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Abstract
Nitric oxide (NO) is an important regulator of the catalytic activity of aldose reductase (AR). It reacts
with the active site cysteines of AR and this reaction results in the formation of several kinetically
distinct forms of the protein. The catalytic activity of AR is increased in the ischemic heart and this
increase in activity is associated with NO-dependent modification of AR. During reperfusion, the
enzyme reverts back to its un-activated form. Although, AR activation has been linked to thiol
oxidation, the mechanisms of de-activation remain unclear. Here we report that treatment of
recombinant human AR (AKR1B1) by a non-thiol based NO-donor (DEANO) results in activation
and S-nitrosylation of the protein. The nitrosylated (ARSNO), but not the reduced (ARSH), protein
reacted with reduced glutathione (GSH) and this reaction resulted in the formation of glutathiolated
AR (ARSSG). The modification of AR by NO was site-specific at Cys-298 and was not affected by
selective mutation of the neighboring residue, Cys303 to an alanine. Incubation of the glutathiolated
AR (AR-SSG) with GSH resulted in the regeneration of the reduced form of the protein (ARSH).
Treatment of nitrosylated AR (AR-SNO) with ascorbic acid also led to the conversion of the protein
to its reduced form. These observations suggest that intracellular reductants such as GSH and
ascorbate could convert the nitrosylated form of AR to its basal or reduced state. In general, such
reductive reactions might represent a common mechanism for denitrosylating proteins or an “off”
switch in NO-mediated signaling pathways involving protein S-nitrosylation reactions.

1. Introduction
Aldose reductase (AKR1B1) is a stress-responsive protein that catalyzes the reduction of a
wide range of structurally diverse aldehydes. It is an efficient catalyst for the reduction of short-
to medium-chain aldehydes including aldehydes derived from lipid peroxidation and the
conjugates of aldehydes with glutathione [1]. The protein also catalyzes the reduction of
glucose to sorbitol and has been assigned to the first transformative step in the polyol pathway
for the generation of fructose from glucose. Excessive metabolism of glucose via the polyol
pathway has been linked to the development of several secondary diabetic complications [1]
and pharmacological inhibition of the enzyme has been shown to ameliorate diabetic
neuropathy [2] and nephropathy [3] in animal studies and in phase II clinical trials [4].

In contrast to its deleterious effects in diabetes, our studies with non-diabetic hearts show that
the enzyme plays a protective role during ischemia-reperfusion injury [5]. We have found that
the activity of the enzyme is increased in the ischemic heart, and that the activated enzyme was
resistant to inhibition by inhibitors such as sorbinil. The activated enzyme from the ischemic
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heart could be de-activated upon reduction by DTT, indicating that activation of the enzyme
was due to the oxidation of its active site cysteine residues. The enzyme from the ischemic
heart was also inhibited by dimedone (a sulfenic acid-specific reagent [6]) indicating that
ischemia results in the oxidation of AR cysteines to sulfenic acid. Indeed, oxidation of
recombinant AR by hydrogen peroxide results in the formation of cysteine oxy acids and the
oxidized enzyme displays kinetic properties similar to those of the enzyme in the ischemic
myocardium. MALDI-MS analysis of the enzyme from ischemic hearts shows that the active
site cysteines of the enzyme (Cys-298 and Cys-303) are oxidized to sulfenic acids [5].

Our studies show that the activation of AR in the ischemic heart is mediated by NO, since
inhibition of NO synthesis by L-NAME prevented ischemic activation of AR in isolated
perfused rat hearts and in the hearts subjected to coronary ligation in situ [7]. This increase in
AR activity was accompanied by an increase in eNOS phosphorylation and was prevented by
inhibiting PI3Kinase (PI3K), suggesting that the activation of the PI3K/Akt/eNOS pathway is
necessary for ischemia-induced activation of AR [7]. An increase in myocardial generation of
NO by bradykinin or insulin in hearts perfused under aerobic conditions or those subjected to
ischemia led to an increase in AR activity, indicating again that increased production of NO
in the heart leads to AR activation. The increase in AR activity in hearts treated with bradykinin
or insulin was reversed by DTT indicating that activation of AR by NO is due to the
nitrosylation of its cysteine residues [7].

The mechanisms by which ischemia oxidizes AR cysteines are not clear, but may relate to the
formation of a nitrosylated forms of the protein which are then oxidized to sulfenic acid. Our
previous work shows that in several cells and tissues exogenous treatment with NO donors
results in enzyme inactivation. Moreover, feeding diabetic mice with L-arginine [8] or
increasing NO bioavailability by administration of nitroglycerine patches prevents tissue
accumulation of sorbitol in diabetic rats (9), or in rat aortic vascular smooth muscle cells
(VSMC) in culture [10]. These changes were accompanied by an increase in a glutathiolated
form of the protein (AR-SSG) [10]. We interpret these finding to suggest that when NO is
exogenously delivered, it reacts first with intracellular GSH to form GSNO. The GSNO formed
in the cells then reacts with AR to form AR-SSG, which is a catalytically inactive form of the
protein. However, when NO is generated intrinsically, as in the ischemic heart, it reacts directly
with AR to form AR-NO which results in an increase in enzyme activity. Thus NO could lead
to both activation and inactivation of the enzyme depending upon its site of generation and the
tissue content of reduced glutathione.

In addition to AR, other proteins are also S-nitrosylated by NO. Several nitrosylated proteins
have been detected both in vitro and in vivo [11] and because in many instances nitrosylation
affects protein function, protein-nitrosylation and denitrosylation reactions have been
suggested to be discrete modes of cell signaling, analogous to protein phosphorylation and
dephosphorylation [12]. Nevertheless, the intracellular fate of nitrosylated proteins remains
unknown. Specifically, it remains to be established whether the nitrosylated proteins are
degraded as such, or are oxidized to sulfenic acids or they are de-nitrosylated by thiol-disulfide
exchange reactions. Hence, using AR as a model protein, we tested the hypothesis that reduced
glutathione (GSH) plays a central role in protein denitrosylation. Our data shows that S-
nitrosylated AR is readily glutathiolated and that the reduced form of the protein is generated
by thiol-disulfide exchange reaction involving GSH. AR was also de-nitrosylated by ascorbic
acid. Based on these observations, we speculate that reductants such as glutathione and
ascorbate play a pivotal role in mediating the denitrosylation of AR and other nitrosylated
proteins and that these reactions (analogous to phosphatases) may represent a general
mechanism for turning off NO-mediated signaling initiated by protein S-nitrosylation.
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2. Materials and methods
2.1. Chemicals and reagents

GSNO, DEANO and N-ethylmaleimide (NEM) were obtained from Calbiochem. Reduced
glutathione (GSH) was purchased from Sigma-Aldrich Chemicals and Sephadex G-25 columns
were obtained from VWR. Recombinant human WT and C303A AR were purified from
E.coli, as described earlier [13].

2.2. Reduction and enzyme assay of human AR
Before use, AR was reduced by incubating with 0.1 M DTT at 37 °C for 1 h. The reduced
enzyme was passed through the Sephadex G-25 column equilibrated with N2-saturated
potassium phosphate, pH 7.0 containing 1 mM EDTA. AR activity as well as the sensitivity
to sorbinil was measured by the rate of disappearance of NADPH monitored at 340 nm at 25°
C in a 1 ml system containing 10 mM DL-glyceraldehyde, 10 mM HEPES (pH 7.0) and 0.15
mM NADPH. One unit of enzyme is defined as the amount of the enzyme required to oxidize
1 μmol of NADPH/min. The control cuvette contained all the components of the reaction
mixture except the enzyme.

2.3. Modification of AR by DEANO, GSNO and GSH
Reduced, DTT-free enzyme (0.5 mg/ml) was incubated with 0.5 mM DEANO, or 50 μM GSNO
at 25°C for 1 h. Aliquots were withdrawn at different time intervals to measure enzyme activity.
Modified AR was incubated further with 2 mM GSH for 1 h at 25°C. At the end of the treatment,
excessive modifying reagents were removed by passing through a Sephadex G-25 column
equilibrated with N2-saturated 0.1 M potassium phosphate (pH 7.0) or 10 mM HEPES (pH
7.0) and assayed for enzyme activity.

2.4. Electrospray ionization mass spectrometry (ESI+-MS)
Modified forms of AR were identified by ESI/MS using micromass LCZ, mass spectrometer.
Before electrospray, the enzyme was desalted and separated from the modifying reagents by
gel filtration on a Sephadex G-25 column equilibrated with 10 mM ammonium acetate. The
desalted protein was diluted with the flow injection solvent (acetonitrile: H2O: formic acid:
50:50:1, v/v/v). The mixture was injected into a micro mass LCZ spectrometer at a rate of 10
μl/min. The operating parameters were as follows: capillary voltage, 3.1 kV: cone voltage, 27
V; extractor voltage, 4 V: source block temperature, 100°C: desolvation temperature: 200°C.
Spectra were acquired at the rate of 10 atomic mass unit/s over the range 20–2000 atomic mass
units. The instrument was calibrated with myoglobin.

2.5. Western blot analysis
Approximately 100–300 ng of protein in sample buffer containing 100 mM NEM was loaded
on a 12 % non-reducing gel and analyzed by using anti-protein-glutathione monoclonal
antibody, diluted 1:1000 in 5 % (v/v) blocking solution for 2 h at room temperature. AR protein
was detected after stripping and re-probing the PVDF membrane with anti-AR antibody
(dilution 1:5,000). Immunoreactive proteins were detected with the ECL Plus Western blot
detection kit.

2.6. Statistical analysis
All data are expressed as mean ± SD and were analyzed by one way ANOVA for multiple
comparisons, or by Student’s t-test for unpaired data. Statistical significance was accepted at
P < 0.05.
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3. Results
3.1. Modification and activation of AR by NO-donors

The active site of AR has two reactive cysteine residues (Cys-298 and Cys-303). Oxidation or
site-directed substitution of Cys-298 results in an increase in enzyme activity [14].
Modification by NO-donors on the other hand, results in the formation of multiple species
which have a higher or a lower enzyme activity than the native protein. To examine how S-
nitrosylation by itself affects enzyme activity, the protein was completely reduced and then
treated with 0.5 mM 2-(N,N-diethylamino)-diazenolate-2-oxide (DEANO), a NO donor that
releases NO with a half-life of 16 min at 37°C. Aliquots of the reaction mixture were withdrawn
and the activity of AR was determined with DL-glyceraldehyde as the substrate. As shown in
Fig. 1A, treatment with DEANO resulted in 2–3 fold increase in enzyme activity (from 1.2 ±
0.09 to 3.8 ± 0.04 U/mg, n = 3; P < 0.05). The increase in enzyme activity achieved a steady-
state within 60 min. Incubation of the enzyme with DEANO also altered the sorbinil sensitivity.
Although the reduced enzyme (AR activity at time 0 in Fig. 1A) was completely inhibited by
sorbinil, the modified enzyme (90 min after treatment with DEANO) was only partially (30–
40 %) inhibited by sorbinil.

To examine structural changes due to DEANO treatment, electrospray mass spectra of the
reduced and modified proteins were compared. Upon ESI/MS the unmodified protein displayed
a major peak corresponding to a molecular mass of 37,885 Da which is within an experimental
error of the expected molecular mass of His-tagged AR (37,883 Da). A minor unidentified
peak of molecular mass 37,926 Da was observed, (Fig. 1B). The identity of this peak is
unknown. Mass analysis of AR incubated with DEANO (0.5 mM) for 30 min revealed two
major peaks (Fig 1C) with a molecular mass of 37,885 Da that corresponds to the native form
and a 37,918 Da form, which was ascribed to an adduct between AR and a single NO molecule.
Taken together, this series of experiments suggest that AR is readily nitrosylated predominantly
at a single susceptible site and that S-nitrosylation results in a 2–3 fold increase in the catalytic
activity of the protein. We refer to the nitrosylated form (ARSNO) as the “activated” enzyme
because it has significantly high catalytic activity than the reduced basal form of the protein
(ARSH). The other main characteristic feature of the activated form of the enzyme is that it is
insensitive to inhibition by sorbinil.

3.2. Inactivation and glutathiolation of S-nitrosylated AR by reduced glutathione
Previous studies show that AR and several other proteins are nitrosylated endogenously by NO
or NO-donors [10–12]. However, further reactivity and metabolic fates of nitrosylated proteins
remains unclear. To test whether addition of reduced glutathione may be one of the mechanisms
by which the effects of S-nitrosylation are overcome, DEANO-treated protein was incubated
with 2 mM GSH for 1 h at room temperature and the enzyme activity was determined using
DL-glyceraldehyde as substrate. As before, treatment with DEANO resulted in an increase in
enzyme activity and a decrease in its sensitivity to sorbinil (Fig. 2A). Treatment with GSH,
however led to a decrease in enzyme activity. However, sorbinil sensitivity was not restored.
These data suggest that treatment with GSH under these conditions results in deactivation of
AR. Binding of glutathione to ARSNO results in enzyme inactivation and the residual activity
remaining in the GSH-treated enzyme is due to unreacted protein (which still retains NO)
because it was insensitive to sorbinil.

To determine the chemical nature of modification, the GSH-treated nitrosylated protein was
studied by ESI/MS. As before, the DEANO-treated AR displayed two major peaks with a
molecular mass of 37,885 Da and 37,918 Da, corresponding to the native and the NO-bound
forms of the protein. As shown in Fig 2B(ii), incubation of the S-nitrosylated form of protein
(ARSNO) with GSH displayed two peaks with a molecular mass of 37,885 Da, the native form
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(ARSH), and 38,190 Da (an increased molecular mass of 305 Da due to AR-SSG)
corresponding to the addition of a single GSH molecule (306 Da) to the protein. Glutathiolation
of the protein was accompanied by a loss of NO. To determine whether the native (ARSH)
form of the enzyme can directly bind to GSH, reduced AR was incubated with GSH, however,
the spectrum of the protein was not affected by GSH (Fig 2B iii), indicating that native AR
does not directly bind to GSH, and that only S-nitrosylated AR binds to GSH.

To examine the time-course of glutathiolation, the reduced enzyme incubated with DEANO
and GSH was analyzed by Western blots using anti-PSSG antibody. Immunoreactivity with
anti-PSSG antibody was normalized to the anti-AR antibody staining to correct for changes in
protein levels. As shown in the Fig. 2C, no signal was detected with S-nitrosylated AR alone
(t=0) indicating that the anti-PSSG antibody does not recognize the nitrosylated protein
(ARSNO). Treatment of ARSNO with GSH led to glutathiolation. Within 5 min of incubation,
a significant increase in glutathiolated protein was observed. The rate of glutathiolation was,
however, slow and complete glutathiolation was achieved after 90 min of incubation with GSH.
These results suggest that nitrosylated (ARSNO), but not reduced AR (ARSH), reacts directly
with GSH and that addition of GSH to AR replaces NO from the active site as shown:

[1]

In this scheme, ARSNO is activated (with higher catalytic activity and reduced sorbinil
sensitivity than ARSH), whereas ARSSG is catalytically inactive.

3.3. Identification of AR cysteine involved in S-nitrosylation and glutathiolation
Our previous studies show that AR is nitrosylated at Cys298 [15]. The active site of AR,
however, has two reactive cysteines – Cys298 and Cys303. To determine whether Cys-303
also plays a role in protein S-nitrosylation or glutathiolation, a site-directed mutant of AR in
which cysteine 303 was replaced with alanine was generated. The AR:C303A mutant protein
was purified and reduced and then treated with DEANO (0.5 mM). As shown in Fig. 3(i) the
electrospray mass spectrum of the untreated AR:C303A displayed a major peak corresponding
to a molecular mass of 37,853 Da and a minor peak (38,033 Da) of unknown chemical nature.
The spectrum of AR treated with DEANO displayed two major species with a molecular mass
of 37,853 Da representing the native protein, and 37,883 Da which is consistent with the
addition of a single NO molecule (30 Da) to the native form of the protein (Fig. 3, ii). To
examine whether GSH would bind to S-nitrosylated AR:C303A, the S-nitrosylated protein was
incubated with GSH (2 mM). The electrospray mass spectrum of the S-nitrosylated protein
treated with GSH, (Fig. 3, iii) displayed all three forms of the protein; 37,853 Da representing
the native form, 37,883 Da and 38,156 Da species corresponding to the nitrosylated and
glutathiolated forms of the protein, respectively. The observation that AR:C303A behaves like
the WT protein, suggests that Cys303 does not participate in S-nitrosylation and glutathiolation
reactions and that an intramolecular disulfide between Cys298 and Cys303 is not a significant
intermediate between the nitrosylation or subsequent glutathiolation of AR.

3.4. Dethiolation of glutathiolated AR by GSH
Our results so far showed that AR is readily nitrosylated and that nitrosylated protein reacts
readily with GSH to form a glutathiolated protein. How then is glutathiolated form of AR
(ARSSG) reverted to the reduced form (ARSH) of the protein? To address this issue, we studied
the role of two major cellular reductants, GSH and ascorbic acid. To assess the role of GSH,
a glutathiolated form of AR was generated. Because treatment of nitrosylated AR is an efficient
way to generate glutathiolated AR (Fig. 2A) we treated AR with GSNO, which reacts with AR
to generate, a mostly AR-SSG form of the protein by the following reaction:
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[2]

Consistent with the formation of ARSSG, treatment of reduced AR with GSNO resulted in a
loss of enzyme activity (from 1.2 ± 0.2 to 0.55 ± 0.04 U/mg protein n=3; Fig. 4A) indicating
the formation of catalytically-inactive ARSSG. Treatment with GSNO also reduced the sorbinil
sensitivity of the enzyme, presumably due to the formation of a nitrosylated form of the enzyme
generated by the following side reaction:

[3]

Incubation of the GSNO-treated protein with GSH restored both, the enzyme activity and the
sorbinil sensitivity of the enzyme to levels similar to those of the native (reduced) form of the
protein. To determine the structural changes that accompany the kinetic alterations, changes
in the protein were examined by ESI/MS. Electrospray mass spectra showed three major peaks
with molecular masses of 37,883 Da, 37,916 Da and 38,190 Da corresponding to the native
(ARSH), S-nitrosylated (ARSNO) and the glutathiolated (ARSSG) forms of the protein,
respectively (Fig. 4B, i). Incubation of the glutathiolated form with GSH resulted in the removal
of glutathione bound to the protein and the appearance of native protein with a molecular mass
of 37,883 Da and a minor peak of 38,190 Da corresponding to the glutathiolated form of AR
(Fig. 4B, ii). The reaction could be written as:

[4]

The time course of deglutathiolation was also assessed by Western blot analysis. Aliquots of
the GSNO-modified protein were incubated with GSH (1 mM) for different time intervals and
the protein glutathiolation was analyzed by Western blotting using the anti-PSSG antibody.
To correct for loading differences, the intensity of the band was normalized to the band obtained
with the anti-AR antibody. The rate of dethiolation by GSH is summarized in Fig. 4C. After
30 min of incubation with GSH, the intensity of the thiolated protein was reduced by 20–30%,
which was further decreased to 40–50% after 90 min of incubation. These results provide clear
evidence that both, the S-nitrosylated and the glutathiolated forms of the protein are converted
back to the reduced form by thiol exchange reactions.

3.5. Denitrosylation of AR by ascorbate
In addition to glutathione, ascorbic acid is another potent intracellular reducing agent that could
reduce S-nitrosylated proteins and restore them to their native, reduced form. To test the role
of ascorbate, untreated or DEANO-treated WT AR was incubated with ascorbate (10 mM).
Treatment with ascorbate decreased the activity of the native form of the enzyme slightly,
indicating basal oxidation of the protein (Fig. 5A). As observed before, treatment with DEANO
increased AR activity, but decreased sorbinil sensitivity. Treatment of the S-nitrosylated
protein with ascorbate decreased the activity of the protein and increased sorbinil sensitivity
(Fig. 5A), indicating that ascorbate could abolish the kinetic effects of AR S-nitrosylation.

To examine structural changes, ESI/MS analysis was performed. As expected, the native
protein conformed to a single molecular ion with an estimated mass of 37,880 Da (Fig. 5B).
Treatment with DEANO increased the molecular mass of the protein by 30 Da, consistent with
the addition of a single NO molecule to the protein (Fig. 5C). Treatment with ascorbate restored
the native form of the protein such that the mass spectrum of the ascorbate-treated S-
nitrosylated protein displayed a single ion corresponding to the native form of the protein (Fig
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5D). These data suggest that ascorbate is able to de-nitrosylate AR and to restore the enzyme
to its native form.

4. Discussion
Results from this study demonstrate that the activity of AR (AKR1B1) is regulated by NO and
that the de-nitrosylation of AR is mediated or facilitated by intracellular reductants such as
glutathione and ascorbate. These findings suggest that like other forms of post-translational
modification, S-nitrosylation is a reversible process and that intracellular reductants play a
critical role in regulating both the extent and the duration of S-nitrosylation of proteins such
as AR.

The sensitivity of AR to NO and other oxidants such as hydrogen peroxide or peroxynitrite
stems from the high reactivity of Cys298 located at the active site of the enzyme. While this
residue does not directly participate in substrate or cofactor binding or in catalysis, it is located
near the NADPH binding domain of the protein and regulates cofactor binding [14]. Our
previous studies have shown that oxidation of Cys298 increases kcat, which appears to be due
to an increase in the off-rate of NADP+ release. Because NADP+ release from the protein at
the end of the catalytic cycle is rate-limiting, an increase in NADP+ release increases the rate
of the overall catalytic cycle. The kinetics of AR activation by thiol modification has been
described in detail [16]. However, the physiological significance of changes in AR kinetics
due to thiol oxidation is less clear. It has been known from some time that the thiol residues
of AR are oxidized in tissues or during purification and that oxidation decreases the inhibitor-
sensitivity of the enzyme [17]. We have reported recently that the enzyme is readily nitrosylated
in vitro and that S-nitrosylation affects the kinetics and the inhibitor binding to the enzyme
[18;19].

Our experiments show that treatment with the SIN-1, which generated both NO and superoxide
decreases the activity of the enzyme [15], treatment with NO donors such as DEANO leads to
an increase in the enzyme activity [20]. On the other hand treatment with GSNO results in
enzyme inactivation and the loss of catalysis because of the formation of a single glutathione
molecule to Cys-298 at the active site of the enzyme. Thus, depending upon the NO donor and
the experimental conditions, NO donor could either increase or decrease enzyme activity.

In addition to modification in vitro, NO is also an in vivo regulator of AR. It has been shown,
that treatment of SMC with S-nitroso-N-acetylpenicillamine (SNAP) increases AR mRNA
expression and AR activity [21] and in diabetic animals increasing NO availability (by
nitroglycerin patches or feeding L-arginine) prevents AR activation and tissue sorbitol
accumulation [9]. The decrease in AR activity in VSMC was accompanied by an increase in
glutathiolation of AR, indicating that in GSH replete cells, exogenous NO reacts first with
GSH and that the product of this reaction (GSNO) then modifies AR by glutathiolating the
active site cysteine [20]. Because glutathione is a large tripeptide, its binding prevents substrate
access to active site which is located at the bottom of a β-barrel structure; thereby inhibiting
catalysis. In contrast, binding of small molecules such as NO, which would happen if NO is
generated endogenously in close proximity to the enzyme, merely opens up the active site and
increases NADP+ release resulting in an increase in the catalytic rate. Hence, the kinetic change
induced in the enzyme depends critically on the nature of the modifying group bound to
Cys298.

We have recently reported that during ischemia AR is activated by NO derived from eNOS
and that this is associated with the formation of protein-sulfenic acid formation [7]. Given that
in the ischemic heart, Cys298 was oxidized to a sulfenic acid and that this oxidation was
dependent upon NO derived from eNOS, we hypothesized that sulfenic acid formation may
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be consequence of AR S-nitrosylation, and that proteins that are nitrosylated are more likely
to be oxidized to sulfenic acids than those which remain as free thiols. Hence, it appears likely
that despite the appearance of oxy-acid forms of AR, the protein might be regulated in the heart
by S-nitrosylation and denitrosylation.

Modification of the proteins by NO and subsequent change in their function may represent an
important component of NO signaling and regulation of intracellular processes. Many
myocardial proteins have been shown to be susceptible to S-nitrosylation in vitro [22]. Protein
S-nitrosylation has been linked to the regulation of several physiological processes by NO,
such as changes in myocardial contraction [23], apoptosis [24], mitochondrial energetics and
calcium homeostasis [25]. Although NO does not directly react with cysteines, it can undergo
oxidation to N2O3, which is an efficient nitrosylating agent. Because S-nitrosylation affects
thiol reactivity, charge and ionization, it could induce changes in protein conformation or
catalytic activity. In case of AR, S-nitrosylation increases catalysis and decreases the inhibitor
sensitivity of the protein (Fig. 1). Similar changes have been reported for other enzymes or
myocardial proteins, e.g., L-type Ca2+- channels [23] and mitochondrial complex I [26]. Once
nitrosylated, these proteins have been implicated in mediating cardioprotection against
ischemia-reperfusion injury [27].

S-nitrosylation plays a critical role not only in maintaining certain cellular function, but also
in regulating, or mediating apoptosis [28]. S-nitrosylation of albumin is believed to serve as a
NO-pool, whereas S-nitrosylation of creatine kinase was found to inhibit its activity [29].
Modification of actin by S-nitrosylation decreases its capacity of polymerization and might be
a means to conserve NO bioavailability [30]. S-nitrosylation of Hsp90 has been shown to inhibit
its ATPase activity and diminishes its positive control on endothelial nitric oxide synthase
(eNOS) activity [31]. Among the new proteins identified as targets of GSNO-mediated S-
nitrosylation are: destrin, myosin, Hsp27, triosephosphate isomerase, enolase and adenylate
kinase 1 [32].

Even though overwhelming evidence supports the notion that S-nitrosylation is a significant
oxidative post-translational mechanism, it is not clear how the effects of S-nitrosylation are
terminated or “switched off”. Are nitrosylated proteins degraded? Do they inevitably or
eventually get oxidized to sulfur-oxy acids? Are nitrosylated proteins de-nitrosylated and are
these processes of de-nitrosylation regulated? To address some of these issues, we examined
the case of AR and tested whether the protein could be de-nitrosylated by intracellular
reductants.

Our results show that S-nitrosylated AR reacted readily with reduced glutathione. No GSH
reactivity was observed with the native protein. This observation suggests that NO provides a
susceptible target for the addition of glutathione and therefore glutathione removes NO bound
to the proteins. Thus, S-nitrosylation of proteins in most eukaryotic cells, which contain 1–10
mM glutathione is likely to be transient and readily terminated by glutathione. As seen with
AR, glutathione could directly add to the site of S-nitrosylation or when present in excess could
remove NO and restore the cysteine partner to its original reduced form. The hypothesized
sequence of events is illustrated in the Scheme 1 showing that S-nitrosylated protein could be
either oxidized to sulfenic, sulfinic or sulfonic acids or reduced back to its native form by
glutathione or ascorbate. Both, sulfinic and sulfonic acids are considered to be irreversible
oxidations and hence glutathiolation may be a protective mechanism for preventing irreparable
damage to nitrosylated proteins. In addition to nitrosylated proteins, the sulfenic acid forms of
proteins could also be rescued, however, in this case the addition of glutathione to the oxidized
protein may be catalyzed by enzymes such as glutathione-S-transferases [33].
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The observation that S-nitrosylated AR readily undergoes glutathiolation provides a new
explanation for the presence of glutathiolated proteins in the cells. In most tissues, 15–20 %
of the total glutathione pool is bound to the proteins. The intracellular concentration of oxidized
glutathione (GSSG) is very low (< 1 μM), because GSSG once formed is either rapidly extruded
(by GS-X transporters) or reduced by glutathione reductase [34]; hence the observation that a
large fraction of glutathione remains bound to the proteins lacked an adequate explanation.
Therefore, our observation that S-nitrosylation precedes glutathiolation suggests that the
glutathiolated protein pool in cells may be due to a steady-state accumulation of protein
between the cycles of S-nitrosylation and de-nitrosylation.

In addition to glutathione, ascorbic acid is another reductant that might facilitate protein de-
nitrosylation. Most cells contain high levels of ascorbic acid, which like glutathione can also
be recycled. Ascorbate is considered to be a weak reductant and has been used to selectively
de-nitrosylate proteins in vitro in protein S-nitrosylation assays [35]. However, as demonstrated
here for AR, reduction by ascorbic acid could be one of the mechanisms by which the S-
nitrosylation is turned off.

The results reported here provide further understanding of redox mechanisms that regulate the
intracellular activity of AR. We have found that modification of AR by NO could be selective
(restricted to Cys-298) and reversible. The modification of Cys-298 was not affected by a site-
directed replacement of Cys-303 with alanine, indicating that the intramolecular disulfide
formation is unlikely to significantly affect protein S-nitrosylation or glutathiolation. Our
findings support the possibility of glutathione-assisted denitrosylation of AR in vivo. Although
intracellular glutathiolation and de-glutathiolation reactions have not been studied in detail, it
is likely that proteins such as glutaredoxin could facilitate such reactions. Further studies are
required to fully assess how S-nitrosylation and glutathiolation reactions regulate the role of
AR in secondary diabetic complications or during myocardial ischemia-reperfusion.
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Fig. 1. Modification and activation of AR by NO
(A) Time-dependent changes in the catalytic activity and sorbinil sensitivity of AR.
Recombinant human WT His-tag AR was purified from E.coli, reduced with 0.1 M DTT and
desalted on a Sephadex G-25 column equilibrated with 0.1 M potassium phosphate (pH 7.0).
The reduced enzyme was then incubated with 0.5 mM DEANO at 25°C. Aliquots were
withdrawn at indicated times and the catalytic activity was measured with 10 mM DL-
glyceraldehyde in the absence (●) and the presence (○) of 1μM sorbinil. Data are shown as
discrete points (means ± SD; n=3). (B) Electrospray mass spectrum of WT AR and (C) AR
after DEANO treatment. For modification studies the reduced enzyme was incubated with 0.5
mM DEANO in potassium phosphate (pH 7.0) for 60 min at 25 °C. Excess DEANO was
removed by passing through Sephadex G-25 column equilibrated with N2-saturated 10 mM
ammonium acetate. The deconvoluted electrospray-mass spectrum of unmodified protein
corresponds to a single protein with an estimated mass of 37,885 Da, and unidentified minor
peak of 37,926 Da. Modification by DEANO resulted in the appearance of protein forms with
masses of 37,918 Da and 37,953 Da. The species corresponding to 37,885 Da was assigned to
the unmodified protein.
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Fig. 2. Inactivation of S-nitrosylated AR by reduced glutathione
(A) Reduced AR was incubated with 0.5 mM DEANO for 1h at 25°C, desalted and then
incubated with 2 mM GSH in 0.1 M potassium phosphate (pH 7.0) for 1h at 25°C. Aliquots
were withdrawn from the reaction mixture and the enzyme activity was measured as described
under Materials and Methods in the presence and absence of 1 μM sorbinil, as indicated. Values
are expressed as mean ± S.D, (n = 3) #P< 0.05 versus non-treated protein and *P <0.05 versus
DEANO-treated protein. (B) Electrospray mass spectra of (i) reduced WT AR treated with
DEANO showing molecular ions for unmodified AR (37,885 Da) and ARS-NO (37,918 Da);
(ii) DEANO-modified AR incubated with 2 mM GSH for 1 h showing both, native (37,885
Da) and glutathiolated (+ 306 Da) AR (38,190 Da); (iii) reduced WT AR incubated with GSH
showing only the native protein (37,885 Da). (C) Western blot analysis of DEANO-treated AR
incubated with GSH. WT AR was treated with DEANO, desalted and treated with 2 mM GSH
for the indicated time periods. The Western blots were developed using monoclonal anti-PSSG
antibody. Lower panel shows group data for the intensity of the anti-PSSG immunopositive
bands, normalized to AR. Data are presented as mean ± SD. #P < 0.005 versus DEANO-treated
protein incubated with GSH for 0 min (n = 3).
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Fig. 3. Identification of the glutathione binding site of AR
Electrospray mass spectrum of (i) AR:C303A (37,853Da) and (ii) AR:C303A incubated with
0.5 mM DEANO in N2-saturated potassium phosphate (0.1 M, pH 7.0) at 25 °C for 60 min.
Excess DEANO was removed by passing the reaction mixture through the Sephadex G-25
column and eluted with N2-saturated 10 mM ammonium acetate. Spectra show the native
(37,853 Da) and S-nitrosylated protein (37,883 Da); and (iii) AR:C303A incubated with
DEANO, desalted and treated with 2 mM GSH. The spectrum shows native (37,853 Da), S-
nitrosylated (37,883 Da) and glutathiolated (38,156 Da) forms of the protein.
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Fig. 4. Reduction and reactivation of GSNO modified AR by GSH
(A) Reversal of GSNO-induced inhibition of the enzyme by GSH. The reduced enzyme was
incubated with 50 μM GSNO in 0.1 M potassium phosphate (pH 7.0) for 1 h at 25°C. The
treated protein was desalted and incubated with 2 mM GSH for 1 h at 25°C. At the end of the
treatment aliquots were withdrawn and assayed for enzyme activity without and with 1 M
sorbinil, as indicated. Values are expressed as mean ± S.D, (n = 3) # P< 0.05 versus non-treated
protein and * P < 0.05 versus GSNO-treated protein. Electrospray mass spectra of AR (i)
incubated with 50 μM GSNO or 1 h at room temperature showing major species corresponding
to native (37,883 Da), S-nitrosylated (37,916 Da) and glutathiolated (38,190 Da) forms of the
protein and (ii) treated with GSNO, desalted and incubated with 2 mM GSH for 1 h at room
temperature. The spectrum shows a major species corresponding to the native (37,883 Da) and
a minor peak corresponding to a glutathiolated (38,190 Da) form of the protein. (C) Western
blot analysis of time-dependent changes in glutathiolated AR incubated with 2 mM GSH. AR
was treated with GSNO and incubated with GSH for the indicated time periods. PVDF
membrane was immunoblotted by using anti-PSSG antibody. Lower panel shows group data
for the intensity of the anti-PSSG immunopositive bands normalized to AR. Data are expressed
as Mean ± SD. #P < 0.005 versus GSNO-treated protein incubated with GSH for 0 min (n =
3).
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Fig. 5. De-activation and de-nitrosylation of AR by ascorbic acid
(A) Catalytic activity of reduced and S-nitrosylated WT AR treated with ascorbic acid. Aliquots
of reduced AR were treated with 0.5 mM DEANO alone for 1 h, or treated with DEANO
followed by the incubation with 10 mM sodium ascorbate for 1 h, as indicated. Prior to enzyme
activity measurements, salts were removed by the gel filtration and AR activity was measured
as described under Materials and Methods. Sensitivity of the modified enzyme to 1 μM sorbinil
was measured in parallel. Data are reported as mean ± SD (n=3). *P < 0.01 versus control; #P
< 0.02 versus DEANO. Electrospray mass spectra of (B) native AR (37,880) (C) native AR
treated with 0.5 mM DEANO showing the addition of one (37,910 Da) NO molecule bound
to the protein; and (D) AR treated with 0.5 mM DEANO followed by the incubation with 10
mM sodium ascorbate, showing only the reduced native form of the AR protein (37,880 Da).
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Scheme I. Modification of AR by NO and nitrosoglutathione (GSNO)
Reduced AR (ARSH) is nitrosylated by N2O3 (generated from the reaction of NO with
molecular oxygen) to the activated (ARSNO) form. Reaction of AR with GSNO results mainly
in the formation of glutathiolated AR (ARSSG). Nitrosylated AR (ASNO) is generated as a
minor side product. The ARSSG form is catalytically inactive. The nitrosylated form of AR
(ARSNO) could be oxidized and de-nitrosylated to generate oxy-sulfur acid forms of AR
(ARSOH, ARSO2H, and ARSO3H). Like ARSNO, these forms of AR display 2–3 fold higher
catalytic activity and are relatively insensitive to inhibition by sorbinil. In addition to oxidation,
ARSNO could react with GSH to generate ARSSG which is catalytically inactive. Although
not shown in the current study, ARSOH could also be converted to ARSSG by GSH. The
ARSSG form is subsequently reduced to the basal ARSH form by another GSH molecule.
ARSNO could also be reduced and converted back to ARSH by ascorbic acid. The catalytic
activity of each of these forms is listed. Several forms of AR could, therefore, coexist in a cell
depending upon the concentration of GSH, NO, and oxygen.
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