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Abstract

Background: Nitric oxide (NO) has frequently been
shown to display immunosuppressive activities. We de-
scribe here a molecular mechanism contributing to this
effect.
Materials and Methods: Murine T cell lymphoma
EL4-6. 1 cells were activated with the physiological stim-
ulus interleukin (IL)-13 to express IL-2 mRNA in the
presence or absence of subtoxic concentrations of the
physiological spontaneous NO donor S-nitrosocysteine
(SNOC). Subsequently, semiquantitative RT-PCR and
gel shift assays with nuclear extracts were performed to
analyze the effects of NO on IL-2 mRNA expression and
on the activity of the dominant regulating transcription
factors Spi, EGR- 1, and NFATc.
Results: NO inhibits IL- 13-induced IL-2 mRNA expres-
sion in EL4-6. 1 cells. The suppressive activity of NO was
concentration dependent and found to be completely
reversible. Importantly, NO at the concentrations used
induced neither apoptosis nor necrosis. Dominant regu-

lation of IL-2 gene expression is known to reside in the
zinc finger transcription factors SpI or EGR-1 and in the
non-zinc finger protein NFAT. NO abrogates the DNA
binding activities of recombinant Spl and EGR-1.
More importantly, gel shift assays also showed a lack
of DNA binding of native Spl derived from NO-
treated nuclear extracts and that from NO-treated
viable lymphocytes. This effect is selective, as the
DNA binding activity of recombinant NFATc was not
affected by NO.
Conclusion: Inactivation of zinc finger transcription fac-
tors by NO appears to be a molecular mechanism in the
immunosuppressive activity of NO in mammals, thus
contributing to NO-mediated inhibition of IL-2 gene ex-
pression after physiological stimuli. The exact under-
standing of the molecular mechanism leading to NO-
mediated, fully reversible suppression of immune
reactions may lead to use of this naturally occuring tool
as an aid in inflammatory diseases.

Introduction
Since the discovery of nitric oxide (NO) as a
biologically active molecule, NO has been found
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to play an important role as a signal molecule in
many parts of the organism and as a cytotoxic or
regulatory effector molecule of the innate im-
mune response. The signal molecule NO is syn-
thesized in a regulated, short-pulsing manner by
constitutively expressed NO synthases. By con-
trast, inducible NO synthase is expressed after
cell activation by cytokines and/or bacterial
products such as lipopolysaccharide and then
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produces NO for long periods of time (1,2). This
high-output synthesis of NO participates in in-
flammatory and autoimmune-mediated tissue
destruction (3). Besides mediating direct cyto-
toxicity, a regulatory and immunosuppressive
role for NO at higher concentrations has been
reported (4-6), as has the observation that mac-
rophage-derived NO suppresses mixed lympho-
cyte reactions (7-10). These findings are in
agreement with the observation that in a variety
of diseases in which high-output NO synthesis is
known to occur, concomitant immunosuppres-
sion occurs (11).

Transcriptional activation of the interleu-
kin-2 (IL-2) gene and IL-2 secretion are essential
steps for T cell proliferation and differentiation.
Recently it has been shown that exogenously
added NO inhibits IL-2 protein secretion in T
lymphocytes (12-16) as well as the IL-2 pro-
moter activity of lymphocytes in a reporter gene
assay (14). In lymphocytes, IL-2 gene expression
is regulated through a transcriptional enhancer
region to which binding of both ubiquitous (NF-
KB, AP- 1) and lymphocyte-specific (Oct-2,
NFAT-1, TCF) transactivating factors has been
described (17). In addition, the murine IL-2 pro-
moter contains a zinc finger protein binding re-
gion (ZIP), which serves as a binding site for two
zinc finger proteins, the constitutively expressed
transcription factor Spl and the inducible early
growth response protein EGR-1, both of which
contain three well-characterized Cys2His2 zinc
fingers (18). Zinc finger proteins are members of
a large class of DNA binding proteins acting as
transcription factors in modulating gene expres-
sion (19). In the human IL-2 promoter, the ZIP
site serves as an activator for IL-2 gene expres-
sion, and its combination with the NFAT binding
site is required for maximal IL-2 promoter activ-
ity (20,21).

We have previously shown that NO inhib-
its the DNA binding activity of the zinc finger
transcription factor LAC9 in yeast nuclear ex-
tracts (22) and that of nuclear receptors (23),
and that exogenously added NO results in cy-
toplasmic and, more importantly, nuclear zinc
release in mammalian cells (24). Here we in-
vestigate whether mammalian zinc finger pro-
teins such as Spl and EGR-1 represent a mo-
lecular target for NO-mediated effects in
cellular gene expression leading to immuno-
suppressive effects.

Materials and Methods
Materials

H202 was purchased from Merck (Darmstadt,
Germany), L-cysteine-HCl, phenylmethylsulfo-
nyl fluoride (PMSF) and Hoechst 33342 were
from Sigma (Deisenhofen, Germany), recombi-
nant human IL-113 was from PBH (Hannover,
Germany), and recombinant human Spl and
Spl consensus oligonucleotide were from Pro-
mega (Heidelberg, Germany). Antibodies specific
for Spl and EGR-1 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA), DNA
polymerase I, poly-deoxy-inosinic-deoxy-cyti-
dylic acid (poly [d(I-C)]), and leupeptin was
from Boehringer Mannheim (Mannheim, Ger-
many). Expression of the recombinant proteins
EGR- 1 and NFATc was performed in the baculo-
virus system as described previously (20,21).
EGR- 1 and NFAT concensus oligonucleotides
were synthesized by BioSource (Ratingen, Ger-
many). S-nitrosocysteine (SNOC) was synthe-
sized as described previously (25). PAPA/NO
((Z)- 1- [N- (3 -ammoniopropyl) -N- (n-propyl) -
amino]diazen- 1 -ium- 1,2-diolate) was kindly
provided by Olaf Grapenthin (Dusseldorf, Ger-
many). Denitrosylated SNOC (SNOC No) was
obtained by incubating a 100 mM stock solution
of SNOC for 48 hr at 37°C.

Cell Culture and Viability Tests

EL4-6. 1 mouse lymphoma cells were cultured in
RPMI 1640, supplemented with 6 X 104 U/liter
penicillin, 60 mg/liter streptomycin, 1 mM so-
dium pyruvate, 2 mM glutamine, 10 ml/liter
nonessential amino acids (100 X), 10 mM HEPES
(all from Life Technologies, Eggenstein, Ger-
many), and 10% heat-inactivated fetal calf se-
rum (FCS) (PAA Laboratories, Linz, Austria). Af-
ter treatment with different concentrations of
SNOC or H202, cellular necrosis was determined
by trypan blue exclusion under a light micro-
scope. Apoptosis was quantitated after cells were
stained with Hoechst 33342 (15 ,uM) and subse-
quent quantification of cells with condensed
chromatin or fragmented nuclei was determined
under a fluorescence microscope (Zeiss Axio-
plan, Zeiss Oberkochem, Germany) using the
Zeiss filter set Nr. 02 (excitation 320-375 nm/
emission LP 420 nm). At least 102 cells were
counted per individual probe and experiments
were performed at least in triplicate.
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Semiquantitative RT-PCR

EL4-6.1 cells (1 x 105/well) were placed in 12-
well plates and incubated with 1000 U/ml IL-1,B
in the presence or absence of various concentra-
tions of SNOC or H202 for 3 hr in RPMI 1640
containing 2.5% FCS. Cells of three individual
wells were pooled and total cellular RNA was
isolated by the acid guanidinium thiocyanate-
phenol-chloroform extraction method (26). RNA
(1 ,ug each) was used for cDNA synthesis (27).
Reverse transcription (RT) was carried out at
42°C for 1 hr using oligo(dT) primers. Polymer-
ase chain reaction (PCR) was performed with
this cDNA using the following primers:

IL-2. 1: ATGTACAGCATGCAGCTCGCATC;
IL-2.2: GGCITGTTGAGATGATGCT'TGACA (28);
GAPDH. 1: ACAGTCCATGCCATCACTGC;
GAPDH.2: AAGAAGGTGGTGAAGCAGGC.

The PCR profile for IL-2 was 34 cycles at 94°C for
30 sec, 580C for 30 sec, and 720C for 30 sec,
while GAPDH amplification was performed at
94°C for 30 sec, 580C for 30 sec, and 720C for 30
sec for 22 cycles. PCR with fully induced cells
and dilution series were performed to ensure
that amplification conditions were in the linear
phase only. An aliquot of each sample was elec-
trophoresed on 2% agarose gels. Bands were
visualized by ethidiumbromide staining. The IL-
2/GAPDH-ratio was obtained by densitometric
analysis of visualized amplification product
bands.

Isolation of Nuclear Proteins

EL4-6.1 cells (5 X 106) were harvested by cen-
trifugation, washed twice with phosphate-buff-
ered saline (PBS), and resuspended in 500 ,ul of
hypotonic homogenisation buffer (15 mM Tris-
HCI, 1 mM EDTA, 2 mM DTT, 10% glycerol, 0.5
mM PMSF, 1 ,uM leupeptin, pH 7.5). All subse-
quent steps were performed at 40C. After swell-
ing for 5 min on ice, the cells were lysed by 2 x
10 strokes of a glass Dounce homogenizer and
the samples were centrifuged for 10 min at
5000 X g. The supernatant fractions were dis-
carded, and the nuclear pellets were washed
twice with homogenization buffer, resuspended
in 50 ,ul hypertonic extraction buffer (20 mM
HEPES, 600 mM NaCl, 1.5 mM MgCl2, 0.2 mM
E1DTA, 20% glycerol, pH 7.9), and vortexed. Af-
ter 1 hr on ice, suspensions were centrifuged for
30 min at 24,000 X g. The supernatant contain-
ing the nuclear proteins was harvested and

stored at - 80°C. Protein concentrations were
determined by the method of Lowry et al. (29).

Electrophoretic Mobility Shift Assay

Specific gel shift probes were generated by radio-
labeling double-stranded specific oligonucleo-
tides with a fill-in reaction using [a 32P]dCTP and
the Klenow fragment of DNA polymerase I. For
each gel shift reaction, 2 jig of nuclear extract
from EL-4 6.1 cells or 25 ng of recombinant Spl
protein was preincubated for 10 min at room
temperature in a total volume of 20 pl binding
buffer (10 mM Tris, 0.1 jig/plk poly (dI-C), 5%
glycerol, pH 7.5). According to the volume of the
nuclear extracts, salt concentrations were kept
constant by addition of extraction buffer. Re-
sponse elements were:

Spl: ATTCGATCGGGGCGGGGCGAGC

NFAT: CTAGAAAGAGGAAAATTTGT.

Approximately 1 ng of radiolabeled probe
(25.000 cpm) was added and the incubation was
continued for 30 min. Protein-DNA complexes
were resolved on 5% nondenaturating poly-
acrylamide gels at room temperature in 0.5 X
TBE (45 mM Tris, 45 mM boric acid, 1 mM
EDTA, pH 8.3). Gels were dried and exposed to a
Fuji MP2040S imager screen for 2 hr.

Results
Inhibition of IL-1(3-Dependent IL-2 mRNA
Expression by NO

The murine lymphoma cell line EL4-6. 1 ex-
presses IL-2 following activation by IL-1 f3 (30).
We investigated the effect of NO on the IL-1if-
driven IL-2 mRNA expression in these cells and
compared the effects obtained with those using
H202 in the same system. As a source for NO, we
used the spontaneous NO donor S-nitrosocys-
teine (SNOC).

To rule out the possibility that altered gene
expression was due to onset of necrosis or apop-
tosis, the critical concentrations of both SNOC
and H202 were first determined. Lymphocytes
were screened 6 or 24 hr after addition of NO or
H202, respectively, using fluorescence micros-
copy and the DNA stain Hoechst 33342. Apopto-
sis was clearly identified by chromatin conden-
sation and/or fragmentation of cell nuclei.
Concentrations of up to 1 mM of SNOC and up to
0.5 mM of H202 did not significantly induce
apoptosis in EL4-6.1 cells within 6 hr and only

723



724 Molecular Medicine, Volume 5, Number 11, November 1999

A 100

o 80

0 60
0

0.

° 20
4

0

B 100

o 80

0 60
0

O 40
0.

° 20
4

0

0 0.5 1 1.5 2
Concentration [mM]

Fig. 1. Increasing concentrations of SNOC or
H202 induce apoptosis in lymphocytes. EL4-6.1
cells were incubated for 3 hr with increasing con-

centrations of SNOC (A) or of H202 (B). Cells were

then washed and incubated in fresh medium. After
additional 3- or 21-hr culture, apoptosis was quanti-
tated by counting cells with condensed chromatin or
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with fragmented nuclei after staining with Hoechst
33342. Concentrations of up to 1 mM of SNOC or
0.5 mM of H202 did not induce apoptosis. Experi-
ments were performed in triplicate, with at least 102
cells/well. Values are mean ± SD of three indepen-
dent experiments.

marginally within 24 hr (Fig. 1). However,
higher concentrations of SNOC as well as H202
did induce apoptosis in a time- and concentra-
tion-dependent manner. In addition, aliquots of
the same cultures were tested for necrosis by
trypan blue exclusion. The amount of trypan
blue-positive cells never exceeded 5% at any of
the SNOC or H202 concentrations or time points
investigated. Denitrosylated SNOC (SNOC -NO)
was used as a control and did not interfere with
cell viability even at the highest concentration of
2 mM (2.1 0.8% of the cells at the start of
culture, 3.2 1.1% after 6 hr and 3.5 + 0.9%
after 24 h; n = 3).

After activating EL4-6. 1 cells with 1000
U/ml IL- I3, IL-2 mRNA expression could be de-
tected by semiquantitative RT-PCR as early as

after 2 hr, with maximal induction observed af-
ter 4 hr (not shown). To examine the effects of
NO on IL-l,(3-dependent IL-2 mRNA expression,
EL4-6.1 cells were incubated with IL-IX3 in the
absence or presence of various concentrations of
SNOC for 3 hr. Semiquantitative RT-PCR re-

vealed that NO donor treatment resulted in a

concentration-dependent reduction in IL-2
mRNA expression (Fig. 2). IL-2-specific mRNA
expression at the subtoxic SNOC concentration
of 1 mM was reduced by 86.2 ± 6.9% (n = 5).
Expression of the housekeeping gene GAPDH
was not affected by up to 1 mM of SNOC, but
declined at 2 mM of SNOC, an additional indica-
tion of onset of apoptosis.
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SNOC [mm] - - 0.5 1 - |- 2
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Fig. 2. Subtoxic concentrations of SNOC in-
hibit IL-1,-dependent IL-2 mRNA expression
in lymphocytes. EL4-6.1 cells were incubated for 3
hr without (lane 1) or with 1000 U/ml IL-113 in the
absence (lanes 2, 7) or presence of various concen-
trations of SNOC (lanes 3, 4, 8) or SNOC NO (lane
5). Subsequently, total cellular RNA was isolated and
IL-2- and GAPDH-specific RT-PCR was performed.
IL-2 mRNA was quantitated in relation to GAPDH
mRNA. Apoptosis-inducing high concentrations of
SNOC reduced both IL-2 and GAPDH mRNA expres-
sion, whereas subtoxic concentrations of SNOC only
decreased IL-2 mRNA in a concentration-dependent
manner. Values are mean + SD of five independent
experiments.
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Fig. 3. SNOC-mediated inhibition of IL-2
mRNA expression is reversible. EL4-6. 1 cells
were incubated without (lane 1) or with 1000 U/mi
IL-1 3 in the absence (lane 2) or presence of 1 mM
of SNOC (lane 3) or SNOC NO (lane 4). After 3 hr,
cells were carefully washed and incubated for 24 hr
in fresh culture medium. Cells were then incubated
again without (lane 1) or with IL-1f, (lanes 2-4) for
3 hr. IL-2 mRNA was quantitated in relation to
GAPDH mRNA. Under these conditions, inhibition of
IL-2 mRNA expression was fully reversible. Values
are mean + SD of three independent experiments.

NO-Mediated Inhibition of IL-2 mRNA Is Reversible

To investigate whether the NO-mediated reduc-
tion of the IL-2 mRNA expression was reversible,
cells activated with IL-1,B were treated with 1
mM of SNOC or SNOC NO for 3 hr and washed
and cultured in fresh culture medium for an
additional 24 hr in the absence of IL- I , or SNOC,
respectively. Subsequently, cultures were incu-
bated again with IL-1,B for 3 hr. Figure 3 shows
that IL-1j3-induced IL-2 mRNA expression was
not reduced in SNOC-pretreated cells as com-
pared to sham-treated cells. These results show
that NO-mediated inhibition of IL- (3B-dependent
IL-2 mRNA expression is fully reversible within
24 hr and is not due to toxicity.

NO Affects IL- 1,-Dependent IL-2 mRNA Expression
Only during Induction Phase

To investigate whether SNOC inhibits IL-2 gene
expression when given after or before the acti-
vation stimulus IL-13, EL4-6.1 cells were acti-
vated with IL-1O for 30 min prior to the subse-
quent addition of SNOC. Cells were then
cultured for another 2.5 hr. Figure 4 shows that
1 mM SNOC did not inhibit IL-2 mRNA expres-
sion when applied 30 min after IL-1X3. In con-
trast, preincubation of cells with 1 mM SNOC for
30 min followed by addition of IL-1O for another
2.5 hr resulted in a significant reduction in IL-
13-dependent IL-2 mRNA expression (Fig. 4,
lane 7), whereas SNOC-No had no effect. These
results demonstrate that NO inhibits IL-1,B-de-
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Fig. 4. SNOC inhibits IL-2 mRNA ex-
pression only during the induction
phase. EL4-6.1 cells were incubated with-
out (lane 1) or with 1000 U/ml IL-1X3
(lanes 2-8) for 3 hr. Cells were incubated
with IL-1f3 30 min prior to addition of 0.5
mM SNOC (lane 2), 1 mM SNOC (lane 3)
or 1 mM SNOC-NO (lane 4). Cells were
also treated the other way round. After
culture in the absence (lane 5) or pres-
ence of 0.5 mM SNOC (lane 6), 1 mM
SNOC (lane 7), or 1 mM SNOC NC) (lane
8) for 30 min, cells were incubated with
IL- 1I3 for 3 hr. Results show that NO must
be present during the induction phase to
inhibit IL-2 mRNA expression. Values are
mean + SD of three independent experi-
ments.
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Fig. 5. Subtoxic concentrations of H202 aug-
ment IL-1f8-dependent IL-2 mRNA expression in
lymphocytes. EL4-6.1 cells were incubated for 3 hr
without (lane 1) or with 1000 U/ml IL-1,B in the ab-
sence (lanes 2, 5) or presence of 0.5 (lane 3) or 1

mM of H202 (lane 6). Total cellular RNA was iso-
lated and IL-2- and GAPDH-specific RT-PCR per-
formed. IL-2 mRNA was quantitated in relation to
GAPDH mRNA. Apoptosis-inducing high concentra-
tions of H202 reduced both IL-2 and GAPDH mRNA
expression, whereas subtoxic concentrations of H202
slightly increased cellular IL-2 mRNA expression.
Values are mean + SD of three independent experi-
ments.

pendent IL-2 mRNA expression only during the
induction phase.

H202 Slightly Enhances IL-lp-dependent IL-2
mRNA Expression

When EL4-6.1 cells were activated with IL-1O for
3 hr in the presence of various concentrations of
H202, results were different, as treatment of cells
with 0.5 mM of H202 led to a slight enhance-
ment of IL-2 mRNA synthesis (Fig. 5). At 1 mM
of H202, where significant apoptosis occurs (see
Fig. IB), IL-2 mRNA expression was completely
inhibited and GAPDH expression was reduced.
These results clearly show that in viable cells,
subtoxic nitrosative, in contrast to oxidative,
stress inhibits IL-2 gene transcription. This effect
is specific and is not due to loss of lymphocytic
viability.

NO Affects DNA Binding Activities of Spl and EGR-1

The murine IL-2 promoter contains a ZIP site,
which serves as a binding site for the two zinc
finger proteins Spl and EGR-1 (20,21). To in-
vestigate whether these zinc finger proteins
represent possible molecular targets, we ana-
lyzed whether NO treatment affects the DNA
binding activities of these proteins. Treatment
of recombinant Spl with SNOC for 30 min
indeed reduced the DNA binding activity of
Spl in a concentration-dependent manner
(Fig. 6A). Near complete inhibition of the DNA
binding activity of Spl was found after treat-
ment of the recombinant protein with 2 mM of
SNOC, whereas 2 mM of SNOC-No had no
effect. Similar results were found using PAPA/
NO, another spontaneous but chemically un-
related NO donor. Experiments using the zinc
finger transcription factor EGR- 1 showed com-
parable results (not shown).

NO Affects DNA Binding Activity of Nuclear Spl

Next we investigated whether NO applied to
the total nuclear protein extracts affects the
DNA binding activity of endogenous Spl. To
determine this, nuclear extracts from IL- 1 3 ac-
tivated EL4-6. 1 lymphocytes were prepared.
Gel shift assays with an oligonucleotide repre-
senting the ZIP site of the murine IL-2 pro-
moter showed a single retarded band (Fig. 6B).
This band seems to represent a single nuclear
protein, as antibodies specific for Spl, but not
for EGR-1, induced a supershift (not shown).
This suggests that in IL-1 ,-activated murine
EL4-6.1 lymphocytes, Spl may play a domi-
nant role as single transcription factor in IL-
1(3-dependent IL-2 mRNA expression. We
therefore focused on Spl to characterize the
role of NO on transcription factor activity. Gel
shift assays of whole nuclear extracts treated
with SNOC for 30 min revealed that the DNA
binding activity of Spi was inhibited in a
concentration-dependent manner, whereas
SNOC-No had no effect (Fig. 6B). Thus, in the
presence of other nuclear proteins, NO affects
the DNA binding activity of Sp 1. To investigate
whether NO also affects Sp I binding activity in
whole cells, lymphocytes were treated with
IL-13 in the presence of subtoxic concentra-
tions of SNOC (0.5-1 mM) and H202 (0.5 mM).
Gel shift assays of nuclear extracts from these
in vivo-treated lymphoma cells revealed that
SNOC reduced the DNA binding activity of SpI
(Fig. 6C), whereas neither SNOC-No nor 0.5
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Fig. 6. SNOC inhibits DNA binding activity of
zinc finger transcription factor Spl. Gel shift ex-
periments were performed with Sp 1-specific 32P-
labeled oligonucleotide probes (sequence indicated
below) and recombinant Spl (A) or nuclear extracts
from EL4-6.1 cells (B, C). (A) Recombinant Spl was
incubated in the absence (Ctrl) or presence of 0.5
mM, 1 mM, or 2 mM of SNOC or 2 mM of
SNOC-NO for 30 min at room temperature. Subse-
quent electrophoretic mobility shift assays revealed
that SNOC, in contrast to SNOC-No, decreased the
Spl binding activity in a concentration-dependent
manner. (B) Nuclear extracts of IL-13-treated EL4-
6.1 lymphoma cells were treated without (Ctrl) or

with 1 or 2 mM of SNOC or with 2 mM of
SNOC-NO for 30 min at room temperature. As with
the recombinant Spl, SNOC, in contrast to
SNOC-NO, inhibited the DNA binding activity of nu-
clear Spl. (C) EL4-6.1 lymphoma cells were incu-
bated for 3 hr without (Ctrl) or with 1000 U/ml
IL-1f3 in the absence or presence of 0.5 mM or 1
mM of SNOC, 1 mM of SNOC-NO, or 0.5 mM of
H202. Subsequently, nuclear extracts were prepared.
SNOC (0.5 and 1 mM), in contrast to SNOC-NO or
0.5 mM of H202, greatly reduced the binding of nu-
clear Spl to its consensus oligonucleotide. Represen-
tative experiments are shown.

mM H202 showed any effect. This result demon-
strates that NO affects the DNA binding activity
of the zinc finger transcription factor Sp 1 in
whole cells and that the relatively long-living
radical NO indeed can affect nuclear targets.

NO Does Not Affect DNA Binding Activity ofNFAT
In addition to the ZIP site, a NFAT binding site
located directly downstream of the ZIP site also
plays an important role in maximal IL-2 pro-
moter activity. To prove whether the effects of
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Fig. 7. SNOC does not affect DNA binding ac-

tivity of transcription factor NFATc. Gel shift
experiments were performed with recombinant
NFATc and NFAT-specific 32P-labeled oligonucleotide
probes (sequence indicated below). Recombinant
NFATc was incubated in the absence (Ctrl) or pres-
ence of 0.5 mM, 1 mM, or 2 mM of SNOC or 2 mM
of SNOC-NO for 30 min at room temperature. Sub-
sequent electrophoretic mobility shift assays revealed
that neither SNOC nor SNOC-NO decreased the
DNA binding activity of NFATc. A representative ex-

periment is shown.

NO were specific for zinc finger transcription fac-
tors, we investigated whether NO affects the
DNA binding of recombinant NFATc, which lacks
a zinc finger structure. Figure 7 shows that SNOC
at concentrations of up to 2 mM did not inhibit
the binding of NFATc to its specific IL-2 promoter
element. This result demonstrates that reactions
of NO with transcription factor proteins involved
in the regulation of the IL-2 promoter are selec-
tive.

Discussion
Recently, several reports have examined the in-
hibitory role of NO on IL-2 protein synthesis in T
cells (12-16). Here we show that exogenously
added NO inhibits IL-2 expression in lymphoma
cells at the transcriptional level. Subtoxic con-

centrations of NO, in contrast to subtoxic con-

centrations of H202, decrease the IL-l,B-depen-

dent expression of IL-2 mRNA in a reversible
manner, which correlates with the inactivation
of the DNA binding activity of the zinc finger
transcription factor Spl.

The slowly NO-releasing NO donor SNAP
(100 jxM) has been shown to inhibit IL-2 pro-
duction in human or murine T cells or T cell lines
activated with anti-CD3 monoclonal antibody
(MAb) or with Con A by about 40-90% after
24-48 hr (13-16). Since pilot experiments had
shown that IL-2 mRNA expression reached a
maximal level at 3 hr after addition of IL-1, we
used SNOC as a physiological NO donor with a
relatively short half-life. To determine the effects
on IL-2 gene expression within this 3 hr incuba-
tion period, we used 0.5-1 mM SNOC, concen-
trations that may appear to be supraphysiologi-
cal. However, we recently found that both 2 mM
of SNOC and 2 mM of the NO donor DETA/NO
mediate comparable intracellular and intranu-
clear Zn2+ release in cells after 1 and 24 hr,
respectively (23). DETA/NO generates NO for
several hours in concentrations that are compa-
rable to NO concentrations measured in cell
monolayers expressing the inducible NO syn-
thase (for discussion see ref. 23). In addition, in a
cell monolayer and in vivo in infiltrated inflam-
matory sites, NO synthesis will occur in the im-
mediate vicinity of cellular targets. In contrast,
NO generated by chemical NO donors will decay
in the entire volume of the cell culture medium,
thus most of the NO will be oxidized to nitrite
and nitrate or will escape into the gas phase prior
to reaching the target cells. Furthermore, in vivo
NO produced by the inducible NO synthase may
exert effects over periods of days or weeks. This
may explain why relatively high NO donor con-
centrations (usually in the low millimolar range)
must be used to induce nitrosative stress in cells
in vitro. Additionally, the exact fate and NO-
releasing rates of S-nitrosothiols in cells are un-
known. Moreover, further culture of treated cells
after removal of NO donors showed complete
reversibility as well as full growth competence,
demonstrating nontoxic conditions.

Conflicting results in regulation of IL-2 synthe-
sis by T cells have been reported for NO generated
by an NO donor versus NO synthesized by cells. In
contrast to exogenously added NO, in a T cell-
macrophage coculture system IL-2 secretion was
not found to be increased after addition of a NO
synthase inhibitor to block macrophage-secreted
NO (12). However, in these experiments, IL-2 syn-
thesis was already maximal in the isolated lymph
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node cells and under these conditions, NO-medi-
ated inhibition of IL-2 will not occur.

It appears that the transcription factor Spl is
susceptible to redox changes, as in vitro treat-
ment with very high concentrations of H202
(10-20 mM) has been reported to inhibit Spl
DNA binding activity (31,32). By using the Zn2+
complexing protein metallothionein as a model
for zinc sulfur complex-containing proteins, we
previously demonstrated that NO will nitrosylate
cysteine SH-groups and thus induce metal re-
lease from metallothionein (22). We show here
for the first time that NO inhibits the DNA bind-
ing activity of a zinc finger transcription factor in
cells and we propose that S-nitrosylation of cys-
teine SH-groups mediates Zn2+ release from Spi,
resulting in a conformational change in the Spl
zinc finger binding domain. This hypothesis is
further supported by our previous finding that in
living cells, NO will rapidly increase the pool of
labile Zn2+, especially in nuclei (23). Further-
more, we observed a substantial difference be-
tween nitrosative and oxidative stress. The find-
ing that NO affects IL-2 mRNA expression only
when cells are treated with SNOC prior to or
simultaneously with IL-113 activation but not
when treated 30 min after the IL-1i3 stimulus
demonstrates that NO is active during the induc-
tion phase of transcription only. Our results in-
dicate that once the transcription factors have
bound, NO will not interfere with DNA binding
and transcription, which suggests that in the
DNA-protein complex, the zinc finger structure
is stabilized and/or inaccessible for NO.

The ZIP site of the IL-2 promoter is a binding
site for the zinc finger proteins Spl and EGR-1.
Following stimulation of human lymphocytes by
phorbol 12-myristate 13-acetate (PMA), gene re-
porter assays with the human IL-2 promoter
construct including a ZIP site revealed a syner-
gistic interaction between EGR- 1 and NFATc
(20,21). Recombinant EGR- 1 binds weakly to
the ZIP site of the murine IL-2 promoter (not
shown). However, it appears likely that this ele-
ment also interacts with the adjacent NFAT bind-
ing site to regulate IL-2 gene expression.

In addition to its demonstrated effects on Spl
and EGR- 1, NO will act on other transcription fac-
tors as well. NO has been shown to inhibit the
activation of the transcription factor NF-KB via in-
duction and inhibition of proteolytic degradation of
its inhibitor IKBa (33) and to inhibit the DNA bind-
ing activity of NF-KB (34,3 5) as well as that of AP- 1
(36). Because the IL-2 promoter contains binding
sites for these two transcription factors (17), NO-

mediated immunosuppression, as demonstrated
here by the inhibition of IL-2 gene expression,
likely represents a concerted action of NO on all
four transcription factors. However, the DNA bind-
ing activity of recombinant NFATc was not found
to be affected by NO, probably because of the lack
of cysteine residues essential for DNA binding (37).
But through interactions with the neighboring ZIP
site, onset of IL-2 gene expression might be im-
paired, especially with the physiological stimulus
IL-1O, which is relatively weak compared to iono-
mycin and/or PMA, which are usually applied in
reporter gene assays.

In conclusion, inhibition of the DNA binding
activities of transcription factors such as the zinc
finger proteins Spl and EGR-1 appears to be a
molecular mechanism for the inhibition of IL-2
gene expression by nitrosative stress and may at
least in part explain the immunosuppressive ef-
fects of NO. Understanding the molecular events
at work in NO-mediated immunosuppression
will help us to exploit this naturally occuring
mechanism to achieve suppression of unwanted
immune reactions.
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