
CMLS, Cell. Mol. Life Sci. 58 (2001) 194–204
1420-682X/01/020194-11 $ 1.50+0.20/0
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Abstract. Pyridine nucleotide-dependent nitrate reduc- active site formed between the FAD and NAD(P)H
tases (NRs; EC 1.6.6.1–3) are molybdenum-containing domains. The major barriers to defining the mechanism

of catalysis for NR are obtaining the detailed three-di-enzymes found in eukaryotic organisms which assimi-
late nitrate. NR is a homodimer with an �100 kDa mensional structures for oxidized and reduced enzyme

and more in-depth analysis of electron transfer rates inpolypeptide which folds into stable domains housing
each of the enzyme’s redox cofactors—FAD, heme-Fe holo-NR. Recombinant expression of holo-NR and its

fragments, including site-directed mutagenesis of keymolybdopterin (Mo-MPT) and the electron donor
NAD(P)H—and there is also a domain for the dimer acative site and domain interface residues, are expected

to make large contributions to this effort to understandinterface. NR has two active sites: the nitrate-reducing
the catalytic mechanism of NR.Mo-containing active site and the pyridine nucleotide
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Introduction

The assimilatory NAD(P)H:nitrate reductases (NRs;
EC 1.6.6.1–3) are a widespread family of closely related
molybdenum-containing enzymes in plants, fungi and
algae, which were recently reviewed in detail [1]. NR
catalyzes reduction of nitrate of nitrite driven by
NAD(P)H (fig. 1a) which is an irreversible reaction and
a highly regulated process of nitrogen acquisition in
these organisms [2]. NR is a soluble enzyme composed
of an �100-kDa polypeptide which binds 1 equivalent
of molybdenum-molybdopterin (Mo-MPT), heme-Fe
and FAD. Dimerization is required for activity, and the
native NR is a homodimer with a tendency to further
dimerize to a homotetramer (dimer of dimers), with this
difference expected to make only a slight impact on
functionality. NR has two active sites, which are joined
by the internal electron transport pathway from FAD
via heme-Fe to the Mo-MPT. In the first active site,
electrons are donated to the enzyme at the FAD by
NADH, or NADPH in specific isoforms or both in
various bispecific isoforms of NR, with this difference
in pyridine nucleotide specificity being the major func-

tional feature distinguishing the family members. In the
second active site, two electrons are transferred from
the reduced MoIV to nitrate, reducing it to nitrite and
hydroxide. With this physical separation of the active
sites joined by the electron transfer pathway, the steady-
state kinetics of NR have the best fit to a two-site
ping-pong steady-state kinetic mechanism with
NAD(P)+ competing with NAD(P)H in a mutually
exclusive manner in one active site and nitrite compet-
ing with nitrate in the same way in the other active site.
Both products are weak inhibitors with millimolar Ki

values, whereas Km values for NADH and nitrate are in
the low micromolar range. NR has partial activity with
electron acceptors like ferricyanide (FeCN) and Cyt c
accepting electrons directly from the FAD and heme-
Fe, respectively, and with reduced dyes driving nitrate
reduction directly at the Mo-MPT in the nitrate-reduc-
ing active site or via the Cyt b domain where heme-Fe is
housed (fig. 1a). NR has a kcat for NADH reduction of
nitrate of 200–300 s−1 at 30 °C [1]. Since both sets of
partial activities have greater kcat values than NADH-
driven nitrate reduction, it appears that internal elec-



CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 195Multi-author Review Article

Figure 1. Models of eukaryotic nitrate reductase and the Mo-molybdopterin (Mo-MPT) cofactor. (a) Functional schematic for NR
showing the complete and partial reactions catalyzed by the enzyme superimposed on a simplified structural model showing the
involvement of the FAD, heme-Fe and Mo-MPT in catalysis. The regulatory Ser residue in Hinge 1, which is phosphorylated in
light/dark reversible regulation of enzyme activity in plants, is shown, as well as the Cys thiol involved in positioning NADH for
efficient electron transfer to the FAD [1]. The relative position of the N-terminus is shown. The functionality of the known recombinant
fragments of NR with catalytic activity are shown. Abbreviations: MV, reduced methly viologen; BPB, reduced bromphenol blue. (b)
Structural schematic for NR and its recombinant fragments with the 3-D superfamilies for the NR domains identified via related
proteins and enzymes of known 3-D structure. In NR and SOX [1, 9], DI stands for the dimer interface domain, and in the
immunoglobulin, the structurally similar domain is designated Ig D. The designations for the 3-D superfamilies were obtained from the
Protein Database. Abbreviation: FNR, ferredoxin NADP+ reductase. (c) Structure of the Mo-molybdopterin cofactor based on the
3-D structure of sulfite oxidase, which is identified in the Protein Database as SOX1 [9]. NR has been shown to have a similar
coordination sphere for Mo to that found in SOX [16, 17]. The Cys residue is identified by its sequence position in chicken liver SOX
(Cys-185) and AtNR2 (Cys-191).
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tron transfer may be rate limiting for enzyme activity.
Stopped-flow rapid-scanning transient kinetics and
other rapid kinetic methods are currently being em-
ployed to investigate the rate-limiting processes in NR
and establish the catalytic mechanism of the enzyme [3].
Expression of recombinant holo-NR in an active form
and the generation of site-directed mutants are also
contributing toward gaining understanding of the en-
zyme’s catalytic mechanism [1].
Eukaryotic NR has only limited similarity to prokary-
otic nitrate reductase, which also contains Mo and a
pterin cofactor, and differs from eukaryotic MPT in
having an additional nucleotide; in some cases, two
pterins are coordinated to the Mo (see other papers in
this issue for more details on bacterial nitrate reductase
forms). The bacterial enzymes are either membrane-
bound terminal electron acceptors in energy-coupled
electron transport/proton-pumping systems or may be
soluble enzymes in te periplasmic space involved in
denitrification. A 3-D structure has been determined for
the nitrate reductase from Desulfo6ibrio which is called
NAP [4]. NAP is similar in structure to Escherichia coli
formate dehydrogenase and has little, if any, sequence
similarity to NR, which indicates their conformations
and structural families are different [4]. NAP and some
other prokaryotic nitrate reductases have an iron-sulfur
redox canter (Fe4S4) built into the same polypeptide
with the Mo-molybdopterin cofactor. The Fe4S4 redox
center serves as mediator of electron transfer in the
enzyme from the electron donor and electron reservoir.
No eukaryotic NR has been found to have an iron-sul-
fur center as a component of its electron transport
chain. It has been suggested that NAP has an arginine
residue involved with binding nitrate in the active site
[4]. This is similar to eukaryotic NR forms [1]. Thus, all
forms of nitrate reductase may have some common
features in their catalytic mechanism of nitrate reduc-
tion, but more detailed studies are needed to firmly
establish the mechanisms. NAP has a kcat=30 s−1,
which is significantly slower than eukaryotic NR, with a
kcat=200–300 s−1 [1, 4]. This suggests that the larger,
more complex enzyme found in eukaryotic NR with the
more compact Mo-MPT may be more catalytically effi-
cient than prokaryotic forms.

Structure of eukaryotic NR

The structure of the NR monomeric unit, which is
generally assumed to be catalytically independent of the
other subunit in the enzyme complex, is built from
modular sections of the polypeptide folded into quasi-
independent conformations to house the redox cofac-
tors and form the two active sites as well as the dimer
interface region (fig. 1b). This general picture of NR

structure is based on a wide body of biochemical evi-
dence, including sequence comparison with other en-
zymes and proteins, and the recombinant expression of
the fragments of NR [1, 5, 6]. Whereas the structure of
some NR fragments have been determined and others
modeled [1, 2, 7, 8], the 3-D structure of NR has not yet
been determined since no one has been able to crystal-
lize holo-NR. However, a 3-D model of holo-NR was
generated based on the 3-D structure of mammalian
sulfite oxidase (SOX; EC 1.8.2.1) and a model of the
Mo reductase fragment of NR (MoR; formerly called
the cyt c reductase fragment). SOX is a homodimer with
three domains [9]: one for binding Mo-MPT and forma-
tion of the active site for oxidizing sulfite, one for
binding heme-Fe as a Cyt b similar in structure to the
Cyt b in NR, where Cyt c is reduced, and one for
interfacing between the monomeric units of the enzyme.
NR and SOX have been found to have very similar
dioxy-Mo-MPT cofactors [1, 9], which suggests that the
3-D structure of SOX Mo-MPT is an excellent model
for NR’s Mo-MPT (fig. 1c). Whereas the dimeric form
of SOX is required for activity like NR [9], the physical
attachment of the Cyt b in the same polypeptide in not
since a plant SOX has been cloned with only the Mo-
MPT and dimer interface domains represented in the
sequence (see GenBank accession number AF200972).
Since NR has about 50% similarity in amino acid se-
quence with SOX, an atom-replacement model of the
core dimeric structure of NR was generated, and two
MoR fragments were docked via the similarity in the
sequences of the Cyt b domains [1]. While the 3-D
model of NR has some limitations [1], it serves to
establish for the first time the general overall shape of
NR and provides some useful information on the po-
tential ligands involved in nitrate binding at the nitrate
reducing active site, which have recently been investi-
gated by site-directed mutagenesis. Overall, the
monomer of NR can now be viewed as having eight
distinct sequence regions (fig. 1b):
(i) an N-terminal sequence which is variable in length
for different NR forms and may be involved in activity
regulation in plant NR forms; (ii) a Mo-MPT domain
with nitrate binding and reducing active site; (iii) dimer
interface domain, which also contributes to the nitrate-
reducing active site; (iv) Hinge 1 with a variable se-
quence, a highly sensitive proteolytic site and the site of
the regulatory Ser residue in plant NR which becomes
phosphorylated; (v) a Cyt b domain where heme-Fe is
bound; (vi) Hinge 2 which is variable in length and
contains a proteolytic site in many NR forms; (vii) a
FAD binding domain, which contributes along with the
pyridine nucleotide binding domain to form the
NAD(P)H reaction active site where the enzyme is
reduced, and (viii) an NAD(P)H binding domain at the
C-terminus which is joined to the FAD domain by a
short linker containing a three-strand b sheet.
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The major fragments of NR expressed by recombinant
DNA methods are the Cyt b reductase fragment (CbR)
composed of the two C-terminal domains, for which an
X-ray 3-D structure has been determined [7], and the
MoR fragment where the Cyt b domain is joined to
CbR via Hinge 2, for which a 3-D model was generated
[9]. The Cyt b domain has been expressed in several
forms, and a 3-D model generated by comparison to
mammalian Cyt b5 [6, 10]. Although a nitrate-reducing
fragment of NR containing the Mo-MPT, interface and
Cyt b domains was generated by proteolysis of holo-NR
[6], no similar fragment has been recombinantly ex-
pressed, which is a major challenge to be achieved in
future research.

Recombinant expression of holo-NR

Holo-NR has been recombinantly expressed from a
number of sources and in different expression systems
with varying degrees of success in producing an active
nitrate-reducing form of the enzyme (table 1). The most
detailed studies have been done with recombinant holo-
NR forms expressed in Pichia pastoris, a methy-
lotrophic yeast. In collaboration with Crawford [11], we
characterized Arabidopsis Nia2 (AtNR2) expressed in
Pichia and generated a nitrate-reducing active site mu-
tant by replacing the essential Cys of the Mo-MPT
domain with Ser. This residue is Cys-191 in AtNR2,
which corresponds to only one of two invariant Cys
residues in NR [1]. The other invariant Cys is found in
the CbR fragment of NR, which we had previously
mutated to Ser, with this mutant resulting in an enzyme
with very low efficiency for electron transfer from
NADH to the enzyme’s bound FAD [12, 13]. Thus,
roles for the invariant Cys residues in NR have been
established: Cys-191 in AtNR2 is a required ligand to
Mo in the nitrate-reducing active site, whereas Cys-891
of AtNR2 is in the enzyme’s other active site where
NADH reduces FAD and appears to be critical for
positioning the NADH for efficient electron transfer [1].

Pichia-expressed AtNR2 has also been altered by site-
directed mutagenesis in the Hinge 1 region for studies of
the regulation of NR activity by the binding protein
known as 14-3-3 [14]. Most recently, we have analyzed
the roles of Arg residues in the nitrate-reducing active
site by mutating them to Gln in a chimeric form of NR
which was expressed in Pichia. The Arg residues, Arg-
144 and Arg-196 in AtNR2, were identified by compar-
ative sequence analysis of all NR forms and found to be
invariant. These Arg residues correspond to active site
Arg residues in SOX [9, 15] and have been modeled in
the NR active site [1]. When Arg-144 was mutated to
Gln, the mutant R196Q enzyme was found to contain
virtually no Mo and MPT, which indicated the mutant
protein could not form stable complexes with Mo-
MPT. The mutation of Arg-196 to Gln resulted in an
enzyme form with a high nitrate Km compared with
wild-type enzyme and decreased catalytic efficiency by a
factor of 3200. These results differed from a site-di-
rected mutagenesis study of the SOX Arg residue corre-
sponding to ATNR2 Arg-144, which found that it could
be replaced by Gln without loss of Mo-MPT binding
[15]. Overall, the differences between the roles of these
conserved Arg residues in NR and SOX indicate that
there is probably significant conformational variation
between the active sites in the two enzymes.
Recombinant AtNR2 was analyzed by X-ray absorp-
tion spectroscopy and found to have a conformational
shift of one of the sulfur ligands coordinated to the Mo
center in going from resting to turnover enzyme forms
[16]. After reduction with dithionite and reoxidation by
nitrate, the arrangement of ligands around the Mo were
like those in SOX [17], which are composed of two S
from MPT, one S from a Cys residue, and two oxo-lig-
ands [9]. When nitrite and nitrate were removed from
NR, it returned to the resting conformation which is
not found in SOX [16]. NR appears to have a startup
process during its first reduction, after which it proba-
bly remains in the active form. These results emphasize
a difference between NR and SOX in their respective

Table 1. Recombinant expression of holo-nitrate reductase in Pichia pastoris and other organisms [1, 3, 11–14 and unpublished data
of various research groups].

NR form NR purified Biochemical analysisMutantsExpression systemcDNA source

NADH:NR Arabidopsis nia2 (AtNR2) Pichia yes yes detailed
NADH:NR someZmnr1/AtNR2 Pichia yes no

Chimeria
NADH:NR spinach Pichia paratially no not yet

partiallyPichiatobacco not yetNADH:NR no
NADH:NR AtNR2 E. coli inactive no antibody prepared
NADH:NR tobacco Saccharomyces inactive no some
NADH:NR various plants tobacco/Arabidopsis no many some

Aspergillus nidulans A. nidulans NR− strain no yesNADPH:NR some
Neurospora crassa N. crassa NR− strainNADPH:NR no yes some
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Mo-containing active sites. While much more study is
needed to define the active sites of NR and SOX,
caution is warranted in concluding that these enzymes
are highly similar in active site conformation. Thus, it is
clear that recombinant expression of active NR in
Pichia will contribute significantly to gaining under-
standing of the biochemistry of NR.

Recombinant fragments of NR

As mentioned above, various fragments of NR have
been expressed in E. coli and Pichia (table 2). The study
of the NR fragments has contributed significantly to
our understanding of NR biochemistry, especially with
respect to the functionality of the FAD domain of the
enzyme and the residues responsible for determining
pyridine nucleotide specificity [1, 2, 7, 8, 12, 13, 18–21].
The 3-D structure of the CbR fragment of corn NR
expressed in E. coli demonstrated that this portion of
NR is structurally related to ferredoxin-NADP+ reduc-
tase and the family of enzymes known as the FNR type
of flavin dehydrogenases [1, 2, 7, 8]. The role of the
proposed NR dimer interface domain was investigated
by expressing the MoR fragment of corn NADH:NR
with Hinge 1 and the putative interface domain at-
tached, which resulted in dimerization of MoR [18].
Thus, the dimer interface domain is an independently
folded and stable region of NR serving the role pre-
dicted for it [1], based on its role in SOX [9]. Directed
mutagenesis showed that the CbR from Neurospora
crassa NADPH:NR could be converted to an NADH-
dependent enzyme by replacing a single Ser with an Asp
in the NADPH domain [19]. The spinach MoR ex-
pressed in Pichia was used for a pre-steady-state kinetic
analysis of electron transfer from NADH to the FAD
and heme-Fe in the Cyt b domain, which complemented
previous studies done on the CbR fragment [12, 13, 20].
Further kinetic analyses of the MoR fragment of corn
NR have clarified the electron transfer rates from
NADH to the heme-Fe in the Cyt b domain via the
FAD and resulted in kinetic schemes for these electron
transfer processes [18]. Finally, the expression of MoR
fragments with and without the regulatory Ser in Hinge
1 helped in the identification of the exact residue phos-
phorylated in NR [21]. Recombinant expression of NR
fragments is expected to continue to add to our under-
standing of NR biochemistry since these fragments are
simpler than the complete enzyme, which makes experi-
mental analysis easier to do and interpret.

Toward understanding the catalytic mechanism of NR

The long-standing explanation of electron transport as
the rate-limiting process in NR catalysis [1, 6] stillT
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appears to be valid, but there is a lack of data on the
actual internal electron transfer rates in holo-enzyme.
One place to begin with the description of the catalytic
mechanism of nitrate reductase is with an evaluation of
the redox potentials of the enzyme’s cofactors. A vari-
ety of methods with different holo-NR and fragments
have been used to determine redox potentials for the
three prosthetic groups in NR and its fragments; how-
ever, the results from these analyses agree well (table 3).
Voltammetric methods have recently provided new in-
sight into the impact on the redox potentials due to
interactions of FAD with NAD+ and between the Cyt
b domain and the N-terminal portion of NR [18, 22].
Ratnam et al. [13] were the first to show that the
binding of NAD+ to the CbR fragment of corn NR
shifted the redox potential of the FAD less negative.
Subsequently, redox analysis of CbR and MoR frag-
ments of NR showed that the presence of half-saturat-
ing or higher concentrations of NAD+ or related
pyridine nucleotide analogues lowered the redox pote-
tial of FAD by as much as 40–80 mV [18, 22]. Al-
though this effect of NAD+ on the FAD has not been
shown with the holo-NR (table 3), it appears clear that
the binding of the oxidized pyridine nucleotide to FAD
in a charge-transfer complex [1, 2, 6, 13, 20] brings its
redox potential closer to the Cyt b in the enzyme. On
the other hand, the redox potential of heme-Fe is
shifted to a more negative potential by the N-terminal
portion of NR, as shown by the analysis of the en-
zyme’s fragments as compared with holo-NR. This was
first observed when the redox potential was determined
for two recombinant forms of the Cyt b of Chlorella
NR: one with a large N-terminal extension and one
with only the Cyt b domain [6]. The ‘free’ Cyt b has a
potential similar Cyt b5 at about +15 mV [1, 6], which
is the same when MoR is analyzed, showing that the
addition of the CbR fragments at the C-terminus has no
influence on the Cyt b ’s redox potential [18, 20]. How-
ever, in the larger Cyt b fragment expressed from the
Chlorella NR complementary DNA (cDNA) and in the
MoR fragment with Hinge 1 and the interface domain
attached at the N-terminus (called MoR+ ), the Cyt b
redox potential is shifted more negative and approaches
the more negative values reported for the heme-Fe in
holo-NR from several sources [1, 18]. In holo-NR, the
reduction by NADH leads to a charge-transfer complex
between NAD+ and FADH2, which breaks down very
slowly [20], and this complex is probably involved with
reduction of the heme-Fe for the first step in internal
electron transfer. To summarize the redox potentials:
FAD is poised at −280 to −250 mV and shifted to
−210 to −190 mV with NAD+ bound; heme-Fe is
poised at +15 to +20 mV in the free form and shifts
to −60 to −30 with a partial N-terminal sequence and
in holo-NR to −160 to −120 mV; and Mo is poisedT
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Figure 2. Redox microstates of the FAD, heme-Fe and Mo-MPT cofactors in oxidized and reduced NR. Only the reduced species in
each microstate are shown except for fully oxidized NR. This diagram is similar to one representing the reduction states for xanthine
oxidase [23]. Below each NR reduction state symbol is the number of microstates of the enzyme. For each reduction state of NR, the
microstates are numbered sequentially, beginning with the lowest energy state. The flavin semiquinone is shown as the anionic form
since this is the type observed in NR [3].

near 0 mV in holo-NR. Thus, it is clear that electrons
would flow toward the Mo center when the enzyme is
reduced by NADH. This achieves two effects—the two
electrons needed for reduction of nitrate to nitrite are
thermodynamically driven to the Mo, and at the same
time the FAD is left oxidized and ready to accept
another two electrons from NADH. Although some
equilibration of the electrons within NR is expected, the
large difference between the redox potentials to Mo
couples and the heme-Fe couple indicated most of the
electrons will reside in the Mo center at equilibrium.
Consequently, since NR is a two active site enzyme, the
FAD may be reduced by NADH even before the re-
duced Mo transfers its electrons to nitrate.
Analysis of the distribution of electrons in oxidized and
reduced enzyme forms was previously done for xanthine
oxidase/xanthine dehydrogenase, which is slightly more
complex than NR, since it contains four redox groups,

namely Mo-MPT with terminal S, FeS-I, and FeS-II
and FAD, resulting in 36 microstates for the enzyme
[23]. A similar analysis for NR shows that is has 18
microstates for the oxidized and all possible reduced
forms (fig. 2). NR can accept a total of five electrons:
two in FAD, one in heme-Fe and two in Mo, which has
been shown by electron titration of several NR forms
[1, 6]. Since NADH is a two-electron reductant, the
major reduced forms of the enzyme are NR2− and
NR4− (assuming the resting enzyme is NR0). However,
in the absence of an electron acceptor, two 2-electron-
reduced enzyme molecules will react to produce NR1−

and NR3−, which would lead to NR3− and NR5−

when further reduced by NADH. In addition, two
4-electron-reduced NR molecules will react to produce
NR3− and NR5−, or two- and four-electron-reduced
enzymes will react to produce NR1− and NR5−. Al-
though intermolecular reactions of various reduced
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forms of NR with one another are expected to be rather
slow compared with rates of reduction of NADH, it
seems possible that intramolecular electron transfers
may occur between monomer subunits in NR dimer and
tetramer forms, which may be much faster. In other
words, all possible microstats of NR may occur in in
vitro experiments, especially when the enzyme is re-
duced in the absence of electron acceptors under anaer-
obic conditions. While this may seem not too important
considering the expected alternation of NR between
two-electron-reduced and fully oxidized forms during
normal turnover with nitrate, the fully reduced or five-
electron-reduced NR is an interesting form to study in
evaluating the mechanism of the enzyme. For example,
the rate at which fully reduced NR reacts with nitrate is
expected to be greater than the turnover rate under
standard conditions with both NADH and nitrate
present, if the rate of electron transfer is the rate-limit-
ing process in NR catalysis. This hypothesis was re-
cently tested by reacting fully reduced AtNR2 with
nitrate and NADH under anaerobic conditions at 5 °C
in a freeze-quench apparatus where acid was used to
stop the reaction instead of freezing [3, and W. H.
Campbell and D. J. Lowe, unpublished results]. The
rate of nitrite formation was about four times greater
during the first 5 ms of this reaction than the turnover
rate at this temperature. This approach has not yet been
fully exploited, but it is clear that it will be useful for
establishing the maximum nitrate reduction rate cata-
lyzed by NR in the absence of electron transfer.

The rate-limiting process in NR catalysis

A variety of experiments have been used to suggest that
the rate-limiting process in NR catalysis is internal
electron transfer [1, 6]. This contrasts sharply with some
related Mo-containing enzymes like xanthine oxidase
and SOX where the initial reduction of the enzyme is
rate limiting under most circumstances and internal
electron transfer is very rapid [23–25]. For these two
enzymes, substrate reduces the Mo center first. Thus, it
might be predicted that in NR the rate-limiting process
might be nitrate reduction at the Mo center. The
steady-state catalytic efficiency of the two active sites of
NR illustrates this point, where NADH reduction of
Chlorella NADH:NR has a kcat/KM=�70 mM−1 s−1,
and nitrate reduction by NR has a kcat/KM=1–3 mM−1

s−1 at 25 °C, depending on the ionic strength [26].
Thus, reduction of NR by NADH is 20–70 times more
efficient than reduction of nitrate by the reduced en-
zyme. However, when reduced MV is used as the elec-
tron donor, the efficiency of nitrate reduction of
Chlorella NAH:NR improved to 2–10 mM−1 s−1 at
25 °C, depending on the ionic strength [26]. Since it

now appears clear that MV donates electrons directly to
the Mo-MPT center in NR, bypassing the FAD and
heme-Fe centers, this two- to threefold improvement in
catalytic efficiency for nitrate reduction probably
reflects the actual rate for nitrate being reduced by
MoIV in the enzyme. As described in the previous sec-
tion of this review, we have recently been able to
directly demonstrate the greater efficiency of nitrate
reduction by fully reduced AtNR2 in a rapid-mixing
acid quench experiment as compared to steady-state
turnover under the similar conditions [3]. Overall, it
appears that the internal electron transfer rate of NR is
from two to three times slower than the rate of nitrate
reduction at the Mo active site.
To begin a more quantitative approach to demonstrat-
ing that internal electron transfer is rate limiting in NR
catalysis, a series of catalytic rate constant models have
been developed by NR, using NADH as the pyridine
nucleotide electron donor (fig. 3). With these models
and rapid-reaction kinetic methods, it is expected that
rate constants for each step in NR catalysis will be
defined. The simplified catalytic cycle models begin by
defining rate constants for the two half reactions cata-
lyzed by NR, which are designed k2 and k4* (fig. 3A).
This numbering is used since the rate constants for
formation of the Michaelis complexes with the sub-
strates should be designated k1 and k3, for binding of
NADH and nitrate to their respective active sites. But
these preliminary steps in catalysis are expected to be
much faster than overall catalysis and are ignored here
to simplify the models. These rate constants k2 and k4*
are second order and equal to the catalytic efficiencies
for the enzyme’s active sites, which were discussed
above. So the rate constants k2 and k4* are �70 and
1–3 mM−1 s−1. It should be recognized readily that k4*
is determined by either the electron transfer rate or the
rate of nitrate reduction by Mo, depending on which
process is slower. Thus, a simple refinement is used next
to break out the rate of internal electron transfer, which
also begins to include the definition of the microstates
of NR imvolved in the catalytic steps (fig. 3B). Here,
rate constant k2 is the same as in the simpler model, and
k4 is equal to the catalytic efficiency of reduced MV
nitrate reduction, which is 2–10 mM−1 s−1, or perhaps
greater. The rate constant for internal electron transfer,
kET, is first order and difficult to derive from steady-
state kinetic analysis. In addition, internal electron
transfer is composed of four 1-electron transfer steps, as
illustrated in the last model (fig. 3C). Here the electron
transfer rate constants between the microstates of NR
identified for the two-electron-reduced enzyme are pre-
sented, and it is clear that one of these steps would be
the slowest and determine the overall internal electron
transfer rate, kET, if this process is rate limiting in NR
catalysis. In order words, the rate of internal electron
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Figure 3. Simplified NR catalytic cycles for identification of key rate constants in the mechanism of catalysis. The numbering of the
rate constants is based on reserving constants k1 and k3 for the formation of the Michaelis complexes of NR with NADH and nitrate,
respectively. Formation of Michaelis complexes and release of product steps in the mechanism are not shown. Rate constants k2 and
k4 are second order in these models with units=M−1 s−1, which are for irreversible steps in catalysis. All other rate constants are first
order. The rate constant kET is a composite representing the slowest step(s) in internal electron transfer. When internal electron transfers
are shown, the reduction microstate of NR involved in catalysis is identified and the rate equations outlined by a box. The reduced
redox cofactors of NR in each microstate of reduction are also shown within the boxed sections to illustrate the progression of the
internal electron transfer reactions.
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transfer from reduced FAD states to heme-Fe or from
reduced heme-Fe to Mo are the key steps to focus on.
Pre-steady-state and steady-state kinetic analysis of
CbR and MoR fragments of NR with NADH as elec-
tron donor and FeCN and Cyt c as electron acceptor
are useful for unraveling some of the complexity of
internal electron transfer [12, 13, 18, 20]. First, the
steady-state catalytic efficiencies of FeCN and Cyt c
reduction for various MoR forms are 40–200, 80–140
and 220–300 mM−1 s−1, for NADH, FeCN and Cyt c,
respectively [18]. These catalytic steps involve electron
transfer from NADH to FAD with a kcat of 2300 to
2700 s−1 for FeCN reduction and from reduced FAD
forms to heme-Fe with a kcat of 1300–1800 s−1 for the
Cyt c reduction reaction, which indicates that the initial
internal electron transfers are faster than NR catalysis
by large factors. This indicates that k5 and k7 are not
likely to be rate limiting in NR (fig. 3C). The pre-steady-
state analysis of CbR and MoR demonstrates that the
pseudo-first-order reduction of FAD by NADH is ex-
tremely fast, with a rate of 500–700 s−1 at 10–15 °C
and basically limited by the rate of diffusion [13, 18].
This has also been shown with AtNR2, where NADH
reduced FAD with a rate of 320 s−1 at 15 °C [3].
Electron transfer from FADH2 to heme-Fe is also rapid
at 300 s−1 for MoR and 420 s−1 for AtNR2 [3, 18]. The
final electron transfers from reduced heme-Fe to Mo
forming MoV and MoIV have been observed indirectly
by monitoring the rate of oxidation of fully reduced NR
by nitrate in stopped-flow rapid-scanning spectrophoto-
metric experiments at 5 and 15 °C [3]. Here, FADH2

and heme-Fe2+ were oxidized at rates of 200–300 s−1

for AtNR2, which suggests k6 is rapid in internal elec-
tron transfer and greater than overall catalysis. How-
ever, these experiments did not provide a clear definition
of the final internal electron transfer step, k8, which
appears to most likely represent the rate-limiting process
in NR catalysis. In other words, transferring the second
electron from heme-Fe2+ to MoV to fully reduce it to
MoIV is likely to be the slowest electron transfer step in
NR catalysis. However, since currently available data
are preliminary [3], further experimentation is needed to
firmly establish this suggestion and define a rate con-
stant for the rate-limiting process in NR catalysis.

Future prospects for advancement of NR biochemistry

Overall, much of the complexity of eukaryotic NR is
being unraveled in current research, and it can be ex-
pected that the structure and function of this enzyme
family will be clearly understood in the near future. This
is especially important since NR has become useful in
environmental cleanup of nitrate pollution, which is a
problem worldwide [1]. NR is already being used in

nitrate detection kits, and a nitrate biosensor based on
NR is being developed. Enzymatic nitrate removal pro-
cesses involving NR have been studied and may offer an
efficient method for purification of nitrate-polluted
drinking water at the point of use. This practical side of
NR biochemistry and biotechnology proves the value of
the large investment in basic research on NR made by
the public over the past 50 years.
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