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Abstract

Background: Nitric oxide (NO) is cytostatic for prolif-
erating cells, inhibits microbial growth, and down-regu-
lates the synthesis of specific proteins. Studies were un-
dertaken to determine the mechanism by which NO
inhibits total protein synthesis and whether the inhibi-
tion correlates with established cytostatic activities of NO.
Materials and Methods: In in vitro experiments, var-
ious cell types were exposed to NO using either donors or
expression of inducible NO synthase (iNOS). The capac-
ity of NO to suppress total protein synthesis, measured
by incorporation of 35S-methionine into protein, was
correlated with the capacity of NO to suppress cell pro-
liferation, viral replication, or iNOS expression. Phos-
phorylation of eIF-2a was examined as a possible mech-
anism for the suppressed protein synthesis by NO.
Results: Both NO donors and expression of the iNOS
suppressed total protein synthesis in L929 cells and
A2008 human ovarian tumor cells in parallel with de-
creased cell proliferation. Suppressed protein synthesis
was also shown to correlate with decreased vaccinia
virus proliferation in murine peritoneal macrophages in

an iNOS-dependent manner. Furthermore, iNOS ex-
pression in pancreatic islets or RAW264.7 cells almost
completely inhibited total protein synthesis, suggesting
that nonspecific inhibition of protein synthesis may be
the mechanism by which NO inhibited the synthesis of
specific proteins such as insulin or iNOS itself. This pos-
sibility was confirmed in RAW264.7 cells where the in-
hibition of total protein synthesis correlated with the
decreased iNOS protein. The decrease in protein levels
occurred without changes in iNOS mRNA levels, impli-
cating an inhibition of translation. Mechanistic studies
revealed that iNOS expression in RAW264.7 cells re-
sulted in the phosphorylation of eIF-2a and inhibition of
the 80S ribosomal complex formation.
Conclusions: These results suggest that NO suppresses
protein synthesis by stimulating the phosphorylation of
eIF-2a. Furthermore, our observations indicate that
nonspecific inhibition of protein synthesis may be a gen-
eralized response of cells exposed to high levels of NO
and that inhibition of protein synthesis may contribute
to many of the described cytostatic actions of NO.

Introduction

Nitric oxide (NO) is generated from the amino
acid L-arginine by three known NO synthase
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(NOS) isoforms. The quantities of NO produced
by the high-output or inducible NOS (iNOS) can
have profound influences on cell function and
viability. The consequences of induced NO syn-
thesis are dependent on the rate of NO forma-
tion, cell type, presence of other free radicals,
and anti-oxidant status of the cell (1-3), among
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other factors. Induced NO is cytostatic or even

cytotoxic to some cell types (4,5) and has been
shown to inhibit microbial growth (6). Mecha-
nisms thought to be responsible for the cytostasis
and cytotoxicity include direct inhibition of ribo-
nucleotide reductase (7) as well as inhibition of
key metabolic enzymes (8,9). Under some con-

ditions, direct toxicity is probably mediated by
peroxynitrate, the reaction product of NO with
superoxide (10). Exposure to levels of NO gen-

erated by iNOS also can induce a stress response

marked by the up-regulation of heme oxygenase

( 11) and heat shock protein (hsp) 70 (12), which
is thought to result from nitrogen oxide interac-
tion with heme proteins (11,13) or intracellular
thiols (12). In hepatocytes, expression of iNOS is
associated with a decrease in total protein syn-

thesis (14-16). The mechanism of this inhibition
remains to be established. It is also unknown if
inhibition of protein synthesis is a common re-

sponse of cells to levels of NO produced by iNOS.
Furthermore, it is unclear how NO-induced sup-

pression of protein synthesis relates to other cy-

tostatic activities of NO, such as inhibition of cell
proliferation (17), inhibition of the replication of
intracellular pathogens (18,19), or suppression
of the synthesis of specific cellular proteins such
as insulin (20) or even iNOS itself.

Protein synthesis may be regulated by initi-
ation factor eIF-2 via phosphorylation of the a

subunit. eIF-2 is required for the formation of
the 43S initiation complex followed by the as-

sembly of the complete 80S initiation complex in
the presence of Met-tRNAmet. When eIF-2a is
phosphorylated, however, eIF-2 is inactive and
protein synthesis is inhibited (21). Kinases re-

sponsible for the phosphorylation of eIF-2a in-
clude the heme-regulated eIF-2a protein kinase
(22,23), which is present in hematopoietic cells,
and the RNA-dependent eIF-2a protein kinases
(PKR), which have a ubiquitous expression pat-

tern (24). Mechanisms leading to the activation
of PKR are only partially understood; however,
PKR phosphorylation of eIF-2a occurs in associ-
ation with the inhibition of viral replication and
tumor proliferation in cells exposed to interferon
(25,26), as well as in response to cellular stress

(27). In the present study, we sought to deter-
mine whether inhibition of protein synthesis by
NO is a generalized response that occurs in asso-

ciation with other cytostatic actions of NO. In

addition, we tested whether the inhibition of

protein synthesis by NO was associated with the
increased phosphorylation of eIF-2a and inhibi-

tion of 80S complex formation.

Materials and Methods

Materials

Williams media E, penicillin, streptomycin,
L-glutamine, and Hepes were purchased from
Gibco (Grand Island, NY). Insulin was purchased
from Eli Lilly Co. and calf serum was obtained
from Hyclone Laboratories (Logan, UT). The mu-
rine macrophage anti-iNOS monoclonal anti-
body was obtained from Transduction Laborato-
ries (Lexington, KY). Monoclonal anti-eIF-2a
was provided by Dr. E. C. Henshaw. S-nitroso-
N-acetylpenicillamine (SNAP) was synthesized
every 2 months as described previously (11),
stored frozen as a solid aliquot in the dark, and
checked for stoichiometric S-nitrosothiol content
by the method of Saville (28). NG-monomethyl-
L-arginine (NMA) was purchased from Cyclopss
(Salt Lake City, UT). Red blood cells were iso-
lated as previously described (6). Adenoviral vec-
tors carrying either the cDNA for human iNOS or
,B-galactosidase (lacZ) were prepared and tested
as previously described (29). All other chemicals
and proteins were purchased from Sigma, (St.
Louis, MO) unless indicated otherwise.

Isolation of Islets and Peritoneal Macrophages, and
Cell Culture

All animal protocols were approved by the Uni-
versity of Pittsburgh Animal Care and Use Com-
mittee. Primary cultures of peritoneal macro-
phages or pancreatic islets were prepared from
6-week-old iNOS knock-out (iNOS -/-) or
wild-type (iNOS +/+) mice (obtained from C.
Nathan and J. Mudget) as previously described
(5,30). Macrophages were cultured in Williams
media E supplemented with 2 mM L-glutamine,
100 U/ml penicillin, 100 ,ug/ml streptomycin,
and 10% low endotoxin calf serum in 5% CO2-
95% air at 37°C. The murine macrophage cell
line RAW264.7 was also maintained and cul-
tured in supplemented Williams media E. Mac-
rophages were stimulated with LPS (1 p,g/ml)
and IFN-,y (100 U/ml). Pancreatic islets were cul-
tured with RPMI 1640 (Gibco BRL) containing
11.1 mmol/l glucose, 50 U/ml penicillin, 50

jig/ml streptomycin, and 10% heat-inactivated
fetal bovine serum (FBS) in 5% C02-95% air at

37°C. Islets were transduced with adenoviral
iNOS (AdiNOS) or adenovirus lacZ (AdlacZ) at a

multiplicity of infection (MOI) of 200 to 1 for 4

hr. The murine fibroblast cell line L929 and the
human breast carcinoma cell line A2008 were
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cultured with supplemented Dulbecco's modified
Eagle's medium (DMEN) containing 10% FBS.

Isolation of a Stable Transfectant Expressing IFN-,y
and Coculture with RAW264. 7 cells

Human breast carcinoma A2008 cells were trans-
fected with pCMV-IFN-,y as previously described
(31). Transfectants were selected by G418. The
cells were precultured in the bottom of a 12-well
transwell plate (Corning, Cambridge, MA) until
60% to 70% confluent, and then co-cultured
with RAW264.7 cells (5 X 106 cells) in the pres-
ence and absence of 2 mM NMA. Cell prolifera-
tion and protein synthesis were measured as de-
scribed below.

Virus Growth and Titration

Vaccinia virus was propagated in BSC-40 cells
and purified by sucrose sedimentation. Virus titer
was determined by serial dilution and plaque
assays in BSC-40 cells (32). Virus infectivity in
cell culture was determined as described else-
where (18). Peritoneal macrophages (2.5 X 10 5

cells/well) were stimulated with IFN-,y (100
U/ml) plus LPS (1 Ag/ml) for 8 hr before infec-
tion, and virus was added at 1 plaque-forming
unit (PFU)/well. After 1 hr incubation at 37°C,
cells were washed three times with phosphate-
buffer saline (PBS) and repleted with complete
media. After 18 hr incubation at 37°C, cells were
scraped into culture media, lysed by three freeze-
thaw cycles and sonication, and serially diluted.
Virus yields were determined by plaque assays in
BSC-40 cells.

Determination of Protein Synthesis

Total protein synthesis was determined by label-
ing with 35S-methionine (50 ,tCi/ml) for 2 to 6
hr. The cells were washed three times with PBS
and lysed in 40 mM Tris-HCl, pH 7.5, by four
freeze-thaw cycles. The incorporation of labeled
methionine into proteins was analyzed by SDS-
PAGE or scintillation counting after protein pre-
cipitation with ice-cold trichloroacetic acid.

Cell Proliferation

L929 or A2008 cells were cultured in 12-well
plates until -70% confluent. Cells were pre-
treated with SNAP solution or cocultured with
RAW264.7 for 8 hr and labeled with 5 ,uCi/ml
3H-thymidine for 18 hr. The plates were treated

with ice-cold 10% trichloroacetic acid (0.5 ml/
well) and kept at 4°C overnight. The plates were
washed three times with distilled water and dried
at room temperature. Cells were collected with
0.5 ml/well of 0.33 mM NaOH and 300 Al of
solution was transferred into a scintillation vial
containing scintillation fluid. 3H-thymidine in-
corporation into DNA was measured using a
scintillation counter.

Analysis of eIF-2a Phosphorylation

RAW264.7 cell pellets (1 X 106 cells) were dis-
solved in sample buffer (240,l) containing 3.5%
ampholine (4 parts pH 4-8 and 1 part pH 3.5-
10), 1% ,B-mercaptoethanol, 0.2% Tween 20,
9.5 M urea, 20 mM sodium fluoride, and 5%
Chaps. The mixture was subjected to vertical slab
gel isoelectric focusing (VIEF) and immunoblot
analysis with monoclonal anti-eIF-2a antibody
as previously described (33).

Ribosome Profiles in Sucrose Gradients

RAW264.7 cells were rapidly isolated in ice-cold
PBS containing 100 ,ug/ml cycloheximide. After
centrifugation at maximum speed in a microcen-
trifuge for 10 sec, the pellets were resuspended in
hypotonic swelling buffer (40 mM Tris-HCl [pH
7.4], 20 mM KCI, 3 mM MgCl, 20 mM sodium
fluoride, and 150 mM sucrose) and kept on ice
for an additional 10 min. The cells were lysed in
1% Triton X-100 and 1% deoxycholate (final
concentration) followed by vigorous vortexing.
The lysate was centrifuged for 1 min at maxi-
mum speed in a microcentrifuge and the super-
natants (240 ,ul) were layered onto a linear 15-
40% sucrose gradient containing 25 mM Tris HCI
(pH 7.4), 80 mM KCI, 4 mM MgCl2, and 20 mM
sodium fluoride. Following centrifugation at
35,000 rpm for 4 hr in a Beckman SW-41 rotor,
ribosomal profiles were monitored by continu-
ously measuring absorbance at 280 nm.

Other Treatments and Assays

Nitrite was measured by Griess reagents and total
nitrite + nitrate was measured by high-perfor-
mance liquid chromatography (HPLC) based on
the Griess reaction, in which the nitrate is con-
verted to nitrite using copper-coated cadmium
(5). Protein was determined by protein assay kit
(P5656, Sigma). NOS activity was measured as
previously described (34).
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FIG. 1. Exogenous NO inhibits cell prolifera-
tion and protein biosynthesis. (A) Cell prolifera-
tion. L929 cells were cultured in 12-well plates until
-70% confluence and cells were treated with either
SNAP or oxidized SNAP solutions containing 5
,uCi/ml 3H-thymidine for 18 hr. Some cells were
treated with the NO scavenger oxyhemoglobin at
480 ,uM. 3H-thymidine incorporation into DNA was
measured using a scintillation counter. (B) Protein

Results
NO-Induced Inhibition of Protein Synthesis
Correlates with Inhibition of Cell Proliferation

NO has been shown to be cytostatic for a number
of cell types (4,17). To determine whether the
cytostatic activity of NO was associated with a
suppression of total protein synthesis, L929 cells
were exposed to the NO donor SNAP in concen-
trations ranging from 0 to 400 ,uM. No toxicity,
as measured by LDH release or DNA fragmenta-
tion, was detected at these SNAP concentrations
(data not shown). A concentration-dependent
inhibition of cell proliferation was measured at
18 hr following SNAP exposure based on assess-
ment of thymidine incorporation (Fig. IA) and
confirmed by crystal violet and trypan blue stain-
ing of these cells (data not shown). The suppres-
sion of proliferation by SNAP was associated with
a parallel decrease in total protein synthesis mea-
sured by 35S-methionine incorporation (Fig. IB).
SNAP, which had been preincubated in solution
to release all of the NO prior to the addition to
the cells, had no effect. Both the anti-prolifera-
tive effects as well as the suppression of protein
synthesis by SNAP were reversed by the addition
of the NO scavenger oxyhemoglobin (Fig. 1A,B).

To determine whether iNOS expression also
suppressed tumor cell protein synthesis in con-

junction with decreased cell proliferation, hu-

synthesis. L929 cells were incubated with media
containing SNAP or oxidized SNAP for 4 hr and
then 35S-methionine was directly added into the cul-
ture media. After a 6 hr incubation, 35S-methionine
incorporation into protein was measured after pre-
cipitation with TCA using a scintillation counter. All
data are expressed as mean ± SD of more than two
independent experiments, each performed in
triplicate.

man ovarian A2008 tumor cells, stably trans-
fected to overexpress either IFN-,y or lacZ, were
co-incubated with the murine macrophage cell
line RAW264.7. The IFN--y-producing A2008
cells stimulated NO production by the
RAW264.7 cells as measured by nitrite release
(31) into the culture media. NO production was
almost completely inhibited by the addition of
NMA (Fig. 2A). Both cell proliferation and total
protein synthesis in the co-cultures were sup-
pressed by about 30% in an NO-dependent man-
ner (Fig. 2B, C). Incubation of the A2008 cells
with SNAP also suppressed proliferation and pro-
tein synthesis in a concentration-dependent
manner (data not shown). These data demon-
strate that the cytostatic effect of NO on tumor
cells is associated with concomitant depression in
total protein synthesis.

NO-Induced Inhibition of Protein Synthesis Is

Associated with Decreased Viral Proliferation

Anti-viral activity in many cell types is attributed
to an inhibition of protein synthesis thought to
result from the phosphorylation of eIF-2a by
PKR kinase (35). Since NO has been shown to
inhibit viral replication in macrophages (18,19),
experiments were carried out to determine
whether iNOS-dependent inhibition of vaccinia
virus replication in murine macrophages was as-
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FIG. 2. iNOS expression inhibits cell prolifera-
tion and protein biosynthesis. (A) NO produc-
tion. Stable A2008 transfectants with pCMV-IFN-y
were co-cultured with RAW264.7 in the presence or

absencc of NMA for 24 hr. Nitrite levels in the ctul-
ture media were determined by the Griess reaction.
(B) Cell proliferation. Co-cultured cells were labeled
with 'H-thymidine lor 18 hr for determination of

LacZ IFNy

proliferation rates. (C) Protein synthesis. After co-
culture for 16 hr, cells were incubated with 3"S-me-
thionine for 4 hr. Incorporation of 35S-methionine
into protein was measured using a scintillation
counter after TCA precipitation. All data are ex-

pressed as mean + SD of three independent experi-
ments, each performed in duplicate.

sociated with an NO-dependent suppression of
total protein synthesis. Peritoneal macrophages
were isolated from iNOS knockout (KO, iNOS
- / -) mice as well as their counterpart wild-type
(WT, iNOS +/+) mice. These cells were exposed
to LPS + IFN-y and, as expected, only the peri-
toneal imnacrophlages from the WT mice produced
NO as measured by the accumulation of nitrite in

the culture media (Fig. 3A). Exposure to LPS +

IFN--y suppressed both total protein synthesis
and viral replication in the macrophages from

the WT mice (Fig. 3B). In contrast, macrophages
from K(O animnals exhibited no decrease in pro-

tein synthesis and significantly greater viral rep-

lication. NMA inhibited NO2 accumulation and
reversed the effects of LPS + IFN-y on protein
synthesis and viral replication of WT macro-

phages. These data show that peritoneal macro-

phage protein synthesis is suppressed by iNOS

expression, and this is associated with depressed
viral replicatioin.

iNOS Expression in Pancreatic Islets Suppresses

Total Protein Synthesis

iNOS expression suppresses glucose-stimulated
insulin secretion in rat and human pancreatic

islets (20,36). It is unknown whether iNOS ex-

pression also suppresses total protein synthesis in

pancreatic islets. We treated islets isolated from

either WT or iNOS KO mice with 20 U/ml of

IL-113 and measured NO production and protein
synthesis. IL- 13 elicited NO production (approx-
imately 4.5 pmole of NO2 /islet/24 hr) in WT

islets, but not in islets isolated from KO mice
(Fig. 4A). Under the same experimental condi-
tions, IL-1,B inhibited total protein synthesis in

islets from WT animals, but not KO islets
(Fig. 4B). The suppression of protein synthesis
was completely reversed in the islets from WT

mice by the addition of NMA (Fig. 4B). To de-
termine whether iNOS expression independent
of cytokine addition would also inhibit protein
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FIG. 3. NO inhibits viral replication and pro-
tein biosynthesis in primary mouse peritoneal
macrophages. (A) Peritoneal macrophages from
iNOS knock-out and wild-type mice were stimulated
with LPS + IFN-,y for 24 hr and NO2 levels deter-
mined in the culture media by the Griess reaction.
(B) After 8 hr stimulation with LPS + IFN--y +

NMA, peritoneal macrophages were infected with

vaccinia virus. After an 18 hr incubation, viral prolif-
eration was measured by plaque-forming assay. Pro-
tein synthesis was assessed by measuring 35S-methi-
onine incorporation into proteins after a 4 hr
labeling interval. All data are expressed as mean ±
SD of two independent experiments, each performed
in triplicate.

synthesis, islets from both WT and KO mice were
transduced with the human iNOS cDNA using an
adenoviral vector. As shown in Figure 4C, over-
expression of iNOS, but not lacZ, suppressed total
protein synthesis in islets from both WT and KO
mice. This effect was reversed by the addition of
NMA. These data demonstrate that IL-1,(3 sup-
presses total protein synthesis in cultured islets
through an iNOS-dependent mechanism.

Inhibition of Total Protein Synthesis and iNOS
Translation in RAW264.7 Cells by NO

If NO production efficiently suppresses total pro-
tein synthesis, then induced NO production
should result in decreased iNOS protein levels.
RAW264.7 cells exposed to LPS + IFN--y exhib-
ited increased NO production in a time-depen-
dent manner with the accumulation of nitrite in
the media apparent after 3 hr and peaking at 12

hr (Fig. 5A). Red blood cells (RBC) efficiently
inactivate NO in cell culture (37); the addition of
RBC to stimulated RAW264.7 cells resulted in a

3-fold increase in nitrite + nitrate accumulation
in the media with no plateau apparent after 12

hr. iNOS enzyme activity was significantly in-

creased in lysates of RAW264.7 cells 12 hr after
exposure to LPS + IFN-,y. Incubation of the stim-

ulated cells with NO scavengers, including RBC,
lysates from RBC, or purified hemoglobin, re-
sulted in increases in intracellular iNOS activity
as well as increased nitrite + nitrate release by
the cultured cells. RBC ghosts, which have no
scavenging activity, did not share this effect
(Fig. 5B). Thus NO inhibited expression and/or
activity of iNOS.

To determine whether NO decreased iNOS
protein levels, Western blot analysis was per-
formed on lysates from LPS + IFN--y-treated
RAW264.7 cells cultured with or without NMA.
iNOS protein levels were first detectable at 4 hr
and became greater in the NMA-treated cells at

time points of 8 hr or longer. The NO-dependent
suppression in iNOS protein levels was associated
with an almost complete inhibition of total pro-
tein synthesis as measured by the detection of
newly synthesized radiolabeled proteins on SDS-

PAGE (Fig. 5C). To determine if the decrease in
iNOS protein was associated with a change in

steady-state mRNA levels, Northern blot analysis
was performed (Fig. 5D). Stimulation of
RAW264.7 cells with LPS + IFN-,y resulted in the
appearance of iNOS message, which was not in-
fluenced by the addition of NMA or RBC; how-
ever, both treatments resulted in a significant
increase in iNOS protein as measured by Western
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FIG. 4. iNOS expression inhibits protein bio-
synthesis in primary mouse islets in culture.
(A) Pancreatic islets isolated from iNOS knock-out
and wild-type mice were stimulated with 40 U/mIl
IL-1,B in the presence or absence of 2 mM NMA for
24 hr. NO p)roduction was measured by the Griess
reactioni. (B) Islets were stimulated with IL-1X for 14
hr and then incuLbated with 35S-methionine for 4 hr.
3sS-methionine incorporation into proteins was

blot analysis. These data show that RAW264.7

cells are subject to inhibition of total protein
synthesis by iNOS expression and this includes a

significant reduction in iNOS protein levels.

NO Exposuire Is Associated with Phosphorylation of
elF-2a and Inhibition of the 80S Ribosomal

Complex Formation

Phosphorylation of initiation factor eIF-2a sup-

presses total protein synthesis (38). To determine
whether exposure to NO resulted in the phos-
phorylation of eIF-2a, lysates from RAW264.7

measured by scintillation counting after TCA precipi-
tation. (C) Islets were transfected with adenoviral
vector carrying LacZ (AdlacZ) or iNOS (AdiNOS) for
4 hr, washed twice with media, and cultured with
fresh media. Nitrite was measured at 18 hr and 35S_
methionine incorporation in new proteins was de-

termined after a 4-hr labeling interval. All data are

expressed as mean SD of two independent experi-
ments, each performed in triplicate.

cells were obtained following exposure to LPS +

IFN--y with or without NMA for 14 hr, and pro-

teins were separated by isoelectric focusing.
Phosphorylation of eIF-2a was measured by
Western blot analysis (Fig. 6A). Following LPS +

IFN- y treatment, approximately 95% of the
eIF-2a was phosphorylated (lower band), and
this phosphorylation was reversed if the cells
were incubated with LPS + IFN-y in the pres-

ence of NMA or RBC. eIF-2 is required for the
initiation of protein synthesis by promoting the
formation of the 43S preinitiation complex, and

therefore, the 80S ribosomal complex (39). We
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FIG. 5. NO inhibits iNOS translation in
RAW264.7 macrophages. (A) RAW264.7 cells
were stimulated with LPS (1 ,ug/ml) and IFN-,y (100
units/ml) in the presence or absence of 2 mM NMA
or purified red blood cells (400 ,uM of hemoglobin).
Nitrite + nitrate was measured in culture media as

described in Materials and Methods. Data are ex-

pressed as mean ± SD; n 2 4. (B) Nitrite + nitrate
accumulation in the culture media (solid bars) and
NOS activity (hatched bars) were determined in
RAW264.7 cells stimulated with LPS + IFN--y for 12
hr. Cells were collected and lysed in Tris-HCl, pH
7.4, by three cycles of freezing and thawing. NOS
activity was determined by measuring nitrite and
nitrate from L-arginine in the presence of NADPH,

examined the effect of NO synthesis on ribo-

somal complex formation by sucrose density gra-

dient analysis (Fig. 6B). Lysates from RAW264.7

cells incubated with LPS + IFN-,y for 14 hr ex-

hibited a marked decrease in 80S complex for-

mation and an increase in appearance of the 60S

FAD, FMN, and BH4 (see Materials and Methods).
Data are expressed as mean ± SD; n 3. (C) Pro-
tein synthesis was measured in RAW264.7 cells
stimulated with LPS + IFN-,y. At the indicated time
points, cells were labeled with 35S-methionine for 2
hr and the labeled proteins separated on SDS-PAGE.
Protein synthesis levels (upper panel) and iNOS pro-

tein (lower panel) were analyzed by exposing the
membrane to X-ray film and Western blot, respec-

tively. The ring-like iNOS protein bands detected by
Western blot after the 12-hr incubation with NMA
are due to the rapid exhaustion of the peroxidase
substrate by the high levels of iNOS protein. (D)
Abundance of iNOS mRNA and protein were ana-

lyzed by Northern and Western blot, respectively.

and 43S subunits. If the cells were incubated in

the presence of the NOS inhibitor NMA, levels of

free 43S and 60S as well as 80S ribosomal com-

plex were reverted to the levels in untreated

cells. These data indicate that NO synthesis is

accompanied by the phosphorylation of eIF-2a
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FIG. 6. NO inhibits ribosome complex forma-
tion through phosphorylation of eIF-2a. (A)
RAW264.7 cells were stimulated with LPS + IFN-y
for 14 hr. Cells were isolated and phosphorylation of
eIF-2a was analyzed after VIEF and immunoblotting
with a monoclonal antibody to eIF-2a. (B) Ribosome
profiles were determined by isolation of the cytosolic

and the failure to form the 80S ribosomal com-

plex, which is required for protein synthesis. NO
is known to stimulate cGMP synthesis and
thereby activate cGMP-dependent kinases
(PKG); however, the addition of the cGMP ana-
logue 8Br-cGMP to RAW264.7 cells did not in-
hibit protein synthesis (Fig. 6C).

Discussion

Although we originally described the capacity of
NO to suppress protein synthesis in hepatocytes

+ + + -

- + + -

- - - +

fraction of RAW264.7 treated with LPS + IFN-,y for
24 hr, sucrose gradient centrifugation, and continu-
ous measurement at an optical density of 280 nm.
(C) Cells were treated with LPS + IFN-y for 12 hr
and then labeled with 35S-methionine for 2 hr in
the presence or absence of 400 ,uM 8Br-cGMP. Data
are expressed as mean ± SD; n . 3.

(14,15), the uniformity of this observation to
other cell types, as well its relationship to other
established actions of induced NO and the mech-
anism of the inhibition, have remained un-
known. We show here that NO donors and iNOS
expression result in suppressed protein synthesis
in several cell lines as well as primary cells and
tissues. Our correlative studies suggest that non-

specific inhibition of protein synthesis contrib-
utes to several well-described actions of NO, in-
cluding inhibition of cell proliferation (17),
suppression of vaccinia virus replication (18),
inhibition of islet protein secretion (20,36), and
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expression of iNOS protein (40). The NO-in-
duced increase in the phosphorylation of eIF-2a
points to the activation of an eIF-2a kinase or
inhibition of a phosphatase as the likely mecha-
nism for the nonspecific inhibition of protein
synthesis. The finding that the effects of NO on
protein synthesis cannot be reproduced by 8Br-
cGMP suggests that neither cGMP nor the cGMP-
dependent kinases is involved in the inhibition of
protein synthesis.

NO has been shown to suppress many cellu-
lar functions, including proliferation, metabo-
lism, and protein secretion. The L-arginine ->

NOx pathway was identified in murine macro-
phages when the conversion of L-arginine to ni-
trate was shown to be required for tumor cell
cytostasis (41). These cytostatic effects were
found to occur in association with inhibition of
mitochondrial respiration (42) and inhibition of
ribonucleotide reductase (7). We identified the
iNOS pathway in hepatocytes based on the ca-
pacity of cytokine-induced iNOS expression to
inhibit total protein synthesis (14). The inhibi-
tion of protein synthesis in these cells could not
be attributed to inhibition of mitochondrial res-
piration and was cGMP independent (16). The
current series of studies significantly advances
these previous observations by showing that NO
generated by iNOS efficiently suppress total pro-
tein synthesis in several cell types. Nonspecific
suppression of protein synthesis could exert cy-
tostatic effects by limiting the production of es-
sential proteins needed for proliferation or other
key cellular functions. Down-regulation of pro-
tein synthesis would have an even more pro-
found influence on cellular events, such as intra-
cellular microbial proliferation, that are
dependent on rapid production of new proteins.

The uniformity of the response of cells for
the inhibition of protein synthesis implicated a
mechanism involving a control point in protein
synthesis common to all cells. Phosphorylation of
the a subunit of protein synthesis initiation fac-
tor eIF-2 is one of the best characterized transla-
tional control mechanisms. The phosphorylation
of eIF-2a on serine 51 prevents translation by
impairing the eIF-2B-catalyzed guanine nucleo-
tide exchange of eIF-2.GDP for GTP.eIF-2 re-

quired for the binding of the eIF-2/GTP/methio-
nyl/tRNAi complex to the 43S ribosomal subunit
(24). Both PKR and HRI kinases have been
shown to phosphorylate eIF-2a in mammalian
cells; however, PKR has a ubiquitous distribution
whereas HRI is thought to be erythroid specific

(43). Therefore, our data suggest that NO acti-
vates PKR to phosphorylate eIF-2a, leading to

the inhibition of protein synthesis. Cytokines
such as IFN-,y and dsRNA (35,44) lead to the
phosphorylation of eIF-2a by activating PKR.
Whether NO exerts a similar effect will require
further investigation. The capacity of NO to in-
duce cellular stress responses such as the heat
shock response (12) raises the possibility that the
phosphorylation of eIF-2a is a result of such a
stress response.

It is interesting to note that activation of PKR
with phosphorylation of eIF-2a contributes to
the antiviral effects of IFN-,y (35) and that
through the same mechanism, PKR may func-
tion as a tumor suppressor (26). Our results cor-
relate the inhibition of viral replication in murine
macrophages with an NO/iNOS-dependent sup-
pression of total protein synthesis. In a similar
fashion, suppression of tumor cell proliferation
occurred in association with inhibition of total
protein synthesis. It is likely that the nonspecific
inhibition of protein synthesis inhibited the pro-
duction of proteins needed for viral and cellular
replication. Protein synthesis is not completely
inhibited, suggesting that additional mechanisms
also contribute to the cytostatic action of NO.

Nonspecific inhibition of protein synthesis
may also account for some of the more specific
actions described for NO. In pancreatic islets, we
show that cytokine-induced iNOS expression
and iNOS gene transfer both inhibit total protein
synthesis. Thus, the well-described inhibition of
insulin production by islets following cytokine-
induced iNOS expression could occur either to-
tally or in part due to nonspecific inhibition of
protein synthesis. This relationship is more spe-
cifically borne out in RAW264.7 cells where the
inhibition of total protein synthesis is paralleled
by the reduction in iNOS protein synthesis. This
could represent a feedback mechanism to down-
regulate iNOS expression in conditions of exces-
sive oxidative or nitrosative stresses, thereby
turning off further NO production. More likely is
the possibility that the inhibition of total protein
synthesis in this setting is a stress response in-
tended to transiently shut down nonessential
functions to conserve cell resources during re-

covery. Prolonged inhibition of total protein syn-
thesis, however, could lead to loss of cell viabil-
ity. Taken together, our observations add to the
growing list of NO targets, a key pathway in the
control of protein synthesis.
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