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Miniview:

Algal nitrate reductases
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The past decade has seen substantial breakthroughs in understanding the biochemistry, molecular biology and regulation of nitrate

reductases (NR) in higher plants and green algae. In contrast, although there has been considerable interest in using various measurements

of NR to provide ecophysiological information, comparable knowledge of NR is largely lacking in algal groups other than chlorophytes.

Applying information about NR from chlorophytes and higher plants to other algae may be difficult. There is evidence that non-

chlorophyte forms of NR are diverse and distinct in terms of biochemical characteristics and regulatory features. Key areas to be pursued

in non-chlorophyte algae include the identification and adoption of model organisms for NR research in different algal groups ; the

creation of selected and engineered mutants ; the purification, biochemical characterization and production of antibodies to different algal

forms of NR; the identification of NR genes ; and the undertaking of coordinated research on nitrate uptake proteins and other enzymes in

pathways of nitrate assimilation.
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Purpose and scope of the review

Within living organisms, there are several distinct proteins
that reduce nitrate to nitrite and are thus termed nitrate
reductases (NR). This review is concerned with assimi-
latory forms of NR, which are structurally distinct from
dissimilatory NR in organisms that use nitrate as an
alternative electron acceptor to O

#
(see Guerrero et al.,

1981). Although dissimilatory nitrate use occurs pre-
dominantly in prokaryotes (Hochstein & Tomlinson,
1988), it is also a feature of eukaryotic metabolism
(Zvyagil’skaya et al., 1996). I will confine the review to
eukaryotic algae because assimilatory NR in cyanobacteria
is a quite different enzyme (Andriesse et al., 1989), though
comparisons with NR research in cyanobacteria will be
made. Three eukaryotic assimilatory NR forms are recog-
nized, two of which occur in eukaryotic algae and higher
plants (EC 1\6\6\1, specific for NADH, and EC 1\6\6\2,
using either NADH or NADPH) and one of which is
found only in fungi (EC 1\6\6\3, specific for NADPH).

There is an enormous spectrum of interest in NR. At
one extreme, NR is a useful model for exploring the
reaction mechanisms of multi-component redox enzymes
(e.g. Kay et al., 1991 ; Dwivedi et al., 1994). At the other,
there is interest in using NR in an ecological context to
predict rates of nitrate incorporation that are otherwise
difficult to determine (e.g. Eppley et al., 1969 ; Blasco et al.,
1984 ; Berges & Harrison, 1995). The use of NR in an
ecological context has been particularly advocated for
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marine environments where nitrogen is often limiting and
rates of nitrate uptake may provide information about the
biogeochemical fate of carbon fixed by phytoplankton
(Howarth, 1988 ; Platt et al., 1992). NR is also one of the
very few reasonably well characterized inducible}
repressible enzyme systems in photosynthetic organisms,
and it shows many regulatory features that make it of
interest to physiologists (see Solomonson & Barber 1990 ;
Campbell 1996). Furthermore, as evidence presented
below will show, the characteristics of NR differ among
algal groups and this diversity may reveal evolutionary
links or patterns of adaptation.

Research on assimilatory NR has been going on for
more than half a century. It falls into three broad
categories, each of which has come to focus on particular
groups of organisms : (1) research concerned with the
biochemistry and molecular biology of the enzyme itself,
an area pursued almost solely using green algae and
higher plants ; (2) research centred on the physiological
regulation and role of NR in nitrogen metabolism, the
considerable majority of which, again, has been conducted
with chlorophytes and higher plants ; and (3) research
directed towards using NR measurements to gain in-
formation about ecological processes, most of which has
been carried out with non-chlorophyte algae, often in
natural assemblages.

My goals in writing this Miniview are threefold. (1) I
will briefly point out current understanding of NR
structure, regulation and roles in nitrogen metabolism,
based on higher plant and green algal research. (2) I will
provide evidence to suggest that NR might be substan-



4John A. Berges

tially different in other algal groups, and indicate where
data are lacking. (3) I will point out research directions that
have proven useful in higher plants and green algae and
which should be pursued in other algal groups.

Terminology and semantics

A great deal of confusion is caused by differing ter-
minology. Consider the statement : ‘nitrate reductase is
rate limiting for nitrogen assimilation ’. There are three key
questions : (1) What is meant by ‘nitrate reductase ’, i.e.
protein quantity, protein activity ? (2) What does ‘ rate
limiting ’ mean? (3) What is meant by ‘nitrogen as-
similation ’ ? Each of these concepts is complex, and the
same terms have been used in different ways by different
authors. The following paragraphs will explicitly define
terms as I will use them in this Miniview. In so doing, I
recognize that each definition has particular advantages
and disadvantages and will be controversial ; clarity and
utility are the reasons I have chosen them.

A definition of ‘nitrate reductase ’ should distinguish
between the quantity of NR protein and the activity
displayed by that protein. One can further distinguish
between the activity of NR measured in an in vitro assay,
and the activity of the enzyme in vivo. The first distinction
is relatively straightforward : NR protein can be quantified
using an immunoassay (e.g. Smarrelli & Campbell, 1981 ;
Campbell & Remmler, 1986). Activity measurements are
more difficult to define. By definition, in vitro assays
require fixing conditions such as pH, temperature and
substrate concentration. In most cases, activity is measured
with saturating substrates, resulting in what is termed a
V
max

assay. Under these conditions, activity is used as a
surrogate for enzyme quantity (Rossomando, 1990) ; post-
translational modifications such as phosphorylation state
may or may not be preserved. In this review I will use NR
activity to mean the activity measured in a V

max
assay.

Confusingly, ecologically oriented researchers have some-
times defined this activity as ‘potential activity ’, a term
which suggests that it represents some theoretical maxi-
mum for the in vivo activity of the enzyme; this may or
may not be so. Even more confusing is the use of so-called
in vivo assays. In this case the enzyme is not extracted but
left inside cells, which are permeabilized to allow release of
reaction products. In general, such methods are more
loosely controlled and more difficult to reproduce because
substrates may be present in non-saturating quantities.
Since its application normally requires permeabilization of
cell membranes and results in a decidedly non-physio-
logical situation, it has been suggested that the assay is
better termed in situ (Corzo & Niell, 1991). There are
several assumptions necessary and shortcomings inherent
when using in situ assays (Thomas & Harrison, 1988 ;
Brinkhuis et al., 1989 ; Hurd et al., 1995). Currently, direct
determination of an in vivo rate of NR activity is not
possible, but if experiments are well designed, the NR
activity necessary to support the observed fluxes of
nitrogen into the cell may be calculated (e.g. Berges &
Harrison, 1995). Whether a V

max
assay bears any re-

lationship to in vivo enzyme activity is difficult to predict,
but there are many cases when V

max
assays do provide

valuable information (Newsholme & Crabtree, 1986).
‘Rate limitation ’ is a concept that can be defined clearly

in terms of metabolic control theories. An enzyme is said
to be rate limiting if a change in enzyme quantity leads to
a proportional change in flux through ametabolic pathway
(Crabtree & Newsholme, 1985 ; Kacser & Porteous, 1987).
The pathway must be specified ; thus NR could be rate
limiting for reduction of nitrate to nitrite within the cell
but might not be limiting the rate of reduction of nitrate to
ammonium, for example. Such a definition has very seldom
been critically applied to work with NR (but see
Ingemarsson, 1987 ; Dortch et al., 1979 ; Berges &
Harrison, 1995). Rate limiting enzymes have several
characteristics, including equilibrium constants (k

eq
)

greater than 5 (indicating the tendency for the reaction to
proceed in one direction rather than the other), a complex
structure, and post-translational regulatory mechanisms
(Newsholme & Crabtree, 1986).

Finally, consistent definitions are needed for the pro-
cesses of nitrogen acquisition. I suggest, followingWheeler
(1983), that uptake be defined as removal of nitrate from
the environment and physical transport into the alga (in
macroalgae and higher plants a further distinction between
transport into intercellular spaces and transport into cells
themselves may be useful ; see discussion in Redinbaugh &
Campbell, 1991) ; assimilation be defined as the processes
by which nitrate is used to form small organic molecules,
such as amino acids ; and incorporation be defined as the
processes bywhich nitrogen-containing organic molecules
are combined to form macromolecules, such as proteins
and nucleic acids. These definitions are functional and
largely pragmatic ; for example, disappearance of nitrate
from the medium can be easily measured, and a separation
of small organic and inorganic molecules is relatively
straightforward. Note, however, that the components of
each process are not specified and that some problems
remain in applying these definitions.

Current views of nitrate reductases

Structure and characteristics of nitrate reductases

The past 10 years have seen numerous reviews of NR
dealing with the biochemistry and molecular biology of
the enzymes (e.g. Campbell & Kinghorn, 1990 ; Wray &
Fido, 1990 ; Campbell, 1996). It is generally accepted that
NR is a homodimer, with each subunit composed of a
polypeptide of approximately 100 kDa associated with
molybdenum, molybdopterin, iron, haeme and flavin
adenine dinucleotide (FAD). Three regions of the enzyme
are recognized : an NAD(P)H domain, a cytochrome b

domain, and an FAD domain. Each domain can function
independently under certain conditions, resulting in
several partial activities of the enzyme (Wray & Fido,
1990). The equilibrium is very strongly toward nitrite
formation (k

eq
of 10#& to 10%! : Hewitt et al., 1976). Recent

evidence provides an explanation for the differences
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between NADH- and NADPH-specific forms, based on
the specific amino acid residues in the active site
(Campbell, 1996), but the reason why some forms of NR
can use both NADH and NADPH remains unclear. NR
has traditionally been viewed as a cytoplasmic enzyme,
but there is growing evidence of plasmalemma-bound
forms in green algae and higher plants (e.g. Fernandez-
Lopez et al., 1996).

Regulation of nitrate reductases

Many recent reviews have been devoted to the regulation
of NR (e.g. Solomonson & Barber, 1990 ; Lillo, 1994 ;
Crawford, 1995), and there are several recurring ideas. NR
is largely regulated by synthesis and degradation of the
protein, with synthesis being induced by the presence of
nitrate, and degradation by absence of nitrate or presence
of other more reduced nitrogen forms. Little is known
about the degradative process. NR activity is influenced
by irradiance. The mechanisms are as yet unknown, but
may be due to indirect effects on nitrate uptake and hence
availability of substrate to the enzyme, direct effects of
light on the NR protein (i.e. post-translational effects), or
effects on transcription or translation of NR (Ninneman,
1987). Light effects appear to involve both a red-light
receptor (possibly a phytochrome) and a blue-light
receptor which may be a flavoprotein (see Rudiger &
Lopez-Figueroa, 1992). Both the activity of NR and the
abundance of NR protein show a diel cycle, which is
possibly circadian (Lillo, 1983 ; Deng et al., 1991). NR
is high in light periods (and shows a midday peak) and low
in darkness. Post-translational regulatory mechanisms
identified include phosphorylation (Huber et al., 1992)
involving a specific protein kinase, protein phosphatase
and an inactivator protein (MacKintosh et al., 1995 ; Glaab
& Kaiser, 1996). A mechanism has been proposed whereby
intracellular cyanate could inactivate the enzyme (Pistorius
et al., 1976). The inactivation can be reversed by blue light,
flavins and, in a non-physiological manner, by mild
oxidation with ferricyanide (Franco et al., 1987).

Role of nitrate reductases in nitrogen metabolism

Bearing in mind the difficulty in terminology, the majority
of reviews claim a rate-limiting role for NR. As noted
above, NR fits many criteria of a rate-limiting enzyme (see
Newsholme & Crabtree, 1986), but appropriate experi-
ments to test this idea are mostly lacking. Alternatively, a
growing number of plant physiologists have suggested
that nitrate incorporation is limited by nitrate uptake (e.g.
Tischener, 1990), or by enzymatic steps downstream of
NR, such as that catalysed by nitrite reductase (NiR) (see
Wray, 1993).

Algal nitrate reductases

Too few NR forms from non-chlorophyte algae have been
characterized to allow broad generalizations about the
enzyme structure. NR from marine diatoms appears to be
close in denatured molecular weight to that of higher

plants, in the range 95–120 kDa (Gao et al., 1993 ; J. J.
Vergara, J. A. Berges & P. G. Falkowski, unpublished), but
NR subunits from dinoflagellates are considerably smaller
at around 52 kDa (Ramalho et al., 1995). Antisera against
NR from marine diatoms react poorly with higher plant
NR and, within the algae, only relatively closely related
taxa cross-react. Gao et al. (1993) reported no cross-
reaction of NR antisera raised against Skeletonema costatum

with the chlorophyte Dunaliella tertiolecta, the chromo-
phytes Emiliania huxleyi or Isochrysis galbana, or the
dinoflagellate Amphidinium carterae. Antiserum against
NR from Thalassiosira weissflogii cross-reacts well with
congeners such as T. pseudonana, weakly with other
diatoms such as S. costatum within the same family
(Thalassiosiraceae), and very poorly or not at all with
other diatoms tested (J. J. Vergara, J. A. Berges & P. G.
Falkowski, unpublished).

Optimal activity assay conditions (which include
extractability of the enzyme) provide more evidence of
diversity in characteristics of NR. FAD appears to be
required to achieve highest activity in assays of some
species of marine algae but not in others (Vennesland &
Solomonson, 1972 ; Everest et al., 1984 ; Berges &
Harrison, 1995), suggesting that the FAD factor may be
bound to the enzyme to varying degrees. With respect to
half-saturation constants for NADH and nitrate, and
inhibitory effects of these substrates, there is wide
variation (Berges & Harrison, 1995). Based on use of
different substrates, there is also evidence of diversity in
forms of NR; NADPH use is apparently confined to the
green algae (Syrett, 1981 ; Berges & Harrison, 1995).

Regulatory features of algal NR forms also diverge
from those found in higher plants. Nitrate may not be
necessary for NR synthesis : in green algae and diatoms,
transfer of cells growing in media with ammonium as the
sole nitrogen source to nitrogen-free media resulted in the
appearance of NR activity (Kessler & Osterheld, 1970 ;
Amy & Garrett, 1974). The phenomenon of ferricyanide
activation has not been found in the algae other than the
chlorophytes (Serra et al., 1978 ; Hochman, 1982 ; Berges &
Harrison, 1995). Phosphorylation of NR has yet to be
established in algae ; characteristic inhibition of activity of
phosophorylated NR by magnesium has not been found
in marine diatoms (Gao et al., 1993 ; Berges, unpublished).
The inhibitory effect of ammonium on NR activity is
established in many algal groups, though there is
controversy as to whether it acts on NR indirectly by
eliminating nitrate transport or directly on the enzyme
at the levels of synthesis or post-translational modification
(Syrett, 1981 ; Larsson et al., 1985 ; Collos, 1989 ; Flynn,
1991). It is also worth pointing out that Dortch (1990) has
cautioned that effects on nitrate uptake should distinguish
between true inhibitory effects of ammonium on nitrate
uptake from preference for ammonium over nitrate. There
are also cases where NR is not inhibited by ammonium,
particularly in the dinoflagellates (Harrison, 1976 ; Collos
& Slawyk, 1980 ; Hochman, 1982). It may be meaningful
in this context that NR from dinoflagellates has been
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localized in the chloroplast, in contrast to other groups
of algae where the enzyme is usually considered to be
cytoplasmic (Fritz et al., 1996).

Diel patterns in NR activity differ among green algae
(Velasco et al., 1988), cyanobacteria (Lara et al., 1993), and
diatoms and other chromophytes (Eppley et al., 1971 ;
Berges et al., 1995). The importance of light in promoting
NR synthesis is probably indirect and linked to carbon
metabolism. It has long been known that Chlorella will
assimilate nitrate in darkness, if provided with a source of
carbon (Cramer & Myers, 1948). Furthermore, induction
of NR has been demonstrated in a marine chlorophyte in
darkness (Delrio et al., 1994), and a ‘predawn’ increase in
NR activity is a well-established feature of marine diatoms
(see Berges et al., 1995).

The assumption that NR activity is rate limiting for
nitrate incorporation appears to be justified in some
diatom species (Berges & Harrison, 1995 ; Berges et al.,
1995), but control at other steps of the incorporation
pathways has also been identified. Nitrate uptake can be
limiting (Ingemarsson, 1987 ; Watt et al., 1992), but
accumulation of pools of nitrate in certain diatoms is
evidence that this is not always so (see discussion in
Dortch, 1982). In particular cases, accumulation and
excretion of nitrite suggest that NiR may be limiting
(Collos & Slawyk, 1980 ; Martinez, 1991), while glutamine
synthase (GS) could be another point of control (Clayton
& Ahmed, 1987 ; Sequineau et al., 1989). In fact, the
concept of a single rate-limiting step may be an over-
simplification ; arguments have been made that because of
constraints on total protein within a cell, all enzymes in a
pathway will tend to change in response to changes in flux
through that pathway (Brown, 1991).

Issues and future directions

I suggest that future research might profitably be directed
to the following areas :

(1) Relevant model organisms in diverse algal taxa,
including diatoms, dinoflagellates and red algae, should be
identified and adopted for research. It is clear if one
examines the literature that the vast majority of NR work
in chlorophytes has been done with Chlorella and
Chlamydomonas species. The advantage of this is that
studies using different techniques or considering different
aspects of nitrogen metabolism can be integrated. In
contrast, those working with non-chorophyte algae have
used a very large number of different organisms, or have
considered assemblages of organisms in natural environ-
ments. It is debatable whether any consensus can be
reached on what constitutes a ‘model ’ organism, and it is
unclear how general acceptance of particular species can
be achieved. I submit that this is nonetheless a worthwhile
objective. Important elements of a model organism would
include ready availability of stock cultures, ease of main-
tenance of cultures and reproducibility of growth charac-
teristics. Furthermore, the species should be generally
reflective of the characteristics of the group it represents. I
would suggest that components such as abundance in

natural ecosystems (i.e. ‘ ecological relevance ’) and the
amount of previous work done on a given species be
considered of secondary importance as selection criteria.
Simply as an example, in selecting a model diatom, one
would have to assess whether the considerable fluctuations
in cell size and growth rate often seen in cultures of
Skeletonema costatum, or the dramatic morphological
variation and silica requirements of Phaeodactylum tri-
cornutum, make either of the organisms less desirable. Of
course, research using other organisms must proceed,
but application of new methods and new experimental
approaches will benefit vastly from including a ‘ reference ’
species in such studies. Work on NR in higher plants has
profited by focusing on spinach, but this has clearly not
prevented work being done in corn or barley, for example.

(2) Effort should be concentrated on isolation, puri-
fication and biochemical characterization of NR, and
production of antibodies against NR from different algae.
This has begun in some groups such as rhodophyte
macroalgae (Nakamura et al., 1994), diatoms (Smith et al.,
1992 ; Gao et al., 1993) and dinoflagellates (Ramalho et al.,
1995), and must be encouraged as more than strictly a
biochemical exercise.

(3) Research on the identification of NR genes from
different algae must proceed, since it has significantly
advanced research efforts in higher plants and green algae
(see Campbell, 1996 ; Dawson et al., 1996). Recent
technical advances, such as development of transformation
systems in diatoms (e.g. Dunahay et al., 1995), are making
this approach feasible.

(4) Attempts should be made to provide selected or
engineered mutants to NR and nitrate incorporation
pathways in various algal groups. Results obtained using
mutants have been decisive in resolving issues concerning
NR for green algae and higher plants (e.g. Hoff et al., 1994 ;
Ferrario et al., 1995), but mutants are virtually unknown in
other taxa.

(5) Finally, coordinated research should be undertaken
that includes nitrate uptake proteins and other com-
ponents of nitrate incorporation pathways. Research on
nitrate transporters is advanced in cyanobacteria and
higher plants (Lara et al., 1993 ; Crawford, 1995 ; Omata,
1995) but far behind in groups such as the diatoms
(Falkowski, 1975). Work involving NiR (Eppley & Rogers,
1970) and GS (Clayton & Ahmed, 1987) begun more than
a decade ago has not (with some exceptions, e.g.
Robertson & Alberte, 1996) been followed up.

In concluding this Miniview, a general comment on the
state of NR research in non-chlorophyte algal groups is
perhaps in order. As noted above, research in these groups
has focused almost solely on NR activity assays performed
in physiological and ecological contexts. More than a
decade ago it was pointed out that : ‘ the potential uses of
enzyme assays in ecological studies have been both
overstated by ecologically-oriented biochemists and
under utilized by nonbiochemically-oriented ecologists ’
(Falkowski, 1983). This remains true today because
research in this area has proceeded with a relatively poor
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biochemical context and relied heavily on generalizations
from higher plants and green algae. Too little emphasis
has been placed on the importance of ensuring proper
extraction and assay of NR (see Berges & Harrison, 1995).
Assay temperatures used are sometimes up to 20 °C
higher than those in which the organisms live, despite
clear indications that assays performed at higher tempera-
tures may not be related to those conducted at in situ

temperatures (see Kristiansen, 1983). Numerous experi-
ments have been conducted using loosely controlled in

situ assays for NR. Furthermore, laboratory studies with
non-chlorophyte algae have usually focused on experi-
ments that attempt to simulate field conditions or transient
states before testing methods using carefully controlled
steady-state conditions. How can one determine whether
NRmeasurements are providing a good index of processes
related to nitrogen metabolism by performing experi-
ments in which such processes cannot be independently
measured? In evaluating the literature for non-chlorophyte
algae, it is little wonder that many researchers have
decided that NR assays do not provide interpretable
ecophysiological information. In my opinion, such a
conclusion is premature.
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