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Abstract. Glutamate synthase is a complex iron-sulfur otide-dependent form of glutamate synthase in order to
gain insight into the mechanism of the glutamate syn-flavoprotein that forms L-glutamate from L-glutamine
thase reaction. Sequence analyses also revealed that theand 2-oxoglutarate. It participates with glutamine syn-

thetase in ammonia assimilation processes. The known small subunit of bacterial glutamate synthase may be
the prototype of a novel class of flavin adenine dinu-structural and biochemical properties of glutamate syn-

thase from Azospirillum brasilense, a nitrogen-fixing cleotide- and iron-sulfur-containing oxidoreductase
bacterium, will be discussed in comparison to those of widely used as an enzyme subunit or domain to transfer
the ferredoxin-dependent enzyme from photosynthetic reducing equivalents from NAD(P)H to an acceptor
tissues and of the eukaryotic reduced pyridine nucle- protein or protein domain.

Key words. Glutamate synthase; flavoprotein; iron-sulfur clusters; ammonia assimilation; nitrogen metabolism;
oxidoreductases; amidotransferases; electron transfer.

Introduction

Glutamate synthase (GltS) is a complex iron-sulfur
flavoprotein that catalyses the reductive transfer of L-
glutamine (L-Gln) amide group to the C(2) carbon of
2-oxoglutarate (2-OG), yielding two molecules of L-glu-
tamate (L-Glu, reaction 1).

L-Gln+2-OG+2e− +2 H+ �2 L-Glu (1)

The reducing equivalents are provided by reduced
nicotinamide adenine dinucleotide (NADH), reduced
nicotinamide adenine dinucleotide phosphate (NAD-
PH) or reduced ferredoxin (Fd) depending on the type
of glutamate synthase.
GltS has been purified from bacteria, yeast and plants
and characterised to various extents. Work on micro-
bial glutamate synthase has been reviewed by Miller [1],
Meister [2], Vanoni et al. [3], and more recently by

Zalkin [4], Curti et al. [5] and Zalkin and Smith [6]. The
properties of plant GltS have been reviewed by Knaff
and Hirasawa [7] and Temple et al. [8]. The genes
encoding GltS have been cloned and sequenced from a
growing number of organisms ranging from bacteria to
lower animals. Comparison of the primary structures of
GltS from various sources and of the known biochemi-
cal properties led to the definition of three classes of
GltS, which differ for distribution among different or-
ganisms and tissues, subunit composition, cofactor con-
tent and physiological reductant:
1) NADPH-GltS (EC 1.4.1.13). The bacterial form of
the enzyme is composed of two subunits (� sub-
unit�150 kDa and � subunit�50 kDa) that form the
active �� protomer (�200 kDa) containing one flavin
adenine dinucleotide (FAD), one flavin mononucleotide
(FMN) and three different iron-sulfur (Fe/S) clusters.
The enzymes from Klebsiella aerogenes, Escherichia coli,
Bacillus subtilis and Azospirillum brasilense are* Corresponding author.
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those that have been better characterised biochemically.
With the exception of the B. subtilis enzyme, bacterial
GltS is specific for NADPH; thus the abbreviation
NADPH-GltS will be used throughout to indicate the
bacterial form of GltS.
2) Fd-GltS (EC 1.4.7.1). Cyanobacteria and plants con-
tain an Fd-dependent form of GltS. The enzyme is
localised in plastids (in plants), is composed of a single
polypeptide chain (�150 kDa) similar to the � subunit
of bacterial NADPH-GltS and differs from the bacterial
NADPH-GltS for a lower nonheme iron and acid-labile
sulfur content. Early reports indicated a flavin content
similar to that of the NADPH-GltS, whereas more
recent data are consistent with the presence of only 1
mol FMN per mol Fd-GltS subunit [9, 10]. Most of the
information available on the biochemical properties of
Fd-GltS derives from studies of the enzyme prepared
from spinach, although preparations of Fd-GltS from
Chlamydomonas, Synechococcus and Synechocystis have
also been characterised to different extents [7, 8].
3) NADH-GltS (EC 1.4.1.14). Yeast, fungi, plants and
lower animals contain a pyridine nucleotide-linked form
of GltS. The enzyme has been purified from Medicago
sati�a [11], Saccharomyces cere�isiae [12], and very re-
cently a report describing an NADH-dependent GltS
prepared from silkworm has appeared [13]. The genes
or the complementary DNA (cDNA) encoding GltS in
several eukaryotes have been cloned and sequenced.
Direct biochemical evidence and sequence information
available indicate that the eukaryotic pyridine nucle-
otide-dependent enzyme is formed by a single polypep-
tide chain of �200 kDa, which appears to derive from
the fusion of polypeptides corresponding to the � and �

subunits of bacterial GltS. This enzyme form was
shown to be specific for NADH as the electron donor.
Although it cannot be ruled out that in some instances
the eukaryotic pyridine nucleotide-dependent enzyme
may be NADPH-specific, we will refer to this form of
GltS as NADH-GltS.
There is general agreement on the fact that, among
enzymes of nitrogen metabolism, GltS is the one that
has been studied the least. In particular, very little work
has been done on the eukaryotic NADH-dependent
GltS, presumably because of a combination of low
levels and high lability. More data are available on the
more abundant Fd-dependent GltS. However, most of
the information available on GltS is that obtained
through studies of the bacterial NADPH-dependent
GltS. For this reason, we will focus on the properties of
bacterial GltS in relation to those known for the other
enzyme forms. The structural and functional informa-
tion obtained in recent years in our laboratory during
studies of the Azospirillum brasilense enzyme will be
used to highlight similarities and differences with re-
spect to other GltS. It is our aim to show how the study

of the bacterial GltS holoenzyme, of its recombinant
isolated � and � subunits and of mutant forms obtained
by site-directed mutagenesis may provide complemen-
tary information for a better understanding of Fd-GltS
and may represent a starting point for a thorough study
of the poorly characterised eukaryotic-type NADH-
GltS.

Physiological role of glutamate synthase

The early work of several groups with the bacterial
enzyme, as reviewed in Reitzer and Magasanik [14] and
Reitzer [15], was fundamental for the understanding of
nitrogen metabolism in prokaryotes. Until the early
1970s it was thought that ammonia could be assimilated
in bacteria either by the action of glutamine synthetase
(GS, reaction 2) or by that of glutamate dehydrogenase
(GDH, reaction 3).

L-Glu+NH4
+ +ATP�L-Gln+ADP+Pi (2)

2-OG+NH4
+ +NAD(P)H�L-Glu+NAD(P)+ (3)

However, although efficient synthesis of glutamate is
needed to support GS reaction and to allow synthesis of
other amino acids for cell growth, it was found that the
Km values of GDH for ammonia were too high (3–4
mM for K. aerogenes GDH [16]) to justify cell growth in
the presence of low ammonia concentrations. Further-
more, in some Bacillus species no glutamate dehydroge-
nase activity could be detected. Amino acid
dehydrogenases other than GDH (e.g. alanine dehydro-
genase, leucine dehydrogenase and valine dehydroge-
nase) were suggested to functionally replace GDH in
these and other bacteria [1, 16]. The finding, in the early
1970s, of glutamate synthase, a novel L-glutamine-de-
pendent amidotransferase, explained how bacterial cells
could grow in the presence of low ammonia and led to
the definition of a novel two-reaction pathway formed
by GS and GltS (reaction 4, [16]).

2-OG+NH4
+ +NAD(P)H+ATP

�L-Glu+NAD(P)+ +ADP+Pi (4)

The pathway is commonly known as the GS/GOGAT
pathway, GOGAT being the acronym initially assigned
to glutamate synthase. The enzyme was, in fact, erro-
neously classified as a glutamine:2-oxoglutarate amino-
transferase. Due to the complexity of the reaction
catalysed by GltS, the enzyme is indeed difficult to
classify, and the systematic name glutamate:NADP+

oxidoreductase (transaminating, glutamine forming)
has also appeared in the literature. In any case, we will
use the acronym GltS, which also reflects the commonly
employed term (glt) used to define the genes encoding
GltS (see below).
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Ammonia assimilation through the GS/GltS pathway is
made efficient by the low Km values of both these
enzymes for their substrates (E. coli GS: KNH3�0.01–
0.06 mM; KL-Glu�4 mM; KATP�0.2–2 mM, [17]; A.
brasilense GltS, KNADPH�1–10 �M, K2-OG�100 �M,
KL-Gln�200–500 �M [18]). The overall reaction
catalysed by GS and GltS is similar to that of GDH
except for the expenditure of 1 mol ATP, which has
been defined as the price to pay to assimilate ammonia
when its cellular level is low. In support of a role of the
GS/GltS pathway for ammonia assimilation in bacteria
is the fact that mutants defective in GltS activity are
unable to grow in the presence of low ammonia levels,
whereas GDH, when present, can support growth only
when the level of ammonia is high [15]. For this reason,
the GS/GltS pathway attracted much attention with
respect to the physiology of nitrogen-fixing bacteria
[19–21], which rely on the efficient glutamate synthesis
catalysed by GS and GltS in order to produce amino
acids for growth through the action of amino-
transferases.
It should be kept in mind that, in bacteria, L-glutamate
is not only the precursor of other amino acids, but also
is involved in osmoregulation [22] and is, in some in-
stances, the precursor of heme biosynthesis [23].
Studies of the regulation of the expression of the genes
encoding the two enzymes of the GS/GltS pathway in
bacteria and of the regulation of the activities of the
enzymes have been mainly centered on GS [15]. Much
less is known about the regulation of expression of glt
genes, the genes encoding GltS, and the modulation of
GltS activity. Several reviews have appeared on ammo-
nia metabolism in enteric and nitrogen-fixing bacteria,
and the reader is referred to them for details [14, 15, 21].
It has been proposed that the in vivo rate of the GltS
reaction is limited by the rate of production of glu-
tamine by GS, which in turn is tuned by the cellular
levels of L-Gln and 2-OG. In this respect, GltS activity
may play a role in modulating GS activity by influenc-
ing the 2-OG level. The interplay of glt gene expression,
GltS activity and nitrogen and carbon metabolism in
enteric bacteria is complex [15]. The structural genes
encoding the GltS � and � subunits (gltB and gltD,
respectively) form an operon with gltF, encoding a
putative kinase [24]. In E. coli, expression of gltBDF
genes is positively regulated by the leucine-responsive
regulatory protein (LRP) in a leucine-independent fash-
ion [25–27]. In addition, the levels of GltS activity
and/or of gltF gene product have an effect on the
induction of the Ntr response in enteric bacteria [15]. In
B. subtilis, glt gene expression is positively controlled by
the product of gltC, a member of the LysR family,
unrelated to E. coli LRP or GltF [28]. However, gltC
gene product may not be the only factor controlling glt
gene expression in B. subtilis [29].

In nitrogen-fixing bacteria, in spite of the fundamental
role of GltS, nothing is known about the mechanisms
that regulate its gene expression. The levels of GltS are
controlled by the ammonia level and are maximal under
nitrogen-fixing conditions or in the presence of low
ammonia levels, whereas GltS-defective mutants are
unable to grow under nitrogen-fixing conditions [30].
No information is available on the presence of specific
proteins that affect glt gene expression and no genes
similar to gltF or gltC have been found in the DNA
regions flanking gltD and gltB genes in A. brasilense (E.
Verzotti and P. Morandi, unpublished). Finally, virtu-
ally nothing is known about regulation of bacterial GltS
activity, if any, by posttranslational processing, effector
binding or covalent modification.
Studies of nitrogen metabolism in plants led to the
definition of a GS/GltS pathway also in cyanobacteria
and plants [8, 31, 32] where it serves two main purposes:
i) primary assimilation of ammonia derived from the
action of associative or symbiotic nitrogen-fixing bacte-
ria or of ammonia produced by nitrate and nitrite
reductases using soil nitrate, and ii) secondary assimila-
tion of ammonia derived from mobilisation of nitrogen
storage compounds (glutamine, asparagine, arginine
and ureides) or from photorespiration.
The Fd-dependent form of GltS was initially found in
chloroplasts. Leaf Fd-GltS has been demonstrated to be
essential for reassimilation of ammonia released during
photorespiration since glt mutants are without excep-
tion photorespiratory mutants. In this respect, the eluci-
dation of the mechanisms that allow the efficient
assimilation of ammonia into glutamine and, subse-
quently, glutamate seems particularly challenging tak-
ing into account the compartmentalisation of
photorespiratory enzymes producing ammonia (in the
mitochondrion) and those using it (cytoplasmic or
chloroplast GS, and Fd-GltS in the chloroplast). Recent
studies revealed the presence of Fd-GltS also in root
plastids, where reduced Fd may be formed from
NADPH oxidation catalysed by the root-type ferre-
doxin-NADP+ oxidoreductase [8]. Root NADH-GltS,
presumably located in the plastids, is instead assumed
to be responsible for primary ammonia assimilation.
NADH-GltS has also been found in green tissues, but
its level seems too low to support reassimilation of
ammonia from photorespiration [8].
The mechanisms that regulate glt gene expression in
plants still need to be elucidated. While it has been
shown that the expression of the genes encoding Fd-
GltS may be under the control of light through the
phytochrome system, it appears that NADH-GltS is, as
expected from its postulated function, regulated in a
different but as yet unknown fashion.
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Scheme 1. Steady-state kinetic mechanism of bacterial glutamate
synthase.

2) Site 2, the iminoglutarate site. At this site 2-OG binds
and is converted to the 2-iminoglutarate (2-IG) interme-
diate on addition of ammonia from the L-glutamine
amide group. The 2-IG intermediate is reduced by the
reduced flavin cofactor (Flavin 2 of GltS) located at this
site. Site 2 thus catalyses a glutamate dehydrogenase-
like reaction with Flavin 2 formally substituting for
NAD(P)H as the hydride donor to the C(2) position of
the imino acid. As mentioned above, reducing equiva-
lents are postulated to derive from the intramolecular
electron transfer chain formed by the enzyme Fe/S
clusters, which mediate electron transfer from Flavin 1
to Flavin 2. Thus, both flavins of GltS act as switches
between 1- and 2-electron donor/acceptor couples, a
typical function of this cofactor [35]. However, the need
of an intramolecular electron transfer chain formed by
iron-sulfur clusters, with a different flavin cofactor at
each end, in order to catalyse the simple NADPH-de-
pendent reduction of an iminoacid was not evident until
recently, as discussed below.
3) GAT site: the glutamine amidotransferase site.
Steady-state kinetic analyses of the GltS reaction
demonstrated that glutamine binding and hydrolysis to
release L-Glu and ammonia takes place at a distinct site,
following 2-OG binding to the reduced enzyme at Site 2
in the second segment of the reaction (schemes 1 and 2).
Formally, a glutaminase reaction must take place at this
site. Glutamine hydrolysis is followed by ammonia ad-
dition to 2-OG to yield the postulated 2-IG inter-
mediate.
All data available so far on the A. brasilense GltS
(Ab-GltS) are consistent with the above mechanism.
However, for this enzyme as well as for the other GltS,
the information on the kinetics and thermodynamics of
the reaction sequence is far from complete.
The existence of distinct sites for NADPH oxidation
and 2-IG reduction was confirmed both by studying the
reaction of Ab-GltS with NADPH in the presence of
synthetic electron acceptors [36] and by studying the
reactivity of GltS with sulfite [37]. The reaction of GltS
with NADPH and compounds such as iodonitrotetra-
zolium (INT), ferricyanide (FeCN), dichlorophenolin-
dophenol (DCIP) and menadione was studied in the
absence and presence of analogs of the enzyme physio-
logical substrates (2�-phosphoadenosine 5�-diphosphori-
bose, ADPRP, L-methionine sulfone, and oxalylglycine
as NADPH, L-Gln and 2-OG analogs, respectively).
The inhibition pattern observed with the different syn-
thetic acceptors and the GltS substrate analogs was
consistent with INT and FeCN reacting at Site 1 and
DCIP and menadione at Site 2 of GltS [36]. Further-
more, the calculated turnover number of GltS with
NADPH and INT, FeCN or DCIP was two- to three-
fold greater than that calculated with the physiological

Catalytic mechanism of bacterial glutamate synthase

Multiple catalytic sites of GltS

Steady-state kinetic studies of GltS purified to homo-
geneity from E. coli [33], B. subtilis [34] and A. brasi-
lense cells [18] demonstrated that the L-gluta-
mine-dependent synthesis of L-Glu is well described
by a two-site uni-uni bi-bi ping-pong mechanism
(Scheme 1).
On the basis of the properties of the enzyme cofactors
(one FAD, one FMN and several iron-sulfur clusters)
and substrate/product couples (NADPH/NADP+ and
(L-Gln+2-OG)/L-Glu), a scheme for the enzyme reac-
tion was initially proposed [18, 33], and it is consistent
with the presence of three distinct catalytic sites carry-
ing out partial reactions (Scheme 2).
1) Site 1, the pyridine nucleotide site. At this site,
NADPH binds to GltS and is oxidised with hydride
transfer to one of the enzyme flavins, Flavin 1, located
at this site. The reaction taking place at Site 1 is
essentially a flavin-mediated NADPH:acceptor oxidore-
ductase reaction. The electron acceptor of the reduced
flavin is postulated to be one (or more) of the iron-sul-
fur clusters that form the intramolecular electron trans-
fer chain of GltS, leading to reduction of the second
enzyme flavin (Flavin 2) at GltS Site 2.

Scheme 2. Two-site model and partial reactions of bacterial gluta-
mate synthase.
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substrates (57 s−1). These results were consistent with
the two-site model proposed for GltS (scheme 2) and
indicated that steps following NADPH oxidation and
intramolecular electron transfer from Flavin 1 to Flavin
2 may be limiting the overall turnover of GltS with
L-Gln and 2-OG.
The study of the reactivity of GltS with sulfite during a
series of equilibrium titrations of the enzyme not only
confirmed the two-site model for the GltS active center
but also provided a tool to distinguish between Flavin 1,
the flavin at the NADPH site, and Flavin 2, the flavin at
the 2-OG/2-IG site [37]. Sulfite was found to react with
only one of the GltS flavins, leading to spectral changes
consistent with the formation of a flavin N(5)-sulfite
addition product. The presence of sulfite did not alter
the reactivity of GltS with NADPH, and among the
other enzyme substrates only 2-OG was able to displace
sulfite from the enzyme flavin in a competitive fashion.

NADPH oxidation at Site 1 of GltS

Early work on E. coli and K. aerogenes GltS [38], later
confirmed with the A. brasilense enzyme [18], demon-
strated that the enzyme is specific for NADPH and
specifically removes the 4 proS hydrogen of NADPH.
Using [4S-3H]-NADPH, it was shown that tritium is
released into the solvent rather than being incorporated
into the L-Glu product, in full agreement with the
mechanistic scheme presented above (schemes 1 and 2).
The strict specificity for NADPH is a property common
to all GltS except for the B. subtilis enzyme [34], which
was reported to exhibit activity with NADH at a rate of
20% of that measured under similar conditions with
NADPH.
NADPH oxidation at Site 1 of GltS appears to be
reversible based on the observation that i) during pro-
longed incubation of K. aerogenes [38] and Ab-GltS [39]
with [4S-3H]-NADPH the amount of tritium released
into the solvent exceeded the (small) amount of
NADPH being oxidised, and ii) anaerobic addition of
NADPH to solutions of GltS from various sources led
to only partial loss of absorbance in the visible region of
the spectrum [18], whereas full reduction of both flavins
of Ab-GltS was obtained by removing NADP+ with an
NADPH-regenerating system formed by glucose 6-
phosphate and glucose 6-phosphate dehydrogenase
[37].
The rate of reaction between Ab-GltS and NADPH was
measured at 25 °C directly in a stopped-flow apparatus
[40]. The absorbance changes that led to (partial) en-
zyme reduction on addition of NADPH took place at a
rate (�950 s−1) much greater than the rate of overall
turnover of GltS with its physiological substrates (57
s−1) or synthetic electron acceptors (100–200 s−1).
These results confirmed that enzyme reduction by

NADPH does not limit the rate of overall turnover of
GltS [36].

Glutamate synthesis at Site 2 of GltS

According to the two-site model of GltS, Site 2 catalyses
a GDH-like reaction using reduced Flavin 2 as a substi-
tute for the reduced pyridine nucleotide and ammonia
from L-glutamine. As predicted by the model shown in
scheme 2, addition of L-Gln and 2-OG to photochemi-
cally fully reduced GltS led to recovery of the spectrum
of the starting (oxidised) GltS solution [18]. Anaerobic
addition of excess L-Glu indeed led to absorbance
changes consistent with reduction of approximately one
of the enzyme flavins (unpublished observation), sug-
gesting the irreversibility of electron transfer between
GltS catalytic sites.
The ability of GltS to catalyse glutamate synthesis from
2-OG and free ammonia has been tested with various
bacterial GltS and different results as reviewed in [3].
With E. coli, K. aerogenes and B. subtilis enzymes, GltS
was reported to catalyse the so-called ammonia-depen-
dent reaction at a low rate, without the involvement of
GltS redox cofactors, but with direct hydride transfer
from NADPH to the postulated imino acid intermedi-
ate. With A. brasilense GltS no ammonia-dependent
glutamate synthesis could be detected at neutral pH [39],
whereas at high pH values it was found to proceed via
the same ping-pong mechanism demonstrated for the
glutamine-dependent reaction, and with the participa-
tion of the enzyme redox centers [18]. Although the rate
of the ammonia-dependent reaction at its pH optimum
of 9.3 was similar to that of the glutamine-dependent
reaction at the same pH value, the Km value for ammo-
nia+ammonium ion was as high as 0.5 M. Thus, the
ammonia-dependent reaction of glutamate synthase ap-
pears to have no physiological role. Rather, it likely
represents a partial reaction of GltS overall turnover.

The iron-sulfur clusters of GltS

In the two-site model proposed for the GltS reaction
(scheme 2), communication between Site 1 and Site 2 is
established by an intramolecular electron transfer chain
formed by some or all of the iron-sulfur centers of the
bacterial enzyme. The number and type of Fe/S clusters
present in NADPH-GltS has been elucidated with stud-
ies on the absorbance, circular dichroism and electron
paramagnetic resonance (EPR) properties of ‘as iso-
lated’ and reduced forms of Ab-GltS [37], which confi-
rmed and extended previous studies with the E. coli [41]
and B. subtilis [34] enzymes. Ab-GltS preparations ex-
hibited an EPR signal consistent with the presence of
one [3Fe-4S]+1 cluster per �� protomer. Anaerobic
addition of NADPH (33-fold excess) to Ab-GltS led to
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reduction of one enzyme flavin and stabilisation of
some neutral flavin semiquinone (0.35 spin/�� proto-
mer), reduction of the [3Fe-4S]+1 center to the EPR
silent 0 state and partial reduction of a [4Fe-4S]+1,+2

cluster (0.25 spin/�� protomer). Regeneration of
NADPH with glucose 6-phosphate and glucose 6-phos-
phate dehydrogenase led to full reduction of the enzyme
flavins as judged by absorbance spectroscopy and to
reduction of the [3Fe-4S]0,+1 cluster and of one [4Fe-
4S]+1,+2 center, as judged by EPR spectroscopy. Pho-
tochemical reduction of GltS in the presence of EDTA
and deazaflavin led to absorbance changes similar to
those obtained with the NADPH-regenerating system,
but EPR spectroscopy measurements revealed that pho-
tochemically reduced GltS exhibited a signal consistent
with two 4Fe-4S clusters being reduced. Thus, it can be
proposed that bacterial GltS contains one [3Fe-4S]0,+1

cluster (Center I or Fe/SI) and one [4Fe-4S]+1,+2 center
(Center II or Fe/SII) that most likely participate in the
intramolecular electron transfer process from Flavin 1
to Flavin 2. A second [4Fe-4S]+1,+2 center (Center III
or Fe/SIII) is also present, but exhibits a potential too
low for it to be likely involved in the intramolecular
electron transfer chain connecting Flavin 1 to Flavin 2.
In a growing number of proteins iron-sulfur clusters are
being demonstrated to play roles in substrate binding
and activation for catalysis or structure stabilisation
rather than in electron transfer processes [42, 43]. The
involvement of the low potential 4Fe-4S cluster of GltS
in catalysis of amide transfer from glutamine to 2-oxog-
lutarate should be ruled out based on the fact that
spinach Fd-GltS was shown to contain only one type of
Fe/S cluster, one [3Fe-4S]0,+1 center [44]. The studies
on spinach Fd-GltS also showed that the cluster could
not be converted into a 4Fe-4S center on treatment with
excess iron and sulfide under conditions that would lead
to reconstitution of 4Fe-4S centers in other proteins.
The question of a structural role of Center III of
NADPH-GltS still needs to be addressed. However, at
this stage it cannot be ruled out that this center also
participates in the intramolecular electron transfer
process.

GAT site: GltS as a Ntn-amidotransferase

A property common to several L-glutamine-dependent
amidotransferases is the presence of a detectable glu-
taminase activity [4, 6]. GltS preparations from K. aero-
genes and E. coli exhibited glutaminase activity [45, 46]
at a rate as high as 10% that of the physiological
reaction. In contrast, no glutaminase activity was de-
tected when Ab-GltS-catalysed release of ammonia
from glutamine was determined by incubating the en-
zyme with L-(15N-amino)-glutamine in the presence or
absence of various combinations of substrates and/or

analogs, and by monitoring the reaction by 15N-nuclear
magnetic resonance (NMR) spectroscopy [39]. These
experiments also showed that no 15N was incorporated
into the L-Glu product on incubation of GltS with
L-Gln, 2-OG, NADPH and excess 15N-enriched ammo-
nium. Thus, it was concluded that Ab-GltS has no
detectable glutaminase activity at neutral pH values,
and that the ammonia molecule released from glu-
tamine during catalysis is either tightly bound to an
enzyme site, which is shielded from solvent, or trans-
ferred directly to the 2-OG acceptor molecule.
The questions of the mechanism of ammonia release
from glutamine and of a stepwise versus concerted
ammonia transfer from glutamine to the acceptor
molecule are common to all enzymes of the glutamine-
amidotransferase class [4, 6].
Work on GltS from E. coli and K. aerogenes demon-
strated that the general mechanism of glutamine hydrol-
ysis employed by well-characterised L-glutamine-
dependent amidotransferases should apply to GltS [45–
47]: release of ammonia from glutamine takes place on
nucleophilic attack of the thiolate of a catalytically
essential cysteine residue on the C(5) carbon of L-glu-
tamine. Following the formation of a first tetrahedral
intermediate, ammonia would be released, leaving an
enzyme-glutamyl thioester. In the second part of the
reaction hydrolysis of the thioester occurs with the
transient formation of a second tetrahedral intermedi-
ate. The presence of the catalytically essential Cys
residue at the N-terminus of the bacterial � subunit
suggested that GltS was part of the PurF-type class of
amidotransferases whose prototype is the bacterial
phosphoribosyl pyrophosphate amidotransferase
(PRPP-AT). This conclusion was confirmed by se-
quence analyses that led to the identification of a PurF-
type amidotransferase domain at the N-terminus of
GltS � subunit, conserved in all other GltS [48–50].
The recent analysis of the three-dimensional structures
of several amidotransferases provided insights on the
mechanism of ammonia transfer from glutamine to
2-OG in GltS.
According to the new nomenclature proposed [6], ami-
dotransferases belong to one of two classes: class I,
previously defined as the TrpG-class, and class II, corre-
sponding to the PurF-class. The amidotransferases of
the two classes use a different strategy for the activation
of the cysteine thiol involved in ammonia release from
glutamine, but a common mechanism to effect efficient
coupling of ammonia transfer from glutamine to the
nitrogen acceptor molecule. Class I amidotransferases
use a Cys-His-Asp triad, part of the glutamine domain
to catalyse the glutaminase segment of the reaction.
Stabilisation of the tetrahedral intermediates is carried
out by a suitably positioned oxyanion hole. PRPP-AT,
encoded by the purF gene, is the structural prototype of
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class II amidotransferases, the class to which GltS glu-
tamine domain seems to belong. This class of ami-
dotransferases is now defined also as the
Ntn-amidotransferase class [6], where Ntn stands for
N-terminal nucleophile, in that enzymes such as PRPP-
AT, penicillin acylase and the proteasome [51] exhibit a
common structural fold and a common mechanism in
which the N-terminal residue acts as the nucleophile in
the reaction [Cys1 in amidotransferases of this class]
and is assisted in acid-base catalysis directly by its free
amino group. Again, the tetrahedral intermediate com-
mon to enzymes of this novel class of enzymes is sta-
bilised thanks to an oxyanion hole.
Class I and class II amidotransferases instead use a
common mechanism for transfer of ammonia from glu-
tamine to the acceptor molecule. The binding sites of
glutamine and of the acceptor are located in distinct
domains or even different subunits of the amidotrans-
ferases. Moreover, the sites are from 20 (for PRPP-AT)
to 96 Å away (for carbamyl phosphate synthetase), but
they are connected by a solvent-shielded tunnel whose
function is to funnel ammonia released from glutamine
into the acceptor binding site [6]. Thus, it appears that
in amidotransferases the mechanism of ammonia trans-
fer is stepwise, and that coupling of the glutaminase
reaction with the synthase reaction is made efficient via
the intramolecular tunnel connecting the two sites.

Localisation of Site 1 and Site 2 within bacterial

NADPH-GltS subunits and identification of Flavin 1

and Flavin 2

The cloning of the genes encoding A. brasilense GltS
opened the way to a number of studies concerning the
biochemical properties of the enzyme [50]. While se-
quence analysis of GltS will be discussed below, we will
here summarise the information on the GltS structure-
function relationship that has been gained by studying
the recombinant � and � subunits of Ab-GltS. Plasmids
for the overexpression of the individual � and � sub-
units of Ab-GltS in E. coli have been constructed. The
two proteins were overproduced in a soluble form in E.
coli, purified to homogeneity and their characterisation
was undertaken [40, 52].

Properties of the Ab-GltS � subunit

The GltS � subunit was found to exhibit no glutamate
synthase or glutamate dehydrogenase activity, but to
contain an NADPH binding site, and to catalyse its
oxidation in the presence of synthetic electron acceptors
such as INT, FeCN and DCIP [40]. The Km for
NADPH was in the �M range, as found with GltS
holoenzyme. Furthermore, the kinetic mechanism was
ping-pong, consistent with the presence of a reduced

Scheme 3. Distribution of substrates and cofactor binding sites
and of catalytic activities on the � and � subunits of bacterial
GltS and on the holoenzyme.

enzyme intermediate species. Accordingly, it was also
found to contain stoichiometric amounts of FAD,
which exhibited the properties of Flavin 1 of GltS: lack
of reactivity with sulfite but reduction on anaerobic
addition of NADPH. No iron-sulfur centers were asso-
ciated with GltS � subunit. During reaction with
NADPH, as measured under anaerobiosis conditions at
25 °C in a stopped-flow apparatus, FAD reduction
took place at a rate (�900 s−1) 10–20-fold higher than
the rate of GltS turnover with its physiological sub-
strates or synthetic electron acceptors (57 s−1 and 100–
200 s−1, respectively). Thus, it could be concluded that
the functional Site 1 of GltS is within its � subunit. As
a consequence it could be proposed that the protein acts
as an FAD-dependent NADPH oxidoreductase, which
serves to input electrons into the � subunit for reductive
glutamate synthesis (scheme 3).

Properties of the Ab-GltS � subunit

As expected from the known properties of GltS holoen-
zyme and the novel information obtained by studying
the isolated � subunit, the recombinant Ab-GltS �

subunit had no glutamate synthase or glutamate dehy-
drogenase activities in the presence of NADPH as the
electron donor [52]. However, it was found to catalyse
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L-glutamate synthesis from 2-OG and L-Gln in the
presence of a reducing system formed by dithionite and
methylviologen. The isolated � subunit could also oxi-
dise L-Glu at high pH values by transferring electron
equivalents to INT. NADPH and L-Gln analogs had no
effect on this activity, while 2-OG acted as an inhibitor
of the reaction, competitive with respect to L-Glu. The
kinetic parameters of the reaction were similar to those
measured with Ab-GltS under similar conditions. The �

subunit was also found to contain only one type of
flavin, FMN, in stoichiometric amounts, and one [3Fe-
4S]0,+1 cluster. FMN exhibited the properties of Flavin
2 of GltS: reactivity with sulfite and competitive dis-
placement of sulfite from the flavin by 2-oxoglutarate,
reduction on anaerobic addition of excess L-Glu, oxida-
tion on addition of L-Gln (or ammonia)+2-OG to the
dithionite-reduced protein, but not with each one of
these compounds alone. Thus, the � subunit of Ab-GltS
appeared to contain Site 2 and the amidotransferase site
of GltS, and FMN could be identified with Flavin 2 of
GltS (scheme 3).

Structural information on glutamate synthase

At the time of writing no three-dimensional structure of
GltS is available. Therefore, information on the struc-
ture-function relationship of this enzyme is confined to
that derived from the primary structure of enzyme
subunits and complementary experiments. Only a few
GltS have been purified to homogeneity and character-
ised. In contrast, the genes encoding GltS have been
cloned and sequenced from a growing number of organ-
isms, as shown by searches in protein and nucleic acid
sequence data banks. In bacteria, the genes encoding

the GltS � and � subunits were initially cloned and
sequenced from E. coli chromosome [53], and later from
A. brasilense [50]. The genes coding for the bacterial �

and � subunits were named gltB and gltD, respectively,
with the exception of those of B. subtilis, in which gltA
corresponds to the structural gene for the � subunit and
gltB encodes the � subunit [28]. We will use the prevail-
ing definition of gltB and gltD to indicate the genes
coding for the bacterial GltS � and � subunits, respec-
tively. In all bacteria, gltD follows gltB with the excep-
tion of A. brasilense, where the gene order is reversed.
The gene encoding Fd-GltS was cloned from maize [49]
and later from cyanobacteria and various plants [8]. In
the latter organisms it is nuclear-encoded, with the
exception of red algae where it is found in the chloro-
plast genome. The Fd-GltS gene was given different
names (gltF, glsF or gltS), a fact that generates confu-
sion: probably, the denomination glsF is a reasonable
compromise, which takes into account the ferredoxin-
dependence of the gene product, and avoids confusion
with the gltF gene found in the glt operon of enteric
bacteria [24, 15]. Finally, genes encoding the eukaryotic
NADH-GltS have been cloned from M. sati�a [54] and
S. cere�isiae [12]. Open reading frames encoding
proteins similar to NADH-GltS were found during the
sequencing of the genome of Caenorhabditis elegans and
Plasmodium falciparum. The genes have been defined in
various ways, and we will use glsN for consistency with
the nomenclature adopted for the Fd-GltS gene and to
indicate the NADH dependence of this form of gluta-
mate synthase.
The primary structure of GltS deduced from the nucle-
otide sequence of the corresponding genes has been
confirmed in several instances by N-terminal sequencing
of the protein purified from the natural source, and, in

Figure 1. Sequence analysis of the NADPH-GltS � subunit, Fd-GltS and N-terminal part of NADH-GltS. The sequence of the A.
brasilense GltS � subunit has been annotated to summarize the results of comparisons of the 22 complete sequences analyzed (see legend
of fig. 2). In bold are the residues conserved in all 22 sequences. Residues numbering is that of the mature polypeptide starting with
Cys1. −36 through −1, propeptide residues. GAT domain (blue): Ntn, N-terminal nucleophile. 26, 27: positions R31 and G32 of GltS
that correspond to R26 and G27 of PRPP-AT, where they serve to position the Cys1 side chain and to increase the basicity of the free
N-terminal nucleophile; L-Gln loop, region corresponding to the R73 through S79 segment of PRPP-AT, which forms part of the
glutamine binding site; 87, P224 of GltS corresponds to P87 of PRPP-AT that is in the cis configuration and participates in the
formation of the glutamine binding site; oxyanion hole, N231 and G232 of GltS are the counterparts of N101 and G102 of PRPP-AT,
whose backbone forms the oxyanion hole in the glutamine site; 127, S272, D273 and S274 correspond to S126, D127 and S128 of
PRPP-AT, which are also part of the glutamine binding site [6]. GltB insert, �120-residue insertion in all GltSs needed to optimise the
alignment with the glutamine domain of PRPP-AT. End GAT, end of region of similarity between GltS � subunit and PRPP-AT.
FMN, region involved in FMN binding (green); r, residues corresponding to those that in the enzymes of the flavocytochrome b2 class
interact with the FMN ribityl moiety. Fe/S-I, region containing the Cys cluster proposed to participate in the formation of the 3Fe-4S
cluster of GltS (purple); Gly, Gly-rich region matching the consensus sequence for the formation of an ADP-binding fold (red, [58, 59]).
The stars indicate the positions that match the consensus sequence. The inserts present in P. falciparum NADH-GltS are indicated as
a (125-residue insert), b (55-residue insert), c (99-residue insert), d (203-residue insert). At position b, also M. sati�a and C. elegans
NADH-GltS exhibit inserts of 20 and 55 residues, respectively. A indicates the 16-residue insert present in all Fd-GltS. The C-terminal
HLH(or K)GL sequence is conserved in all Fd-GltS sequences examined. CR1 through CR8 are regions conserved in GltS resulting
from the multiple alignment of the sequences of GltS � subunits, Fd-GltS and NADH-GltS listed in the legend of figure 2. The arrows
indicate the sites of tryptic (Tr) and chymotryptic (Ct) cleavage of the Ab-GltS � subunit identified during limited proteolysis
experiments using GltS holoenzyme [36].
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Scheme 4. Proposed localisation of functional domains in glutamate synthases. GAT, Class II (PurF-type) amidotransferase domain;
FMN, FMN binding region; 3Fe4S, Cys-rich region for the formation of the 3Fe-4S center of GltS; ADP, ADP-binding fold; FeS,
Cys-rich regions potentially implicated in the formation of the 4Fe-4S centers of GltS; FAD, ADP-binding fold for FAD binding;
NAD(P)H, ADP-binding fold for NAD(P)H binding; FAD-II, second FAD consensus sequence [60].

fewer cases, by sequencing several peptides obtained by
proteolytic or chemical cleavage of the enzyme.
The bacterial � subunit is similar to the single polypep-
tide chain of Fd-GltS and to the N-terminal three
quarters of NADH-GltS. The bacterial � subunits are
similar to each other and to the C-terminal one quarter
of NADH-GltS. The parts of the NADH-GltS corre-
sponding to the bacterial � and � subunits are linked by
a short polypeptide chain, which finds no counterpart in
bacterial NADPH-GltS or Fd-GltS (scheme 4). In addi-
tion, P. falciparum GltS contains several inserts, which
are located outside the regions conserved in all GltS with
the exception of the first 125-residues one (figs 1 and 2).
Mature GltS � subunits, Fd-GltS and NADH-GltS
exhibit a conserved N-terminal Cys residue located 7–
130 residues far from the predicted translation start site.
Removal of the initial methionine seems to be the only
maturation event for the � subunit.
Several regions are conserved in all GltS. Comparison of
such conserved regions of GltS with the sequences avail-
able through databases, and in particular with those of
well-characterised enzymes that use the same substrates
and cofactors as GltS, allowed the identification of
potential functional regions within the enzyme subunits
[48–50, 55, 56].

Sequence analysis of the NADPH-GltS � subunit, the

Fd-GltS and the N-terminal part of NADH-GltS

Glutamine amidotransferase domain. The N-terminal re-
gion spanning residues 1–390 of the Ab-GltS mature �

subunit is similar to the class II (Pur-F-type) glutamine
amidotransferase domain, now defined as the Ntn-ami-
dotransferase domain, provided a 120–residue insertion
in GltS is allowed for in the alignment (fig. 1 [6, 57]).
Such an insert may replace the region of E. coli PRPP-
AT between residues 40 and 60, a region that appears to

be highly variable in different class II amidotransferases
[6]. Several residues that in the E. coli PRPP-AT form
the glutamine binding site appear conserved in GltS, as
are the residues forming the oxyanion hole and the
cis-proline conserved structural element, as detailed in
figure 1 [6].
A feature of Ntn hydrolases is the proposed autocata-
lytic excision of a propeptide as part of the covalent
posttranslational activation process that exposes the
catalytic N-terminal nucleophile [51]. A propeptide has
been found in some but not all class II amidotrans-
ferases [6]. The analysis of the sequence of the genes
encoding GltS revealed that all GltS � subunits are
synthesised as proproteins (fig. 2). Nuclear-encoded Fd-
GltS actually have a long propeptide thought to be
composed of a chloroplast-targeting peptide and the
specific GltS propeptide that is removed on enzyme
activation to expose Cys1. The amino acid sequence
surrounding Cys1 of all types of GltS is highly con-
served (fig. 2), and it is attractive to propose that the
conserved residues determine correct protein matura-
tion. The conserved sequence around Cys1 of GltS is not
similar to that of class II amidotransferases, nor to that
of other Ntn-hydrolases, which appear unrelated to each
other. The fact that the Ab-GltS � subunit is correctly
processed when the protein is expressed in E. coli cannot
be taken as an argument in favor of or against autocat-
alytic processing. Rather, it indicates that the conserved
region around Cys1 may be sufficient to determine
correct processing, that is: the E. colimaturation enzyme
able to process the E. coli GltS can recognise the
corresponding (and similar) part of the A. brasilense
enzyme. In any case, the fact that both the isolated �

subunit and the � subunit coexpressed with the � to
yield the �� Ab-GltS holoenzyme are correctly pro-
cessed indicates that association of the two subunits in
the protomer is not required for propeptide cleavage.
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Figure 2. Alignment of the propeptide region of NADPH-GltS � subunits, Fd-GltS and NADH-GltS. In bold are the conserved residues at the C-terminus of the propeptide and the
N-terminal Cys residue of the mature proteins. The source and accession number used to retrieve the sequences of the GltS � subunits (GltB), Fd-GltS (GlsF) and NADH-GltS (GlsN) from
GenBank/EMBL and Swiss-Prot databases were as follows: Ss-GltB, Synechocystis sp. PCC6803, X80485; Pb-GltB, Plectonema boryanum, D85230; Bs-GltB, Bacillus subtilis, Z99114; Mt-GltB,
Mycobacterium tuberculosis, MTCY1A6; Ms-GlsN, Medicago sati�a, L01660; Ce-GlsN, Caenorhabditis elegans, Z49889: Sc-GlsN, Saccharomyces cere�isiae, X89221; Cas-GlsF, Antithamnium
sp., chloroplast-encoded glsF gene product, CHASGLTB; Zm-GlsF, Zea mays, M59190; At-GlsF, Arabidopsis thaliana, Y09667; Ss-GlsF, Synechocystis sp. PCC6803, D78371; Pb-GlsF,
Plectonema boryanum, D85735; Pp-GlsF, Porphyra purpurea chloroplast-encoded glsF gene product, U38804; Cc-GlsF, Cyanidium caldarium RK1 chloroplast-encoded glsF gene product,
AF022186; Ae-GltB, Aquifex aeolicus gltB gene product, AE000746; Ab-GltB, Azospirillum brasilense, L04300; Rs-GltB, Rhodobacter sphaeroides, Y12482; Ec-GltB, Escherichia coli,
ECOGLTB; Pa-GltB, Pseudomonas aeruginosa, PAU81261; Pf-GlsN, Plasmodium falciparum, PFALGLTS.
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Figure 3. Conserved 17-residue insert unique to Fd-GltS. The sequences of the conserved region unique to Fd-GltS (in bold) are shown
in comparison to the sequence of the corresponding region of Ab-GltB. Sequences are identified as listed in the legend of figure 2. Stars
indicate identical residues in all GlsF sequences and colons indicate conserved substitutions.

FMN binding region. The conserved region between
residues 1049 and 1100 of the Ab-GltS � subunit is
similar to the C-terminal part of the FMN binding
region of enzymes of the flavocytochrome b2 structural
class, as previously reported [49, 50]. The postulated
FMN binding region follows two regions (marked as
CR5 and CR6 in fig. 1) that are conserved in all GltS
but do not exhibit evident similarity with regions of
other proteins whose sequences are available through
databases.
3Fe-4S cluster ligands. The proposed FMN binding re-
gion leads into the only part of the � subunit polypep-
tide that contains a cluster of three conserved cysteine
residues. These cysteine residues (1102, 1108 and 1113
of the Ab-GltS � subunit) are the only conserved cys-
teine residues in all GltS beside Cys1 and Cys1365. The
latter is however a Phe in S. cere�isiae GltS. Therefore,
Cys1102, 1108 and 1113 are likely candidates for the
formation of the 3Fe-4S cluster of GltS, which is the
only Fe/S cluster of Fd-GltS and is most likely con-
served also in NADH-GltS. This hypothesis was sup-
ported by the finding of a similarity between the spacing
of these GltS Cys residues with that of the residues that
are involved in the formation of the 3Fe-4S center of
fumarate reductase and succinate dehydrogenase, as
discussed in [50].
C-terminal Gly-rich region. The C-terminal region of
GltS � subunit from residue 1220 through �1400 is
conserved, and is flanked by poorly conserved stretches
of amino acids. Such a conserved C-terminal domain
contains only one region with features similar to those
of well-characterised enzymes: residues 1353–1396
match well the consensus sequence for the formation of
an adenosine diphosphate (ADP)-binding fold in FAD-
and NAD(P)H-dependent proteins [58, 59]. At the time
when the experimental evidence was in favor of the
location of both FAD and FMN in the bacterial �

subunit and in Fd-GltS, this sequence was proposed to
serve for FAD binding [50]. Recently, the flavin content

of Synochococcus [9] and spinach Fd-GltS [10] and of
the recombinant GltS � subunit overproduced in E. coli
[52] was established to be one FMN per polypeptide.
Thus, the function of the C-terminal potential ADP
binding region of GltS remains to be established. A
possibility that needs to be tested is the location within
this part of GltS of the binding site of a nucleotide that
may serve for allosteric modulation of the properties of
GltS. However, early studies on bacterial GltS, which
have been confirmed recently with the recombinant
Ab-GltS overproduced in E. coli (H. Stabile, unpub-
lished), did not show any effect on enzyme activity by
adenylate-containing nucleotides. Indeed, experiments
should be carried out to establish the effect of other
nucleotides on GltS activity or on other properties of
the enzyme (e.g. aggregation state, sensitivity to
proteases). Furthermore, it cannot be ruled out that the
enzyme is isolated with the bound but as yet uniden-
tified effector.
Other conserved regions of the � subunit. Other regions
are conserved in GltS � subunit, Fd-GltS and in the
corresponding part of the NADH-GltS (fig. 1). How-
ever, no regions of proteins other than GltS were found
to exhibit significant similarity to them. Thus, no infor-
mation on the role these sequences might play in GltS
could be obtained. Interestingly, optimal alignment of
NAD(P)H-GltS and Fd-GltS was obtained, assuming in
the Fd-GltS sequences a 16-residue insert at position 97
of the Ab-GltS � subunit (fig. 3). This sequence is
conserved in all Fd-GltS and contains several basic
residues, but the question of its function (e.g. involve-
ment in the interaction with Fd) has not been addressed
experimentally. The domain structure proposed above
for GltS � subunit, Fd-GltS and NADH-GltS N-termi-
nal three quarters was confirmed indirectly by the recent
finding that the P. falciparum GltS contains several
inserts, but they are all (except for that at position 270)
located outside the proposed functional regions of GltS
(fig. 1).



CMLS, Cell. Mol. Life Sci. Vol. 55, 1999 629Review Article

Evidence for the presence of the structured regions of
the GltS � subunit defined above was also given by a
series of limited proteolysis studies on the Ab-GltS [36].
Limited tryptic and chymotryptic proteolysis was car-
ried out with Ab-GltS holoenzyme alone or in the
presence of its substrates and their analogs in various
combinations. Cleavage sites that yielded polypeptides
that could be analysed by N-terminal sequencing were
all clustered in regions around residues 400–500, 1200
and 1400 of the � subunit. Thus, all cleavage sites fall
within poorly conserved regions of GltS, outside the
proposed substrate and cofactor binding sites. Only one
site (position 65–66) was within the GAT domain.
Interestingly, this position is within the insert of GltS
needed to optimise the alignment with the GAT domain
of class II amidotransferases (fig. 1). The sensitivity to
proteolytic attack of some of these sites was influenced
by the presence of the enzyme ligands: NADPH, which
binds to the � subunit, was sufficient to induce such
changes within sites of the � subunit, suggesting that
substrate-induced long-range conformational changes
may take place in GltS.

Sequence analysis of the NADPH-GltS � subunit and

of the C-terminal part of NADH-GltS

The � subunit of GltS and the corresponding part of
the eukaryotic NADH-GltS are less conserved than the
� subunits, Fd-GltS and the N-terminal part of NADH-
GltS. However, they do exhibit several conserved re-
gions, which allowed their tentative assignment to
substrates and cofactors binding.
FAD and NAD(P)H binding regions. Two regions (149–
177 and 291–339) match the consensus sequence for the
formation of ADP-binding folds in several well-charac-
terised pyridine nucleotide-dependent and FAD-con-
taining oxidoreductases [58, 59]. The N-terminal
potential ADP-binding fold is very conserved in all GltS
� subunit sequences. It could be assigned to the binding
of the adenylate portion of FAD on the basis of the
sequence itself, the evidence now available that the
recombinant Ab-GltS � subunit overproduced in E. coli
cells contains one FAD cofactor, and the fact that both
the recombinant Ab-GltS � subunit and the Fd-GltS
contain only one type of flavin cofactor, one FMN
residue. The C-terminal putative ADP-binding fold was
proposed to be responsible for binding NADPH [50] on
the basis of the sequence analysis [50]. Site-directed
mutagenesis of the 291–339 region of the Azospirillum
GltS � subunit overproduced in E. coli is being carried
out in our laboratory (P. Morandi and B. Valzasina,
unpublished). The data available are fully consistent
with the assignment of the potential ADP-binding fold
at the C-terminus of the GltS � subunit to NADPH
binding, and of that at the N-terminus to interaction
with FAD.

FAD- and NADPH-binding interaction with the GltS �

subunit may be similar to that found in the disulfide
reductases class of flavoenzymes. The overall organisa-
tion of the proteins may also be similar: an N-terminal
FAD binding domain is followed by a C-terminal
NAD(P)H binding region. Furthermore, the second
FAD consensus sequence identified by Eggink et al. [60]
is found conserved in all GltS � subunits and in
NADH-GltS. The sequence (1281–1291) is found in a
limited number of FAD-containing enzymes but in all
those related to the disulfide reductases. This region
corresponds to a short � sheet ending with a D or E
residue that establishes a hydrogen bond with the O-3
group of the FAD ribityl residue.
N-terminal Cys-rich regions. A distinctive feature of the
GltS � subunit is the presence of two cysteine-rich
regions at the N-terminus, which are conserved in the
NADH-GltS. The alignment of GltS � subunits from a
variety of bacteria and of the NADH-GltS demon-
strates that in the first cysteine-rich region Cys47, 50
and 55 are all conserved and located in conserved
regions, whereas Cys59, although conserved, is at a
distance varying from 3 to 12 residues from Cys55. In
the second Cys-rich region Cys94 is a T in several GltS
whereas Cys98, 101 and 108 are conserved, with a
spacing of three to five residues between C98 and C101
in various GltS. All or some of these Cys residues
conserved at the N-terminus of the GltS � subunit have
been proposed to participate in the formation of the
two 4Fe-4S clusters of GltS, and this hypothesis is being
tested by specific site-directed mutagenesis experiments
on Ab-GltS. The identification of the 4Fe/4S clusters
ligands is complicated by the fact that (i) the spacing of
the cysteine residues within the N-terminal region of the
GltS � subunit is not that typical of cysteines involved
in the formation of 4Fe-4S centers in well-characterised
ferredoxins; (ii) the first residue of the second cysteine
cluster is substituted by a T in several GltS, supporting
the possibility that residues other than Cys may be the
ligands to Center II and/or Center III of GltS or that
(iii) the clusters may be formed at the interface between
the subunits with ligands provided by residues of the �

subunit. The latter possibility is supported by the study
of recombinant Ab-GltS. The Ab-GltS � subunit was
overproduced in E. coli cells, and no Fe/S centers were
found to be associated with it, whereas only the 3Fe-4S
center of GltS was found within the � subunit. Overpro-
duction of the active recombinant Ab-GltS in E. coli
cells proved to be very sensitive to the growth condi-
tions of recombinant E. coli cells. We actually found a
correlation between lack of activity of the purified
protein and absence of the 4Fe-4S centers [56]. This
finding indicated that correct folding of the two sub-
units together to form the holoenzyme is needed to
assemble the 4Fe-4S clusters of GltS. This may be due



M. A. Vanoni and B. Curti Glutamate synthase630

to the fact that the � subunit provides the correct
environment for cluster formation and stabilisation
and/or because residues of the � subunits are direct
ligands to the clusters.

A common model for GltS from various sources

Comparison of the known structural and functional
properties of GltS from various sources and of the
recombinant Ab-GltS � and � subunits suggests that
L-glutamine-dependent reductive glutamate synthesis
takes place within the NADPH-GltS � subunit, which
is similar to the single polypeptide chain of the Fd-
GltS and to the N-terminal three quarters of the
NADH-GltS. In photosynthetic tissues, reducing
equivalents are provided by reversible association of
Fd-GltS with reduced ferredoxin. In nonphotosyn-
thetic organisms reduced pyridine nucleotides are
used. Thus, an FAD-dependent NADPH oxidoreduc-
tase has been recruited as the � subunit of bacterial
GltS to input electrons into the glutamate synthase
protein. In bacteria the � subunit is tightly associated
with the � subunit in the GltS holoenzyme. In non-
photosynthetic eukaryotes, a protein corresponding to
the � subunit has been fused at the C-terminus of the
polypeptide corresponding to the bacterial � subunit
and the Fd-GltS to form a single polypeptide chain.
Also, the pyridine nucleotide specificity seems to have
been switched from NADPH in bacteria to NADH in
eukaryotes.
This common scheme for GltS from various sources,
which implies a modular architecture of GltS, may
explain the presence of two different flavin cofactors
and of at least one of the three iron-sulfur clusters of
NAD(P)H-GltS. FMN and the 3Fe-4S center belong
to the common glutamate synthase protein (GltS �

subunit or Fd-GltS polypeptide). FAD has been re-
cruited as part the NAD(P)H oxidoreductase required
in nonphotosynthetic tissues. The need for the addi-
tional 4Fe-4S centers of GltS has not been fully un-
derstood although they may be necessary to mediate
electron transfer between Site 1 on the � subunit and
Site 2 within the � subunit. It is possible that they
functionally substitute for the Fd iron-sulfur cluster.
In this respect it may be worthwhile to mention that
it has been demonstrated that two Fd molecules bind
per Fd-GltS subunit [7].

Is GltS � subunit a valid model for Fd-GltS?

The similarity between the GltS � subunit and the
single polypeptide chain of Fd-GltS might suggest
that the two proteins are functionally very similar.
However, comparison of the reported properties of

Fd-GltS with those of the recombinant Ab-GltS �

subunit also revealed significant differences. The GltS
� subunit and Fd-GltS exhibit a similar flavin and
iron-sulfur content [10, 37, 44, 52]. They appear to be
similar also with respect to the redox properties of the
FMN cofactor and of the 3Fe-4S center. The redox
potentials of the FMN cofactor and of the 3Fe-4S
center of Fd-GltS have been measured for spinach
Fd-GltS. Similar midpoint potentials for the two cen-
ters were determined (� −225 mV, [10]), and no
flavin semiquinone species were observed during re-
duction. In agreement with the similarity between the
GltS � subunit and the Fd-GltS, no flavin
semiquinone species was observed during dithionite ti-
trations of the GltS � subunit [52], and preliminary
redox titrations of this protein also suggest similar
midpoint potentials for the 3Fe-4S center and the
FMN cofactor of the isolated Ab-GltS � subunit (S.
Ravasio, unpublished).
In contrast with the postulated functional similarity of
the GltS � subunit and Fd-GltS, a major difference
concerns the involvement of reduced FMN in 2-IG
reduction. For Ab-GltS � subunit, the flavin but not
the iron-sulfur center is reduced by anaerobic addition
of excess L-Glu. Recovery of the spectrum of oxidised
flavin was observed on addition of L-Gln (or ammo-
nia)+2-OG to dithionite-reduced � subunit. No spec-
tral changes were observed when L-Gln, ammonia or
2-OG were added individually to enzyme solutions
that had been reduced photochemically or with
dithionite under anaerobiosis conditions [52].
Similar results would be expected for the Fd-GltS.
While L-Glu reactivity of Fd-GltS has not been re-
ported, partial to full reoxidation of Fd-GltS that had
been reduced with an excess of dithionite was ob-
served by adding 2-oxoglutarate alone [7, 9]. Thus,
Fd-GltS is reported to possess a 2-oxoglutarate oxi-
doreductase activity, which involves the Fd-GltS
flavin. Indeed, this result is surprising and should de-
serve further work. In particular, the identification of
the reaction product would be very much needed.

GltS �� holoenzyme is more than the sum of its � and

� subunits

The lack of reduction of the 3Fe-4S center of the
GltS � subunit by L-Glu was initially interpreted as
due to a lower redox potential of this center with
respect to that of the flavin cofactor [52]. However,
the lack of reoxidation of the 3Fe-4S cluster of the
dithionite-reduced � subunit with L-Gln and 2-OG
was unexpected: full recovery of the spectrum of the
oxidised enzyme was obtained during a similar experi-
ment with the Ab-GltS holoenzyme. Therefore, we
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had to conclude that the two centers in the isolated �

subunit are simply not able to exchange electrons. A
second unexpected property of the isolated � subunit
was the presence of a significant glutaminase activity,
absent in the Ab-GltS �� holoenzyme. In the absence of
additional evidence we interpreted these data as due to
the fact that the GltS � subunit not only serves to input
electrons from NADPH into the � subunit for gluta-
mate synthesis, but it is also needed to determine some
of the properties of the � subunit itself, namely (i)
establishing electronic communication between the 3Fe-
4S center and the FMN cofactor within the � subunit
and (ii) coupling of ammonia release from glutamine to
its addition to 2-OG and formation of the L-Glu
product.
How the � subunit modulates the properties of the �

subunit remains to be established. Conformational
changes within the � subunit may take place on associa-
tion with the � subunit within the �� protomer, thus
altering or creating the solvent-shielded site or tunnel
required for ammonia transfer from glutamine to 2-OG
as observed for other amidotransferases [6]. Such con-
formational changes could also have an effect on the
redox properties and relative orientation of the 3Fe-4S
cluster and the FMN cofactor, which would now be
able to promote the correct electron transfer for
catalysis.
The available experimental evidence, however, indicates
that assembly of the � and � subunits to form the ��

protomer does not only involve conformational
changes: the striking difference between the combined
properties of the two � and � subunits of Ab-GltS and
those of the actual Ab-GltS �� holoenzyme is the
presence in the holoenzyme of two 4Fe-4S centers. As
outlined above, one of these centers (Center II) is re-
duced with NADPH along with the 3Fe-4S cluster and
both of the flavin cofactors, provided NADP+ is scav-
enged by an NADPH-regenerating system. Center III is
reduced, along with the flavins and the other two Fe/S
centers when GltS is reduced photochemically, thus
exhibiting a low potential. Therefore, the second effect
of the presence of both the � and � subunits in the GltS
holoenzyme is the formation of Center II and Center III
of the enzyme. The formation of such centers may
trigger the conformational changes required to ensure
coupling of the glutaminase and glutamate synthase
activities and electronic communication among GltS
redox centers. Most likely, at least one of these centers
(Center II) or even both directly participate with the
3Fe-4S cluster in the � subunit, in the electron transfer
process between Flavin 1 and Flavin 2 of GltS. As
discussed before, the location of Center II and Center
III of GltS is unknown, although there are indications
that the centers may be at the interface between the
subunits.

Is the GltS � subunit a member of a novel family of

FAD-dependent NAD(P)H oxidoreductases?

Data bank searches of proteins similar to the GltS �

subunit gave additional interesting results. In this sec-
tion GltD will be used as a synonym of the GltS �

subunit to simplify discussion, and we will define as
GltD (i) the small subunits of GltS that have been
identified biochemically or (ii) the proteins whose se-
quences have been deduced from gene sequences, pro-
vided the putative gltD is adjacent to a putative gltB
gene on the chromosome. Other proteins similar to
GltD but which do not meet the criteria defined above
will be indicated as GltD-like proteins. Several proteins
or domains of proteins whose sequences are now
present in data banks are strikingly similar to GltD.
The similarities between E. coli aegA gene product
(Ec-AegA, [61]) and Rhodobacter capsulatus gltX gene
product (Rc-GltX) and GltD have been reported. We
recently found that the N-terminal region of dihydropy-
rimidine dehydrogenase (DPD), another complex Fe/S
flavoprotein found in animals, aligns very well with
GltD [62]. Given the enzyme primary structure and its
functional properties it was concluded that this GltD-
like domain most likely serves in DPD to input elec-
trons from NADPH into the dihydrorotate-like domain
for uracil reduction. The finding of GltD-like proteins
or protein domains in a number of proteins clearly
different from GltS such as Ec-AegA, Rc-GltX and
DPD leads to the attractive hypothesis that the GltS �

subunit is a member of a novel family of FAD-depen-
dent NAD(P)H oxidoreductases. They would serve to
mediate electron transfer between a reduced pyridine
nucleotide and a second protein or protein domain,
using FAD as the flavin cofactor and the Fe/S cluster(s)
encoded by its N-terminal sequence. This would be, for
example, the � subunit of GltS or the dihydroorotate
dehydrogenase-like domain of dihydropyrimidine dehy-
drogenase [62].
Open reading frames encoding proteins similar to GltD
have also been found in Aquifex aeolicus [63], Pyrococ-
cus horikhoshii and Pyrococcus sp. KOD1. As shown in
figure 4, the sequences of GltD and GltD-like proteins
or protein domains were aligned with the Pileup pro-
gram of the GCG Wisconsin package [64], which takes
into account the degree of similarity among the differ-
ent sequences. GltDs cluster at the top of the alignment,
whereas Ec-AegA, Rc-GltX and the A. aeolicus and
Pyrococcus putative GltD-like proteins align lower in
the list, with the N-terminal GltD-like domain of DPD
at the bottom, suggesting that the A. aeolicus and
Pyrococcus putative proteins may be GltD-like FAD-
containing NAD(P)H oxidoreductases unrelated to glu-
tamate synthase.
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In the case of A. aeolicus, the gltD-like gene is located
far from a putative gene that encodes a protein similar
to GltB [63]. This gene could encode either an Fd-GltS
or the � subunit of a NAD(P)H-GltS. If the putative
GltB were the large subunit of an NAD(P)H-GltS and
the GltD-like protein were indeed the small subunit of
GltS, it would be difficult to explain how the bacterium
could coordinate the simultaneous production of the
two subunits, which appears to take place in eubacteria
and, for the enzyme of Azospirillum, to be required for
formation of the fully active GltS holoenzyme. In the
absence of actual biochemical evidence, the hypothesis
may be formulated that the A. aeolicus gltB-like gene
encodes an Fd-GltS, as indicated by Deckert et al. [63],
and that the GltD-like protein is part of the novel group
of FAD- and Fe/S clusters-containing NAD(P)H
oxidoreductases.
With respect to the gltD-like genes found in Pyrococcus
species, it should be noted that the Pyrococcus proteins
are similar to each other and that the protein encoded
by the gltD-like gene of Pyrococcus sp. KOD1 has been
overproduced in E. coli and purified [65]. It was re-
ported to be a fully functional GltS on the basis of its
ability to oxidise NADPH in the presence of L-glu-
tamine (or ammonia) and 2-oxoglutarate. As a result it
was designated GltA and proposed to be an ancestral
form of GltS. Unfortunately, the identification of reac-
tion products and the determination of the reaction
stoichiometry were not reported. In particular, no at-
tempt was made to explain how this protein can be a
fully functional glutamate synthase in light of the
known properties of eubacterial and eukaryotic GltS. A
minimal functional GltS should be similar to the GltS �

subunit or to Fd-GltS, which contain the glutamine and
2-OG sites, rather than to the � subunit.

Do archaeal GltS differ from other GltS?

The analysis of the sequence of the genome of two
Archaea, Archaeoglobus fulgidus [66] and Methanococ-

cus jannaschii [67], revealed the presence of two putative
genes encoding proteins of approximately 500 residues
(fig. 5) related to the GltS � subunit (here indicated as
GltB being the gltB gene product). The putative
proteins are similar to each other and were identified as
GltB in both A. fulgidus (Af-GltB) and M. jannaschii
(Mj-GltB). Although biochemical evidence for the func-
tion of the Archaea GltB-like proteins is still missing, it
has been proposed that Mj-GltB and Af-GltB are an-
cestral fully functional GltS comprising only the mini-
mal structural features needed to carry out glutamate
synthesis from glutamine and 2-oxoglutarate [8]. The
alignment of Af- and Mj-GltB with the Ab-GltS �

subunit shows that there is a striking similarity between
the archeal sequences and the 851–1170 region of the
Ab-GltS � subunit (fig. 5). This region contains the
FMN binding region, the Cys-rich region that in GltS
should form the 3Fe-4S center along with the conserved
regions CR4, CR5 and CR6, which appear to be typical
of GltS. Close inspection of the archaeal GltB-like
proteins also reveals that the Cys-rich region corre-
sponding to position 1102 through 1113 of Ab-GltB
contains four rather than three Cys residues. Their
spacing is of the type CX2CX2CX4C, which would
suggest the presence of a 4Fe-4S cluster rather than a
3Fe-4S cluster. If the hypothesis is made that the Mj-
and Af-GltB-like proteins are indeed ancestral GltS, it
could be proposed that (i) the entire region correspond-
ing to residues 851 through 1170 of Ab-GltS � subunit
forms Site 2 of GltS and that (ii) in eubacteria the
3Fe-4S cluster derives from the loss of the second Cys
residue in the 1102–1113 cluster of the ancestral GltS
form. However, the ability of the proposed archaeal
glutamate synthase to use glutamine in the absence of a
glutamine amidotransferase domain should be ex-
plained. It could be proposed that in Archaea (i) GltS
uses free ammonia instead of glutamine as the nitrogen
source for the reaction or (ii) GltS is a heterodimer-
formed by the GltB-like protein and an unidentified
subunit carrying the glutamine binding site. In this

Figure 4. Comparison of GltD and GltD-like proteins or protein domains. The sequences of the � subunit of NADPH-GltS (GltD),
of the C-terminal part of eukaryotic NADH-GltS (GlsN) and of GltD-like proteins or protein domains were aligned. The residues
conserved only in GltD are in blue. The Cys residues that are proposed to participate in the formation of GltS 4Fe-4S clusters are in
green and marked with their position in the Ab-GltD sequence. The regions that match the consensus sequence for the formation of
ADP-binding fold for FAD (in red) and NADPH binding (in purple) are marked with + . In the ADP-binding region for NAD(P)H
c indicates the proposed acidic residue at the C-terminus of the consensus sequence, which is absent in NADPH-dependent GltS. The
arrow-head indicates the proposed basic residue at the C-terminus of the ADP-binding region, which may favor NADPH binding. The
region and the residues that match the second FAD consensus sequence of Eggink et al. [60] are in red, underlined and marked
(FAD-II). The sequences used can be retrieved from the GenBank/EMBL, SwissProt and PIR databases with the accession numbers
indicated in parentheses: Ss-GltD, Synechocystis sp. PCC6803 (D09900); Pb-GltD, P. boryanum (D85230); Ms-GlsN, M. sati�a (residues
1646–2177, L01660); Bs-GltD, B. subtilis (Z99114); Sc-GlsN, S. cere�isiae (residues 1605–2131, X89221); Ce-GlsN, C. elegans (residues
1702–2232, Z49889); Mt-GltD, M. tuberculosis (residues 1–485, MTCY1A6); Ab-GltD, A. brasilense (L04300); Pa-GltD, P. aeruginosa
(PAU81261); Ec-GltD, E. coli (GltD–Ecoli); Tb-GltD, T. ferrooxidans (U36427); Ec-AegA, E. coli aegA gene product (residues
149–652, YFFG–ECOLI); Ph-GltD, Pyrococcus horikhoshii OT3 (AP000007); Ps-GltA, Pyrococcus sp. KOD1 (D86223); Ae-GltD, A.
aeolicus (AE000770); Rc-GltX, Rhodobacter capsulatus (AF031406); Bt-DPD, bovine dihydropyrimidine dehydrogenase (residues
1–523, U20981).
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Figure 5. Comparison of A. brasilense GltB and GltB-like proteins from Archaeoglobus fulgidus and Methanococcus jannaschii. The
sequence of the Ab-GltS � subunit (Ab-GltB) was aligned with the sequences of the GltB-like proteins of A. fulgidus (Af-GltB) and M.
jannaschii (Mj-GltB). The Af-GltB was obtained by translating nt 3007 through 4542 of AE001038, whereas that of Mj-GltB is the
translation of nt 1042 through 2574 (reverse) of U67575. The Ab-GltB sequence is annotated as in figure 1. The clusters of Cys residues
are in bold.
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respect, none of the putative proteins encoded by open
reading frames adjacent to Mj- and Af-GltB exhibits
any similarity to Ab-GltB or GltD. Another interesting
aspect of the archeal GltB-like protein is the fact that
the N-terminal region of the two GltB-like proteins
exhibits low similarity with Ab-GltB and no similarity
with GltD, but contains two Cys clusters with
CX2CX2CX3C (residues 24–34 of Af-GltB) and
CX2CX2CX3CP (residues 55–66 of Af-GltB) spacings
that would predict two 4Fe-4S centers in addition to
that predicted by the region following the putative
FMN binding site. Thus, such a hypothetical alterna-
tive, and perhaps ancestral, form of GltS would also
contain an N-terminal ferredoxin module. This domain
would have been lost by the Fd-GltS and eubacterial
GltB. However, it would be functionally replaced by
free ferredoxin in Fd-GltS and by the N-terminal por-
tion of GltD in the NAD(P)H-GltS of eubacteria and
eukaryotes. Whether the GltB-like proteins of Archaea
are indeed functional GltS remains to be established by
studying the proteins purified from the bacteria in order
to determine their catalytic activity, and the type and
number of subunits and cofactors. An alternative ap-
proach would be the study of the catalytic activity of
the fragment of Fd-GltS or GltS � subunit spanning
from residues 850 through 1170 to test the hypothesis of
the localisation of Site 2 of GltS within this part of the
polypeptide. This and all other hypotheses that may be
formulated at this stage on the structure and catalytic
mechanism of GltS clearly need to be verified by further
work on GltS from various sources. The finding, in our
laboratory, of conditions that permit the preparation of
fully active recombinant Ab-GltS holoenzyme and of its
subunits from overproducing E. coli strains, should
make some of these studies possible.
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