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Abstract

The first two genes of ferredoxin-dependent glutamate synthase (Fd-GOGAT) from a prokaryotic
organism, the cyanobacterium Synechocystis sp. PCC 6803, were cloned in Escherichia coli. Partial
sequencing of the cloned genomic DNA, of the 6.3 kb Hind III and 9.3 kb Cla I fragments, confirmed
the existence of two different genes coding for glutamate synthases, named gltB and gitS. The gitB gene
was completely sequenced and encodes for a polypeptide of 1550 amino acid residues (M, 168 964).
Comparative analysis of the gitB deduced amino acid sequence against other glutamate synthases shows
a higher identity with the alfalfa NADH-GOGAT (55.2%,) than with the corresponding Fd-GOGAT
from the higher plants maize and spinach (about 43%,), the red alga Antithamnion sp. (42%,) or with the
NADPH-GOGAT of bacterial source, such as Escherichia coli (41%,) and Azospirillum brasilense (45%,).
The detailed analysis of Synechocystis glitB deduced amino acid sequence shows strongly conserved re-
gions that have been assigned to the 3Fe-4S cluster (CX;CHX,C), the FMN-binding domain and the
glutamine-amide transferase domain. Insertional inactivation of g/tB and gitS genes revealed that both
genes code for ferredoxin-dependent glutamate synthases which were nonessential for Synechocystis
growth, as shown by the ferredoxin-dependent glutamate synthase activity and western-blot analysis of
the mutant strains.

Introduction cycle, which produces a net molecule of glutamate
[36].

Ammonium assimilation in photosynthetic organ- Two types of glutamate synthases have been

isms occurs predominantly through the glutamine described in higher plants and algae; one uses

synthetase (GS)-glutamate synthase (GOGAT) pyridine nucleotides [NAD(P)H-GOGAT], and
pathway, commonly known as GS-GOGAT the other ferredoxin (Fd-GOGAT), as electron

The nucleotide sequence data reported will appear in the EMBL and GenBank Nucleotide Sequence Databases under the
accession number X80485.
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donors [49]. Both types of glutamate synthases
seem to be confined to plastids, being the Fd-
GOGAT the pre-eminent form in the chloroplast
[6, 29, 48], while NADH-GOGAT has been
localized in non-photosynthetic tissues, such as
roots [50] and nodules [1, 13, 19]. By contrast,
in bacteria only NAD(P)H-GOGAT has been
identified [21, 37, 51, 54], with the exception of
cyanobacteria which only contain ferredoxin-
dependent glutamate synthase [31].

Ferredoxin-GOGAT has been purified to elec-
trophoretic homogeneity and characterized from
different photosynthetic sources, such as spinach
[22], maize [45], rice [50] and tomato [3], the
green alga Chlamydomonas reinhardtii [18] and
the cyanobacterium Synechococcus sp. PCC 6301
[31]. Fd-GOGAT is a monomeric protein rang-
ing from 145 to 170 kDa in size, containing FAD
and FMN and a distinctive iron-sulfur cluster
[3Fe-4S] [18, 22, 23, 27]. However, in Synecho-
coccus Fd-GOGAT, no FAD was found in the
purified protein [31].

A full cDNA encoding a Fd-GOGAT (gitS
gene) has only been isolated from maize [45] and
in partial form from spinach [38], tobacco [56]
and barley [4]. Recently, a gene, (g/sF), encoding
also a Fd-GOGAT, was found in the chloroplast
DNA of the red alga Antithamnion sp., differing
from the nuclear location of the plant Fd-
GOGAT gene [52]. In addition, the gene encod-
ing the NADH-GOGAT of alfalfa has been
cloned and sequenced, showing clear differences
in size and amino acid sequence with respect
to the ferredoxin-dependent glutamate synthase
genes [19]. The corresponding protein (NAD-
(P)H-GOGAT) has been purified from other
photosynthetic sources [1, 5, 14, 20, 24, 32].

In bacteria, NADPH-GOGAT is composed of
two different subunits, encoded by gltD (small
subunit) and gltB (large subunit) genes, which
have been extensively characterized in E. coli and
A. brasilense [40,42], but no information exists
about Fd-GOGAT genes in prokaryotes that
could be used to elucidate the origins of the plant
Fd-GOGAT and NADH-GOGAT [19, 52].

To address not only the role of glutamate syn-
thase in ammonium assimilation in cyanobacte-

ria, but also if the FA-GOGAT gene could be
related with the gene coding for Fd-GOGAT in
higher plants, we choose the unicellular cyano-
bacterium Synechocystis sp. PCC 6803, whose
genes encoding glutamine synthetase and
glutamate dehydrogenase have been previously
cloned, as a good system to obtain mutants
affected in the ammonium assimilation pathway
[12, 35].

In this study, we demonstrate for the first time
the existence of two different genes coding for
Fd-GOGAT (g/tB and gitS) in a cyanobacterium.
These genes are actively expressed in normal
growth conditions and can be independently in-
activated without affecting the Synechocystis 6803
cell growth. In addition, the deduced amino acid
sequence of gltB supports the view that gl/tB gene
is more related to the gene coding for NADH-
glutamate synthase than to its Fd-GOGAT coun-
terparts.

Materials and methods
Bacterial strains, plasmids and growth conditions

E. coli strain DH5« (Bethesda Research Labora-
tories), used for all plasmid constructions; HB101
[7] and MC1061 [46], used for gene library con-
structions, were grown in Luria broth [46]
supplemented with ampicillin at a final concen-
tration of 100 ug/ml.

All the plasmids used were pBluescript 11
SK(+) derivatives. pFN3 and pFN35 contained
3.9 kb and 6.3 kb Synechocystis DNA fragments
that include part or the whole gltB gene; pFN4
and pFN7 have 4.9 kb and 9.3 kb DNA inserts
containing part or the complete g/tS gene.

Synechocystis sp. PCC 6803 and its mutant
strains were cultured at 30 °C with shaking in
BGI11l medium containing nitrate as nitrogen
source [44] and bubbled with a continuous stream
of 1.5% (v/v) CO, in air when used to obtain
cell-free extract preparations. For plate cultures,
BG11 liquid medium was supplemented with 19
(w/v) agar. Kanamycin and chloramphenicol
were added to a final concentration of 50 yg/ml
and 20 pg/ml, respectively, when required.



DNA manipulations

Total Synechocystis DNA was isolated as de-
scribed [9], supplementing the culture with peni-
cillin G at 100 ug/ml 20 h before the extraction.
All DNA manipulations and E. coli transforma-
tions were performed following standard proce-
dures [46]. DNA fragments were purified from
the agarose gels using the GeneClean Kit (Bio
101 Inc.). For Southern hybridization, DNA was
digested, and fragments were electrophoresed in
0.7% agarose gels using the Tris-borate-EDTA
buffer system [46]. DNA was transferred to
Z-probe membranes (Bio-Rad) using vacuum and
Southern blot hybridization was performed as de-
scribed [2]. Colony hybridization was carried out
as indicated [46]. In all cases hybridizations were
performed in 5x SSC (1 x SSCis 0.15M NaCl
in 1.5 mM sodium citrate) at 68 °C, except when
the probe was the 1.2 kb fragment generated by
polymerase chain reaction, at 65 °C. DNA
probes were *?P-labelled with a nick translation
kit (Boehringer Mannhein) or a random-primer
kit (Pharmacia) using [«-**P]-dCTP (3000 Ci/
mmol).

PCR techniques

PCR (Polymerase Chain Reaction) amplifications
were carried out as described in [46], using a
Gene ATAQ Controller from Pharmacia. The two
oligonucleotides selected from the comparison of
the deduced amino acid sequences of maize gitS
[45] and E. coli gltB [40] genes were:

5"-CCT(CGA)CAT(C)CAT(C)GAT(CA)A-
TT(C)TA-3" and 3'-ACA(G)CTT(C)ATA(G)-
TACTGA(TCG)CC-5".

The oligonucleotide concentrations were cal-
culated by measuring at 260 nm as described [46].

Insertional mutagenesis of gltB and gltS genes of
Synechocystis

To mutate the g/tB gene, a 894 bp Hinc 11 inter-
nal gltB fragment was replaced by a 1.9 kb frag-
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ment containing a chloramphenicol resistance
gene from pKT210 [16]. The new plasmids were
named pFN10+ and pFN10-, depending on ori-
entation of the resistance cassettes respect to the
gltB gene. For gitS disruption, a 1.3 kb fragment
containing a kanamycin resistance gene from Tn5
[16] was cloned into an Xba I site of gitS in both
orientations, generating pFN11+ and pFNI11-.
All these plasmids were used to transform Syn-
echocystis WT strain by the method described
[11].

DNA sequence determination and analysis

Nested deletions of relevant plasmids were per-
formed by using a double-stranded Nested Dele-
tion Kit from Pharmacia. Complete sequence of
both strands was determined by the dideoxy chain
termination method [47], using Sequenase 2.0
(USB). Computer sequence analysis was carried
out using the Genetics Computer Group (GCG)
software package [15]. Sequence analysis com-
parison was made by using the FASTA program
[41] and alignments were produced with the
PileUp program that uses the algorithm of
Needleman and Wunsch [39] with a gap penalty
of 3 and a length penalty weight of 0.1, and op-
timized by visual analysis. Percentage of identity
was calculated from the conserved regions in-
ferred of the Pileup alignment.

Ferredoxin-dependent glutamate synthase assays

Fd-glutamate synthase activity was determined
by measuring glutamate formation as previously
described [31] in cell-free extracts of Syn-
echocystis strains prepared in 20 mM potassium
phosphate buffer, pH 7.5, containing 10 mM 2-
mercaptoethanol and 1 mM EDTA (buffer A),
supplemented with phenylmethylsulfonylfluoride
(PMSF) at a final concentration of 1 mM. Puri-
fied Synechocystis ferredoxin was used as electron
donor. The reaction was started by adding 0.8 mg
of sodium dithionite freshly dissolved in 0.1 ml of
0.12 M NaHCO; and was stopped, after 20 min
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at 30 °C, by mixing 0.25 ml of the reaction mix-
ture with 0.15 ml of 1 M HCL
One unit of enzyme activity corresponds to the
formation of 1 umol of glutamate per minute.
Protein concentrations were determined by the
method of Bradford [8] using ovalbumin as stan-
dard.

Purification of ferredoxin-dependent glutamate syn-
thases

For enzyme purification, 1.5g of frozen Syn-
echocystis cells either WT (wild type) or mutant
strains, SFN1+ and SFN2+, were thawed in
Sml of buffer A containing 1 mM PMSF. The
mixtures were disrupted by sonication (20 kHz,
75 W) at 0 °C for 30 s (in 15 s periods) in a Bran-
son sonifyer model 250.

The homogenate was cleared by centrifugation
at 23,000 x g for 15 min and the resulting super-
natant was loaded onto a DEAE-cellulose col-
umn (1 cm x 10 cm) and washed with buffer A.
Elution of glutamate synthases was carried out by
applying a linear gradient (0.1-0.5 M NaCl) in
40 ml of the same buffer. GItB and GItS eluted as
single peaks at about 0.2-0.24 M NaCl and
0.22-0.28 M of NaCl respectively. The active
fractions were pooled, concentrated using a
microconcentrator microsep (Filtron 30 K mo-
lecular weight cutoff) and analysed by SDS-
PAGE.

Polyacrylamide gel electrophoresis and western-blot
procedures

Partial enzyme purification was followed by
SDS-PAGE according to the method described
in [28], using 6.5%, acrylamide slabs gels. Protein
bands were stained with 0.25%, Coomassie bril-
liant blue R-250 (Sigma Chemical Co. St. Louis,
MO). For western-blot analysis, proteins, after
SDS-PAGE, were electrotransferred to a nitro-
cellulose sheet, incubated with antiserum against
Synechococcus PCC 6301 Fd-GOGAT (diluted
1:100 in TBS buffer, containing 5%, dry pow-

dered milk and 0.05% (v/v) Tween 20), washed
three times for 5 min and then incubated for 1 h
with 1:1000 diluted horseradish-peroxidase-con-
jugated sheep anti-rabbit antibody. Membranes
were subsequently washed and the reaction was
visualized by immersion in the developing stan-
dard solution.

Results and discussion
Cloning of gltB and gltS genes

A PCR amplification step was followed to obtain
an internal fragment of the gene encoding the
Fd-GOGAT from Synechocystis. For that pur-
pose we designed a direct primer corresponding
to the amino acid residues 1097-1102 of maize
Fd-GOGAT [45] and to residues 998-1003 of
the large subunit of the NADPH-GOGAT from
E. coli [40] respectively, and as reverse primer the
corresponding to residues 1494—1499 and 1395-
1400 from the same glutamate synthases (see Ma-
terials and methods). The PCR amplification
products, using Synechocystis genomic DNA,
were separated by electrophoresis in 19, agarose
gel, yielding two bands of 1.2 kb and 0.7 kb. The
1.2 kb fragment had a size according with the
fragments of maize and E. coli glutamate synthase
genes between the two oligonucleotides used. The
purified 1.2 kb DNA band was digested with
Hinc 11, giving three fragments of 1.2 kb, 0.7 kb
and 0.5 kb, four fragments with Bst XI (1, 0.7,
0.5, and 0.2kb) and more than five when the
fragment was digested with Sau 3Al, which gave
a total size higher than 1.2 kb. These results sug-
gested that two different fragments of 1.2 kb were
amplified, probably corresponding to different
genes coding for glutamate synthases, although
there was no previous evidence for the existence
of two glutamate synthases in cyanobacteria [31].
The 1.2 kb PCR product was used as a probe in
a Southern blot hybridization with total Syn-
echocystis DNA, shown in Fig. 1. Since the probe
was of 1.2 kb and total DNA digested with Dra I
gave four hybridization bands, with three of them
above 1.2kb, and with Hae Il, also appeared
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Fig. 1. Southern blot analysis of Synechocystis genomic DNA.
Synechocystis genomic DNA (3 ug) was digested with Hinc 11
(lane 1), Dra I (lane 2), Sma I (lane 3), Hind 111 (lane 4), Hae 11
(lane 5), and Xmn 1 (lane 6), separated by 0.7%, agarose gel
electrophoresis and then transferred to nylon membranes. The
filter was hybridized using the 1.2 kb PCR product as a probe.

three bands higher than the probe (Fig. 1, lanes 2
and 5), we concluded that the probe hybridized
with more than one gene.

Based on these results and taking into account
that the PCR amplification generated two differ-
ent fragments of 1.2 kb, we inferred that only two
genes hybridized with the probes. Thus, we pro-
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ceeded to clone those genes and for that purpose
we isolated the 4.9 kb Sma I and the 3.9 kb Xmn 1
fragments by constructing chromosomal libraries
of Smal and Xmn 1 fragments of these sizes in
the plasmid pBluescript IT SK(+) and screening
by colony hybridization in E. coli MC1061, using
the 1.2 kb PCR fragment as a probe. Two clones
containing the Xmn I fragment (plasmid pFN2
and pFN3) and one containing the Sma 1 frag-
ment (pFN4) were selected, on the basis of their
differential restriction maps. Partial nucleotide
sequences of pFN3 and pFN4 revealed an open
reading frame in each one, whose deduced amino
acids sequences showed strong similarities with
the internal amino acid region of the maize and
E. coli glutamate synthases located between the
two oligonucleotides used for PCR amplification
(data not shown). This confirmed the existence of
two different genes for glutamate synthases in
Synechocystis sp. PCC 6803, which we named g/tB
and gitS. Since the molecular mass of Fd-
GOGAT from Synechococcus 6301 [31] and
maize [45] is ca. 160 kDa, we expected that both
genes should be at least 5.5 kb in length. Using as
a probe internal regions of both of them, a new
Southern blot with Synechocystis genomic DNA
was carried out to clone the whole gltB and gitS
genes. The Southern blot resulted in a cross-

Fig. 2. Identification of the gltB and gitS genes in Synechocystis DNA. Hybridization of total Synechocystis DNA. A. Hind 111
(lane 1), Bst XI (lane 2). B. Cla I (lane 1), Bam HI (lane 2), Bst XI (lane 3), and Bg/ II (lane 4). The probes used for hybridization
in panels A and B, are indicated in Fig. 3, probes I and II, respectively.
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Fig. 3. Disruption construct and Southern blot analysis of
SFN1 and SFN2 genomic disruption. A. Restriction map of
the gltB and gltS regions in wild-type Synechocystis sp.
PCC 6803. Insertion of a cat and npr gene cassettes at the
locations indicated generated mutant strains SFN1 and SFN2
respectively. Only relevant restriction sites are indicated. E,
EcoRV; X, Xmnl; Bt, Bst EIl; Bg, Bgl/ll; S, Sspl; Hc,
Hinc 11; Bs, Bst X1; H, Hind III; A, Apal; K, Kpnl; Xb,
Xba I; C, Cla 1; B, Bam HI. B. Southern blot analysis of DNA
from wild-type strain, WT, SFN1 and SFN2 cultivated for
several generations in BG11 medium (+ and - indicate the
two orientations of the cassettes inserted). Chromosomal
DNA was digested with Bst XI. The probes used were the
whole g/tB and gltS genes for the hybridizations of SFN1+/—
and SFN2+/- respectively.

hybridization with the two probes used (Fig. 2A
and B), suggesting a high homology between them.

Based on the restriction analysis of pFN3 and
pFN4, the 6.3 kb Hind III (Fig. 2A, lane 1) and
9.3kb Clal (Fig. 2B, lane 1) fragments, which
could contain the full gltB and gitS genes, were
cloned as indicated above, by screening colonies
in E. coli HB101, using the probes I and II, re-
spectively, indicated in Fig. 3A. Out of the 256
clones tested for the Hind III fragment and 477
for the Cla I fragment, two (plasmids pFNS5 and
pFN6) and fourteen (plasmids pFN7 to pFN21)
respectively were positives.

The restriction map of pFN5 overlaps the
pFN3 insert and extends about 4 kb upstream
including the gltB gene, while the restriction map
of pFN7 overlaps the pFN4 insert, extending up-
stream about 7 kb, containing gitS gene (Fig. 3A).

Sequence analysis of gltB

The nucleotide sequence of virtually the whole
insert contained in plasmid pFN5 (5214 bp) was
determined on both strands. One open reading
frame of 4650 bp encoding a 1550 residue
polypeptide was identified. Two putative ATG
start codons are present preceded by potential
ribosome binding sites (Fig.4). A search of
the SWISS-PROT and EMBL/GenBank data-
bases revealed significant sequence identity of
Synechocystis Fd-GOGAT GItB with all the
glutamate synthases sequenced so far. As shown
in Figs. 5 and 6, a comparative analysis with the
GOGATSs sequences reveals that the identity of
the GItB amino acid sequence is higher with the
NADH-GOGAT from alfalfa (55.2%,) than with
the higher plants and red alga Fd-GOGAT (42—
44°,) and with bacterial NADPH-GOGAT (41-
45°%), suggesting that, although they are relatively
well conserved along the evolutionary scale, al-
falfa NADH-GOGAT seems to be more related
to the protein from cyanobacteria than its ferre-

Fig. 4. Nucleotide and deduced amino acid sequences of the gene coding for GItB of Syrechocystis. Amino acid residues are
numbered consecutively. The two putative initial methionines are in bold. Putative ribosome-binding sites are under or upperlined

(

stem-loop structure in the 3’ downstream region.

). The two oligonucleotides used for PCR amplification are dashed underlined (----- ). Arrows denote a potential
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GATATCAGAGCAGATCCCCCGCCACAARARCATCGGAGT TATTAGCAAAAAGACACTCCAGATTTTCTTT TAATAGAACAATCCAACTGAAT TGCTTGGTGT TGTCAGCCATGGGTTGTC
CATCACTGTCGGGATAAACTATTTGCCGATCTAGGGCTACGCTCATAGCGGTGGTCTCCAGCAGCTAGGGACTGACCTTCAGT TTAACTGATGGCTTT TAGACATIATTTAGGGGGAATT
GTTCAACGCTGGAACTAACCACAACARAATAGTTAAAT TTGT TACCT TTTCTCGACAAAGAATCTGAAATT TGAGCARAACT TAATAGATTCAT TAAGGARACC TACCTCCCCCCCGTAA
M P C H E G L H PL V P NUVF CTUV T S P MNS S HLAZPSGQVaQ
TGACCGCTACAATTCAAAAACCGGGGARTGCCCTGCCACGAAGGTCTTCACCCCCTCGTTCCARRCTTTTGTACGGTTACCAGTCCTATGAACAGCTCTCACCTCGCCCCCCARGTCCAA
G L Y DPOQNEUHDACGY ¢ F I VOMEKTGE KUYV S HDTIVEQGLOEMTLVEKLE
GGTCTTTACGATCCGCAAAATGAACATGATGCCTGTGGGGTAGGTT TTATTGTGCAGATGAAGGGCAAAGTTTCCCACGATATTGT AGGGCCTGCAAATGT TGGTTAATTTGGAG
H R GACGC CEZPNTGDGAOGTIULTIOVPHKT FTIAGQI KTIAGAETGTITTITZ®PRATP®P
CATCGGGGGGCCTGTGGCTGTGAACCAAACACCGGGGATGGGGCCGGTATTT TAATCCAAGTTCOCCATARATT TATCCAAAAAATAGCCGGGGCGGAAGGCATCACCATTCCTGCTCCG
6 Q YAV GN1I Y GS PDUPULARAEA ARG GQIKT FNDTIUVAQEGTL K KTVTLGUWRD
GGGCAGTATGCCGTGGGCAACATTTACGGTTCCCCCGATCCAT TGGCCAGGGCTGAAGCTCGTCAAARAT TCAATGACAT TGT TGCCCAAGAAGGCTTAAAAGT TTTGGGT TGGCGGGAC
I P T QN E P L GETA ATIASEZ®PT FMQQVY I ARPESGTULTUDUDTULODTFETRIKL
ATTCCTACTCAGAACGAACCCCTGGGGGAAACGGCGATCGCCAGTGAACCGTTTATGCAACAGGTTTACAT TGCCCGGCCGGAAGGC T TGACTGATGACCTGGACTTTGAGCGCAAATTA
Y v I R KL THGATIURSZPIKTIODTT YU®WZYVASTILSARTILUVYIKSGMLTTA RAZQ
TACGTAATCCGTAAGT TGACCCACGGGGCAATCCGATCGCCGAAAATTGATACCTATTGGTATGTGGCTAGT TTATCGGCTCGGACGT TGGT TTATAAGGGGATGCTGACCACAGCCCAG
vV 6 QY Y PEULUHTDEPODMESATLA ALV YVHS SREFSTNTTFUPSUWEUZRSUHTEPTYRY
GTGGGGCAGTATTATCCGGAATTGCATGACCCGGACATGGARAGTGCCCTGGCCCTTGTCCATTCCCGCT TTAGCACTAATACCTTTCCCAGTTGGGAGCGCTCCCACCCCTACCGCTAC
I A HNGETINTMRBRGNVYVNUWMGOQOA ARG GATLTFES S L F GEDMATEKTU VOGQEZ®PUVI
ATTGCCCATAATGGCGARATCAATACCATGCGGGGCAACGTCAACTGGATGCAGGCCCGCCAGGCCCTGT T TGAATCGTCCCTGTTTGGGGAAGATATGGCCAAGGTTCAGCCGGTGATT
NI P G s DS T I FDNA ALETLTLYULAGRSTLUPHAVYV MMMITZPETPTWSAHE
AACATTGACGGCAGTGATTCCACCATTTTTGATAATGCGTTGGAACTGCT TTATCTGGCTGGCCGCTCCCTACCCCATGCGGTGATGATGATGAT TCCCGAACCCTGGAGTGCCCACGAA
S M S QBE K KAPF Y KYHSCULMETPWTDG®P A S I AFTNGIEXKMMGATVTLTUDR
TCCATGAGTCAGGAAAAGAAAGCGTTTTATAAATACCATTCCTGTT TGATGGAACCCTGGGATGGCCCGGCCTCCATTGCCTTCACCAACGGCAARATGATGGGGGCAGTGTTGGATCGT
N G L RP SR Y YV TXKDUDTIULVIMASEA- BAGV VILZPTIEUZPTEHRTVA-AIEKIEKTSGH RILAGEQS?F?P
AATGGTTTGCGTCCTTCCCGCTACTACGTCACCAAAGATGATCTGGTGAT TATGGCCTCCGAAGCAGGAGTATTGCCCAT TGAACCGGAGCGGGTGGCCAAGAAAGGTCGCCTACAACCA
G R M F L VDMESUGQGHRTIIADTETETIZ KU QETIUVSQHZPZYGETWILA AR ARMNILIKSIL
GGGCGGATGT TCTTGGTGGATATGGAACAGGGGCGCATCATTGCCGACGAAGAAATTAAGCAGGAGAT TGTCAGTCAGCATCCCTACGGTGAATGGCTAGCGGCTAATTTGARATCCCTG
E Q L P S P GNUVPGTDAESTILU RORA QMATFGYTTF FETETLUZ RTIULILAEPMGR
GAGCAATTACCCTCCCCCGGCAATGTTCCTGGCACCGATGCAGAAAGT TTACGGCAACGGCAAATGGCCT TTGGT TACACCT TTGAGGAATTGCGTATTCTCCTAGCTCCCATGGGTCGG
D GV EAI GS MGADTTZPULAVILSDIKZPI KU LILYNZYVFOQQLTFA AQV:TNUPFP
GATGGGGTGGAGGCGATCGGTTCCATGGGGGCGGATACTCCGTTGGCTGTACTATCTGACARGCCCAART TACTCTACAACTATTTCCARACAAT TATTTGCCCAGGTTACCAATCCCCCC
I p s I REZE I I TSAZETTTIGTGETGNTLTILUDT PR RU PUESCRIULTIZETLIEKTT?®PTIL
ATTGATTCCATTCGGGARGAAATTATTACT TCCGCAGAARCCACCAT TGGTGGTGAAGGTART TTGCTTGATCCTCGGCCAGARAGT TGCCGCTTAAT TGAGTTGAAAACTCCCATTTTA
T NE DULAIKTULIKALUDTUDTUDTETFI K SV TLDTITULFDZPNGQGQGEA AU GLIEKTA ATLTUDN
ACCAACGAAGATCTAGCTAAGCTCAAAGCGTTAGACGACGATGART TTAAATCCGTCACCCTAGACATTTTGTT TGATCCGAACCAAGGGGAAGCGGGCCTTAAAACTGCGT TAGATAAT
LFTEA ADO QA ATISQGANPNTILTITIULSDU ROV SAET KA AA ATILIZPA RALTLIA AVSGTULH
TTGTTTACGGAAGCTGACCAGGCCATTTCCCAAGGAGCTAACCTAATCAT TCTCAGCGATCGCCAAGT TAGTGCGGAAAAAGCGGCTATCCCTGCTCTGC TGGCGGTGTCGGGGTTACAT
HHLIRNSGEGSRTI KVYSGIL VLESGETPREUVHUHEFAVILILSGYSGTCGATINST?®P
CACCATTTGATTCGCAACGGTTCCCGTACCAAGGTGGGTCTAGTATTGGAATCTGGGGAACCGAGGGAAGTGCATCAT TT TGCTGTCCTACTCGGT TACGGT TGTGGAGCCATTAATCCT
Y L AF ETULDGMTIAEGTLTULV NV DHIEKTA ATCTEKNZY I XKAATUI KTGVTII KTVA
TACTTAGCTTTTGAARCT TTGGACGGTATGATCGCCGAAGGT TTACTGGT TAATGTGGATCACAAAACCGCT TGCAAAAACTATATCAAAGCCGCCACCAAAGGGGTAATTAMGTTGCT
§$ K I &I 5T 11 QS YR GAOQTITFEA AV GLNGQESVIDETZYT FEFT CRTSSHRTIOGQG
TCTAAAATCGGCATTTCCACCATCCAAAGT TACCGAGGTGCCCARATTTTTGAAGCGGTGGGCTTAAATCAGAGTGTGATTGATGAATAT T TCTGCCGCACTTCTTCCCGCATCCAAGGT
S DL GV I AQEA ATITULRHGOQHATPFAMAPRTPGDTULUBHTIULUDUVSGS GETZYOQWRIKTDG
TCTGATTTAGGTGTAATTGCCCAGGAAGCTATTT TGCGCCATCAACATGCCT TTGCTCCTCGCCCTGGTGAT TTGCATACCCTTGATGTAGGGGGTGAGTACCAATGGOGGAAGGATGGG
E E HLF SPQTTIHLTLAO QRAVRETGNTYETLTYJZ XOQYA AARAMALVTYNTETZ QNGO GQTIEKTFTF
GAAGAGCATTTATTTAGTCCCCAAACCATTCATT TATTACAACGGGCGGTGCGGGAAGGTAAT TACGAGCT TTATAAACAGTACGCCGCCCTGGT TAATGAACAARACCAAAAGT TCTTT
T LRGULULDF QDR RESTIUPULETEVETPTIEA ATIME KT ERTFEFIEKTTGAMSTYSGS ST1ISs
ACCCTGCGGGGCTTACTGGATTTCCAAGACCGAGAATCTATTCCCCTCGAAGAAGTGGAACCCATTGAAGCGATCATGAAACGCTTTAAAACCGGGGCCATGAGCTACGGCTCCATCTCC
K EA HE SLATIAMNPNZ RTIGS GT K SNTGETGTGETDTPTZETRTFEFTWTNUDGOQGTD S K
AAAGAAGCCCATGAATCCCTGGCGATCGCCATGAA TCGCATTGGTGGTAAGTCCAACACT GGGGAAGGGGGGGAAGATCCGGAACGGTTTACCTGGACTAACGATCAGGGAGATTCCAAA
N S A I KQVASGRTFGVTSTLJYILSOQQOAI KTETITU QTITZ KMMAaATQ QS®GA MATEKTPGTETGT®GOQ
AACAGTGCCATTAAACAGGTGGCT TCCGGGCGCT TTGGAGTGACCAGT TTGTACCTCTCCCAAGCAAAGGAAATTCAAAT CAAAATGGCCCAGGGTGCAAAACCTGGGGAAGGGGGTCAG
L P G K KV Y PWTIAIKTYRUBHESTUZPSGV G LI SPPPHHTDTIZYSTIETDTILA ATETL
CTACCCGGCAAAAAAGTT TATCCCTGGATCGCCAAAGTGCGTCATTCCACTCCCGGCGTAGGT TTAAT TTCTCCCCCGCCCCACCATGACAT TTAT TCCATTGAAGAT TTGGCGGAATTA
I HD L KNANREARTINVYVI KTLVSEVGV GTTIA AR MGV VA aATZE KA ATHBA ADTVYV VT LUV
ATCCACGACCTGAAAAATGCTAACCGGGAAGCCCGCATTAACGTCAAACT GGTGTCGGAAGTCGGGGTGGGCACGATCGCCGCTGGGGTGGCTAAGGCCCATGCCGATGTGGTGCTAGTG
S G Y DGGTGASPOQTSTIKHAGTLTEPWETLTGTLA ATETUHOQTTULVTLNNTILTRS
TCTGGCTATGACGGAGGAACCGGAGCATCACCCCAAACT TCCAT TAAACA TGCTGGGT TGCCCTGGGAAT TGGGCCTAGCGGAAACCCATCAAACCTTGGTGTTGAACAATCTCCGTTCC
R I VvV ETUDG GO QMEKTGRUDVATIAMAATLTLGA AMETETFTGTFTSTA ATZPTLUV VS STILGOC CTI
CGTATTGTGGTGGAAACCGATGGGCAAATGAAAACT GGCCGGGACGTGGCTATCGCCGCT TTACTGGGGGCGGAAGAGT TTGGGTT T TCGACTGCGCCGCTGGTATCCCTGGGGTGCATT
M MRACHTLNTOGCPV GIATAOQNPETLTRAKTFEFTGTDTPA AUHKA AVNTFEFMTTFTIA
ATGATGCGGGCCTGTCATTTAAATACCTGTCCCGTGGGCATT GCCACCCAAAATCCGGAACTGCGGGCCARATTCACCGGCGATCCGGCCCATGCGGTCAACTTTATGACCTTTATTGCC
TELREVMAQLGFRTTINEMYVGRTHDTITILTET®PK KT K AV AUHTMWIE KA ATIKTEGTITD
ACGGAACTGCGGGAAGTGATGGCCCAACTGGGTT TCCGCACCATTAACGAAATGGT TGGTCGCACCGATATTCTGGAACCGAARAAGGCCGTAGCTCACT GGAAAGCAAAAGGCATTGAT
LSTILHQPEVGDDVGRYCQIPQDHGLQHSLDITQLLDLCQ
CTTTCCACTAT TCTCCATCAGCCGGAAGTAGGGGACGATGTGGGTCGT TATTGCCARAT TCCCCAGGATCATGGTCTTCAGCAT TCCCTCGACATCACCCAGTTAT TGGATCTCTGCCAA
P A I AKGEU KV VTATTILTPTITUNTINRTYYGETTIVOGNZETITI KR RIETVWETGSGTLT?PE
CCGGCGATCGCCAAAGGGGAAAAAGTCACCGCCACTTTACCCATTACCAATATCAACCGGGTGGTGGGCACCATTGTCGGCAACGAAATCACCAAACGCCAT TGGGAAGGTTTACCGGAA
DTV HLHTFOQGSAGOQST FGATFTIZPIZ KGMTTULETLTETGT D ANTDTYTULGTZ KT TG GTL S
GATACTGTCCATCTCCAT TTCCAAGGCAGTGCGGGGCRRAGT TTTGGGGCCT TTAT TCCCARGGGCATGACCCTGGAACT GGARGGGGATGCCARCGATTACCTGGGTARAGGATTGAGE
G G K I I VYZPPIKGSSTFTIASEHNTITI-AMGNVC CTLJYGA ATA A® GET TVTYTISGHM
GGCGGCARAAT TATTGTCTA TCCCCCCARAGGCTCTAGT T TTATCGCT TCGGAAAACATCAT T GCCGGTAATGT T TGTCTCTATGGCGCCACTGCTGGGGAAGTTTATAT I TCCGGCATG
VGERFCVRNSGVNTVVEAVGDHGCEYMTGGKVVVLGQTGR
GTGGGGGMCGGTI‘CTGEGTCCGCAAT'[‘CCGGCGTCMTACGGTGGTGGAAGOGGTGGGCGATCATGGTT_G_CEAA_TI\_T_AI_‘(_;A_QQ(ECGGTAMGTCGTGGTTCTTGGTCAMCAGGACGA
N F ARAGMS GGV AYIFDETTGDT P ATI RTGCNTSA AMVYGLTETZKTLTETDTEPTETE.I
MCTTTGCGGCGGGCATGAGTGGTGGTGTGGCCI‘ACATCTTCGATGAMCTGGGGATTTTGCCACCCGTTGCAATTCCGCCATGGTGGG‘I‘TTAGMACTAGMGATCCCGMGMATT
KDL KETLTIOQNU HYNYTUDSA AT KSGIE KA AYVLADTUWEA ASTITPTIEKTEFTUVIE EKTYMZ®PZRD
MGGATCTCAMGRGTTMTCCAGMCCATGTTMCTACACCGACAGCGCCAMGGTMAGC‘l'GTTTTAGCAGATTGGGMGCGAGTATTCCCAAATTCGTTMGGTMTGCCTCGGGAT
Y KR VLQATIZKIKA ATLEA RAMGTILS GDUDA ATLUSNA AR BRATFTETEUNA ®BRBIEKTDTYVA ATRITGTG S *
T}\TAMCGGG‘I.‘ATI'GCAAGCQTCAAMMGCGCTAGAGOGGGTTTGAGCGGCGATGATGCTTTGAATGCGGCGTTTGAGGAGMTGCCMGGATGI‘GGCTCGQTTGGGGGGAGT[‘AG
GATARATTTATGATGGAACTGGGCTAAACTGGCTGAAGTCTAGCCCAACGTCAAAAAATCACT TTTTCAGTAGAATA! CAGATTATCTTTTGCCGACT TAATGAACAAGGGTTGA
—_— <+ :
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doxin counterpart or the bacterial NADPH-
GOGAT (Fig. 6). It is worth noting that all
glutamate synthases show a basal identity, about
41 to 459, (Fig. 6). In the case of eukaryotic Fd-
GOGATsS, this identity increases to 839, when
higher-plant Fd-GOGATSs are compared between
them, being 56 %, when comparison was done with
the Fd-GOGAT of the red alga Antithamnion
(Fig. 6).

Identification of functional domains in Synechocys-
tis glutamate synthase (gltB gene)

All the glutamate synthases purified from dif-
ferent sources, including bacterial (NADPH-
GOGAT) and plant (ferredoxin and NAD(P)H-
GOGAT) types, contain several prosthetic
groups, such as flavins (FMN and FAD) and
iron-sulfur centres (4Fe-4S or 3Fe-4S). The in-
crease in the number of sequences available
makes it now possible to search for amino acid
sequence similarities in the different domains, es-
pecially flavin-binding sites and the 3Fe-4S cen-
tre, which have been found in all the glutamate
synthases analysed. In our case, the GItB amino
acid sequence was compared with the corre-
sponding amino acid sequences from bacterial
NADPH-GOGAT «-subunit (gltB gene), the
photosynthetic eukaryotes Fd-GOGAT (gitS

gene) and NADH-GOGAT. The glutamine ami-
dotransferase domain includes a region (residues
43-102) of Symechocystis GItB protein, in the
N-terminus, which was found to be similar to the
same region in other GOGATSs and also to the
glutamine amidotransferase domain of purF
[33, 34] (Fig. 5) while a second region (residues
250-260) was more similar to the same domain
in trpG-type amidotransferases [33] (not shown).
A cysteine, Cys-43, is absolutely conserved in all
GOGATS sequenced so far, and implicated in the
release of the glutamine amide group [33, 34, 53];
Cys-43 seems to be also a specific site recognized
by a protease to give a mature a-subunit in bac-
teria [40] and also a mature Fd-GOGAT in
maize, independently of the chloroplast transit
peptide sequence upstream of it [45].

A second strongly conserved region corre-
sponds to the 3Fe-4S cluster, although in bacte-
ria another iron-sulfur cluster has been found but
only in the NADPH-GOGAT small subunit [ 54].
The 3Fe-4S cluster comprised a cysteine rich re-
gion in Synechocystis gltB (Cys-1150, Cys-1156,
and Cys-1161), which aligns with similar cysteines
in the other GOGAT amino acid sequences [27]
(Fig. 5). A similar spacing of the cysteine cluster
(CX,CX,C) was also reported for the enzymes
fumarate reductase and succinate dehydrogenase
that also contain the 3Fe-4S cluster [25, 30], sup-
porting the assignment of these cysteines to the

1 Fd-Synechocystis - 55.2

2 NADH-Alfalfa -
3 Fd-Spinach

4 Fd-Maize

5 Fd-Antithamnion

6 NADPH-A. brasilense

7 NADPH-E. coli

41.7 437 41.9 45.0 41.2

43.1 441 419 439 42.5

- 83.6 55.2 438 42.6

- 558 439 425

- 422 41.1

- 425

Fig. 6. Protein sequence identity among glutamate synthases. Identities are based on the alignment showed in Fig. 5, from the amino
acid 97 to 1602 of the maize sequence. The identity between each two glutamate synthases was calculated respect to the shortest

sequence.



above-mentioned iron-sulfur cluster. In addition,
other cysteines, such as Cys-1415 of Synechocys-
tis protein, are also conserved in all GOGATs,
what could indicate a role of the carboxy-terminal
portion of the protein in the catalytic function or
in the folding of glutamate synthases.

A region of the Synechocystis GItB amino acid
sequence, which includes the residues 1013-1145
(Fig. 5), is strongly conserved in all GOGATs
(identity higher than 60%,). In particular 12 gly-
cine residues are fully conserved, which suggests
a characteristic conformation of the protein in
this region. In fact, glycine-rich regions have been
demonstrated to form f-a-f secondary structures
in other flavoproteins [26, 55]. One FMN bind-
ing domain of the yeast flavocytochrome b, shows
many residues identical to this region of GItB and
also with the other GOGATs sequences. Two
critical amino acid residues, Asp-1118, corre-
sponding to flavocytochrome Asp-419, and Lys-
1122, corresponding to Arg-423, which interact
with the ribityl side-chain of FMN in the flavocy-
tochrome b, reductase of yeast are conserved as
well [10]. The fact that many other residues are
also identical suggests that the structure needed

A
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to attach the FMN molecule requires some other
amino acids to allocate this flavin correctly for its
concourse in the electron transfer chain from
ferredoxin to the reductive amination of 2-oxo-
glutarate. On the other hand, a putative region for
the FAD binding, which seems to be lacking in
the Fd-GOGAT of the cyanobacterium Synecho-
coccus PCC 6301 [31] but present in other Fd-
GOGATs [18, 22], is localized in the amino acids
region 1396—1446 of Synechocystis GltB. If FAD
is absent in other cyanobacterial glutamate syn-
thases need to be studied. The purification and
analysis of Synechocystis GItB protein would help
to confirm this fact.

Insertional mutagenesis of Synechocystis gltB and
gltS genes

In order to generate Synechocystis mutant strains
lacking the proteins coded by gltB and gitS genes,
we constructed the plasmids pFNI10+/- and
pFN11+/- by interrupting the gltB and gitS genes
with a chloramphenicol (Cm®) or a kanamycin
(Km®) resistance cassette respectively, in both

kDa 1 2 3
205 »
O, el GItS
a2 :GltB
116 &
80 »

Fig. 7. Detection of Synechocystis Fd-GOGAT polypeptides. A. Fd-GOGATs partially purified from Synechocystis wild-type
(lane 1), SFN2+ (lane 2) and SFN1+ (lane 3) were separated by SDS-PAGE. The gel was stained with Coomassie Brilliant Blue.
B. Western blot of the result of SDS-polyacrylamide gel electrotransferred to a nitrocellulose membrane and incubated with
antibodies against Syrechococcus 6301 Fd-GOGAT (lanes as in A). 60 ug protein were loaded in each lane.
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orientations (Fig. 3A). Four different transforma-
tions of WT Synechocystis were performed, using
each of the four plasmids aforementioned. After
5-6 days, kanamycin and chloramphenicol-
resistant transformants were selected at a similar
frequency in BG11 medium containing nitrate as
the nitrogen source. After several segregation
rounds in the same medium, by increasing the
amount of the corresponding antibiotics, total
DNA were isolated from the strains SFNI1+,
SFN1-) (gltB mutants), SFN2+ and SFN2-
(gltS mutants) and from the WT strain. Analysis
by Southern blot using the complete gltB or gitS
genes as probes, to avoid the cross-hybridization,
showed that SFN1+/- and SFN2+/- were ho-
mozygous for the interrupted gltB and gitS genes
respectively (Fig. 3B). As all the mutants were
capable to grow in the culture medium used, we
deduced that both genes were expressed in Syn-
echocystis or that glutamate biosynthesis could be
supported by the activity of the NADP-glutamate
dehydrogenase [ 17] in at least one of the mutants.
To demonstrate that gltB and gitS genes are ac-
tively expressed and that the two corresponding
proteins are functional, we determined glutamate
synthase activity in the strains SFNI1+ and
SFN2+ and WT Synechocystis. It was noted that
all the mutants grew at the same rate as WT (not
shown). As indicated in Table 1, Fd-GOGAT
activity of the mutant SEN1+ was about 759 of
the activity determined in the WT strain, while
SFN2 + activity was about 50%,. No NAD(P)H-

Table 1. Fd-GOGAT activity of wild-type, SFN1+ and
SEN2+ strains of Synechocystis. Fd-GOGAT activity was
determined in crude extracts obtained from cells grown in
BG11 medium with nitrate as the nitrogen source. Initial re-
action rates were determined as described in Materials and
methods. The values represent averages of three measure-
ments + standard error. Glutamate synthase activities depen-
dent on NADPH or NADH were negligible in all the strains
tested.

Strain Fd-GOGAT activity (%)
(mU/mg protein)

PCC 6803 5442 +3.7 100

SEN1+ (g/tB mutant) 41.93+5.8 77

SFN2+ (g/tS mutant) 2540+3.6 47

GOGAT activity was detected in any case, con-
firming that each gene codes for a different Fd-
GOGAT and that the enzyme coded by the gitS
gene seems to be more active than the one coded
by gitB (Table 1). These results also indicate that
both genes are nonessential if one of them is ex-
pressed, since trying to obtain a gitS, gltB double
mutant failed in all the growth conditions used
(data not shown).

Identification and characterization of the two Fd-
GOGATs

To identify the two polypeptides coded by gitB
and gitS genes, we addressed the partial purifi-
cation of both proteins, using WT, SFN1+ and
SEFN2+ Synechocystis strains. Although the two
Fd-GOGATSs could be partially purified using
WT Syrechocystis, the mutant strains are of in-
terest since GItS and GItB can be independently
isolated from SFN1+ and SFN2+ respectively.
The elution on chromatography resulted in a five-
fold purification with a recovery of 75-80%,. As
shown in Fig. 7A, two polypeptides of molecular
mass of 170 and 180 kDa appeared in a 6.5%
SDS-PAGE as a result of the partial purification
of WT strain glutamate synthases (Fig. 7A,
lane 1), while the mutant strain SFN1+ gave only
the 180 kDa polypeptide (GItS) and SFN2+ only
the 170 kDa polypeptide (GltB) (Fig. 7A, lanes 3
and 2). When western blotting was performed,
using antibodies against Synechococcus PCC 6301
Fd-GOGAT, only the polypeptides indicated
above cross-reacted (Fig. 7B), confirming the ex-
istence of the two Fd-GOGAT, clearly different
in size, in the WT Synechocystis strain and en-
coded by different genes that could be indepen-
dently inactivated.

Conclusions

The utilization of PCR techniques has allowed us
to clone two different genes encoding ferredoxin-
dependent glutamate synthases from the cyano-
bacterium Syrnechocystis sp. PCC 6803. One of



them, gltB, has been fully sequenced and its com-
parison with other glutamate synthases indicates
significant identities with all of them. The fact that
the higher identity of GlItB was found with the
plant NADH-GOGAT and that all GOGATS so
far known have a basal identity about 429, sug-
gest a common origin of the different types of
GOGATS. The recent evidence that Fd-GOGAT
is encoded in the chloroplast of the red algae
Antithamnion sp. and Porphyra purpurea [43, 52]
supports the view that glutamate synthases were
initially plastid encoded in photosynthetic eukary-
otes and during evolution their genes were trans-
ferred to the nucleus. In addition, our data
strongly suggest that both genes are functional in
this cyanobacterium.

Further studies would be required to define the
specific function of each Fd-GOGAT and if the
existence of two different genes is a peculiarity of
Synechocystis or a characteristic of cyanobacteria.
In addition, the complete sequence of gitS, now
in progress, will allow to carry out a phylogenetic
analysis of the cyanobacterial Fd-GOGATSs.
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