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inducible nitric oxide synthase

Pawel J. Kolodziejski, Mohammad B. Rashid, and N. Tony Eissa*

Department of Medicine, Baylor College of Medicine, Houston, TX 77030

Edited by Louis J. Ignarro, University of California School of Medicine, Los Angeles, CA, and approved October 2, 2003 (received for review August 18, 2003)

Overproduction of nitric oxide (NO) by inducible NO synthase
(iNOS) has been implicated in the pathogenesis of many diseases.
iNOS is active only as a homodimer. Dimerization of iNOS repre-
sents a potentially critical target for therapeutic intervention. In
this study, we show that intracellular iNOS forms dimers that are
“undisruptable” by boiling, denaturants, or reducing agents. Un-
disruptable (UD) dimers are clearly distinguishable from the easily
dissociated dimers formed by iNOS in vitro. UD dimers do not form
in Escherichia coli-expressed iNOS and could not be assembled in
vitro, which suggests that an in vivo cellular process is required for
their formation. iNOS UD dimers are not affected by intracellular
depletion of H4B. However, the mutation of Cys-115 (critical for
zinc binding) greatly affects the formation of UD dimers. This study
reveals insight into the mechanisms of in vivo iNOS dimer forma-
tion. UD dimers represent a class of iNOS dimers that had not been
suspected. This unanticipated finding revises our understanding of
the mechanisms of iNOS dimerization and lays the groundwork for
future studies aimed at modulating iNOS activity in vivo.

itric oxide (NO) is an important signaling and cytotoxic

molecule that is synthesized from L-Arg by isoforms of NO
synthase (NOS) (1-3). As a signaling molecule, NO is produced
by two constitutive calcium (Ca?*)-dependent isoforms: neuro-
nal NOS and endothelial NOS. Ca?*-activated calmodulin binds
to and transiently activates constitutive NOS dimers. Due to the
transient nature of elevated Ca®* levels, the activity of produced
NO is short-lived. As an agent of inflammation and cell-
mediated immunity, NO is generated by a Ca’>*-independent
cytokine-inducible NOS (iNOS) that is widely expressed in
diverse cell types under transcriptional regulation by inflamma-
tory mediators (2-4). Even at basal Ca?" levels, calmodulin is
tightly bound to iNOS. For this reason, iNOS is notably distin-
guished from the constitutive isoforms for its production of
relatively large amounts of NO (5). iNOS has been implicated in
the pathogenesis of many diseases, some of which include
Alzheimer’s disease, tuberculosis, asthma, glaucoma, inflamma-
tory bowel disease, arthritis, stroke, and septic shock (6, 7). Such
wide-based implication has in turn produced an interest in
understanding the regulation of NO synthesis by iNOS with the
intrinsic goal of developing therapeutic strategies aimed at
selective modulation of iNOS activity (6—8).

The human iNOS gene contains 26 exons and encodes a
protein of 131 kDa (9, 10). Human iNOS has three domains: (i)
an amino-terminal oxygenase domain that binds heme, tetrahy-
drobiopterin (H4B) and L-Arg; (ii) a carboxyl-terminal reductase
domain that binds FMN, FAD, and NADPH; and (iii) an
intervening calmodulin-binding domain that regulates electron
transfer between the oxygenase and reductase domains (3, 9, 11).
iNOS, similar to other NOSs, is active only as a homodimer in
which the subunits align in a head-to-head manner, the amino-
terminal oxygenase domains forming the dimer interface (12).

Posttranslational subunit dimerization of iNOS represents a
potentially critical locus for therapeutic interventions aimed at
regulating its activity. There have been a large number of studies
addressing the mechanisms of iNOS dimerization (3, 12-15), but
most of these studies were performed in vitro under dictated
experimental conditions and by using either recombinant pro-
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tein or partial domains. Very few studies have addressed iNOS
dimerization in vivo using cultured or primary cells. In this study,
we show that intracellular iNOS forms dimers that are “undis-
ruptable” by heat, SDS, strong denaturants, and/or reducing
agents. These dimers are clearly distinguishable from the easily
dissociated dimers formed by iNOS in vitro. This unexpected
finding revises our understanding of the mechanisms of iNOS
dimerization.

Materials and Methods

Cell culture, transfection, iNOS activity assays, DNA mutagen-
esis, gel permeation chromatography, and recombinant human
iNOS production in Escherichia coli were done as described
(16-18). Mass spectrometry was done by using an Applied
Biosystems Voyager-DE STR Biospectrometry Workstation.

Cell Lysis. The cell layer was lysed on ice for 45 min in 40 mM
Bis-Tris propane buffer (pH 7.7), 150 mM NaCl, and 10%
glycerol with 25 mM sodium taurocholate containing protease
inhibitors (19, 20).

Standard Western Analysis (i.e., Under Fully Denaturing Conditions).
Cell lysates were mixed with one-third volume of 4X Laemmli
sample buffer (200 mM Tris-HCI, pH 6.8/8% SDS/40% glyc-
erol/400 mM DTT), heated at 100°C for 5 min. Proteins were
resolved on SDS/PAGE by using 4% gels, transferred, and
probed with specific antibody (19, 20).

Low-Temperature Partially Denaturing Western Analysis. The proce-
dure was performed as above except that, before electrophoresis,
cell lysates were incubated at 37°C for 30 min in the presence of
2 mM L-Arg and 0.1 mM H4B, and electrophoresis was per-
formed at 4°C (16, 17, 21).

iNOS Production in SF9 Insect Cells. Human iNOS cDNA was
inserted into baculovirus transfer vectors (BD Biosciences).
Production and amplification of baculovirus vectors were per-
formed according to the manufacturer’s instructions.

All data are shown as representatives of at least three inde-
pendent experiments.

Results and Discussion

iNOS Forms “Undisruptable” (UD) Dimers in Cultured Cells but Not in
E. coli. Previous studies have shown that neuronal NOS can form
SDS-resistant dimers, which are detected by using low temper-
ature partially denaturing SDS/PAGE (21-23). In that proce-
dure, the samples were preincubated in the presence of L-Arg
and H4B and were not heated before gel electrophoreses, which
was performed at 4-15°C. These SDS-resistant dimers seemed
to be stabilized by the presence of increasing concentrations of
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Fig. 1. iNOS Forms UD dimers in cultured cells but not in E. coli. (A) iINOS
expression was evaluated under partially denaturing conditions in lysates of
E. coli expressing human iNOS (lane 1) and in HEK293 cells transfected with
human iNOS cDNA (lane 2). Lysates were incubated at 37°C for 30 min in the
presence of 2mM L-Arg and 0.1 mM H4B and subjected to SDS/PAGE in 4% gels
at 4°C and immunoblotting with anti-iNOS Ab. In addition, lysates of E. coli
expressing iNOS (B) and HEK293 cells transfected with iNOS cDNA (C) were
subjected to standard Western analysis (i.e., under fully denaturing conditions
and without prior incubation with L-Arg and H4B) by using anti-iNOS Ab. (D)
Lysates of HEK293 expressing iNOS were subjected to standard Western
analysis for iNOS by using decreasing amounts of total protein. Letters D and
M denote dimer and monomer, respectively. The lower molecular mass band
seen in some of the blots represents an iNOS degradation product resulting
from aminoterminal proteolytic cleavage (25).

L-Arg and H4B but were completely dissociated at the temper-
ature of 40-50°C. Subsequent studies failed to demonstrate the
presence of SDS-resistant dimers for recombinant iNOS (24)
even after incubation with 1 mM L-Arg and 100 uM H4B,
conditions that are known to induce iNOS dimer formation
(13, 14).

To investigate the presence of SDS-resistant iNOS dimers,
partially denaturing Western analysis was performed on lysates
of HEK293 cells transfected with human iNOS cDNA and on E.
coli lysates expressing recombinant human iNOS. The same
human iNOS cDNA was used to generate both mammalian and
E. coli expression vectors (16, 18). E. coli-generated iNOS was
shown to be active and primarily dimeric on gel permeation
chromatography (18). On partially denaturing SDS/PAGE, re-
combinant iNOS migrated only as a monomer (expected size of
131 kDa) whereas iNOS in HEK293 cell lysates was detected as
both a monomer and a dimer (Fig. 14). The experiments were
then conducted by using standard Western analysis (i.e., under
fully denaturing conditions and without prior incubation of the
samples with L-Arg or H4B). As anticipated, recombinant iNOS
was detected only as a monomer (Fig. 1B). Surprisingly, iNOS in
HEK?293 cell lysates was detected as both a monomer and a
dimer (Fig. 1C). This finding indicated that iNOS in HEK293
cells formed dimers that could survive boiling in 2% SDS and
100 mM DTT. Neither increasing the SDS concentration in
Laemmli buffer to 5% nor replacing DTT with up to 10%
2-mercaptoethanol had any effect on the observed iNOS dimers
(data not shown). We designated this species using the termi-
nology “undisruptable (UD) dimers.”

We hypothesized that the reason for not detecting iNOS UD
dimers thus far may be related to the possibility that, on
SDS/PAGE, monomers represent the majority of iNOS species
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and therefore are easily detected, whereas the detection of UD
dimers requires a more sensitive analysis. To test this hypothesis,
we performed standard Western analysis on lysates of HEK293
cells expressing iNOS (Fig. 1D). With decreasing amounts of cell
lysates, detection of both iNOS monomers and dimers gradually
decreased. Although the Western analysis used was highly
sensitive, only iINOS monomers were detected when 0.5 g of cell
lysates total proteins was used. These results indicate that UD
dimers detected by Western analysis represent a minor part of
total iNOS species and are likely to be overlooked if a sensitive
method of detection is not used. In this context, it should be
noted that UD dimers are likely to be underestimated by
Western analysis because of the lower blotting transfer efficiency
of the 262-kDa dimer compared with that of the monomer (23).

Intracellular iNOS exists in both the soluble cytosolic fraction
and the particulate membrane fraction (16, 26). To determine
whether iNOS UD dimers are predominant in either fraction, we
analyzed soluble and particulate fractions of HEK293 cells
expressing human iNOS. After cell lysis by sonication, lysates
were fractionated into soluble and particulate fractions by
centrifugation at 100,000 X g for 1 h. iNOS UD dimers were
detected in both fractions, indicating that the formation of these
dimers is not limited to a specific cytosolic or membrane
component (Fig. 8, which is published as supporting information
on the PNAS web site).

In an attempt to reproduce UD dimers in vitro, recombinant
iNOS was incubated with L-Arg and H4B in concentrations
previously shown to induce iNOS dimerization (13, 14). More-
over, following the reasoning that factors in eukaryotic cell
lysates may be required, recombinant iNOS was also incubated
with HEK?293 cell lysates and evaluated for the presence of UD
dimers. Allin vitro attempts failed to reproduce the results found
with the cultured cells (data not shown), which suggests that an
active biological process in eukaryotic cells may be required for
such dimers to form.

iNOS UD Dimers Can Survive Prolonged Boiling in Laemmli Buffer and
Denaturation with Urea or Gdn-HCl. To determine whether the
observed iNOS UD dimers were merely residual dimers detected
due to inadequate denaturation or reducing treatment, we
examined the effects of treating cell lysates with progressively
harsher denaturation conditions. To determine whether longer
boiling time in Laemmli buffer would be necessary to disrupt
iNOS dimers, we boiled HEK293 cell lysates expressing iNOS up
to 1 h in Laemmli buffer before Western analysis (Fig. 24).
Importantly, iNOS dimers could still be detected even after 1 h
of boiling. Boiling led to a progressive reduction in both iNOS
monomers and dimers. This effect was likely due to observed
formation of crude precipitates in sample solution, thus reducing
amounts of proteins resolved on SDS/PAGE. In addition, there
is a potential for peptide bond cleavage with prolonged boiling
(27). Densitometry analysis showed that the ratio of dimers as a
percentage of total iNOS decreased from 45% to 36% after the
standard 5 min of boiling, and to 18% after 1 h of boiling.
Considering the deteriorating effect of boiling on sample reso-
lution and the knowledge that Western analysis is inherently not
quantitative, we concluded that boiling had no significant effect
on dissociation of the iNOS UD dimers. Similar results were
obtained in additional experiments that included the presence of
4M urea in sample buffer (Fig. 9, which is published as support-
ing information on the PNAS web site).

Gdn-HClis used widely as a strong protein denaturant (28). To
further ensure iNOS denaturation during Western analysis, we
incubated lysates of HEK293 expressing iNOS with a buffer
containing 6 M Gdn-HCI and 100 mM DTT for 20 min at room
temperature and then at 100°C for 10 min. Gdn-HCl was
removed from samples immediately before SDS/PAGE so it
would not interfere with the procedure. This precaution was
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Fig. 2. iNOS UD dimers survive prolonged boiling in Laemmli buffer and
denaturation with Gdn-HCl. (A) Lysates of HEK293 cells transfected with
human iNOS cDNA were boiled for various time points in the presence of
Laemmli sample buffer containing 2% SDS and 100 mM DTT before Western
analysis with anti-iNOS Ab. (B) Western analysis with anti-iNOS Ab of lysates
of untransfected HEK293 cells (lane 1) or HEK293 cells stably expressing
human iNOS (lanes 2 and 3). In lane 3, cells were lysed by direct addition of 100
mM Tris'HCl (pH 8.0) buffer containing 6 M Gdn-HCl and 100 mM DTT. Lysates
were incubated in the same buffer for 20 min at room temperature and
subsequently at 100°C for 10 min. Immediately before SDS/PAGE, Gdn-HCl was
removed from cell lysates by using PAGEprep columns (Pierce).

done by coupling removal of Gdn-HCI to eluting lysates in
Laemmli buffer. Western analysis showed that iNOS UD dimers
in cell lysates survived the Gdn-HCI treatment (Fig. 2B).

Time Course for Formation of Intracellular UD Dimers of iNOS. Max-
imum detection of iNOS UD dimers by Western analysis oc-
curred at 23 h after transfection of iNOS cDNA in HEK293 cells
(Fig. 3). UD dimers progressively decreased over time, but they
were still detectable up to 68 h. At 75 h, only iNOS monomers
could be detected. Significantly, maximum levels of iNOS ac-
tivity coincided with maximal UD dimers detection at 23 h and
mirrored changes in UD dimers. This correlation suggests
that UD dimers are temporally associated with iNOS activity
intracellularly.

Cytokine-Induced iNOS Forms UD Dimers. iNOS is known to be
up-regulated in vivo in response to cytokines and inflammatory
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Fig. 3. Time course for formation of UD dimers of iNOS. HEK293 cells were
transfected with cDNA of vector only (lane 1) or of humaniNOS (lanes 2-9) and
lysed at different time points after transfection. Lysates were evaluated by
standard Western analysis with anti-iINOS Ab. iNOS activity of cell lysates is
expressed as nanomoles of nitrite per mg of total cell protein.
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Fig.4. iNOS UD dimers form in various cell types. Shown are representative
standard Western analyses using anti-iNOS Ab of RT4 cells incubated for 24 h
in the presence or absence of a cytokine mixture of IFN-y (100 units/ml), IL-18
(0.5 ng/ml), tumor necrosis factor «, (10 ng/ml), and IL-6 (200 units/ml) (A);
primary bronchial epithelial cells cultured for 24 h in the presence or absence
of acytokine mixture similar to that of A except thatIL-6 was replaced with IL-4
(100 ng/ml) (B); crude cell lysates (lane 1) and partially purified product (lane
2) of GST-INOS fusion protein expressed in SF9insect cells (C); and HEK293 cells
transfected with cDNA of human iNOS (lane 1) or murine iNOS (lane 2) (D).

mediators (2, 4, 7). We therefore sought to examine endogenous
iNOS UD dimers after cytokine induction. By cytokine induc-
tion, we further imitated the in vivo state and eliminated
concerns over the consequences of exogenous expression of
iNOS in HEK293 cells. To this end, we used RT4, which is a
human urinary bladder transitional cell papilloma cell line (19).
RT4 cells were stimulated for 24 h with a cytokine mixture of
IFN-v, tumor necrosis factor-«, IL-18, and IL-6. iNOS UD
dimers were detected by Western analysis of cell lysates (Fig.
44). Time course studies revealed that, after cytokine addition,
iNOS UD dimers can be detected as early as 8 h and as late as
48 h, with the majority detected at 24 h (data not shown). These
results indicate that the presence of UD dimers of iNOS is
neither unique to HEK293 cells nor the result of overexpression.

iNOS in Primary Human Cells Forms UD Dimers. In the human lung,
bronchial epithelial cells are the principal cell type responsible
for iNOS production in response to cytokines and inflammatory
mediators. Up-regulation of iNOS in bronchial epithelial cells
accounts for the increased exhaled NO in asthma patients and
has been implicated in the pathogenesis of airway inflammation,
the hallmark of asthma (4, 7). For these reasons, it is vital to
understand the mechanisms of iNOS regulation in these cells.
Primary bronchial epithelial cells, freshly isolated by bronchial
brushing of normal subjects, were cultured for 24 h in the
presence of a cytokine mixture of IFN-vy, IL-13, tumor necrosis
factor «, and IL-4 (4, 20). iNOS UD dimers were clearly detected
in cell lysates after cytokine induction (Fig. 4B).

iNOS Forms UD Dimers in Insect Cells. Because iNOS UD dimers

were observed in cultured mammalian cells but not in E. coli, we
sought to determine whether iNOS UD dimers would form in a
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nonmammalian eukaryotic cell type. We used a baculovirus
system to express human iNOS in SF9 insect cells, with GST
fused to its amino terminus. Western analysis of SF9 crude cell
lysates and glutathione affinity-purified GST-INOS revealed the
presence of GST-INOS as monomers and UD dimers (Fig. 4C).
Because GST adds 26 kDa to the 131-kDa molecular mass of
iNOS, the expected sizes for GST-INOS monomer and GST-
iNOS dimer are 157 and 314 kDa, respectively. These estimates
are consistent with the Western analysis shown in Fig. 4C. These
data confirm that iNOS can form UD dimers in insect cells. In
addition, they provide further evidence that the observed slower-
migrating iNOS band represents an iNOS dimer and not a
heterodimer between iNOS and another protein of a similar
molecular mass. In the latter case, the fusion of GST would be
expected to add only 26 kDa to the molecular mass of both iNOS
monomer and the heterodimer. We also expressed human iNOS
without GST fusion in SF9 cells and observed the presence of
iNOS UD dimer (data not shown).

Murine iNOS Forms UD Dimers Intracellularly. To investigate whether
the formation of UD dimers is a unique feature of human iNOS
or shared with the murine isoform, HEK293 cells were trans-
fected with human or murine iNOS cDNA, and Western analysis
was subsequently performed on cell lysates. Similar to the data
obtained with human iNOS, UD dimers were detected for
murine iNOS (Fig. 4D). Murine iNOS is 1 kDa smaller than
human iNOS (2, 9). The difference in molecular mass between
the two isoforms was clearly detected for both monomers and
UD dimers. Additional experiments confirmed the presence of
iNOS UD dimers in the murine macrophage cell line RAW264.6
after their stimulation with IFN-vy and lipopolysaccharide (Fig.
10, which is published as supporting information on the PNAS
web site).

Size Analysis of iNOS UD Dimers by Gel Permeation Chromatography.
To confirm the native molecular mass of iNOS UD dimers,
lysates of HEK293 cells transfected with human iNOS were
subjected to size exclusion chromatography (16, 18). As ex-
pected, maximum iNOS activity was detected in fractions eluting
near 262 kDa, corresponding to the expected size of human
iNOS dimers (Fig. 5). The corresponding Western analysis of
those fractions revealed the presence of two species of iNOS
dimers with regard to the SDS/PAGE migration patterns. Both
species eluted at approximately the same fractions, indicating
that they have the same native molecular mass. Yet when
resolved by SDS/PAGE, they exhibited two distinct migration
patterns, which strongly suggests that iNOS dimers that were
formed intracellularly and subsequently retrieved from cell
lysates contain two subsets. The first subset is comprised of
dimers that are easily dissociated on SDS/PAGE and migrate as
monomeric iNOS. This subset accounts for the dimers previously
and extensively studied in vitro. These dimers can be easily
induced to dissociate, and they reassembled in vitro by altering
the cofactors and the substrate concentrations in their solvent
environment. The second subset is a subset of dimers that we
describe in this study. These particular dimers do not dissociate
after full denaturation, and they migrate as dimers on SDS/
PAGE, suggesting they are either covalently linked or very
tightly associated. The UD dimers in the gel permeation eluted
fractions were estimated by densitometry to be ~34% of total
iNOS detected. The higher structural stability of iNOS UD
dimers and their association with maximum iNOS activity sug-
gest that they represent higher order intracellular complexes
than dissociable dimers.

Analysis of iNOS UD Dimers by Mass Spectrometry. We aimed to

directly confirm the identity of the UD dimers of iNOS by mass
spectrometry. Murine iNOS, induced in RAW264.7 cells by
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Fig. 5. Analysis of iNOS UD dimers by gel permeation chromatography.
Lysates of HEK293 cells transfected with human iNOS cDNA were subjected to
FPLC by using a Superdex 200 column in the presence of 1 mM L-Arg, 4 uM Hy4B,
4 uM FAD, and 3 mM DTT. Fractions (eluted between 9 and 15.5 ml) were
assayed for iNOS activity and examined by standard Western analysis with
anti-iNOS Ab. Arrows indicate the calculated molecular masses of the corre-
sponding fractions.

using IFN-vy and lipopolysaccharide, was partially purified by
using 2’, 5’ ADP-Sepharose before performing SDS/PAGE. A
band that corresponds to iNOS UD dimers was excised from the
gel and subjected to trypsin digest. The generated peptides were
analyzed by a matrix-assisted laser desorption ionization/time of
flight (Fig. 10). The peptide map was then compared with the
GenBank database, which confirmed the product to be iNOS.
Despite several repetitions of the purification and identification
procedures, no other proteins were coidentified in the excised
band. The direct identification of iNOS as the sole protein in the
UD dimer band effectively rules out the alternative possibility of
iNOS forming a heterodimer with another protein of equal
molecular mass.

H4B Depletion in Cultured Cells or Inhibition of NO Synthesis by iNOS
Has No Significant Effect on iNOS UD Dimers. Although the cofactor
H,4B is required for iNOS activity, its exact role in NO synthesis
is not entirely clear. A much more controversial issue is the role
of HyB in promoting and/or maintaining iNOS dimerization (15,
29). Although H4B is not required for dimerization of iNOS
expressed in E. coli, it promoted dimerization of iNOS mono-
mers in vitro and of iNOS expressed in NIH 3T3 cells (13, 14, 30).
Further discrepancies recently became evident from interpreta-
tions of the crystal structures of the iNOS oxygenase domain.
The first structure analysis proposed a role for H4B in favoring
protein conformational changes that help form and stabilize the
dimer (31). However, a subsequent study of the crystal structures
of both endothelial NOS and iNOS oxygenase domains suggests
that H4B may not have such a critical role in forming a stable
dimer (32, 33).

In our study, the addition of H4B during cell lysis or in a
subsequent incubation with cell lysates had no significant effect
on the detection of iNOS UD dimers (data not shown). Thus, we
questioned whether reducing the intracellular levels of H4B
would affect the formation or stability of UD dimers of iNOS.
Intracellular H4B synthesis can be inhibited by 2,4-diamino-6-
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Fig.6. Effect of H4B depletion and iNOS inhibition on UD dimers of iNOS. (A)
HEK293 expressing iNOS were incubated for 24 h in the presence or absence
of 10 mM of the H4B synthesis inhibitor DAHP. Cell lysates were evaluated by
standard Western analysis with anti-iINOS Ab. iNOS activity in cell lysates is
determined by measuring the conversion of L-[3H]Arg to L-[3H]citrulline. (B)
HEK293 cells expressing iNOS were incubated for 48 h in the presence or
absence of 3 mM of the NOS inhibitor L-NAME. Cell lysates were evaluated by
standard Western analysis with anti-iNOS Ab. The iNOS activity of cells is
shown by the measurements of nitrite accumulation in the culture media.
Results are shown in duplicate.

hydroxypyrimidine (DAHP), which is a selective inhibitor of
GTP cyclohydrolase I, the rate-limiting enzyme for de novo H4B
synthesis (34). Incubation of HEK293 cells expressing iNOS with
10 mM DAHP for 24 h resulted in virtual elimination of iNOS
activity but did not have detectable effect on iNOS UD dimers
(Fig. 6A4). Similar results were obtained by using the murine
macrophage RAW264.7 cells after their stimulation with lipo-
polysaccharide and IFN-vy (data not shown). Although we did
not directly measure H4B levels, the virtual elimination of NO
synthesis by iNOS indicates that HyB levels were critically
reduced by DAHP, as previously shown (23, 34). Furthermore,
iNOS activity was restored by incubating cells with sepiapterin,
an agent that circumvents the inhibition of H4B synthesis by
DAHP (data not shown), confirming that iNOS inhibition was
due to a lack of H4B. These results suggest that H4B does not play
a major role in forming or stabilizing iNOS UD dimers.

To determine whether NO synthesis by iNOS was required for
UD dimer formation, HEK293 cells expressing iNOS were
incubated with the substrate competitive inhibitor L-NAME
(N®-nitro-L-Arg methyl ester) to inhibit NO synthesis (Fig. 6B).
Compared with untreated cells, there was no significant differ-
ence detected in the formation of iNOS UD dimers in cells
treated with L-NAME, despite marked reduction of NO pro-
duction. These data suggest that the formation of UD dimers by
iNOS is not linked to NO production.

iNOS UD Dimers Are Not Detected in Cells Expressing Either an iNOS
Splice Variant or an iNOS Mutant, both of Which Are Unable to
Dimerize. To confirm that prevention of iNOS dimerization
would prevent the formation of UD dimers, we used a splice
variant of human iNOS that lacks exons 8 and 9 (iNOSg~9™) and
cannot form dimers, which we previously cloned and character-
ized. In addition, we have generated and characterized several
iNOS mutants, including a deletion mutant iNOSA241-248 that
cannot form dimers (4, 16—18). In contrast to full-length human
iNOS, neither iNOSg 9~ nor iNOSA241-248 could form UD
dimers when transfected in HEK293 cells (Fig. 74). In addition,
we examined the consequences of preventing dimerization of
wild-type, full-length human iNOS on UD dimer formation.
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Fig.7. Requirementsforformation of iNOS UD dimers. (A) HEK293 cells were
transfected with plasmids containing only the vector (lane 1), human iNOS
(lane 2), iNOS splice variant iNOSg 9~ (lane 3), or iNOS deletion mutant
A241-248 (lane 4). (B) HEK 293 cells were transfected with plasmids containing
the vector only (lane 1), human iNOS (lane 2), or iNOS mutants in which
Cys-115was replaced with Ala (lane 3), His (lane 4), or Ser (lane 5). Twenty-four
hours after transfection, cell lysates were evaluated by standard Western
analysis with anti-iNOS Ab. (Lower) Nitrite accumulation in the culture me-
dium for experiments of B is shown, mean = SD (n = 3).

Recently, a class of imidazole-related compounds was found to
be allosteric, potent dimerization inhibitors of NOS (35). The
NOS dimerization inhibitor BBS1 prevented iNOS UD dimer
formation in HEK293 cells expressing iNOS (data not shown).
These results confirm that a lower order of dimer formation is
required for UD dimer formation.

Zinc Binding Is Required for Maximal Formation of UD-iNOS Dimers.
Recently, the crystal structure of the oxygenase domain of all
NOSs revealed a conserved zinc ion center tetrahedrally coor-
dinated to pairs of symmetry-related Cys residues at the dimer
interface. The conserved motif and its strategic location suggest
a structural role in maintaining the intersubunit contacts (32,
33). Cys-115 of human iNOS forms one of the ligands for zinc
binding. Mutation of its cognate residue in neuronal NOS to Ala
resulted in an inability of the mutant to bind zinc (36). We
mutated Cys-115 of human iNOS to Ala, His, or Ser and
characterized the resulting mutants after their transfection in
HEK?293 cells. All iNOS mutants had marked reduction in their
NO synthesis ability (Fig. 7B). The formation of UD dimers was
also markedly reduced. More importantly, there was a correla-
tion between the magnitude of reduction of UD dimers and the
loss of activity. Interestingly, the Cys-115 — His mutant was the
least affected. Because His is known to serve as a zinc ligand in
other proteins, the loss of zinc binding in this mutant may be less
severe (37). These results indicate that the metal zinc center in
iNOS is important for the formation and/or the stability of the
UD dimers.

In summary, we report that intracellular iNOS forms a class
of dimers that are tightly associated and clearly distinguishable
from the easily dissociated dimers that were previously and
extensively studied. These UD dimers do not form when dimer-
ization is prevented by either a dimerization inhibitor or in
mutants of iNOS that cannot dimerize. This finding signifies that
UD dimers most likely represent a higher order of dimers. UD
dimers do not form in E. coli-expressed iNOS, and they could not
be assembled in vitro. This result suggests that an intracellular
process (possibly chaperon interaction) is required for the
assembly of these dimers. UD dimers are not affected by lack of
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H,B in the cell, and they are not dependent on NO production
by iNOS. However, the mutation of Cys-115, which is critical for
zinc binding, strongly affects the formation of UD dimers. This
finding implies that the metal center is an integral part to
maintaining the integrity and the stability of the UD dimer.

The finding that intracellular iNOS UD dimers are undisrupt-
able under strong denaturation conditions suggests that, unlike
the widely studied in vitro dimers, the former are either co-
valently linked or have very strong association. Because iNOS
UD dimers survive reducing agents, any covalent linkage that
they might have must be a non-disulfide type. Dityrosine cross
linkage is a particularly intriguing possibility because it is known
to be induced by peroxynitrite (38). The latter is produced by a
reaction between NO and superoxide. However, the apparent
lack of effect on iNOS UD dimers after inhibition of NO
production by L-NAME makes that possibility less likely. In the
absence of a covalent linkage, an alternative mechanism for
iNOS UD dimers would be through a very tight association
between iNOS subunits. Our data suggest that the zinc metal
center plays a role in either forming or stabilizing iNOS UD
dimers. Zinc atoms have been shown to have stabilization
structural roles in other enzymes such as alcohol dehydrogenase,
aspartate transcarbamylase, and protein kinase C (39).

This study reveals insights into the mechanisms of in vivo INOS
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dimer formation. The UD dimers represent a previously unsus-
pected class of iNOS dimers. The direct correlation between UD
dimer formation and iNOS activity suggests that modulation of
iNOS activity in vivo may involve control of UD dimer formation
and/or dissociation, which may offer future avenues of thera-
peutic intervention in diseases associated with overproduction of
NO by iNOS. In this context, the use of selective inhibitors of
iNOS has been advocated as a novel therapeutic approach for
several inflammatory diseases (6, 8). A major difficulty in the use
of the current iNOS inhibitors is their lack of specificity for the
iNOS isoform (3, 35). The discovery of iNOS UD dimers as a
possible regulator of iNOS activity offers a potential means for
iNOS inhibition that could provide a more selective approach
than current inhibitors. This possibility is further strengthened by
the observation that iNOS UD dimers seem to be distinct from
dimers previously reported of other NOS isoforms.
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