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CHAPTER 1.23

The Denitrifying Prokaryotes

JAMES P. SHAPLEIGH

Introduction

One of the hallmarks of bacterial physiology is
the ability to use a wide variety of substrates as
oxidants or terminal oxidants for respiration.
Because of its high redox potential and preva-
lence, oxygen is generally the preferred reduc-
tant for respiratory bacteria. However, bacteria
can utilize many other compounds as terminal
respiratory oxidant. One of these compounds is
nitrate. Nitrate respiration occurs via two dis-
similar pathways that utilize the same initial
substrate but produce different end products.
One of these pathways, termed ammonification,
is carried out by bacteria such as Escherichia coli,
and is marked by reduction of nitrate to nitrite
and then to ammonia.

The second pathway of nitrate respiration is
denitrification, which is the reduction of nitrate
to gaseous nitrogen oxides, principally nitrogen
gas (Fig. 1). The initial step in denitrification is
the reduction of nitrate to nitrite, as occurs in
ammonification. In the next step, the defining
reaction, nitrite is reduced to nitric oxide, a gas-
eous nitrogen oxide. This conversion of a fixed,
non-gaseous form of nitrogen to gaseous forms
has led this respiratory process to be termed
“denitrification” because biologically preferred
forms of nitrogen are lost. Once nitric oxide is
produced, it is further reduced to nitrous oxide
and then to nitrogen gas. The production of
nitrogen gas connects denitrification to the nitro-
gen cycle via nitrogen fixation. The ammonia
produced by nitrogen fixation can be converted
by nitrifying bacteria to nitrite and nitrate, the
substrates of denitrification. This series of reduc-
tions and oxidation reactions constitute the
nitrogen cycle (Fig. 2).

Gayon and Dupetit carried out the first sys-
tematic study of nitrate conversion to gaseous
forms of nitrogen in 1882 (Gayon, 1882). Noting
the loss of nitrate from decomposing sewage,
they called it “denitrification” and were the first
to isolate denitrifying bacteria (Gayon, 1886),
which they dubbed Bacterium denitrificans o. and
B. In the early stages of the study of denitrifica-
tion, it was erroneously assumed that nitrate was

releasing and thus supplying elemental oxygen to
organisms that subsequently carried out a reac-
tion equivalent to oxygen respiration. The obser-
vation of denitrification, although biologically
significant, was disquieting to agronomists who
soon realized that the addition of organic matter
to soils could lead to the loss of fixed nitrogen.
The agricultural importance of the process pro-
vided the impetus for much of the early work on
denitrification, and by the end of the 19th cen-
tury, denitrification had been reasonably well-
defined.

In the 20th century, a significant interest in the
agricultural consequences of denitrification has
continued. However, with the realization that
nitric oxide and nitrous oxide play important
roles in atmospheric and biological chemistry,
research emphases have shifted to the environ-
mental consequences of denitrification and the
molecular mechanisms of enzymes and gene
regulation.

Defining the Denitrifiers

Prokaryotes (mostly Bacteria, but a few
Archaea) constitute the vast majority of organ-
isms capable of denitrification. A number of fun-
gal isolates carry out reduction of nitrate to
nitrous oxide, but the contribution of this reduc-
tion to cell growth is variable (Usuda, 1995). In
prokaryotes and a few filamentous fungi, the
reduction of nitrate to gaseous intermediates is
a respiratory process. That is, reduction of nitrate
is coupled to ATP synthesis via electron trans-
port chains. With one or two exceptions, denitri-
fiers can also respire with oxygen as the terminal
electron acceptor and, because it is usually avail-
able at higher concentrations, oxygen is typically
the preferred electron acceptor. However, when
oxygen becomes limiting, the capacity to utilize
nitrate as a terminal oxidant allows denitrifying
bacteria to continue respiration using an alterna-
tive electron acceptor.

The reduction of nitrate to nitrogen gas is a
multi-step process (Fig. 1). The redox couple for
each reduction step is greater that 0.35 V, making
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denitrification energetically comparable to oxy-
gen reduction. Because each nitrogen oxide
reduction has a positive redox couple, every step
in denitrification need not be carried out to
achieve a net conservation of energy. In fact, it
is quite common to isolate bacteria that express
only portions of the denitrification electron
transport chain. Those prokaryotes that contain
partial denitrification chains will be included
in this chapter provided these organisms can
metabolize the gaseous intermediates in denitri-
fication, nitric oxide and nitrous oxide. So, a bac-
terium such as E. coli, which can reduce nitrate
and nitrite, is not considered a denitrifier
because it reduces nitrite to ammonia. Con-
versely, a bacterium such as Wolinella succino-
genes, even though it also reduces nitrate to
ammonia, is included in this review because it
also uses nitrous oxide as sole terminal oxidant
(Yoshinari, 1980).

Denitrification is a widely dispersed metabolic
pathway of prokaryotes. Table 1 shows a list of
prokaryotic genera, some of which are denitrifi-
ers. A list of prokaryotic genera suggested to
include dentrifying strains is shown in Table 1.
This has probably led to an underestimate of the
number of denitrifying strains. It is frequently
concluded that, if one strain does not denitrify,
neither will its close relatives. The essential cri-
terion for inclusion in this list is the metabolism
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of gaseous nitrogen oxides. In most cases, this
means the production of nitrous oxide or nitro-
gen gas from reduction of nitrate. However, all
the strains in this list have not been shown to
grow as denitrifiers. Several strains appear to
have the capacity to reduce only nitrite or nitric
oxide, making them difficult to culture under lab-
oratory conditions.

Archaea

Only a few Archaea capable of denitrification
have been isolated. With one exception, all the
known archaeal species that have been isolated
are also capable of aerobic respiration. Aerobic
respiration is relatively frequent among some of
the halophilic Archaea, which includes most of
the denitrifying Archaea. The denitrification
components of these halophilic bacteria have not
been characterized extensively. A copper-
containing nitrite reductase has been purified
from Haloferax denitrificans and was shown to
be spectroscopically similar to related eubacte-
rial nitrite reductases; but antiserum to the
copper-type nitrite reductase from the denitrifier
“Achromobacter cycloclastes” did not react with
the archaeal nitrite reductase (Inatomi, 1996).
More recently, other non-halophilic Archaea
have been found which are capable of denitrifi-
cation. One of these is Pyrobaculum aerophilum,
a hyperthermophile (Volkl, 1993). The genome
of this organism is currently being sequenced
and information from this effort will be of great-
est interest since no genes whose products are
required for dentrification have ever been
sequenced from an Archaea or a thermophile.
The other potential denitrifier from among the
Archaea is the strict anaerobe Ferroglobus placi-
dus (Hafenbradl, 1996). This bacterium can cou-
ple Fe™ oxidation to nitrate reduction. Studies
on this bacterium have shown cell extracts can
reduce nitrite to nitrous oxide, with nitric oxide
as an intermediate (Vorholt, 1997). Even though
this evidence strongly suggests this organism is a
denitrifier, the capacity of whole cells to reduce
nitrate to nitrite and small amounts of nitric
oxide is puzzling. This result could be due to
nitrite toxicity. However, further work should be
done to confirm that F placidus is a denitrifier
inasmuch as this is one of only two reportedly
strictly anaerobic denitrifiers. While denitrifica-
tion is limited to a few archaeal genera, identifi-
cation of more archaeal strains capable of
denitrification seems likely.

Eubacteria

Denitrification ability is widespread amongst the
eubacteria, and almost exclusively in those
strains that are capable of aerobic growth. Also,
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Table 1. Listing of microbial genera that are suggested to include denitrifiers.

Archaea
Haloarcula
Halobacterium
Haloferax
Ferroglobus
Pyrobaculum

Bacteria
Gram-negative

Aquifex

Flexibacter (formerly Cytophaga)
Empedobacter

Flavobacterium
Sphingobacterium

Synechocystis sp. PCC 6803

Purple Bacteria
o subdivision

Agrobacterium
Aquaspirillum
Azospirillum
Blastobacter
Bradyrhizobium
Gluconobacter
Hyphomicrobium
Magnetospirillum
Nitrobacter
Paracoccus
Pseudomonas (G-179)
Rhizobium
Rhodobacter
Rhodoplanes
Rhodopseudomonas
Roseobacter
Sinorhizobium (formerly Rhizobium)
Thiobacillus

B subdivision

Achromobacter
Acidovorax
Alcaligenes
Azoarcus
Brachymonas
Burkholderia
Chromobacterium
Comamonas
Eikenella
Hydrogenophage
Janthinobacterium
Kingella
Microvirgula
Neisseria
Nitrosomonas
Ochrobactrum

Oligella

Ralstonia (formerly Alcaligenes)
Rubrivivax

Thauera

Thermothrix

Thiobacillus

Vogesella

Zoogloea

v subdivision

Acinetobacter
Alteromonas
Azomonas
Beggiatoa
Deleya
Halomonas
Marinobacter
Moraxella
Pseudoalteromonas
Pseudomonas
Rugamonas
Shewanella
Thiopioca
Thiomargarita
Xanthomonas

§ subdivision
None
¢ subdivision

Wolinella
Campylobacter
Thiomicrospira

Others
Gram-positive

Bacillus
Corynebacterium
Frankia
Dactylosporangium
Dermatophilus
Gemella

Jonesia (formerly Listeria)
Kineosporia
Micromonospora
Microtetraspora
Nocardia

Pilimelia
Propionibacterium
Saccharomonospora
Saccharothrix
Spirrilospora
Streptomyces
Streptosporangium

it is found rarely in those bacteria that carry out
fermentation. Therefore, genera having strictly
respiratory bacteria are likely to have denitrify-
ing strains. Most of the characterized denitrifiers
belong to the proteobacteria. However, a num-
ber of denitrifiers are in other eubacterial genera.

Gram-PosiTivE  BAcTeEria Even though the
majority of denitrifiers are Gram-negative, den-
itrifying bacteria are well represented among
Gram-positive bacteria. For example, there have
been a number of denitrifying Bacillus species
described. However, because Bacillus subtilis
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(the type strain of the most commonly studied
strain of the genus) is not a denitrifier, denitrifi-
cation in Bacillus species is often overlooked. It
should be pointed out that a strain shown by
rDNA analysis to be closely related to B. subtilis,
Bacillus azotoformans, is a denitrifier (Mahne,
1995) and that strains designated as B. subtilis
have been found to denitrify (Sakai, 1996; Sakai,
1996). However, these B. subtilis strain need to
be described in more detail. Work done on char-
acterizing denitrification enzymes in Bacillus has
been limited (Denariaz, 1991). Other Gram-
positive bacteria capable of denitrification
include strains of Propionibacterium (Swartz-
lander, 1993) and Jonesia (originally Listeria)
denitrificans (Rocourt, 1987). These strains are
somewhat unusual because they seem to be den-
itrifying strains in groups of bacteria that are
primarily non-denitrifiers. More typical is
Frankia, in which a screen for denitrification
found a number of denitrifying strains (Lensi,
1990). Recently, it has been shown that a number
of actinomycetes, including Streptomyces, Der-
matophilus and Nocardia, are capable of nitrous
oxide evolution from nitrate or nitrite (Shoun,
1998). This work significantly expands the list of
denitrifying Gram-positive bacteria and demon-
strates that, once denitrification is observed in a
group of bacteria, further characterization of its
members and close relatives will uncover addi-
tional denitrifiers, even if denitrification had
never been ascribed previously to any member
of the group.

GRAM-NEGATIVE BACTERIA Among the Gram-
negative bacteria that are not proteobacteriaare,
denitrifying strains are found in the genera
Aquifex (Huber, 1992), Flexibacter (Jones,
1990), and Flavobacterium (Coyne, 1989).
Aquifex pyrophilus is a thermophile that consti-
tutes one of the deepest (earliest) branches of
the eubacteria. This may indicate that denitrifi-
cation represents one of the first forms of respi-
ration. Denitrifying strains of the related
Hydrogenobacter have not been isolated as yet,
but this may be due to incomplete characteriza-
tion. The gliding bacterium Flexibacter canaden-
sis is unique in that its nitrous oxide reductase is
apparently insensitive to acetylene, unlike
nitrous oxide reductases from other bacteria
(Jones, 1990).

Nearly all of the bacteria defined as denitrifi-
ers are identified because of their ability to
reduce nitrate or nitrite to gaseous end products.
Recently, genomic sequencing efforts indicated
that Synechocystis sp. strain PCC 6803 is also a
denitrifier, but with a truncated electron trans-
port chain (Kaneko, 1996). Analysis of the
genome sequence of PCC 6803 showed that it
encodes a nitric oxide reductase and a transcrip-
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tional regulator that may regulate expression of
this enzyme. This strain does not encode a nitrite
or nitrous oxide reductase, making it an extreme
example of an organism with a truncated denitri-
fication electron transport chain. It will be inter-
esting to see if genomic sequencing finds
additional bacteria with truncated denitrification
chains.

The majority of currently characterized deni-
trifiers are found in the group known as the
proteobacteria (purple bacteria). The proteobac-
teria have been subdivided into five subdivisions,
o, B, v, 0 and &. Denitrifiers have been found in
four of these. The 6 subdivision, which contains
a number of strict anaerobes, has not been found
to contain any strains that denitrify, as yet.
The o subdivision contains a number of well-
characterized denitrifiers including Paracoccus
denitrificans, various Rhodobacter strains, and
several rhizobia. Even in the o subdivision, in
which it is well established, denitrification may
be overlooked if the first strains characterized do
not denitrify. A good example of this problem is
Rhodobacter sphaeroides. The original isolates of
R sphaeroides were not robust denitrifiers, so lit-
tle effort was made to determine if other strains
of R sphaeroides were denitrifiers. However, a
number of denitrifying isolates were eventually
isolated (Michalski, 1988). Further work has
indicated that all strains of Rhodobacter proba-
bly encode nitric oxide and nitrous oxide reduc-
tase, but that most have lost the ability to reduce
nitrite (Kwiatkowski, 1997).

Denitrifiers of note in the o subdivision
include Hyphomicrobium, budding bacteria
often found in waste-water treatment facilities
(Fesefeldt, 1998). Hyphomicrobium can be used
to help rid water supplies of high nitrate concen-
trations while growing on inexpensive feedstocks
such as methanol. Denitrification among the
rhizobia, which are best known for their roles as
nitrogen-fixing symbionts, is also noteworthy
because these strains have the seemingly contra-
dictory capacity for both nitrogen fixation and
denitrification (O’Hara, 1985). This ability to
both fix and “unfix” nitrogen is fairly widespread
among denitrifiers: Rhodobacter, Hyphomicro-
bium, Frankia, Azospirrilum, Azoarcus and
some pseudomonad strains can both fix nitrogen
and reduce nitrates to nitrogen gas. Some mem-
bers of the genus Nitrobacter, which are nitrify-
ing o-proteobacteria, reportedly produce nitric
oxide from nitrite. Even though a putative nitrite
reductase has been purified from Nitrobacter vul-
garis (Ahlers, 1990), other studies have not
revealed production of nitric oxide or nitrous
oxide in cultures of Nitrobacter species (Baum-
gartner, 1991; Goreau, 1980). Further studies are
required to determine if these nitrifying bacteria
are also denitrifiers.
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Although a number of members of the
B-proteobacteria denitrify, they are not as well
studied, on the whole, as members of the o or 7y
subdivisions. However, new developments sug-
gest this situation is likely to be only temporary.
One new area of interest is the anaerobic degra-
dation of aromatic organic compounds. In recent
years, it has become evident that denitrifying
bacteria can metabolize aromatic compounds
under denitrifying conditions. A number of aro-
matic compound-degrading denitrifiers have
been isolated, and many belong to the genera
Azoarcus or Thauera, which are both B-proteo-
bacteria (Fries, 1994; Springer, 1998; van Schie,
1998; Anders, 1995). Given the interest in anaer-
obic degradation of aromatic compounds, there
is likely to be more in-depth studies on denitrifi-
cation in Azoarcus or Thauera. One strain,
Azoarcus anaerobius, is a completely anaerobic
denitrifier (Gorny, 1992) and is unusual in that it
cannot fix nitrogen, a trait common to all other
strains of Azoarcus.

Another reason to expect that denitrification
in members of the P subdivision will receive
more attention is that both Neisseria gonor-
rhoeae and Neisseria meningitidis are denitrifi-
ers. Even though it has been well documented
that several other species of Neisseria can deni-
trify (in fact, one species is named Neisseria den-
itrificans), denitrification in N. gonorrhoeae and
N. meningitidis was originally overlooked
because of their apparent sensitivity to nitrite.
However, recently it has been shown that the
gene aniA in N. gonorrhoeae encodes a copper-
containing nitrite reductase (Mellies, 1997).
Ongoing sequence analysis of the genomes of N.
gonorrhoeae (Roe, 1999) and N. meningitidis
(Sanger Centre, 1999) has revealed that both
organisms encode a nitrite reductase and nitric
oxide reductase, but only N. gonorrhoeae is
known to encode nitrous oxide reductase;
whether N. meningitidis also has this gene is not
determined as yet. Little is known about the reg-
ulation of these proteins or what contributions
they make to the physiology of these bacteria.
Nitrite reductase is apparently not required for
pathogenicity (Mellies, 1997). However, because
reactive nitrogen oxide is an important part of
the host defense response in humans, the role of
the denitrification enzymes in these pathogenic
Neisseria  will undoubtedly receive more
attention.

Also, among the B subdivision denitrifiers are
species of the genus Nitrosomonas, a genus
defined by the ability to oxidize ammonia to
nitrite. It has been known for some time that
nitrous oxide is a product of ammonia oxidation
(Goreau, 1980; Poth, 1985). Subsequent studies
have confirmed these observations and a copper-
containing nitrite reductase has been purified
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from Nitrosomonas europaea (Miller, 1985;
Dispirito, 1985). This strongly indicates that
Nitrosomonas species are nitrifying denitrifiers.
However, the role of denitrification in
Nitrosomonas, whether for detoxification or for
energy conservation, has not been established as
yet.

Denitrification in members of the 7y subclass
of proteobacteria has been well studied in
Pseudomonas  stutzeri and  Pseudomonas
aeruginosa. Recent characterizations of the
pseudomonads has resulted in the reclassifica-
tion of rRNA group II bacteria to the genus
Burkholderia, which is in the 7y subdivision
(Yabuuchi, 1992). Members of the rRNA group
I of the pseudomonads are tightly clustered, and
P, stutzeri and P. aeruginosa are in this group.

Some very unusual nitrate respirers are found
in the y group. Both Beggiatoa and Thioploca
species have the unique capacity to accumulate
nitrate in internal vacuoles until they contain
several thousandtimes the external concentra-
tion (McHatton, 1996; Fossing, 1995). The
organisms then use this accumulated nitrate as
an oxidant and sulfide in the surrounding envi-
ronment as a reductant. They also make sheaths
in which they move between the nitrate-rich
waters and sulfide-rich sediments, allowing them
to commute from one environment to another
depending on their physiological requirements.
A unique relative of Thioploca and Beggiatoa,
Thiomargarita, has been described recently
(Schulz, 1999). Thiomargarita accumulates high
concentrations of nitrate in a central vacuole.
This very large vacuole is the reason Thiomar-
garita is the largest known bacterium. All of
these bacteria are presumed to be denitrifiers,
however, there is little direct evidence for this.
Some evidence suggests Beggiatoa species are
denitrifiers  (Sweerts, 1990), but more work
needs to be done to show that these strains con-
tain a nitric-oxide-producing nitrite reductase.
The use of reduced sulfur compounds as elec-
tron donors is known to occur in several deni-
trifiers including Agquifex (Huber, 1992),
Paracoccus (Friedrich, 1981), and Thiobacillus
(Schedel, 1980).

A few denitrifiers have been found in the €
subdivision. Some exhibit truncated denitrifica-
tion chains. For example, both Wolinella succino-
genes and some Campylobacter species have the
capacity to grow with nitrous oxide as sole ter-
minal oxidant (Yoshinari, 1980; Payne, 1982).
However, neither bacterium is able to reduce
nitrite to nitrous oxide. Thiomicrospira denitrifi-
cans, which is closely related to the Campylo-
bacter group (Muyzer, 1995), can reduce nitrite
to gaseous end products (Timmer-ten Hoor,
1975). Also, T. denitrificans can use sulfur com-
pounds as reductants.
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Enzymology of Denitrification

As shown in Figure 1, complete denitrification is
a multi-step process, requiring four separate
enzymes for the reduction of nitrate and three
intermediate nitrogen oxides, and ending in the
evolution of nitrogen gas. The basic arrangement
of the nitrogen oxide reductases is shown in Fig.
3. A basic description of the nature of these pro-
teins and ancillary proteins is presented here.
Additional information can be obtained from
two recent reviews (Berks, 1995; Zumft, 1997).

Nitrate Reductase

The first step in denitrification, the two-electron
reduction of nitrate to nitrite, is catalyzed by
nitrate reductase. Early studies on nitrate reduc-
tase activity in cells demonstrated the existence
of at least two types of nitrate reductase: a solu-
ble assimilatory enzyme, used when nitrate is the
nitrogen source, and a membrane-associated res-
piratory enzyme. The situation became more
complicated when nitrate reductase activity was
found in the periplasm of R. sphaeroides 1L 106
(Sawada, 1980). Further work has demonstrated
that this periplasmic enzyme is found in a wide
variety of bacteria, including denitrifiers and
E. coli.

Most denitrifiers contain more than one type
of nitrate reductase. The enzyme typically
associated with nitrate respiration is a
membrane-bound three-subunit complex, whose
membrane-anchoring subunit (y or Narl) is
sometimes lost during purification. A significant
amount of the research on the respiratory nitrate
reductase has made use of non-denitrifiers, par-
ticularly E. coli (Berks, 1995). The largest of the
three subunits (o0 or NarG) contains molybde-
num, bound by the cofactor molybdopterin gua-
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nine dinucleotide and a [4Fe-4S] center. The
remaining subunit ( or NarH) contains several
[4Fe-4S] centers and a [3Fe-4S] center. NarG and
NarH are exposed on the cytoplasmic side of the
inner membrane. The membrane anchoring sub-
unit typically contains a b-type heme. The direct
electron donor of the respiratory nitrate reduc-
tase is quinol. The electrons from quinol are
thought to be transferred through the heme in
the membrane-anchoring subunit to the [Fe-S]
centers in NarH and then to the molybdenum
center in NarG where nitrate reduction occurs.

The periplasmic nitrate reductase (Nap) is a
heterodimer with prosthetic groups similar to
those found in the membrane-bound nitrate
reductase. The largest subunit (NapA) binds
molybdopterin guanine dinucleotide and a [4Fe-
4S] center. The smaller subunit binds heme
(NapB) that is required for transfer of electrons
to the active site. Electrons are transferred from
the membrane-associated quinol pool to the Nap
complex by a membrane-bound tetra-heme c-
type cytochrome, NapC. Insertional inactivation
of NapC in R. sphaeroides resulted in the loss of
nitrate reductase activity (Reyes, 1996). NapC is
related to a larger family of proteins, which
apparently bind heme via a bis-His ligation
(Roldan, 1998).

Recently the crystal structure of the periplas-
mic nitrate reductase from the non-denitrifying
bacterium Desulfovibrio desulfuricans has been
reported (Dias, 1999). This enzyme contains a
single subunit containing the active site and
related cofactors. This subunit has significant
similarity to NapA from denitrifiers and E. coli.
Comparisons with other known structures
revealed the enzyme is structurally related to
formate dehydrogenase and dimethylsulfoxide
reductase, both of which contain molybdenum
cofactors. Comparisons of these various struc-
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tures will be very useful in determining the struc-
tural constraints required for nitrate binding and
reduction.

The periplasmic and membrane-bound
enzymes can be distinguished in several ways.
First, the membrane-bound enzyme is sensitive
to micromolar levels of azide, whereas the peri-
plasmic form is not (Bell, 1990). Second, the
membrane-bound enzyme can reduce chlorate
but the periplasmic enzyme is limited to nitrate,
a result that led to the development of a useful
method to select nitrate reductase mutants.
Third, because the active sites of the two
enzymes are on different sides of the inner mem-
brane, the differential membrane solubilities of
methyl viologen and benzyl viologen can be used
to differentiate activities (Carter, 1995). Methyl
viologen, which is membrane permeant, can be
used as an electron source for both enzymes in
whole cell assays. Benzyl viologen, which is
membrane impermeant, will act as an electron
source only for the periplasmic enzyme in whole
cell assays. By comparing the nitrate reductase
activity determined with each viologen, the rela-
tive levels of activity of each form of nitrate
reductase can be estimated. Lastly, the regula-
tion of the two enzymes is different.

While the function of the respiratory nitrate
reductase in denitrification is obvious the phy-
siological role of the periplasmic enzyme is
unclear. It seems unlikely that the periplasmic
enzyme is used by most denitrifiers for energy
conservation inasmuch as bacteria such as R.
sphaeroides 2.4.1 have this enzyme but can not
grow anaerobically with nitrate as the sole termi-
nal electron acceptor. Moreover, expression of
the periplasmic nitrate reductase is repressed
during denitrification in P. denitrificans and R.
eutropha (Warnecke-Eberz, 1993; Sears, 1993).
It seems likely that the major role of the peri-
plasmic enzyme is to aid dissipation of excess
reductant. This role is supported by the observa-
tion that the periplasmic nitrate reductase of P.
denitrificans GB17 is expressed at a higher level
on reduced substrates (that is, those that would
likely cause a buildup of reductant) than on more
oxidized substrates (Richardson, 1992). How-
ever, there are two examples of Nap being the
principal nitrate reductase in a denitrifier. Inac-
tivation of the genes encoding Nap in both
Pseudomonas G-179 (Bedzyk, 1999) and R.
sphaeroides resulted in a loss of nitrate reductase
activity under anaerobic conditions.

The assimilatory nitrate reductase is a single-
subunit enzyme. As with the other nitrate reduc-
tases the enzyme binds molybdopterin guanine
dinucleotide and an [Fe-S] center. The activity of
this enzyme is differentiated from the other
enzymes, principally because it is only expressed
when nitrate is used as a sole source of nitrogen.
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Nitrite Reductase

Nitrite reduction is the defining reaction of den-
itrification—the step that differentiates denitrifi-
cation from other forms of nitrate metabolism.
Nitrite reductase catalyzes the one electron
reduction of nitrite to nitric oxide. There are two
types of nitrite reductases, but, unlike the differ-
ent types of nitrate reductase, the nitrite reduc-
tases are not structurally related and contain
different prosthetic groups. They are, however,
both located in the periplasm. They also appear
to be functionally redundant (Glockner, 1993).
One type of nitrite reductase utilizes copper as a
redox active metal (CuNir), and the other uti-
lizes heme-bound iron (cd,;). There is no obvious
phylogenetic distribution of the two enzymes.
Moreover, both types of enzyme can be found
within members of a single genus but have not
been found in a single bacterium. In studies
assessing the frequency of occurrence of either
enzyme in the environment, the cd; type was
found in a greater number of organisms (Coyne,
1989).

The CuNir has been studied extensively, and
much is known about its structure and the nature
of the copper centers. Enzymes from several dif-
ferent denitrifiers have been crystallized under
different conditions and their high-resolution
structures determined (Dodd, 1998; Adman,
1995; Kukimoto, 1994; Godden, 1991). These
studies have revealed that the enzyme is a
homotrimer with each monomer containing two
copper atoms. The copper atom in type-1 centers
is attached to Cys, Met and two His residues.
Type-1 centers are often referred to as blue cop-
per centers and are found in electron transfer
proteins, such as azurin, or in proteins with mul-
tiple copper centers, such as laccase (Solomon,
1996). In multi-copper enzymes, including
CuNir, the type-1 copper is involved in electron
transfer to the active site. The other copper atom
in CuNir is bound by three His residues making
it a type-2 copper center. Type-2 centers are
found in many multi-copper enzymes and are
frequently sites of substrate binding. In CuNir,
the type-2 center has been shown to be the site
of nitrite binding (Adman, 1995). In the CuNir-
nitrite cocrystals, the nitrite binds to the type-2
center with its oxygens and upon binding dis-
places a bound water (Adman, 1995). The copper
centers in the cocrystal are in an oxidized state,
however, which may influence how the nitrite
binds. Studies of synthetic copper centers have
suggested that the nitrite nitrogen binds to a
reduced copper center (Halfen, 1996).

Less is known about how nitrite reduction pro-
ceeds. The redox potential of the type-1 center is
higher than that of the type-2 center (Olesen,
1998). This suggests that the type-1 center acts as
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a gate, by holding on to an electron until nitrite
binds to the type-2 center. Nitrite binding to the
type-2 center will raise its potential, permitting
electron flow from the type-1 to the type-2 cen-
ter. Little is known about how nitrite reduction
proceeds once the type-2 center is reduced. It has
been suggested that the nitrite is reduced and
protonated, transiently forming a copper (II)-
nitric oxide complex (Murphy, 1997). Because
the nitric oxide is bound to oxidized copper, the
complex is relatively unstable and nitric oxide
can dissociate and diffuse away. It is critical that
nitric oxide not bind to the reduced type-2 cen-
ter, as such a complex would be stable and pre-
vent enzyme function. This may explain how the
type-1 center can function as a one-electron gate
(Olesen, 1998).

The homodimer cd;-type nitrite reductase con-
tains a single c-type heme and d, heme molecule
per monomer. The d; heme is a modified tetrapy-
rrole ring that is partly reduced and has oxo,
methyl and acrylate sidegroups (Chang, 1986).
The high-resolution structures of the cd; type
enzymes from P. denitrificans GB17 (Thiosphera
pantotropha) (Fulop, 1995) and P. aeruginosa
(Nurizzo, 1997) have recently been determined.
The c-heme of the oxidized form of the enzyme
from GB17 enzyme is bound to two His residues.
However, upon reduction, the enzyme refolds
causing one of the His ligands to be lost and
replaced by a Cys, a more common ligand of c-
type cytochromes. This unexpected ligand shuf-
fling does not occur in the P. aeruginosa enzyme
because both the oxidized and reduced forms
have the same His and Cys ligand (Nurizzo,
1998).

The d; heme in GB17 enzyme is bound by a
Tyr and a His residue. The attachment of the d,
residue is unusual in that the Tyr residue (iden-
tified as the ligand) is not conserved in other cd;
reductases, nor does a potentially equivalent Tyr
in other cd; reductases play a role in heme liga-
tion (Cutruzzola, 1997). The high-resolution
structure of the P. aeruginosa enzyme revealed
that the sixth ligand of the d; heme is a hydroxide
ion. In both the P aeruginosa and GB17
enzymes, the sixth ligand is lost when substrate
binds to the d; heme. The high-resolution struc-
tures of the reduced forms of both enzymes are
very similar.

In addition to static structures, a time-resolved
structural study of the catalytic cycle of the GB17
enzyme has been carried out (Williams, 1997).
This work revealed the large-scale structural
changes discussed above. It also indicated that
the nitrite nitrogen binds to the reduced enzyme,
in contrast with the oxidized CuNir. The ligand
shuffling in the GB17 enzyme was postulated to
change redox potentials of the heme groups to
prevent formation of a Fe(II)-NO complex. The
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end product (Fe(IIT)-NO) is ensured by limiting
the number of electrons available to the d;, heme
during each nitrite reductase step. Then, Fe(III)-
NO can dissociate spontaneously or by the
return of the Tyr ligand in the GB17 enzyme.

Both the CuNir and cd; enzymes also can
reduce oxygen. Early studies often designated
the cd; enzyme a cytochrome oxidase (Wharton,
1976). The product of oxygen reduction by the
cd; enzyme is water (Lam, 1969), although it is
not clear how four electrons are passed to the
oxygen in this process, inasmuch as a one-
electron reduction is normally carried out. The
oxidase activity of these enzymes is potentially
significant because, if activated oxygen species
are also produced by CuNir, they can react rap-
idly with nitric oxide to produce reactive and
toxic products such as peroxynitrite (Stamler,
1992).

Nitric Oxide Reductase

The P. stutzeri nitric oxide reductase has been the
most intensively studied of these enzymes. It is
purified as a heterodimer with subunits NorB
and NorC being integral membrane proteins
(Kastrau, 1994). NorC is c-type cytochrome, pro-
posed to accept an electron from a periplasmic
donor and then to pass the electron to NorB.
NorB contains two b-type hemes and a non-
heme iron. Spectroscopic analysis indicates one
b-heme is low spin, whereas the other is high spin
and capable of binding carbon monoxide. The
low-spin heme is likely to be the direct acceptor
of electrons from NorC. Metal analysis revealed
that more iron was present than could be
accounted for by heme content, indicating non-
heme iron. As additional nitric oxide reductases
have been purified, similar metal stoichiometry
has been observed (Dermastia, 1991; Girsch,
1997). There is no evidence for nitric oxide
reductase containing an [Fe-S] center.

The isolation of the genes encoding the nitric
oxide reductase in P. stutzeri provided significant
insight into the structural organization of
the enzyme (Zumft, 1994). Examination of the
deduced primary sequence indicated that the
nitric oxide reductase is related to the heme-
copper family of cytochrome oxidases (van der
Oost, 1994; Saraste, 1994). Although the overall
identity of nitric oxide reductases and cyto-
chrome oxidases is low, a set of six His residues
is conserved in pairwise alignments of subunit I
of cytochrome oxidase and NorB of nitric oxide
reductase. The conservation of these residues is
significant because they have been shown to
serve as metal center ligands in cytochrome oxi-
dase. In cytochrome oxidase, these His residues
bind a six-coordinate heme, five-coordinate
heme, and copper—the latter two metal centers
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constituting a binuclear center that is the site of
oxygen binding and reduction (Iwata, 1995). By
comparison, the equivalent His residues in NorB,
ligate a six-coordinate heme, a five-coordinate
heme and, because there is no copper in nitric
oxide reductase, a non-heme iron.

Recent spectroscopic studies on the enzymes
purified from P. denitrificans (Girsch, 1997) and
P, stutzeri (Cheesman, 1998) support the struc-
tural similarity of nitric oxide reductase and
heme-copper oxidases. The active site of nitric
oxide reductase is most likely a five-coordinate
heme and non-heme iron in close proximity. The
two metal centers are close enough to permit
interaction of the electron orbitals, as also
observed in heme-copper oxidases. NMR,
Raman, and FTIR analyses have demonstrated
that the local molecular environment of the
binuclear center in nitric oxide reductase is dis-
tinct from any type of heme-copper oxidase
(Moenne-Loccoz, 1998; Mitchell, 1998). The dif-
ferences in the structure are also manifested in
the primary sequences. For example, in the aa;-
type cytochrome oxidases, one of the most highly
conserved regions is within membrane spanning
helix six, which contains the His residues that
bind the five-coordinate heme. Comparison of
the aa;-type consensus sequence of the helix-six
region with sequences of the similar region in
nitric oxide reductases reveals significant differ-
ences in the primary sequences (Fig. 4). Of par-
ticular note is the absence of a Glu in nitric oxide
reductase that may be involved in proton pump-
ing in cytochrome oxidase and in an overall
increase in polarity of the nitric oxide reductase
sequence (Verkhovskaya, 1997). The sequence
differences also make it possible to differentiate
members of this diverse family of proteins. This
is important in those bacteria, such as N. gonor-
rhoeae and N. meningitidis, where nitric oxide
reductase has not been demonstrated, but
sequence information indicates the gene encod-
ing this enzyme is present along with other mem-
bers of the heme-copper oxidase superfamily.

A variant on the P, stutzeri prototype structure
has recently been identified in the bacterium

Psaer PENLTRDKFYWWWVVHLWVEGVWELIMGAILAFVLAFITG
Psstu PENLSRDKFYWWWVVHLWVEGVWELIMGAILAFVLIKVTG
Phalo PSNLAVDKLYWWWVVHLWVEGVWELIMASILGYLLIKMTG
Pdeni PANLVLDKQYWWWVIHLWVEGVWELIMAAILAFLMIKLTG
Brjap PANLALDKMYWWWVVHLWVEGVWELIMASVLAYLMIKLNG
Rspha PDNLGLDKMYWWYIVHLWVEGTWELVMAAVLGYLMIKLTG
G-179 PANLALDKMYWWYVVHLWVEGVWELIMASVLSFLMIKLNG
Synec TRISVAEYWRWW-VVHLWVEGFFEVFATVAIAYLCSELGF
Reutr TSITVMEYWRWW-VVHLWVEGFFEVFATVALAFIFSTLGL
Ngono SPIAVMEYWRWW-VVHLWVEGFFEVFATVAFAFVFYNMGF
Nmeni SPIAVMEYWRWW-VVHLWVEGFFEVFATAAFAFVFYNMGF
Sub I GGDPVLYQHLFWFFGHPEVYILILPAFGIISEVISTFSRK
CcoN VFSGVQDAMVQWWYGHNAVGFFLTAGFLGMMYYFVPKQAE

Fig. 4.
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Ralstonia eutropha (Alcaligenes eutrophus H16)
(Cramm, 1997). This bacterium contains two
nitric oxide reductases, one designated NorZ, a
product of genes on the chromosome, and the
other designated NorB, a product of genes
located on a plasmid. The products of these
genes have significant identity (>90%) and are
functionally redundant. They have significant
similarity with NorB of other nitric oxide reduc-
tases such as that of P, stutzeri, with the exception
of an N-terminal extension of about 300 residues.
These extra residues of the R. eutropha enzymes
likely add two additional membrane-spanning
regions and a large hydrophilic loop. The pri-
mary sequence of the N-terminal extension does
not have similarity with other known proteins.
Part of its function may relate to the observation
that there is no evidence for a gene encoding a
NorC equivalent in R. eutropha. This suggests
that the amino terminal extension is functionally
equivalent to NorC, but no direct evidence has
been provided in support of this conclusion.

A gene whose product is similar to the NorB
and NorZ products has turned up in the genome
of Synechocystis strain PCC 6803 (Kaneko,
1996). Interestingly, genes encoding nitrite and
nitrous oxide reductase were not identified in
this bacterium. Because PCC 6803 can not
reduce nitrite, it has never been considered as
capable of gaseous nitrogen oxide metabolism.
This makes the presence of nitric oxide reductase
unexpected. However, as discussed above, other
strains have recently been characterized which
have nitric oxide reductase but lack nitrite reduc-
tase, suggesting this mode of truncation of the
denitrification electron transport chain may be
fairly prevalent. Ongoing genome sequencing
efforts in N. meningitidis (Sanger Centre, 1999)
and N. gonorrhoeae (Roe, 1999) have also iden-
tified genes whose products are similar to the R.
eutropha nitric oxide reductases. Neisseria and R.
eutropoha are both in the B-subgroup of the pro-
teobacteria (Table 1), but it is unclear if this class
of enzymes will be preferentially found in one
taxonomic group. Alignment of nitric oxide
reductases also demonstrates that the R
eutropoha-type nitric oxide reductases have
other unique sequence motifs not found in the P.
stutzeri type reductases (Fig. 4).

The reduction of nitric oxide to nitrous oxide
occurs at the binuclear center. Current models
suggest that two nitric oxide molecules bind at
the active site, although it is not clear if nitric
oxide binds to both metal centers or if a dini-
trosyl complex is formed (Ye, 1994; Moenne-
Loccoz, 1998). Electrons enter the Nor complex
through the cytochrome ¢ in NorC and then flow
to the six-coordinate heme in NorB. Electrons
are then transferred to the binuclear center. The
high affinity of reduced heme for nitric oxide
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makes it unclear if reduction of the catalytic site
involves formation of a ferrous heme-nitric oxide
species. Irrespective of the exact electron trans-
fer steps, it is clear that proximity of the two
nitric oxide molecules is critical in the formation
of the N-N bond.

Nitrous Oxide Reductase

The presence of nitrous oxide reductase can be
identified independently of the other reductases
because many organisms can grow with nitrous
oxide as sole terminal oxidant. This has led to the
identification of nitrous oxide reductase in sev-
eral bacteria that are not complete denitrifiers
(Yoshinari, 1980; Payne, 1982). The purification
and characterization of nitrous oxide reductase
was difficult because its activity is lost in cell
extracts. Nutritional studies had identified cop-
per as an essential nutrient for nitrous oxide
reductase activity (Matsubara, 1982) and further
work led to the isolation of a soluble copper
protein which, under the proper conditions, had
nitrous oxide reductase activity (Zumft, 1982).
Additional studies have demonstrated that
enzyme purified anaerobically and assayed using
reduced viologens as electron donor has the
highest specific activity. The latter observation is
somewhat puzzling because the natural electron
donors to nitrous oxide reductase are likely to
have much higher redox potential.

Nitrous oxide reductases from several com-
plete denitrifiers have been extensively charac-
terized (Riester, 1989; SooHoo, 1991; Hulse,
1990; Snyder, 1987). These enzymes are all
related and are multi-copper periplasmic pro-
teins. The protein appears to be homodimeric in
most preparations, with four coppers per sub-
unit. Current data suggest there are two binu-
clear copper centers in the active enzyme. These
centers undergo spectroscopic shifts depending
on their redox state, and this has resulted in the
characterization of different colored forms of the
enzyme.

One of the copper centers has been structur-
ally defined as a CuA site. The CuA center was
described originally in the heme copper oxidases.
However, the exact nature of this site was
unclear until the related site in nitrous oxide
reductase was characterized. Analysis of the
deduced primary sequence of the nitrous oxide
reductase identified a structural motif found
otherwise only in the CuA-containing subunit
of cytochrome oxidase (Viebrock, 1988). Addi-
tional spectroscopic studies provided further evi-
dence of the similarities between one of the sites
in nitrous oxide reductase and the CuA site of
cytochrome oxidase (Farrar, 1991; Scott, 1989;
Antholine, 1992). A more precise understanding
of the structure of the CuA center has been
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obtained with the determination of the high-
resolution structure of two cytochrome oxidases
(Tsukihara, 1995; Ostermeier, 1997). In both
cytochrome oxidase and nitrous oxide reductase,
the CuA site has a role in transferring electrons
from external electron donors to the active site.
The other copper center in nitrous oxide reduc-
tase is, by exclusion, assumed to be the site of
nitrous oxide binding and reduction. This site has
been designated CuZ. Initial studies suggested
both CuZ and CuA sites were bis-thiolate-
bridged dinuclear copper sites (Farrar, 1991).
Isolation of spectral signals arising from the CuZ
center has proved difficult. Spectroscopic analy-
sis of the CuZ signals has relied on poising the
enzyme in specific oxidation states to make the
CuA center Electron Paramagnetic Resonance
(EPR) or optically silent. However, it has been
suggested that the signals assigned to the CuZ
site are actually different redox states of the CuA
center (Farrar, 1998). In this latter work, it was
shown that both the CuA site and the putative
CuZ site were bis-thiolate-bridged dinuclear
copper sites. This would require, if these were
separate sites, four conserved Cys residues for
formation of the two binuclear centers. Align-
ment of deduced nitrous oxide reductase
sequences does not identify four conserved Cys
residues. Instead, there are only two absolutely
conserved Cys residues in nitrous oxide reduc-
tase. It is possible that the position of a Cys is
shifted in one sequence relative to others
accounting for the deficiency of conserved resi-
dues. However, mutation of one of the Cys resi-
dues outside the CuA domain does not lead to a
loss of nitrous oxide reductase activity (Dreusch,
1996). Taken together, these data are not consis-
tent with assuming that there are two bis-
thiolate-bridged dinuclear copper sites in nitrous
oxide reductase.

If conserved residues do not bridge the cata-
lytic center, what then is its structure? Alignment
of available nitrous oxide sequences does
indicate there are a number of completely con-
served His residues. The catalytic center might
therefore be a His-ligated structure similar to the
Type 3 copper centers found in enzymes such as
laccase (Solomon, 1996). However, there is cur-
rently no direct evidence for the presence of such
a center.

Given the uncertainty in the structure of the
catalytic center, it is difficult to develop a useful
model of the nitrous oxide reductase catalytic
cycle. Nitrous oxide is chemically inert and also
a poor ligand, making its reduction an interesting
problem in transition metal-ligand chemistry
(Kroneck, 1990). Other enzymes, including
nitrogenase (Jensen, 1986) and carbon monoxide
dehydrogenase (Lu, 1991), also have been found
to have nitrous oxide reductase activity, indicat-
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ing that it is possible that transition metals other
than copper can reduce nitrous oxide.

Only copper-containing nitrous oxide reduc-
tases have been purified from complete denitri-
fiers. However, there appear to be variants of this
structure present in other bacteria. The nitrous
oxide reductase from W. succinogenes has been
purified and shown to contain both copper and
iron (Teraguchi, 1989; Zhang, 1991). The iron is
attributed to an associated cytochrome c, though
EPR suggests the presence of a CuA site.
Because the primary structure of the W. succino-
genes enzyme is unknown, the relationship of
this enzyme to other nitrous oxide reductases is
unknown. Another novel nitrous oxide reductase
has been suggested to occur in Flexibacter
canadensis (Jones, 1990). Most nitrous oxide
reductases are inhibited by acetylene (Balder-
ston, 1976; Yoshinari, 1976). However, the
nitrous reductase from F canadensis is insensi-
tive to this compound (Jones, 1990). Preliminary
characterization of this enzyme suggests it is
membrane-associated, further differentiating it
from other reductases (Jones, 1992). The nitrous
oxide reductase from R. sphaeroides 11.106 was
also thought to be divergent because it was
reported to contain Zn and Ni in addition to
copper (Michalski, 1986). However, a more rig-
orous characterization of this enzyme suggests it
is similar to typical copper-containing enzymes
(Sato, 1998).

Genetics of Denitrification

Gene Organization

Analysis of the structure and organization of
denitrification genes has been investigated in
denitrifiers that are primarily members of the
proteobacteria. The most extensive characteriza-
tions have been carried out with genomes of the
pseudomonads as well as that of P. denitrificans
strains. Although no true denitrifier has had its
chromosome sequenced, there are several
projects to sequence organisms that are partial
or complete denitrifiers.

NITRITE AND NITRIC OXIDE REDUCTASE The most
extensive examinations of denitrification gene
organization have involved P. aeruginosa and
P stutzeri in which the nitrite reductase and nitric
oxide reductase structural genes are about 10 kb
apart (Arai, 1995; Braun, 1992). This tight link-
age is found also in P. denitrificans (Baker, 1998).
In general, such tight linkage of the nir and nor
gene clusters is not observed in those denitrifiers
containing a copper-type nitrite reductase. In R.
sphaeroides strains 11.106 and 2.4.3, the genes for
nitrite reductase are not closely linked to the
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genes for nitric oxide reductase (Schwintner,
1998; Tosques, 1997). This is also the case in N.
gonorrhoeae (Roe, 1999) and N. meningitidis
(Sanger Centre, 1999). One exception is
Pseudomonas G-179 (which is apparently a
member of the o proteobacteria subclass) where
it has been shown that the gene encoding the
copper-type nitrite reductase is in a cluster with
the genes for nitric oxide reductase and the peri-
plasmic nitrate reductase (Bedzyk, 1999).

Genes encoding proteins required for assem-
bly of a particular reductase are typically found
clustered with the structural gene for that par-
ticular reductase. For example, in those bacteria
encoding a cd,-type nitrite reductase, several
genes whose products are involved in the syn-
thesis of d; heme will be required for the pro-
duction of an active enzyme. Systematic
inactivation of genes closely linked to the nitrite
reductase structural gene has identified a
number of genes whose products are involved
in heme d;, biosynthesis (Kawasaki, 1997,
Palmedo, 1995). Although this has led to the
identification of a set of genes uniquely required
for heme synthesis during denitrification, the
details of the biosynthesis of heme d, are not
elucidated as yet.

The organization of the genes for assembly of
the cd, protein is dissimilar in every denitrifier.
In P. aeruginosa, eleven adjacent genes have
been identified whose products are suggested to
be involved in nitrite reductase activity (Arai,
1994). These genes are transcribed in the same
direction and are postulated to be transcribed
in a single transcript (Kawasaki, 1997). In
P, stutzeri, this cluster of genes has been rear-
ranged so that the genes are no longer adjacent
and at least three different transcripts are pro-
duced (Palmedo, 1995).

The total number of proteins that is required
for expression of an active copper-containing
nitrite reductase would be expected to be less
than with the heme-type nitrite reductase. Exam-
ination of sequence flanking the structural gene
encoding the copper-type nitrite reductase in
N. gonorrhoeae (Roe, 1999), N. meningitidis
(Sanger Centre, 1999), R. sphaeroides 2.4.3 and
Pseudomonas G-179 (Bedzyk, 1999) revealed
only one other conserved gene. In R. sphaeroides
2.4.3, this undesignated gene is located about
200 bp downstream of the putative translation
stop of nirK (the nitrite reductase structural
gene). Preliminary evidence suggests it is tran-
scribed from the nirK transcription start. The
role of the product of this gene is unclear. The
difference in the amount of DNA required to
produce an active copper-containing nitrite
reductase versus the heme-containing nitrite
reductase is notable. In R. sphaeroides 2.4.3,
about 2.5 kb are required to encode the copper-
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containing nitrite reductase and the accompany-
ing gene of unknown function. In P. aeruginosa,
about 10 kb appear to be required to code for
proteins necessary for assembly of an active
nitrite reductase.

The structural genes for the heterodimeric form
of nitric oxide reductase, designated norC and
norB, have been sequenced from a number of
denitrifiers. In every case, the transcription start
precedes norC and the gene order is norCB. The
complete nor operon consists of norCB and one
or two additional genes. For example, in P.
denitrificans and R. sphaeroides norQ and norD
follow norB (Bartnikas, 1997, De Boer, 1996).
In P aeruginosa and P. stutzeri, norD follows
norB (Arai, 1995; Zumft, 1994). In both these
pseudomonads norQ (designated nirQ) is
present,butitisimmediately upstream, and diver-
gently transcribed from the structural gene for
nitrite reductase, nirS (Arai, 1994; Jungst, 1992).
Inactivation of norQ or norD leads to a loss of
nitric oxide reductase activity but does not appear
to inhibit assembly of nitric oxide reductase
(Jungst, 1992; Mitchell, 1998; De Boer, 1996).
This suggests the likelihood that both NorQ and
NorD are accessory proteins required for the
assembly of nitric oxide reductase. One possible
role would be insertion of non-heme iron.

Neither norQ nor norD has been found in
those denitrifiers encoding the single subunit
type of nitric oxide reductase. There are no obvi-
ous orthologs of either norQ or norD present in
the chromosome of Synechocystis sp. strain PCC
6803 (Kaneko, 1996). Nor have norQ or norD
orthologs been identified in the ongoing genome
sequencing efforts in N. gonorrhoeae or N. men-
ingitidis. The absence of these proteins in these
denitrifiers is somewhat surprising given the
sequence similarity of the single subunit and het-
erodimeric nitric oxide reductases. The sequence
of the R. eutropha norB is preceded by an open
reading frame (ORF) encoding a protein con-
taining a high percentage of His residues
(Cramm, 1997). It is possible the product of this
gene might play a role in assembly of an active
nitric oxide reductase.

R. eutropha is unusual in that it contains two
nitric oxide reductase structural genes (Cramm,
1997). One of these, norB, is located on a mega-
plasmid while the other, norZ, is located on the
chromosome. This is the only bacterium
described in which functionally redundant ter-
minal N-oxide oxidoreductases have been
observed. It is also interesting that in R. eutropha
norZ does not appear to be tightly linked to the
nitrite reductase structural gene. R. eutropha
contains a cd;-type nitrite reductase. This genetic
organization is different from those bacteria con-
taining a heterodimeric nitrite oxide reductase
and a cd;-type nitrite reductase.
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In P denitrificans, there are two additional
genes, designated norE and norF, whose prod-
ucts appear to be required for nitric oxide reduc-
tase activity (De Boer, 1996). These genes are
located immediately downstream of the
norCBQD cluster. Insertional inactivation of
either norE or norF reduces nitric oxide reduc-
tase activity but does not significantly affect its
expression. Orthologs of norE have been found
in other denitrifiers, for example, the ORF175
protein in P. stutzeri (Glockner, 1996) and in
Pseudomonas sp. G-179 (Bedzyk, 1999). How-
ever, no norE ortholog has been identified in R.
sphaeroides or in those bacteria encoding the
single subunit nitric oxide reductase. No obvious
norF orthologs have been identified, but genes
whose products have some similarity to norF
have been described in P. stutzeri (ORF82) and
in Pseudomonas sp. G-179 (Bedzyk, 1999). The
role of norE and norF remain undetermined.
However, because of its similarity to the subunit
III of cytochrome oxidases, it has been suggested
NorE is a third subunit of the nitric oxide reduc-
tase protein complex (De Boer, 1996). Experi-
mental conformation for NorE as a part of an
active nitric oxide reductase complex is lacking.

Nitrous OxIDE REDUCTASE While the nir and
nor gene clusters are often linked, the location
of the nos gene cluster (nos refers to genes
related to nitrous oxide reductase and not to
genes for nitric oxide synthase) relative to
other denitrification genes is more variable. In
P stutzeri, the genes encoding nitrous oxide,
nitrite and nitric oxide reductase are within a
stretch of about 30 kb (Jungst, 1991). In P, aerug-
inosa, the nitrous oxide reductase gene cluster is
not as tightly linked to the nitrite and nitric oxide
reductase genes (Vollack, 1998). However, the
genes for all four nitrogen oxide reductases
are located within the 20- to 36-min segment of
the P. aeruginosa chromosome. In several deni-
trifiers, including R. eutropha (Zumft, 1992),
Sinorhizobium meliloti (Holloway, 1996) and R.
capsulatus (Rhodobacter, 1999), nos genes are
found on plasmids. By comparison, all denitrifiers
characterized in detail have both nir and nor
located on the chromosome. The variable loca-
tion of the nos cluster may reflect nitrous oxide’s
lack of toxicity, and therefore the accumulation
of nitrous oxide that would follow the loss of
nitrous oxide reductase activity has only limited
consequences.

Gene organization within the nos cluster is
much more conserved than is that in the nir or
nor clusters. In almost every sequence, nosR is
immediately upstream of nosZ, and nosZ is typ-
ically followed by nosDFYL. Undefined genes
clustered with nosZ are likely to be involved in
assembly of an active nitrous oxide reductase,
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perhaps in copper incorporation. Inactivation of
nosF, nosD or nosY leads to production of an
inactive nitrous oxide reductase (Zumft, 1990).
Sequence analysis indicates that nosY encodes a
membrane-bound protein, nosD a periplasmic
protein, and nosF a cytoplasmic nucleotide-
binding protein. It has been suggested these
proteins form a complex involved in copper pro-
cessing and insertion into nitrous oxide reduc-
tase (Zumft, 1997).

In S. meliloti, a gene that has been designated
nosX follows nosL. Inactivation of nosX causes
a loss of nitrous oxide reductase activity in
S. meliloti (Chan, 1997). Possible nosX orthologs
have been found in other denitrifiers including
“A. cycloclastes” (McGuirl, 1998) and B. japoni-
cum (Genbank accession number {AJ002531}).
A gene encoding a product similar to the nosX
product has also been identified in P. denitrifi-
cans, but since it is part of the nir gene cluster it
has been designated nirX (Genbank accession
number AJ001308). A nosX ortholog has not
been identified as yet in the peudomonads. The
role of nosX is unclear but current data do not
suggest a role in copper processing.

Isolation of mutants of P. stutzeri unable to use
nitrous oxide as sole terminal oxidant led to the
isolation of an additional gene whose product is
required for nitrous oxide reductase activity. This
gene was designated nosA, and it was shown to
encode an outer membrane protein that is
required for copper transport into the cell (Lee,
1991; Lee, 1989). Inactivation of nosA results in
expression of the nitrous oxide reductase apo-
protein. Putative nosA orthologs have been
found in other denitrifiers, including P. aerugi-
nosa (Yoneyama, 1996), but nosA is not found
in the nos cluster of P, stutzeri. This organization
may be because the nosA product is playing a
more general role in cell physiology.

Nitrate Reductase

Of the various nitrate reductases, the respiratory
and periplasmic forms have been studied in the
most detail in the context of denitrification.
Genes encoding the respiratory nitrate reduc-
tase, designated nar, have been completely
sequenced in P. aeruginosa (Genbank accession
number {Y15252}) and partially sequenced in
P. denitrificans (Berks, 1995) and Pseudomonas
fluorescens (Philippot, 1997). The nar genes are
not clustered with other genes required for den-
itrification in P. aeruginosa (Vollack, 1998). The
relatively limited interest in the nar genes in den-
itrifiers is due to the extensive study of nar genes
in E. coli and other non-denitrifiers.

Genes encoding the periplasmic nitrate reduc-
tase have been characterized in several denitrifi-
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ers including P. denitrificans GB17 (Berks, 1995)
and R. sphaeroides (Reyes, 1996). The structural
genes for this nitrate reductase are napA and
napB: napA encodes the molybdopterin cofac-
tor and napB encodes the cytochrome c contain-
ing subunit. These two genes are clustered with
other genes that have been designated napCDE.
The napC gene encodes a membrane-bound
cytochrome c, which is the likely electron donor
for the periplasmic nitrate reductase; napD
encodes a cytoplasmic protein and napE a small
membrane protein. The function of these genes’
products is unknown. The nap genes of P. aerug-
inosa are present on the chromosome but are
not tightly linked to nar or other denitrification-
related gene clusters (Vollack, 1998). In
R. eutropha (Siddiqui, 1993)and R. sphaeroides
strain 2.4.1 (Schwintner, 1998), the nap genes
are localized on plasmids. In R. sphaeroides
IL106, the nap genes are apparently located
on the chromosome (Schwintner, 1998). In
Pseudomonas G-179, the nap genes are part of a
large cluster which includes nir and nor genes
(Bedzyk, 1999).

Additional Genes Required
for Denitrification

A few other genes frequently associated with
nitrogen oxide gene clusters deserve mention.
One is hemN, which encodes an oxygen-
independent  coproporphyrinogen  oxidase
(Gibson, 1992). R. sphaeroides encodes two
hemN paralogs, the second of which is
designated hemZ (Zeilstra-Ryalls, 1995). The
R. sphaeroides hemN is clustered with the genes
encoding nitric oxide reductase (unpublished).
Inactivation of hemN (which was originally des-
ignated hemF) inhibits the ability to grow anaer-
obically under any conditions tested (Gibson,
1992). Aerobic growth is not affected because
there is an oxygen-dependent form of this
enzyme. The role of the hemZ product is unclear.
Interestingly, hemZ is adjacent to fnrL. whose
product is an important regulator of anaerobi-
cally expressed genes (Zeilstra-Ryalls, 1995).
These two genes are clustered with the ccoN
operon that encodes the cbb;-type oxidase. The
cbbs-type oxidase is a heme-copper enzyme and
is the oxidase with the highest level of similarity
to nitric oxide reductase (Saraste, 1994). It is
notable then that both hemZ and hemN are clus-
tered with related terminal oxidoreductases and
regulatory proteins important in maintaining
anaerobic physiology. It is possible that this gene
arrangement may have occurred by gene dupli-
cation providing further evidence for the evolu-
tionary link between aerobic respiration and
denitrification.
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The hemN gene is clustered with denitrifica-
tion genes in Pseudomonas sp. G-179 (Bedzyk,
1999) and is clustered with the ccoN genes in
both P. denitrificans (van Spanning, 1997) and P,
aeruginosa (Zumft, 1997). A hemN ortholog has
not been found in the nor cluster in P. denitrifi-
cans or P. aeruginosa. The regulation of hemN in
P. aeruginosa (discussed in more detail below)
further emphasizes the importance of the activity
of the hemN product during denitrification
(Rompf, 1998).

Sequencing of the nor cluster in R. sphaeroides
(Bartnikas, 1997) and nos region in P. stutzeri
(Glockner, 1996) has revealed a gene present in
both regions whose product may be important to
the physiology of denitrification. This gene has
been designated nnrS in R. sphaeroides and
orf396 in P. stutzeri (Fig. 5). The product of the
genes from both bacteria is a membrane protein
probably containing twelve membrane-spanning
regions. In R. sphaeroides, nnrS is expressed only
during denitrification and is regulated by NnrR,
which also regulates nirK and nor (unpublished).
Inactivation of nnrS has no obvious effect on
growth under any conditions (unpublished).
Though nnrS orthologs have not been found in
the denitrification gene clusters of other well
studied denitrifiers, examination of ongoing
genomic sequencing efforts reveal the presence
of nnrS orthologs in every denitrifier. In
R. capsulatus, a nnrS ortholog is present on a
plasmid and is closely linked to the nos genes
(Rhodobacter, 1999). There is also an nnrS
ortholog located on the chromosome. Copies of
genes encoding products similar to nnrS have
been identified in the N. gonorrhoeae (Roe,
1999), N. meningitidis (Sanger Centre, 1999) and
P, aeruginosa chromosome (Pseudomonas,
1999), although none of these are clustered
with denitrification genes. Significantly, nnrS
orthologs have not been found in non-denitrify-
ing bacteria. The function of nnrS has not been
determined, but it is obviously not essential for
denitrification or it would likely have been
isolated in mutant screens. However, work in
R. sphaeroides and its distribution among the
bacteria indicates nnrS is a denitrification-
associated gene. It seems likely that as more
work is done on the genetics of denitrification,
many genes that are not essential to, but whose
products are physiologically important for, den-
itrification will be described.

Regulation of Genes Required
for Denitrification

This section will focus primarily on the regula-
tion of those genes encoding respiratory nitrogen
oxide reductases and genes required for their
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assembly. As denitrification depends on the pres-
ence of nitrogen oxides, it is natural to describe
denitrification genes as part of a stimulon, a term
that refers to operons responding together to a
particular environmental stimulus (Neidhardt,
1990). In general, the regulators of denitrifica-
tion can be differentiated into the nitrate, nitric
oxide, and nitrous oxide stimulons. The organi-
zation of denitrification genes roughly reflects
the organization of the stimulons. The nitrate
and nitrous oxide stimulons are primarily made
up of the nar and nos gene clusters, respectively.
These two, independently regulated, gene clus-
ters are not linked to each other and are fre-
quently distant from other denitrification-related
clusters. The nitric oxide stimulon is made up of
both the nir and nor clusters. These two gene
clusters are the most strongly linked of any of the
denitrification gene clusters.

As denitrification is, in most cases, an anaero-
bic process, other stimulons and regulons
required for anaerobic growth overlap the
denitrification-related stimulons. This overlap
can make it difficult to differentiate regulatory
factors that directly modulate gene expression
from those that indirectly affect gene expression.
This discussion will focus on those proteins that
current data suggest are directly involved in reg-
ulation of the nitrogen oxide reductases. It is
important to note that a particular stimulon will
likely include genes whose products are not
directly required for denitrification and, conse-
quently, not covered in this review. However, this
does not minimize the usefulness of organizing
denitrification genes into stimulons.

One other important consideration is the rela-
tionship of denitrification and oxygen respira-
tion. Denitrification is primarily an alternative
form of respiration inasmuch as oxygen is a
preferred oxidant. However, this does not imply
that all denitrifiers have the same set point at
which oxygen respiration is switched to nitrogen
oxide respiration. Available data suggest that the
onset of expression of denitrification genes
occurs over a wide range of oxygen concentra-
tions. The best example of an aerobic denitrifier
is P. denitrificans GB17, which was originally
described as an aerobic denitrifier (Robertson,
1984). In addition, other strains have been
described as aerobic denitrifiers (Bonin, 1991,
Patureau, 1994; van Niel, 1992; Frette, 1997,
Robertson, 1995; Ka-Jong, 1997). None of the
intensively studied model denitrifiers activate
gene expression, even at moderate concentra-
tions of oxygen. Therefore, the molecular mech-
anisms that permit aerobic denitrification are not
currently understood.

NITRATE STIMULON The presence of nitrate and
a reduction in oxygen tension stimulates
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expression of the nar genes. Because nitrate res-
piration leads to the production of the other den-
itrification intermediates, it can be difficult in
wild type cells to demonstrate that nitrate is the
effector for only a limited set of genes. Evidence
for a nitrate stimulon was then demonstrated by
experiments using nitrite reductase-deficient
cells. These experiments showed that nitrate
alone was not sufficient to activate expression of
genes whose products are required for reduction
of the other nitrogen oxides (Tosques, 1997;
Korner, 1993). Nor does nitrite alone cause sig-
nificant induction of nitrate reductase. However,
there is evidence of cross talk between the
nitrate and nitrous oxide stimulons in P. stutzeri
and P. denitrificans (Baumann, 1996; Korner,
1989), although it is difficult to rationalize why
this occurs. Experiments monitoring gene
expression in relation to oxygen concentration
show that the nar genes and nitrate reductase are
expressed at higher oxygen levels than the nir
and nor genes (Baumann, 1996). Expression of
nos occurs at similar oxygen levels.

The molecular mechanisms required for nar
activation have not been extensively studied in a
denitrifying bacterium. A pair of two component
sensor-regulators is responsible for regulating
nar in E. coli. The function of these proteins has
been extensively studied and has been reviewed
in Darwin (1996). A nitrate sensor (NarL) and
its response regulator (NarX) have been charac-
terized in P. stutzeri. However, their deletion did
not affect denitrification (Hartig, 1999). This has
led to the suggestion that there is a nitrate-
responsive system that functions independently
of the NarXL system.

Nitric OXIDE STIMULON Even before isolation
of the proteins regulating the genes encoding the
nitrite and nitric oxide reductases, it had been
observed that the expression of nitric acid reduc-
tase in nitrite reductase mutants was negatively
affected. This dependence of nitric oxide reduc-
tase expression on the activity of nitrite reduc-
tase has been demonstrated in many denitrifiers
(Ye, 1992; Tosques, 1997; de Boer, 1994; Zumft,
1994). The decrease in nor gene expression in
nitrite reductase mutants appears indirect, as any
mutation that leads to a loss of nitrite reductase
activity has a negative affect on nor expression
(de Boer, 1994; Zumft, 1994). The expression of
nir genes is also dependent on nitrite reductase
activity (Tosques, 1997). The expression of nir is
not directly dependent on nitric oxide reductase,
but the accumulation of nitric oxide in nitric
oxide reductase mutants probably affects nitrite
reductase activity (Kwiatkowski, 1996; Zumft,
1994).

The observation that it is nitrite reductase
activity not nitrite reductase per se that is
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required for the expression of nir and nor genes
suggests that a product of nitrite reduction is
required for gene expression. An obvious candi-
date for the likely effector is nitric oxide, a pos-
sibility consistent with the observation that
addition of nitric oxide generators to nitrite
reductase-deficient strains results in expression
of both nir and nor genes (Kwiatkowski, 1996).
Moreover, trapping of nitric oxide by hemoglo-
bin decreases expression of nir and nor genes
(Kwiatkowski, 1996). The accumulated evidence
strongly indicates that it is the production of
nitric oxide that stimulates expression of those
genes in the nitric oxide stimulon. However, it is
also possible that a derivative of nitric oxide may
be the actual signal.

The role of nitric oxide as a signal molecule
in humans is well known (Schmidt, 1994). The
first use of nitric oxide as a signal molecule by a
living organism, however, was likely by denitri-
fying bacteria. It is easy to rationalize why nitric
oxide or some derivative serves as a signal mol-
ecule for denitrifiers. Denitrifying bacteria must
keep the steady state levels of nitric oxide low
to minimize potential cytotoxic reactions. As
nitric oxide acts to regulate expression of the
genes whose products are responsible for estab-
lishing the steady state levels of nitric oxide, the
possibility nitric oxide might accumulate to
cytotoxic levels is abated. Also, as it reacts rap-
idly with oxygen, nitric oxide will accumulate to
the levels required to activate gene expression
only when oxygen tension is low. This permits a
single molecule to be used as an indicator of
both oxygen and nitrogen oxide concentrations
in the environment. The direct control of nitric
oxide levels by oxygen may explain why nitrite
reductase is expressed at lower oxygen con-
centrations than nitrate and nitrous oxide
reductase.

In several denitrifiers, a gene has been isolated
whose product directly regulates nir and nor
expression but not nar or nos genes. The regula-
tion of nir and nor by a single regulatory protein
not involved in regulating expression of the
other nitrogen oxide reductases is consistent
with studies of gene expression indicating three
separate stimulons. Not surprisingly, this gene
has been given a different name in each bacte-
rium. In P. denitrificans, it is designated nnr (van
Spanning, 1995), nnrR in R. sphaeroides
(Tosques, 1996), dnr in P. aeruginosa (Arai, 1995)
and dnrD in P, stutzeri (Hartig, 1999). The family
of proteins encoded by these genes will be
referred to as the Nnr family in this review.
Recent sequencing efforts have also identified
likely orthologs in Synechocystis strain PCC 6803
(Kaneko, 1996), Pseudomonas sp. G-179
(Bedzyk, 1999) and R. capsulatus (Rhodobacter,
1999). All of these proteins are members of the
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Fnr/CRP family of transcriptional regulators
(Spiro, 1994).

Comparison of the sequences of these various
proteins reveals little about how they might
interact with an effector. Significantly, there are
no obvious metal binding motifs in any of these
proteins. Fnr and CooA, which are also members
of the Fnr/CRP family, have metal centers that
are targets for effector interaction. Fnr from FE.
coli binds an iron-sulfur center that apparently
undergoes structural changes as the oxygen con-
centration in the cell changes (Popescu, 1998).
CooA from Rhodospirillum rubrum binds a
heme protein that acts as a carbon monoxide
sensor (Shelver, 1997). Current data is not con-
sistent with members of the Nnr family contain-
ing any type of metal center.

Phylogenetic analysis of the Nnr family reveals
that the relatedness of the proteins does not
coincide with relatedness predicted by 16S
rRNA analysis. For example, R. sphaeroides is
closely related to both R. capsulatus and P. den-
itrificans. The Nnr from P. denitrificans and the
putative Nnr ortholog identified in R. capsulatus
have significant identity but have only limited
similarity to NnrR from R. sphaeroides (Fig. 6).
This suggests species relatedness is not the major
factor controlling the degree of relatedness of
the members of the Nnr family.

Based on available data, a model can be pre-
sented in which nitrite produced by nitrate
reductase activity is reduced by nitrite reductase,
and some compound (most likely nitric oxide or
a nitric oxide derivative) activates the transcrip-
tional regulator resulting in expression of genes
in the nitric oxide stimulon. Even though this
model may be generally correct, differences
appear in the regulation of the expression of var-
ious members of the Nnr family. In R. sphaeroi-
des, NnrR appears to be constitutively expressed
but may be negatively autoregulated (Tosques,
1996). There is no evidence of negative autoreg-
ulation of Nnr in P, denitrificans (van Spanning,
1995). Expression of Dnr in P may be regulated

ScNnr
PaDnr
PdNnr
RcNnr
G179Nnr
243NnrR 241 NnrR
Fig. 6.
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by another member of the Fnr/Crp family, Anr,
an apparent ortholog of Fnr in E. coli (Arai,
1995). This suggests a regulatory hierarchy where
under low oxygen tension Anr activates expres-
sion of dnr, whose product can then activate
expression of nir and nor genes under appropri-
ate conditions. This type of regulatory hierarchy
is not present in P. stutzeri (Hartig, 1999).

In P. aeruginosa, Dnr and Anr both regulate
hemN, which encodes an oxygen-independent
coproporphyrinogen oxidase required for heme
synthesis (Rompf, 1998). The hemN gene is also
coregulated by NnrR and FnrL in R. sphaeroides
(Shapleigh, unpublished). Both FnrL and NnrR
regulate the gene encoding pseudoazurin in R.
sphaeroides (Jain and Shapleigh, unpublished).
This dual regulation of selective genes by both a
global regulator such as Anr/Fnr and a regulator
of a limited set of genes such as Dnr/NnrR sug-
gests that transcriptional activation by the global
regulator alone is not sufficient for optimal
growth under denitrification conditions. There-
fore, denitrifiers have developed mechanisms to
ensure sufficient levels of expression of genes
whose products are in heavy demand during den-
itrification and other modes of anaerobic growth.
Further, in R. sphaeroides nitrite accumulation
negatively affects expression of FnrL regulated
genes (Shapleigh, unpublished). This may pro-
vide another explanation as to why FnrL and
NnrR are dual regulators of specific genes. It
seems likely such dual regulation will be
observed in other denitrifiers and will probably
encompass a larger set of gene targets.

Nitrous OXxIDE StiMULON Evidence for a
nitrous oxide stimulon was initially provided by
the observation that growth on nitrous oxide
strongly stimulates nitrous oxide reductase
expression, modestly stimulates expression of
the nitrate reductase, and does not stimulate
expression of nitrite or nitric oxide reductase
(Korner, 1989). The observation that inactiva-
tion of the regulator of genes in the nitric oxide
stimulon did not affect growth at the expense
of nitrous oxide provided additional support
for existence of a set of genes whose transcrip-
tion depends solely on the presence of nitrous
oxide.

The nature of the genes responsible for regu-
lating nitrous oxide expression is not well
defined. One gene suggested to play a role in
regulation of nos genes is nosR. Inactivation of
nosR in P. stutzeri inhibited expression of nosZ,
the nitrous-oxide-reductase structural gene
(Cuypers, 1992). NosR is a putative membrane
protein containing a cytoplasmic C-terminal
domain with two motifs that resemble [Fe-S]
containing motifs. This unusual combination of
a membrane bound, [Fe-S] protein involved
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in expression of a copper-containing protein
increases interest in this protein. It seems
unlikely NosR is involved in copper metabolism,
as inactivation of nosR results in the inhibition
of nosZ transcription (Cuypers, 1992). In con-
trast, inactivation of nosFDY, suggested to be
involved in copper metabolism, does not cause
inhibition of nosZ transcription (Zumft, 1990).

OTHER REGULATORY PROTEINS Searches for reg-
ulatory proteins required for expression of den-
itrification genes are only just beginning to
identify possible regulators and to determine
their physiological roles. Although the majority
of the genes discussed in the preceding sections
have been found in most denitrifiers, other puta-
tive regulatory proteins have been identified in
only a single bacterium. One example is nirl, a
gene implicated in regulation of expression of
nirS, the structural gene for nitrite reductase in
P denitrificans (Genbank accession number
AJ001308). Interestingly, the nirl product is
similar to NosR, which is required for expression
of nos genes. The involvement of Nirl in nitrite
reductase expression makes it less likely that
NosR is involved in nitrous oxide reductase
assembly. Instead, NosR and Nirl are likely
members of a family of proteins involved in reg-
ulation of nitrogen oxide metabolism in denitri-
fiers. Other regulatory proteins have been found
clustered with denitrification genes, but their
role in denitrification has not been defined.
Clearly, our understanding of the regulation of
denitrification genes is very limited. The list of
the various proteins involved in regulation will
expand, no doubt, as additional denitrifiers are
characterized in greater detail.

Metabolism of Related
Nitrogen Oxides

Because of its reactivity, nitric oxide will react
with many compounds generating a wide range
of different nitrogen oxide containing molecules.
Some of these derivatives are more toxic than
nitric oxide. For example, nitric oxide can react
with the thiol of glutathione to generate S-
nitrosoglutathione (GSNO), which has been
shown to be more toxic for Salmonella typhimu-
rium than nitric oxide (De Groote, 1995).
Another very toxic nitric oxide derivative, per-
oxynitrite, is generated from the reaction of
nitric oxide and superoxide (Squadrito, 1998).
There has been a great deal of interest in the
interaction of these types of compounds with
pathogenic bacteria inasmuch as they are gener-
ated as part of the host defense mechanism dur-
ing infection. These compounds could possibly
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be generated during denitrification as well. If so,
denitrifiers have probably developed mecha-
nisms to mitigate the potentially cytotoxic effects
of such derivatives.

Despite the paucity of work on the metabo-
lism of nitric oxide derivatives by denitrifiers,
some data suggest that denitrifiers are useful
models for understanding how cells mitigate
nitric oxide toxicity. In experiments assessing the
sensitivity of R. sphaeroides strains to GSNO,
those strains with nitrite reductase activity were
completely resistant to levels of GSNO to which
S. typhimurium exhibited sensitivity (Wu, 1998).
Comparable assays on a naturally occurring
nitrite reductase-deficient strain of R. sphaeroi-
des demonstrated that its sensitivity to GSNO
was similar to that exhibited by S. typhimurium.
There was no indication that the resistant strain
had any special capacity to degrade GSNO
suggesting the likely modification of a GSNO-
sensitive target in the resistant strain. The results
of this study need to be extended to other deni-
trifiers to determine whether general resistance
to GSNO is intrinsic to denitrifiers. Also, it will
be interesting to determine if denitrifying bacte-
ria have any resistance mechanisms to other
toxic nitric oxide derivatives such as peroxyni-
trite. Probing the molecular mechanisms denitri-
fiers have developed for resistance to nitric oxide
derivatives is of broad scientific interest and is
further justification for the study of the diverse
group of bacteria linked by their shared capacity
to reduce nitrate and nitrite to gaseous nitrogen
oxides and nitrogen gas.
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