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Homodimer formation activates all nitric-oxide synthases (NOSs). It involves the interaction between two
oxygenase domains (NOSoxy) that each bind heme and
(6R)-tetrahydrobiopterin (H4B) and catalyze NO synthesis from L-Arg. Here we compared three NOSoxy
isozymes regarding dimer strength, interface composition, and the ability of L-Arg and H4B to stabilize the
dimer, promote its formation, and protect it from proteolysis. Urea dissociation studies indicated that the relative dimer strengths were NOSIIIoxy >> NOSIoxy >
NOSIIoxy (endothelial NOSoxy (eNOSoxy) >> neuronal
NOSOXY (nNOSoxy) > inducible NOSoxy (iNOSoxy)).
Dimer strengths of the full-length NOSs had the same
rank order as judged by their urea-induced loss of NO
synthesis activity. NOSoxy dimers containing L-Arg plus
H4B exhibited the greatest resistance to urea-induced
dissociation followed by those containing either molecule and then by those containing neither. Analysis of
crystallographic structures of eNOSoxy and iNOSoxy
dimers showed more intersubunit contacts and buried
surface area in the dimer interface of eNOSoxy than
iNOSoxy, thus revealing a potential basis for their different stabilities. L-Arg plus H4B promoted dimerization
of urea-generated iNOSoxy and nNOSoxy monomers,
which otherwise was minimal in their absence, and also
protected both dimers against trypsin proteolysis. In
these respects, L-Arg alone was more effective than H4B
alone for nNOSoxy, whereas for iNOSoxy the converse
was true. The eNOSoxy dimer was insensitive to proteolysis under all conditions. Our results indicate that the
three NOS isozymes, despite their general structural
similarity, differ markedly in their strengths, interfaces,
and in how L-Arg and H4B influence their formation and
stability. These distinguishing features may provide a
basis for selective control and likely help to regulate
each NOS in its particular biologic milieu.

The free radical nitric oxide (NO) drives important physiologic and patho-physiologic functions in animals and is produced by a family of enzymes termed nitric-oxide synthases
(NOSs)1 (1– 4). NOS exists as three main isozymes, inducible
* This work was supported by National Institutes of Health Grants
CA53914 (to D. J. S.) and HL58883-05 (to E. D. G.). The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed: Immunology NB3,
Lerner Research Inst., Cleveland Clinic, 9500 Euclid Ave., Cleveland,
OH 44195. Tel.: 216-445-6950; Fax: 216-444-9329; E-mail:
stuehrd@ccf.org.
1
The abbreviations used are: NOS, nitric-oxide synthase; NOSoxy,
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NOS (iNOS or Type II), neuronal NOS (nNOS or Type I), and
endothelial NOS (eNOS or Type III) as well as their splice
variants (5–10). All three NOSs share between 50 and 60%
sequence homology (11) and catalyze an NADPH and O2-dependent oxidation of L-Arg to NO and citrulline, forming Nhydroxy-L-Arg (NOHA) as an intermediate (12, 13). The NOSs
exhibit a bidomain structure comprised of an N-terminal oxygenase domain that is linked to a C-terminal reductase domain
through a calmodulin (CaM) binding motif (14 –17).
Dimerization of NOS proteins is essential for their activity
(13, 18 –20). The interaction of two oxygenase domains
(NOSoxy) creates an extensive interface between them (21–26).
The 6R-tetrahydrobiopterin (H4B) cofactor interacts with residues in both subunits of the dimer and also hydrogen bonds to
the active site heme. Dimerization activates NOS in at least
three ways: it sequesters heme from solvent, creates high affinity binding sites for substrate L-Arg and cofactor, H4B, and
enables electrons to transfer from the reductase domain flavins
to the oxygenase domain heme (23–31).
NOS dimer formation may be an important point of biologic
and pharmacologic regulation (32–35). However, in contrast to
the three NOSs being well distinguished in regard to their
expression, Ca2⫹ response, and catalytic profiles (36 – 43), the
differences in their dimerization properties are still unclear.
Several studies showed that NOSs must first incorporate heme
to dimerize (18 –20, 44). A rank order for dimer strength of
eNOS ⬎ nNOS ⬎ iNOS was suggested by low temperature
SDS-PAGE experiments (45). But to what degree H4B and
L-Arg stabilize NOS dimers or promote their formation is controversial. For example, H4B and L-Arg differed in their capacity to stabilize each NOS dimer against dissociation on SDSPAGE gels (19, 20, 45, 46). Although H4B is not required for
dimerization when NOSs are overexpressed in bacteria (20, 23,
47), H4B and L-Arg promoted dimerization of a purified hemecontaining iNOS monomer (23, 48), promoted dimerization of
iNOS during its expression in NIH3T3 cells (49), and prevented
dissociation of nNOS dimer during catalysis (50). In contrast,
dimerization of heme-containing nNOS or eNOS monomer either did not require H4B or L-Arg or was promoted to lesser
degrees by these molecules as compared with iNOS (19, 20, 27,
51). The discrepancies were further reflected in crystal structure analysis of iNOSoxy and eNOSoxy. Analysis of iNOSoxy
monomer and dimer crystal structures led Crane et al. (24, 53)
to propose a role for H4B and L-Arg in favoring protein conformational changes that help form and stabilize the dimer. In
Type II or iNOS, inducible NOS; NOS Type III or eNOS, endothelial
NOS; (6R)-5,6,7,8-tetrahydro-L-biopterin; CaM, calmodulin; EPPS,
4-(2-hydoxyethyl)-1-piperazinepropanesulfonic acid; DTT, dithiothreitol; NOHA, N-hydroxyarginine.
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contrast, crystal structure analysis of H4B-replete and H4Bfree eNOSoxy as well as iNOSoxy dimers led others to propose
that H4B has no role in forming a stable dimer (25, 54).
To address these issues, we compared iNOS, eNOS, and
nNOS proteins expressed and purified from bacteria regarding
their dimer strengths, dimer interfaces, and responses toward
L-Arg and H4B in stabilizing the dimer, promoting dimer formation, or in protecting the dimer against proteolysis. Our
report helps clarify how each NOS differs in these respects and
discusses potential structural and biologic origins for the
differences.
MATERIALS AND METHODS

Reagents—Ultrapure urea was obtained from Aldrich. All other supplies were of highest purity grade available and from sources previously
reported (23, 55).
Preparation of NOSoxy Proteins—Murine iNOSoxy (residues 1–503)
and rat nNOSoxy (residues 1–720) with a fused C-terminal His6 tag
were overexpressed in Escherichia coli and purified in the absence of
H4B or L-Arg using nickel-chelate chromatography as described previously (23, 56). Bovine eNOSoxy was obtained by limited trypsin hydrolysis of pure bovine eNOS protein as detailed before (57, 58). This
method cleaves eNOS at a point between its oxygenase domain and
CaM binding sequence. In all cases, enzyme concentration was determined from the 444-nm absorbance of the ferrous-CO complex using an
extinction coefficient of 76 mM⫺1cm⫺1. All purified proteins were
checked for their purity by gel electrophoresis.
Incubation of NOS Proteins with Urea—NOSoxy or full-length NOS
were incubated at 15 °C for 2.5 h in 40 mM EPPS buffer, pH 7.6,
containing 3 mM DTT and the indicated concentrations of urea (0 –7 M)
in a final volume of 100 l. Heme concentrations of the treated holoNOS proteins in the incubation system ranged from 6 to 10 M. In
studies monitoring spectral change of urea-treated proteins over time,
the whole incubation was performed in a cuvette at a final volume of
300 l.
Activity Assays—To measure the activity of NOSoxy proteins, their
nitrite production from NOHA in a H2O2-supported reaction was assayed in 96 micro-well plates at 37 °C as has been previously described
(29). Assay mixtures (100-l final volume) contained 60 mM EPPS, pH
7.6, 150 –300 nM NOSoxy heme, 1 mM NOHA, 1 mM DTT, 30 mM H2O2,
25 units/ml superoxide dismutase, 50 mg/ml bovine serum albumin, 0.5
mM EDTA, and 4 M H4B. The reactions were initiated by the addition
of NOHA and H2O2 and stopped after 10 min of incubation at 37 °C by
the addition of 1300 units of catalase. Finally, 100 ml of Greiss reagent
was added into each well, and the absorbance was recorded at 550 nm
using a Thermomax microplate reader. The amount of nitrite formed
was determined based on NaNO2 standards. Activities of full-length
NOS proteins were determined in NADPH-driven NO synthesis assays
using the oxyhemoglobin detection method as detailed before (29, 55).
NOS reductase domain activity was determined by measuring NADPHdependent cytochrome c reduction by the CaM-bound NOS enzymes as
described before (55).
UV-Visible Spectroscopy—Spectral data were recorded on a Hitachi
U3110 Spectrophotometer.
Gel Filtration Chromatography—Samples were subjected to gel filtration chromatography on a 30 ⫻ 10-cm Amersham Biosciences Superdex 200 HR column. The column was equilibrated with 40 mM EPPS
buffer, pH 7.6, containing 10% glycerol, 3 mM DTT, and 150 –250 mM
NaCl. Protein in the column effluent was detected at 280 nm using a
flow-through UV detector. Molecular mass was estimated based on
elution profiles of protein standards. Typically, two copies of the gel
filtration profiles were made, and the overlapping dimer and monomer
peaks were cut out separately from each copy and weighed on a microbalance. The weights of the peaks were used as direct measures of
their areas and used to determine the dimer:monomer ratios.
Dimerization of Urea-generated NOSoxy Monomers—NOSoxy monomers were prepared by incubating the as-isolated proteins (120 –150
M) with urea at concentrations ranging from 3 to 5 M for 2.5 h at 15 °C
as described before (29). The samples were then diluted 10-fold with 40
mM EPPS, pH 7.6, containing 10% glycerol and 2 mM DTT. Diluted
protein samples were then incubated for 2.5 h at room temperature in
the absence or presence of L-Arg (10 mM) and/or H4B (100 M).
NOSoxy Sensitivity to Trypsin Proteolysis—NOSoxy protein samples
were incubated overnight on ice in the absence or presence of L-Arg (10
mM) and/or H4B (100 M). They then were treated with 10 g of trypsin
for 5 min and then immediately boiled in 20 l of gel sample buffer

containing 0.125 M Tris-HCl, pH 6.8, 10% (w/v) SDS, 10% (v/v) ␤-mercaptoethanol, 20% (w/v) glycerol, and 0.02% (w/v) bromphenol blue and
then subjected to SDS-PAGE at a constant current of 20 mA on 1-mm
slab gels using Protean II apparatus from Bio-Rad. After electrophoresis, the gels were stained for protein with Coomassie Blue R-250. The
apparent Mr of the proteins and their trypsin-generated fragments were
calculated on the basis of Bio-Rad pre-stained SDS-PAGE standards.
N-terminal sequencing of proteins excised from the gel was done at the
Cleveland Clinic core facility.
Structural Analysis of eNOSoxy and iNOSoxy Dimer Interface—The
numbers of pairwise contacts across the dimer interface and buried
surface areas in the structures of dimeric murine iNOSoxy (24) and
bovine eNOSoxy (25) were computed and analyzed (PDB codes 1DF1
and 1D1V). Pairwise contacts between atoms in the two halves of each
dimer were identified using a crystallography and NMR system program (59) with a contact cutoff distance of 4 Å. We calculated solventaccessible surface areas buried in the dimer interfaces using CCP4 (60)
and calculated the molecular surface areas buried in the dimer interfaces using the MSMS program (61, 62). A 1.4-Å probe radius was used
in the surface area calculations. By using two independent methods we
verified that calculated differences exceeded uncertainties inherent to
either surface area calculation method. Multiple structures were analyzed for each isozyme, and these calculations verified that differences
in the surface areas of the two isozymes could not be attributed to
refinement and/or co-crystallization with inhibitors.
RESULTS

We studied and compared subunit dissociation and reassociation among three NOSoxy and utilized full-length NOS
dimers in a subset of experiments. We selected urea as the
chaotrope for dimer dissociation because it has been used extensively to reversibly dissociate iNOSoxy and full-length
iNOS into heme-containing monomer (28, 30, 48, 55, 63) and
nNOS into heme-containing monomer (29, 31, 64). We also
examined roles of L-Arg and H4B in stabilizing the three NOS
dimers and in promoting reassociation of their urea-generated
monomers.
Stability of NOSoxy Dimers and Effect of L-Arg and H4B—
The three NOSoxy proteins prepared in the absence of H4B and
L-Arg were incubated overnight at 4 °C with or without L-Arg
and/or H4B before treatment with urea. Fig. 1 shows their gel
filtration profiles after being preincubated under the various
conditions and then treated with 0, 3, and 5 M urea. It is clear
that in the absence of both L-Arg and H4B the iNOSoxy and
nNOSoxy dimers were highly vulnerable to subunit dissociation compared with the eNOSoxy dimer. The iNOSoxy dimer
exerted the least resistance to urea-induced dissociation as it
formed over 94% monomer with 3 M urea and completely dissociated with 5 M urea. This was followed by nNOSoxy, which
despite undergoing some aggregation after dilution from high
concentrations of urea was nearly 80% monomeric at 3 M urea
and almost totally monomeric at 5 M urea. However, gel filtration analysis of fractions of such proteins show that a substantial part of such aggregated proteins are active with P450
spectral characteristics and not necessarily denatured. In comparison, eNOSoxy exhibited the highest resistance in that we
observed 18% monomer at 3 M urea and 25% monomer at 5 M
urea and failed to observe a predominant monomer population
even at 7 M urea (data not shown). Fig. 1 also demonstrates
that coincident preincubation with L-Arg and H4B imparted
the strongest resistance to urea dissociation in all three
NOSoxy dimers. Thus, conditions supporting the most stable
dimer interaction match those that support full enzymatic activity in the NOS isozymes. Experiments that examined the
individual contribution of L-Arg or H4B suggested that H4B
was a bit more effective than L-Arg in stabilizing dimer against
urea dissociation (Fig. 1). Together, the results suggest that (i)
dimer stability in L-Arg and H4B-free NOSoxy dimers follows
the rank order eNOS ⬎⬎ nNOS ⬎ iNOS, (ii) L-Arg and H4B
together or separately increase resistance toward urea-induced
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subunit dissociation in all three NOSoxy, and (iii) the same
rank order of dimer stabilities is maintained in the presence of
L-Arg and H4B.
Fig. 2, left panels, show activity curves for each NOSoxy
protein after being treated with various concentrations of urea
(0 –5 M) in the absence or presence of L-Arg (10 mM) and/or H4B
(100 M). Treatment with urea caused a concentration-dependent loss of activity in almost all cases. The activity loss was
most prominent when L-Arg and H4B were absent. The activity
loss in each case can be explained by the singular or combined
effect of (i) increased dimer dissociation into monomer, as seen
in Fig. 1, and/or (ii) deactivation of the protein from ureainduced denaturation. Protein deactivation is manifested by
conversion of the NOSoxy heme from a UV-visible spectrum
resembling cytochrome P450 to one resembling P420 chromophore as shown in the right panels of Fig. 2. This change was
measured by recording the dithionite-reduced CO-bound spectrum of each NOSoxy sample under the specific conditions of
treatment.
The activity response of the three NOSoxy that were treated
with urea in the absence of L-Arg and H4B is qualitatively
similar. Typically, a sharp drop is observed at 2 or 3 M urea
treatment with a subsequent gradual decline (Fig. 2, left panels). For iNOSoxy and nNOSoxy, this drop is primarily associated with loss of dimer content (see Fig. 1), whereas for
eNOSoxy it is instead associated with protein denaturation as
detected by the P450 measurement.
Interestingly, behavior of the three NOSoxy was different
toward urea-induced deactivation or denaturation in the presence of L-Arg and/or H4B. For example, in the presence of L-Arg
plus H4B, nNOSoxy showed total resistance in both respects,
eNOSoxy showed near total resistance, whereas iNOSoxy activity remained susceptible. This correlated with iNOSoxy losing the most dimer content under this condition (Fig. 1). Although eNOSoxy underwent virtually no dissociation at 5 M
urea in the presence of L-Arg and H4B, it did show some drop
in activity over the treatment range, and this correlated with a
similar degree of spectroscopic transition to cytochrome P420
(Fig. 2). H4B was better than L-Arg at stabilizing activities and
P450 contents of the eNOSoxy and nNOSoxy dimer, whereas
for the iNOSoxy dimer, H4B and L-Arg provided similar
protections (Fig. 2).
Stability of Full-length NOS—We examined whether the
full-length NOS isozymes would behave similarly to their
NOSoxy counterparts in response to chaotropic stress from
urea. We measured one dimer-dependent and one dimer-independent catalytic activity (NO synthesis and cytochrome c reductase activity, respectively) after incubating NOS proteins
with different concentrations of urea. The full-length NOS proteins used here were bacterially expressed and purified in the
absence of L-Arg and H4B. All three were predominantly dimeric as purified (data not shown), consistent with previous
reports (23, 47, 65). Fig. 3, upper panel, shows that urea induced differential loss of NO synthesis activity among the three
NOS isozymes. Their resistance toward urea displayed the
same rank order as seen for NOSoxy proteins (eNOS ⬎⬎
nNOS ⬎ iNOS), but there was quantitatively decreased dimer

Fig. 1. Gel filtration profiles demonstrating effect of H4B and
on urea-induced dissociation of already formed dimers of
the three NOSoxy. Proteins were pre-incubated overnight in 40 mM
EPPS buffer (⫺Arg, ⫺H4B), 10 mM L-Arg (⫹Arg), 100 M H4B (⫹H4B),
or both 10 mM L-Arg and 100 M H4B (⫹Arg, ⫹H4B) before being
treated with given concentrations of urea for 2.5 h at 15 °C. After this
urea treatment, 50 g of the treated proteins were loaded on a Superdex
200 HR column as described under “Materials and Methods.” Results
shown are representative of two similar experiments.
L-Arg
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FIG. 2. Relative resistance of different NOSoxy isoforms to urea-induced dissociation and denaturation in the presence and
absence of L-Arg and H4B. The left panels depicts the activity profile of the different NOS oxygenase isoforms after treatment with different
concentrations of urea for 2.5 h at 15 °C in the complete absence and in the individual and combined presence of L-Arg (10 mM) and H4B (100 M)
as described. Activity was measured by H2O2-dependent L-NOHA oxidation, and the nitrite formation was determined after a 10-min reaction as
described under “Materials and Methods.” The right panels shows the corresponding change in the P450 content of the same proteins. The data
are representative of three independent experiments.

dissociation/denaturation at lower urea concentrations compared with the NOSoxy proteins (see Fig. 2). This is consistent
with our previous studies showing that full-length iNOS dimer
isolated with H4B dissociates at a lower urea concentration

than does H4B-bound iNOSoxy dimer (28, 55). Our data suggest that attached reductase domains may also destabilize
nNOS and eNOS dimers compared with their oxygenase domain counterparts. We also examined whether bound CaM had
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FIG. 3. Catalytic activities of the different NOS full-length proteins after treatment with increasing concentrations of urea.
Full-length NOS isoforms prepared in the absence of L-Arg and H4B
were equilibrated at 15 °C in the indicated concentrations of urea for
2.5 h after which aliquots were diluted and assayed for NO synthesis
(upper panel) or cytochrome c reduction (lower panel) as described
under “Materials and Methods.” The data shown are representative of
three similar experiments.

any effect in stabilizing the dimers in the three NOS isoforms and
found that the presence of CaM does not resist or assist ureainduced monomerization of the NOS proteins (data not shown).
The cytochrome c reductase activities of the three NOSs also
show differential loss in response to urea, with rank order of
resistance being eNOS ⬎⬎ nNOS ⱖ iNOS (Fig. 3, lower panel).
The eNOS reductase activity was remarkably more stable than
the other NOSs, requiring 5 M urea and above to lower its
activity. In all cases, higher urea concentrations were needed to
cause loss of cytochrome c reductase activity compared with the
NO synthesis activity. This ensures that loss of NO synthesis
activities were not because of unfolding of the reductase domains but, instead, were likely due to dimer dissociation, as
has been directly shown for iNOS (55).
Recovery of Dimeric Structure, Cytochrome P450-like Spectra, and Catalytic Activity—We examined the ability of ureatreated NOSoxy proteins to reassociate into dimers and recover
their catalytic activity and cytochrome P450-like spectrum.
Urea-treated protein samples were diluted so that the urea
concentration fell below 0.1 M, and then they were incubated at
30 °C for 2.5 h in buffer plus DTT alone or buffer containing
L-Arg and/or H4B along with DTT. As shown in Fig. 4, the
greatest recovery of activity and cytochrome P450-like spectrum was obtained in all three NOSoxy samples when ureatreated proteins were incubated with L-Arg plus H4B. The

magnitude of the recoveries correlated with the degree of induced dimerization in the iNOSoxy and nNOSoxy samples
(Table I). iNOSoxy recovery of activity and cytochrome P450like spectrum was nearly complete, whereas recovery was submaximal in nNOSoxy and eNOSoxy samples. In nNOSoxy and
eNOSoxy, L-Arg alone was clearly more effective at inducing
recoveries than H4B alone, whereas for iNOSoxy the opposite
was true (Fig. 4 and Table I). In fact, in recovery of urea-treated
nNOSoxy, the effect of L-Arg alone almost mimicked that of
L-Arg plus H4B. For eNOSoxy samples, differences among responses to the various treatment conditions were not as prominent as for nNOSoxy (Fig. 4) and were not associated with
changes in eNOSoxy dimer-monomer content (Table I). Together, we conclude (i) recovery of dimer (including the little
observed in eNOSoxy), catalytic activity, and cytochrome
P450 spectral character was possible in the urea-treated proteins, and such cumulative recovery followed a rank order of
iNOSoxy ⬎ nNOSoxy ⬎ eNOSoxy, (ii) the greatest recoveries
were obtained by incubation with L-Arg plus H4B in all three
proteins, and (iii) L-Arg itself best promoted recoveries for
nNOSoxy and eNOSoxy, whereas H4B itself best promoted
recoveries for iNOSoxy.
Kinetics of Recovery—We compared the three NOSoxy
isozymes regarding kinetics of activity recovery and how this
correlated with spectral absorbance changes during a 2-h incubation period. Fig. 5 shows the time-dependent changes in
activity (left panels) as well as the spectral transitions that
occurred (center and right panels) during incubation of ureatreated, diluted proteins under various conditions. Activities
increased and then approached a plateau after 15–30 min for
iNOSoxy and after 30 min for nNOSoxy, whereas for eNOSoxy
the activities either increased slowly or remained unchanged
over the 2-h period. As seen before, L-Arg was more effective at
promoting recovery in nNOSoxy and eNOSoxy than was H4B.
The kinetics and degree of reactivation correlated with an
absorbance increase at 393 nm versus time in all cases (center
panels). The absorbance change at this wavelength represented
the transition of NOSoxy species from a 6-coordinate, primarily
DTT-bound ferric form to a 5-coordinate high spin ferric form
during the incubation (right panels). H4B was more effective
than L-Arg at promoting the spectral transition in iNOSoxy,
whereas the opposite was true for nNOSoxy and eNOSoxy.
Comparative Susceptibility to Proteolysis—We also compared the sensitivity of the three NOSoxy to trypsin proteolysis
in the absence or presence of L-Arg and/or H4B. For nNOSoxy
(Fig. 6, left panel), trypsin treatment in the absence of L-Arg
and H4B removed about 40 kDa from the protein to generate
one major 40-kDa fragment. L-Arg alone or combined with H4B
protected a cleavage site in the protein and led to the generation of a larger 49-kDa fragment (lanes 3 and 5), whereas H4B
alone had no protective effect (lane 4). N-terminal sequence
analysis showed that the cleavage sites were at Arg-296 and
-349, with the latter site shielded in the L-Arg-bound dimer
(Fig. 7).2 Fig. 6, middle panel, shows that in the absence of
L-Arg or H4B, trypsin removed about 11 kDa from iNOSoxy to
generate one major fragment of around 42 kDa (lanes 1 and 2).
The presence of L-Arg did not provide protection from this
proteolysis (lane 3), whereas H4B alone (lane 4) or H4B combined with L-Arg (lane 5) did provide protection. N-terminal
sequence analysis showed that the cleavage occurred at Lys
117 (Fig. 7). This confirmed our previous results with iNOSoxy
2
That L-Arg and H4B did not prevent proteolytic cleavage of
nNOSoxy at the junction of its N-terminal leader sequence and the rest
of the protein is consistent with this structural element functioning as
a separate subdomain that binds nNOS to specific cellular protein
motifs (37).
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FIG. 4. Effect of L-Arg and H4B on activity and P450 spectral character recovery of the three NOSoxy after treatment with
different concentrations of urea. The left panels show the activity profiles of the urea-treated (2.5 h at 15 °C) NOSoxy isoforms after 2.5 h of
incubation with L-Arg (10 mM), H4B (100 M), or both at room temperature (25 °C). The right panels show the corresponding P450 content profiles
of the recovered proteins at relevant urea concentrations. Activity assay for the proteins were done as in Fig. 1. The data are representative of three
independent experiments.

(23). In marked contrast, eNOSoxy was insensitive to trypsin
cleavage irrespective of L-Arg and H4B (Fig. 6, right panel), as
previously reported (57).

Structural Analysis of NOSoxy Dimer Interfaces—We analyzed the dimer interfaces by comparing sequence conservation
of residues in the dimer interfaces and calculating the buried
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TABLE I
Profile of dimer and monomer content of 3 M urea-treated NOSoxy proteins before and after incubation in the
presence and absence of L-Arg and H4B
Oxygenase domains of the three NOS isoforms were treated with 3 M area at 15 °C for 2.5 h after which they were diluted and incubated with
or without L-Arg (10 mM) and/or H4B (100 M) for 2.5 h at room temperature. 50 g of the incubated protein was then subjected to gel filtration
as described under “Materials and Methods”. Results are representative of two independent experiments.
Additives

None (before incubation)
None (Incubated)
⫹ Arg
⫹ H4B
⫹Arg⫹H4B

nNOSoxy

iNOSoxy

eNOSoxy

Dimer

Monomer

Dimer

Monomer

Dimer

%

%

%

%

%

Monomer
%

20
10
42
25
45

80
90
58
75
55

6
27
44
62
84

94
73
56
38
16

82
82
87
83
89

18
18
13
17
11

FIG. 5. Time-dependent recovery of 3 M urea-treated NOSoxy isoforms with and without treatment with L-Arg and H4B. The left
panels show the activity recovery over the initial 2 h of incubation. The center panels depict the time-dependent spectral shift to the high spin state
of the treated proteins, whereas the right panels show the final wavelength scans of the treated proteins after the 2-h incubation period. Further
details are given under “Materials and Methods.” The data are representative of three similar experiments.

surface areas. The NOSoxy dimer interface is comprised primarily of residues in the N-terminal ␤-hooks, zinc binding loop,
helical lariat, and helical T as well as the H4B cofactor from
each subunit (Fig. 7 and 8). The N-terminal ␤-hooks and zinc
binding loop contain dimer interface residues that are primarily charged or polar and are the least conserved of the dimer
interface residues among the three isozymes (rat nNOS, bovine
eNOS, and murine iNOSoxy) (Fig. 7, top). In contrast, the
helical lariat and helical T contain dimer interface residues
that are primarily hydrophobic and conserved among the three
isozymes (Fig. 7, bottom).
We calculated the surface areas buried in eNOSoxy and
iNOSoxy dimer interfaces using a MSMS program (61, 62). The
calculated molecular surface area buried in the eNOSoxy dimer
interface is 330 Å2 larger than the corresponding buried surface area of the murine iNOSoxy dimer (eNOSoxy 4980 Å2,

iNOSoxy 4650 Å2).3 By calculating surface areas for multiple
independently refined structures of both isozymes,4 we were
able to verify that a difference of 330 Å2 was significant. We
used only structures that had H4B bound and zinc bound with
the N-terminal hooks unswapped in order to use structures
that were as similar as possible. The surface area buried by the
H4B cofactor (range 290 –340 Å2; average 320 Å2) was strikingly similar to the magnitude of the differences observed between eNOSoxy and iNOSoxy (330 Å2). Of the three isozymes,
iNOSoxy also has the smallest number of pairwise contacts
across the dimer interface (distance cutoff 4 Å). iNOSoxy has

3
We assumed un-swapped N-terminal hooks for each NOSoxy in the
analysis. Also, to make direct comparisons, bound pteridine was excluded from the calculation.
4
R. J. Rosenfeld, and E. D. Getzoff, unpublished results.
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FIG. 6. Effect of L-Arg and H4B on protection of different
NOSoxy dimers from limited trypsin digestion. The proteins were
dialyzed against 40 mM EPPS containing 10% glycerol and 1 mM DTT and
then preincubated for 16 h in ice either in this buffer alone or in buffer
containing 10 mM L-Arg, 100 M H4B, or 10 mM L-Arg plus 100 M H4B.
The light absorbance spectrum of each protein sample was recorded after
preincubation to ensure that the spectral changes associated with the
binding of L-Arg and/or H4B have occurred. Proteolysis was then carried
out at room temperature for 10 min using 1 g of trypsin. After incubation
with trypsin the samples were boiled with Laemmli buffer, and about 30
g of protein of the treated buffer were analyzed by SDS-PAGE. Lane 1,
native enzymes; lane 2, enzymes treated with trypsin in the absence of
L-Arg and H4B; lane 3, enzymes treated with trypsin in the presence of
L-Arg (10 mM); lane 4, enzymes treated with trypsin in the presence
of H4B (100 M); lane 5, enzymes treated with trypsin in the presence of
both L-Arg (10 mM) and H4B (100 M). Further details are given under
“Materials and Methods.” The three panels from left to right represent
nNOSoxy, iNOSoxy, and eNOSoxy respectively. The figure shown is representative of three similar experiments.

⬃20% fewer pairwise contacts (302 contacts) than eNOSoxy
(364 contacts). Analysis of the dimer surface area and contacts
across the dimer interface lend structural support to our biochemical findings that (i) the eNOSoxy dimer is stronger than
the iNOSoxy dimer, (ii) the H4B cofactor can play a significant
role in stabilizing the iNOSoxy dimer, and that (iii) eNOSoxy
dimer stability may not depend upon H4B binding as critically
as iNOSoxy.
DISCUSSION

Subunit dimerization is essential for activating NOS and
serves as a point of biologic regulation (32) and pharmacologic
intervention (33–35). Our results reveal some important similarities and differences among the three NOS regarding
strength and control of their dimeric interaction. These facets
and their potential structural and biologic foundations are
discussed below.
Dimer Stabilities—The urea dissociation study suggested
that dimeric interaction is strongest in eNOSoxy followed by
nNOSoxy and then iNOSoxy. The dimer interaction of
eNOSoxy was so strong that we observed only minor dissociation at urea concentrations up to 7 M. The full-length NOSs
appeared to follow the same rank order of dimer strength based
on the urea concentrations that were required for loss of their
NO synthesis activities (see Fig. 3). Our results suggest that
attached CaM binding sites and reductase domains have little
influence on the dimeric interactions of all three NOS. Instead,
the attached reductase domains may destabilize the dimeric
interactions between oxygenase domains. In fact, we found that
CaM binding does not help to strengthen the existing dimer
interaction in nNOS and eNOS.
Venema et al. (45) observe the same rank order of dimer
strengths when subjecting eukaryotic-expressed NOS dimers
to low temperature SDS-PAGE (45). In their study, eNOS
dimer was 100% resistant to dissociation induced by the 3%
SDS, whereas nNOS dimer partitioned into a 60:40 dimer-
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monomer ratio, and iNOS dimer converted completely to monomer. The eNOS dimer exhibited the highest critical temperature for dissociation (30 – 40 °C) in this system followed by
nNOS (0 –20 °C) and then iNOS (⬍ 4 °C). The fact that our
laboratories observed identical results in such dissimilar systems boosts confidence in a rank order of dimer strength of
eNOS ⬎ nNOS ⬎ iNOS.
Bound H4B plus Arg increased the stability of all three
NOSoxy dimers as evidenced by their increased resistance to
urea dissociation. The effect was particularly evident in
nNOSoxy and iNOSoxy and was manifested by their maintaining greater NOHA oxidation activity at the higher urea concentrations (see Figs. 1 and 2). H4B was more effective than
L-Arg at maintaining dimeric structure of nNOSoxy and in
maintaining the activity of both nNOSoxy and eNOSoxy. These
results are consistent with low temperature SDS-PAGE studies that showed the inclusion of H4B alone or with L-Argstabilized nNOS dimer against dissociation, whereas L-Arg
alone or H4B alone in the case of eNOS had less effect (20,
45, 46).
Our work suggests there are important similarities and differences among the NOS isozymes regarding the structural
states of their dimers in solution. When L-Arg and H4B are
bound, all three NOSoxy dimers are similar in that they are
resistant to urea dissociation and to trypsin proteolysis at a
basic site near a flexible region located just beyond the zinc
binding loop (Fig. 7). The protection brought on by L-Arg and
H4B binding is analogous to that observed in cytochrome
P4502B1, where substrate binding prevents proteolysis within
a flexible region of that enzyme (66). The crystallographic
structures of NOSoxy dimers with L-Arg and H4B bound are
likewise very similar (24, 25). The dimer interfaces bury ⬃15%
of the solvent-accessible surface area of each monomer. Both
L-Arg and H4B form extensive hydrogen-bonding networks
that stabilize the surrounding protein, perhaps explaining why
the removal of the substrate and cofactor is destabilizing.
In the absence of L-Arg and/or H4B, the stabilities of the
NOSoxy dimers differ (Fig. 6). In the absence of both L-Arg and
H4B, nNOSoxy and iNOSoxy dimers are sensitive to urea
dissociation and to proteolysis. In contrast, eNOSoxy dimers
remain stable and resistant to proteolysis despite a trypsincleavable sequence motif (KFPRVK) that is similar to a proteolytic site in nNOS (RFLKVK) (Fig. 7). Although the dimers are
best stabilized by the combination of L-Arg and H4B, the
isozymes differ in which of these two compounds have the most
significant stabilizing effects. Specifically, iNOSoxy is more
stabilized by H4B, whereas nNOSoxy is more stabilized by
L-Arg. Crystal structures show that L-Arg can bind in the H4B
binding site of eNOSoxy (25). Whether L-Arg protects the
nNOSoxy dimer from proteolysis by binding to its natural site
above the heme or acts instead by binding within the H4B site
as can occur in eNOS remains to be determined.
Analysis of the Dimer Interface—In light of the isozyme differences in NOSoxy dimer stability, the crystal structures of
the H4B-replete NOSoxy dimers are remarkably similar (24 –
26). However, close examination of dimer interfaces supports
our biochemical findings that eNOSoxy forms a stronger dimer
than iNOSoxy. The surface area buried in the eNOSoxy dimer
interface is larger than that in the iNOSoxy dimer interface.
The larger buried surface area and increased number of pairwise contacts in the eNOSoxy dimer are not localized to a single
structural element but, rather, arise from cumulative differences located throughout the interface. The structural elements in the dimer interface that have the greatest sequence
variation among the three NOS isozymes are the N-terminal
␤-hooks and zinc binding loops (Fig. 7, top). This suggests that
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FIG. 7. Sequence alignment of rat nNOS, bovine eNOS, and murine iNOS highlighting dimer interface residues. Residues that are
identical in all three isozymes are shown on a red background, and residues that are similar are shown with a yellow background. Residues that
contribute at least 5 Å2 to the iNOSoxy dimer interface are boxed in cyan. The cleavage sites we determined for nNOS and iNOS are marked with
pink triangles above and below the sequences, respectively. eNOS is resistant to proteolysis despite containing a sequence homologous to an nNOS
cleavage site (black underline). Green boxes are drawn around residues that are either disordered and/or exist in multiple conformations in crystal
structures. Solid diamonds above mark every 10th position in rat nNOS from residues 300 to 350 of the N terminus (top) and residues 600 –710
of the C terminus (bottom).

FIG. 8. Ribbon diagram of one monomer from the crystal
structure of dimeric murine iNOSoxy as viewed from the
dimer interface. Side chains of residues that contribute at least 5 Å2
of surface area to the dimer interface are shown as ball and stick.
Dimer interface residues that are identical among rat nNOS, bovine
eNOS, and murine iNOS are shown with red carbon atoms. Nonconserved dimer interface residues are shown with yellow carbon
atoms. The most sequence variation among dimer interface residues
is found in the N-terminal ␤-hooks and the zinc binding loop (cyan
ribbons). In contrast, dimer interface residues in the substrate binding helix, the helical lariat, and the helical T are largely conserved
(purple ribbons). Heme, H4B, and zinc are shown in green.

isozyme-specific dimer stabilities could emanate primarily
from differences in the N-terminal ␤-hooks and zinc binding
loops.
Both the N-terminal ␤-hooks and zinc binding can help stabilize NOS dimers. Mutation of certain residues in the Nterminal hook region of nNOS or iNOS abrogated their ability
to form catalytically active dimers (63, 67). Also, biochemical
and crystallographic studies of iNOSoxy suggest that its Nterminal ␤-hooks can swap across the dimer to interact with
their partner subunits and, thus, stabilize the dimer (63, 68).
A role for the N-terminal hook swapping in stabilizing the
iNOSoxy dimer is consistent with biochemical results showing
that progressive deletion of N-terminal hook elements disrupts
iNOSoxy dimers more than eNOSoxy or nNOSoxy dimers (23,
65, 69).
The zinc binding loop in iNOSoxy generally has more conformational heterogeneity than other regions in the iNOSoxy
structure or in the zinc binding loops of eNOSoxy dimers (Fig.
7) (24 –26, 54, 68). For instance, in the zinc-free structure of
murine iNOSoxy a disulfide bond was formed between zinc
ligand Cys-109 and its symmetry mate (Cys-109) in the partner
subunit, and the N-terminal ␤-hooks were swapped across the
iNOSoxy dimer (24). Therefore, structural heterogeneity may
arise from differences in the amount of zinc bound in recombinantly expressed NOSoxy isozymes. Regarding zinc binding,
mutagenesis studies establish that an intact Zn2⫹(Cys)4 is not
required for dimerization of iNOS, nNOS, or eNOS, or for their
consequent catalytic activity (63, 65, 70, 71). Further evidence
that zinc is not required for dimerization is that Deinococcus
radiodurans NOS does not have the N-terminal zinc binding
sequence but is still dimeric (72). However, Mayer and coworkers (73) demonstrate that a functional zinc binding site
does help to stabilize the nNOS dimer against dissociation in
low temperature SDS-PAGE experiments. The relative importance of zinc binding to NOS dimer assembly and stabilization
for each isozyme in vivo remains to be tested.
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Dimerization of NOS Monomers—Two noteworthy characteristics of urea-generated NOS monomers are their ability to
retain bound heme and to reassociate into active dimeric NOS
(28, 55, 64). This allowed us to investigate the relative effects of
L-Arg and H4B in promoting dimerization of nNOSoxy versus
iNOSoxy.5 Incubating heme-containing iNOSoxy and nNOSoxy
monomers in buffer alone led only to minor dimer reassembly
(10 –25%). This result matched our previous work with iNOS or
iNOSoxy monomers (18, 28, 48, 49, 55). However, it contrasted
with work showing that heme-free nNOS monomer expressed
in insect cells undergoes substantial dimerization when incubated with heme alone (19).6 The reason for these differences is
unclear. Our urea-generated nNOSoxy monomer, despite its
good heme content, may not undergo dimerization after being
diluted in buffer because of an altered heme-thiolate bond. This
is suggested by the majority of monomer forming a cytochrome
P420 chromophore when it is reduced in the presence of CO.
Hemmens et al. (74) show that heme-thiolate bond formation is
critical for nNOS to dimerize, and the cytochrome P420 form of
nNOS contains a weakened heme-thiolate bond (75). This characteristic is not reversed when heme-containing nNOSoxy
monomer is incubated in buffer alone (see Figs. 2 and 4).
However, normal heme-thiolate bond characteristics were recovered when we incubated urea-generated nNOSoxy monomer with L-Arg plus H4B, and recovery was coincident with
dimerization. Identical behavior for urea-generated nNOS
monomer was recently reported by Jiang et al. (64).
Reassociation of NOSoxy monomers was promoted the most
by adding H4B and L-Arg in combination. However, if only one
of these was added, nNOS association depended more upon
L-Arg, whereas iNOS association depended more upon H4B.
The L-Arg substrate binding site is above the heme, and L-Arg
does not directly participate in the dimer interface, whereas
the H4B cofactor bridges across the dimer interface, -stacking
and hydrogen-bonding with residues in both subunits of the
dimer (24, 76). In crystal structures of eNOSoxy, but not
iNOSoxy, L-Arg has been found to bind not only in the substrate
binding site but also in the H4B binding site (25). Whether
L-Arg can promote isozyme-specific dimer assembly of
eNOSoxy and nNOSoxy by binding at both the substrate and
the H4B binding site remains an intriguing possibility for
further study.
The ability of H4B to promote association of NOSoxy monomers is entirely consistent with crystal structures of dimeric
NOSoxy. Although H4B makes nearly identical interactions in
structures of dimeric iNOSoxy and eNOSoxy (25), iNOSoxy appears to require pterin for crystallization, whereas eNOSoxy does
not. In fact, all published structures of dimeric iNOSoxy have
H4B or a H4B analogue bound at this site (24, 26, 54, 68, 76, 77).
In structures of eNOSoxy with and without bound H4B, no differences at the dimer interface were observed (25). This may be
because crystallization selects for the most ordered conformational state of several available for NOSoxy dimers in solution.
The conformation indicated by the H4B-bound crystal structure
of iNOSoxy may not be the predominant conformation of dimeric
H4B-free iNOSoxy in solution. Subtle variations in NOS conformation caused by cofactor and substrate binding may differentially tune the activity of NOS isozymes in vivo by regulating
dimer association and stability.
The isozyme-specific response toward H4B and L-Arg regarding dimer assembly appears to match the different cellular
5
The limited dissociation of eNOSoxy dimer even at high urea concentration (7 M) precluded our investigating its reassembly.
6
Our experiments using heme-free iNOS monomer expressed in
macrophages showed that little dimer assembly took place when incubated with heme alone (18).

availabilities of these molecules. For example, in cells expressing iNOS, a chronic depletion of L-Arg can occur due to coinduction of arginase (78, 79), whereas H4B levels actually increase due to coinduction of GTP cyclohydrolase (80, 81). In
contrast, low H4B levels have been measured in cells and
tissues expressing eNOS or nNOS both in physiologic and
pathologic settings (52, 82– 84). Thus, differential control of
NOS dimer assembly may have evolved in response to the
varied cellular environments in which each isozyme is
expressed.
Summary—Although differential regulation of NOS
isozymes regarding their expression, localization, and catalytic
tuning is well appreciated, very little is known with respect to
the structural regulation that might distinguish them. In this
respect, our present work confirms their different dimer interaction strengths and reveals its potential structural basis and
brings to light hitherto poorly understood roles for substrate
and pteridine cofactor in isozyme-specific regulation of dimer
assembly.
Acknowledgment—We thank Dr. Vivien C. Yee of the Cleveland
Clinic Foundation for helpful suggestions.
REFERENCES
1. Colasanti, M., and Suzuki, H. (2000) Trends Pharmacol. Sci. 21, 249 –252
2. Cooke, J. P., and Dzau, V. J. (1997) Annu. Rev. Med. 48, 489 –509
3. Lincoln, J., Hoyle, C. H. V., and Burnstock, G. (1997) Nitric Oxide in Health
and Disease (Lucy, J. A., ed) pp. 27–133, Cambridge University Press,
Cambridge, UK
4. MacMicking, J., Xie, Q. W., and Nathan, C. (1997) Annu. Rev. Immunol. 15,
323–350
5. Marletta, M. A. (1994) Cell 78, 927–930
6. Forstermann, U., Gath, I., Schwarz, P., Closs, E. I., and Kleinert, H. (1995)
Biochem. Pharmacol. 50, 1321–1332
7. Wang, Y., Goligorsky, M. S., Lin, M., Wilcox, J. N., and Marsden, P. A. (1997)
J. Biol. Chem. 272, 11392–11401
8. Huber, A., Saur, D., Kurjak, M., Schusdziarra, V., and Allescher, H. D. (1998)
Am. J. Physiol. 275, 1146 –1156
9. Forstermann, U., Boissel, J. P., and Kleinert, H. (1998) FASEB J. 12, 773–790
10. Eissa, N. T., Yuan, J. W., Haggerty, C. M., Choo, E. K., Palmer, C. D., and
Moss, J. (1998) Proc. Natl. Acad. Sci. U. S. A. 95, 7625–7630
11. Lamas, S., Marsden, P. A., Li, G. K., Tempst, P., and Michel, T. (1992) Proc.
Natl. Acad. Sci. U. S. A. 89, 6348 – 6352
12. Iwanaga, T., Yamazaki, T., and Kominami, S. (2000) Biochemistry 39,
15150 –15155
13. Stuehr, D. J. (1999) Biochim. Biophys. Acta 1411, 2146 –2152
14. Zhang, J., Martasek, P., Paschke, R., Shea, T., Siler Masters, B. S., and Kim,
J. J. (2001) J. Biol. Chem. 276, 37506 –37513
15. Masters, B. S., McMillan, K., Sheta, E. A., Nishimura, J. S., Roman, L. J., and
Martasek, P. (1996) FASEB J. 10, 552–558
16. Hemmens, B., and Mayer, B. (1997) Methods Mol. Biol. 100, 1–32
17. Stuehr, D. J. (1997) Annu. Rev. Pharmacol. Toxicol. 37, 339 –359
18. Baek, K. J., Thiel, B. A., Lucas, S., and Stuehr, D. J. (1993) J. Biol. Chem. 268,
21120 –21129
19. Klatt, P., Pfeffer, S., List, B. M., Lehner, D. Glatter, O., Bachinger, H. P.,
Werner, E. R., Schmidt, K., and Mayer, B. (1996) J. Biol. Chem. 271,
7336 –7342
20. Rodriguez-Crespo, I., Gerber, N. C., and Ortiz de Montellano, P. R. (1996)
J. Biol. Chem. 271, 11462–11467
21. Chen, P. F., Tsai, A. L., Berka, V., and Wu, K. K. (1996) J. Biol. Chem. 271,
14631–14635
22. Mc Millan, K., and Masters, B. S. S. (1995) Biochemistry 34, 3686 –3693
23. Ghosh, D. K., Wu, C., Pitters, E., Moloney, M., Werner, E. R., Mayer, B., and
Stuehr, D. J. (1997) Biochemistry 36, 10609 –10619
24. Crane, B. R., Arvai, A. S., Ghosh, D. K., Wu, C., Getzoff, E. D., Stuehr, D. J.,
and Tainer, J. A. (1998) Science 279, 2121–2126
25. Raman, C. S., Li, H., Martasek, P., Kral, V., Masters, B. S. S., and Poulos, T. M.
(1998) Cell 95, 939 –995
26. Fischmann, T. O., Hruza, A., Niu, X. D., Fosetta, J. D., Lunn, C. A., Dolphin,
E., Prongay, A. J., Reichter, P., Lundell, D. J., Narula, S. K., and Weber,
P. C. (1999) Nat. Strucr. Biol. 6, 233–242
27. Bender, A. T., Nakatsuka, M., and Osawa, Y. (2000) J. Biol. Chem. 275,
26018 –26023
28. Ghosh, D. K., Abu-Soud, H. M., and Stuehr, D. J. (1996) Biochemistry 35,
1444 –1449
29. Panda, K., Ghosh, S., and Stuehr, D. J. (2001) J. Biol. Chem. 276,
23349 –23356
30. Siddhanta, U., Wu, C., Abu-Soud, H. M., Zhang, J., Ghosh, D. K., and Stuehr,
D. J. (1996) J. Biol. Chem. 271, 7309 –7312
31. Sagami, I., Daff, S., and Shimizu, T. (2001) J. Biol. Chem. 276, 30036 –30042
32. Ratovitski, E. A., Bao, C., Quick, R. A., McMillan, A., Kozlovsky, C., and
Lowenstein, C. J. (1999) J. Biol. Chem. 274, 30250 –30257
33. Sennequier, N., Wolan, D., and Stuehr, D. J. (1999) J. Biol. Chem. 274,
930 –938
34. McMillan, K., Adler, M., Auld, D. S., Baldwin, J. J., Blasko, E., Browne, L. J.,

31030

35.

36.
37.

38.
39.
40.
41.
42.
43.

44.
45.
46.
47.
48.
49.
50.
51.

52.
53.
54.
55.
56.
57.

Dimer Interaction in Nitric-oxide Synthases

Chelsky, D., Davey, D., Dolle, R. E., Eagen, K. A., Erickson, S., Feldman RI,
Glaser CB, Mallari C, Morrissey, M. M., Ohlmeyer, M. H., Pan, G.,
Parkinson, J. F., Phillips, G. B., Polokoff, M. A., Sigal, N. H., Vergona, R.,
Whitlow, M., Young, T. A., and Devlin, J. J. (2000) Proc. Natl. Acad. Sci.
U. S. A. 97, 1506 –1511
Blasko, E., Glaser, C. B., Devlin, J. J., Xia, W., Feldman, R. I., Polokoff, M. A.,
Phillips, G. B., Whitlow, M., Auld, D. S., McMillan, K., Ghosh, S., Stuehr,
D. J., and Parkinson, J. F. (2002) J. Biol. Chem. 277, 295–302
Forstermann, U., and Kleinert, H. (1995) Naunyn-Schmiedeberg’s Arch. Pharmacol. 352, 351–364
Brenman, J. E., Chao, D. S., Gee, S. H., McGee, A. W., Craven, S. E.,
Santillano, D. R., Wu, Z., Huang, F., Xia, H., Peters, M. F., Froehner, S. C.,
and Bredt, D. S. (1996) Cell. 84, 757–767
Venema, R. C., Sayegh, H. S., Kent, J. D., and Harrison, D. G. (1996) J. Biol.
Chem. 271, 6435– 6440
Santolini, J., Meade, A., and Stuehr, D. J. (2001) J. Biol. Chem. 276,
48887– 48898
Adak, S., Aulak, K. S., and Stuehr, D. J. (2001) J. Biol. Chem. 276,
23246 –23252
Cho, H. J., Xie, Q. W., Calaycay, J., Mumford, R. A., Swiderek, K. M., Lee,
T. D., and Nathan, C. (1992) J. Exp. Med. 176, 599 – 604
Nishida, C. R., and Ortiz de Montellano, P. R. (1998) J. Biol. Chem. 273,
5566 –5571
Roman, L. J., Martasek, P., Miller, R. T., Harris, D. E., de La Garza, M. A.,
Shea, T. M., Kim, J. J., and Masters, B. S. (2000) J. Biol. Chem. 275,
29225–29232
Xie, Q. W., Leung, M., Fuortes, M., Sassa, S., and Nathan, C. (1996) Proc. Natl.
Acad. Sci. U. S. A. 93, 4891– 4896
Venema, R. C., Ju, H., Zou, R., Ryan, J. W., and Venema, V. J. (1997) J. Biol.
Chem. 272, 1276 –1282
Klatt, P., Schmidt, K., Lehner, D., Glatter, O., Bachinger, H. P., and Mayer, B.
(1995) EMBO J. 14, 3687–3695
Roman, L. J., Sheta, E. A., Martasek, P., Gross, S. S., Liu, Q., and Masters,
B. S. (1995) Proc. Natl. Acad. Sci. U. S. A. 92, 8428 – 8432
Presta, A., Siddhanta, U., Wu, C., Sennequier, N., Huang, L., Abu-Soud, H. M.,
Erzurum, S., and Stuehr, D. J. (1998) Biochemistry 37, 298 –310
Tzeng, E., Billiar, T. R., Robbins, P. D., Loftus, M., and Stuehr, D. J. (1995)
Proc. Natl. Acad. Sci. U. S. A. 92, 11771–11775
Reif, A., Frohlich, L. G., Kotsonis, P., Frey, A., Bommel, H. M., Wink, D. A.,
Pfleiderer, W., and Schmidt, H. H. (1999) J. Biol. Chem. 274, 24921–24929
List, B. M., Klosch, B., Volker, C., Gorren, A. C., Sessa, W. C., Werner, E. R.,
Kukovetz, W. R., Schmidt, K., and Mayer, B. (1997) Biochem. J. 323,
159 –165
Blau, N., Bonafe, L., and Thony, B. (2001) Mol. Genet. Metab. 74, 172–185
Crane, B. R., Arvai, A. S., Gachhui, R., Wu, C., Ghosh, D. K., Getzoff, E. D.,
Stuehr, D. J., and Tainer, J. A. (1997) Science 278, 425– 431
Li, H., Raman, C. S., Glaser, C. B., Blasko, E., Young, T. A., Parkinson, J. F.,
Whitlow, M., and Poulos, T. L. (1999) J. Biol. Chem. 274, 21276 –21284
Abu-Soud, H. M., Loftus, M., and Stuehr, D. J. (1995) Biochemistry 34,
11167–11175
Abu-Soud, H. M., Gachhui, R., Raushel, F. M., and Stuehr, D. J. (1997) J. Biol.
Chem. 272, 17349 –17353
Chen, P. F., Tsai, A. L., Berka, V., and Wu, K. K. (1996) J. Biol. Chem. 271,
1463–1465

58. Ghosh, D. K., and Stuehr, D. J. (1995) Biochemistry 34, 801– 807
59. Brunger, A., Adams, P., Clore, G., DeLano, W., Gros, P., Grosse-Kunstleve, W.,
Jiang, J.-S., Kuszewski, J., Nilges, M., Pannu, N., Read, R., Rice, L., Simonson, T., and Warren, G. (1998) Acta Crystallogr. Sect. D Biol. Crystallogr. 54, 905–921
60. Collaborative Computational Project, Number 4 (1994) Acta Crystallogr. Sect.
D Biol. Crystallogr. 50, 760 –763
61. Connolly, M. L. (1983) Science 221, 709 –713
62. Connolly, M. L. (1983) J. Appl. Crystallogr. 16, 548 –558
63. Ghosh, D. K., Crane, B. R., Ghosh, S., Wolan, D., Gachhui, R., Crooks, C.,
Presta, A., Tainer, J. A., Getzoff, E. D., and Stuehr, D. J. (1999) EMBO J.
18, 6260 – 6267
64. Jiang, H., Ichikawa, M., Furukawa, A., Tomita, S., Ohnishi, T., and Ichikawa,
Y. (2001) Int. J. Biochem. Cell Biol. 33, 155–162
65. Rodriguez-Crespo, I., Moenne-Loccoz, P., Loehr, T. M., and Ortiz de
Montellano, P. R. (1997) Biochemistry 36, 8530 – 8538
66. Tsokos, D. C., Omata, Y, Robinson, R. C., Krutzsch, H. C., Gelboin, H. V., and
Friedman, F. K. (1992) Biochemistry 31, 7155–7159
67. Iwasaki, T., Hori, H., Hayashi, Y., and Nishino, T. (1999) J. Biol. Chem. 274,
7705–7713
68. Crane, B. R., Rosenfeld, R. J., Arvai, A. S., Ghosh, D. K., Ghosh, S., Tainer,
J. A., Stuehr, D. J., and Getzoff, E. D. (1999) EMBO J. 18, 6271– 6281
69. Lowe, P. N., Smith, D., Stammers, D. K., Riveros-Moreno, V., Moncada, S.,
Charles, I., and Boyhan, A. (1996) Biochem. J. 314, 55– 62
70. Chen, P. F., Tsai, A. L., and Wu, K. K. (1995) Biochem. Biophys. Res. Commun.
215, 1119 –1129
71. Martasek, P., Miller, R. T., Liu, Q., Roman, L. J., Salerno, J. C., Migita, C. T.,
Raman, C. S., Gross, S. S., Ikeda-Saito, M., and Masters, B. S. (1998)
J. Biol. Chem. 273, 34799 –34805
72. Adak S., Bilwes, A. M., Panda, K., Hosfield, D., Aulak, K. S., McDonald, J. F.,
Tainer, J. A., Getzoff, E. D., Crane, B. R., and Stuehr, D. J. (2002) Proc.
Natl. Acad. Sci. U. S. A. 99, 107–112
73. Hemmens, B., Goessler, W., Schmidt, K., and Mayer, B. (2000) J. Biol. Chem.
275, 35786 –35791
74. Hemmens, B., Gorren, A. C., Schmidt, K., Werner, E. R., and Mayer, B. (1998)
Biochem. J. 332, 337–342
75. Wang, J., Stuehr, D. J., and Rousseau, D. L. (1995) Biochemistry. 34,
7080 –7087
76. Aoyagi, M., Arvai, A. S., Ghosh, S., Stuehr, D. J., Tainer, J. A., and Getzoff,
E. D. (2001) Biochemistry 40, 12826 –12832
77. Crane, B. R., Arvai, A. S., Ghosh, S., Getzoff, E. D., Stuehr, D. J., and Tainer,
J. A. (2000) Biochemistry 39, 4608 – 4621
78. Morris, S. M., Jr., Kepka-Lenhart, D., and Chen, L. C. (1998) Am. J. Physiol.
275, E740 –E747
79. Que, L. G., Kantrow, S. P., Jenkinson, C. P., Piantadosi, C. A., and Huang,
Y. C. (1998) Am. J. Physiol. 275, L96-L102
80. Geller, D. A., Di Silvio, M., Billiar, T. R., and Hatakeyama, K. (2000) Biochem.
Biophys. Res. Commun. 276, 633– 641
81. Sakai, N., Kaufman, S., and Milstein, S. (1993) Mol. Pharmacol. 43, 6 –10
82. Cosentino, F., Barker, J. E., Brand, M. P., Heales, S. J., Werner, E. R., Tippins,
J. R., West, N., Channon, K. M., Volpe, M., and Luscher, T. F. (2001)
Arterioscler. Thromb. Vasc. Biol. 21, 496 –502
83. Thony, B., Auerbach, G., and Blau, N. (2000) Biochem. J. 347, 1–16
84. Cosentino, F., and Katusic, Z. S. (1995) Circulation 91, 139 –144

