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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 gltS. The gltB gene 
was completely sequenced and encodes for a polypeptide of 1550 amino acid residues ( M  r 168964). 
Comparative analysis of the gltB deduced amino acid sequence against other glutamate synthases shows 
a higher identity with the alfalfa NADH-GOGAT (55.2~o) than with the corresponding Fd-GOGAT 
from the higher plants maize and spinach (about 43 ~o ), the red alga Antithamnion sp. (42 To) or with the 
NADPH-GOGAT of bacterial source, such as Escherichia coli (41 To ) and Azospirillum brasilense (45 ~o). 
The detailed analysis of Synechocystis gltB deduced amino acid sequence shows strongly conserved re- 
gions that have been assigned to the 3Fe-4S cluster ( C X 5 C H X 3 C ) ,  the FMN-binding domain and the 
glutamine-amide transferase domain. Insertional inactivation of gltB and gltS 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 

Ammonium assimilation in photosynthetic organ- 
isms occurs predominantly through the glutamine 
synthetase (GS)-glutamate synthase (GOGAT) 
pathway, commonly known as GS-GOGAT 

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

Two types of glutamate synthases have been 
described in higher plants and algae; one uses 
pyridine nucleotides [NAD(P)H-GOGAT], and 
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 N A D H - G O G A T  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 (gltS 
gene) has only been isolated from maize [45] and 
in partial form from spinach [38], tobacco [56] 
and barley [4]. Recently, a gene, (glsF), 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 N A D H - G O G A T  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, N A D P H - G O G A T  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 N A D H - G O G A T  [19, 52]. 

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

ria, but also if the Fd-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 (gltB and gltS) 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 gltB 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; HB 101 
[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/~g/ml. 

All the plasmids used were pBluescript II 
SK(+) derivatives, pFN3 and pFN5 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 gltS gene. 

Synechocystis sp. PCC 6803 and its mutant 
strains were cultured at 30 °C with shaking in 
B G l l  medium containing nitrate as nitrogen 
source [44] and bubbled with a continuous stream 
of 1.5~o (v/v) CO2 in air when used to obtain 
cell-free extract preparations. For plate cultures, 
BG11 liquid medium was supplemented with 1 ~o 
(w/v) agar. Kanamycin and chloramphenicol 
were added to a final concentration of 50 #g/ml 
and 20 #g/ml, respectively, when required. 



DNA manipulations 

Total Synechocystis DNA was isolated as de- 
scribed [9], supplementing the culture with peni- 
cillin G at 100/~g/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~o 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 5 x SSC (1 x SSC is 0.15 M NaC1 
in 1.5 mM sodium citrate) at 68 o C, except when 
the probe was the 1.2 kb fragment generated by 
polymerase chain reaction, at 65 °C. DNA 
probes were 32p-labelled with a nick translation 
kit (Boehringer Mannhein) or a random-primer 
kit (Pharmacia) using [c~-32p]-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 gltS 
[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 gltB gene, a 894 bp Hinc II 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 p F N 1 0 - ,  depending on ori- 
entation of the resistance cassettes respect to the 
gltB gene. For gltS disruption, a 1.3 kb fragment 
containing a kanamycin resistance gene from Tn5 
[ 16] was cloned into an Xba I site ofgltS in both 
orientations, generating p F N l l +  and p F N 1 1 - .  
All these plasmids were used to transform Syn- 
echocystis WT strain by the method described 
[111. 

DNA sequence determ&ation 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 NaHCO3 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 HC1. 

One unit of enzyme activity corresponds to the 
formation of 1/~mol of glutamate per minute. 

Protein concentrations were determined by the 
method of Bradford [ 8 ] using ovalbumin as stan- 
dard. 

dered milk and 0.05 ~o (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. 

Purification of ferredo xin-dependent glutamate syn- 
thases 

For enzyme purification, 1.5 g of frozen Syn- 
echocystis cells either WT (wild type) or mutant 
strains, S F N I +  and SFN2+ ,  were thawed in 
5 ml 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 × 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 NaC1) in 
40 ml of the same buffer. GItB and GItS eluted as 
single peaks at about 0.2-0.24 M NaC1 and 
0.22-0.28 M of NaC1 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 ~o acrylamide slabs gels. Protein 
bands were stained with 0.25~o 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 F d - G O G A T  (diluted 
1:100 in TBS buffer, containing 5~o dry pow- 

Results and discussion 

Cloning ofgltB 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 N A D P H - G O G A T  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 1 ~o 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 II, giving three fragments of 1.2 kb, 0.7 kb 
and 0.5 kb, four fragments with BstXI  (1, 0.7, 
0.5, and 0.2 kb) and more than five when the 
fragment was digested with Sau 3AI, 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 1.2 kb, and with Hae II, also appeared 
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Fig. 1. Southern blot analysis ofSynechocystis genomic DNA. 
Synechocystis genomic DNA (3/2g) was digested with Hinc II 
(lane 1),Dra I (lane 2), Sma I (lane 3),Hind III (lane 4),Hae II 
(lane 5), and Xmn I (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- 

ceeded to clone those genes and for that purpose 
we isolated the 4.9 kb Sma I and the 3.9 kbXmn I 
fragments by constructing chromosomal libraries 
of Sma I and Xmn I fragments of these sizes in 
the plasmid pBluescript II SK(+) and screening 
by colony hybridization in E. coli MC 1061, 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 I 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 gltB 
and gltS. Since the molecular mass of Fd- 
G O G A T  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 D N A  
was carried out to clone the whole gltB and gltS 
genes. The Southern blot resulted in a cross- 

Fig. 2. Identification of the gltB and gltS genes in Synechocystis DNA. Hybridization of total Synechocystis DNA. A. Hind III 
(lane 1), Bst XI (lane 2). B. Cla I (lane 1), Bam HI (lane 2), Bst XI (lane 3), and Bgl 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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Based on the restriction analysis of pFN3 and 
pFN4,  the 6.3 kb Hind III (Fig. 2A, lane 1) and 
9.3 kb Cla I (Fig. 2B, lane 1) fragments, which 
could contain the full gltB and gltS 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 pFN5 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 
o f p F N 7  overlaps the pFN4 insert, extending up- 
stream about 7 kb, containing gltS gene (Fig. 3A). 

Sequence analysis of gltB 

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 npt gene cassettes at the 
locations indicated generated mutant strains SFN 1 and SFN2 
respectively. Only relevant restriction sites are indicated. E, 
EcoRV; X, Xmnl; Bt, BstEIl; Bg, BgllI; S, Sspl; Hc, 
Hinc II; Bs, BstXl; H, Hind III; A, Apa I; K, Kpn I; Xb, 
Xba I; C, Cla I; B, Barn HI. B. Southern blot analysis of DNA 
from wild-type strain, WT, SFN1 and SFN2 cultivated for 
several generations in B G l l  medium (+ and - indicate the 
two orientations of the cassettes inserted). Chromosomal 
DNA was digested with Bst XI. The probes used were the 
whole gltB and gltS genes for the hybridizations of S F N I + / -  
and S F N2+/ -  respectively. 

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

The nucleotide sequence of virtually the whole 
insert contained in plasmid pFN5 (5214 bp) was 
determined on both strands. One open reading 
frame of 4650bp 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 GltB with all the 
glutamate synthases sequenced so far. As shown 
in Figs. 5 and 6, a comparative analysis with the 
GOGATs  sequences reveals that the identity of 
the GltB amino acid sequence is higher with the 
N A D H - G O G A T  from alfalfa (55.2 ~o) than with 
the higher plants and red alga Fd -GOGAT (42- 
44~o ) and with bacterial N A D P H - G O G A T  (41- 
45 ~o ), suggesting that, although they are relatively 
well conserved along the evolutionary scale, al- 
falfa N A D H - G O G A T  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 GltB of Synechocystis. Amino acid residues are 
numbered consecutively. The two putative initial methionines are in bold. Putative ribosome-binding sites are under or upperlined 
( ). The two oligonucleotides used for PCR amplification are dashed underlined ( . . . . .  ). Arrows denote a potential 
stem-loop structure in the 3' downstream region. 
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GATATCAGAGCAGATC CC CCGCCACAA~CATCGGAGTTAT TAGCA~GACAC TC CAGATTTTCTTTTAATAGAAC~T C~C T ~ T ~ C T T G G T ~ G ~ T ~ G T ~  

CATCACTGTCC, GGATAAACTATTT~C GATCTAGGGCTACGCTCATAG CGGTGGTC TCCAGCAGCTAOGOACTGACCTTCAGTTT~C~T~ C T ~ T A ~ A ~ A G ~  

GTTCAACGCTGGRACTAACCACAACARAATAGTTRAATTTGTTACCTTTTCT~GA~AAAGAATCTCAAATTTGAGCAAAA~T~TA~TT~TT~C~c~C~ 

M P C H E G L H P L V P N F C T V T S P M N S S H L A P Q V Q 

TGACCGC T&CAA TTCRARAACCCI~TGCCCTC~CCACC~GGTCTTCACCC~ C TCGTTCCARA~T~GTACGG~AC ~ GTCC T A ~ G C ~  T ~ C ~ C ~ C ~  
32 G L Y D P 0 N E H D A C G V G F I V 0 M K G K V S N D I V E 0 G L 0 M L V N L E. 

GGT C%'T TACGAT CCGC~TG~CATGATGCCTGTC-C~TAGGTTT TATT GTC-CAC~ATORAGC~GTTTCCCACGATATTGT ~OCA ~ ~ ~ T ~ T ~ T ~ T  TT~G 

72 H R G A C G C E P N T G D G A G I L I O V P H K F I O K I A G A E G I T I P A P 
CAT CGG GGGGC CTGTGGCT G TGAACCAAACACC~G~TC, GGGC CGGTATTTTAAT CCAAGTT CCCCATA~TTTA TCCA~TAG~GG ~ C ~ T ~ T T C ~ C G  

112 G Q Y A V G N I Y G S P D P L A R A E A R O K F N D I V A O E G L K V L G W R D 
GGGCAG TATGCCGTGGGCAACATTTACGOTTCCCCC~TC(I%TTGGCCAGGGCTGAAGCTCGTCAAAAATTCAATGACAT~ T T ~ C ~ G G C ~ G ~ ~ C  

152 I P T 0 N E P L G E T A I A S E P F M O O V Y I A R P E G L T D D L D F E R K L 
ATTCCTA C TCAG~ACGAACCCCTGGG~COGCGATCGCCAGTGAACCGTTTATGCAACAGGTTTACATT GCC C GGCCGGAAGGCTTGA C ~ A T ~ C C ~ T ~ T T A  

192 Y V I R K L T H G A I R S P K I D T Y W Y V A S L S A R T L V ¥ K G M L T T A O 

TAC G TAAT CC GTAAGT TGACCCACGGG~TCCGATCGCCC~ TTGATACCTA TTGGTA T GTGGC TAG TTTATCGGC TC G GACGT TGGT TTATAAGGGGATGCTGACCAC~GCCCAG 

232 V G (~ Y Y P E L H D P D M E S A L A L V H S R F S T N T F P S W E H S H P Y R Y 

GT GGGGCAGTATTAT CCGGAATT GCATC~CCCGGACATGGAAAGTGC CCTGGCCCTTGT C CA T TCCCGCTTTAGCACT~TAC C~TC ~ G ~  ~ T C ~ A C ~ C T A C C ~ A C  

272 I A H N G E I N T M R G N V N W M O A R O A L F E S S L F G E D M A K V Q P V I 

ATT GCCCATAATGGCGAAA TCAATACCATGCGGGGCRACGTCAACT GGATGCAGGC CCG C CA GGCCCT GTTTGAATCGTC CCT GTTTGGG GAAGATATGGC~TT~T~TT 

312 N I D G S D S T I F D N A L E L L Y L A G R S L P H A V M M M I P E P W S A H E 

AACATTGACGGCAGTGATTCCACCATTTTTGATAATGCGTTGGAACTGCTTTATCTGGCTGGCCGCTCCCTACCCCATGCGGTGATGATGATGATTCCC~CC~GT~ 

352 S M S 0 E K K" A F Y K Y H S C L M E P W D G P A S I A F T N G K M M G A V L D R 
TCCA TGAGTCAGGA~GAAAGCGTTTTATAAATAC CAT TCCTGTT TGATGGAACC CT G G GAT GGC C CGGCC TC CATT GC CT TCACCAAC GGCAAAATGATGGGGGCA~G~TCG T 

392 N G L R P S R Y Y V T K D D L V I M A 5 E A G V L P I E P E R V A K K G R L Q P 

AATGGTTTGCGTCCTTCcCGCTACTA~GTCACCAAAGATGAT~TGGTGATTATGGCCTCCGAAG~GGAGTATTGcCCATTGAACCGGAG~GGGTGGCCAAGAAAGGTCGCCTACAAC~ 

432 G R M F L V D M E 0 G R I I A D E E I K 0 E I V S O H P Y G E W L A A N L K S L 
GGGCGGATGT T C TT GGTGGA TATGGAACAGGGGC GCATCATTGCCGAC GAAGA~ TTAA GCAGGAGATTGT CAGTCAGCA T CC CTAC GGTGAATGG~A GC~CT~T ~ T C  CC TG 

472 E Q L P S P G N V P G T D A E S L R 0 R Q M A F G Y T F E E L R I L L A P M G R 
GA GCAAT TACC CTCCC CC GG CAATGTTCCTGG~CCGAT G~I~G~GT TTA CC~3CAACGGC~TC~CTT T GGTTA~C ~TT~G~ ~ ~GTAT T CTC CTAGC TCC~GTCGG 

512 D G V E A I G S M G A D T P L A V L S D K P K L L Y N Y F Q Q L F A Q V~ T N P P 

GATGGGGTGGAGGCGATCGGTTCCATGGGGGCGGATACTCCGTTC.GCTGTACTATCTGACAAGCCCAAATTACTCTACAACTATTTCCAACAATTATTTGCCCAGGTTACCAATCC•CCC 

552 I D S I I% E E I I T S A E T T I G G E G N L L D P I% P E S C R L I E L K T P I L 

ATTGATTCCATTCGG~AAC~TTATTACTTCCGCA(gLAACCACCATTC-GTGGTGAAGGTAATTTGCTTGATCCTCGGCCAGA~AGTTC-CCGCTT~TT~GTT~CTC~T~TA 
592 T N E D L A K L K A L D D D E F K S V T L D I L F D P N Q G E A G L K T A L D N 

ACCAACGAAGATCTAGCTAAGCTCAAAGCGTTAGACGACGATGAATTTAAATCCGTCACCCTA GACATTTTGTTTGATCCGAACCAAGGOGAAGCG~CC~CT~GTTA~T~T 

532 L F T E A D Q A I S O G A N L I I L S D R O V S A E K A A I P A L L A V S G L 14 
TTGTTTACGGAAGCTGACCAGGCCATTTCCcAAGGAGCTAACcTAATcATTCTCAGcGATCGCCAAGTTAGTGCGGAAAAAGCGGCTATCCcTGCTCTGcTGGCGGTGTCGGGGTTACAT 

672 H H L I R N G S R T K V G L V L E S O E P R E V H H F A V L L G Y G C G A I N P 

CACCATTTGATTCGCAACGGTTCCCGTAcCAAGGTGGGTCTAGTATTGGAATCTGGGGAACCGAGGGAAGTGCATCATTTTGCTGTCCTACTCGGTTACGGTTGTC•GAGCCATTAATC•T 

712 Y L A F E T L D G M I A E G L L V N V D H K T A C K N Y I K A A T K G V I K V A 

TACT TAGC TT TT GAAACT T TGGACGGTATGATCGCC GAAGGT T TACT GGTTAATGT GGA TCAC AAAAC CGC T TG CAAAAACTATAT CAAA GCCGCCACCAAAGGGGT~TT~GT~ 

752 S K I G I S T I Q S Y R G A 0 I F E A V G L N Q S V I D E Y F C R T S S R I 0 G 

TCT~TCGGCATTTCCACCATCCAAAGTTACCGAGGTGCCCAAATTTTTGAAGCGGTGGGCTTAAATCAGAGTGTGAT TGATGAATATTTCTGCCGCACTTCTTCCCGCATCCAAGGT 

792 S D L G V I A Q E A I L R H O H A F A P R P G D L H T L D V G G E Y O W R K D G 

TCTGATTTAGGTGTAATTGCCCAGGAAGCTATTTTGCGCCATCAACATGCCTTTGCTCCTCGC CCTGGTGATTTGCATAC CCTTGATGTAGGGGGTGAGTACCAATGGCC~GGATGGG 

832 E E H L F S P Q T I H L L O R A V R E G N Y E L Y K O Y A A L V N E Q N Q K F F 

GAAGAGCATTTATTTAGTCCCCAAACCATTCATTTATTACAACGGGCGGTGCGGGAAGGTAAT TACGAGCTTTATAAACAGTACGCCGCCCTGGTTAATGAACAAAACCAAAAGTTCTTT 

872 T L R G L L D F Q D R E S I P L E E V E P I E A I M K R F K T G A M S Y G S I S 

ACCCTGCGGGGCTTACTGGATTTCCAAGACCGAGAATCTATTCCCCTCGAAGAAGTGGAACCCATTGAAGCGATCATGAAACGCTTTAAAACCGGGGCCATGAGcTA•GGCTCCATCTCC 

912 K E A H E S L A I A M N R I G G K S N T G E G G E D P E R F T W T N D O G D S K 

AAAGAAGCCCATGAATCCCTGGCGATCGCCATGAATCGCATTGGTGGTAAGTCCAACACTGGGGAAGGGGGGGAAGATCCGGAACGGTTTACCTGGACTAACGATCAGGGAGATTCCAAA 

952 N S A I K Q V A S G R F G V T S L Y L S O A K E I O I K M A O G A K P G E G G 0 

AACAGT GC CA TTAAACAGG TGGCTTCCG~GCTTTGGAGTGACCAGTTTGTACC TCTC CCAA G CAAAG~T T CAAA T CAAAAT GGCCCA GGGTGCAAAAC CTGGG~GGGC, GTCAG 

992 L P G K K V Y P W I A K V R H S T P G V G L I S P P P H H D I Y S I E D L A E L 

CTACCCGG CA~GTTTATCC CTGGATCGCCAAAGTGCGTCA TT CCACT CCCG GCGTA GGT T TAA TTTCT CC C C CGC C C~.~I.G~TTAT TCCATTGAAGATTTGGCGGAATT A 

1032 I H D L K N A N R E A R I N V K L V S E V G V G T I A A G V A K A H A D V V L V 

AT CCAC GA CCTGAAAAATGC TAACCGC, GAAGCCCGCATT~ACGT CAAACT GGTGT CGGAA GT C GGGGTGGGCAC GATC GC CG CT GGGGTGGCTAAGGCCCATGCCGATGT~CTAGTG 

1072 S G Y D G G T G A S P 0 T S I K H A G L P W E L G L A E T H O T L V L N N L R S 
TCTGGCTATGACGGAGGAACCGGAGCAT C~CCCCAAACT TCCA T TAAACA TGCT GGGTT GCC C T GGGAAT TG GGCCTAGC C~AAACCCAT CAAAC CTTGGTGTTC~CAATC~C~CC 

1112 R I V V E T D G O M K T G R D V A I A A L L G A E E F G F S T A P L V S L G C I 
CGTATTGTGGTGGAAACCGATGGGCAAATGAAAACTGGCCGGGACGTGGCTATCGCCGCTTTACTGGGGGCGGAAGAGTTTGGGTTTTCGACTGCGCCGCTGGTATCCCTGGGGTGCATT 

1152 M M R A C H L N T C P V G I A T Q N P E L R A K F T G D P A H A V N F M T F I A 

ATGATC-CGGGCCTGTCATTTAAATACCTGTCCCGTGGGCATTGCcACCCA~TCCGGAACTGCGGGCCAAATTCAcCGGCGATCCGGCCCATGCGGTCAACTTTATGACCTTTATTGCC 

1192 T E L R E V M A O L G F R T I N E M V G R T D I L E P K K A V A H W K A K G I D 

ACGGAACTGCGGGAAGTGATGGCCCAACTGGGTTTCCGCACCATTAACGA~TGGTTGGTCGCACCGATATTCTGGAACC GA~GGCCGTAGCTCACTGGAAAGCA~GGCATTGAT 

1232 L S T I L H O P E V G D D V G R Y C Q I P O D H G L O H S L D I T Q L L D L C O 

CT TTCCACTAT TCTCCATCA GCCGGAAGTAGGGGAC~TGTGGGTCG TTATTGCCAAATT CCC CAGGATCA TGG T CTT CAGCATTC CC TC GACATCACC CAGTTATTGGATCTCTGCCAA 

1272 P A I A K G E K V T A T L P I T N I N R V V G T I V G N E I T K R H W E G L P E 

CCGG~TCG C CAAAGGGGA~GTCACCGCC~CTTTACCCATTAC CAATATCAA CC GGGTG G TGGGCAC CAT TGTCGG CAA C GAAATCACCAAACGCCATTGGGAAGG~TACC ~ 
1312 D T V H L H F O G S A G O S F G A F I P K G M T L E L E G D A N D Y L G K G L S 

C~TACT GTCCATCTCCATTTCCAAGGCAGTGCGGGG~GTTTTGGGGCCTTTATTCCCAAG GGCATGACC CTGGAACT GGAAGGGGATGCCAACGATTAC C T~GT~G~TT ~ ~ 

1352 G G K I I V Y P P K G S S F I A S E N I I A G N V C L Y G A T A G E V Y I S G M 

GGCGGCA~T TATTGTCTATCC CCCCAAAGGCTCTAGTTTTATCGCTTCGGAAAACAT CATT G CCGGTAATGTTTGTC T CTAT GG CGCCACTGCT GGGGAAGTTTATATTTCCGGCATG 

1392 V G E R F C V R N S G V N T V V E A V G D H G C E Y M T G G K V V V L G 0 T G R 

GT GG C~CGGTTCTGT GTCCGCAAT T CCGGCGTCAATACGGT GGTGGAAGCGG T GGGC GAT CATGGTTGC GAATATATGAC C GGC GGTAAAG T CGTGGTTCTTGGTC~%AA~C~ 

1432 N F A A G M S G G V A Y I F D E T G D F A T R C N S A M V G L E K L E D P E E I 

AACTTTGCGGCGC~TGAGTGGTGGTGTGGCCTACATCTTCGATGAAACTGGGGATTTTGCCACCCGTTGCAATTCCGCCATGGTGGGTTTAGAAAAA~TAGAAGATCCCGAA~TT 

1472 K D L K E L I O N H V N Y T D S A K G K A V L A D W E A S I P K F V K V M P R D 
AAGGATCT CA~GAGT TAATCCAGAAC CATGTTAACTACACC GACAGCGCCAAAGGTA~GC T GTTT TAGCA GATTGGGAAGC GAGTATTC CCAAATTCGTTAAGGTAAT~C~T 

1512 Y K R V L O A I K K A L E A G L S G D D A L N A A F E E N A K D V A R I G G S * 

TATAAAC GGGTATT GCAAGCCATCA~GCGCTAG~AGCGGGTTTGAGCGGC GATGATGCT TTGAATGC GGCGTTTGA GGA GAA TGCCAAGGATGTGGCTCG~G~AG 

GA TA~AT TTATGATGGAACTGGGCTA~GGCTGAAG~TCTAGCCCAA CGT C A ~ T  CACT TTTTCAGTAGAATAGGGGGACAGA TTAT C T T T T G C C ~ C T T ~ G ~  
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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 45~o (Fig. 6). In the case of eukaryotic Fd- 
GOGATs,  this identity increases to 83~o when 
higher-plant Fd-GOGATs are compared between 
them, being 56 ~o 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 GltB amino 
acid sequence was compared with the corre- 
sponding amino acid sequences from bacterial 
N A D P H - G O G A T  c~-subunit (gltB gene), the 
photosynthetic eukaryotes Fd-GOGAT (gltS 

gene) and NADH-GOGAT.  The glutamine ami- 
dotransferase domain includes a region (residues 
43-102) of Synechoeystis GltB protein, in the 
N-terminus, which was found to be similar to the 
same region in other GOGATs 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 c~-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 N A D P H - G O G A T  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 
(CXsCXaC) 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 2 3 4 5 6 7 

1 Fd-Synechocystis 55.2 41.7 43.7 41.9 45.0 41.2 

2 NADH-Alfalfa 43.1 44.1 41.9 43.9 42.5 

3 Fd-Spinach 83.6 55.2 43.8 42.6 

4 Fd-Maize 55.8 43.9 42.5 

5 Fd-Antithamnion 42.2 41.1 

6 NADPH-A. brasilense 42.5 

7 NADPH-E. coli 

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. 
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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~o). 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/~-~-/3 secondary structures 
in other flavoproteins [26, 55]. One FMN bind- 
ing domain of the yeast flavocytochrome b2 shows 
many residues identical to this region of GltB and 
also with the other GOGATs sequences. Two 
critical amino acid residues, Asp- i l l8 ,  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 b2 reductase of yeast are conserved as 
well [10]. The fact that many other residues are 
also identical suggests that the structure needed 

to attach the FMN molecule requires some other 
amino acids to allocate this ravin 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 GItB. 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 gltS genes, 
we constructed the plasmids pFN10+/-  and 
pFN 11+/- by interrupting the gltB and gltS genes 
with a chloramphenicol (Cm R) or a kanamycin 
(Km R) resistance cassette respectively, in both 

Fig. 7. Detection of Synechocystis Fd-GOGAT polypeptides. A. Fd-GOGATs partially purified from Synechocystis wild-type 
(lane 1), SFN2+ (lane 2) and SFNI+  (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 Synechococcus 6301 Fd -GOGAT (lanes as in A). 60 #g 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 SFNI+,  
S F N 1 - )  (gltB mutants), SFN2+ and S F N 2 -  
(gltS mutants) and from the WT strain. Analysis 
by Southern blot using the complete gltB or gltS 
genes as probes, to avoid the cross-hybridization, 
showed that S F N I + / -  and S F N 2 + / -  were ho- 
mozygous for the interrupted gltB and gltS 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 gltS genes are ac- 
tively expressed and that the two corresponding 
proteins are functional, we determined glutamate 
synthase activity in the strains SFNI+  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, F d - G O G A T  
activity of the mutant S F N I +  was about 75~o of 
the activity determined in the WT strain, while 
SFN2 + activity was about 50~o. No NAD(P)H-  

Table 1. F d - G O G A T  activity o f  wild-type, S F N I +  and  
S F N 2 +  strains o f  Synechocystis. F d - G O G A T  activity was 
de termined in crude extracts obtained from cells grown in 
BG11 med ium with nitrate as the nitrogen source.  Initial re- 

action rates were determined as described in Materials  and  
methods .  The  values represent  averages o f  three measure-  
men t s  + s tandard  error. G lu t ama te  synthase  activities depen- 
dent  on N A D P H  or N A D H  were negligible in all the strains 

tested. 

Strain F d - G O G A T  activity (%)  
( m U / m g  protein) 

P C C  6803 54.42 _+ 3.7 100 
S F N I +  (gltB mutan t )  41.93 + 5.8 77 
S F N 2 +  (gltS mutan t )  25.40 + 3.6 47 

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

Identification and characterization of the two Fd- 
GOGA Ts 

To identify the two polypeptides coded by gltB 
and gltS genes, we addressed the partial purifi- 
cation of both proteins, using WT, SFNI+  and 
SFN2+ Synechocystis strains. Although the two 
Fd-GOGATs  could be partially purified using 
WT Synechocystis, the mutant strains are of in- 
terest since GltS and GltB can be independently 
isolated from S F N I +  and SFN2+ respectively. 
The elution on chromatography resulted in a five- 
fold purification with a recovery of 75-80~o. As 
shown in Fig. 7A, two polypeptides of molecular 
mass of 170 and 180 kDa appeared in a 6.5~o 
SDS-PAGE as a result of the partial purification 
of WT strain glutamate synthases (Fig. 7A, 
lane 1), while the mutant strain SFNI+  gave only 
the 180 kDa polypeptide (GltS) and SFN2+ only 
the 170 kDa polypeptide (GItB) (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 Synechocystis 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 GItB was found with the 
plant N A D H - G O G A T  and that all GOGATs so 
far known have a basal identity about 42~o, 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 gltS, now 
in progress, will allow to carry out a phylogenetic 
analysis of the cyanobacterial Fd-GOGATs.  
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