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Abstract

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. Biophysical methods were used to elucidate the
mechanism and molecular consequences of S-nitrosation of glutathione transferase (GST) P1-
1, a ubiquitous homodimeric detoxification enzyme and important target for cancer
therapeutics. Transient kinetic techniques, isothermal titration calorimetry and protein
engineering were used to develop a minimal mechanism for S-nitrosation of GSTP1-1, the
first for any protein. Cys* of GSTPI-1 is S-nitrosated according to a conformational
selection mechanism, with the chemical step limited by a pre-equilibrium between the open
and closed conformations of a dynamic helix at the active site. Cys'"', in contrast, is S-
nitrosated in a single step but is subject to negative cooperativity due to steric hindrance at
the dimer interface. S-Nitrosation at Cys*’ and Cys'®! was found to reduce the detoxification
activity of GSTP1-1 by 94%. Circular dichroism spectroscopy, acrylamide quenching and
amide hydrogen-deuterium exchange mass spectrometry experiments revealed that the loss of
activity is due to the introduction of local disorder at the active site. Furthermore, the
modification destabilises domain 1 of GSTPI-1 against denaturation, smoothing the
unfolding energy landscape of the protein and introducing a refolding defect. These data
elucidate the physical basis for the regulation of GSTPI-1 by S-nitrosation, and provide
general insight into the mechanism of S-nitrosation and its effect protein stability and

dynamics.
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Chapter 1

Introduction

1.1 Post-translational modifications expand the genetic code

Following synthesis at the ribosome and subsequent folding (or not ') to achieve their
functional form, proteins are often covalently modified. @ These post-translational
modifications are diverse, highly prevalent in eukaryotes, and serve numerous critical
functions (reviewed in *°). Covalent modifications can diversify the function of a single
protein, regulate protein activity, amplify cellular signals (in signal transduction cascades),

modulate protein-protein interactions, or target proteins to specific parts of the cell.

Several post-translational modifications modulate cellular events by promoting or inhibiting
key protein-protein interactions.  Nucleotidylations such as adenylylation inhibit the
interaction between Rab proteins and their effectors ¥, and ubiquitination targets proteins for
degradation by facilitating their interaction with the proteasome system . Another well-
characterised example is histone acetylation, which alters protein interactions critical to the

activation of transcription 6,

Covalent protein modifications can also act to selectively target proteins to cellular
membranes. This typically involves the conjugation of lipid groups to the protein, which
serve as membrane anchors. Examples include prenylation ’, palmitoylation ® and
myristoylation °. Such lipidation events typically occur at cysteine residues via thioester
linkages, and are usually irreversible. These modifications are therefore not involved in

dynamic signalling processes.

Reversible post-translational modifications play a critical role in cellular signal transduction.
This is exemplified by protein phosphorylation, which is tightly regulated by kinase '° and
phosphatase enzymes. Phosphorylation at serine, threonine or tyrosine residues induces local

changes in protein structure, which often alter enzyme activity ''.

Furthermore, kinases are
themselves typically activated by phosphorylation. An important consequence of this is that

successive steps of enzyme activation can amplify the signal associated with the initial



phosphorylation event. Phosphorylation and other reversible post-translational modifications
add layers of complexity to the behaviour of eukaryotic cells, and allow protein function to be

fine-tuned in reponse to physiological or pathophysiological stimuli.

1.2 Redox regulation of proteins: cysteines are redox switches

The cysteine thiol (Figure 1) is the most reactive amino acid functional group. In addition,

1213 "It is therefore

the pK, of a solvent exposed thiol group is close to physiological pH
unsurprising that cysteine residues in proteins participate in a variety of functionally
important reactions. These reactions can be partitioned into three classes: catalytic, structural
and regulatory. Catalytic cysteines are those that participate directly in chemical catalysis at
an enzyme active site, for example in oxidoreductases, proteases and acyltransferases '*.
Structural cysteines stabilise protein structure by forming disulfide bonds. Finally, regulatory
cysteines are responsible for the fine control of protein function by accepting a variety of
post-translational modifications *. Tt is this latter function that enables cysteine to be classed

.. . 14
as a redox-sensitive switch .
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Figure 1. L-Cysteine. The thiol group is indicated. Adapted from the PubChem database
(http://pubchem.ncbi.nlm.nih.gov/).

Cysteine pK, (and therefore reactivity) can be finely modulated by the microenvironment of
the cysteine thiol '°. Cysteines are therefore extremely sensitive to physiological stimuli,
such as changes to the redox status of the cell. Furthermore, this sensitivity allows for a

graded response to cellular stimuli, such that a single cysteine can display a range of redox
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modifications, depending on the level of oxidative or nitrosative stress (Figure 2) '*. At one
end of the scale are poorly reversible sulfonic acid and sulfinic acid modifications, associated
with diseased states. At the other end are sulfenic acid, disulfides, S-nitrosation and S-

glutathionylation: readily reversible signalling modifications associated with healthy cells
16,17

SO,H

NO / NOy

Signalling Pathophysiology

Figure 2. Redox modifications of cysteine in response to increasing oxidative/nitrosative
stress. Sulfonic acid (SO3;H), sulfinic acid (SO,H), sulfenic acid (SOH), disulfides (SS), S-
nitrosation (SNO) and S-glutathionylation (SSG). Adapted from Hess et al. '°.

1.3 Protein S-nitrosation

Cellular nitric oxide (NO) is predominantly generated by nitric oxide synthases (NOS), which
catalyse the reaction between arginine and molecular oxygen, forming citrulline as a
byproduct '*. Alternatively, NO may be produced by the oxidation or reduction of exogenous
nitrates or nitrites '°. NO may then react with metals *°, ferrous heme ' or cysteine thiols *.
The effects of NO were initially thought to be confined to the regulation of heme-containing
proteins such as haemoglobin * and guanylate cyclase *. More recently, protein thiols have
emerged as a major target of NO, with more than five hundred protein S-nitrosation sites

identified to date .



Protein S-nitrosation is recognised to control a number of important physiological processes
such as vascular homeostasis >, autophagy >/, the innate immune response >* and a spectrum

of other post-translational modifications *°.

In this context, it is unsurprising that
dysregulation of protein S-nitrosation is associated with several diseases, including
neurodegenerative disorders, various cancers, and diabetes (reviewed in *°). The study of S-

nitrosation at a molecular level is therefore highly relevant from a therapeutic perspective.

1.4 S-Nitrosothiol structure, chemistry and stability

Crystallographic studies of various small S-nitrosated molecules *' as well as several S-
nitrosated proteins **~° have provided valuable insight into the structure of S-nitrosothiols

structure (Figure 3).
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Figure 3. S-Nitrosocysteine structure. A4, S-nitrosocysteine at position 10 in S-nitrosated
blackfin tuna myoglobin. The C-S-N-O dihedral, with cis planar configuration, is indicated.
The peptide backbone is coloured green. The image was generated from 2NRM *° using

PyMol (www.pymol.sourceforge.net). B, schematic of cis or trans S-nitrosothiol. The dashed

lines illustrate delocalisation of the N=O = electrons, conveying partial double-bond character

to the S-N bond. The energy barrier for rotation between the two conformers is 12 kcal.mol™
36


http://www.pymol.sourceforge.net/

S-Nitrosothiols show significant S-N double-bond character *' due to delocalization of the
N=O0 = electrons. Consistent with this, quantum mechanical calculations place energy minima
for the C-S-N-O dihedral at 0 © and 180 ° (cis and trans respectively) and estimate a 12
kcal.mol™ energy barrier for the rotation between these conformers *° (Figure 3B). Although
both the cis and trans conformers have been observed for small molecule S-nitrosothiols * 1,
the cis conformer appears to dominate in the structures of S-nitrosated proteins solved thus
far. This is possibly because of steric clashes with the peptide backbone in the trans
configuration, although too few structures have been solved to allow a definitive explanation.
The exception to this trend is Cysf93-NO of S-nitrosohemoglobin, for which a dihedral of
approximately 90 ° was reported 32 It was later concluded, however, that this was more

likely a thionitroxide radical (C-S-NH-O¢) than a conventional S-nitrosated cysteine residue
36

Bond dissociation enthalpies for homolysis of the S-N bond of model S-nitrosothiols (SNOs)
have been computed to range from approximately 94 to 132 kJ.mol', which covers a

1637 This variation results from differences in

predicted SNO half-life of seconds to years
the RSNO R-substituent and the length (double-bond character) of the S-N linkage *’. In
proteins, these factors can be tuned by the local environment of the SNO: hydrophobicity,
steric hindrance and the presence of groups which might stabilise or destabilise the SNO
dissociation products ' For SNOs in solution at physiological pH, however, the major route
of decomposition is not spontaneous, but catalysed by trace monovalent copper ions *°.
Photolysis, particularly at the absorption maximum of SNOs (335 or 550 nm) is another
significant mechanism of S-N cleavage *. Finally, any reducing agent will destroy the S-N

+
4 Therefore,

linkage, by either protonating the thiolate anion, or reducing Cu”" to form Cu
contingent on the thermal stability of the S-N bond, SNOs should be significantly stable in
the dark and in the presence of copper chelators. This appears to be true for at least some
protein-SNOs in vitro; S-nitrosated blackfin tuna myoglobin is reported to be stable for at
least 1 month in the absence of light and metal ions **. In vivo, S-nitrosated proteins are
sufficiently stable to transduce cellular signals over at least the lifetime of the stimulus
(typically oxidative or nitrosative stress) '°. In fact, a small subset of S-nitrosated proteins in

vivo have been shown to be persist beyond the timescale of the nitrosative stimulus, even in

the presence of cellular reductants such as glutathione *'. This suggests a complexity to SNO



decomposition in proteins that is beyond the simple chemistry of small model S-nitrosothiols,

possibly involving protein conformational changes which protect Cys-NOs from reduction *'.

1.5 Mechanism and Kkinetics of S-nitrosation and denitrosation

The nitric oxide radical (NO) is generated in vivo by the endothelial, neuronal and inducible
isoforms of nitric oxide synthase (NOS) *°. Several pathways for the formation of S-
nitrosothiols from NO have been proposed (Figure 4): radical-radical recombination,

transition metal catalysed, and NO, mediated.
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Figure 4. Mechanisms of protein S-nitrosation. NO radical produced in a reaction catalysed
by NO synthase (INOD) can react with GSH to form GSNO in three ways: 1) radical
recombination with the GS radical, 2) via NO,, 3) via GSNOH, catalysed by transition
metals. GSNO is able to transnitrosate protein thiols, which can themselves transnitrosate
other proteins. Denitrosation reactions are mediated by free thiols on GSH or proteins.

Adapted from Smith and Marletta **.



The physiological relevance of S-nitrosothiol formation via radical-radical recombination is
controversial. Initial calculations based on model systems assumed a rate constant for the
reaction of the thiyl radical with NO of approximately 1 x 10° M™.s™ (near the diffusion
controlled limit) *. However, subsequent experimental work derived rate constants of 3 x
10" M's? (laser flash photolysis) * or 2 x 10° M'.s? (pulse radiolysis and kinetic
competition assays) *° for the same reaction. If the former (smaller) rate constant is correct,
then at physiological NO concentrations and pH, the reaction between GSe and *NO would be
outcompeted by rapid rearrangement of the thiyl radical to form the carbon-centred radical of

BATE If the higher rate constant (2 x 10° M's™) is correct, however, then

glutathione
radical-radical recombination is a plausible route for S-nitrosation of glutathione in vivo, a

conclusion which is supported by kinetic modeling .

The reaction between NO and glutathione can also be catalysed by electron acceptors with
sufficiently large electrode potentials, such as transition metal ions *°. This has been

52

demonstrated for ferric cytochrome c¢ °!, ferric soluble guanylate cyclase and

methaemoglobin ***,

In the case of ferric cytochrome c, the protein binds GSH before
reacting with NO to yield ferrous cytochrome ¢ and GSNO °'. The protein acts as an electron
sink, stabilising the intermediate radical GSNOH and facilitating its oxidation to GSNO.
Ferric soluble guanylate cyclase and methaemoglobin appear to catalyse S-nitrosation by first
undergoing reductive nitrosylation, whereby the ferric (Fe®") oxidation state of the haem
group binds NO to form Fe*" - NO > This complex is then readily able to S-nitrosate

nearby thiolates, forming S-nitrosothiols.

Thiol nitrosation has also been proposed to occur via NO, *°, a process that is energetically
favourable by — 37 + 5 kJ.mol™ at pH 7 *°. However, cellular nitrosothiol formation has been
shown to occur independently of oxygen under certain conditions **>’. NO, — mediated
nitrosation, which requires oxidation of the NO radical (Figure 5), may therefore be of
limited physiological relevance, or may occur only in permissive cellular compartments.
NO; can also undergo further oxidation to form N,Os, and it was initially proposed that N,O3
was the predominant thiol nitrosating species *°. Although this notion is still prevalent in the
literature, the formation of nitrosothiols from N,Oj is unlikely for several reasons. First, S-
nitrosation is (under certain conditions) favoured in the absence of oxygen *°. Second, the
formation of N,O3 from NO, is easily outcompeted by the reaction of NO, with free thiols

and urate in vivo >°. Third, the formation of N,Os from NO, is energetically unfavourable by



59 kJ.mol" *°. Fourth, the hydrolysis of N,O; is too slow to compete with its dissociation

into NO and NO, .

GSH is the most abundant thiol in human cells, reaching concentrations of up to 10 mM,
depending on the cellular redox status ®. It follows that GSNO is the most abundant cellular
S-nitrosothiol ', and therefore transnitrosation reactions between GSNO and free protein
thiols are significant in vivo. This conclusion is supported by the fact that GSNO treatment is
efficiently stimulates protein S-nitrosation in vitro, in cultured yeast °* and in human cells *'.
Furthermore, knockout of GSNO reductase in mice was shown to result in increased protein
S-nitrosation, implying that cellular GSNO is in equilibrium with protein-SNO 6,
Transnitrosation reactions are second-order *, and are limited by the rate of the nucleophilic
attack of the target thiolate on the nitrogen of the SNO moiety  (Scheme 1). The reaction
proceeds via a nitroxyl disulfide intermediate (R-SN[O]S-R) % and has an activation energy
of approximately 95 kJ .mol™ (obtained for the model compound S-nitrosocysteine ethyl ester)

%7, Second order rate constants for the transnitrosation reaction of small molecule thiols by

GSNO range from approximately 30 to 170 M™'.s™ .

Protein transnitrosation by GSNO
occurs with similarly slow kinetics, depending on the target cysteine, with values of 6 and
112 M's! reported for bovine serum albumin and Cys112 on the B chain of haemoglobin,
respectively ®.  Although it clearly occurs in vivo, transnitrosation of proteins by GSNO is
likely to achieve physiologically significant rates only at high concentrations of GSNO

57,69

(under conditions of intense nitrosative stress, for example ), or in the presence of an

appropriate catalyst. Alternatively, the gradual accumulation of stably S-nitrosated protein
157 may cause long term cellular effects and comprise an important part of the cellular stress

response.

N—0 I ’ N—-O

R—s + R—S o g g — = R—S + =]

Scheme 1. Generic transnitrosation reaction. A nitrosothiol group (RSNO) transfers NO to

free thiolate (RS"). The reaction proceeds via a nitroxyl disulfide intermediate (R-SN[O]S-R)
66

1 A R._.N., R " 1 o

10



Although S-nitrosothiol formation appears to be predominantly non-enzymatic, several
enzymes also contribute to protein S-nitrosation, allowing more complex regulation of NO
signalling "°. Thioredoxin catalyses both nitrosation ’' and denitrosation "%, depending on its
redox state ", while superoxide dismutase specifically catalyses the conformation-dependent
S-nitrosation of haemoglobin "*. Ferric cytochrome-c has also been shown to accelerate the

75
. In

formation of protein S-nitrosothiols by acting as an electron sink, as described above
addition, protein transnitrosation by GSNO is indirectly modulated by GSNO reductase ©

and carbonyl reductase 1 ’°, which control the levels of GSNO in vitro.

For protein S-nitrosation to transduce cellular signals, the cysteine modification must be
reversible. Because cellular GSH concentrations are high, most S-nitrosated proteins are
likely to be rapidly reduced by GSH in vivo. A subset of S-nitrosated proteins are, however,

resistant to GSH-mediated denitrosation >’

This has been proposed to be due to
conformational changes which shield the SNO moiety from GSH *!, but kinetic and structural
analyses defining this important process are lacking. In addition to spontaneous denitrosation
by GSH, several enzymes have been proposed to function as denitrosases in vivo (reviewed in

77y, although only thioredoxin is unambiguously established to function in this regard .

The mechanisms of S-nitrosothiol formation in vivo remain controversial. Furthermore,
transnitrosation and denitrosation reactions have been properly characterised only for small
molecule model systems: the physiologically important reaction between GSNO and protein
thiols is poorly understood. Although several studies have attempted to describe the kinetics

of protein transnitrosation by GSNO %"

, a kinetic mechanism has yet to be derived. A
detailed understanding of the sequence of events associated with protein transnitrosation and

denitrosation is also likely to give insight into how the specificity of S-nitrosation is achieved.

1.6 S-Nitrosation motifs

Not all cysteine-containing proteins are S-nitrosated, and not all cysteines on S-nitrosated
proteins are modified. The microenvironment of a cysteine residue must therefore in some
way define the susceptibility of that cysteine to S-nitrosation. A number of methodologies
have been developed for detecting S-nitrosated proteins and identifying S-nitrosated cysteines
8 which has resulted in a large and expanding database of protein S-nitrosation sites *°.
Despite this, there is still a lack of consensus on the molecular determinants for protein S-

nitrosation — the features of an S-nitrosation motif.

11



From proteomics data, the first proposal for a S-nitrosation motif was an acid-base motif in
primary sequence, with acidic and basic residues flanking the target cysteine "°. Potentially
important secondary structural elements were later hypothesised, in particular the N-termini
of alpha-helices and active site loops ®*. Recently, it has been increasingly recognized that
protein tertiary structure around the target thiol is likely to ultimately define its susceptibility
to S-nitrosation. Promisingly, two recent structure-based analyses identified new acid-base S-

80,81

nitrosation motifs with exposed charged groups . Furthermore, several earlier hypotheses

were rejected, such as a low thiol pK, and a hydrophobic cysteine microenvironment *.

Transnitrosation by reaction with GSNO is likely a major mechanism of protein S-nitrosation
' In this case, the ability of GSNO to dock to a site near to the target cysteine residue has
been suggested as an important criterion for S-nitrosation specificity *' and has been

. 14,2
demonstrated for several proteins '***.

A further intriguing possibility is that S-nitrosation
specificity is conferred by specific protein-protein interactions between the target protein and
an S-nitrosated partner ***'. GAPDH ¥, thioredoxin * and inducible NOS * have all been
shown to participate in specific protein-protein transnitrosation reactions. In the case of NOS,
an alternative explanation is that S-nitrosation is spatially regulated by the production of

locally concentrated NO *°.

1.7 Molecular consequences of protein S-nitrosation

S-Nitrosation has been shown to regulate enzyme function in a large number of cases. These
include the inhibition of caspase-3 * and thioredoxin *, and activation of the bacterial
transcription factor OxyR *’. The activity of several ion channels is also modulated by S-
nitrosation, including ryanodine receptor *° and the potassium channel KCNQI °'.
Furthermore, the allosteric behavior of hemoglobin appears to be under post-translational

control by targeted S-nitrosation .

Despite the plethora of examples of S-nitrosation altering protein function, there is little
information concerning the molecular origins of these effects. This is especially true in cases
where the modified cysteine is not catalytic. Biophysical data linking the S-nitrosation event
to its functional consequence have only been collected for a limited set of proteins. Far-UV
circular dichroism spectroscopy revealed a small loss in alpha-helical content upon S-
nitrosation of OxyR '* and the chloride channel CLIC4 . A subtle change in the tertiary

structure of S-nitrosated CLIC4 was also suggested by trypsin digestion and thermal

12



denaturation experiments >. At the level of quaternary structure, S-nitrosation has been

found to regulate the immune response in plants by triggering the oligomerisation of NPR1
94

Only five crystal structures and two solution structures (by nuclear magnetic resonance,

NMR) have been solved for S-nitrosated proteins to date: myoglobin *, thioredoxin **,

protein-tyrosine phosphatase 1B *°, nitrophorin *°, soluble guanylyl cyclase *°, p21%* ¥’
(NMR) and S100A1 *® (NMR). S-Nitrosation has very little effect on the structures of
protein-tyrosine phosphatase 1B and p21**. However, distinct structural consequences were

apparent for the other S-nitrosated proteins. In all cases, a “wedging apart” >

of secondary
structural elements to accommodate the bulk of the NO moiety was observed. In the case of
nitrophorin, this opening of the protein structure was accompanied by enhanced local
dynamics and a loss of hydrogen bonds *°. Although the structural data obtained thus far are
valuable, the small size of the data set limits our ability to identify trends or make predictions
about the consequences of S-nitrosation to protein structure. In addition, structural data need

to be linked to changes in protein function, stability and dynamics to completely elucidate S-

nitrosation on a molecular level.

1.8 Glutathione transferase P1-1: structure, stability and cysteine reactivity

The glutathione transferases (GSTs) are a major class of drug detoxification enzymes

ubiquitous in aerobes *°. These proteins are of keen therapeutic interest due to their apparent

. . . . .o
involvement in cancer drug resistance (reviewed in '

101

), with class pi GST in particular
observed to be up-regulated in tumor cell lines (*° and references therein). This latter
observation is likely due to the involvement of GSTPI-1 in the regulation of signal
transduction pathways relevant to oncogenesis '*>. Specifically, GSTP1-1 binds and inhibits
the phosphorylated form of the pro-apoptotic protein, c-jun N-terminal kinase '®. GSTP1-1
has also been shown to modulate cellular redox activity and energy homeostasis by binding

1-cys peroxiredoxin '** and AMP-activated protein kinase '*°, respectively.

GSTP1-1 is a native homodimer '°, with each subunit comprising two non-identical domains
197 (Figure 5). Domain 1 forms a thioredoxin-like fold while domain 2 is exclusively alpha-
helical. The active site is situated primarily in domain 1 but is fully formed by inter-domain
and inter-subunit contacts. The detoxification reaction catalysed by GSTs involves the

conjugation of reduced GSH to a variety of hydrophobic, electrophilic substrates (reviewed
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by Armstrong '®). Glutathione binds at the G-site of the protein, while the hydrophobic

109

substrate occupies the H-site (see the glutathionyl and S-hexyl moieties of S-

hexylglutathione at the active site in Figure 5). Substrate specificity varies between the GST

classes, and is influenced by the flexibility of structural elements at the active site ''°.

Dimer interface

Domain 1

f (Bopappoa)

Domain 2

(All o)

Figure 5. Quaternary structure of hGSTP1-1. The dimer interface, domains 1 and 2 and the
active site helix, a2, are indicated. The active site is located by the position of S-
hexylglutathione  (magenta). The image was  generated using PyMol

(www.pymol.sourceforge.net) from 9GSS 1“.



http://www.pymol.sourceforge.net/
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An intriguing structural feature in class pi GST is a highly flexible helix, a2, at the active site.

02 is characterised by high crystallographic B-factors '

(Figure 6) and is partially disordered
in the apo-enzyme at temperatures above 17 °C ''2. The docking of a2 onto the bulk protein
appears to be important for catalysis and is the rate-limiting step for the reaction between

CDNB and GSH '"°.

High B factor

Low B factor

Figure 6. Helix a2 is highly dynamic in crystals of the GSTP1-1 apoenzyme (PDB code:

16GS ''"). Subunit of GSTP1-1 coloured according to B factor, where blue and red denote
114

low and high B factors, respectively. The figure was generated using VMD



Recently, the unfolding of human GSTPI1-1 has been mapped in some detail using a
combination of equilibrium and kinetic unfolding studies, and multiple spectroscopic probes
5 GSTPI-1 appears to unfold via a thermodynamically stable intermediate which has
native like quaternary structure but an unfolded a2. This intermediate is destabilised and
disappears from the unfolding equilibrium when the protein is in complex with glutathione
sulfonate (GSO3"). GSOs forces the closed conformation of a2 ''?, preventing or delaying its
unfolding. The unfolding kinetics are more complex, with three resolvable phases: fast,

. 11
medium and slow '".

The fast phase appears to correspond to the unfolding of 02. In
addition, native state heterogeneity was observed, and attributed to different conformations of

folded a2.

Human GSTP1-1 contains four cysteine residues per monomer, at positions 14, 47, 101 and
169 (Figure 7). Cys47 has an unusually low pK, due to stabilisation of the thiolate anion ''®
and is the most reactive of the four cysteine residues ''’. Although Cys47 does not
participate directly in catalysis ''*, chemical modifications of this residue inactivate the

enzyme '"°'?!. This is likely due to a perturbation of active site conformation or dynamics

122 Interestingly, Cys47 is unreactive when the glutathione-binding site of the enzyme is
occupied 'Z. This is probably a consequence of the ligand-dependent dynamics of a2 ''*: the
Cys47 thiol becomes buried in a hydrophobic pocket when a2 is in its closed conformation
(Figure 8). Cys47 and Cys101 have also been observed to spontaneously form an unusual
long-range intra-subunit disulfide bond in vitro '**. The formation of the disulfide requires
extensive rearrangement of a2 '*> and inactivates the enzyme. Of more physiological
relevance, GSTP1-1 has been shown to be subject to S-glutathionylation in vivo '*°. S-
Glutathionylation at Cys47 and Cys101 causes a small loss of alpha-helical structure and

126

impairs catalytic activity ", suggesting that cellular GSTPI-1 is regulated by this

modification.

16



Figure 7. Location of cysteine residues in human GSTP1-1 (PDB code: 9GSS Hh
Cysteines 14, 47, 101 and 169 are coloured red and labelled on one monomer of the

homodimer. The image was generated using PyMol (www.pymol.sourceforge.net).

17
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Figure 8. The Cys47 thiol (yellow) is buried in a hydrophobic pocket at the active site of
liganded human GSTP1-1 (PDB code: 6GSS '*7). The figure was generated using VMD ''*.

1.9 S-Nitrosation of glutathione transferase P1-1

S-Nitrosated GSTP1-1 has previously been generated in vitro by reaction with GSNO '**'%.
A stoichiometry of three SNOs per protein dimer was observed and a 30 % decrease in
enzyme activity was attributed to a higher Ky for S-nitrosated GSTP1-1 '**. The S-
nitrosation sites were identified by site-directed mutagenesis as Cys47 and Cys101, although
only modification at Cys47 affected enzyme activity '**. Importantly, S-nitrosated GSTP1-1
has also been identified in vivo in oxidatively stressed cells '*° by mass spectrometry. In two
separate studies, either Cys47 ' or Cys101 *' of GSTP1-1 were identified as the sites of S-
nitrosation. Intriguingly, Cys101 was identified as an unusually long-lived protein-SNO,
persisting beyond the timescale of the nitrosative stimulus even in the presence of the cellular
reducing agent, GSH *'. The fact that GSTP1-1 is readily S-nitrosated in vitro, and that the
same sites are nitrosated in a physiological context, makes this protein a good model for more

detailed in vitro studies on protein S-nitrosation.

18
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1.10 Objective and aims

Despite its importance in cellular physiology and pathophysiology *°, protein S-nitrosation is

a poorly understood phenomenon, particularly at a molecular level. The objective of this

research was to contribute to a molecular understanding of S-nitrosation of GSTP1-1 by 1)

deriving a kinetic mechanism for the S-nitrosation process and 2) evaluating the

consequences to protein activity, stability, structure and dynamics upon S-nitrosation.

Specifically, the aims of this research were:

1.
2.
3.

Express and purify recombinant GSTP1-1.

Generate S-nitrosated GSTP1-1 in vitro.

Determine a minimal mechanism for transnitrosation of GSTP1-1 using site-directed
mutagenesis, isothermal titration calorimetry and transient kinetic methods.

Probe the structure of S-nitrosated GSTP1-1 using spectroscopic techniques.
Investigate the unfolding energy landscape of S-nitrosated GSTP1-1 using
equilibrium and transient kinetic methods.

Evaluate the dynamics of S-nitrosated GSTP1-1 using hydrogen-deuterium exchange

mass spectrometry.



Chapter 2

S-Nitrosation of glutathione transferase P1-1 is controlled by
the conformation of a dynamic active site helix

Balchin, D., Wallace, L.A., Dirr, H.W.

J. Biol. Chem. 288, 14973-14984, 2013

In this publication, a minimal mechanism was derived for the transnitrosation and
denitrosation of GSTP1-1.

Author contributions: David Balchin performed all experimental work except the temperature
dependence of a2 unfolding (Figure 4C), analysed the data and wrote the manuscript. Louise
A. Wallace performed the experiment in Figure 4C. Heini W. Dirr supervised the project and
assisted in data analysis and interpretation.
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(Background: S-Nitrosation is an emerging post-translational modification that is not yet well understood on a molecular

Results: We propose a mechanism for S-nitrosation of glutathione transferase P1-1 by S-nitrosoglutathione.
Conclusion: Cys'®! is nitrosated in a single step, but Cys*” nitrosation is limited by the rate of helix 2 opening.
Significance: Detailing the mechanism of spontaneous transnitrosation is crucial to understanding how protein S-nitrosation is

J

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.
Cys*” 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 a2 at the active site. Cys'°, 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
Cys'®1-NO is substantially more resistant to denitrosation than
Cys*’-NO, suggesting a potential role for Cys'°! 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

* This work was supported by the University of the Witwatersrand, South
African National Research Foundation Grants 60810,65510, and 68898 and
South African Research Chairs Initiative of the Department of Science and
Technology and National Research Foundation Grant 64788.

"To whom correspondence should be addressed. Tel.: 27-11-717-6352;
E-mail: heinrich.dirr@wits.ac.za.
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(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 N,O; (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)? 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 a minimal mech-
anism for GSTP1-1 transnitrosation and denitrosation at both

2 The abbreviations used are: GSNO, S-nitrosoglutathione; CysNO, S-nitroso-
cysteine; a2, helix 2 of glutathione transferase P1-1; ITC, isothermal titra-
tion calorimetry.
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Cys* and Cys'®'. 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 Hisg-tagged GSTP1-1
was a kind gift from S. Y. Blond (Centre for Pharmaceutical
Biotechnology, University of Illinois, Chicago, IL). His,-
GSTP1-1 was expressed in Escherichia coli T7 cells and purified
by Co®" 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~ ' cm ™! 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 um S-nitrosated protein pre-
pared as described above but with varying concentrations of
GSNO or CysNO. 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 » = —0.5.

Kinetics Experiments—Kinetics of GSTP1-1 nitrosation or
denitrosation were measured 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 um and all experiments
were performed in 20 mm phosphate buffer with 150 mm NaCl,
2 mMm EDTA, and 0.02% NaN;. At least three traces were
recorded and averaged at each ligand concentration. a2 unfold-
ing rates were measured under the same conditions by follow-
ing the initial increase in protein fluorescence following mixing
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 k,,
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
ks for Cys*” nitrosation (C101S mutant) or Cys'°! nitrosation

14974 JOURNAL OF BIOLOGICAL CHEMISTRY

(C47S mutant). The quality of the fits was judged by inspection
of the residuals.

The data for Cys'°" nitrosation were fit to Equation 1, for a
single-step reaction.

Kops = kY50 + kY5 [GSNO] (Eq. 1)

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

k kCys»47
k b = open + —NO (q.2)
o 1+ kclosed kCXSN‘g[GSNO]
kCJZSN[g[GSNO] kclosed

Kopen and K054 are the forward and reverse rate constants for the
pre-nitrosation conformational equilibrium, and k$%S7 and
kS5S7 are the rate constants for Cys* nitrosation and denitrosa-
tion, respectively.

The data for GSH-mediated denitrosation at either
Cys*-NO or Cys'°*-NO were fit to Equation 3, describing a

single-step denitrosation dependent on GSH concentration.

Kops = kino + KCHGIGSH] (Eq.3)

The temperature dependence of Cys*” nitrosation or a2
unfolding was analyzed using an Eyring plot generated from
Equation 4 (28).

nlin) - (R )

Where k is the nitrosation rate constant, / is Planck’s constant,
kg is the Boltzmann constant, T is absolute temperature, and R
is the universal gas constant. AH" was calculated from the slope
of a plot of the left-hand side of Equation 4 against 1/7. AS* was
determined from Equations 5 and 6.

ol
TR T
AH* — AG*
Sl

(Eq.4)

AG* = (EQ.5)

AS* = (Eq.6)

Isothermal Titration Calorimetry—ITC experiments were
performed using a MicroCal VP-ITC instrument. 9.4 mm
GSNO or 2 mMm GSOyj in the syringe was injected into the sam-
ple cell containing 61.4 um (C475/C101S) or 114 um (C101S)
protein in 20 mm phosphate buffer with 150 mm NaCl, 2 mm
EDTA, and 0.02% NaN,. The temperature was kept constant at
37 °C to match the kinetics experiments. Data were analyzed
using Origin 7.0 (MicroCal).

RESULTS

GSTPI-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
mutants with the aim of 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

VOLUME 288+NUMBER 21+-MAY 24,2013
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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, Cys*” and Cys'®", are indicated (pink). Trp®® and Trp®® (cyan) are probes of the nitrosation events. B, quenching of
fluorescence upon reacting 2 um wild-type and mutant GSTP1-1 with 100 um GSNO at 37 °C for 1 h. Reduced (cyan), wild-type (black), C101S (green), C47S (red),
C47S/C101S (blue) are indicated (A., = 280 nm). C, 2 um protein was titrated with increasing amounts of GSNO and equilibrated for 1 h at 37 °C with A, = 280
nmand A, = 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. K, values

from the fits are reported in Table 1.

of 2 = 0.1 S-nitrosothiols per subunit, consistent with previous
reports. Furthermore, mutation of either Cys*” or Cys'®' 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
mutant GSTP1-1. 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 the mass 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 Cys*’
(C101S mutant) or Cys'®' (C47S mutant) were studied.
Cys'%', and Cys"” especially, are located close to the two tryp-
tophan residues (Trp®® and Trp®®) 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

MAY 24,2013 +VOLUME 288+-NUMBER 21

the indole ring and S-NO moiety (30) (Fig. 1B). Equilibrium
fluorescence titrations of wild-type and mutant GSTP1-1 reveal
that both Cys*” and Cys'®" are S-nitrosated with relatively low
affinity (low micromolar K, values) by either GSNO or CysNO
(Fig. 1C and Table 1). The equilibrium titration of Cys'®* 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 K, 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 Cys*” and Cys'°". Representative transients from mix-
ing 500 uMm nitrosating agent with 1 uM protein reveal distinct
differences between the rates and amplitudes of nitrosation at
Cys* and Cys'®" (Fig. 2B). S-Nitrosation at Cys*” occurs more
rapidly and produces a larger fluorescence change than at
Cys'?!, 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
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observed rate constants to the k_,, 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.
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FIGURE 2. Kinetics of GSTP1-1 nitrosation monitored by intrinsic fluores-
cence. A, representative transients showing the decrease in fluorescence
when 1 um of different cysteine mutants of GSTP1-1 was mixed with 500 um
nitrosating agent (GSNO or CysNO) at 37 °C. Curves were normalized to have
the same starting fluorescence. B, S-nitrosation of 1 um wild-type GSTP1-1
with 500 um 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 Cys*’, Cys'®', and
the alternate site, respectively, determined from fitting the data in B.
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S-Nitrosation at Cys*” Is Preceded by the Isomerization of
Helix a2—To characterize the kinetics of Cys*” 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 Cys*” 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 Cys*’
followed by a slow conformational change (induced-fit, rapid
equilibrium assumption); or 2) a slow equilibrium between 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
selection mechanism, 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 Cys*” of GSTP1-1 at different tempera-
tures, potentially altering the relative magnitudes of the confor-
mational and chemical steps. Fig. 44 clearly demonstrates that
at 15°C the concentration dependence of Cys*” 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
Ky pen to become smaller than k9557, giving the plot in Fig. 4A.
Above 20 °C, k..., is larger than k<2537, 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 k., (the saturation value) and A9557 (the y
intercept) can be resolved from these data. Deriving k<3537
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
Cys*” at 37 °C are reported in Table 1.

Helix a2, 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 Cys*” (33). We therefore hypothesize that the
conformational equilibrium that precedes chemical modifica-
tion of Cys*” is between the open and closed states of a2 (Fig.
4D). When o2 is in its closed conformation, the Cys*” thiol is
buried in a hydrophobic pocket in domain 1, inaccessible to
transnitrosation by GSNO or CysNO. The rate of Cys*” nitrosa-

TABLE 1
Kinetic and equilibrium constants for S-nitrosation of GSTP1-1 according to Scheme 1
Ligand Nitrosation site Koo kino k_no KGR K,
st M ost st Mgt M
GSNO Cys"’ 0.022 = 0.001 ND* 0.0008 £ 0.0001 46 + 3 10 = 0.5
Cys'™* NA 40 = 3° 0.001 = 0.0002 1.4 = 0.06 4 *4
CysNO Cys"” 0.07 = 0.02 ND 0.0008 £ 0.0001 NA“ 8 *£0.6
Cys'* NA 100 = 5 0.001 = 0.0002 NA 15*2

“ND, not determined.
® Estimated from fit to linear portion of curve.
¢NA, not applicable.
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FIGURE 3. Concentration dependence of the rate of S-nitrosation of Cys*” reveals a multistep mechanism. 1 um 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 C475/C101S GSTP1-1, and the second rate is reported here as k,,, representing

the nitrosation of Cys*” alone. The data in the figure were fit to Equation 2.

tion would therefore be limited by k., the rate constant for
accessing the open state of 2. Eyring analysis of k..., gives AH" =
114 * 23 k) mol " and TAS* = 26 + 23 k] mol ' (Fig. 4B), sug-
gesting a large, entropically favorable conformational change,
such as the unfolding of a2. To test this with an independent
approach, we examined the temperature dependence of the
unfolding of a2 in 7.5 M urea (Fig. 4C). At high urea concentra-
tions, a2 unfolding 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 a2 gives
AH" = 118 = 3 k) mol ! and TAS" = 50 = 3 kJ mol ™, in
excellent agreement with the energetics of k,,.,,. These values
are also very close to estimates of a2 unfolding enthalpy from
NMR (32) and ligand binding (34) experiments. Finally, high
glycerol is known to impair GSTP1-1 activity by dampening a2
dynamics (33), and we found that 40% glycerol caused a 10-fold
decrease in k., (data not shown). Together, these data consti-
tute strong evidence that S-nitrosation of GSTP1-1 at Cys*” 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 Cys*” of GSTP1-1
(Fig. 3) does not support the idea that GSNO binding necessar-
ily precedes Cys*” 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
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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 K, calculated from the slope of the transition, was
14.1 = 0.8 uM, in good agreement with the K, determined
from fluorescence titration for Cys*” nitrosation (Table 1).
S-Nitrosation at Cys'®" Occurs in a Single Step, Limited by
Steric Hindrance at the Dimer Interface—The rate of S-nitrosa-
tion of Cys'?!, at the dimer interface of GSTP1-1, was also
investigated at 37 °C with increasing concentrations of GSNO
or CysNO. Unlike S-nitrosation of Cys*’, the concentration
dependence of the observed rate constants for Cys'°! nitrosa-
tion is qualitatively different for GSNO or CysNO (Fig. 64). The
rate of the reaction between Cys'®" 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
Cys'®! 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 Cys'®" by substan-
tially different mechanisms. In addition, there is no known
GSNO (or GSH) binding site near Cys'®", so it is also unlikely
that a direct interaction between GSNO and the protein occurs
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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 Cys'®" nitrosation sites on each
subunit. This interpretation is consistent with the equilibrium
titrations in Fig. 1C, where Cys'®! 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 A sep-
arating the Cys'®" 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 Cys'°" on one subunit (analogous to a
hypothetical intermediate in the transnitrosation reaction with
GSNO) occupies most of the solvent accessible region sur-
rounding Cys'®! on the adjacent subunit. At high concentra-
tions of GSNO, steric hindrance could plausibly limit the rate of
S-nitrosation of GSNO, giving the behavior in Fig. 6A4. 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 Cys'®' 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{355°" was estimated from the initial
linear portion of the curve. All kinetic constants are reported
in Table 1.

S-Nitrosated Cys'®* Is More Resistant Than Cys*”-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 by GSH, the most 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 Cys* or Cys'®" by mixing with GSNO at
37 °C, excess GSNO was 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 Cys'°’-NO and Cys*’-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. Of more interest are the rates of denitrosation in
the presence of GSH. In this case, Cys'®'-NO and Cys*’-NO
were denitrosated at quite different rates. The linear depend-
ence of the observed denitrosation rate on GSH concentration
suggests that both Cys*”-NO and Cys'®'-NO are denitrosated
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in a single step (Fig. 7B). Fitting the data to Equation 3 gives
kSEL 30-fold larger for Cys*”-NO than Cys'°*-NO (Table 1),
indicating that Cys'®'-NO is substantially more resistant than
Cys*”-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 for GSH, 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 Cys*” and
Cys'®! (Scheme 1).

Cys'%! is transnitrosated in a single step, whereas S-nitrosa-
tion at Cys*” is limited by a pre-equilibrium between the open
and closed states of @2. The mechanism reported here suggests
an intricate regulation of GSTP1-1 S-nitrosation. Because the
rate of opening of helix a2 controls Cys*” 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 iz vivo, suggesting that Cys*’ S-nitrosation can be either
stimulated or inhibited depending on whether cellular NO is
sequestered as GSNO or the dinitrosyl-diglutathionyl-iron
complex. Cys'®! 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. Cys'®! is therefore nitrosated
slowly, but is unusually stable; the rate constant for GSH-me-
diated denitrosation at Cys'°*-NO is 30 times smaller than at
Cys*”-NO (Table 1). This is consistent with a previous study
that identified Cys'®'-NO of GSTP1-1 as an unusually long-
lived nitrosation site in vivo (19). A possible explanation for this
is the limited accessibility of Cys'°*-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 Cys*’-NO and Cys'®'-NO. DTT-medi-
ated denitrosation was qualitatively similar to denitrosation by
GSH (Fig. 7A), suggesting that GSH binding does not influence
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Data Bank code 2A2S).

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
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reach 1 to 10 mm (10). Based on the rate constants we report
here (Table 1), Cys*”-NO of GSTP1-1 would be denitrosated at
a rate of 0.05-0.5 s ', whereas Cys'°'-NO would be denitro-
sated at 0.001-0.01 s~ . This compares to nitrosation rates at
physiological GSNO concentrations (1-5 um (11)) of 0.0002
s~ 'atCys'® and 0.02 s~ ' at Cys*” (k,.,), indicating that nitro-

)
open.
sation of GSTP1-1 is disfavored at high GSH concentrations.
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modated at the dimer interface, resulting in negative cooperativity for S-nitrosation of Cys'®! on the adjacent subunit. C, structures of GSNO and CysNO.

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 Cys*” significantly perturbs the detoxifica-
tion activity of GSTP1-1 (22). Because Cys*” 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
Cys'®! does not substantially affect the enzymatic function of
the protein (22). Cys'®! nitrosation may, however, affect the
ability of GSTP1-1 to bind JNK (18) or peroxiredoxin (41). The
unusual persistence of Cys'°*-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 A)
acid-base motif with exposed charged groups (42, 43). Cys'®" of
GSTP1-1 is not proximal to any obvious acid-base motif, but

“BSEpEN
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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 Cys*” nitrosation: Cys*’ is modified only
when a2 is open and the thiol is solvent accessible. Lys** has
been proposed to enhance the reactivity of Cys*” 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 a2 equilibrium lim-
its nitrosation at Cys®’, its low pK, does not ultimately deter-
mine its reactivity. Eyring analysis in Fig. 4 reveals that activa-
tion enthalpy of k., is essentially identical to the activation
enthalpy for o2 unfolding in high urea. This suggests that a2 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
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of GSH-mediated denitrosation of Cys*” or Cys'®"

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 Cys*” 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 Cys®” thiol (Fig. 5D). To transfer the NO group to
Cys*’, GSNO would have to undergo an energetically costly
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alone. The GSH concentration dependence of these rates is shown in Band the solid line is a fit to Equation 3.

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
Cys"*”. Consistent with this, CysNO (which has no known bind-
ing site on GSTP1-1) is able to S-nitrosate Cys*” 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
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GSNO binding by Téllez-Sanz et al. (23). In light of our results,
these heats are more plausibly attributed to the S-nitrosation of
Cys*” as well as any associated protein conformational changes.
Consistent with this interpretation, the K, determined from
ITC was very similar to the K, from the fluorescence titration
(Table 1), which is not contributed to by GSNO binding (GSNO
was removed by dialysis after S-nitrosation in the fluorescence
experiments). Notably, the rate constant for the opening of a2,
Kopen is three times lower when GSNO rather than CysNO is

[e)

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 k.,
by biasing the closed state of a2.

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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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.

Energy

+NO
Glutathione transferase P1-1 ————> 5-nitroso-G5TP1-1

% deuteration

Unfolding coordinate

Furthermore, the modification destabilizes domain 1 of GSTPI1-1 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,' regulates a number of physiological
phenomena,>® and has been linked to several diseases.*
S-Nitrosation has been shown to induce enzyme activation®
or inhibition® and to regulate the activity of several ion
channels”® and control the allosteric behavior of hemoglobin.”
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 a-helical content upon §-
nitrosation of OxyR10 and the chloride channel CLIC4,"" and a
subtle change in the tertiary structure of S-nitrosated CLIC4
was suggested by trypsin digestion and thermal denaturation
experiments.'" S-Nitrosation has also been shown to regulate
the immune response in plants by triggering the oligomeriza-
tion of NPR1."> Only four crystal structures and two solution
structures [nuclear magnetic resonance (NMR)] have been
determined for S-nitrosated proteins to date: myoglobin,"
thioredoxin,** protein-tyrosine phosphatase 1B,'S nitrophor-

-4 ACS Publications  © Xxxx American Chemical Society

in,'® p21*'7 (NMR), and S100A1'® (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). GSTPI1-1 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,"” ' and in vitro work has demonstrated that the
modification affects the detoxification activity of the enzyme.**
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 GSTPI1-1
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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B EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and S-Nitrosation.
The pET-15b vector encoding N-terminally Hisc-tagged
GSTP1-1 was a kind gift from S. Y. Blond (Centre for
Pharmaceutical Biotechnology, University of Illinois, Chicago,
IL). Hiss-GSTP1-1 was expressed in Escherichia coli T7 cells
and purified by Co*" affinity chromatography as described
previously.”> S-Nitrosated GSTP1-1 was prepared by mixing
fully reduced protein (with or without a 50-fold molar excess of
glutathione sulfonate) with a S50-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 previously”> based on an S-NO extinction
coefficient of 750 M™! cm™ at 330 nm.

Steady-State Enzyme Kinetics. Enzyme activity was
measured at 20 °C for the conjugation of GSH to CDNB.**
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 uM 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 uM, 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:>>*#tab;

ko1 1
E-F [fK[Q f

where F 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 f, 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 uM protein in the same buffer as the fluorescence
measurements. The raw data were averaged and converted to
mean residue ellipticity, [0] (degrees square centimeters per
decimole) using the following equation:#tab;

1000
0] =
6] Cnl

where 6 is the measured ellipticity (millidegrees), C is the
protein concentration (millimolar), # is the number of residues,
and [ is the path length (centimeters).

Equilibrium Unfolding and Refolding. Equilibrium
unfolding experiments were conducted by mixing 1 #M 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 #M protein in 8 M urea into 1—7.8
M urea with a final protein concentration of 1 uM. All solutions
were prepared in triplicate and allowed to equilibrate for 30
min before the structure of the proteins was probed using
fluorescence spectroscopy (A, = 280 nm; A, = 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 #M, 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:

LHO mFurea]

log k, = log 2.303RT

where k, is the observed unfolding rate constant, ki © is the
unfolding rate constant in the absence of urea, and m 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 uL 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 uL of 100% D,0O
at 20 °C for 10, 15, 30, 100, 300, or 3600 s before the
simultaneous quench, reduction, and proteolysis as previously
described.”” 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 H,O was used in place of D,O.
Following addition of the quench buffer, proteolysis was
allowed to proceed for S min before the samples were injected
onto an Aeris PEPTIDE 3.6 ym 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 yL/min with a linear
acetonitrile gradient (S to 95%) over 1S5 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).

B RESULTS

S-Nitrosation of GSTP1-1 in Vitro. GSTP1-1 S-nitrosated
at Cys47 and Cys101 exists in vivo'> > and has previously been
generated in vitro.”>*® Here, we produced S-nitrosated GSTP1-
1 by reaction with GSNO, the most prominent physiological

. . 29 . .
transnitrosation agent.” S-Nitrosation was confirmed by ESI-
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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 a2 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 4., of 280 nm.
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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 (O) monitored by tryptophan fluorescence with a 4, of 280 nm (A and C) and circular dichroism at 222 nm (B and D). Data
points are the average of three replicates.

MS.3°
UV absorption to be 2 +

and the stoichiometry of nitrosation was determined by

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."”

We produced GSTP1-1 Cysl

01-NO by saturating the protein

with glutathione sulfonate (GSO;”) before reaction with
GSNO. GSO;~ binds the active site and prevents Cys47
nitrosation by inducing the closed state of a2, resulting in an
S-nitrosation stoichiometry of 1.2 + 0.1 per subunit. In all
subsequent experiments, GSTP1-1 Cys101-NO was compared
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Figure 3. S-Nitrosation of GSTP1-1 introduces a refolding defect. Urea-induced unfolding (®) and refolding (O) of GSTP1-1 and S-nitrosated
variants monitored by tryptophan fluorescence with a 4., 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.

to reduced GSTP1-1 saturated with GSO;", 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. GSTPI-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.>' 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.”* S-Nitrosation at
Cys47 and Cysl01 caused a 94% decrease in the specific
activity of the enzyme, from 96 ymol min™' mg™" (reduced) to
6 umol min~' mg™" (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 a-helical
structure is apparent for the Cys47/Cys101-NO and Cys101-
NO proteins (Figure 1B). Steady-state fluorescence (A, = 280
nm) shows substantial quenching of tryptophan fluorescence
for Cys47/Cys101-NO GSTP1-1 (Figure 1C). This quenching
effect is most likely due to Forster resonance energy transfer
between the two tryptophan residues in each subunit (Trp28
and Trp38) and Cys47-NO (Figure 1A)* 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 GSTPI-1.
Within error, the effective quenching constants (Kq) for

reduced (1.7 + 0.4 M™') and Cys101-NO (1.8 + 0.5 M)
GSTP1-1 are identical, and very similar to that reported
previously.>>** The Kq for quenching of Cys47/Cys101-NO
GSTPI-1 (2.8 + 03 M™') 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.** 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®® 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 GSTPI-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 GSTPI-1 in the denatured state are completely
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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
GSTPI1-1 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.*® Despite the
hysteresis, the native state is essentially completely recovered at
low urea concentrations.

While circular dichroism measurements suggest that the a-
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.>°
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 GSO;" follows kinetics very
similar to those of the apoenzyme.

The S-nitrosated isoforms of GSTPI1-1 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
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Figure 4. S-Nitrosation alters the unfolding pathway of GSTP1-1. (A)
Fluorescence transients after mixing 1 uM reduced or S-nitrosated
GSTP1-1 with 8 M urea: reduced (black), Cys47/Cys101-NO (red),
reduced with GSO;~ (green), and Cys101-NO (blue). Fluorescence
transients for the protein mixed with buffer only are shown with
dashed lines. 4., = 280 nm, and A, = 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/
Cysl01-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.

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, GSO;~ 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 k.°°, consistent with previous work.>> The
unfolding of Cys101-NO GSTP1-1 is monophasic and different
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Table 1. Kinetic Constants for the Unfolding of Reduced and S-Nitrosated GSTP1-1

Cys101-NO (with

Cys47/Cys101-NO, fast Cys47/Cys101-NO, slow

reduced reduced with GSO;3~ GSO;") phase phase
R0 (s (5+2)x10° 18x10°+6x107 (3+2)x10°® 021 + 0.11 0.04 + 0.02
m¥ (kcal mol™' M™')  0.62 + 0.04 0.81 + 0.04 1301 —0.07 + 0.06 —0.06 + 0.08

site

B

<10%

Active

% deuteration

Domain 1

Dimer interface

Domain 2

S-nitrosated

>90%

Figure S. 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 a2
helix is indicated, as are the S-nitrosation target cysteines (C47 and C101) and the dominant fluorophores (W28 and W38).

from that of the reduced proteins. The large m¥ and small k. ©
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 m¥ and a high
KL © In contrast to Cys101-NO GSTPI1-1, 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, a2 rapidly exchanges
nearly all of its amide protons. This is consistent with NMR
data that showed that @2 is largely disordered above 17 °C*’
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 GSTMI1-1** and the GST homologue CLIC1.*

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 a2 is equally susceptible to deuteration
in both proteins, the rest of domain 1 is significantly more
dynamic in S-nitrosated GSTP1-1. Specifically, strands $1—/33,
helices a1 and @3, and the apex of helix a8 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 a4, a5, and a7. Together, the
DXMS data show that S-nitrosation at Cys47 and Cys101
destabilizes both domain 1 and domain 2 of GSTP1-1.

B 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
GSTPI1-1, 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 GSTPI1-1 in vitro by 30%.”> 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.”® 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 a-helical content and a change in acrylamide
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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 al1—a8 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 (O) 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.

quenching behavior (Figure 1). Cys47 does not participate
directly in catalysis,*® but chemical modification of the thiol
impairs the activity of the enzyme.*'™* Our DXMS data
suggest that S-nitrosation at this residue inactivates GSTP1-1
by substantially increasing the dynamics of the active site
(Figures S 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.’® 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 k:>°) and via a low-energy transition state (low
m¥) (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.** Unlike Trp38, which is
solvent-exposed even in the native state because of its position
on the highly dynamic a2, 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 S 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 S 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.* In
addition, Cys47-NO is highly susceptible to denitrosation by
GSH.* These factors are consistent with the low level of
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Cys47-NO GSTP1-1 observed in vivo (3—55% depending on
the concentration of the NO donor).”" 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.”® Cys101-NO of
GSTP1-1 is relatively kinetically resistant to denitrosation by
GSH?® and unusually persistent in vivo.'” We therefore also
analyzed the stability and unfolding of Cys101-NO GSTPI1-1,
prepared by saturating the protein with GSO;~ prior to S-
nitrosation with GSNO. GSO;™ binds the G-site of GSTP1-1,
biasing the closed state of @2*” and preventing S-nitrosation of
Cys47.%° 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,* it
may affect the ability of GSTP1-1 to inhibit c-jun N-terminal
kinase*® or bind peroxiredoxin.*’

GSTP1-1 is tightly regulated by S-nitrosation. GSNO
spontaneously and rapidly S-nitrosates Cys47 when a2 is in
its open conformation,” thereby introducing local disorder,
destabilizing domain 1, and smoothing the unfolding energy
landscape. Cys101 is nitrosated more slowly but persists in
vivo,"”*° introducing a refolding defect but kinetically
stabilizing GSTP1-1. This work elucidates the regulation of
GSTPI1-1 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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DXMS deuteration difference heat map (Figure S1) and a
complete set of DXMS peptide uptake plots (Figure S2). This
material is available free of charge via the Internet at http://
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Chapter 4

General discussion

4.1 A minimal mechanism for transnitrosation of GSTP1-1

Using transient kinetic techniques, a minimal mechanism was defined for the transnitrosation

of GSTP1-1 by CysNO or GSNO "** (Scheme 2).

k €47
open NO C47
P Popen + GSNO/CysNO P~ -NO
k K47
+ closed -NO
GSNO/CysNO
C101
k NO L kCiOl_NO
C101
P -NO

Scheme 2. Minimal mechanism for S-nitrosation of GSTP1-1. P and P, represent GSTP1-
1 with a2 in the closed and open conformations, respectively. K" and £“'°" are the rate

constants for S-nitrosation (+NO) and denitrosation (-NO) at Cys47 and Cys101.

S-Nitrosation caused a decrease in the fluorescence intensity of GSTPI-1 following
excitation at 280 nm. This allowed the kinetics of nitrosation to be measured by stopped-
flow fluorimetry. S-Nitrosation at Cys101 was found to occur in a single step, with relatively
slow kinetics. A concurrent experiment using CysNO as the NO donor suggested that
transnitrosation by GSNO is limited by steric hindrance at this cysteine, resulting in apparent

negative cooperativity. This is consistent with the limited space between Cys101 residues on
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adjacent subunits, preventing the dimer interface cleft from accommodating two GSNO

molecules simultaneously.

Due to its low pK, ''°, Cys47 of GSTP1-1 would be expected to be transnitrosated more
rapidly than Cysl101. It was demonstrated, however, that the rate of Cys47 nitrosation is
controlled by the conformation of 02 at the active site. When a2 is closed, the Cys47 thiol is
not solvent accessible and cannot react with GSNO. S-Nitrosation therefore selects for the
conformation of GSTPI-1 in which a2 is open. The kinetic mechanism reported here —
conformational selection — is seldom invoked to explain two-step biochemical interactions.
Instead, data similar to those reported in this work are commonly assumed to indicate an
induced-fit mechanism of bimolecular recognition. Indeed, this interpretation has previously
been applied to explain the behaviour of 02 of GSTP1-1 during ligand binding at the active

133 12 and the well-established

site In light of the detailed kinetic data reported here
conformational heterogeneity of o2 ', it is more likely that ligand binding by GSTP1-1
follows a conformational selection mechanism. In fact, a recent study argues that

conformational selection is able to account for almost all ligand binding behaviours '**.

GSNO is essentially identical in structure to GSH, the natural ligand of GSTP1-1. It was
therefore initially proposed that S-nitrosation of GSTPI-1 at Cys47 is preceded by GSNO

binding to the active site '*’.

Although superficially plausible, this mechanism is
inconsistent with the binding mode of GSNO, which positions the NO group far from the
Cys47 thiol (PDB codes 2A2S; 2A2R '*°). Indeed, it was demonstrated in this work that
GSNO does not bind GSTP1-1 with measurable affinity, and that CysNO (which has no
binding site on GSTP1-1) can readily nitrosate Cys47. GSNO binding does not, therefore,
precede S-nitrosation of GSTP1-1. Instead, GSNO binding to any extent is likely to compete

with S-nitrosation by biasing the closed state of a2.

The mechanism of transnitrosation reported here is the first for any protein, and represents an
important step towards understanding the mechanics of protein S-nitrosation at a molecular
level. Furthermore, this work suggests a new view of ligand recognition by GSTP1-1, where

ligand binding selects between slow-exchanging conformers of a2.
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4.2 Targeted cysteine nitrosation by S-nitrosoglutathione

How S-nitrosation is targeted to specific cysteines is an important, unresolved question. To
properly answer this question, the rates and mechanisms of S-nitrosation must be compared
across different cysteines. This requires detailed kinetic data, such as that reported here for

GSTPI-1.

Three factors have been proposed to target specific cysteines for transnitrosation: an acid-
base motif near the cysteine thiol *', low thiol pK, *, and a proximal GSNO binding site
142881 Neither Cysl01 nor Cys47 of GSTPI1-1 is near an appropriate acid-base motif.
Furthermore, although the protein may bind GSNO, it was demonstrated in this work that
GSNO binding is not linked to S-nitrosation of Cys47. Cys47 does have an unusually low
pK. due to stabilisation of the thiolate by Lys44 ''°. However, because the a2 equilibrium
limits the rate of nitrosation at Cys47, the low pK, of this group does not ultimately determine
its reactivity. These considerations point to thiol solvent accessibility as the major
determinant of S-nitrosation specificity in GSTP1-1. Cys101 is the most solvent accessible

cysteine residue out of the four on each subunit, and Cys47 is readily nitrosated when a2 is

open and the thiol is exposed.

Previous NMR work ''?, as well as the energetics of 02 opening reported here, argue for a2
being largely unfolded or disordered in the open conformation. This suggests that significant
tertiary or secondary structure is not required to target GSNO or CysNO to a specific
cysteine. The apparent selection of unstructured regions of proteins by post-translational

modifications has been extensively reported '*°, and includes phosphorylation of disordered

136 137
3 .

regions of p5 and acetylation of histone tails This is the first time that this
phenomenon has been reported for protein S-nitrosation, but it would be unsurprising if

similar behaviour were found for other proteins.
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4.3 S-Nitrosation introduces local disorder in domain 1 of GSTP1-1

The hydrogen-deuterium exchange mass spectrometry data reported here reveal that S-
nitrosation at Cys47 and Cys101 substantially increases the susceptibility of GSTP1-1 to
deuteration. This is particularly evident in domain 1, even at short time points (less than 10
seconds). This result indicates that S-nitrosation induces local disorder in domain 1 of
GSTP1-1. In fact, given that Cys47 is nitrosated only when a2 is unfolded, S-nitrosation may
select for transiently disordered conformations of domain 1, and prevent the domain from
reforming its stable, native structure. The crystal structure of Cys-alkylated mouse GSTP1-1

lacked well-defined electron density for most of domain 1 '*.

This suggests that other
modifications of Cys47 may alter the dynamics of domain 1, and that the integrity of the

Cys47 thiol is vital for the proper folding and packing of the domain.

The introduction of local disorder is the likely cause of the low activity of the S-nitrosated
enzyme. The highly dynamic active site of S-nitrosated GSTP1-1 is unlikely to be able to
form a functional GSH binding site, much less position the thiol group optimally for
conjugation to the electrophilic substrate. This is consistent with the increase in the Ky for
GSH noted previously upon S-nitrosation of Cys47 of GSTP1-1 '*. Whether the introduction
of domain 1 disorder affects the interaction of GSTP1-1 with its numerous cellular binding

102,104,105

partners remains to be evaluated.

4.4 S-Nitrosation remodels the unfolding energy landscape of GSTP1-1

The unfolding kinetics of reduced GSTPI-1 have previously been explored in detail by
Gildenhuys ez al. '"°. These authors mapped the burst phase in the kinetics experiment to the
rapid unfolding of helix a2. They also concluded, based on an initial conditions test, that the
native state is heterogeneous in a2 conformation, and unfolding proceeds via parallel
pathways. No evidence was found for a stable monomeric species, and the intermediate state
was suggested to be dimeric, but with a2 unfolded. The burst phase for the unfolding of
reduced GSTP1-1 is hyperfluorescent. This suggests that the unfolding of a2 either buries
the tryptophan residues in a more hydrophobic environment, shifts the fluorophores away

139

. 138 . . . .
from quenching groups ", or simply increases conformational dynamics The second

phase of unfolding is characterised by a decrease in fluorescence intensity, which most likely
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corresponds to an increase in solvent exposure of the tryptophan residues as domain 1 (and

the bulk protein) unfolds completely '**.

In contrast to reduced GSTP1-1, the S-nitrosated proteins lack a hypofluorescent phase

40 This is consistent with

corresponding to solvent exposure as domain 1 unfolds
biophysical data for Cys47/Cys101-NO GSTP1-1. DXMS experiments indicate that much of
domain 1 of the S-nitrosated protein is highly dynamic and solvent exposed, even in the
native state. Furthermore, this isoform unfolds rapidly, and with low kinetic cooperativity.
This implies the unfolding of a highly dynamic structure that experiences a small change in
ASA between the native and denatured states. Together, the data suggest that S-nitrosation at
Cys47 and Cys101 induces partial unfolding of GSTP1-1, which then undergoes only limited
further unfolding at high denaturant concentrations. Although the unfolding transients for
Cys101-NO GSTP1-1 appear similar to those for the double-nitrosated protein, the unfolding
events are quite different in character. Cysl101 nitrosated GSTP1-1 unfolds two orders of
magnitude more slowly than the reduced control, and with higher kinetic cooperativity. S-
Nitrosation at Cys101 therefore appears to stabilise GSTP1-1 kinetically, while confining the

unfolding pathway to a limited set of conformations, evidenced by the lack of a

hypofluorescent phase in the unfolding transient.

Equilibrium and pre-equilibrium unfolding data demonstrate that S-nitrosation remodels the
energy landscape of GSTPI-1 (Figure 9). For Cys47/Cys101-NO GSTPI1-1, DXMS
experiments indicate that the native state is destabilised, while acrylamide quenching data
suggest stabilisation of the denatured state. This is consistent with equilibrium unfolding
data, which show that S-nitrosation substantially decreases the cooperativity of unfolding of
domain 1. Furthermore, unfolding kinetics experiments reveal a high &,">° and very low myt,
evidence for a lower energy unfolding transition state and overall much smoother unfolding
energy landscape. The effect of S-nitrosation at Cysl01 alone is quite different. In this
instance, the modified protein unfolds more slowly than reduced GSTP1-1, and with higher
kinetic cooperativity. This implies that S-nitrosation at Cys101 destabilises the transition

state for the unfolding reaction.
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Cys47/Cys101 - NO

T Cys101 -NO

Energy

v
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Figure 9. S-Nitrosation remodels the unfolding energy landscape of domain 1 of GSTP1-1.
S-nitrosation at Cys47 and Cys101 destabilises the native state (N), while stabilising the
transition state (TS) and denatured state (D). S-nitrosation at both cysteines reduces both the
equilibrium (m) and kinetic (mui') unfolding cooperativity. Nitrosation at Cys101 alone

decreases the k,*° and increases the m,*, suggesting that the transition state is destabilised.

The structure and stability of the denatured and transition states have important implications
for the folding of GSTP1-1. Domain 1 Cys47/Cys101-NO GSTP1-1 folds without hysteresis,
but the Cys101-NO isoform shows folding hysteresis in the same domain. Folding hysteresis
following chemical denaturation is rare in the GST fold, but has been reported for Ure2, the

yeast prion protein "',

In the case of Ure2, the accumulation of an aggregation-prone
monomeric species prevents equilibrium from being reached. In the case of Cys101-NO
GSTP1-1, the hysteresis occurs without aggregation, and can be explained by the
modification destabilising the transition state. A higher energy transition state implies a
larger energy barrier for protein folding — the energy difference between the denatured and
transition states is increased (Figure 9). It is possible that a fraction of the denatured protein
is kinetically trapped in an unfolded (or partially folded) state, altering the unfolding-

refolding equilibrium and causing hysteresis.

Despite its physiological importance, the effects of post-translational modifications on

protein unfolding and stability have been explored in only a few instances. Both
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phosphorylation '** and ubiquitination '** are known to promote local protein unfolding. S-

Nitrosation causes a small reduction of the melting temperature of CLIC4 **, although the

implications for the stability and unfolding of the protein are unknown. Glycosylation has

145

been shown to stabilise or destabilise proteins in a site-specific manner , with the

stabilising effects attributed to a destabilisation of the denatured state '*°.

This latter case is
similar to the results presented here, which reveal site-specific stability effects upon S-
nitrosation. More generally, these examples imply that the modulation of protein stability

may be a generic strategy for post-translational control of protein function.

4.5 Cellular regulation of GSTP1-1 by S-nitrosation

GSTP1-1 functions in vivo to detoxify xenobiotics '*’ and regulate c-jun N-terminal kinase 1

(JNK1) activity '®. The GSH conjugation activity of GSTP1-1 is clearly impacted by S-

28

nitrosation, as demonstrated in this study and previously ' Although various chemical

modifications of the active site cysteine (Cys47) of GSTP1-1 have long been known to affect

119-121

its enzymatic activity , the physiological relevance of these modifications is unclear.

Thus far, the only post-translational modifications of GSTP1-1 demonstrated in vivo are S-

6

151 and S-glutathionylation '*°.

nitrosation Both modifications have been shown to reduce
GSTP1-1 enzymatic activity, demonstrating that the enzyme is under post-translational

control.

Cellular oxidative or nitrosative stress would likely trigger S-nitrosation of GSTP1-1. Under
these conditions, GSNO/CysNO concentrations are high and Cys47 is rapidly S-nitrosated.
Cys47 nitrosation introduces local disorder, destabilising domain 1 and severely disrupting
the detoxification activity of the enzyme. These consequences are mitigated in the presence
of ligands which bind the G-site of GSTP1-1 and induce the closed conformation of 02, such

148, Furthermore, the

as glutathione disulfide and dinitrosyl-di-glutathionyl-iron complex
reduced form of the protein is readily restored by GSH, which rapidly denitrosates Cys47,

thereby limiting the duration of the stress response.

Cys101 nitrosation occurs slowly, especially at high GSNO, due to steric hindrance at the

dimer interface of GSTP1-1. However, the Cys101-NO site is significantly stable against

41,132

denitrosation by GSH . Cysl01-NO GSTP1-1 may, therefore, accumulate to high levels

even in healthy cells. The physiological relevance of this is not obvious. S-Nitrosation at
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Cys101 does not affect the detoxification activity of GSTP1-1 '**, and the refolding defect
caused by this modification appears to be compensated for by enhanced kinetic stability.
Speculatively, S-nitrosation at Cys101 may allow GSTP1-1 to transnitrosate other proteins, or
affect the interaction between GSTP1-1 and JNK ', peroxiredoxin 1% or AMP-activated

protein kinase '*°.

The effect of post-translational modifications on the ability of GSTP1-1 to inhibit JNK is
unclear. S-Glutathionylation at Cys47 and Cysl101 has been suggested to inhibit the
interaction '*°, although this has not been directly demonstrated. GSTP1-1 inhibits INK
activity by binding phosphorylated (active) JNK either directly or via a JNK substrate
102.103.199 " This interaction appears to be sensitive to the conformation of domain 1 of GSTP1-
1. The binding of various active-site inhibitors prevents GSTP1-1 binding to JNK ', as
does the double mutation at the active site, W38H/C47S '*'. Given the severe consequences

of S-nitrosation to the stability and dynamics of domain 1, it seems likely that the association

of GSTP1-1 with JNK would be affected by this modification.

It is possible to speculate on the effects of disruption of the GSTP1-1 — JNK complex in vivo.
Upon activation, JNK1 phosphorylates the c-jun component of the AP1 transcription factor at
Ser63 and Ser73 '*, which activates the transcription of genes involved in cell proliferation,

cell death, inflammation, and DNA repair '>°.

JNKI can also phosphorylate (and thereby
stabilise) ATF2 and p53 '™ or (in its inactive form) target substrates for ubiquitination and
subsequent degradation '>, depending on the stress conditions of the cell. As a consequence
of these roles, JNK1 has been linked to autoimmune, neurodegenerative and metabolic

. . 1
diseases, as well as various cancers >

Under normal physiological conditions, GSTP1-1
likely sequesters JNK in an inactive complex, retarding AP1 activation. Oxidative stress
would potentially disrupt this interaction by stimulating S-nitrosation of GSTP1-1, thereby
releasing active JNK and causing the activation of pro-apoptotic genes. In normal cells, this
may represent a mechanism by which apoptosis is induced in response to oxidative stress.

157

Interestingly, tumor cells are typically hypoxic Hypoxia would mitigate protein S-

nitrosation *° and might in this way suppress JNK-mediated apoptosis in cancerous cells.
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4.6 Conclusions

Despite its role in cellular physiology and pathophysiology, the phenomenon of protein S-
nitrosation is poorly understood at a molecular level. In this research, the mechanism and
biophysical consequences of S-nitrosation of GSTP1-1 were determined. The mechanism of
transnitrosation reported here is the first for any protein, and represents an important step
towards understanding how protein S-nitrosation is controlled and targeted in vivo.
Furthermore, this is the first time that the effect of S-nitrosation on the stability and dynamics
of a protein has been evaluated. These results constitute a detailed characterisation of the
regulation of GSTP1-1 by S-nitrosation, and also offer novel insights into the control of

protein function by S-nitrosation in general.
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