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ABSTRACT: While most proteins have critical thiols whose oxidation affects their activity, it has been
suggested thatS-nitrosation and denitrosation of cellular thiols are fundamental processes similar to protein
phosphorylation and dephosphorylation, respectively. However, understanding the biosynthesis and
catabolism ofS-nitrosothiols has proven to be difficult, in part because of the low stability of this class
of metabolites. Herein, we report that thioredoxin catalyzes the denitrosation of a series ofS-nitrosoamino
acids andS-nitrosoproteins derived from HepG2 cells. Notably, allS-nitrosoproteins with a molecular
mass of 23-30 kDa were catabolized by thioredoxin. Experimental evidence is presented which shows
that both glutathione and reduced human thioredoxin denitrosateS-nitrosothioredoxin, which has been
suggested to act as an anti-apoptotic factor viatrans-S-nitrosation of caspase 3. In HepG2 cells, we observed
thatS-nitrosocysteine ethyl ester impedes the activity of caspase 3. However, a subsequent incubation of
the cells in nitrosothiol-free medium resulted in reconstitution of the enzymatic activity, most likely due
to endogenous denitrosation ofS-nitrosocaspase 3. The latter process was markedly inhibited in thioredoxin
reductase-deficient HepG2 cells, suggesting that the thioredoxin/thioredoxin reductase system tends to
maintain intracellular caspase 3 in a reduced, SH state. The data obtained are discussed within the general
reaction mechanisms encompassing the cellular homeostasis ofS-nitrosothiols.

A considerable body of literature indicates that both nitric
oxide (NO)-generating pharmacophores and endogenous NO
production modulate the activity of proteins via reactions of
S-nitrosation (1-4). Molecules with isolated thiol functions
could be nitrosated to relatively stableS-nitrosothiols,
whereas the nitrosation of vicinal thiols leads to intramo-
lecular disulfide ring closure (5-8). While many proteins
have critical thiols whose oxidation affects their activity, it
has been suggested thatS-nitrosation and denitrosation of
cellular thiols are fundamental processes similar to protein
phosphorylation and dephosphorylation, respectively (9, 10).
However, understanding the biosynthesis and catabolism of
S-nitrosothiols (RSNOs)1 has proven to be difficult, in part
because RSNOs are short-lived metabolites. Three enzyme
systems have been found thus far to catabolizeS-nitroso-
glutathione (GSNO):Escherichia coliand human thiore-
doxin (Trxn and HTrxn, respectively) (11), protein disulfide
isomerase (PDI) (12), and alcohol dehydrogenase class III
(ADH) (13). ADH does not catalyze the denitrosation of
S-nitrosocysteine (CysSNO),S-nitrosohomocysteine (HCysS-
NO), or S-nitrosoalbumin (13), while the activity of PDI

toward these low-molecular mass (LMM) RSNOs and
S-nitrosoproteins remains to be established. However, exces-
siveS-nitrosation of PDI isozymes has been associated with
accumulation of misfolded proteins and neurodegeneration
(14). Recently, we reported that Trxn catalyzes the denitro-
sation ofS-nitrosated caspase 3, metallothionein, and albumin
(Scheme 1;7). These studies suggest that specialized enzyme
systems regulate the cellular levels of LMM and protein
RSNOs.

In contrast to ADH and PDI, which are expressed mainly
in the liver and kidneys (4) and in the lumen of the
endoplasmic reticulum (15), respectively, Trxn is a ubiqui-
tous protein (16, 17). Trxn activity has been linked to cell
growth, transcription factor regulation, DNA synthesis,
protein binding (16, 18, 19), detoxification of free radicals
(20), and regeneration of antioxidants (21). On the other
hand, genetic deletion of Trxn in mice yields lethal pheno-
types (22, 23). Trxn contains a -Cys-Gly-Pro-Cys- motif that
is essential for its enzyme activity. Cysteines 32 and 35 in
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the active site of thioredoxin [Trxn(SH)2] can reduce SS and
SNO functions on substrate proteins with concomitant
disulfide ring closure to Trxn(S)2 and release of the reduced,
SH form of the substrate protein. In turn, Trxn(S)2 is
converted back to Trxn(SH)2 by the NADPH-dependent
thioredoxin reductase [TrxnR (7, 16)]. Proteomic analyses
of wheat starchy endosperm andE. coli led to the identifica-
tion of 80 proteins as potential targets of Trxn, which are
involved in 26 distinct cellular processes (24, 25). However,
the specificity of Trxn toward protein disulfides and RSNOs
in mammalian cells has not been studied well. Herein, we
report that Trxn catalyzes the denitrosation of a series of
LMM RSNOs andS-nitrosoproteins derived from HepG2
cells. Notably, Trxn exhibited particularly high catalytic
activity in the in vitro denitrosation ofS-nitrosoproteins with
molecular masses of 23-30 kDa and catalyzed the denitro-
sation ofS-nitrosocaspase 3 in HepG2 cells.

EXPERIMENTAL PROCEDURES

Reagents.All reagents were purchased from Sigma
Chemical Co. (St. Louis, MO). Human RhoA protein was
purchased from Cytoskeleton, Inc. (Denver, CO). The
solutions used in the experiments were prepared in deionized
and Chelex-100-treated water or potassium phosphate buffer.

Preparation of RSNOs.Nitrosation of CysSH, HCysSH,
GSH, andL-cysteine ethyl ester to CysSNO, HCysSNO,
GSNO, andS-nitroso-L-cysteine ethyl ester (SNCEE), re-
spectively, was carried out with nitrosooxy ethane (C2H5-
ONO) as described previously (26). Briefly, the correspond-
ing thiol (0.1-0.5 g) was dissolved in methanol (5 mL)
containing C2H5ONO (0.5 mL; bp of 13°C), and the reaction
solutions were incubated for 30 min in ice. Thereafter, the
solvent and the remaining C2H5ONO were rotor-evaporated
at room temperature, and the nitrosothiol that formed was
recrystallized from methanol. The purity of the nitrosothiols
was assessed by UV spectrophotometry. At 550 nm,εGSNO,
εCysSNO, and εHCysSNO ) 16.1, 16.6, and 16.7 M-1 cm-1,
respectively (27); in methanol,ε(343)SNCEE) 1019 M-1 cm-1

andε(544)SNCEE) 36 M-1 cm-1 (26).
Analysis of RSNOs.RSNOs were quantified following their

Cu+-catalyzed breakdown to RSH and NO with concomitant

chemiluminescence measurements of the latter in the gas
phase using a Sievers (Boulder, CO) nitric oxide analyzer
(NOA 280i) (28). The purge vessel of the NO analyzer was
filled with 5 mL of 0.1 M phosphate buffer (pH 7.4; 20°C;
carrier gas, He). In the reaction vessel, a steady-state
concentration of Cu+ was maintained by a large excess of
ascorbic acid over CuCl2 (50 mM vs 0.2 mM). Thus, multiple
injections of aliquots (5-20 µL) containing RSNOs could
be made without any significant loss of analytical sensitivity,
as indicated by the release of NO after injection of a standard
solution of GSNO upon completion of the reactions (Figure
1A). Under these experimental conditions, NaNO2 (up to 0.1
mM) did not interfere with the analysis of RSNOs (Figure
1A). Calibration of the experimental peaks was performed
by injection of standard solutions of eitherS-nitroso-N-
acetylpenicillamine (SNAP) or GSNO (0.1-50 µM).

Determination of LeVels of Proteins and Thiols.Protein
concentrations in samples were determined using the Bio-
Rad protein assay kit with bovine serum albumin as the
standard. Protein thiols were assessed colorimetrically at 412
nm following the reduction of 5,5′-dithiobis-2-nitrobenzoic
acid (DTNB) to 2-nitro-5-mercaptobenzoic acid (NMB) [ε412

) 13 500 M-1 cm-1 (29)]. In samples with a low content of
thiols, NMB was quantified by HPLC with electrochemical
(EC) detection. Isocratic separations were achieved with 15%
methanol at a flow rate of 1 mL/min with C-18 reverse phase
columns (Alltima, 4.6 mm× 250 mm, 5 µm; Alltech
Associates, Inc., Deerfield, IL). EC detection was carried
out with an LC-4C amperometric detector (Bioanalytical
Systems, West Lafayette, IN) at a holding potential of 0.9
V. Under these chromatographic conditions, NMB exhibited
a retention time (tR) of 4.6 min.

Cell Culture and Treatments.Human hepatoma (HepG2)
cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, 100 units/mL
penicillin, 100µg/mL streptomycin, and 2 mML-glutamine
in a humidified atmosphere of 5% CO2 at 37°C.

Caspase 3 ActiVation in HepG2 Cells. Cells (2× 106 cells/
flask) were grown in T75 flasks for 24 h and then incubated
with paclitaxel (50 nM) for 24 h followed by a 24 h exposure
to the Cdks inhibitor NU6140 [10µM (30); Calbiochem,

FIGURE 1: Trxn denitrosates LMM RSNOs. Reactions were carried out at 37°C in 0.1 M phosphate buffer (pH 7.4) containing 0.1 mM
EDTA. RSNOs, Trxn, TrxnR, NADPH, and NaNO2 were used at concentrations of 50µM, 5 µM, 0.08µM (1 unit/mL), 0.4 mM, and 0.1
mM, respectively. RSNO quantification was performed as described in Experimental Procedures. The data in panels B and C are presented
as mean values of three independent experiments( the standard error. (A) Trxn-catalyzed denitrosation of GSNO. At given time points
(arrows), aliquots from the reaction solution were assessed for GSNO content. (B) Trxn-catalyzed denitrosation of GSNO (b), CysSNO
(2), HCysSNO (0), SNAP (9), and GSNO, TrxnR, and NADPH (O). (C) Rates of RSNO denitrosation as a function of Trxn
concentration: GSNO (b), CysSNO (2), HCysSNO (0), and SNAP (9).
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San Diego, CA]. Alternatively, cells were incubated for 4.5
h with medium (control) or with medium containing 15 ng
of TNF-R and 40µM cycloheximide (CHX, from Sigma)
(31). Thereafter, the cells were washed with PBS (3× 10
mL) and incubated for 15 min at 37°C with standard
incubation medium containing SNCEE. Whole-cell lysates
for analysis of caspase 3 were harvested by repeated freeze
and thaw cycles followed by centrifugation at 15000g for
15 min at 4°C.

Auranofin (AFN) Treatment. Approximately 2× 105 cells
were plated per well in a six-well plate. The following day,
cells were incubated for 12 h at 37°C in medium containing
ANF (5 µM). Thereafter, the cells were washed with PBS
(3 × 5 mL), and cell viability was determined using crystal
violet staining.

Toxicity of SNCEE.For cytotoxicity experiments, HepG2
cells were plated at a density of 2× 105 cells per well per
0.5 mL of tissue culture medium on 24-well tissue culture
plates. After incubation and attachment for 12 h, SNCEE
was added, and the cells were incubated for 6 h at 37°C.
Cell viability (cytotoxicity) was determined using crystal
violet staining (32).

siRNA Transfection.The siRNA directed against TrxnR
was 5′-AGACCACGUUACUUGGGCAdTdT-3′, and the
control was a scrambled sequence (5′-AGGCAAAUCACG-
GUGUCCUdTdT-3′) that does not match any sequence in
the GenBank human database for>16 nucleotides (33;
Dharmacon RNA Technologies, Chicago, IL). Approxi-
mately 2× 105 HepG2 cells were plated per well in a six-
well plate. The following day, siRNAs were transfected with
lipofectamine 2000 (Invitrogen, Carlsbad, CA), with 30 pmol
of siRNA per well (34), according to the manufacturer’s
recommendations. Transfection with the same amount of
nonspecific siRNA was performed as a control. The cells
were harvested and analyzed 24, 48, and 72 h after
transfection for cell viability, activity, and level of TrxnR
protein.

Protein S-Nitrosation.For isolation of proteins, HepG2
cells were disrupted by three cycles of freezing and thawing.
The resulting homogenate was centrifuged for 90 min at
100000g, and LMM compounds were removed from the
supernatant via ultrafiltration through a 10 kDa cutoff filter
(Vivaspin 500, Cole Palmer, Vernon Hills, IL). The filtrate
was discarded, while the protein fraction (∼0.01 mL) was
diluted with 0.1 M phosphate buffer (0.2 mL, pH 7.4)
containing EDTA (0.2 mM) and subjected to a second
ultrafiltration. The final protein extracts (5 mg of protein/
mL; molecular mass ofg10 kDa) were treated with GSNO
(0.3 mM) for 30 min at 20°C; then, the excess of GSNO
was removed via ultrafiltration (10 kDa Vivaspin cutoff
filter), which included four washing cycles with 0.1 M
phosphate buffer containing 0.2 mM EDTA (4× 0.2 mL).
In the final protein fraction, the content of GSNO was less
than 0.1µM, as assessed by reverse phase HPLC-EC [C-18
column, Alltima 4.6 mm × 250 mm, 5 µm; Alltech
Associates, Inc.; holding potential, 0.8 V; mobile phase, 50
mM phosphate buffer containing 10% CH3OH; tR(GSNO)
) 3.9 min]. TheS-nitrosoproteins thus obtained could be
kept at-70 °C for up to 1 month without any significant
losses of SNO functions.

S-Nitrosation of RhoA (18µM), HTrxn-S2 (0.4 mM), and
caspase 3 was performed with GSNO (0.3-2 mM) at 20°C

for 30 min in 0.1 M phosphate buffer containing 0.2 mM
EDTA. Thereafter,S-nitrosoproteins were separated from
GSH and the excess of GSNO via ultrafiltration (3 kDa
Vivaspin cutoff filter), which included four washing cycles
with 0.2 mL of the reaction buffer. A similar procedure was
followed for the isolation of HTrxn(SH)2 after an incubation
of Htrxn-S2 with DL-dithiothreitol (DTT, 10 mM) for 20 min
at room temperature. In selected experiments, separation of
HTrxn derivatives from LMM compounds was achieved by
size-exclusion (SE) HPLC on a Protein Pak 125 gel filtration
column (0.78 cm× 30 cm; Waters, Milford, MA). HPLC-
SE separations were carried out with a mobile phase
consisting of 20 mM phosphate buffer (pH 7.4), 100 mM
NaCl, and 0.2 mM EDTA at a flow rate of 1 mL/min. The
electronic absorbance of the eluate was followed in the
wavelength range of 210-400 nm with a Shimadzu (Kyoto,
Japan) diode array detector.

Western Blots.Cells were disrupted by three consecutive
freeze and thaw cycles and then centrifuged at 15000g for
15 min at 4 °C to remove membrane fractions. Equal
amounts of protein (20-30 µg) were resolved by SDS-
PAGE (10%) and transferred onto a nitrocellulose membrane.
The membrane was blocked in 5% (w/v) dried milk powder
in TBS (Tris-buffered saline) with 0.01% (v/v) Tween 20 at
room temperature and incubated with anti-TrxR1 (rabbit IgG,
Upstate) (1:500 dilution) overnight in 5% (w/v) BSA in TBS
with 0.01% (v/v) Tween 20. Secondary antibody (HRP-
conjugated anti-rabbit IgG, 1:1000; Pierce, Rockford, IL) was
then added to the membrane for 1 h at room temperature.
Thereafter, the membrane was washed, exposed to HRP
substrate (Pierce SuperSignal West Pico Chemiluminescent
Substrate), and visualized by chemiluminescence on auto-
radiography film.

Caspase 3 Assay.Caspase 3 activity was measured
fluorometrically on an LS50B Perkin-Elmer spectrofluorim-
eter (λex ) 380 nm; excitation and emission slit, 5 nm) using
Asp-Glu-Val-Asp-7-amido-4-methylcoumarin as a substrate
(Sigma).

TrxnR Assay.TrxnR activity was determined in a coupled
assay with E. coli Trxn (10 µM) and 5,5′-dithiobis(2-
nitrobenzoic acid) (DTNB) as described in ref35. One unit
of TrxnR activity was defined as the formation of 74µmol
of 5-mercapto-2-nitrobenzoic acid (1 absorbance unit at 412
nm; ε412 ) 13 500 M-1 cm-1) per minute per milliliter at
pH 7.0 and 25°C.

Data Analysis.Results are given as means( the standard
error (n ) 3-6).

RESULTS

Trxn-Catalyzed Denitrosation of LMM RSNOs.Activated
mouse macrophages and vascular smooth muscle cells have
been shown to produce NO2

- at a rate of 50-70 nmol (mg
of protein)-1 h-1 for up to 20 h (36, 37). In cells, NO forms
metal-nitrosyl complexes and N2O3 that can act asS-
nitrosating agents (38, 39). Since GSH is the most abundant
intracellular thiol (1-5 mM or up to 100 nmol/mg of
protein), formation of GSNO is expected to follow the
production of endogenous NO. Indeed, GSNO has been
detected in the brain (40) and liver (41) of healthy rats in
amounts of 15-34 pmol/mg of protein. Upon diffusion
across plasma membranes, NO can nitrosate extracellular
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thiols. The plasma concentrations of GSH, cysteine, and
homocysteine are 2-4, 8-10, and 15-50 µM, respectively
(42). In extracellular pulmonary fluids, the concentration of
GSH is in the range of 40-400µM (42), while in bile duct,
the concentration of cysteine varies from 2 to 25µM (43).
Hence, formation of LMM RSNOs could be predicted in
both the intra- and extracellular milieu, with the notions that
(i) this process is efficiently catalyzed by copper ions (44)
and (ii) extracellular CysSNO and HCysSNO (but not
GSNO) can be taken up by cells via amino acid transport
system L (45-48). Irrespective of the sites of nitrosation,
the relatively low intracellular concentrations of RSNOs
(picomoles vs nanomoles of NO2

- per milligram of protein)
can be explained with poor utilization of NO for their
biosynthesis and/or efficient catabolism of this class of
metabolites. To further characterize the enzyme-dependent
catabolism of RSNOs, we have studied the denitrosation of
CysSNO, HCysSNO, and SNAP by Trxn.

In contrast to ADH, which denitrosates specifically GSNO
(13), Trxn catalyzed the denitrosation of all LMM RSNOs
that were studied (Figure 1). Consumption of RSNOs
required the presence of the complete Trxn/TrxnR/NADPH
system (Figure 1B). The rate of GSNO denitrosation
remained unchanged in the presence of either EDTA or
desferrioxamine and under anaerobic conditions (data not
shown), indicating that this process was not dependent on
catalysis by transition metal ions. Maximal reaction rates
were attained with 5-10 µM Trxn (Figure 1C), well within
the physiological concentrations of this protein [5-50 µM
(17, 49)]. Initial velocities measured between the first and
second minute of GSNO consumption were in good agree-
ment with the studies of Nikitovic and Holmgren (11): at
0.1 µM TrxnR and 0.4 mM NADPH,Vmax was 1.2 nmol of
GSNO (nmol of Trxn)-1 min-1. TheVmax values for CysSNO,
HCysSNO, and SNAP were 1.2, 0.3, and 0.1 nmol of
substrate (nmol of Trxn)-1 min-1, respectively (Figure 1C).
In comparison, the denitrosation of GSNO by ADH and PDI
and the metabolism of arginine by NOS are characterized
by Vmax values of 2.6, 0.3, and 140 nmol of substrate (nmol
of enzyme)-1 min-1, respectively (12, 13, 50). The reported
Km

GSNO values of Trxn, ADH, and PDI are 10, 28, and 50
µM, respectively (11-13). Recently, Liu et al. (4) reported
a marked increase in the cellular levels of LMM and protein
RSNOs, tissue damage, and mortality following endotoxic
or bacterial challenge of ADH-deficient mice. However,

assessment of the relative contribution of Trxn, ADH, and
PDI in the catabolism of GSNO is difficult because of the
different cellular and tissue compartmentalization of the three
enzymes.

While it has been shown that the cardiovascular (51, 52)
and ventilatory (53) effects of CysSNO are specific to the
L-isoform, suggesting the occurrence of stereospecific reac-
tions of trans-S-nitrosation (54), we were interested in
verifying whether Trxn exhibits differential activity for these
stereoisomers. However, the data presented in Figure 2A
indicate that the rates of Trxn-catalyzed denitrosation of
L-CysSNO andD-CysSNO are identical. In contrast, the
denitrosation of CysSNO was dependent on the concentration
of TrxnR and the acidity of the reaction solutions (Figure
2B,C), which could be related to the steady-state concentra-
tion of Trxn(SH)2 and the protonation of Trxn-Cys(32)-S-

(pKa ) 7.5), respectively.
Trxn-Dependent Denitrosation of S-Nitrosoproteins. In-

teractions of HTrxn(SH)2 and GSH with ONS-HTrxn-S2 and
S-Nitrosocaspase 3.Trxn and HTrxn denitrosate GSNO at
comparable rates, which suggests that their active sites
contain cysteine residues with similar redox properties (11).
However, unlike thioredoxins from lower species, mam-
malian thioredoxin type 1 contains additional cysteines at
positions 62, 69, and 73 (55). Nitrosation of either cysteine
69 or 73 leads to formation of OSN-HTrxn-S2, which has
been suggested to impede apoptosis viatrans-S-nitrosation
of caspase 3 (56, 57). Within the scope of this mechanism,
we were interested in assessing the stability of ONS-HTrxn-
S2 in the presence of GSH and HTrxn-(SH)2, respectively.
Incubation of human thioredoxin with an oxidized active site
(HTrxn-S2, 0.4 mM; three SH functions per mole of HTrxn-
S2, as assessed by the DTNB assay; data not shown) with
GSNO (2 mM) for 30 min at room temperature resulted in
the nitrosation of a single thiol on HTrxn to give ONS-
HTrxn-S2, as previously reported (57, 58). In parallel,
reduction of HTrxn-S2 (0.4 mM) with DTT (10 mM) resulted
in the formation of HTrxn[Cys(32/35)SH]2. Separation of
HTrxn from DTT and GSNO was carried out either via
ultrafiltration or by HPLC-SE as described in Experimental
Procedures. In the presence of HTrxn(SH)2, ONS-HTrxn-S2

was consumed in a second-order type 2Af product reaction
(d[A] t/dt ) -k[A] 2), for which a plot of 1/[A]t against time
yielded a straight line with positive slope (k) of 309 M-1

s-1 (Figure 3A). An excess of 6 molar equiv of HTrxn(SH)2

FIGURE 2: Kinetic analysis of the denitrosation of CysSNO by Trxn. All reaction conditions were as indicated in Figure 1. (A)D-CysSNO
(b) andL-CysSNO (3) with Trxn, TrxnR, and NADPH and (O) L-CysSNO with TrxnR and NADPH. (B and C) Effects of TrxnR activity
and pH on the Trxn-catalyzed denitrosation ofL-CysSNO (NADPH, 0.4 mM; incubation time, 10 min). The data in panels A and B are
presented as mean values of three independent experiments( the standard error.
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did not change the kinetic profile to a pseudo-first-order
reaction (Figure 3A), for which a plot of ln([A]0/[A] t) against
time would yield a straight line with a negative slope ofk.
Under similar reaction conditions, GSH readily denitrosated
ONS-HTrxn-S2 (Figure 3B). The reaction proceeded with a
quantitative transfer of the NO function, whereby 50 nmol
of ONS-Cys-HTrxn-S2 generated an equimolar amount of
GSNO within 10 min of incubation at room temperature.
The identity of GSNO formed via transfer of the NO function
from ONS-HTrxn-S2 to GSH was confirmed by HPLC
analysis on C-18 matrix, whereby the retention times of the
experimental peaks were compared with that of GSNO from
a standard solution (Figure 3B; peaks 1 and 2, respectively).
Further identification was carried out by comparison of the
electronic spectra of the compounds eluted under peaks 1
and 2 (Figure 3B, inset). Under these chromatographic
conditions, both ONS-HTrxn-S2 and HTrxn-S2 eluted with
the front of the solvent (retention time, 2.4 min).

Similar to E. coli Trxn (7), the complete HTrxn/TrxnR/
NADPH system readily denitrosatedS-nitrosocaspase 3
(Figure 3A, inset C). In the absence of HTrxn,S-nitroso-
caspase did not decompose to any significant extent (data
not shown). These results suggest that bothS-nitrosocaspase
3 and ONS-HTrxn-S2, if formed in cells, will undergo HTrxn/
TrxnR/NADPH-dependent denitrosation. The denitrosation
of ONS-HTrxn-S2 would be regulated by GSH, as well.

Effects of TrxnR on the NitrosatiVe InactiVation of Caspase
3 in HepG2 Cells.To assess the effects of the HTrxn/TrxnR
system on the nitrosative inactivation of caspase 3, experi-
ments were carried out with control and TrxnR-deficient
HepG2 cells. In contrast to hepatocytes, HepG2 cells are
deficient in some phase I enzymes, including ADH (59-
61). In cells, TrxnR was silenced using either siRNA or ANF,
while activation of caspase 3 was attained with paclitaxel
with NU6140 and TNF-R with cycloheximide, respectively.

Both siRNA (30 nM; incubation time, 72 h) and ANF (5
µM; incubation time, 12 h) caused an∼50% decrease in
the activity of TrxnR (Figure 4A) without affecting the levels

of intracellular GSH to any significant extent (data not
shown). Western blot analysis established that, in siRNA-
treated cells, the protein levels of TrxnR had markedly
decreased (Figure 4A, inset). ForS-nitrosation of thiols, cells
were incubated with SNCEE, a membrane-permeable com-
pound that was shown totrans-S-nitrosate proteins in a
number of cell types (7, 26, 62, 63). While 0.2-0.8 mM
SNCEE caused cytotoxicity with concomitant inhibition of
TrxnR (Figure 4B,C), further experiments that aimed to
assess the nitrosative inactivation of caspase 3 in HepG2 cells
were carried out with 50µM SNCEE.

Figure 5A (spectral series 1) depicts the kinetics of
formation of 7-amino-4-methylcoumarin in lysates of
TNF-R-treated HepG2 cells containing Ac-Asp-Glu-Val-
Asp-7-amido-4-methylcoumarin as a substrate of caspase 3.
In this process, the requirement for caspase 3 catalysis was
suggested by the inhibitory effects of 5-[(S)-(+)-2-
(methoxymethyl)pyrrolidino]sulfonylisatin (MSF) (Figure
5A, spectral series 2) and SNCEE [Figure 5B (7)], as well
as by the reconstitution of the enzymatic activity by
DL-dithiothreitol (DTT) after SNCEE treatment (Figure 5B);
DTT has been shown to readily denitrosateS-nitrosocaspase
3 (7, 64, 65).

In previous experiments with human neutrophils, we have
observed that steady-state concentrations of intracellular
S-nitrosothiols could be reached after an incubation of the
cells with 0.1 mM SNCEE for 5-10 min (26). Hence, control
and TrxnR-deficient HepG2 cells were incubated for 15 min
with 50 µM SNCEE. These cells were then washed with
PBS, and the activity of caspase 3 was assessed either
immediately (time for preparation of cell lysates, 5 min) or
after an additional incubation for 35 min at 37°C. The
rationale for this experimental design was based on the
kinetics of denitrosation of RSNOs by the (H)Trxn/TrxnR/
NADPH system (Figures 1-3), with the hypothesis that time-
dependent increases in caspase 3 activity would reflect the
rates of endogenous denitrosation ofS-nitrosocaspase 3.
Treatment of control HepG2 cells with SNCEE led to∼80%

FIGURE 3: Both HTrxn(SH)2 and GSH denitrosate ONS-HTrxn-S2. (A) HTrxn-(SH)2 [(O) 1.5 and (b) 15 µM] and ONS-HTrxn-S2 [(O) 1.5
and (b) 2.5 µM] were incubated at 37°C in 0.1 M phosphate buffer (pH 7.4) containing 0.2 mM EDTA. At given time points, aliquots
from the reaction solution were assessed for ONS-HTrxn-S2 content. The inset shows the spectra for 2.5µM OSN-HTrxn-S2 in the absence
(A) and presence (B) of 15µM HTrxn(SH)2 and (C) in the presence of 0.5µM S-nitrosocaspase 3, 5µM HTrxn, 1 unit/mL rat liver TrxnR,
and 0.2 mM NADPH. (B) HPLC-UV profiles of solutions containing ONS-HTrxn-S2 and GSH. ONS-HTrxn-S2 (50 µM) was incubated
at 20°C in 0.1 M phosphate buffer (pH 7.4) containing 0.2 mM EDTA in the absence (chromatogram 3) and presence of GSH (5 mM,
chromatogram 1). Chromatogram 2 is for a standard solution of GSNO (25µM). In the inset, tracings 1 and 2 represent the electronic
spectra of the compounds eluted under peaks 1 and 2, respectively. The maximum at 334 nm was attributed to the absorption of the SNO
function of GSNO.
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(5 min) and 20% (35 min) inhibition of caspase 3, whereby
DTT accelerated the reconstitution of the enzymatic activity
(Figure 6A). In contrast, the regeneration of caspase 3 activity
was insignificant in TrxnR-deficient cells, which suggests
the requirement for HTrxn catalysis in this process. In these
experiments, deletion of TrxnR and induction of caspase 3
were achieved with siRNA and paclitaxel, respectively.
Qualitatively similar results were obtained when inhibition
of TrxnR and induction of caspase 3 were carried out with
ANF and TNF-R, respectively (Figure 6B).

Trxn-Catalyzed Denitrosation of HepG2 Cell-DeriVed
S-Nitrosoproteins.We further tested the ability of Trxn to
denitrosate a complex mixture ofS-nitrosoproteins. To this
end, proteins (molecular masses of>10 kDa) were isolated
from HepG2 cells and subjected toS-nitrosation as described

in Experimental Procedures. The complete Trxn/TrxnR/
NADPH system caused only a partial denitrosation of HepG2

FIGURE 4: ANF, siRNA, and SNCEE impede the activity of TrxnR in HepG2 cells. (A) Experiments aimed at silencing TrxnR in HepG2
cells with siRNA and ANF were carried out as described in Experimental Procedures. The inset shows the Western analysis of cells
transfected with scrambled siRNA (lane 1), untransfected cells (lane 2), and siRNA-transfected cells (lane 3). (B) Toxicity of SNCEE in
control and siRNA- and ANF-pretreated HepG2 cells. (C) TrxnR activity in HepG2 cells treated with SNCEE. The control activity of
TrxnR is 0.12 unit/mg of protein. The results represent the mean( the standard error (n ) 4).

FIGURE 5: SNCEE inhibits caspase 3 in lysates of HepG2 cells.
Reactions were carried out at 20°C in 0.1 M phosphate buffer
containing EDTA (0.1 mM), lysates from (TNF-R and cyclohex-
imide)-treated HepG2 cells (0.024 mg of protein/mL), and Ac-Asp-
Glu-Val-Asp-7-amido-4-methylcoumarin (0.1 mM) as a substrate
of caspase 3. (A) Formation of 7-amino-4-methylcoumarin in the
absence (spectral series 1) and presence of the caspase 3 inhibitor
MSF (50 µM; spectral series 2). The time interval between two
consecutive scannings was 1 min; an arrow indicates the direction
of the spectral changes. (B) Effects of SNCEE (50µM) and DTT
(5 mM) on the formation of 7-amino-4-methylcoumarin. In lysates
of nontreated and treated (TNF-R plus cycloheximide) HepG2 cells,
7-amino-4-methylcoumarin was generated at rates of 0.1 and 2.8
nmol min-1 (mg of protein)-1 mL-1, respectively.

FIGURE 6: SNCEE and TrxnR modulate the activity of caspase 3
in HepG2. Cells were rendered TrxnR-deficient by treatment with
siRNA (A) or ANF (B); then, caspase 3 activity was stimulated
with either paclitaxel and NU6140 (A) or TNF-R and cycloheximide
(B) as described in Experimental Procedures. After being incubated
for 15 min at 37°C with SNCEE (50µM), the cells were washed
with PBS, and caspase 3 activity was assessed at the indicated times
in the absence or presence of DTT (5 mM). In control lysates of
HepG2 cells, the rate of generation of 7-amino-4-methylcoumarin
was 0.7 nmol min-1 (mg of protein)-1 mL-1 (A) and 2.7 nmol
min-1 (mg of protein)-1 mL-1 (B). The results represent the mean
( the standard error (n ) 3).
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cell-derivedS-nitrosoproteins (Figure 7). However, DTT (10
mM) fully denitrosated the protein extract, which suggests
that the reaction solution containedS-nitrosoproteins that
were not substrates of Trxn. To verify whether Trxn exerts
higher activity toward selected groups of proteins, the GSNO-
treated cell extract containingS-nitrosoproteins was separated
by HPLC-SE.S-Nitrosoproteins were grouped by molecular
mass via elution through an SE Protein-Pak 125 column,
which can resolve proteins with molecular masses of 2-80
kDa and can distinguish proteins differing by 15% in
molecular mass. In control experiments, a retention time-
molecular mass relationship was established via separation
of standard solutions of cytochromec, myoglobin, superoxide
dismutase, and albumin [molecular masses of 12.2, 18.8, 31,
and 66 kDa, respectively (Figure 8A, peaks a-d, and Figure
8B)]. Under these chromatographic conditions, proteins
exhibited tR values of 5-10 min while LMM compounds
(including GSNO) eluted with atR of 12.4 min.

In chromatographic separations of control and GSNO-
treated proteins (0.1 mg on the column; Figure 8A), the first
5 mL of the eluate was discarded; then, 10 consecutive
fractions of 0.5 mL were collected and assessed for thiols,
proteins, and RSNOs (Figure 8C-F). In the fractions that
were collected, the mass distribution of proteins followed
the sequence 1-4 > 7-10. 5 and 6 (Figure 8C). Treatment
of fractions 3-6 with Trxn, TrxnR, and NADPH resulted
in either partial or complete denitrosation of RSNOs (Figure
9A). S-Denitrosation of proteins was not observed if either
Trxn or TrxnR was omitted from the reaction system. Marked
GSNO- and Trxn-dependent S-nitrosation and denitrosation,
respectively, were observed for fractions enriched with 23-
40 kDa proteins (Figures 6A and 8F). Interestingly, these
fractions had the lowest protein content but were particularly
rich in thiols (Figure 8E). Furthermore, all RSNOs in fraction
6 were denitrosated by Trxn (Figure 9A). The substrate
specificity of Trxn towardS-nitrosoproteins with a molecular
mass of<30 kDa is further supported by the data presented
in Figure 9B; RhoA(SNO)6 (∼27 kDa; prepared as described
in Experimental Procedures) was readily denitrosated by the
complete Trxn/TrxnR/NADPH system (Figure 9B2), whereas

omission of Trxn from the reaction milieu impeded the
process (Figure 9B1).

DISCUSSION

In this work, experimental evidence that Trxn catalyzes
the denitrosation of LMM and protein RSNOs in model
systems and in HepG2 cells is presented. Notably, all HepG2
cell-derivedS-nitrosoproteins with a molecular mass of 23-
30 kDa were substrates of Trxn.

The reduction of LMM disulfides and RSNOs by Trxn
could be explained with the general mechanisms of cyclic
disulfide-dithiol-type and RSNO-dithiol-type interactions,
which are described by either a simple SN2 process or
addition-elimination interactions (5, 66-68). Strained cyclic
disulfides are reduced at higher rates, whereby a Brønsted
relationship is followed in the values of pKa of both the
nucleophilic thiol and of the thiol being displaced (69, 70).
The redox-active SS bridge in Trxn is surrounded by a

FIGURE 7: Trxn catalyzes the denitrosation of HepG2 cell-derived
S-nitrosoproteins. Reactions were carried out at 37°C in 0.1 M
phosphate buffer (pH 7.4) containing HepG2 cell-derivedS-
nitrosoproteins (1 mg of protein/mL; 23.85 nmol of RSNOs/mg of
protein; molecular mass of>10 kDa), TrxnR (0.08µM, 1 unit/
mL), and NADPH (0.2 mM) in the absence (O) and presence (b)
of Trxn (5µM). (2) HepG2 cell-derivedS-nitrosoproteins with DTT
(10 mM).

FIGURE 8: HPLC-SE analysis of HepG2 cell-derivedS-nitroso-
proteins. Proteins with a molecular mass of>10 kDa (5 mg/mL)
were isolated from lysates of HepG2 cells and then treated with
GSNO (0.3 mM) for 30 min at 20°C. The final reaction solution
was separated by HPLC-SE on a Protein Pak 125 column into
fractions (0.5 mL; 5-10 min) of groups of proteins within a specific
molecular mass range [A (s)]. The retention time-molecular mass
relationship for the column used was assessed by separation of
bovine albumin [0.25µM (a)], SOD [1µM (b)], myoglobin [1µM
(c)], and Cc [5µM (d)] (‚‚‚). (B-F) Content of proteins, RSH,
and RSNOs in the fractions collected. Differences in the data
obtained from two independent experiments did not exceed 5%.
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hydrophobic molecular surface that is believed to represent
the area involved in binding to TrxnR (16), while cysteine
32, located in the active site of Trxn(SH)2, exhibits a pKa of
7.5 (71, 72). Since most biological thiols have pKa values
of 8-11, the reduction of their SS and/or SNO functions by
Trxn-cysteine 32 would be kinetically favorable. If rate
differences on the order of a factor of 2 may be considered
to be important, it could be concluded that Trxn denitrosates
CysSNO, HCysSNO, SNAP, and GSNO without any sig-
nificant substrate selectivity. Cysteine, homocysteine, GSH,
andN-acetylpenicillamine are thiols with pKa values of 8.33,
8.87, 9.12, and 9.65, respectively (67), while the relatively
slower denitrosation of SNAP could be explained with the
inductive and steric effects of the two methyl groups in the
vicinity of the SNO function. However, these mechanistic
considerations have limited predictive value for the identi-
fication ofS-nitrosoproteins as substrates of Trxn. Depending
on their microenvironment, protein thiols exhibit pKa values
of 4-11. Recently, Stamler et al. (73) proposed a consensus
sequence for proteinS-nitrosation. On the other hand, on
the basis of the analysis of the three-dimensional (3D)
structures of several known proteins, Ascenzi et al. (74)
concluded that the microenvironment of a NO-reactive
cysteine residue is more important for reactions ofS-(de)-
nitrosation than the presence of a specific amino acid
sequence. To date, structural data for more than 18 000
proteins have been deposited in the Human Protein Reference
Database,2 where 1733 proteins with molecular masses of
23-30 kDa are found. Most of these proteins contain thiol
functions that could be converted toS-nitrosothiols by NO
derivatives. Nevertheless, the generation of structure-activity
relationship (SAR)-based hypotheses that can be used to
predict the activity of Trxn toward SS and/or SNO functions
in proteins has proven to be difficult, in part due to the

insufficient data on the pKa(SH) values of most proteins and
the accessibility of their SNO functions. While extensive
X-ray studies have elucidated the 3D structure of many
proteins, only a handful of reports have pointed to the
occurrence of considerable conformational changes upon
proteinS-nitrosation (75, 76).

Although empirical, the data presented in Figure 6A
provide a foundation for analysis and prediction of the effects
of NO on thiol-containing proteins in cells. It is tempting to
speculate thatS-nitrosoproteins that are not substrates of Trxn
will have higher intracellular concentrations. In contrast,
inhibition of the Trxn/TrxnR system may lead to increased
concentrations ofS-nitrosoproteins with molecular masses
in the range of 23-30 kDa. This hypothesis is in agreement
with the studies of Lopez-Sanchez et al. (77), who observed
that in hepatocytes proteins with molecular masses of<30
kDa are particularly resistant toS-nitrosation. It could be
further hypothesized that LMM disulfide mimics of Trxn,
such as lipoic acid (LA), will minimize the impact of
nitrosative stress. In cells, TrxnR, GSH reductase, and
lipoamide dehydrogenase catalyze the reduction of LA to
dihydrolipoic acid, which readily denitrosates LMM and
protein RSNOs (7). Examples of thiol-containing proteins
with molecular masses of 23-30 kDa that can undergo
S-nitrosation in biological systems are the members of the
GTPase family [including Ran(SH)3, Ras(SH)4, RhoA(SH)6,
and ERas(SH)8], calpain(SH)3 (small subunit 1), and the
carbonic anhydrase(SH)4 (78-80). While Trxn has been
shown to regenerate critical thiols in some of these proteins
via reduction of S-S bonds (81-83), denitrosation of their
S-nitrosoderivatives has not been reported thus far. The data
presented in Figure 9B indicate that Trxn catalyzes the
denitrosation of RhoA(SNO)6 (84), while SNCEE impeded
the activity of RhoA more efficiently in TrxnR-deficient
HepG2 cells (R. Sengupta, B. Zuckerbraun, E. Tzeng, T.
Billiar, and D. Stoyanovsky, data not shown).

In recent years, theS-nitrosation of HTrxn-S2 in side
cysteines 62, 69, and 73 has been the focus of considerable
interest. Haendeler et al. (56) reported that overexpression
of HTrxn in endothelial cells activates eNOS, increases basal
levels of endogenous RSNOs, and inhibits TNF-R-induced
apoptosis. Experiments with genetically manipulated cells
that express cysteine 69-lacking Trxn suggested that these
effects may reflect HTrxn nitrosation in its redox-inactive
cysteine 69 to ONS-Cys(69)-HTrxn-S2, which, in turn,trans-
S-nitrosates activators of apoptosis (56). In chemical systems,
Mitchell and Marletta found that GSNO preferentially
nitrosates cysteine 73 to form ONS-Cys(73)-HTrxn-S2 without
affecting cysteine 69, whereas Weichsel et al. reported that,
at physiological pH, only cysteine 62 could beS-nitrosated
by GSNO [from 50µM to 15 mM (58)]. Experimental
variables that may affect the regioselectivity of thetrans-
S-nitrosation of HTrxn-S2 have been discussed in ref58. In
neutral solutions of HTrxn-S2 (10µM), GSNO (50µM), and
GSH (1 mM), Weichsel et al. (58) observed∼30% conver-
sion of HTrxn-S2 to ONS-Cys(62)-HTrxn-S2. In contrast, the
yield of ONS-Cys(62)-HTrxn-S2 was quantitative in the
absence of GSH, which indicates that the nitrosation process
could be described by a GSH-dependent equilibrium that may
be shifted in favor of HTrxn-S2 at physiological (nanomolar)
concentrations of GSNO. On the other hand, Mitchell and
Marletta reported that ONS-Cys(73)-HTrxn-S2 trans-S-nitro-2 At www.hprd.org.

FIGURE 9: Trxn-catalyzed denitrosation of HepG2 cell-derived
S-nitrosoproteins and RhoA(SNO)6. (A) HPLC-SE fractions con-
tainingS-nitrosoproteins were collected as described in the legend
of Figure 5 and then incubated at 37°C for 30 min with TrxnR
(0.08µM) and NADPH (0.2 mM) in the absence (1) and presence
(2) of Trxn (10 µM). (B) RhoA(SNO)6 (18 µM; prepared as
described in Experimental Procedures) was incubated at 37°C with
TrxnR (0.08µM) and NADPH (0.2 mM) in the absence (1) and
presence (2) of Trxn (5µM). At given time points (arrows), aliquots
from the reaction solutions were assessed for RSNO content as
described in Experimental Procedures. The data presented are
representative of two independent experiments.
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sates caspase 3 to ONS-Cys(163)-caspase 3 at a rate of 196
M-1 s-1, thus suggesting a specific pathway for NO-
dependent inactivation of caspase 3 in apoptotic cells (57).
It is noteworthy thatS-nitrosocaspase 3 is relatively stable
in the presence of 5-10 mM GSH (85). However, the data
presented in Figure 3 indicate that in cells both GSH and
HTrxn-(SH)2 (k ) 309 M-1 s-1) will compete with caspase
3 for ONS-HTrxn-S2, if formed to any significant extent.
While the cytosolic concentrations of HTrxn and GSH are
orders of magnitude higher than these of caspase 3 (17, 49,
86), it is likely that the denitrosation of ONS-HTrxn-S2 by
GSH and HTrxn(SH)2 will be the dominant processes. In
parallel, S-nitrosocaspase would be denitrosated by the
complete HTrxn/TrxnR/NADPH system. Supporting this
hypothesis are the data presented in Figures 3A (inset C)
and 6. While theS-nitrosative inactivation of caspase 3 by
both exogenous and endogenous NO is a well-established
phenomenon, the data obtained indicate that the HTrxn/
TrxnR/NADPH system in HepG2 cells tends to maintain this
protease in a reduced, SH state. It could be further hypoth-
esized that shifts in the rates ofS-nitrosation and denitrosation
of caspase 3 following changes in either NO production or
activity of the HTrxn/TrxnR/NADPH system would dictate
whether cells will undergo apoptosis (caspase 3-SH) versus
necrosis (caspase 3-SNO). Pathological states that are
characterized by a sustained production of NO and increased
levels of RSNOs include inflammation (4, 87), neurodegen-
erative disorders (88), and biliary cirrhosis (89). Recently,
Grattagliano et al. (87) reported that cholestasis is associated
with significant changes in hepatic Trxn and RSNOs,
whereby Trxn was found to be inversely related to the levels
of RSNOs.

In the presence of TrxnR and NADPH, the denitrosation
of RSNOs by catalytic amounts of both Trxn and HTrxn
suggests that these isozymes initially undergotrans-S-nitro-
sation in their low-pKa thiol of cysteine 32 (1; Scheme 1).
Due to the presence of a vicinal thiol group (cysteine 35),1
undergoes a rapid ring closure to disulfide3 with concomitant
release of nitroxyl (HNO), the one-electron reduction product
of NO (7). In turn, 3 may be reduced back to1 or,
competitively, may undergoS-nitrosation at cysteine 62, 69,
or 73 to form4. In GSH- and TrxnR-deficient cells,4 may
reach steady-state concentrations that are sufficient fortrans-
S-nitrosation of other cellular proteins, including caspase 3.
This mechanism is particularly interesting with regard to the
possibility of a substrate-specifictrans-S-nitrosation via
protein-protein interactions. However, further studies are
needed to understand the reactions that lead to formation of
4 as well as to elucidate its fate in complex biological
matrices.

The catalytic cycle presented in Scheme 1 further suggests
that NO could be converted to HNO via the intermediate
formation of RSNOs. In contrast to NO, HNO readily
interacts with thiols to form disulfides and hydroxylamine
(90). The rate constant for the interaction of GSH and HNO
has been reported to be 1× 105 to 2 × 10-6 M-1 s-1 (91,
92), which suggests that HNO generated within cells would
be predominantly scavenged by GSH. Nevertheless, com-
petitive interactions of HNO with cellular proteins containing
low-pKa thiols which are deprotonated at physiological pH
and/or metal complexes (90, 93, 94) cannot be ruled out.
Exogenous HNO has been shown to exert multifaceted

pharmacological effects. HNO has been found to be a
metabolite of the alcohol deterrent agent cyanamide (95), to
be a potent dilator of rat coronary vasculature (96), to exert
cardiotoxic and cardioprotective properties in models of
myocardial ischemia and reperfusion injury (97) and of heart
failure (98), respectively, to exert increased toxicity in acidic
cells (99) and to impede tumor growth in mice (100), and to
mediate the in vitro activation potassium (96) and calcium
channels (100, 101). However, further studies are needed to
better understand the biosynthesis and Trxn-dependent
catabolism of RSNOs in intact cells, as well as to depict the
concomitant biochemistry of HNO.
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