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The role of nitric oxide (NO) in the host response to infection and
in cellular signaling is well established. Enzymatic synthesis of NO
is catalyzed by the nitric oxide synthases (NOSs), which convert Arg
into NO and citrulline using co-substrates O, and NADPH. Mam-
malian NOS contains a flavin reductase domain (FAD and FMN) and
a catalytic heme oxygenase domain (P450-type heme and tetrahy-
drobiopterin). Bacterial NOSs, while much less studied, were pre-
viously identified as only containing the heme oxygenase domain
of the more complex mammalian NOSs. We report here on the
characterization of a NOS from Sorangium cellulosum (both full-
length, scNOS, and oxygenase domain, scNOSox). scNOS contains
a catalytic, oxygenase domain similar to those found in the mam-
malian NOS and in other bacteria. Unlike the other bacterial NOSs
reported to date, however, this protein contains a fused reductase
domain. The scNOS reductase domain is unique for the entire NOS
family because it utilizes a 2Fe2S cluster for electron transfer.
scNOS catalytically produces NO and citrulline in the presence of
either tetrahydrobiopterin or tetrahydrofolate. These results es-
tablish a bacterial electron transfer pathway used for biological NO
synthesis as well as a unique flexibility in using different tetrahy-
dropterin cofactors for this reaction.

heme protein | iron-sulfur cluster | reductase | tetrahydrobiopterin |
tetrahydrofolate

N itric oxide (NO) is recognized as an important signaling
molecule as well as a cytotoxin (1-3). A number of diseases
are intimately tied to improper function of NO in humans (1-3).
Given the importance of NO to human health, a wealth of studies
has been performed to address questions regarding NO synthesis
and regulation (4-9). Isolation and structural characterization of
the proteins responsible for NO synthesis have led to important
developments in understanding the molecular processes of NO
formation (10-12). Three isoforms of nitric oxide synthase
(NOS), iNOS, eNOS, and nNOS, have been characterized in
mammals. These enzymes contain an oxygenase domain where
the catalysis takes place and a reductase domain that is involved
in electron transfer (4, 9). NOS is functional only as a ho-
modimer, and requires the binding of a Ca?"—calmodulin (CaM)
complex for electron transfer between the reductase and oxy-
genase domains. The reductase domain transfers electrons from
NADPH (nicotinamide adenine dinucleotide phosphate) via
FAD (flavin adenine dinucleotide) and FMN (flavin mononu-
cleotide) to the P450-type heme in the oxygenase domain (13).
NOS contains an additional reduced pterin cofactor in the
oxygenase domain [H4B, (6R)-tetrahydro-l-biopterin], which is
required for NO formation and is involved in electron transfer
processes during catalysis at the heme (14-16).

NOS catalyzes the conversion of Arg into NO and citrulline
using O, and NADPH involving two catalytic steps. In the first
reaction, Arg is oxidized to NS-hydroxy-arginine (NHA). Nitric
oxide is generated in the second half of the cycle, with the
conversion of NHA into citrulline. The N-hydroxylation of Arg

www.pnas.org/cgi/doi/10.1073/pnas.0908443106

is proposed to occur via an oxygen-rebound mechanism analo-
gous to the cytochrome P450-type enzymes (6). The second
reaction, NHA conversion to citrulline and NO, is unique to
NOS. While the mechanism is still under debate, one widely
accepted proposal involves a tetrahedral intermediate formed
via the nucleophilic attack of a Fe'-hydroperoxo species to
NHA (17, 18). In both steps, the tetrahydrobiopterin cofactor is
involved in electron transfer (17, 19).

More recently, bacterial NOSs have been reported (20-25).
Unlike eukaryotic NOSs, prokaryotic NOSs do not have a
reductase domain as a contiguous polypeptide (20, 21) and
consequently NO detection has been mostly limited to single
turnover experiments (22). In the case of Bacillus subtilis,
exogenous reductases (a combination of flavodoxin and fla-
vodoxin reductase) were added to NOS, leading to NO forma-
tion (determined by the formation of an NOS porphyrin-
Fe(III)NO complex and indirectly by nitrite formation) (23).
Furthermore, studies with B. anthracis and B. subtilis which have
a gene for a stand-alone oxygenase domain of NOS, indicate that
oxygenase domains of bacterial NOSs generate NO by recruit-
ment of intracellular reductases (24, 25).

Herein we report the characterization of a prokaryotic NOS
from Sorangium cellulosum. This bacterial NOS protein (scNOS)
is similar to mammalian NOSs, in that it contains both a
reductase and an oxygenase domain in the same polypeptide
chain. However, scNOS has distinct differences from the eu-
karyotic counterpart. Unlike mammalian NOSs, scNOS contains
an 2Fe2S ferredoxin subdomain that is involved in electron
transfer from NAD(P)H (NADH - nicotinamide adenine dinu-
cleotidle—or NADPH) to heme. Furthermore, scNOS can use
either tetrahydrobiopterin (H4B) or tetrahydrofolate (H4F) for
NO formation, a feature unique to scNOS. Purified samples of
the full-length enzyme (scNOS) and its oxygenase domain
(scNOSox) were shown to generate NO under catalytic and
stoichiometric conditions, respectively. The discovery of scNOS
provides evidence that nitric oxide synthases evolved from a
common ancestor, a NOS oxygenase domain, to include spe-
cialized reductase domains both in prokaryotes and eukaryotes.

Results and Discussion

Genetic Similarity Between S. cellulosum, Mammalian, and Other
Bacterial Nitric Oxide Synthases. A BLAST search using the oxy-
genase domain of iNOS has predicted homologous proteins in
organisms from bacteria to mammals, underscoring the impor-

Author contributions: T.A., J.J.W., R.D.B., and M.A.M. designed research; T.A., S. Suseno,
J.J.W., and S. Stoll performed research; S. Stoll contributed new reagents/analytic tools;
T.A., S. Stoll, and M.A.M. analyzed data; and T.A,, S. Stoll, R.D.B., and M.A.M. wrote the
paper.

The authors declare no conflict of interest.

1To whom correspondence should be addressed. E-mail: marletta@berkeley.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0908443106/DCSupplemental.

PNAS | September 22,2009 | vol. 106 | no.38 | 16221-16226

>
3
=
4]
=
i
X
o
e
)



http://www.pnas.org/cgi/content/full/0908443106/DCSupplemental
http://www.pnas.org/cgi/content/full/0908443106/DCSupplemental

Lo L

P

2N

Mammalian NOS

Bacterial NOS

Heme domain Reductase domain

N— I [ —=C

FMN FAD NADPH

N— —C

2Fe2S FAD NAD(P)H

S.cellulosum NOS  N—]

| —C

Reductase domain

Heme domain

Fig. 1. Comparison of mammalian, bacterial, and S. cellulosum nitric oxide synthases. Shown is a schematic of the protein sequences indicating the N- and
C-termini and the relative position of the identifiable domains. The heme domains are shown in gray, the reductase domains in white and the N terminus in
mammalian NOS without sequence homology in the bacterial NOSs in black. In S. cellulosum NOS Fe binding Cys located between amino acid residues 479

and 516.

tance and spread of NOS-like enzymes. Predicted ORFs from S.
cellulosum (26) contain a putative NOS-like oxygenase domain
as part of a larger protein that has another domain which shows
significant homology to a reductase domain. Further analysis
reveals that the gene for scNOS is predicted to have subdomains
corresponding to ferredoxin reductase (FNR), an FAD and
NAD(P)H binding protein, and bacterioferritin-associated ferre-
doxin (Bfd), a 2Fe2S cluster binding protein (Fig. 1). The relative
positions of the binding domains for the 2Fe2S cluster, FAD, and
NADPH are at the N terminus as shown in Fig. 1 with predicted
Fe binding Cys located between amino acid residues 479 and 516.
Unlike S. cellulosum, all other currently known prokaryotic
NOSs contain only the oxygenase domain (25). The oxygenase
domain of S. cellulosum NOS has significant (over 48%) se-
quence identity to other bacterial (Fig. S1) as well as to mam-
malian NO synthases. The NOS from S. cellulosum is unique
among those from prokaryotes because of the putative reductase
domain in the same polypeptide chain. This is similar to mam-
malian NOS proteins which consist of NADPH, FAD, and FMN
binding subdomains. In contrast, scNOS is predicted to contain
a 2Fe2S ferredoxin motif, a feature unprecedented for an NOS.
Furthermore, the putative reductase domain in scNOS is located
at the N terminus while mammalian proteins contain a C-
terminal reductase domain.

Cloning, Expression, Purification, and Characterization of scNOS and
scNOSox. Constructs for the predicted full-length protein (sc-
NOS) and a truncated construct containing the predicted heme
domain (scNOSox) were made. The heme domain construct was
selected based on alignment with both the mammalian and
bacterial NOS proteins (Fig. S1). The N terminus of the mam-
malian protein (the first ~130 amino-acids) is not present in the
S. cellulosum sequence. This portion of the mammalian protein
is involved in dimerization via a zinc tetrathiolate motif and
contains some of the pterin cofactor binding residues. Based on
homology to other bacterial NOSs, scNOSox was constructed to
start at Ala-801 (S. cellulosum gene numbering) and to include
the C terminus of scNOS (363 amino-acids).

The scNOS and scNOSox constructs were cloned into a
pET28b vector encoding an N-terminal Hise-tag with a TEV
protease cleavage site and expressed in Tuner (DE3)pLysS cells.
scNOS was purified as described in the methods. The final yield
of scNOS was 0.4 mg/L. Quantification of cofactors indicates the
presence of FAD (0.63 = 0.02 equiv. relative to the protein
concentration determined using a Bradford assay), heme (0.74 =
0.04 equiv.), and non-heme iron (1.63 = 0.02 equiv.). The
oxygenase domain was purified as described and gave protein (20
mg/L) of purity in excess of 95%. Analytical gel filtration
measurements indicate that scNOSox elutes as a monomer and
scNOS as a monomer and dimer mixture.

NOS oxygenase domain spectroscopic properties (17, 21)
were compared to scNOXox. The Fe(II)-CO, Fe(II)-NO,
Fe(III)-NO and imidazole complexes were characterized by
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UV-vis spectroscopy. The binding of potential substrates and
cofactors (Arg, NHA, H4B, and H4F) on the Fe(III) spin-state
speciation was also investigated. Arg (Kq = 29 = 4 uM), NHA
(Ka =17 £ 1 uM), and H4B (Kq = 13 £ 4 uM) were all found
to cause a shift in the Soret peak indicative of heme spin-state
change. H4F causes only a small change in absorbance (<0.02)
in the Soret band up to concentrations of 600 uM, indicating
weak binding or binding without a significant reorganization of
the substrate binding pocket. The observed behavior of sc-
NOSox (SI Text and Figs. S2 and S3) is generally similar to that
of characterized heme domains and bacterial NO synthases
suggesting a similar environment.

Single Turnover Studies of scNOSox. The reactivity of scNOSox with
oxygen in the presence of substrates and cofactor was investi-
gated. The iINOS oxygenase domain converts NHA to NO in
single turnover experiments (17). Following a similar protocol,
the scNOSox domain was reduced with a molar equivalent of
dithionite and incubated with substrate (Arg or NHA) and
cofactor (H4B, H4F, or none). Oxygenated buffer was added to
solutions above in Reacti-vials and the headspace was tested for
NO presence (Fig. S4). NO was detected only in the samples
containing cofactors. Samples containing H4B generate signif-
icant amounts of NO, qualitatively similar to the iNOS heme
domain under the same conditions. Samples containing H4F
generate smaller, but detectable amounts of NO.

To further investigate the involvement of the tetrahydropterin
cofactors in the reaction, stopped flow experiments were per-
formed. Solutions of reduced scNOSox, substrate (Arg or NHA)
and cofactor (H4B, H4F, or none) were mixed with oxygenated
buffer and monitored by electronic absorption spectroscopy
(Fig. 2). The conversion of a species with a Soret peak at
approximately 430 nm to a species with a Soret peak at approx-

A Fe(Il)-O2 — Fe(lll)
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Fig.2. Decay of Fe(ll)-O, and formation of Fe(lll) in the presence of H4B and
Arg. Inset: Summary of the rates of Fe(ll)-O, conversion into Fe(lll) in scNOSox
inthe presence of various substrates and cofactors (see Materials and Methods
for details).
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Fig. 3.

Catalytic activity of scNOS. (A) Initial rates of NADPH and NADH consumption (monitored at Azsg) and of NO synthesis (monitored at Asgq using the

oxyhemoglobin assay) using reducing equivalents from NADPH and NADH. NO production rate was multiplied by 1.5 to account for the formal utilization of 1.5
NAD(P)H reducing equivalents required for the reaction. (B) Citrulline formation (end point measurement) in the oxyhemoglobin assay of scNOS activity.
Experiments were performed in triplicate. Error bars represent standard deviations.

imately 400 nm was observed. This was assigned to the trans-
formation of Fe(II)-O, to high spin Fe(III). The data fit first
order Kkinetics for this conversion, for all combinations of
substrates and cofactors.

Comparison of the rates of conversion from Fe(II)-O; to
Fe(III) indicates a clear differences between H4B, H4F, and no
cofactor (Fig. 2, inset). Similar to other NOSs, the presence of
a cofactor containing the tetrahydropterin unit increases the rate
of conversion of Fe(II)-O, by roughly one to two orders of
magnitude. In contrast to reports for NOSs from B. subtilis and
Deinococcus radiodurans (for Arg only) (22), H4F causes a larger
increase in rate of Fe(II)-O, conversion compared to H4B with
scNOSox. Another distinct feature for scNOSox is the absence
of an observable intermediate corresponding to Fe(IIT)-NO.
This could be due to amino acid differences between scNOSox
and other NOSs, leading to a faster release of NO from the
binding pocket (27).

Overall, the single turnover experiments establish that the
heme chemistry in scNOSox is kinetically affected by the pres-
ence of either H4B or HyF. Furthermore, these results establish
that the oxygenase domain is capable of forming NO from NHA
in the presence of either tetrahydropterin cofactor, but more
efficiently with H4B. The faster rate of Fe(II)-O, to Fe(III)
conversion in the presence of H4F compared to H4B indicates
that the rate-determining electron transfer from tetrahydrop-
terin to heme is faster for H4F than H4B; however, subsequent
fast steps involved in NO generation must be more efficient for
H4B. Overall, these findings indicate that a tetrahydropterin
cofactor capable of electron transfer is necessary for NO for-
mation with scNOSox, behavior similar to related NOS oxygen-
ase domains (16).

Formation of NO with scNOS. Next the role of the reductase domain
was investigated using full-length protein, scNOS. Given the
prediction of an NAD(P)H binding reductase domain and our
studies of scNOSox, the requirements for NO generation were
expected to be similar to mammalian NOSs—Arg, O,, reducing
agent (NADPH), and tetrahydropterin cofactor (H4B or HyF).
Both NADPH and NADH were tested for ability to provide
reducing equivalents and both were found to support NO
formation. NO formation required either H4B or H4F (Fig. S5).

Next the catalytic activity of scNOS was determined (Fig. S6)
(28). SOD and catalase were required presumably because of
uncoupling. The rate of NO generation was found to be about
2.5-fold higher in the presence of H4B compared to H4F. The
initial rate of NAD(P)H consumption (Fig. 34) indicates that
there is only a small preference for NADH vs. NADPH. The
decay of NAD(P)H shows a significantly higher rate of reducing
equivalent consumption compared to NO production.

Agapie et al.

NAD(P)H is consumed both in the presence and the absence of
cofactor. Compared to NO production, the presence of cofactor
leads to a NAD(P)H consumption that is about seven to eight
times faster for H4F and about five to six times faster for H4B.

To further explore the role of cofactor in catalytic product
formation, citrulline was quantified by HPLC (Fig. 3B). Mirror-
ing the results of the NO formation assays, more citrulline is
generated in the presence of H4F and H4B. Compared to
apo-protein, H4F increases the amount of citrulline by about
3-fold while H4B by about 5-fold. Notably, citrulline forms in the
absence of H4B or H4F, albeit in smaller amounts. This indicates
that the protein is still able to perform substrate activation at the
heme; the difference however is reflected in the inability to
generate NO in the absence of cofactors.

The present experiments establish the ability of scNOS to
catalyze the formation of NO. In the presence of H4B, the
enzyme activity (0.11 wmol NO/min mg protein, at 25 °C) is
about 2.5-fold higher than with H4F (0.046 wmol NO/min mg
protein). Quantification of citrulline formed correlates with
these findings. Analysis of uncoupling with the two cofactors
points to a similar trend. When adjusting the rates of electron
flow [from NAD(P)H to NO], H4B is found to be about 30%
coupled while H4F about 20% coupled (Fig. 34). Part of the
significant uncoupling observed in these studies may be due to
cofactor loss (heme or 2Fe2S cluster). Nevertheless, these results
correlate with the findings of the single turnover experiments in
that H4B leads to more NO production compared to H4F.
Assuming similar binding of cofactor to scNOS (10-fold increase
in concentration was found to only slightly affect rates of NO
production), this difference suggests that H4B leads to faster and
more efficient NO generation. However, the measured differ-
ences between the reactivity of scNOS with the two cofactors are
not very large and the ability of this enzyme to use both H4B and
H,F for catalytic NO formation is most notable.

Investigation of scNOS Reduction with NADPH by EPR and UV-Vis
Spectroscopy. EPR samples were prepared anaerobically in the
presence of H4B and Arg. The EPR spectrum in the absence of
NADPH (Fig. 4) is indicative of a high spin Fe(III) heme species
(14). The absence of a signal from the 2Fe2S cluster indicates
that it is in a S = 0, [Fe,S,]>* state. Separate samples prepared
as above were treated with NADPH; this causes a substantial
change in the spectrum-disappearance of the high spin heme-
Fe(III) signal. A new signal, however, is detectable with an axial
g tensor [g. = 1.922 (5), gl = 2.019 (5)]. These g values are
consistent with a low-spin (S = 1/2) [Fe,S;]* cluster (29, 30). The
disappearance of the heme high spin Fe(III) signal upon
NADPH addition is consistent with reduction of heme to
EPR-silent Fe(II), presumably via the flavin and 2Fe2S cluster.

PNAS | September 22,2009 | vol. 106 | no.38 | 16223
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Fig. 4. EPR analysis of scNOS. (A) EPR spectra of scNOS in the presence of Arg and H4B with and without NADPH addition. (B) Experimental and simulated
spectrum of the sample obtained after NADPH addition. All spectra were acquired at 9.4793 GHz.

The observation of a signal for the 2Fe2S cluster is indicative of
the ability of NADPH to cause the reduction of this cofactor, and
also stands as additional proof for a unique electron transfer
pathway in scNOS.

UV-vis spectroscopy experiments were performed to com-
plement the EPR findings (Fig. S3). Arg and H4B were added to
anaerobic samples containing oxidized protein. UV-vis spec-
troscopy reveals the presence of high spin Fe(III) heme species.
Addition of NADPH, followed by brief purging with CO gas
leads to the appearance of a peak at 445 nm (Fig. S3), indicative
of the formation of the heme Fe(II)-CO complex. As with the
EPR experiments, the generation of the heme Fe(II)-CO species
upon NADPH addition is indicative of a functional electron
transfer pathway from the biological electron donor (NADPH)
to the heme reaction center.

Mechanistic Implications. The results in this paper highlight some
significant differences between scNOS and other NOSs. The
observed activities for NO production, coupled with the NOA
data for the scNOSox protein, clearly show that scNOS is a
competent catalyst for the generation of NO from Arg. This
makes scNOS unique among bacterial NOSs since all others
require additional proteins to mediate electron transfer to heme.
A significant difference from mammalian NOS is the presence
of a 2Fe2S cluster. Formally the 2Fe2S cluster replaces the FMN
cofactor in the mammalian NOSs. The redox potentials of FMN
in nNOS are —49 mV (ox/sq, oxidized/semiquinone) and —274
mV (sq/hq, semiquinone/hydroquinone) (31). In nNOS, FAD
has redox potentials of —232 mV (ox/sq) and —280 mV (sq/hq)
that allow for FMN reduction by FAD. Since in nNOS the heme
Fe(IT)/Fe(I1T) potential is —248 mV (with bound Arg and H4B),
FMN (hq) can transfer electrons to ferric heme (32). The redox
potential of the 2Fe2S cluster in Bfd is —254 mV, (33) which
matches the sq/hq couple of FMN in nNOS and is well suited for
electron transfer from FAD to heme. Notably, the redox poten-
tials of the 2Fe2S and flavin cofactors can vary significantly as
a function of protein environment. The lack of an EPR signal for
FAD sq upon scNOS reduction with NADPH suggests a situa-
tion in which both FAD hq and sq can transfer electrons to
oxidized 2Fe2S. A proposed electron transfer pathway is pre-
sented in Fig. 5. FAD is capable of formally accepting two
electrons from NAD(P)H and of performing single electron
reductions. These processes lead to the reduction of both the
2Fe2S cluster and the heme. An additional NAD(P)H equivalent
can re-reduce FAD leading to a protein state in which all
cofactors are reduced. It is noteworthy that by AGF scNOS
elutes as an apparent monomer and dimer mixture (the retention
times deviate from the calculated molecular weight values;
however, the two peaks correspond to a doubling in mass and are
most consistent with a monomer and dimer). Hence, more
complex mechanisms involving electron transfers between the

16224 | www.pnas.org/cgi/doi/10.1073/pnas.0908443106

reductase and oxygenase domains within a dimer are possible
and remain to be studied.

The reaction at the heme is proposed to occur in a fashion
similar to other NOSs (Fig. 6) (16). The reduced heme binds O,.
An additional electron transfer combined with protonation
activates it for the oxygenation of the substrate. Similar to
mammalian NOSs, scNOS requires a tetrahydropterin cofactor
for catalytic formation of NO (16, 17). This requirement points
to a general need for a redox active cofactor in close proximity
to the heme, where the catalytic chemistry occurs. Unlike
mammalian proteins, however, scNOS is capable of using both
H4B and H4F as cofactors for NO production. While H4F was
used previously in bacterial NOS studies (21, 22), NO production
was directly observed only recently (39). Bioinformatics analysis
of S. cellulosum suggests that it is capable of H4B and H4F
biosynthesis, (34) hence, in principle, it could use either of these
cofactors for NO formation. It is noteworthy that compared to
H.B, H,F leads to faster conversion of Fe(II)-O; into Fe(III)
(scNOSox), but to slower and less efficient NO generation
(scNOS and scNOSox). The fundamental reasons behind this
behavior may be related to the relative reactivity of the putative
H;Be and H3Fe intermediates. These important mechanistic
details remain to be elucidated.

Conclusions

scNOS is an example of a catalytically self-sufficient bacterial
NOS. The reductase domain of scNOS is unique in the NOS
family by containing a 2Fe-2S ferredoxin cluster. This points to
a common ancestor for NOSs—the oxygenase domain. Variants
of NOS seem to have evolved to include different types of

¢ FAD

NAD(P)H

FADH-red

+ 0o, NAD(P)H, Arg + NAD(P)H
-NO, Cit, NAD(P)*, H* -NAD(P)", H*

Fig. 5. Proposed electron transfer processes from NAD(P)H to heme via
cofactors in the reductase domain.
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oxygen, substrates, and cofactors.

reductase domains or no reductase domains. An additional
unusual feature of scNOS is the ability to form NO in the
presence of either H4F or HyB cofactors, providing a unique
platform to characterize the efficiency of these two cofactors for
generating NO, perhaps leading to insight into the evolution to
use HyB as the preferred cofactor for NO biosynthesis in
mammals. The biological significance of this cofactor flexibility
for scNOS is not clear, but it may involve a mechanism to control
NO production under different conditions. The role that this
NOS plays in S. cellulosum remains to be defined.

Materials and Methods

Materials. See S/ Text for details.

Cloning. scNOS cDNA was generated from bacterial artificial chromosomes
provided by Prof. Rolf Mdaller (Institute of Pharmaceutical Biotechnology,
University of Saarland, Germany) by PCR using the following primers: 5'-
GAGGAGCATATGGCCCTGCC GAGCACCATG-3' and 5'-GAGGAGAAGCTTC-
TACCCCTTCCGCTCCTTCCAC-3'. The scNOSox construct was generated from
above bacterial artificial chromosomes by PCR using primers designed to
generate Ndel and Hindlll cutsites: 5'-GAGGAGCATATGGCGC CCGAGGCG-
GTG-3', and 5'-GAGGAGAAGCTTCTACCCCTTCCGCTCCTTCCAC-3'. Various
amounts (5-10%) of DMSO were required for efficient PCR. PCR products were
digested with Ndel and HindlIll. The genes for scNOS and scNOSox were ligated
into the Ndel and Hindlll sites of a pET28b vector engineered with a Hisg-tag
and a TEV cleavage site at the 5’-end to generate plasmids pET28b-scNOS and
pET28b-scNOSox. All genetic manipulations were performed using E. coli
DH5a cells. Purified plasmid DNA and PCR products were sequenced by Elim
Biopharmaceuticals Inc. to confirm the absence of mutations.

Protein Expression and Purification. For expression, plasmids containing the
desired genes were transformed into Tuner (DE3)pLysS cells. Overnight cul-
tures of Tuner (DE3)pLysS-pET28scNOS were used to inoculate (1/100) expres-
sion cultures (1 L of Terrific Broth containing 30 mg/L of kanamycin and
chloramphenicol, ultra-yield flasks) at 37 °C. Upon reaching an Agg of 0.8, the
cultures were cooled to 25 °C and induced by the addition of isopropyl-beta-
D-thiogalactopyranoside (IPTG, 0.4 mM final concentration), and harvested by
centrifugation 20-22 h after induction.

scNOS. Cell pellets from 9 L of culture were resuspended in lysis buffer (50 mM
sodium phosphate, pH 8.0, 10 mM imidazole, 10% glycerol, 10 mg/L benza-
midine, 5 mg/L leupeptin, and 1 mg/L each of pepstatin, chymostatin, and
antipain, and 1 mM pefabloc) to a total volume of 200 mL and lysed using an
Emulsiflex-C5 high-pressure homogenizer. Supernatant was prepared by cen-
trifugation for 1 h at 40,000 X g and was loaded by gravity on a 10 mL nickel
column (Ni-NTA superflow from QIAGEN). The column was washed with five
column volumes (5 X 10 mL) of washing buffer (50 mM sodium phosphate, pH
8.0, 10 mM imidazole). The protein was eluted with 12 mL elution buffer (50
mM sodium phosphate, pH 8.0, 250 mM imidazole). The Ni column was
re-equilibrated with washing buffer and the flow through was loaded on the
column a second time and washed with five column volumes (5 X 10 mL) of
washing buffer, followed by elution with elution buffer. Both elution batches
were purified by anion exchange using an HQ8 column and buffer containing
20 mM Tris-HCl, pH 8.0 and 20 mM Tris-HCI, 1 M NadCl, pH 8.0. The scNOS
fractions (SDS/PAGE with Coomassie staining) were pooled and concentrated
using spin-concentrators with a 50 kDa molecular weight cutoff. Concen-
trated samples were diluted with TEV protease cleavage buffer (50 mM
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Tris-HCl, 0.5 mM EDTA, 1 mM DTT, 2 mM imidazole, pH 8), a stock solution of
TEV protease was added, followed by incubation at 4 °C for 6-8 h. The buffer
was exchanged to washing buffer in three concentration/dilution (higher
than 10-fold) cycles. The resulting mixture was loaded on a Ni column and
washed with three column volumes (3 X 10 mL) of washing buffer. The flow
through was concentrated and buffer exchanged into HEPES (100 mM, pH
7.4), diluted to 20% glycerol concentrated, divided in small aliquots and
stored at —80 °C. Protein obtained by this procedure is >95% pure (SDS/PAGE
with Coomassie staining) (Fig. S7). Total protein concentration (7.1 mg/mL in
first batch and 4.6 mg/mL in second batch for a total average of 1.3 mg/L of
culture) was determined using the Bradford assay, against a BSA standard
curve, and was corroborated with UV-vis spectroscopy of the heme-imidazole
complex. MALDI of a trypsin in-gel digested sample confirmed this protein’s
identity (>50% coverage). Quantification of FAD, FMN, and heme cofactors
was performed by HPLC with calibration against standard curves of commer-
cial samples (17, 35). Non-heme iron content was determined using a spec-
trophotometric assay using ferene as a chelator (36).

scNOSox. Supernatant was prepared as above and loaded on a nickel column
(Ni-NTA superflow from QIAGEN) and washed with five column volumes of
washing buffer (50 mM sodium phosphate, pH 8.0, 40 mM imidazole), then
eluted with elution buffer as above. The wash fraction was rerun through a
nickel column, washed, and eluted. The eluate was purified by anion ex-
change using an HQ8 column, as for scNOS. Fractions containing iNOSheme
were red in color and were pooled on the basis of the Ago/A4;9 ratio (ratio of
peak <1.3). Protein obtained (40 mg/L) by this procedure is >95% pure
(SDS/PAGE with Coomassie staining) (Fig. S7). The Hisg-tag was cleaved using
the TEV protease. Quantification of heme cofactor was performed by absorp-
tion spectroscopy after protein denaturation and by HPLC (37). The Fe(lll)-
imidazole complex was calculated to have g429 = 75 + 2 mM~"'cm~" by the first
method and g429 = 87 = 1 mM~'ecm~" by the second.

Analytical Gel Filtration. AGF was performed on an Agilent 1200 HPLC system
using a mobile phase consisting of 200 mM KH;PO4, 125 mM NaCl, pH 7.4. A
calibration curve was generating using the following standards: thyroglobulin
(M, = 669 kDa, t, = 8.77 min), yeast alcohol dehydrogenase (150 kDa, 10.58
min), BSA (66 kDa, 10.83 min), ovalbumin (45 kDa, 11.24 min), and cytochrome
¢ (12.4 kDa, 12.03 min). The calculated molecular weight for scNOSox is 41.7
and the protein eluted as a single peak, at 11.1 min (42 kDa). The calculated
molecular weight for scNOS is 127 and the protein eluted as two peaks, at
10.66 and 10.19 min (84 and 153 kDa, respectively).

Spectroscopic Assays of scNOS Activity. Initial rate of NO formation was
measured by the oxidation of oxyhemoglobin to methemoglobin using ex-
tinction coefficient (Aego1) of 60,000 M~'cm~" (28). A typical 100-uL assay
contained 500 uM substrate (Arg), 6 .M oxyhemoglobin, 0, 10, or 100 uM H4B
(or Hg4F), 100 U bovine liver superoxide dismutase, 50 U bovine erythrocyte
catalase, 0.5 uM scNOS, and 100 uM NADPH in 100 mM HEPES, pH 7.4.
Reactions were initiated by the addition of NADPH. The H4B and Hy4F stock
solutions were prepared in DMSO anaerobically. The concentration of the
cofactor stocks was determined using &208 of 8.71 mM~'em~! and 28
mM~'em~" for H4B and Hg4F, respectively. scNOS stocks were preincubated
anaerobically with cofactor (HaF or H4B) for 45 min before assays. All reactions
were run at 25 °C for 10 min. Cofactor concentrations of 1 uM led to barely
detectable levels of NO, 10 uM led to reproducible data, and 100 uM gener-
ated only slight differences compared to 10 uM; consequently 10 uM was the
concentration used for subsequent assays. Similar reaction conditions were
used to assay NAD(P)H consumption (at 340 nm, &340 6220 M~'cm~"). The
linear portion of absorbance (A401 or Azap) vs. time plot (typically 0.2-0.5 min)
was used to determine initial rates of NO generation or NAD(P)H consump-
tion, respectively.

Assay of scNOS Activity Using an NO Analyzer. NO formation was detected
using an NO analyzer (Sievers model 270). A 40-uL final assay mix contained
500 wM substrate (Arg), 0 or 10 wM H4B (or H4F), 100 U bovine liver superoxide
dismutase, 50 U bovine erythrocyte catalase, 0.5 uM scNOS, and 100 uM
NADPH in 100 mM HEPES, pH 7.4. Reactions were initiated with NAD(P)H in
oxygenated buffer. All reactions were run at 25 °C in sealed Reacti-vials
(Pierce). NO formation was determined at 2 and 10 min (200 uL of headspace).
Citrulline was quantified using HPLC (17).

Single Turnover Experiments with scNOSox. NO formation was detected using
the NO analyzer. A 40-uL final assay mix contained 500 uM substrate (NHA),
0 or 200 uwM H4B or 400 uM H4F, 20-60 uM scNOSox in 100 mM HEPES, pH 7.4.
Reactions were initiated with oxygenated buffer. All reactions were run at
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25 °C in sealed Reacti-vials. NO formation was measured at 30 s by sampling
200 L of headspace.

EPR Spectroscopy. EPR spectra were recorded at the CalEPR center at UC Davis,
using a Bruker ECS106 spectrometer equipped with a ER4102ST resonator and
an Oxford ESR900 cryostat. The field modulation was 1.0 mT at 100 kHz.
Spectra were background corrected by subtracting the signal from buffer
without protein. Simulations were performed with EasySpin (38). The micro-
wave frequency was measured using a EIP548A frequency counter, and the
magnetic field was calibrated with LiF:Li [g = 2.002293 (2)]. The accuracy of the
obtained g values is = 0.005.

Stopped Flow Experiments. Solutions of scNOSox were reduced with dithionite
(one molar equivalent) in an inert atmosphere glove bag by mixing 15 uM
scNOSox, 15 uM dithionite, 1 mM substrate, and 0 or 400 wM H4B or 800 uM
HaF in 100 mM HEPES, pH 7.4. This solution was transferred anaerobically to a
stopped-flow syringe (Hi-Tech Scientific) and mixed at 10 °C with an equal
volume of buffer saturated with O, on ice. Spectroscopic changes were
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monitored over time and data were fit using global fitting software (Specfit
version 3.0.14).

UV-vis Spectroscopy Characterization of Heme Species. Solutions of scNOSox or
scNOS were prepared anaerobically because H4B and H4F are not air stable. To
generate Fe(ll) species, dithionite was added under an inert atmosphere
(N2/Hy) in a glove bag. Addition of gaseous ligands was performed through a
rubber septum using anaerobic cuvettes. UV-vis spectroscopic characteriza-
tions were performed using Cary 300 and Cary 3E UV-visible spectrophotom-
eters. Determinations of spectral binding constants were performed by titrat-
ing in substrates or cofactors to a solution of scNOSox and monitoring the
change in absorption at 398 and 416 nm. A plot of A(A3zgs-As16) Vs. ligand
concentration was fitted to the equation AAA = (AAAmax X [substrate])/(Kp +
[substrate]). (KaleidaGraph, Abelbeck Software).
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