-nitrosation of C47S/C101S double
mutantGSTP1-1. The identity of the third S-nitrosation site (or
sites) is unclear, but may represent S-nitrosation at another
cysteine, or even nitration of tryptophan or tyrosine residues
(29). Electrospray ionization-mass spectrometry did not sug-
gest the presence of any additional modifications such as S-glu-
tathionylation (data not shown), consistent with themass spec-
trometric analysis of Lo Bello et al. (22). This alternate
nitrosation event is unlikely to be physiologically interesting
because it has not been detected in vivo, affects only a minor
subpopulation of protein and occurs with very slow kinetics
(Figs. 1C and 2B). We therefore corrected all kinetics data for
S-nitrosation at the alternate site, as described under “Experi-
mental Procedures.” In this way, only S-nitrosation at Cys47
(C101S mutant) or Cys101 (C47S mutant) were studied.
Cys101, andCys47 especially, are located close to the two tryp-

tophan residues (Trp28 and Trp38) in domain 1 of GSTP1-1
(Fig. 1A). These residues provide a convenient probe of S-nitro-
sation, as the modification results in significant quenching of
intrinsic protein fluorescence, probably due to FRET between

the indole ring and S-NO moiety (30) (Fig. 1B). Equilibrium
fluorescence titrations ofwild-type andmutantGSTP1-1 reveal
that both Cys47 and Cys101 are S-nitrosated with relatively low
affinity (lowmicromolar KD values) by either GSNO or CysNO
(Fig. 1C and Table 1). The equilibrium titration of Cys101 with
GSNO shows some evidence of negative cooperativity, with the
data better described by a Hill equation with n � �0.5. This is
discussed below with reference to Fig. 6. Consistent with the
kinetics data in Fig. 2B, the alternate nitrosation site (C47S/
C101S mutant) has a KD 10-fold higher than either of the
canonical sites.
The quenching of tryptophan fluorescence upon S-nitrosa-

tion of GSTP1-1 was used to probe the kinetics of the modifi-
cation at Cys47 andCys101. Representative transients frommix-
ing 500 �M nitrosating agent with 1 �M protein reveal distinct
differences between the rates and amplitudes of nitrosation at
Cys47 and Cys101 (Fig. 2B). S-Nitrosation at Cys47 occurs more
rapidly and produces a larger fluorescence change than at
Cys101, whereas changing the nitrosation agent to CysNO
results in even faster reaction kinetics. To demonstrate that the
kinetics of nitrosation of the Cys-mutant GSTP1-1 reliably
reports on the reactions of the wild-type protein, the fluores-
cence transient for wild-type GSTP1-1 mixed with GSNO was
fit to a triple-exponential function (Fig. 2C). By fixing the three

FIGURE 1. Fluorescence equilibrium titration of cysteine mutants of GSTP1-1 with GSNO. A, representation of dimeric human GSTP1-1 (Protein Data Bank
code 6GSS). The sites of nitrosation, Cys47 and Cys101, are indicated (pink). Trp28 and Trp38 (cyan) are probes of the nitrosation events. B, quenching of
fluorescence upon reacting 2 �M wild-type and mutant GSTP1-1 with 100 �M GSNO at 37 °C for 1 h. Reduced (cyan), wild-type (black), C101S (green), C47S (red),
C47S/C101S (blue) are indicated (�ex � 280 nm). C, 2 �M protein was titrated with increasing amounts of GSNO and equilibrated for 1 h at 37 °C with �ex � 280
nm and �em � 342 nm. The solid lines are hyperbolic fits to the data, except for the C47S mutant, where a Hill equation with n � �0.52 gave a better fit. KD values
from the fits are reported in Table 1.
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observed rate constants to the kobs calculated from fits to the
C101S, C47S, and C47S/C101S nitrosation transients, respec-
tively, an excellent fit was obtained for the wild-type data. This
demonstrates that GSTP1-1 S-nitrosation kinetics at different
sites can be reliably partitioned by cysteine mutagenesis.

S-Nitrosation at Cys47 Is Preceded by the Isomerization of
Helix�2—To characterize the kinetics of Cys47 nitrosation, the
concentration dependence of the observed rates at 37 °C were
evaluated for both GSNO and CysNO under pseudo-first order
conditions (Fig. 3). For both nitrosating agents, the plots
appeared hyperbolic, indicating that more than one event con-
tributes to Cys47 S-nitrosation kinetics. Assuming the simplest
case (a two-step mechanism), two common scenarios are con-
sistent with these data: 1) low affinity S-nitrosation of Cys47
followed by a slow conformational change (induced-fit, rapid
equilibrium assumption); or 2) a slow equilibriumbetween pro-
tein conformers, followed by the chemical S-nitrosation event
(conformational selection) (31). If the induced fit model is cor-
rect, then the data should correspond to an increasing hyper-
bolic function, whatever the relative magnitudes of the rate
constants for the first and second steps. A conformational
selectionmechanism, however, will produce an inverted hyper-
bolic dependence on ligand concentration if the forward rate
constant for the first step becomes smaller than the reverse rate
constant for the second step. We therefore sought to discrimi-
nate between these two scenarios by following the reaction
between GSNO and Cys47 of GSTP1-1 at different tempera-
tures, potentially altering the relativemagnitudes of the confor-
mational and chemical steps. Fig. 4A clearly demonstrates that
at 15 °C the concentration dependence of Cys47 nitrosation
inverts to give a decreasing hyperbolic function. This is strong
evidence that the formation of S-nitrosated GSTP1-1 is limited
by a pre-equilibrium between protein conformers. With refer-
ence to Scheme 1, lowering the temperature to 15 °C causes
kopen to become smaller than k�NO

Cys-47, giving the plot in Fig. 4A.
Above 20 °C, kopen is larger than k�NO

Cys-47, resulting in an increas-
ing hyperbolic function. The data at all temperatures were
therefore fit to Equation 2, derived from Scheme 1. Because the
two steps are not independently resolved in the fluorescence
transients, only kopen (the saturation value) and k�NO

Cys-47 (the y
intercept) can be resolved from these data. Deriving k�NO

Cys-47

from the plot in Fig. 3 is error-prone because the y intercept is
close to 0, so this value was instead determined in an independ-
ent experiment (Fig. 7). Kinetic constants for S-nitrosation of
Cys47 at 37 °C are reported in Table 1.

Helix �2, covering the active site of GSTP1-1, is known to be
highly dynamic in the apoenzyme (32) and has been linked to
the reactivity of Cys47 (33). We therefore hypothesize that the
conformational equilibrium that precedes chemical modifica-
tion of Cys47 is between the open and closed states of �2 (Fig.
4D). When �2 is in its closed conformation, the Cys47 thiol is
buried in a hydrophobic pocket in domain 1, inaccessible to
transnitrosation by GSNO or CysNO. The rate of Cys47 nitrosa-

FIGURE 2. Kinetics of GSTP1-1 nitrosation monitored by intrinsic fluores-
cence. A, representative transients showing the decrease in fluorescence
when 1 �M of different cysteine mutants of GSTP1-1 was mixed with 500 �M

nitrosating agent (GSNO or CysNO) at 37 °C. Curves were normalized to have
the same starting fluorescence. B, S-nitrosation of 1 �M wild-type GSTP1-1
with 500 �M GSNO. The data were fit to a triple-exponential function. The
residuals show an excellent fit to the data when the three exponential terms
are fixed to the observed rate constants for nitrosation at Cys47, Cys101, and
the alternate site, respectively, determined from fitting the data in B.

TABLE 1
Kinetic and equilibrium constants for S-nitrosation of GSTP1-1 according to Scheme 1

Ligand Nitrosation site kopen�2 k�NO k�NO k�NO
GSH KD

s�1 M
�1

s�1 s�1 M�1 s�1 �M

GSNO Cys47 0.022 � 0.001 ND
a

0.0008 � 0.0001 46 � 3 10 � 0.5
Cys101 NA 40 � 3b 0.001 � 0.0002 1.4 � 0.06 4 � 4

CysNO Cys47 0.07 � 0.02 ND 0.0008 � 0.0001 NAc 8 � 0.6
Cys101 NA 100 � 5 0.001 � 0.0002 NA 15 � 2

a ND, not determined.
b Estimated from fit to linear portion of curve.
c NA, not applicable.
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tion would therefore be limited by kopen, the rate constant for
accessing the open state of�2. Eyring analysis of kopen gives�H‡�
114 � 23 kJ mol�1 and T�S‡ � 26 � 23 kJ mol�1 (Fig. 4B), sug-
gesting a large, entropically favorable conformational change,
such as the unfolding of �2. To test this with an independent
approach, we examined the temperature dependence of the
unfolding of �2 in 7.5 M urea (Fig. 4C). At high urea concentra-
tions,�2unfolding occurs rapidly, before the rest of the protein,
and can be measured independently by stopped-flow fluores-
cence (27). Eyring analysis of the unfolding rate of �2 gives
�H‡ � 118 � 3 kJ mol�1 and T�S‡ � 50 � 3 kJ mol�1, in
excellent agreement with the energetics of kopen. These values
are also very close to estimates of �2 unfolding enthalpy from
NMR (32) and ligand binding (34) experiments. Finally, high
glycerol is known to impair GSTP1-1 activity by dampening �2
dynamics (33), and we found that 40% glycerol caused a 10-fold
decrease in kopen (data not shown). Together, these data consti-
tute strong evidence that S-nitrosation of GSTP1-1 at Cys47 is
limited by an equilibrium between the open and closed confor-
mations of �2.
GSNO binding has been proposed to precede S-nitrosation

of GSTP1-1 (23). In support of this, GSNO was co-crystallized
with GSTP1-1 and was found to bind the active site in essen-
tially the same orientation as GSH (23, 35) (Fig. 5D). However,
our finding that CysNO can readily nitrosate Cys47 of GSTP1-1
(Fig. 3) does not support the idea that GSNO binding necessar-
ily precedes Cys47 S-nitrosation. To test this further, we exam-
ined the interaction of GSNO with GSTP1-1 at 37 °C using
isothermal titration calorimetry. Titration of C101S GSTP1-1
with GSNO revealed at least one exothermic event (Fig. 5C),
consistent with previous reports (23). However, we find no evi-
dence from ITC for GSNO binding to C47S/C101S GSTP1-1
(Fig. 5A), with the heats essentially identical to those for GSNO

titrated into buffer (Fig. 5B). This result does not appear to be
due to an alteration of the protein structure by the C47S muta-
tion, as the double mutant retains substantial activity (36) and
binds glutathione sulfonate with similar affinity to the wild-
type (data not shown), suggesting that the G-site of the protein
is intact. The exothermic heats in Fig. 5A are too small to be
attributed to any significant binding event, but may represent
S-nitrosation at the third site. After correction for heats of dilu-
tion, the data for the interaction of GSNO with C101S GTP1-1
were fit to a model for a single set of binding sites. Accurate
values for enthalpy and stoichiometry could not be derived
from these data because the interaction was too weak to
establish a thermogram pre-transition baseline. However,
the KD, calculated from the slope of the transition, was
14.1 � 0.8 �M, in good agreement with the KD determined
from fluorescence titration for Cys47 nitrosation (Table 1).
S-Nitrosation at Cys101 Occurs in a Single Step, Limited by

Steric Hindrance at the Dimer Interface—The rate of S-nitrosa-
tion of Cys101, at the dimer interface of GSTP1-1, was also
investigated at 37 °C with increasing concentrations of GSNO
or CysNO. Unlike S-nitrosation of Cys47, the concentration
dependence of the observed rate constants for Cys101 nitrosa-
tion is qualitatively different forGSNOorCysNO (Fig. 6A). The
rate of the reaction between Cys101 and CysNO shows a linear
dependence on CysNO concentration, indicating that S-nitro-
sation occurs in a single step. In contrast, the same plot for
Cys101 nitrosation by GSNO shows some curvature at high
GSNO concentrations. Given that GSNO and CysNO function
essentially identically as NO donors in transnitrosation reac-
tions, it is unlikely that they would nitrosate Cys101 by substan-
tially different mechanisms. In addition, there is no known
GSNO (or GSH) binding site near Cys101, so it is also unlikely
that a direct interaction between GSNO and the protein occurs

FIGURE 3. Concentration dependence of the rate of S-nitrosation of Cys47 reveals a multistep mechanism. 1 �M C101S GSTP1-1 was mixed with varying
concentrations of GSNO (closed circles) or CysNO (open circles) under pseudo-first order conditions at 37 °C. The primary data were fit to a double exponential
function. One exponential term was fixed to the observed nitrosation rate of C47S/C101S GSTP1-1, and the second rate is reported here as kobs, representing
the nitrosation of Cys47 alone. The data in the figure were fit to Equation 2.
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FIGURE 4. Temperature dependence of Cys47 S-nitrosation suggests that a conformational equilibrium limits the chemical step. A, the experiment described
in the legend to Fig. 3 was repeated at different temperatures, with varying [GSNO] and 1 �M C101S GSTP1-1. The solid lines are fits to Equation 4. Values of kopen from
the fits were analyzed with an Eyring plot (B), yielding �H � 114 � 23 kJ mol�1 and T�S � 26 � 23 kJ mol�1. C, the energetics of �2 unfolding were determined
independently in an Eyring plot of the temperature dependence of the rate of unfolding of �2 (kU) in 7.5 M urea, yielding �H � 118 � 3 kJ mol�1 and T�S � 50 � 3 kJ
mol�1. D, domain 1 of GSTP1-1. When �2 is closed, the thiol of Cys47 is buried in a hydrophobic pocket (blue surface) at the active site. S-Nitrosation at Cys47 requires �2
to be in its open conformation, and is therefore limited by the equilibrium between the open and closed states (kclosed/kopen).
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before S-nitrosation of the cysteine thiol. Instead, we propose
that the saturation effect in the plot in Fig. 6A is a result of
negative cooperativity between Cys101 nitrosation sites on each
subunit. This interpretation is consistent with the equilibrium
titrations in Fig. 1C, where Cys101 nitrosation fits a Hill equa-
tion with n � �0.5. The solvent accessible cleft at the dimer
interface of GSTP1-1 is relatively narrow, with only 6.5 Å sep-
arating the Cys101 thiols on each chain. Unless considerable
structural rearrangement occurs, this space is insufficient to
accommodate two GSNO molecules simultaneously without
significant steric clashes. The situation can be visualized in Fig.
6B: GSH attached to Cys101 on one subunit (analogous to a
hypothetical intermediate in the transnitrosation reaction with
GSNO) occupies most of the solvent accessible region sur-
rounding Cys101 on the adjacent subunit. At high concentra-
tions ofGSNO, steric hindrance could plausibly limit the rate of
S-nitrosation of GSNO, giving the behavior in Fig. 6A. CysNO,
in contrast, is much smaller than GSNO (Fig. 6C) and is there-
fore unlikely to experience competition for nitrosation sites at
the dimer interface, resulting in linear dependence of the nitro-
sation rate on CysNO concentration. The rate of S-nitrosation
of Cys101 by GSNO or CysNO was calculated from a fit of the
data in Fig. 6A to Equation 1, for a single step reaction. For
the GSNO reaction, k�NO

Cys-101 was estimated from the initial
linear portion of the curve. All kinetic constants are reported
in Table 1.
S-Nitrosated Cys101 Is More Resistant Than Cys47-NO to

Reduction by GSH—To fully understand signaling by S-nitro-
sation, the mechanism and rates of denitrosation as well as
nitrosation must be determined. We measured spontaneous
denitrosation rates for GSTP1-1 as well as denitrosation medi-
ated byGSH, themost abundant cellular thiol and therefore the
most relevant cellular reducing agent. As with the nitrosation
rates, denitrosation rates were corrected for denitrosation at
the alternate site (C47S/C101S GSTP1-1). After S-nitrosating
GSTP1-1 at either Cys47 or Cys101 by mixing with GSNO at
37 °C, excessGSNOwas removed by buffer exchange and spon-
taneous denitrosation was measured by following the restora-
tion of intrinsic protein fluorescence (Fig. 7A). The rate con-
stant for spontaneous denitrosation was essentially the same
for Cys101-NO andCys47-NO, and is reported in Table 1. These
rates were likely accelerated by the 280 nm excitation light (26)
and are therefore not generally applicable beyond our experi-
mental set-up. Ofmore interest are the rates of denitrosation in
the presence of GSH. In this case, Cys101-NO and Cys47-NO
were denitrosated at quite different rates. The linear depend-
ence of the observed denitrosation rate on GSH concentration
suggests that both Cys47-NO and Cys101-NO are denitrosated

in a single step (Fig. 7B). Fitting the data to Equation 3 gives
k�NO
GSH 30-fold larger for Cys47-NO than Cys101-NO (Table 1),
indicating that Cys101-NO is substantially more resistant than
Cys47-NO to denitrosation by GSH. To test whether the mech-
anism of GSH-mediated denitrosation is related to GSH bind-
ing to the protein, we also performed denitrosation by DTT
(Fig. 7A). Although DTT restored protein fluorescence at a
much higher rate than GSH, the fluorescence transients were
qualitatively similar to those forGSH, and also fit well to a triple
exponential function (with two of the rates fixed to the sponta-
neous denitrosation rate and the rate of denitrosation of C47S/
C101S GSTP1-1-NO, respectively).

DISCUSSION

Recently, protein S-nitrosation has emerged as an important
cellular signaling mechanism, with a broad range of targets (37,
1) and significant implications for human health (6, 4). Unlike
other physiologically important post-translational modifica-
tions (e.g. phosphorylation, glycosylation, and ubiquitination),
S-nitrosation is largely not under enzymatic control. Instead,
the dominant route of protein S-nitrosation appears to be
transnitrosation by cellular GSNO, which exists in equilibrium
with the pool of S-nitroso-proteins (12). It is therefore not obvi-
ous how S-nitrosation is controlled and how specific proteins
and cysteines are targeted in vivo. Here, we examined in detail
the mechanism of transnitrosation of the detoxification
enzyme GSTP1-1, with the aim of providing insight into the
molecular basis for the specificity and sensitivity of protein
S-nitrosation. From transient kinetic analyses, we propose a
minimal model for S-nitrosation of GSTP1-1 at both Cys47 and
Cys101 (Scheme 1).
Cys101 is transnitrosated in a single step, whereas S-nitrosa-

tion at Cys47 is limited by a pre-equilibrium between the open
and closed states of �2. Themechanism reported here suggests
an intricate regulation of GSTP1-1 S-nitrosation. Because the
rate of opening of helix �2 controls Cys47 nitrosation, ligands
that bind the G-site and lock �2 into a closed conformation will
prevent this residue from being modified. These include GSH,
GSSG (oxidized glutathione disulfide), and the dinitrosyl-di-
glutathionyl-iron complex (38). The latter compound is an NO
carrier in vivo, suggesting that Cys47 S-nitrosation can be either
stimulated or inhibited depending on whether cellular NO is
sequestered as GSNO or the dinitrosyl-diglutathionyl-iron
complex. Cys101 nitrosation is less complex, occurring in a sin-
gle step. However, modification of this cysteine is limited by
negative cooperativity due to steric hindrance (Fig. 6), mitigat-
ing nitrosation at high GSNO. Cys101 is therefore nitrosated
slowly, but is unusually stable; the rate constant for GSH-me-
diated denitrosation at Cys101-NO is 30 times smaller than at
Cys47-NO (Table 1). This is consistent with a previous study
that identified Cys101-NO of GSTP1-1 as an unusually long-
lived nitrosation site in vivo (19). A possible explanation for this
is the limited accessibility of Cys101-NO to GSH due to steric
hindrance at the dimer interface (Fig. 6B). Consistent with this
interpretation, the rate of spontaneous denitrosation was
essentially identical for Cys47-NO and Cys101-NO. DTT-medi-
ated denitrosation was qualitatively similar to denitrosation by
GSH (Fig. 7A), suggesting that GSH binding does not influence

SCHEME 1
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the process of denitrosation at either site. Instead, GSH seems
to be acting simply as a reducing agent.
Several enzymes capable of catalyzing denitrosation reac-

tions have been identified (39). However, given the high cellular
concentration of GSH and the lability of the S-nitrosothiols,
spontaneous GSH-mediated denitrosation is likely highly sig-
nificant physiologically. Physiological GSH concentrations can

reach 1 to 10 mM (10). Based on the rate constants we report
here (Table 1), Cys47-NO of GSTP1-1 would be denitrosated at
a rate of 0.05–0.5 s�1, whereas Cys101-NO would be denitro-
sated at 0.001–0.01 s�1. This compares to nitrosation rates at
physiological GSNO concentrations (1–5 �M (11)) of 0.0002
s�1 at Cys101 and 0.02 s�1 at Cys47 (kopen), indicating that nitro-
sation of GSTP1-1 is disfavored at high GSH concentrations.

FIGURE 5. GSNO binding does not precede Cys47 S-nitrosation. 9.4 mM GSNO in the ITC syringe was titrated into: A, 61.4 �M C47S/C101S GSTP1-1; B, buffer;
or C, 114 �M C101S GSTP1-1. Injection volumes were 5 �l and the temperature was 37 °C for all experiments. The data in C was fit to a single-site binding model,
giving a KD of 14 �M. D, single subunit of GSTP1-1, showing the binding mode of GSNO and the proximity of the NO moiety (black box) to the Cys47 thiol (Protein
Data Bank code 2A2S).
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The rates reported here are consistent with those determined
previously for L-cysteine (14), bovine serum albumin, and
hemoglobin (15) and show that spontaneous protein transni-
trosation by GSNO is generally not a rapid signaling mecha-
nism. It is, however, clearly relevant to the function of many
proteins, and can be regulated by a combination of ligand bind-
ing and the relative concentrations of GSNO and GSH.
S-Nitrosation of Cys47 significantly perturbs the detoxifica-

tion activity of GSTP1-1 (22). Because Cys47 does not directly
participate in catalysis (40), this is likely due to a disruption
of the structure or dynamics of the active site. Nitrosation of
Cys101 does not substantially affect the enzymatic function of
the protein (22). Cys101 nitrosation may, however, affect the
ability of GSTP1-1 to bind JNK (18) or peroxiredoxin (41). The
unusual persistence of Cys101-NO in vivo also raises the possi-
bility that this residue acts as a NO storage site or a shuttle for
NO in protein-protein transnitrosation reactions.
The mechanism of S-nitrosation of GSTP1-1 provides some

insight into S-nitrosation specificity. Although there is no clear
consensus as to what constitutes an “S-nitrosation motif,” two
recent structure-based analyses suggest a distant (within 8 Å)
acid-basemotif with exposed charged groups (42, 43). Cys101 of
GSTP1-1 is not proximal to any obvious acid-base motif, but

instead is distinguished from the three other cysteines on each
chain of the protein by its high solvent accessibility. This factor
is also important for Cys47 nitrosation: Cys47 is modified only
when �2 is open and the thiol is solvent accessible. Lys44 has
been proposed to enhance the reactivity of Cys47 by stabilizing
the cysteine thiolate (44), and has also been identified as a rel-
evant nitrosation motif for GSTP1-1 in dbSNO, a database of
nitrosation sites (1). However, because the �2 equilibrium lim-
its nitrosation at Cys47, its low pKa does not ultimately deter-
mine its reactivity. Eyring analysis in Fig. 4 reveals that activa-
tion enthalpy of kopen is essentially identical to the activation
enthalpy for �2 unfolding in high urea. This suggests that �2 is
unfolded or disordered in the open state, consistent with NMR
data (32) and the lack of clear electron density for �2 in crystal
structures of apo-GSTP1-1 (45). This further implies that,
whereas the tertiary protein structure may be important for
regulating the solvent accessibility of S-nitrosated cysteines,
significant tertiary or even secondary structures are not neces-
sary for S-nitrosation to occur. A similar association between
intrinsic disorder and susceptibility to post-translational mod-
ifications has been observed for several proteins, including p53
(46) and histone tails (47). The ability of GSNO to dock to a site
near the target cysteine residue has also been suggested as an

FIGURE 6. Cys101 nitrosation kinetics. A, 1 �M C47S GSTP1-1 was mixed with varying concentrations of GSNO (closed circles) or CysNO (open circles) under
pseudo-first order conditions at 37 °C. The primary data were fit to a double exponential function. One exponential term was fixed to the observed nitrosation
rate of C47S/C101S GSTP1-1, and the second rate is reported here as kobs, representing the nitrosation of Cys101 alone. The data for the CysNO reaction
correspond to a one-step mechanism and were fit to Equation 1. Rate constants are reported in Table 1. The rate of the GSNO reaction appears to saturate at
high [GSNO], which is likely due to steric hindrance at the dimer interface, visualized in B. B, model of GSTP1-1 (Protein Data Bank code 6GSS) showing GSH
(cyan) attached to Cys101 (pink) on one subunit in a hypothetical transnitrosation reaction. It is apparent that a second GSNO molecule is not readily accom-
modated at the dimer interface, resulting in negative cooperativity for S-nitrosation of Cys101 on the adjacent subunit. C, structures of GSNO and CysNO.
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important criterion for S-nitrosation specificity (43), and this
has been demonstrated for several proteins (4, 48). GSNO has
been co-crystallized with GSTP1-1, prompting the proposal
that GSNO binding precedes Cys47 nitrosation (23). However,
close analysis of the binding mode of GSNO does not support
this proposal. Unsurprisingly, GSNO binds GSTP1-1 identi-
cally to GSH, which positions the NO group of GSNO distant
from the Cys47 thiol (Fig. 5D). To transfer the NO group to
Cys47, GSNO would have to undergo an energetically costly

reorientation that would locate the GS� moiety at an unprece-
dented binding site. We therefore propose that, even if GSNO
does bind GSTP1-1, this is not a precursor for S-nitrosation at
Cys47. Consistent with this, CysNO (which has no known bind-
ing site on GSTP1-1) is able to S-nitrosate Cys47 with similar
kinetics to GSNO (Fig. 3). Furthermore, our ITC experiments
indicate that GSNO does not bind to GSTP1-1 with significant
affinity (Fig. 5). Titrating C101S GSTP1-1 with GSNO resulted
in larger exothermic events (Fig. 5C), which were attributed to

FIGURE 7. Denitrosation of GSTP1-1-NO. A, S-nitrosated cysteine mutants of GSTP1-1 (�M) were prepared as described under “Experimental Procedures” and
denitrosated using 1 mM GSH or DTT at 37 °C, causing an increase in intrinsic protein fluorescence. Observed rate constants for Cys47 (closed circles) or Cys101

(open circles) denitrosation with GSH were determined by fitting the primary data to a triple exponential function. Two of the exponents were fixed to the
spontaneous denitrosation rate and the rate of denitrosation of C47S/C101S GSTP1-1, respectively, and the third rate is reported here as kobs, representing the rate
of GSH-mediated denitrosation of Cys47 or Cys101 alone. The GSH concentration dependence of these rates is shown in B and the solid line is a fit to Equation 3.
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GSNO binding by Téllez-Sanz et al. (23). In light of our results,
these heats aremore plausibly attributed to the S-nitrosation of
Cys47 as well as any associated protein conformational changes.
Consistent with this interpretation, the KD determined from
ITC was very similar to the KD from the fluorescence titration
(Table 1), which is not contributed to byGSNObinding (GSNO
was removed by dialysis after S-nitrosation in the fluorescence
experiments). Notably, the rate constant for the opening of �2,
kopen, is three times lower when GSNO rather than CysNO is
used as the nitrosating agent (Table 1). A possible explanation
for this is that GSH, produced when GSNO donates NO to the
protein, binds to the active site and reduces the apparent kopen
by biasing the closed state of �2.

In this study, we present the mechanism of transnitrosation
of GSTP1-1, a detoxification enzyme and key regulator of cell
proliferation through the JNK pathway. The mechanism we
report here is significant to understanding how this protein is
regulated by spontaneous S-nitrosation, and also provides
more general insights into the S-nitrosation of other proteins.
Detailed mechanistic studies of S-nitrosation such as this one
are vital to understanding how protein transnitrosation by
small molecules is controlled and targeted.
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