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The modification of reactive protein sulfhydryls by
-nitrosoglutathione and other NO donors has been
tudied by gel isoelectric focusing. S-nitrosylated, un-
odified, and S-glutathiolated protein forms are dif-

erentiated by this method. With specific antibodies
or the protein of interest, both S-nitrosylation and
-glutathiolation of the protein were analyzed in mix-
ures obtained as soluble tissue or cell extracts. The
ffect of S-nitrosoglutathione (GSNO) on purified
hosphorylase b, on carbonic anhydrase III in an ex-
ract from rat liver, and on H-ras expressed in Esche-
ichia coli was examined. When fresh GSNO reacted
ith pure phosphorylase b, only S-nitrosylated forms
f the protein were observed. Likewise the NO donors,
myl nitrite, spermine NONOate, and diethylamine
ONOate, all generated S-nitrosylated phosphorylase
. When crude mixtures of proteins from rat liver (con-
aining carbonic anhydrase III) or from E. coli (con-
aining an overexpressed form of H-ras) were exposed
o fresh GSNO, both the S-nitrosylated and the S-glu-
athiolated forms of the proteins were observed. It is
uggested that reactive intermediates from the break-
own of GSNO are responsible for the observed S-
lutathiolation. These experiments show that both S-
itrosylated and S-glutathiolated forms of proteins
ay be generated by the addition of GSNO to mixtures

ontaining proteins with reactive sulfhydryls. These
rotein modifications may exhibit metabolic conse-
uences independent of the release of nitric oxide.
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Proteins such as hemoglobin (1), albumin (2), glycer-
ldehyde-3-phosphate dehydrogenase (3), caspases (4),
as (5), alcohol dehydrogenase (6), and the Janus ki-
ases (7) may be oxidatively modified to the S-nitrosy-

ated form in vivo. In each case, the suggestion that the
rotein is regulated in vivo by formation of the S–NO
rotein adduct is primarily based on experiments
howing that S-nitrosylation of the protein in vitro
lters its activity. The agents that caused S-nitrosyla-
ion of protein sulfhydryls also were able to alter the
ctivity of the proteins in intact cells. This evidence
rovides a very suggestive case that S-nitrosylation
auses the observed cellular activity change in vivo.
eagents used to generate NO in experiments with

ntact cells are oxidative in nature and, in fact, the
ddition of NO to a protein sulfhydryl constitutes a
ne-electron oxidation of the sulfhydryl (8, 9). A direct
valuation of protein S-nitrosylation in intact cells is
eeded because oxidative modification of protein sulf-
ydryls by agents that produce S-nitrosylation in vitro
ay also result in either S-thiolation (10, 11) or even

rreversible oxidative damage to protein sulfhydryls
12, 13).

S-Nitrosoglutathione (GSNO)3 is one of the impor-
ant forms of nitric oxide in vivo (14–16), and it has
requently been used to study nitric oxide effects in
ntact cells (17–19). It has been suggested that GSNO
s an effective agent for transfer of nitric oxide to other
hiols including proteins by transnitrosylation. How-
ver, other potential protein modification reactions
enerated by this agent in vivo are not well studied.
Oxidative modification of protein sulfhydryls by S-

lutathiolation occurs both in vitro and in vivo for
roteins such as carbonic anhydrase III (20), creatine

3 Abbreviations used: GSNO, S-nitrosoglutathione; NEM, N-eth-

lmaleimide; DTT, dithiothreitol; IAA, iodoacetic acid; IAM, iodoac-
tamide; PVDF, polyvinylidene fluoride.
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68 JI ET AL.
inase (21, 22), glyceraldehyde-3-phosphate dehydro-
enase (23–25), actin (26), and glycogen phosphorylase
(22, 27). Since oxidative modification of protein sulf-
ydryls in intact cells occurs in the presence of a large
ool of glutathione, many oxidative agents, including
hose derived from NO, have the potential to cause
rotein S-glutathiolation (28). Thus, at least some of
he materials used to initiate NO modification reac-
ions in cells may result in either S-nitrosylated or
-glutathiolated proteins in vivo.
The present report uses chemical modification pro-

edures that can be combined with a gel isoelectric
ocusing method to assess oxidative modifications of
rotein sulfhydryls. Glycogen phosphorylase b is used
s a model protein for these studies because it is known
o have two reactive sulfhydryls per subunit that cause
he homodimer to display up to five molecular forms,
ach differing by a single charge, during S-glutathio-
ation reactions (22, 27). If this protein is S-nitrosy-
ated it would be expected to produce four different
-nitrosylated forms that do not differ in charge and
re not separable on isoelectric focusing gels. However,
hese forms are separable when the protein is alky-
ated with iodoacetic acid, a negatively charged sulfhy-
ryl-specific reagent. Using this method it is found that
reshly prepared GSNO produces only S-nitrosylation
f purified phosphorylase b, while partially decom-
osed GSNO contains materials that also generate S-
lutathiolated forms of the protein. When freshly pre-
ared GSNO was used to treat the mixture of proteins
btained as a soluble extract from Escherichia coli cells
xpressing H-ras, both S-glutathiolation and S-nitrosy-
ation H-ras were observed. Similarly, when the solu-
le proteins from rat liver were treated with GSNO,
oth S-glutathiolated and S-nitrosylated forms of car-
onic anhydrase III were observed. These results sug-
est that both the S-nitrosylated and S-glutathiolated
orms of proteins may be generated when GSNO is
sed as a stimulatory agent.

ATERIALS AND METHODS

aterials

Glutathione, glutathione disulfide, dithiothreitol, iodoacetic acid, io-
oacetamide, N-ethylmaleimide (NEM), glycogen phosphorylase b
from rabbit muscle), glutathione reductase (type III, from baker’s
east), NADPH, amyl nitrite, N-(1-naphthyl)ethylenediamine, and sul-
anilamide were purchased from Sigma Chemical Company (St. Louis,

O); Spermine NONOate and diethylamine NONOate were from Cal-
iochem (La Jolla, CA); and ampholytes (pH 5–8 and pH 4–6) and
elBond PAG film were from Pharmacia LKB (Piscataway, NJ).

educed Glycogen Phosphorylase b

Glycogen phosphorylase b was reduced with 10 mM dithiothreitol
n 20 mM b-glycerol phosphate (pH 7.0), 2 mM EDTA at 30°C for 30
in and dialyzed extensively against the same buffer for 24 h at 4°C.
he protein was stored at 220°C in the same buffer containing 20%

S
s

lycerol as described (22, 27) at a concentration between 6 and 10
g/ml. For modification reactions, the protein was diluted to 0.6
g/ml or approximately 12 mM reactive protein sulfhydryls (based

n the presence of two reactive cysteines per protein subunit).

-NitrosoGlutathione
GSNO was prepared by mixing 100 mM GSH and 100 mM sodium

itrite in 200 mM HCl at room temperature (29). The pH was adjusted
o 7.40 with NaOH, and the solution was stored for short periods at 4°C.
he concentration of GSNO was determined by absorbance at 334 nm,
sing the extinction coefficient 767 M21 cm21 (30).

soelectric Focusing Analysis of Protein S-Nitrosyla-
tion or S-Glutathiolation
S-Nitrosylated protein was analyzed by the Griess reagent method

s described previously (31). All thiols in the samples were modified
ith 5 mM NEM before adding mercury.
Both the S-nitrosylated and S-thiolated forms of phosphorylase b
ere separated by thin-gel isoelectric focusing as described previ-
usly (22, 27). Protein samples in 20 mM b-glycerol phosphate (pH
.0) were alkylated with 45 mM iodoacetamide to detect the S-
lutathiolated forms of the protein. To detect the S-nitrosylated
orms of the protein, a stock solution of iodoacetic acid was dissolved
n 500 mM Tris base so that on adding to the protein sample the final
oncentration of iodoacetic acid was 45 mM and the sample pH was
.8. (In order to get complete alkylation with iodoacetic acid it was
ecessary to use a higher pH.) Protein samples were treated for 15
in with the alkylating agent and 6 mg of protein was applied to

ach lane for separation on the isoelectric focusing gel (ampholyte pH
ange, 4–8). Quantitative S-nitrosylation or S-glutathiolation data
ere obtained by scanning the isoelectric focusing gel with a densi-

ometer. The amount of S-nitrosylation or S-glutathiolation was
alculated by dividing the density units for each protein band by the
otal density units of all protein bands in a single lane on the gel.
ata are expressed as percentage of S-nitrosylation or S-glutathio-

ation.
The isoelectric focusing separation of H-ras and carbonic anhy-

rase III was analyzed by Western blotting as described previously
32, 33). Briefly, electrofocusing gels containing Netfix were prepared
n GelBond PAG film as described. Gels were stripped from the
elbond backing after focusing and trans-blotting to PVDF mem-
ranes by semidry transfer. Proteins were transferred in 0.35%
cetic acid at constant voltage, 25 V for 1 h, nonspecific binding was
locked with 5% non-fat dry milk, and membranes were incubated
ith the appropriate primary antibody to detect the protein of inter-
st. For H-ras, the monoclonal antibody to residues 157–181 (146-
3E4; Quality Biotech, Camden, NJ) was diluted 1:3000. For car-
onic anhydrase III a rabbit polyclonal antibody to the pure protein
as prepared in our laboratory and then diluted 1:300. Each primary
ntibody was detected with either anti-mouse IgG conjugated with
lkaline phosphatase (Sigma), or anti-rabbit IgG conjugated with
lkaline phosphatase (Sigma), and the color was developed with
-bromo-4-chloro-3-indolylphosphate and p-nitroblue tetrazolium
hloride.

etermination of Glutathione and Related Com-
pounds
The glutathione reductase method for determination of glutathi-

ne disulfide as described by Akerboom and Sies (34) was used to
nalyze preparations of GSNO.
GSNO, GSH, GSSG, and GSO3H were determined by HPLC by
odifications of the method described by Fariss and Reed (35).

amples were modified before separation on a 3-aminopropyl Spheri-
orb column as follows. Samples to be reduced were treated with 20
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69S-NITROSO GLUTATHIONE, PROTEIN S-NITROSYLATION, AND S-GLUTATHIOLATION
M dithiothreitol at 30°C for 30 min. Subsequently both reduced
nd untreated samples were brought to 5% perchloric acid, the
amples were divided in two and either 120 mM iodoacetamide or
20 mM iodoacetic acid was added to each. Excess KHCO3 was added
o make the pH basic, allowing the iodoacetamide or iodoacetic acid
o alkylate free sulfhydryls. Samples were stored in the dark for 20
in and 1.5% FDNB (in EtOH) was added. The samples were stored

t 4°C before separation on the HPLC.

reparation of Protein Extracts Containing H-ras or
Carbonic Anhydrase III

Preparation of a soluble protein extract from E. coli overexpressing
he H-ras gene. E. coli strain JM 105 containing the pAT expression
ector for H-ras (36) was grown at 37°C in Luria broth medium. At
n optical density of 1.2–1.5 (600 nm), protein expression was in-
uced by the adding 1 mM isopropyl-b-D-thiogalactopyranoside for
h. Cells were harvested by centrifugation at 16,000g for 10 min.
he cells were washed once with 20 mM Tris–HCl (pH 7.2), 100 mM
aCl, 5 mM MgCl2 and 1 mM phenylmethylsulfonyl fluoride. The

ells were resuspended to 0.2 g of cell paste/ml with 20 mM b-glyc-
rolphosphate–HCl (pH 7.0) and broken by sonication for 30 s. The
oluble protein fraction was obtained by the centrifugation in a
eckman Airfuge Ultracentrifuge at 160,000g for 30 min.
Preparation of a soluble protein extract from rat liver. Male Spra-

ue–Dawley rats (200–250 g), fed with Altromin standard diet ad
ibitum, were anesthetized with secobarbital sodium (100 mg/kg
ody wt) to obtain fresh liver tissue. The tissue was homogenized in
Potter homogenizer filled with ice-cold 10 mM Tris–HCl buffer (pH
.2), 0.25 M sucrose. The homogenate was centrifuged at 4500g for
0 min (twice) and finally in a Beckman Airfuge Ultracentrifuge at
60,000g for 30 min to obtain the soluble protein extract.

ESULTS

n Electrofocusing Method for Analyzing Protein S-
Nitrosylation

Two oxidative modifications of protein sulfhydryls,
ither S-glutathiolation or oxidation to a cysteic acid,
ncrease the negative charge on a protein cysteine res-
due. On the other hand, oxidative modifications that
roduce S-cysteylation or S-nitrosylation are charge-
ilent. A method for analyzing charge-generating mod-
fications by isoelectric focusing gel electrophoresis has
een in use for some time. It is based on the alkylation
f protein samples with a neutral reagent, iodoacet-
mide, to protect against artifactual sulfhydryl modi-
cation (10, 33). This method is illustrated in Fig. 1,
here the S-glutathiolated forms of phosphorylase b
re generated by reaction with glutathione disulfide
Fig. 1A). Because phosphorylase b is a homodimer
ith two reactive sulfhydryls per subunit, S-glutathio-

ation produces up to four acidic bands containing dif-
erent amounts of disulfide-bonded glutathione (lane
). The acidic protein forms are readily reduced by
ithiothreitol, providing evidence for the covalent at-
achment of glutathione by a disulfide bond. Alkylation
f these same protein samples with a negatively
harged reagent, iodoacetate (lanes 3 and 4), prevents

eparation of the various protein species in the mixture

t
(

ecause all reactive cysteines have a similar negative
harge.
Previously it was shown that S-cysteylated protein

orms (disulfide-bound cysteine), a charge-silent modi-
cation, could be separated from unchanged protein by
lkylating unmodified sulfhydryls with iodoacetate
27). All free sulfhydryls of phosphorylase b were con-
erted to negatively charged species with this reagent,
hile sulfhydryls containing a disulfide-bound cysteine

emained uncharged because they did not react with
odoacetate. Thus, S-cysteylation produced protein
ands that migrated at a more alkaline pI when com-
ared to unmodified protein bands. The experiments
eported here are based on the premise that S-nitrosy-
ated phosphorylase b (also a charge-silent modifica-
ion) can be analyzed by similar methods. When phos-
horylase b was modified by reaction with GSNO (Fig.
B) this premise was verified by the observed bands.
anes 1 and 2 show that unmodified and GSNO-
reated phosphorylase b were not separated after alky-
ating the protein with iodoacetamide (lanes 1 and 2).
owever, when samples were alkylated with iodoac-

tate (lanes 3 and 4), there was a clear difference
etween the unmodified and GSNO-treated samples.
he resulting bands in lane 4 were tentatively attrib-
ted to the S-nitrosylated forms of phosphorylase b.
art C of the figure again summarizes the effects of
hese sulfhydryl modifications. Thus, when samples
re alkylated with iodoacetate the S-nitrosylated form
f phosphorylase b would have no charge, while both
-glutathiolated and unmodified sulfhydryls would
ave a negative charge.
To obtain further evidence that the alkaline bands

n lane 4 (Fig. 1B), resulted from S-nitrosylation of
hosphorylase b, other NO-generating materials
ere used to modify the protein. We reasoned that
lkaline bands with identical pI’s should be identifi-
ble after treatment with all reagents that generate
O. Figure 2 shows the results of modification reac-

ions using equal concentrations of amyl nitrite,
permine NONOate, and diethylamine NONOate. In
his experiment, samples were alkylated with io-
oacetate (the exception is the left-most lane), and in
ddition each sample was reduced with dithiothrei-
ol after reaction. All of the NO-donating materials
roduced isoforms with alkaline pI’s. Because we did
ot attempt to optimize reaction conditions or to
tandardize the rates of NO production by these
eagents, it is not possible to conclude which reagent
s most effective. However, the pI’s of the resulting
rotein bands were identical with each reagent, sug-
esting that the protein bands generated by these
O-donating agents resulted from S-nitrosylated

orms of phosphorylase b. In each case the modifica-
ion was sensitive to reduction with dithiothreitol

1DTT in the figure). Further evidence for S-nitrosy-
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70 JI ET AL.
ation of phosphorylase b was obtained by quantita-
ively comparing the density of the modified protein
ands on electrofocusing gels to the amount of S-
itrosylation as determined by the Griess reagent
Table I). A total of four protein samples, modified
ither by GSNO or spermine NONOate were com-
ared. The electrofocusing data compared well with
hat obtained by the Griess reagent, substantiating
he suitability of gel electrofocusing as a method for
uantifying the amount of phosphorylase b S-ni-

IG. 1. Separation of S-nitrosylated and S-glutathiolated forms of
hosphorylase b were made by incubating fully reduced glycogen ph
ith (A) 5.0 mM glutathione disulfide (GSSG) or (B) 1.0 mM freshly pr
.0) at 37°C for 10 min. Reactions were stopped with 45 mM iod
lectrophoresis as described under Materials and Methods. (C) Mod
rosylation.
p
m

tability of S-Nitrosylated Phosphorylase b

In an effort to assess quantitative aspects of the
lectrofocusing method, it was important to establish
he stability of the S–NO bond in S-nitrosylated phos-
horylase b. Consequently, the S-nitrosylated form of
hosphorylase b was prepared and stored in pH 7.0
uffer at either 4 or 30°C. Samples were analyzed by
lkylation with IAA and separation on electrofocusing
els. After 24 h at 4°C, approximately 80% of the phos-

ogen phosphorylase b on isoelectric focusing gels. Modified forms of
horylase b (0.6 mg/ml, approx 12 mM reactive protein sulfhydryls)
red S-nitrosoglutathione (GSNO) in 20 mM b-glycerophosphate (pH

etamide (IAM) or iodoacetic acid (IAA) and separated by thin-gel
or electrofocusing gels.
glyc
osp
epa

oac
el f
horylase was unchanged, while at 30°C approxi-
ately 50% remained. After 2 h at 30°C there was little
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71S-NITROSO GLUTATHIONE, PROTEIN S-NITROSYLATION, AND S-GLUTATHIOLATION
vidence for decomposition. These data suggest that
ith proper care S-nitrosylated proteins may be ana-

yzed by electrofocusing with little concern about de-
omposition.

A recent report on the crystal structure of GSNO-
odified glutathione reductase showed that the pro-

ein contained the sulfenic form of an active site cys-
eine (37). Since protein sulfenic acids are easily re-
uced with dithiothreitol, while the sulfinic and
ulfonic acids are not, we examined S-nitrosylated
hosphorylase b for acidic protein bands that might

IG. 2. S-nitrosylation of phosphorylase b by NO donors. Reduce
reated with 1 mM each of S-nitrosoglutathione (GSNO), amyl nitrit
0 mM b-glycerophosphate (pH 7.0) at 37°C for 10 min. After the in
as treated with 10 mM dithiothreitol (DTT) at 37°C for 20 min be
lkylation with either 45 mM IAM or IAA.

TABLE I

Comparison of Isoelectric Focusing Electrophoresis (IEF)
and Spectrophotometric Analysis of S-Nitrosylated

Phosphorylase b

Calculated percentage of protein-S-NO

GSNO Spermine NONOate

50 (mM) 500 (mM) 50 (mM) 500 (mM)

soelectric focusing 37 6 2 59 6 7 13 6 1 33 6 2
pectrophotometry 43 6 7 69 6 6 18 6 1 32 6 2

Note. Phosphorylase b (0.6 mg/ml, approximately 12 mM reactive
rotein sulfhydryls) was treated with either S-nitrosoglutathione
GSNO) or spermine NONOate at 37°C for 10 min in 20 mM b-glyc-
rophosphate (pH 7.0) and the protein was dialyzed to remove low-
olecular-weight reactants. IEF: Before the focusing, 45 mM io-

oacetic acid was used to block those unmodified sulfhydryl groups.
s shown in Fig. 1, S-nitrosylated protein was analyzed with a
ensitometer by scanning thin gel and the percentage of modified
ulfhydryl groups was calculated as reduced protein was referenced
s 100%. Spectrophotometry: Neutral Griess regents were used to
easure NO released from S-nitrosylated protein. As free thiol

roups can interfere with this assay, the method was modified by
reating samples with 5 mM N-ethylmaleimide to block the unmod-
fied protein sulfhydryls before adding mercury chloride. The per-
entage of S-nitrosylated protein was shown as the concentration of
rotein S-nitrosothiols divided by that of total protein sulfhydryl
r
roup. Data are mean values 6SE of three to seven experiments (t .
.05).
ndicate the presence of one of these oxidized species.
hosphorylase b containing sulfenic acid modifications
ould have acidic bands after alkylation with IAM that
ere sensitive to reduction by dithiothreitol. Sulfinic
nd sulfonic acids would not be reduced. The S-nitrosy-
ated protein used for our stability study had very little
ontamination with acidic bands at the start of the
xperiment. Samples incubated for 24 h at 4 or 30°C
ere alkylated and analyzed. In each case the sample

ontained substantial amounts of acidic forms that
ere entirely sensitive to dithiothreitol. These bands

hus had the expected properties of a protein sulfenic
cid as suggested by the crystal structure data of
ecker et al. (37). Thus, S-nitrosylated phosphorylase b
robably also contains some sulfenic acid derivatives
fter storage.
A second concern is the potential reaction of the

-nitrosylated protein with glutathione or other thiols.
ny S-nitrosylated protein sample containing contam-

nating materials with reactive sulfhydryls could be
nadvertently modified by transnitrosation during
torage or processing. In addition, glutathione could
otentially replace the NO on S-nitrosylated proteins
y transnitrosation, thus converting the proteins to an
-glutathiolated protein form. Figure 3 examines these
ossibilities. Phosphorylase was derivatized with io-
oacetamide to detect the potential formation of S-
lutathiolated phosphorylase and with iodoacetate to
etect S-nitrosylated forms. There was no evidence for
he formation of S-glutathiolated phosphorylase b (Fig.
, left). However, even molar equivalent concentrations
f glutathione, i.e., 25 mM glutathione with 12 mM
hosphorylase b, was sufficient to produce a 15–20%
oss of S-nitrosylated phosphorylase in 10 min. At 100
M glutathione, the loss of S-nitrosylated phosphory-

ase was nearly complete. This experiment indicates
hat care must be taken to remove glutathione or other
hiols from samples to be analyzed for S-nitrosylated
rotein. Iodoacetate is a convenient blocking agent for

rotein (0.6 mg/ml, approx 12 mM reactive protein sulfhydryls) was
permine NONOate, or diethylamine NONOate (DEA NONOate) in
ation, one aliquot was stopped by adding 45 mM IAA, and a second
e alkylating with IAA. The left figure shows reduced protein, after
d p
e, s

cub
for
emoval of this potential interference.
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72 JI ET AL.
SNO Reaction with Phosphorylase b

Figure 4 shows the time course and concentration
ependence of the reaction of GSNO with phosphory-
ase b. This experiment demonstrates that S-nitrosyla-
ion was efficient, occurring at low concentrations of
SNO with just a slight molar excess of the reagent.
hen phosphorylase b (12 mM in reactive protein sulf-

ydryls) was incubated with a 4-fold excess of GSNO
50 mM) the reaction was rapid at pH 7.0 (Fig. 4A). The
eaction was complete in approximately 20 min, when
he protein was over 60% modified. The effect of GSNO
oncentration is examined in Fig. 4B, demonstrating
ignificant amounts of S-nitrosylation with equimolar

IG. 3. Effect of GSH on stability of S-nitrosylated protein. S-n
hosphorylase b (0.6 mg/ml, approx 12 mM reactive protein sulfhydr
nd reactants were removed by dialysis. The S-nitrosylated protein
as stopped by adding 45 mM IAM or IAA and the protein was ana

IG. 4. Reaction of phosphorylase b with GSNO. (A) Fully reduced
hosphorylase b (0.6 mg/ml, approx 12 mM reactive protein sulfhy-
ryls) was incubated with 50 mM GSNO in 20 mM b-glycerophos-
hate (pH 7.0) at 37°C and aliquots were alkylated with 45 mM IAA
t the times indicated to stop the reaction. Samples were analyzed by
soelectric focusing. (B) Reduced phosphorylase b was treated with

arying concentrations of GSNO in 20 mM b-glycerophosphate (pH
.0) at 37°C for 10 min.

p
a

SNO (12.5 mM) in just 10 min. Phosphorylase b was
pproximately 80% S-nitrosylated with 500 mM (a 40-
old molar excess).

Since reactions between GSNO and protein sulfhy-
ryls would normally occur in the presence of a large
lutathione pool in cells, we examined the effect of
lutathione on the reaction. Figure 5 shows that a
wofold excess of glutathione (100 mM) blocked this
eaction effectively. Thus, GSNO shows little prefer-
nce for the protein sites on phosphorylase b when
ompared to glutathione sulfhydryls. This experiment
lso gave no evidence for the intermediate formation of
-glutathiolated phosphorylase during the reaction

Fig. 5, left, samples alkylated with IAM). Since pro-
ein sulfhydryl concentrations in cells may be similar
n concentration to the concentration of glutathione,
his experiment suggests that protein S-nitrosylation
nd formation of S-nitrosoglutathione are both poten-
ially important when NO is generated in intact cells.
n addition, the direct formation of S-glutathiolated

sylated phosphorylase b was prepared by treating fully reduced
) with 50 mM GSNO in 20 mM b-glycerophosphate (pH 7.0) at 37°C

incubated with GSH for 10 min at 37°C as indicated. The reaction
ed by isoelectric focusing.

IG. 5. Effect of glutathione on the reaction of phosphorylase b
ith GSNO. Reduced phosphorylase b (0.6 mg/ml, approx 12 mM

eactive protein sulfhydryls) was treated with 50 mM GSNO in the
itro
yls
resence of 25 or 100 mM GSH in 20 mM b-glycerophosphate (pH 7.0)
t 37°C for 10 min. IAM or IAA was added before focusing.
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roteins as a consequence of NO-mediated protein ox-
dation does not seem likely.

GSNO may react with proteins by first decompos-
ng to a reactive NOx species or by a direct reaction
nd transfer of NO. If decomposition of GSNO to an
Ox form was prerequisite to the formation of S-
itrosylated phosphorylase b, decomposition of the
SNO solution, i.e., loss of GSNO, should occur at

he same rate as the observed S-nitrosylation reac-
ion. Thus, partially decomposed solutions of GSNO
ight be more effective at S-nitrosylating proteins.

n order to explore the reactive forms of glutathione
resent in partially decomposed GSNO, an HPLC
ethod was developed to identify modified forms of

lutathione that might be present. Figure 6 shows a
ypical chromatogram from the GSNO solution after
ecomposition for 72 h at room temperature. The
eaks are identified by identical retention times with
tandard substances. When samples were alkylated
ith iodoacetamide (Fig. 6A), derivatized sulfhydryl-

ontaining molecules migrate more rapidly than
hen they are alkylated with iodoacetate (Fig. 6B)
ecause the negative charge added by iodoacetate
etards molecules on this column. In addition, when
amples were treated with dithiothreitol before al-
ylation, susceptible bonds (disulfides and sulfenic
cids) were converted to reduced sulfhydryls that
an be derivatized by the reagents. Thus, a use of the
wo alkylating reagents combined with susceptibility
o reduction by dithiothreitol permitted us to iden-
ify the following peaks by comparison to the reten-
ion times of pure materials: GSSG (14.2–14.4 min
ith either alkylating agent), GSH (7.8 min with

odoacetamide and 13.2 min with iodoacetic acid),
nd GSO3H (13.3–13.4 min with either alkylating
gent). Both GSH and GSO3H had the same reten-
ion time when a reduced sample was alkylated with
odoacetate. GSNO (6.6 – 6.7 min with either alkylat-
ng agent) was identified by the fact that the peak
as reduced to GSH with dithiothreitol. When alky-

ated with iodoacetamide, GSNO and GSH had dif-
erent retention times, i.e., 6.6 min for GSNO and 7.8
in for GSH. Thus, it was possible to quantitate the

mounts of GSNO, GSH, GSO3H, and GSSG in sam-
les of degraded GSNO. Since these materials did
ot account for all of the glutathione as the sample
ecomposed, other minor forms of glutathione were
enerated in the mixture. Figure 7 quantifies the
mount of GSNO, GSSG, and GSO3H obtained from
he HPLC analysis of samples from the initial GSNO
olution (0 time), the 72-h degraded sample, and the
20-h degraded samples. These three glutathione
orms account for up to 95% of the total glutathione
n the samples. In addition, Fig. 7 shows data on the
SNO and GSSG content of decomposed GSNO ob-
ained by spectrophotometric analysis. The kinetics n
f this decomposition reaction are relatively slow in
omparison to the rate at which protein S-nitrosyla-
ion occurs (Fig. 4). Since protein S-nitrosylation is
uch more rapid than the decomposition of GSNO to
reactive intermediate, it is apparent that S-

IG. 6. HPLC analysis of glutathione derivatives. Freshly pre-
ared 100 mM GSNO was kept at room temperature for 72 h and a
ample was derivatized as follows for analysis on a 3-aminopropyl
on-exchange column as described under Materials and Methods. (A)
reated with IAM. The sample was divided into two fractions and one
as incubated for 20 min with 20 mM dithiothreitol (1DTT). Both

amples were then alkylated with 120 mM iodoacetamide. The labels
n the figure are assigned by identity to the retention times for the
ure indicated substances. GSX indicates an unknown form of glu-
athione. (B) treated with IAA. A second sample was similarly di-
ided into two fractions; one was reduced with DTT, and both sam-
les were alkylated with 120 mM iodoacetic acid.
itrosylation occurs by transnitrosation.
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When HPLC samples were alkylated with either io-
oacetamide or iodoacetate, unidentified peaks were
bserved at 12.5 and 13.1 min without reduction (Fig.
). Since these disappeared when samples were re-
uced (Fig. 6A), it appears that these negatively
harged derivatives were readily reduced. One molec-
lar species that might have these properties is the
ulfenic acid of glutathione. On reduction it would be
onverted into GSH and be indistinguishable from that
olecule. This form of glutathione might effectively

eact with protein sulfhydryls to form an S-glutathio-
ated protein.

In order to determine the effect of degraded GSNO
n protein sulfhydryl modification, phosphorylase b
as exposed to either newly prepared GSNO or a 72
-degraded sample of the compound. Since both gluta-
hione disulfide and potential reactive forms such as
lutathione sulfenic acid might be present, Fig. 8A
hows an experiment designed to detect the S-gluta-
hiolated forms of phosphorylase b. Since the decom-
osed GSNO contained enough GSSG to contribute
pproximately 40 mM GSSG to the reaction mixture
Fig. 7), control reactions with pure GSSG were used to
ssess the importance of the GSSG contamination in
ecomposed GSNO. With 0.1 mM GSSG there was no
vidence of S-glutathiolation, but with 5 mM GSSG
here was extensive S-glutathiolation. Thus, the 40 mM
SSG contaminant in the decomposed GSNO was in-

ufficient to contribute to the observed S-glutathiola-

IG. 7. Decomposition of GSNO with formation of GSSG and GSO3

20 h and samples were removed at the indicated times for analysis. T
n extinction coefficient of 767 M21cm21, (‚) GSSG determined with G
ata points in the figure were determined by the HPLC method: (■)
ion. It is proposed that S-glutathiolation resulted from
eactive glutathione intermediates such as glutathione B
ulfenic acid, i.e., to the material designated GSX in
ig. 6. Figure 8B shows the S-nitrosylated forms that
esulted from reaction with fresh or decomposed
SNO. Decomposed GSNO was a much less effective
-nitrosylating reagent, since the decomposed GSNO
ontained less than 10% of the original GSNO. S-glu-
athiolated forms of phosphorylase b were not detected
n this experiment as demonstrated by the lack of

odification by GSSG.
Figure 9 shows the extent of protein S-glutathiola-

ion and S-nitrosylation with samples of GSNO decom-
osed for the times indicated. The extent of each of
hese modifications correlates well with the concentra-
ion of GSX (S-glutathiolation) and GSNO (S-nitrosy-
ation). Since GSNO decomposition may contribute to
he generation of S-glutathiolated proteins, it seems
ossible that the effects of GSNO in intact cells may
nclude both S-nitrosylation and S-glutathiolation of
rotein sulfhydryls.

rotein Modification Resulting from GSNO
Treatment of Crude Protein Mixtures

The mixture of proteins in soluble extracts from cells
nd tissues is an appropriate model to examine the
otential effects of GSNO on cellular proteins. A
ethod is currently available to analyze this possibil-

ty (32), since Western blots of electrofocusing gels can
rovide data for individual proteins in the mixture like
hat already obtained with purified phosphorylase b.

Freshly prepared 100 mM GSNO was kept at room temperature for
following analyses were made: (E) GSNO measured at 334 nm using
reductase as described under Materials and Methods. The following

utathione sulfonate, (Œ) glutathione disulfide, and (F) GSNO.
H.
he
oth rat liver carbonic anhydrase III and H-ras can be
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nalyzed by this method. Protein mixtures are sepa-
ated by gel electrofocusing, the gel is transferred to
VDF membranes, and a specific antibody to the pro-
ein of interest is used to visualize the pI of all molec-
lar forms of that specific protein. For the present
xperiment GSNO was used to modify both a soluble
xtract from rat liver containing normal amounts of
arbonic anhydrase III and a soluble extract from E.
oli that contained an expressed wild-type H-ras.
resh GSNO was used for each experiment since the
xperiments with phosphorylase b suggested that only
-nitrosylation of each protein would occur if there
ere no decomposition of GSNO to other reactive ma-

erials.
Figure 10 shows data obtained with protein extracts

rom male rat liver in which approximately 5–10% of
he protein is normally carbonic anhydrase III (38).
his protein has two reactive sulfhydryls that can be
-glutathiolated to produce acidic forms of the protein.

IG. 8. Comparison of the modified forms of phosphorylase b gen-
rated by reaction with GSSG, fresh GSNO, or decomposed GSNO.
educed phosphorylase b was separately treated with 0.1 and 5.0
M GSSG, 100 mM freshly synthesized GSNO, or 72-h-decomposed
SNO (see Fig. 7) in 20 mM b-glycerophosphate (pH 7.0) at 37°C for
0 min. (Equal volumes of 100 mM fresh GSNO and 72-h-decom-
osed GSNO were added to protein solutions to achieve the appro-
riate incubation conditions for this experiment. Therefore, the re-
ction with decomposed GSNO contained very little GSNO and ap-
roximately 40 mM GSSG.) (A) IAM was used to stop the reaction in
rder to observe negatively charged forms of phosphorylase b (S-
lutathiolated) that might be generated during reaction. (B) A sec-
nd aliquot of the reaction mixture was alkylated with IAA to stop
he reaction. Therefore S-nitrosylated forms of phosphorylase b were
etected on isoelectric focusing gels. For each reaction, aliquots were
reated with 10 mM DTT to demonstrate the reversible nature of the
odification reaction.
estern blots of liver tissue extracts treated with io-
w
s

oacetamide, using a polyclonal antibody to carbonic
nhydrase III normally reveal three isoforms of the
rotein with pI’s of 7.0 (fully reduced), 6.4 (one site
-glutathiolated), and 6.1 (both sites glutathiolated).
he data on the left side of the figure (samples deri-
atized with IAM) reveal the S-glutathiolated forms of
arbonic anhydrase in samples that were treated with
iamide (an agent used frequently to stimulate protein
ixed-disulfide formation) and also in samples that
ere treated with GSNO. Thus, fresh GSNO clearly
enerates significant amounts of the S-glutathiolated
orm of carbonic anhydrase III. The right side of this
gure (samples alkylated with IAA) shows that GSNO
lso produced a significant amount of S-nitrosylation of
his protein. IAA did not react with both sulfhydryls of
he carbonic anhydrase III since only the pI 6.4 isoform
f the protein was produced on addition of IAA. This
act clearly shows a difference in the reactivity of these
wo sulfhydryls. Taken together it appears that GSNO
onverted nearly all of the most reactive cysteine in
arbonic anhydrase III into either the S-glutathiolated
r the S-nitrosylated form.
Figure 11 shows a similar experiment with a protein

xtract from E. coli expressing H-ras. Since protein
odification of the reactive cysteines of H-ras has not

een previously studied in depth, the effects of S-glu-
athiolating agents and S-nitrosylating agents on the
ure protein were examined (Fig. 11A). The reduced
orm of pure H-ras had a pI of 4.3 but since it was not
ompletely pure a minor contaminating band with a pI
f 4.1 was observed in the sample treated with iodoac-
tamide. When S-glutathiolated with diamide, the pro-
ein migrated as a mixture of up to four more acidic
ands. These bands were sensitive to reduction by di-
hiothreitol with the reappearance of the original band
t pI at 4.3 (data not shown here). The data are con-
istent with the presence of four reactive cysteines in
he protein. This pure protein was produced by expres-
ion in E. coli where lipidation does not occur. There-
ore, the reactive cysteines are cys 118 (normally free
nd reactive), cys 181 and 184 (normally extensively
almitoylated in mammalian cells), and cys 186 (nor-
ally prenylated in mammalian cells). When the pure

rotein was alkylated with IAM, the primary protein
and occurred at pH 3.9, consistent with reaction at
hree of the potentially reactive cysteines. When
reated with GSNO, the protein was clearly S-nitrosy-
ated, producing bands with pI’s of 4.3 (completely

odified), 4.1, and 4.0 (partially S-nitrosylated). In
xperiments not shown evidence of S-glutathiolated
-ras was found on alkylating with IAM after the

eaction with fresh GSNO.
Figure 11B shows the effect of GSNO on the H-ras in
soluble preparation of the proteins from E. coli in
hich the pAT vector was present, thereby expressing
ignificant amounts of soluble, unlipidated H-ras. The
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76 JI ET AL.
amples alkylated with IAM give clear evidence of sig-
ificant, dithiothreitol-sensitive S-glutathiolation of
he H-ras, while samples alkylated with IAA also show
ignificant amounts of dithiothreitol-sensitive S-ni-
rosylation. Thus, fresh GSNO produced both S-gluta-
hiolation and S-nitrosylation of a protein with reactive
ysteines in the soluble mixture of proteins from E. coli
ells.

ISCUSSION

Interest in the reaction of NO and other NO-contain-
ng molecules such as GSNO, or peroxynitrite with
rotein sulfhydryls, derives from many reports of the
iologically significant effects generated in intact cells
y such molecules. No matter what NO donor is
resent outside cells, it seems certain that GSNO is a
ajor participant in the intracellular milieu (14–16).
hus, the protein modification reactions generated by
SNO have potentially important biological conse-
uences. One possible consequence of intracellular
ools of GSNO is the transient generation of S-nitrosy-
ated proteins by a simple transnitrosation reaction
39, 40). Indeed, the fact that pure proteins with reac-
ive sulfhydryls are readily S-nitrosylated by such re-
ctions provides strong support that this modification
ccurs in intact cells (1–7). This paper reports a meth-

IG. 9. Time-dependent decomposition of S-nitrosoglutathione prod
lase b. Newly synthesized GSNO was incubated at room temperatur
o reduced phosphorylase b (0.6 mg/ml, approximately 12 mM reactive
0 min. The reaction with phosphorylase b was stopped by adding ei
ands by isoelectric focusing. The extent of either S-glutathiolation (s
ith iodoacetic acid) was assessed by densitometry. Data are reporte

our modification sites per molecule of phosphorylase b dimer.
dological approach that may be useful for studying the p
ccurrence of protein S-nitrosylation in cells and the
ossible role this may play in the biological roles of
itric oxide. Figures 10 and 11 demonstrate that both
-nitrosylation and S-glutathiolation (oxidative modi-
cations that both have physiological significance) can
e revealed when specific proteins are analyzed by
ondenaturing isoelectric focusing on gels that can
hen be visualized by antibody-based protocols specific
or the protein of interest. In the illustrated experi-

ents it was possible to show that a simple reaction
ith GSNO may produce more complex protein modi-
cations than originally thought. It appears that
SNO may give rise to reactive materials that can both
-thiolate and S-nitrosylate reactive cysteines. This
rocess may result from degradation of GSNO into
ither or both GSSG and the sulfenic acid of glutathi-
ne as illustrated by the reported experiments with
ure glycogen phosphorylase b (see Figs. 7–9).
In order to understand the potential role of S-ni-

rosylated proteins in intact cells we explored the sta-
ility of S-nitrosylated phosphorylase b and the influ-
nce of glutathione on both the formation and stability
f that modification. Since even minimal concentra-
ions of glutathione can prevent reaction of GSNO with
hosphorylase b (Fig. 5), it does not seem likely that a
rans-nitrosylation reaction from GSNO to a reactive

es increased S-thiolation and decreased S-nitrosylation of phosphor-
d, at the indicated time, an aliquot of the GSNO solution was added

otein sulfhydryls) in 20 mM b-glycerophosphate (pH 7.0) at 37°C for
r 45 mM IAM or 45 mM IAA before separating the modified protein
ples treated with iodoacetamide) or S-nitrosylation (samples treated
s the percentage of maximum modification, assuming that there are
uc
e an

pr
the
am
rotein sulfhydryl has a high probability in intact cells.
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imilarly, if S-nitrosylated proteins are generated in
ells, it seems probably that reaction with the gluta-
hione pool results only in the formation of GSNO and
educed protein sulfhydryls (Fig. 3). Thus, it does not
ppear that an S-glutathiolated intermediate protein
orm plays a role in the trans-nitrosylation reaction
Fig. 3). These results suggest that S-nitrosylated pro-
eins may be quite transient in cells.

However, it is possible for GSNO to generate other
eactive species that may play a significant role in
ellular protein modification reactions (41, 42). Thus, it
s known that transition metal ions and other mole-
ules may catalyze the rapid generation of other reac-
ive species from GSNO (42). In our experiments it
ppears that these materials may be responsible for
he generation of S-glutathiolated proteins from reac-
ive materials such as glutathione sulfenic acid or from
ess reactive materials such as GSSG (Figs. 8 and 9).
hus, we propose that intracellular GSNO may play a
ole in the formation of two different oxidative modifi-
ations of protein sulfhydryls, i.e., both S-glutathiola-
ion and S-nitrosylation.

GSNO is only one of several S-nitrosothiols that have
een used to manipulate the metabolism of intact cells.
ur experiments suggest that each of these materials
ay have metabolic consequences that do not result

rom the simple generation of free NO. As an example,
hen cysteine-NO is used, the cysteine moiety of the
olecule may have significant protein modulatory ef-

ects through the formation of high concentrations of

IG. 10. Reaction of GSNO with carbonic anhydrase III. A soluble
rotein extract from rat liver was prepared in 20 mM b-glycerophos-
hate buffer (pH 7.0). The proteins were treated as follows: S-gluta-
hiolated, 2 mM GSH and 4 mM diamide at room temperature for 20
in; S-glutathiolated 1 DTT, as described and then treated with 10
M DTT at 37°C for 15 min; GSNO, 5 mM GSNO at 37°C for 10 min;
SNO 1 DTT, as described and then treated with 10 mM DTT at
7°C for 20 min. Samples were alkylated with 40 mM IAM or IAA as
hown in the figure. After electrofocusing, proteins were transferred
1o a PVDF membrane, and carbonic anhydrase III was visualized
ith a polyclonal anti-CA III antibody as previously described (37).
ystine, mixed disulfides such cysteinyl glutathione, or
ysteine sulfenic acid. Other S-nitrosothiols may simi-
arly produce reactive species that play a role in the
bserved biological responses.
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