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Nitric Oxide Synthases of Bacteria — and Other Unicellular Organisms
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Abstract: The defining feature of a nitric oxide synthase (NOS) is a heme and pterin-binding oxygenase domain, and
enzymes that possess this domain are found in animals and bacteria. While the roles of animal NOS in such processes as
vasodilation, neurotransmission, and host defence are understandably important for multicellular life, they are
meaningless in bacteria, which makes bacterial NOSs all the more interesting as objects of study. This review describes
the structural similarities and differences between animal and bacterial NOS, and how such differences may influence the
extent and duration of bacterial NO production, and, ultimately the roles of NO in microorganisms. Recent progress in
defining the functions of bacterially-derived NO, notably in protection from various stresses and as a potential
transcriptional regulator are described. Finally, an attempt is made to span the gap between animal and bacterial nitric
oxide synthases by commenting on the search for examples of NOS in single-celled eukaryotes, where progress seems

imminent.
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1. INTRODUCTION

The story of nitric oxide synthase (NOS) is a wonderful
example of how an enzyme’s function can evolve over time,
even as its structure and mechanism remain largely intact.
Constitutive NOS isotypes of mammals are used for the
transient production of nanomolar amounts of NO for
neurotransmission and vasodilation, while at the higher
concentrations produced by inducible NOS in macrophages
over sustained periods, NO is cytotoxic and is used to kill
pathogens. Yet the origin of NOS is ancient; since the turn of
the century the number of bacteria known to carry a NOS
gene has increased sharply, and the work of defining the
roles of bacterial NOS is an active and exciting area of
research. But the story of NOS is also the story of an enzyme
that has been characterized mainly in these two distinct
kingdoms, the metazoans (overwhelmingly of mammals) and
the bacteria, with few studies from other branches of life. If
the bacteria originated it and we still have it, why is it
seemingly so rare elsewhere? If it can be found in other
kingdoms, for example among the protists, what might its
functions be?

This brief review will begin with the features common to
NOS and then, gradually, move towards their differences.
This includes the biochemical targets of NO, the reaction
catalyzed by NOS, common structural features and
differences in the enzyme, and the different roles that these
enzymes have, with the focus on bacterial NOSs. Having
considered these aspects, the prospects of the presence of
NOS in single-celled eukaryotes and their possible functions
will be discussed, which, because of the paucity of
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information, will be brief and speculative rather than deep
and factual.

2. BIOCHEMICAL TARGETS OF NO

As a freely-diffusible and neutral gas, NO is highly
mobile and can act within the cell that produces it as well as
in adjacent cells. NO is capable of reacting directly with
certain biomolecules and indirectly, through reactive
nitrogen species that are derived from it. NO is a potential
ligand to iron-containing complexes such as heme and iron-
sulfur centres; it acts as an axial ligand to ferriheme and
forms particularly strong coordinate bonds with ferroheme
proteins. This interaction is important in the mammalian
signalling roles of NO, in which NO binds to a ferroheme-
containing subunit on soluble guanylate cyclase and
activates it [1, 2]. NO can also directly nitrosylate nonheme
iron centres in iron-sulfur clusters [3]. While this can be
detrimental to respiratory proteins and enzymes which have
such centres, it is also an important way of controlling gene
expression, and several bacterial transcription factors also
possess iron-sulfur clusters that render their activity sensitive
to NO [4, 5]. NO can also react with and quench the active
site tyrosyl radical of ribonucleotide reductase, which
produces deoxyribonucleotides from ribonucleotides [6].

Apart from these examples of the direct reaction of NO
with biological targets are the actions of reactive nitrogen
species derived from NO. These include the nitrosonium ion
NO’, which can react with biological thiols such as
glutathione and cysteine residues to form S-nitroso
compounds [7]. These compounds are long-lived and stable,
and can extend the effects of NO far beyond the site of its
generation. NO also reacts with molecular oxygen to form
nitrite and nitrate, and with superoxide to form highly
reactive and damaging peroxynitrite [8].
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With many possible reactions, the biological effects of
NO are rarely simple, and will depend not only on the rate of
its production or the manner in which it is delivered
(endogenously catalyzed by NOS, or exogenously delivered
as NO gas or by an NO-donor compound), but on the
presence of other nearby species such as oxygen, radicals,
redox-active metal centres and thiols. An additional
consideration is the site of NO generation. Endothelial and
neuronal NOSs are targeted to specific locations within the
cel, and errors in targeting can have Dbiological
consequences, even if the enzyme activity is not altered [9-
11].

3. COMMON FEATURES OF NITRIC OXIDE
SYNTHASES

A nitric oxide synthase is defined by its structure,
function, and mechanism. Structurally a NOS is a
homodimeric heme protein with axial thiolate coordination,
and a pterin cofactor (either tetrahydrobiopterin or
tetrahydrofolate), bound between the propionyl groups of the
heme; the protein fold is unique to this enzyme class [12,
13]. NOSs catalyze the oxidation of L-arginine to citrulline
and NO using molecular oxygen and reducing equivalents
provided by nicotinamide cofactors through the mediation of
a reductase domain, which may be a separate enzyme or a
module on the same protein chain. As the multidomain
enzymes from mammals were the first to be discovered and
studied, the term NOS was used to describe the entire
enzyme, while “NOS oxygenase domain”, or NOS,
denoted the heme-and pterin binding module. All known
bacterial NOSs, with one notable exception described below,
consist solely of the oxygenase domain [14, 15].

The NOS-catalyzed reaction occurs in two steps through
the intermediate N-hydroxy-L-arginine (NOHA) [16]. The
first step is a monoxygenation in which one atom of
molecular oxygen is inserted into L-arginine and the other is
reduced to water using electrons and protons provided by a
reduced nicotinamide cofactor through a reductase. Thiolate
coordination to a heme cofactor, and the ability to catalyze
monooxygenation reactions are also features of the
cytochromes P450, and the mechanism of NOS has some
similarities to this enzyme class, although in other structural
respects the two are distinct. The mechanism of NOS has
been reviewed recently, and our understanding remains
incomplete, especially for the set of reactions leading from
NOHA to NO and citrulline [17, 18]. The first half of the
NOS-catalyzed reaction to make NOHA likely proceeds
through a Compound I-type intermediate with heme and a
bound oxygen atom in an oxyferryl porphyrin m-cation
radical, as is thought to occur in the cytochrome P450s.
There is more debate regarding the nature of the second step;
although a Compound I state has been suggested, there is
also evidence that the active species is a ferric peroxy
intermediate that acts as a nucleophile on NOHA to yield
citrulline and NO. The participation of the pterin cofactor as
an electron donor and acceptor in the reaction cycle
demonstrates that the NOS mechanism can not be treated
merely as that of conventional cytochrome P450, as these do
not depend on pterins for their activity.

In mammalian NOS the pterin used is exclusively
tetrahydrobiopterin (H4B), while in bacteria tetrahydrofolate
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(H4F) may also be used. In either case the pteridine ring
structure is the same, and both serve the same role in
donating an electron to the ferrous-oxy intermediate, which
leaves the pteridine ring in an unusual radical cation state
(H4B™) [19, 20]. This role is carried out in both the
formation of NOHA and its subsequent reaction, but the fate
of the radical differs. While in the first step the radical is
reduced by electrons supplied by the reductase partner,
ferrous heme reduces the radical in the second step. This is
critical to the function of NOS, as ferroheme has a high
affinity for NO, which would otherwise autoinhibit the
enzyme after one reaction cycle [19]. Electron transfer from
the ferroheme-NO complex to H,B™- generates the labile
ferriheme-NO complex.

4. STRUCTURAL DIFFERENCES BETWEEN NITRIC
OXIDE SYNTHASES

These structural and mechanistic features described
above are common to all NOSs that have been studied to
date, which include the three mammalian isotypes (neuronal,
endothelial, inducible) as well as several from bacteria,
notably from Bacillus subtilis, Bacillus anthracis,
Staphylococcus aureus, Deinococcus radiodurans, and
Sorangium cellulosum. Key residues in the cofactor and
substrate binding sites are well-conserved among these
enzymes, as well as in the coding sequences of NOS from
the genomes of other organisms. Still, there are notable
structural differences within the NOS oxygenase domain and
in the nature and location of the supporting reductase domain
as noted below, in Table 1, and in Fig. (1).

Although similar in sequence to their mammalian
counterparts and sharing up to 47% sequence identity, most
bacterial NOSs lack a 100-residue amino-terminal segment
that forms part of the HyB-binding site and dimer interface of
mammalian NOS,,,, and which also includes an interfacial,
tetrathiolate-coordinated Zn(Il). While this segment is
essential for dimer formation in mammalian NOSs, the
bacterial enzymes form stable dimers without it, owing to
compensatory changes elsewhere in the dimer interface [14].
The absence of this domain renders the pterin binding site of
the bacterial NOSs more solvent accessible, and
accommodating to other molecules. The H4B cofactor found
in the mammalian enzymes can bind tightly, but so can HyF
and NAD' [14, 15], and possibly tryptophan. This ability to
accommodate other molecules at the pteridine binding site
endows the bacterial NOSs with additional catalytic abilities
beyond NO synthesis.

A second difference between bacterial and animal NOSs
is sequence variation within the common oxygenase domain
structure. While many active site residues around the heme
cofactor are conserved between bacterial and animal NOS,
some residues are associated with one class but not the other.
These structural differences can lead to differences the rates
of individual catalytic steps between bacterial and
mammalian enzymes [21-23]. For example, valine-346
(mouse iNOS numbering) is conserved in mammalian NOSs,
and is located above the distal face of the heme; in bacteria
an isoleucine residue occupies this position (isoleucine-218
in bsNOS). This residue influences the rate of ligand
dissociation from the heme, with the smaller valine residue
linked to higher rates. The role of this residue in controlling
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Table 1.
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Major Differences Between Mammalian and Bacterial NOSs

Mammalian

Bacterial

Oxygenase/reductase domain
organization

N-terminal oxygenase, C-terminal reductase domains

Oxygenase domain only,

multiple reductase partners*

Oxygenase domain dimer

Stabilized by Zn>* bound at the dimer interface

Lacks Zn** binding site but forms stable dimers

Pterin binding site Closed; can only fit H4B

Exposed; can hold H4B, H4F, and other molecules

Targeting Isotype-specific N-terminal domains Lack such domains
Regulation Ca”'/CaM (NOSI1, NOS3) Unknown
Transcriptionally (NOS2)
Roles of NO Neurotransmission (NOS1), Vasodilation (NOS3), Counters oxidative stress,
Host defence (NOS2) Counters UV damage,
and others Biosynthesis of nitrated compounds,

Transcriptional regulation

*With the exception of scNOS, as noted in the text.

the rate of exogenous ligand dissociation was confirmed by
the properties of the mouse iNOS V346l and bsNOS 1218V
mutants [24]. The rate of NO release from the mammalian
NOS was decreased nearly three-fold, while that of the
bacterial mutant increased four-fold, over their respective
wild types. This modest structural difference contributes to
the generally lower catalytic activity of bacterial NOSs
compared to their animal counterparts, a difference that is
likely related to the different roles of bacterially-generated
NO. Further differences in the properties of bacterial and
mammalian NOS oxygenase domains are revealed by
techniques such as resonance-Raman spectroscopy, which
has been an especially sensitive probe of the heme
environment under a variety of conditions [25-27].

A third structural difference is the nature of the reductase
domain and whether this is linked to the oxygenase domain
(Fig. 1). Mammalian NOSs are large, multimodule enzymes
with an amino-terminal oxygenase domain linked to an FMN
and FAD-containing reductase domain, which binds
NADPH and transfers electrons through the flavin cofactors
to the oxygenase domain [28]. Structurally and functionally,
this fused reductase domain resembles a cytochrome P450
reductase. An intervening calmodulin-binding segment lies
between the oxygenase and reductase domains; this segment,
along with the presence of an autoinhibitory loop within the
FMN-binding portion of the reductase domains of the
mammalian endothelial and neuronal isotypes, are key
components in controlling their activity through
Ca(II)/calmodulin interactions.

Additional differences are found in the amino-terminal
domains of the mammalian NOS isotypes, which in the
neuronal and endothelial isotypes are involved in targeting
the proteins to their proper subcellular locations. Neuronal
NOSs possess a PDZ domain which interacts with the
postsynaptic density-95 protein found at synaptic junctions
in neuronal cells [10], while endothelial NOSs have two sites
for acylation and one for phosphorylation, which are
important in the localization of this isotype to the caveolae, a
type of lipid raft on the plasma membrane of vascular
endothelial cells [29, 30].

This particular domain organization of the mammalian
NOSs is shared by all metazoan enzymes, as inferred by
their DNA sequences. The evolution of metazoan NOS
isotypes is not straightforward, but the essential multidomain
organization of an amino-terminal oxygenase domain linked
through a calmodulin binding site to an FMN and FAD-
binding reductase domain seems to have been established
more than 800 million years ago [31].

The complexity of the metazoan NOSs is in contrast to
the simplicity of most bacterial counterparts, which consist
solely of a homodimeric oxygenase domain. Although these
require a separate supporting reductase enzyme, most single
domain bacterial NOSs are not particular in their choice of
partner, and they can accept electrons from several types of
endogenous NAD(P)H oxidoreductases found within the
bacterial cell, or from recombinant mammalian NOS
reductase domains in vitro [32-34].

To state that all metazoan NOSs are multidomain
enzymes while bacterial versions are single-domain is not
accurate. Splice variants of mammalian NOS which produce
truncated versions consisting only of the oxygenase domain
have been detected, and these can form heterodimers with
the full-length protein and act in a dominant-negative fashion
to suppress NOS activity [35, 36]. Conversely, bacterial
NOSs can also be multidomain enzymes, as was
demonstrated by recent characterization of NOS from
Sorangium cellulosum [37]. This enzyme is noteworthy for
being the first multidomain bacterial NOS to be discovered,
and the first isolated from a Gram-negative bacteria. SCNOS
has a reductase domain that accepts electron from NAD(P)H
through an FNR-like FAD-binding module and a ferredoxin
module which bears an Fe,S, cluster. This reductase domain
also differs from the mammalian enzymes in that it occurs at
the amino-terminal end of the protein chain, rather than the
carboxy-terminal end as found in metazoan NOS. Whether
scNOS is unique among the bacterial NOSs in its modular
structure remains to be seen.

5. CONTROL OF NITRIC OXIDE LEVELS

The purpose of NO is related to the context of its
production and consumption: the quantity of NO made, the
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Fig. (1). Domain organization of nitric oxide synthases. NOSs are defined by the presence of a core oxygenase domain (blue) that binds
heme and pterin and is the catalytic centre of the enzyme. In most bacteria (top) this is the complete protein, and it receives electrons from
separate reductase domains. The sole known bacterial exception is Sorangium cellulosum NOS (scNOS, middle), which has an amino-
terminal reductase domain (red). In the metazoa (bottom) the domain structure is more elaborate; from the amino to carboxy termini this
comprises an isotype-specific targeting domain (yellow), a Zn>*-binding subdomain (cyan) that stabilizes the oxygenase domain (blue), a
calmodulin binding domain (CBD, grey) and a reductase domain (red). The reductase domain of scNOS is homologous to a ferredoxin
nucleotide reductase /ferredoxin fusion, while that of the metazoan NOS is homologous to cytochrome P450 reductase. Both scNOS and
metazoan NOS receive electrons from NADPH. All NOSs form dimers through interactions between the oxygenase domains.

duration of production, the nature of nearby targets that can
react with and break down NO are all important. These will
depend in part on the nature of the enzyme itself, specifically
its location within the cell and its domain organization; it
will also depend on the control of the expression level of the
protein and the availability of cofactors.

The structural distinction between multidomain metazoan
NOSs, and the single-domain Gram positive bacterial
enzymes which accept electrons from a variety of reductase
partners has important functional consequences. Self-
contained, multidomain NOSs have the potential for rapid
and reversible control of activity by gating electron transfer
between domains. The best examples of this are the
mammalian constitutive NOS isotypes that are controlled by
calcium ion concentration. All mammalian NOSs have a
calmodulin binding site between the N-terminal oxygenase
and C-terminal reductase domains, and the constitutive
endothelial and neuronal isotypes have a well understood
and efficient mechanism for controlling enzyme activity by
Ca(Il)/calmodulin binding, which increases the rate of
electron transfer between reductase and oxygenase domains.
Furthermore, an autoinhibitory loop found within the FMN-
binding module of the reductase domain, also prevents
interdomain  electron transfer unless  Ca(Il)-loaded
calmodulin is bound to the enzyme. In these cases, NO
production can be rapidly and reversibly controlled through
transient fluctuations in Ca(Il) concentration (ranging from
the nanomolar to micromolar level), and toxic levels of NO
can be avoided. While the most thoroughly studied examples
are the mammalian enzymes, similar enzymes are also
encoded by most other metazoans where they presumably
have the same characteristic of rapid and reversible control
of NO production. Even the inducible NOS2 isotype, which
has an activity independent of Ca(II) concentration, retains a
tight calmodulin binding site, although not the autoinhibitory
loop. Presumably the ancestral sequence of the NOS2
isotype was a calcium-sensitive enzyme which lost its ability
to respond to Ca(Il).

The mammalian isotypes define the two extremes of NO
production. On the one hand, endothelial and neuronal NOS

isotypes have tight, rapid, and reversible control of small
amounts of NO in targeted locations within the cell. This is
ideal for signalling roles that require a rapid response,
similar to the action of a light switch in a room. In contrast,
inducible NOS, while sharing a similar domain structure, is
like a floodlight, that once plugged in cannot be easily turned
off. The NO produced by these isotypes is used for starkly
different purposes: rapid signalling on the one hand,
cytotoxicity on the other.

Less is known about the control of NO production in the
bacteria that possess a single-domain NOS, but it likely lies
between the extremes of the mammalian NOSs, producing
more NO over longer periods than endothelial and neuronal
NOS, but less than that of the inducible isotype. Rapid and
precise control may not be possible with these forms of
bacterial NOS, as it is unlikely that intermolecular electron
transfer could occur as quickly as intramolecular electron
transfer. By having the oxygenase and reductase domains as
separate proteins, the amount of NO produced in a cell might
be lower, and may be limited by the rates at which these
proteins encounter one another. Furthermore, precise
regulation of NO production would seem to require a NOS-
specific reductase partner that would only transfer electrons
when required to do so, but bacterial NOSs can accept
electrons from a variety of endogenous partners in vivo.

As several bacterial reductases can interact with NOS,
and these presumably have other alternate electron transfer
partners, the control of bacterial NOS activity, if it occurs at
all, would likely be exerted by changes on the NOS
oxygenase domain alone. Control could conceivably be
exerted through modification of the bacterial NOS, either
through covalent modification of the enzyme, control of H4F
availability, or a conformational change between active and
inactive states. All of these are possible but none have been
established with certainty. Bacteria possess kinase and
phosphatase systems that modify specific hydroxyl-
containing residues on their target proteins [38, 39], but
whether bacterial NOSs are so modified is not known.
Pterins are essential cofactors for NOS activity, and it is
interesting that the binding affinities for H4F and H4B of the
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bacterial NOSs are generally one to two orders of magnitude
lower than for H4B binding to the mammalian NOS, and are
comparable to those of the substrate, L-arginine [22]. As H4F
is required for NOS activity, cofactor (and L-arginine)
availability may be a means of enzyme control in the
bacterial isotypes. This may also be linked to control via
conformational changes within the enzyme; the Bacillus
subtilis NOS dimer exists in two different conformations, a
less active ‘loose’ conformation and a more active ‘tight’
state, with the latter favored in the presence of L-arginine or
H,B [40].

As a self-contained enzyme, the activity of Sorangium
cellulosum NOS has the potential to be regulated through the
control of interdomain electron transfer, but the way this is
accomplished (if such control exists) is unknown. A
sequence of ~50 amino acid residues links the reductase
domain to the oxygenase domain. A BLAST search of this
sequence (amino acids 750-800) does not identify any
related sequences, and the sequence itself
(DAIQRELFSSNVDTAGEVRPTPLRRAGAARAARAAG
GVCPVEHGSFHVTPT) is predicted to be a central, basic
alpha helix (underlined) flanked by random coil [41]. This is
similar in length and in charge properties to the calmodulin-
binding linker between the oxygenase and reductase domains
of mammalian NOSs. This similarity may be coincidental, as
bacteria lack calmodulin, and the central helix is not a
canonical calmodulin binding site. Yet one may still
speculate on its possible regulatory role. Recombinant S.
cellulosum NOS is active in the absence of any other protein,
which suggests that the role of the linking sequence above, if
it has any regulatory role at all, would be to bind a protein
that would inhibit interdomain electron transfer.

Another potential means of regulation of scNOS is
through control of quaternary structure. Gel filtration
chromatography of recombinant scNOS demonstrates that it
is a mixture of monomer and dimer, while recombinant
scNOSoxy is exclusively dimeric, indicating that interactions
of the reductase domain with the oxygenase domain can
destabilize the active dimer structure under certain
circumstances. In this study, it does not appear that L-
arginine or pterin cofactor were included in the gel filtration
chromatography buffers. It would be interesting to see
whether these have an effect on stabilizing the quaternary
structure of full-length scNOS.

The fate of NO in bacteria and the steady state
concentrations of NO within the cell are also areas of
interest, as many of the bacteria that express NOS, such as
Staphylococcus aureus, Bacillus subtilis and Bacillus
anthracis, also express flavohemoglobins, which are highly
effective at converting NO to nitrate through reaction with
molecular oxygen and electrons provided by NAD(P)H [42,
43]. Thus, these single-celled organisms have the means to
both produce and consume NO. How NO production in such
situations is balanced by NO consumption through
endogenous flavohemoglobins remains to be explored.

6. ROLES OF BACTERIAL NITRIC OXIDE
SYNTHASES

Exogenous NO added at modest concentrations to certain
Gram-positive bacterial cells can provide prompt but
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transient protection of cells against oxidative stress [44]. In
B. subtilis, endogenously-produced NO acts in two ways to
prevent the Fenton reaction, in which Fe(Il) and Cu(I) reduce
hydrogen peroxide to form hydroxyl radical. Redox cycling
of the oxidized metals back to the reduced state is mediated
by intracellular cysteine, which in turn is maintained in the
reduced state by thioredoxin/thioredoxin reductase-catalyzed
reduction of cystine to cysteine; the result is further cycles of
hydroxyl radical production [44]. NO depletes the cells of
cysteine by inhibiting the thiodoxin/thiodoxin reductase
pathway, and it directly activates catalase A, which
consumes hydrogen peroxide and is inhibited by cysteine.

Evidence that NO generated within the cells also
provides protection from oxidative damage comes from
experiments that compare the response of NOS deletion and
wild type strains of Gram-positive bacteria to a variety of
stresses incurred by antibiotics, including oxidative stress
[45]. For example, superoxide dismutase A expression in the
late log growth phase of B. subtilis is greatly enhanced by
endogenous NOS activity, as reporter gene constructs in
which the SodA promoter is fused to a reporter beta-
galactosidase gene show higher levels of expression in wild
type B. subtilis but not in the NOS deletion strain. In this
case NO acts as a transcriptional regulator, although how it
controls gene expression is not yet known.

NOS-derived NO also serves a protective role in
Deinocococcus radiodurans, but against UV rather than
oxidative stress [46]. This bacteria is especially resistant to
harsh environmental conditions and can survive high levels
of gamma and UV radiation. UV radiation induces a four-
fold increase in NOS transcript levels and an increase in NO
production within one hour of exposure. This does not
directly protect cells from the damage of UV but instead is a
factor in the resumption of the cells to growth afterwards. A
proximate signal for resumption of growth is an up-
regulation of obgFE, a small GTP-binding protein found in
many bacteria and eukaryotes that may be involved in
ribosome assembly as well as other roles that have not yet
been fully defined. Interestingly, overexpression of obgE
protein in a D. radiodurans NOS deletion strain, although
protective against UV-irradiation, was incomplete. This
could be due to NO acting through additional means other
than the obgE pathway.

Apart from generating free NO to be used in roles such as
those described above, the bacterial NOSs may also use NO
closer to their site of origin, and perhaps within the active
site itself to modify molecules bound close to the heme. The
pterin binding site of bacterial NOS is more solvent-exposed
than in the mammalian enzymes and can bind a broader
range of molecules. Although NO production requires a
pterin cofactor bound at these sites, the same may not be true
for the production of other reactive nitrogen species such as
nitroxide (NO') or nitrosonium cation (NO"). In these
reactions, the pterin binding site may become a second
substrate binding site (the L-arginine binding site at the
heme being the first binding site) which is modified by the
reactive nitrogen species generated at the heme. Several
examples of these reactions are known, although their
biological significance is not clear. D. radiodurans NOS is
able to catalyse selective tryptophan nitration at position-4
when provided with a mammalian reductase domain and
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NADPH, or with H,O,. These reactions are enhanced in the
presence of D. radiodurans tryptophanyl-tRNA synthetase 11
and are inhibited by H4B [47]. Roles for 4-nitrotryptophan in
D. radiodurans have not been identified. However, a plant
toxin, thaxtomin A of the plant pathogen Streptomyces
turgidiscabies, incorporates this moiety, and most thaxtomin
biosynthesis depends on the presence of NOS in the bacteria
[48]. S. turgidiscabies also synthesizes NO in response to
host signals, and might use NO to signal for root
development in the host, which would provide the pathogen
for more avenues of infection.

Bacterial NOSs may also act against some antibiotics by
directly modifying them in addition to the general effect of
countering oxidative stress as described above. Acriflavin
nitrosation and its subsequent inactivation depend on the
presence of NOS, as was demonstrated in an expression
system in which E. coli cells carried an arabinose-inducible
expression vector for B. anthracis NOS [45]. It was not
determined whether the nitrosating species diffused from the
enzyme to the acriflavine, or whether acriflavine was bound
to NOS at the pterin binding site; the latter is an attractive
mechanism as it would be more effective to have acriflavine
bound close to the site where the nitrosating species
originates.

Interestingly the ability of the pterin binding site to be the
site of chemical modification of bound substrates, first
observed in bacterial enzymes may also occur in mammalian
NOS as well. Recently the structure of mouse iNOS with an
N-nitrosylated H4B cofactor bound at the pterin site was
obtained from protein treated with S-nitrosocysteine prior to
crystallization [49]. This may be a key intermediate in the
regulation of iNOS activity by specific S-nitrosation of the
cysteine ligands to the Zn(Il) held at the dimer interface, a
reversible modification which destabilizes the dimer and
thus inhibits activity. Docking experiments with glutathione
suggest that this molecule can bind to iNOS with the thiol in
a position suitable for a transnitrosation reaction from NO-
pterin; it is possible that a similar mechanism may operate in
the bacterial NOSs by which they protect against Fenton
reactions through S-nitrosation of cysteine, with H4F and
cysteine as the partners.

7. POSSIBLE ROLES OF BACTERIAL NITRIC
OXIDE SYNTHASES IN TRANSCRIPTIONAL
REGULATION

NO is a potent signalling molecule even in bacteria that
lack the means of producing it. Before the discovery of the
bacterial NOSs it was known that bacteria could mount
stress responses on exposure to exogenous NO or
phagocytosis by NO-producing macrophages through the
soxRS regulon of E. coli [50]. SoxR is a transcription factor
that bears an Fe,S, cluster that is activated upon oxidation
[51], or by nitrosylation [52]; activated soxR increases the
expression of soxS, itself a transcriptional activator of
expression of several oxidative stress response genes
including sodA, which encodes manganese-containing
superoxide dismutase.

Exogenous NO also produces stress responses in B.
subtilis and S. aureus that are distinct from those of E. coli
[53]. FeS-containing transcription factors that are activated
by nitrosylation are also found in bacteria that possess NOS.
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This includes the B. subtilis transcription factor NsrR, which
represses expression from the ResDE regulon; expression of
this regulon is required for the switch from oxygen to nitrate
as the terminal electron acceptor in the respiratory chain
under anaerobic conditions. Does endogenously-generated
NO act as a transcriptional regulator in some bacteria? With
all the necessary components — NOS for generation, NO-
responsive transcription factors, and flavohemoglobins for
consumption — this seems likely. No such signalling pathway
has yet been defined in detail, but there are some promising
leads. A NOS deletion strain of B. subtilis was impaired in
sodA expression that normally occurs late in the exponential
growth phase [45]. While expression of sodA in B. subtilis
differs from that in E. coli [54], it is possible that this also
involves transcription factors with FeS switches. Defining
such pathways will require careful work to assign roles to
NO rather than other agents that can also influence the
oxidation state (and therefore the activity) of the FeS
clusters.

8. BACTERIA, ANIMALS.... WHERE ARE THE
OTHER NITRIC OXIDE SYNTHASES?

An evolutionary chasm of three billion years exists
among the organisms that are known to possess NOS. On
one side are the bacterial enzymes, largely from Gram-
positive species and consisting solely of an oxygenase
domain dimer. On the other side are the abundant examples
of full-length enzymes found in the animal kingdom. Full-
length NOSs are common among the metazoans, and in
sufficient numbers to describe their evolutionary descent
[31]. Yet apart from the metazoans and bacteria, examples of
NOS are rare or elusive. NOS has not yet been identified in
higher plants despite much effort and frustration [55]. The
number of reports of the presence of NOS in a given species
based on indirect evidence such as histological staining,
immunoblots with mammalian antibodies, or relatively
nonspecific enzyme assays are legion, and frequently are
misleading. The only certain way to confirm whether an
organism has a NOS is by genetic characterization but even
here care must be taken. For example, genomic
characterization of the diplomonad protist Giardia lamblia
has identified a NOS gene (Genebank Accession Number
EDO81993.1), but the annotation is based solely on the
presence of a coding region that resembles the NOS
reductase domain, and there is no evidence for a sequence
homologous to the oxygenase domain.

On the basis that an organism possesses NOS only if it
has a gene that encodes a protein which is homologous to the
oxygenase domain, there is no evidence yet of NOS in
higher plants, while among the fungi, only Aspergillus flavus
encodes a full-length NOS, although the enzyme has not yet
been characterized. The slime mold Physarum polycephalum
possesses two full-length NOS isotypes that are induced
under nutrient restriction and are involved in sporulation
[56]. These have been cloned and the recombinant proteins
have been expressed and partially characterized. While they
possess a calmodulin binding site their reductase domains
lack the autoinhibitory loop found in the NOS1 and NOS3
isotypes of mammals.

An exciting recent development which may help to
bridge the metazoans and the bacteria NOSs comes from the
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recently described genome of the amoeboflagellate
Naegleria gruberi, a single-celled, free-living organism
thought to resemble the ancestor of all extant eukaryotes
[57]. Although its genome size is only 41 Mbp, it encodes
over 15,000 proteins, which is comparable to the number of
proteins encoded by the larger genomes of metazoans such
as humans (~25,000 genes) and fruit fly (13,739 genes) [58,
59]. Interestingly the draft genome sequence of N. gruberi
includes a gene which encodes a 474 residue protein that is
homologous to the NOS oxygenase domain, with a well-
conserved sequence particularly in the residues of the
cofactor binding pockets (NCBI Accession Number
XP_002679491.1; UniProtKB Accession Number D2V8T5).
N. gruberi also has genes that encode cytochrome P450
reductase-like enzymes as well as other flavoproteins that
could possibly serve as electron donors to its NOS. The
presence of a single-domain NOS in N. gruberi supports the
idea that the gene fusion which gave rise to the full-length
NOS enzymes characteristic of the metazoans arose after the
evolution of eukaryotes. Nothing is known of the role of
NOS, nor of biological effects NO itself, in this organism.
As N. gruberi is a unicellular organism and its NOS does not
bear a reductase domain, its functional roles may resemble
those of bacterial NOS, and it may produce NO at
comparable rates. In support of this hypothesis, the N.
gruberi NOS sequence, like the bacterial enzymes, has a
conserved isoleucine at position 242, corresponding to
isoleucine-218 in B. subtilis NOS and valine-346 in mouse
iNOS, which, as noted above, influences the rate of NO
dissociation from heme [24]. We await the characterization
of the N. gruberi enzyme; one protein may not fill the chasm
between bacterial and animal NOSs, but it can provide a
significant link.
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