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The ginA gene of the cyanobacterium Agmenellum quadruplicatum PR-6 (Synechococcus sp. strain PCC
7002) was isolated by complementing an Escherichia coli strain auxotrophic for glutamine (YMC11) with a
PR-6 cosmid library. PR-6 ginA is a single-copy gene that encodes a deduced amino acid sequence that is highly
homologous to the deduced gin4 amino acid sequences reported for other bacteria. No homology was found
between the PR-6 ginA flanking sequences and the ntrB, ntrC, or ginB genes of other bacteria. Northern (RNA)
and primer extension analyses of PR-6 RNA revealed one predominant and several minor ginA4 transcripts of
about 1.5 to 1.7 kb. The steady-state amounts of these transcripts increased three- to fivefold when the cells
were starved for nitrogen. However, we found that mutant PR-6 cells lacking g/n4 were still able to use nitrate
or ammonium as a sole nitrogen source. Although no RNA homologous to an internal fragment of the gin4 gene
could be detected in the mutant cells, they retained about 60% of wild-type glutamine biosynthetic activity. The
mutant cells were more sensitive than the wild-type cells to methionine sulfoximine, a transition state analog of
glutamate, a result that might indicate the presence of an additional glutamine synthetase; however, cell
extracts of wild-type PR-6 cells and those lacking gin4 were both able to use carbamyl phosphate instead of
ammonium as a nitrogen donor for the synthesis of glutamine, a result that indicates the use of carbamyl

phosphate synthetase to assimilate ammonium and produce glutamine.

The cyclic conversion of glutamate to glutamine, cata-
lyzed by glutamate synthase (glutamine-oxoglutarate amino-
transferase; EC 2.6.1.53) and glutamine synthetase (GS;
L-glutamate-ammonia ligase [ADP forming]; EC 6.3.1.2),
plays an essential role in bacterial nitrogen assimilation (38).
In addition to the well-known role that ammonium assimila-
tion plays in the intermediate metabolism of heterotrophs,
ammonium assimilation in cyanobacteria and other photoau-
totrophs can also be intimately related to the formation of
bilins found in the light-harvesting proteins of the phycobil-
isomes, to the synthesis of chlorophyll found in the photo-
system I and II reaction centers, and to the production of
hemes found in the cytochromes involved in electron trans-
port. This is because photoautotrophs, unlike heterotrophs
and mammalian cells, frequently use glutamate rather than
glycine and succinate as the precursor of 3-aminolevulinic
acid, the metabolite from which chlorophylls, sirohemes,
vitamin B,,, hemes, and bilins are derived (13, 14).

In enteric bacteria, the gln4 gene product, GS, constitutes
all GS activity. The two ginA4 promoters are controlled by a
nitrogen regulatory system (ntr) that also regulates numer-
ous other genes involved in nitrogen metabolism (38). One of
the two gin4 promoters resembles the general bacterial
consensus promoter and is activated by the catabolite-
activating protein and repressed by the n#rC gene product
(46). The other gin4 promoter utilizes the alternate sigma
factor o* (rpoNj; also called ntrA and ginF). RNA poly-
merase containing o> binds to and promotes transcription
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from a sequence (ntr promoter) —12 to —24 bp upstream
from the transcription start site (22, 30, 32, 46). Activation of
this promoter also requires activated n#rC gene product (32).
The transcriptional regulation of gin4 by the ntr system
works in conjunction with the posttranslational regulation of
GS by reversible adenylylation (38).

The regulation of GS in enteric bacteria and in members of
the family Rhizobiaceae is similar in that each includes a
dual-promoter system that utilizes a general consensus pro-
moter and an ntr-regulated promoter. However, in Rhizo-
bium, Bradyrhizobium, and Agrobacterium species, this
dual transcriptional regulation is partitioned between two
separate gin genes: (i) a constitutively expressed gin4 gene
that encodes an enzyme similar in structure to the GS of
enteric bacteria (11, 12, 19, 24, 50, 55), and (ii) an ntr-
regulated ginll gene that encodes an enzyme, GS2, similar in
structure to the GSs of higher organisms, such as plants (10,
11, 19, 24, 41, 49, 50). The two isoforms of GS in rhizobia
differ in their molecular mass, subunit interactions, regula-
tion, and heat lability (16, 26, 27, 37, 51). Recently, a third
locus, ginT, was identified. ginT encodes an ntr-regulated
operon in Rhizobium meliloti that is capable of complement-
ing an Escherichia coli glutamine auxotroph. None of the
three gin loci, by themselves, are essential for growth in R.
meliloti (19).

Glutamate dehydrogenase (GDH) is another potential am-
monium-assimilating enzyme that is ordinarily active at high
external ammonium concentrations (47). The enzyme cata-
lyzes the formation of glutamate by NADPH-dependent
reductive amination of 2-oxoglutarate (47). The gene for
GDH (47), which has been designated gdh (or gdhA), gdhD,
and gdhA in E. coli, Klebsiella aerogenes, and Salmonella
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TABLE 1. Strains, bacteriophages, and plasmids used in this study

Straxné:):f;:;?ghage, Relevant characteristics or genotype ?:fl‘; l::':;
Strains
Escherichia coli
HB101 recA hsdR hsdM pro leu lacZ supE 6
YMC11 thi-1 endA hsdR A(ginA-ntrC) 3
JM109 recAl endAl gyrA96 thi hsdR17 supE44 relAl A(lac-proAB)/F’ traD36 69
proA™* proB* lacl? lacZAM15
C600 thi-1 thr-1 leuB6 lacY1 tonA21 supE44 1
Agmenellum quadruplicatum
PR-6 Wild type 60
PR-6102 Kan" BamHI-Bgl1l ginA This work
Bacteriophages
\467 5221 cI857 Oam Ppm rex::Tn5 4
M13mp18 69
M13mp19 69
Plasmids
pHC79 Amp' Tet" cos 31
pSWA3 Amp" Tet" cos ginA* cosmid This work
pSW177 Amp' Tet" cos gin4::Tn5 B20 This work
pSW210 pSWA3 EcoRI subclone; gin* This work
pUC4K Amp’ Kan" 62
pFB682 Amp" R. meliloti ginA region in pBR322 19
pFB691 Tet" R. meliloti ginlI region in pBR322 19
pFB6162 Cam’ R. meliloti ginT region in pACYC184 19
pBJ196A Tet" B. japonicum ginlI region in pBR322 12
M13 RF1.2 1.2-kb EcoRI fragment (gin4 upstream region) cloned into mp19 This work
M13 RF2.1 2.1-kb EcoRI fragment (g/in4 downstream region) cloned into mp19 This work
pIK1 Amp" Kan" Tn903-kan replacing the BamHI-BglII fragment of the 3.9-kb This work

gInA region of PR-6 cloned into pUC19 (see Fig. 3)

typhimurium, respectively, has been characterized in these
enteric bacteria but, to our knowledge, not in any cyanobac-
terium.

We recently isolated the gin4 gene from the cyanobacte-
rium Agmenellum quadruplicatum PR-6 by complementa-
tion of E. coli YMC11 with a PR-6 cosmid library. We report
that PR-6 ginA is a single-copy gene whose transcripts are
up-regulated during nitrogen starvation; however, the ginA
gene is not essential for growth on either nitrate or ammo-
nium as a sole nitrogen source.

(Preliminary aspects of some of this work have been
described by Wagner et al. [64]).

MATERIALS AND METHODS

Bacterial strains, bacteriophages, plasmids, media, and
antibiotics. The bacterial strains, bacteriophages, and plas-
mids used in this study are listed in Table 1. E. coli strains
were grown in LB medium (39), 2x medium TY (tryptone
and yeast extract) buffered with 100 mM 3-(N-morpholino)
propanesulfonic acid (MOPS) (pH 6.5), or minimal M63
medium (5). YMC11 was grown in LB medium supple-
mented with 0.2% glutamine. PR-6 cultures were grown in
A~ medium (56) supplemented with 0.1% sodium nitrate or
0.03% ammonium chloride in the presence of 10 to 100
microeinsteins of light emitted from Sylvania F96T12 cool-
white fluorescent bulbs. Liquid cultures were incubated at
39°C and bubbled with a 0.5% carbon dioxide-in-air mixture.
For nitrogen starvation assays, cultures grown to an optical
density at 600 nm of 0.8 were collected by centrifugation,

resuspended in A~ medium, and incubated with CO, and
light for various times. Plate cultures were incubated at 30 to
32°C in air. Antibiotics were added at the following final
concentrations: ampicillin, 50 pg/ml for E. coli and 2 pg/ml
for PR-6; tetracycline, 10 pg/ml for E. coli; kanamycin, 50
pg/ml for E. coli and 200 pg/ml for PR-6; and streptomycin
and spectinomycin, 100 pg/ml for E. coli and 25 pg/ml for
PR-6.

Plasmid DNA isolation. Most plasmids were isolated by
alkaline lysis. Cosmids were amplified with chloramphenicol
prior to extraction by boiling (39).

Isolation of genomic DNA and cellular RNA. Large prepa-
rations of A. quadruplicatum PR-6 genomic DNA were
isolated as described by de Lorimier et al. (21). Small
preparations of PR-6 and E. coli genomic DNAs were
isolated as described by Buzby (8). RNA was isolated as
described by Golden et al. (28).

PR-6 genomic library construction. PR-6 genomic DNA
fragments of 30 to 40 kb were generated by partial EcoRI
digestion, purified, and ligated to vector pHC79 as described
by Meyerowitz et al. (42). Bacteriophage lambda packaging
extracts were purchased from Stratagene (La Jolla, Calif.)
and used in accordance with the specifications suggested by
the manufacturer.

Tn5 mutagenesis. Tn5-mediated plasmid mutagenesis was
carried out as described by de Bruijn and Lupski (18).

DNA sequencing and primer extension analysis. The prep-
aration of nested DNA deletions, the cloning of deletion
fragments into M13, and DNA sequencing have been de-
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scribed elsewhere (65). The cloned fragments collectively
spanned the region of interest and provided both strands for
analysis. Ambiguities in the sequence arising from any clone
were resolved by sequencing clones that contained overlap-
ping templates. Primers were purchased from Pharmacia
(Uppsala, Sweden) and Midland Certified Reagent Co. (Mid-
land, Tex.). The initial codon was inferred by examining the
usage of preferred codons, homology to the appropriate
genes of other organisms, and the presence of a probable
ribosome binding site. Reverse transcriptase and T4 polynu-
cleotide kinase were used to conduct primer extension
analysis as described previously (2) with the oligonucleotide
5'-CTTGGATCAGCCGTAAAACATCGGTTGCTG-3',
which anneals to bases 11 to 40 of the gin4 coding region.

Hybridization and preparation of hybridization probes.
Hybridization probes were prepared by the random priming
method with agarose-purified DNA fragments and reagents
purchased from Boehringer (Mannheim, Germany) and New
England Nuclear (Wilmington, Del.). Southern blotting and
stringent or nonstringent DNA-DNA hybridizations were
carried out as previously described (33). Northern (RNA)
blotting (35 pg of RNA per lane) and stringent DNA-RNA
hybridizations were performed with Hybond-N membranes
(Amersham) in accordance with the instructions provided by
the manufacturer. Radioactivity present in specific bands
was measured with a Betagen Betascope 603 blot analyzer.
A probe from the psaK gene of PR-6 (kindly provided by
Wendy Schluchter and Don Bryant), which encodes a com-
ponent of photosystem I, was used to provide an internal
control.

Construction of a gin4 deletion mutant. A deletion of the
entire ginA coding region was constructed via a four-frag-
ment ligation: the region upstream of ginA4 (700-bp fragment,
Pst] [from the M13 RF1.2 sequencing vector] to BamHI
[upstream of ginA]), a 1.3-kb BamHI kanamycin resistance
cassette (from pUC4K), the region downstream of ginA
(400-bp fragment, BglII [downstream of ginA] to EcoRI
[from the M13mp19 2.2 sequencing vector]), and a 2.7-kb
EcoRI-to-Pst] pUC13 vector. The result of this four-frag-
ment ligation was pIK1, which was used to introduce the
deletion into PR-6 via homologous recombination. Transfor-
mation in PR-6 was performed as previously described (8, 9,
56). Transformants resistant to kanamycin were purified
twice to avoid the isolation of heterozygotes and to aid in the
segregation of mutant from wild-type alleles. Deletion mu-
tants (double crossover events) were distinguished from
heterozygotes (single crossover events) and illegitimate re-
combinants by hybridization.

Biosynthetic assay. Permeabilized cell glutamine biosyn-
thetic activity was determined by the procedure of Paone
and Stevens (43, 44), except that high-pressure liquid chro-
matography (HPLC) was used to quantitate glutamine rather
than radioactivity. Activity was determined at 39°C in a
reaction mixture typically containing 0.1 ml of 500 mM
Tris-HCI (pH 7.8), 0.1 ml of 100 mM ATP (pH 7.5), 0.1 ml of
200 mM NH,CI, 0.1 m! of 500 mM glutamate, 0.1 ml of 200
mM MgCl,, 0.5 ml of cell suspension in 50 mM Tris-HCI (pH
7.8), and 0.070 ml of the detergent Nonidet P-40 (0.5%
[wt/vol]) as a permeabilizing agent. Assays with carbamyl
phosphate were done by use of 0.1 ml of 200 mM dilithium
salt of carbamyl phosphate (pH 7.8) in place of NH,CI. After
30 min of incubation, found in preliminary assays to be
within a linear response time, the reaction was stopped by
the addition of 0.1 ml of 1 N HCI and neutralized by the
addition of 0.1 ml of 1 M Tris. Following centrifugation, 20
ul of the supernatant was treated with 100 pl of a deriviti-
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zation solution containing 54 mg of o-phthaldialdehyde, 1 ml
of methanol, 9 ml of borate buffer (pH 7.5), and 0.2 ml of
B-mercaptoethanol. After 90 s of incubation at room temper-
ature, 20 pl was injected into a Waters HPLC via a Waters
Ubk manual injector. The glutamine formed was quantified
as its o-phthaldialdehyde derivative by use of a Waters 600E
system controller and a Waters 990 photodiode array detec-
tor interfaced to an NEC (Milford, Mass.) APC IV Power
Mate 2 advanced personal computer and a C,; Bondapak
column with 20 mM phosphate buffer (pH 6.8)-methanol
(64:36) as described by Martin et al. (40).

GDH aminating activity was determined at 30°C in a
reaction mixture containing 85 mM Tris-HCI buffer (pH 8.0),
10 mM 2-oxoglutarate, 50 mM NH,CI, and 0.2 mM NADPH
(25). The reaction was started by the addition of NH,Cl and
monitored spectrophotometrically at 340 nm with an SLM-
Aminco (Urbana, I11.) DW-2000 spectrophotometer. Control
experiments were done to correct for ammonium-indepen-
dent endogenous oxidation of NADPH.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper have been submitted to
EMBL and assigned the accession number Z13965.

RESULTS

Isolation of PR-6 gin4. Packaged cosmids were used to
infect E. coli YMC11, and transformants were selected for
the ability to grow on ammonium as a sole nitrogen source.
All GIn* transformants grew very slowly, producing visible
colonies after 3 to 4 days of growth. Of five independently
isolated GIn* clones, all contained cosmids with nearly
identical EcoRI banding patterns on agarose gels (data not
shown). One of the complementing cosmids, pSWA3, was
mutagenized with Tn5. Mutant cosmids were transformed
into YMC11, and transformants were screened for growth on
medium in which the sole source of nitrogen was ammo-
nium. One Gln~ mutant was isolated, and the Tn5 mutation
was mapped to a 2.1-kb EcoRI fragment. Subcloning exper-
iments with pPSWA3 and pSW183 demonstrated that comple-
mentation of the Gln~ phenotype of YMCI1 required the
presence of 2.1-, 1.2-, and 0.6-kb EcoRI fragments.

One subclone, pPSW210, contained only the 2.1-, 1.4-, and
0.6-kb EcoRI fragments, and YMCI11 bearing pSW210 grew
more quickly on ammonium than did YMC11 transformed
with the other subclones. Whole-cell extracts of YMCI11
cells containing pSW210 produced 70 U of GS activity (1 U
equals 1 nmol of glutamine produced per min per mg of
protein), while no activity was detected in YMCI1 cells
lacking this plasmid. Plasmid pSW210 was used in subse-
quent experiments.

DNA sequence and deduced amino acid sequence. Nested
deletions of the 2.1-, 1.4-, and 0.6-kb EcoRI fragments were
constructed, cloned, and sequenced. The DNA sequence at
the two EcoRI fragment junctions was confirmed by se-
quencing across them with oligonucleotide primers and a
double-stranded pSW210 template. The nucleotide and de-
duced amino acid sequences of PR-6 gin4 and flanking
regions are shown in Fig. 1. The 1,422-bp gene encodes a
deduced protein with an apparent molecular mass of 53,027
daltons and whose amino acid sequence is highly homolo-
gous to GS I amino acid sequences from a variety of bacteria
(data not shown). Ten to 13 bp upstream of the coding
sequence is a probable ribosome binding site, GAGG.

Modulation of ginA4 transcript levels in response to nitrogen
starvation. Using the 0.6-kb EcoRI fragment internal to the
coding region of ginA (Fig. 1) to probe Northern blots
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CCCGCATTAAATTTTCTCCGAACAGCAGTTTTATTAAGCGCGTTTAGAAAAGGATCATCCCAGGGGGATGAGAAGCTTCGTTTTATATTGACATACTCCCAT ~-478
GACTGAAGTACATGGTTTTTCCTTCGGGTAAAGACCCCAGGACGAGCCTGTTTTACGTCGCCCAAAGGAGTGGAGGATGTCTTCTCTCGTAATTTTATACGG -376
CATTTATAATCCCAGGTTTCGGGCCGTATTGATTACATTTCTTTAAAAAAAATAATAAAACTGCTCTAAATCTGAGATCTAAAAGACGATTTTTGTTTTTCC -274
CAAGCTGTACCGAGGCTGTGGCCATCCATGCCAGATGGGGCGACTTTCTGTAAATAT TT TGGTGAAATT TTGGCGATCGCCTGACCCAGAGCTTTAAATCTA -172

—_——p «-— —

ACCTACCCTGACAGTAAACAGTTCCTGGGCCGCAACCAGTGGAGATGTGACCCAGACTACAACGAACTGCCATAACTCTTTCTAGGATCAAGCGAACTGTGT —-70

—— = — =

CGGCGTGAATCCCATCGCTTGCCGGATCCTAGCAGTGAAGATTAAGAAT TGTT TGTGAGGCACCCCACCATGACCCAGACAGCAACCGATGTTTTACGGCTG 33

"3 = O o o T M T Q T A TUDV L R L
primer

ATCCAAGAGGAAAATATTCAAATTATTGACCTCAAGTTTGT TGATCTGCCAGGCATTTGGCAACATTGCTCGTTTTACCAAGATCAACTGGACGAAGCTTCC 135
I Q E ENTI OQTIIDIULI KUV FVDULUZPGTIWOQUHTCS ST FYOQQDU OQTULUDTEA A S

TTTGTTGATGGGGTGCCCTTTGACGGTTCAAGCATTCGAGGCTGGAAAGCGATTAACGAATCTGATATGGCGATGGTGCCTGATCCCACAACCGCTTGGATC 237
F vD GV ?PFDGS S I RGWI KA ATINESUIDMAMUVZPUDUPTTA AWTI

GATCCATTTTGTAAAGAAAAAACCCTCAGCCTCATTTGTTCCATCAAAGAACCCCGCACAGGGGAGTGGTACAGCCGTGATCCCCGCAGCATTGCCCAAAAA 339
bPF CKEI KTULSLICSTII KEUPIRTSGEWTYSRDUPI RS I AOQK

GCCGTGGATTACCTCGCTCCGTCCGGCATTGGCGATACCGCCTATTTTGGCCCCGAAGCAGAATT TTTCGTGT TTGATGATGTGCGCTTTGACCAGACGGAG 441
A VDYULAPSGIGDTA AYT FG?PEAETFTFVF FDUDUVRTF FUDU QT E

‘AATAAAGGGTTTTATTACGTTGACAGCGTCGAGGGTCGCTGGAAT TCAGGCCGCAAAGAACCGGGGGGCAATCTCGCCCACAAACCGGGCTACAAACAAGGG 543
N K G F Y Y VD s VEGTRWNSGRIEKEUPGGNTLAUH K K Q G

TATTTCCCCGTACCACCAACGGATACCCTCCAGGATATGCGCACAGAAATGCTACTGACCATGGCGAAATGCGGCGTTCCCATCGAAAAGCACCACCACGAA 645
Y F P VP P T D T O DMRTEMTLTULTMA C G V P I E K H H

GTTGCCACCGGGGGCCAAAATGAATTGGGGTTTCGCTTTGCAACGCTCCTCAAGGCCGCAGATTATT TGATGACCTATAAATATGTGATCAAAAATGTCGCC 749
VA T G G Q N E L A L K A A D Y M T Y K Y N V A

CGTAAGTATGGCCGCACCGTGACATTTATGCCGAAACCACTGTTTAACGACAACGGCTCCGGGATGCACACCCACCAATCTCTCTGGAAAGAAGGTCAACCA 849
R K Y G R T VTTFMTPTXKTPTLTFNTDTUNTGTSTGM MBHATU HGQSTLMWEKTETSG P

CTATTTTGGGGCGATCGCTACGCCAATCTCAGTCAACTGGCACTCCATTACATTGGAGGCATCCTCAAACACGCCCCAGCCCTGCTCGCTTTTTCTAATCCC 951
F W G D R Y A N L S Q A L I G G L P A L L A F

AGTACCAACTCATACAAACGTCTTGTTCCCGGCTTCGAGGCCCCGGTGAATTTAGCCTATTCCCAAGGAAATCGT TCGGCGTCGGTGCGCATTCCCCTGTCT 1053
S T Y K R \Y G E AP V N L A Y S Q G N R

GGGCCAAACCCCAAAGCCAAACGCCTTGAATTCCGTTGCCCTGATGCCACGGCCAACCCCTATCTAGCCTTTGCGGCGATGCTCTGTGCGGGTATTGATGGC 1155
G P NP KAZKTRTLTETFRT CPDA AT ANTPYTLATFA AAMTELTECAGTITDG

ATTAAAAACGCCATTGATCCAGGTGATCCCCTAGATGTCGATATCTACGATTTGACCCCAGAGGAACTGAGCAAAATTCCTTCAACCCCCGCTTCCCTAGAA 1257
I K NAI DPGDU®PULDVDTIYDILTZ®PETETLSI KTIUPSTU®PA AS STULE

GCTGCCCTCGAAGCCCTCCAACAGGATCACGACTTTTTAACAGCAGGCGGTGTCTTTACGACAGATT TCAT TGAGAATTGGATTGAGTACAAATTAGACGCC 1359
A AL EALQOQDUHDV FULTAGSGV VU FTTU DT FTIZENUWTIIETYIZ KTLTDA

GAAGTGAATCCCCTCCGGTTACGGCCCCATCCCTACGAATTTGCCCTTTATTACGAT TGCTAAACGGCAACCTAGCTCCATAAAAAA 1446
E VNPILIRUILRPUHPYETFA ATLYYUDC *

—_— «-— e —

TCCCACTGCCGATGGTAGTGGGAAACAAATTAATTTATTTGTGACGACAGC TAGACTAAATGGCTGTGTCGAGTAGTAATGCTACGAAAAATGCTTTAGTAG 1548
CGGCTACGGCCACCCCCACGGGAAGCCGGACGACGGTCTTCACGGGGTTTTGCTTTGTTAACCTTGAGGTCACGACCCATCCATTCAGCACCATCTAGGGCT 1650
TCAATGGCCGCATTTTCTTCGTCTTCGCTAGACATTTCCACAAAGGCGAATCCTCTCGGTCTGCCAGTTTCCCGGTCAGTGGGAACT TGGACACGGTTTACC 1752
TTGCCATATTCGGCGAAGGTTTCTTTTAGGTCCTCATCAGTAACCTGATAGGACAAATTTCCAATGTAAATCGACATAATTAACGAATATTCTTCCGAATCG 1854
GAGAATCGTAGAGGGCAGAGATTCGGAAAGCTACGAAGTCAGGAAAACT TTAGACAATCTTACTTAACTGGATCAAATCCTTATCTTGTTACGTCTGATTAT 1956
AGCTGCTCGATTTGATTTTTAATCAGATGTTTGCAAT TTTTCGAGGGTCTTGGGCAGGGAAAAGT TAATCCAACGACTCTTACAGCAAAAATTCTTTACAAT 2058
CCTGGGAGGATGAAGTTGCTGAT TTGGGGGGGGCATTGTATGGGGTTTCCGGTTGTTTATCATCCTGATTATGTGACGCCGATTCCGGAGGAGCATCGTTTC 2160
CCGATGCCGAAGTTCCGATTATTGCATGGGT TGCTGT TGGAGGATGGGGTGAT TCAACCGGAGCAAGTTTACCAACCGCAATTGCCAGATCGAGCCTGGCTA 2262
GAACTTGTCCATGAGCCGGACTATGTGACGGCCTATTGCCAGGGAACCTTGACCCCAAAGGCCCAACGGCGCATTGGTTTGCCCTGGAGTGCGGGGGTCGTC 2364
CAACGGACTTTGACGGCGGTGGGAGGAACGATT TTGACGGCACAGTTGGCCCTAGAGCATGGGTTGGCCTGTAATACGGCGGGGGGAACACACCATGCTTTT 2466
CCGGGCTATGGGTCAGGATTTTGTATTTTGAATGATT TGGCGATCGCCACCCGGACAAT TCAGCAACGGGGCTTGGCGCAGCGGATTTTAATCGTTGATCTC 2568
GATGTGCATCAGGGGGACGGCACGGCGTTTATTTTCCAAGATGACCCGACGGTATTTACCTTTTCGATGCACTGCGAGGTGAATTTTCCCAGCCAAAAGCAG 2670
CGCAGTGATTTAGACCTCGGCCTACCGGAAGGATTGGACGACGATGGCTACCTGCAAATTTTGGCGCACCATCTAGAAGATCTTT TGAGTCAGGTGAAGCCG 2772
GATTTGGTGTTTTACGATGCGGGGGTGGACACCCATGTGGGCGATCGCCTCGGCAAATTAGCGATGACGAACACGGGTCTGTATCGACGGGAGCGGCTGGTG 2874
CTGAGTACCTGCTTGGCGGCGGGTTATCCCGTGGCCTGTGTGATTGGTGGGGGCTATGCAAAAAATATCCATGACCTGTATATCGCCATTCCCTGCTCCATC 2976
GGGCAGCGCGGGATGTTTAGTTAAACGGCGCAAAAATTCCTGGATTACAGCCTGGCTGAGT TCATGGGTACTCCCAGAAGCAAC 3060

FIG. 1. Nucleotide and deduced amino acid sequences of A. quadruplicatum PR-6 gin4 and flanking regions. Base pairs are numbered
relative to the coding region of gin4. Underlined elements include sites for restriction endonucleases BamHI (bp —46 to —41) and BglII (bp
2748 to 2753), used to construct deletion or insertion mutants (see also Fig. 4); a putative Shine-Dalgarno sequence for gind (bp —13 to —10);
a 0.6-kb EcoRI restriction fragment internal to the gin4 coding region (bp 483 to 1086), used in Southern and Northern assays (see Fig. 2, 4,
and 6); and potential initiation and termination codons of a downstream open reading frame (bp 2068 to 3000). Opposing arrows above the
sequence identify inverted repeats. Underlined bases with subscripted arrows mark potential transcription start sites identified by extending
the indicated primer (see Fig. 3).

containing RNA that had been isolated from PR-6 cells sible for depleting the signal in the 1.5-kb region. The broad
grown in A medium supplemented with 0.1% sodium nitrate, nature and downward smearing of the hybridization signal
we observed ginA transcripts ranging from 0.8 to 1.7 kb (Fig. suggest RNA degradation; however, only a limited amount
2A). The presence of excess 16S RNA was probably respon- of IRNA was seen to be degraded in the agarose gel. The
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Nitrogen Starvation (hrs)

FIG. 2. Northern analysis of glnA4 transcripts in nitrogen-starved
PR-6 cells. (A) RNA (35 pg) isolated from PR-6 cells incubated for
0 to 8 h in A medium lacking a nitrogen source was electrophoresed
in agarose (panel 1) and blotted onto a nylon membrane. The blot
was probed first with gin4 (0.6-kb EcoRI fragment, panel 2) and
then with psaK as a control (panel 3). Transcript sizes were
estimated by comparison with 23S (35) and 16S (58) rRNAs and their
breakdown products (23). (B) The amount of gin4 or psaK hybrid-
ization signal is plotted against the time of nitrogen starvation. For
three separate experiments, the average increase for gin4 tran-
scripts was 5.3 = 2.0.

amount of RNA hybridizing to gin4 increased three- to
fivefold when PR-6 cells were transferred from A medium
containing nitrate to A medium lacking nitrate and incubated
for 0 to 8 h (Fig. 2). In contrast, hybridization of the same
blots with a probe specific for the psaK gene showed that the
levels of its transcripts were diminished during the nitrogen
starvation period (Fig. 2B). Primer extension reactions with
RNA from the 0-, 4-, and 8-h nitrogen-starved cultures
confirmed the increase in RNA levels during nitrogen star-
vation (Fig. 3). Several 5’ endpoints were detected; the
levels of all of them were elevated in the samples from
nitrogen-starved cells. The most prominant distinct band
corresponded to a position about 80 bases upstream of the
translation initiation codon of gin4 (Fig. 1).

Construction and characterization of gin4 mutants. The
cloned DNA containing the gin4 homolog was used to
construct loss-of-function mutations to further assess the
role of ginA in the nitrogen metabolism of PR-6. Initially, Q
fragment insertions (45) in the gin4 coding region were used
to replace the wild-type gene. Although Southern analysis of
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FIG. 3. Primer extension analysis of gin4 transcripts in nitrogen-
starved PR-6 cells. An end-labeled oligonucleotide complementary
to codons 3 to 14 of the gin4 coding region (Fig. 1) was annealed to
50 pg of RNA isolated from PR-6 cells starved for nitrogen for 0, 4,
or 8 h and extended with avian reverse transcriptase. Extended
products were electrophoresed in sequencing gels next to an M13
dideoxy sequencing ladder. The potential transcript start sites are
summarized in Fig. 1.

genomic DNA confirmed that the mutants lackec vild-type
ginA DNA, the mutations did not prevent the cells from
growing at wild-type rates on nitrate or ammonium as the
sole nitrogen source (data not shown). To eliminate the
possibility that a mutant but nonetheless functional gin4
gene had been constructed, we deleted the entire gind
coding region and replaced it with a BamHI kanamycin
resistance cassette to create strain PR-6102 (Fig. 4A). Hy-
bridization of four independently derived deletion mutants
with a mixed probe containing the three EcoRI fragments of
pSW210 or separately prepared fragments (Fig. 4B) con-
firmed that the expected 2.4-kb EcoRI fragment had replaced
the 2.1-, 1.2-, and 0.6-kb wild-type fragments. Strong hybrid-
ization to the 2.4-kb EcoRI fragment was also seen when
identical blots were probed with the BamHI kanamycin
resistance cassette, although no corresponding band hybrid-
izing to genomic DNA was observed. No hybridization to
genomic DNA of PR-6 or PR-6102 was seen when the pHC79
vector of pSW210 was used in control experiments (data not
shown).

As was seen for the insertion mutants, no growth defect
was observed for deletion mutant PR-6102 when it was
cultured in A medium containing 0.1% sodium nitrate or
0.03% ammonium chloride as the sole nitrogen source (Fig.
5). When RNA was isolated from PR-6102 cultures grown on
A medium with nitrate and hybridized to the 0.6-kb EcoRI
fragment internal to the gind coding region, the 1.5-kb
transcript seen in wild-type cells was not detected (Fig. 6).

Glutamine biosynthetic activities of PR-6 and PR-6102. We
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FIG. 4. Construction of a gin4 deletion strain of PR-6. (A) A restriction map of the region of PR-6 genomic DNA encoding all of gin4 and
a downstream open reading frame (ORF) is shown above the region replaced with the Tn903-kan gene (R, EcoRI; B, BamHI; P, Pstl; Bg,
Bgill). (B) Southern analysis of DNA from wild-type PR-6 cells and cells of four independently derived mutants (strain PR-6102). Identically
prepared blots bearing DNA digested with EcoRI were hybridized under stringent conditions with a 1.2-, 0.6-, or 2.1-kb EcoRI restriction
fragment of the wild-type gind coding region, isolated from clone pSW210, or the Tn903-kan gene, isolated from pUC4K.

measured whole-cell glutamine biosynthetic activity in ex-
ponential-phase cells of PR-6 and PR-6102 by determining
the rate of production of glutamine from glutamate (Fig. 7).
The synthesis of glutamine depended on the concentrations
of ammonium (Fig. 7A) and glutamate (Fig. 7B) substrates
for extracts of both mutant PR-6102 and wild-type PR-6
cells. However, maximal rates of glutamine synthesis in
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FIG. 5. Growth curves for wild-type strain PR-6 (O) and gin4
deletion mutant PR-6102 (®) in A medium supplemented with NH,*
(A) and NO;~ (B). ODg,,, optical density at 620 nm.

extracts of PR-6102 cells were only about 50 to 75% those in
extracts of wild-type cells. When ammonium was omitted
from these mixtures, neither PR-6 nor PR-6102 produced
glutamine from glutamate, although both could use carbamyl
phosphate as an amino donor (125 nmol of glutamine pro-
duced per mg of protein per min by extracts of wild-type

PROBE: ginA

N
S
=
Q
a4
A

psakK

PR-6102
PR-6

glnA
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FIG. 6. Northern analysis of gin4 transcripts in deletion mutant
PR-6102. RNA (35 pg) isolated from PR-6 or PR-6102 cells grown to
an optical density at 600 nm of 0.7 in A medium supplemented with
nitrate was electrophoresed in agarose (A) and blotted onto a nylon
membrane. The blot was then hybridized successively to gin4 (B)
and psaK (C) probes as described in the legend to Fig. 2.
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FIG. 7. Glutamine synthesis by permeabilized whole cells of

PR-6 (O) and PR-6102 (@) in the presence of various concentrations

of ammonium (A) and glutamate (B). Error bars represent one
standard deviation from the mean of three replicate determinations.

PR-6 cultures and 210 nmol of glutamine produced per mg of
protein per min by extracts of mutant PR-6102 cultures).

DISCUSSION

We have used the strategy of complementing an E. coli
glutamine auxotroph to isolate a gin4 gene from the cyano-
bacterium A. quadruplicatum PR-6. This approach also has
been used successfully to isolate gin4 from other organisms
(24, 50, 53-55). The deduced amino acid sequence of GS
encoded by ginA4 of PR-6 is highly homologous (75% iden-
tity) to the deduced amino acid sequences of GSs from
Anabaena sp. strain 7120 (59) and from other bacteria.

In PR-6, gin4 appears to be a single-copy gene. Using
Northern analysis and primer extension reactions, we ob-
served multiple transcripts that ranged in size from 0.8 to 1.7
kb and that contained the gin4 coding region. On the basis of
the DNA sequence of gin4, functional transcripts would
need to have at least 1,450 bases. These data are consistent
with ginA4 being expressed as a monocistronic RNA, with
most transcripts beginning about 80 bases upstream of the
gInA coding region and terminating just beyond the coding
region. The additional 5’ endpoints could represent addi-
tional gin4 promoters, as has been seen for the cyanobac-
terium Anabaena sp. strain 7120 (59), or any of the mapped
endpoints could arise from the processing of a larger RNA
transcript. Direct demonstration of promoter function up-
stream of ginA will be needed to distinguish between these
possibilities. We did not find any good matches between the
putative promoter regions and known consensus promoter
elements. Twenty-five bp downstream of the coding region is
a GC-rich region that could form a hairpin loop with a
predicted stability of —14.4 kcal (ca —60.2 kJ) (Fig. 1). This
GC-rich sequence, which overlaps by 1 nucleotide a down-
stream AT-rich inverted repeat, could potentially serve as a
transcriptional terminator.

The amount of glutamine biosynthetic activity in extracts
of PR-6 cells was previously shown to vary about fivefold in
response to growth conditions (43, 44). The three- to fivefold
increase in the glnA transcript levels that was detected upon
starvation of PR-6 cells for nitrogen could account for such
a variation. How PR-6 cells regulate gind transcription
remains to be determined. The coding region downstream of
PR-6 ginA displayed no significant homology to any genes in
current data bases, and we observed no phenotypic change
in PR-6 when this putative gene was interrupted with a
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fragment containing a gene conferring resistance to strepto-
mycin or spectinomycin (data not shown) or when it was
partially deleted, as in the PR-6 gin4 deletion mutant de-
scribed here.

The ntcA gene of Synechococcus sp. strain PCC 7942
(Anacystis nidulans R2), identified as a gene needed for the
optimal expression of ammonium-repressible activities,
which include GS activity, was recently shown to encode a
protein similar to the known transcriptional activators FnR,
FixK, Crp, and CysR (61). Perhaps a similar gene will be
found to be involved in the regulation of gin4 in PR-6. Two
potential binding sites for a protein with the DNA binding
motif typical of this family of regulators, TGTN,,ACA (20),
are located upstream of PR-6 gln4. One site overlaps the
probable Shine-Dalgarno sequence, and one is centered 118
bp upstream of the initiation codon (Fig. 1). This latter site is
about 80 bp upstream of the most likely transcription initia-
tion start site that we observed for gin4 (Fig. 1). It will be
interesting to learn whether an ntc4 homolog and either of
these sites serve to repress or activate the expression of gln4
in PR-6.

The putative protein binding sites located upstream of
PR-6 ginA could reflect regulation that is similar to mecha-
nisms found in a number of gram-negative bacteria. In these
organisms, ntrB and ntrC genes encode regulatory proteins
that control the amount of ginA4 transcription to adjust to
physiological demands for nitrogen given available levels of
environmental ammonium (see references 38 and 57 for a
review). NtrC belongs to the o°*-dependent family of tran-
scriptional activators that exist in both gram-negative (36)
and gram-positive (17) eubacteria. In gram-negative bacte-
ria, these activators also possess helix-turn-helix-type DNA
binding motifs similar to that of CrP (and presumably NtcA).
For example, the consensus binding sequence of the o**-
dependent activator NifA is also TGTN,,ACA (7); thus, the
putative binding sites upstream of gin4 in PR-6 could bind a
conserved NtrC-like protein. In enteric bacteria, protein Py,
controls a regulatory cascade by affecting an interaction
between NtrB and NtrC. A possible homolog of the ginB
gene encoding P;; has been identified in PR-6 (34).

However, to our knowledge, no one has described a
a>*-dependent promoter in PR-6, and no obvious candidates
are present in the region upstream of gin4. We have thus far
failed to detect the presence of the n#rB or ntrC gene in PR-6,
even though hybridization experiments with a probe from
the highly conserved central portion of the ntrC gene did
identify several DNA fragments (63). The PR-6 DNA frag-
ment that is most homologous only matches about 20 bp of
the ntrC probe. This region encodes a DNA binding motif
that is common to a number of otherwise unrelated proteins
(48), and the flanking sequence of the PR-6 DNA encodes
proteins very similar to the S. typhimurium oligopeptide
permease components OppD and OppF. This result is in
sharp contrast to what we have seen for R. meliloti and a
Bradyrhizobium sp. (Parasponia sp.) (33), which contain
several o>*-dependent transcriptional activators homologous
to NtrC. DNA fragments encoding the central regions of
those activators hybridized strongly to several regions of the
ntrC probe.

Perhaps, as is the case for a number of gram-negative
bacteria, the signalling capability of Py; is used in PR-6 to
regulate nitrogen metabolism. However, the protein may
communicate with elements of a transcription control sys-
tem that differs from the one used in gram-negative bacteria.
It is clear that P is part of a transduction mechanism that
signals to proteins, other than NtrB and NtrC, involved in
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transcriptional regulation, since it also regulates the activity
of adenylyltransferase, the enzyme that governs the adenyl-
ylation state of GS in enteric bacteria.

PR-6 must have at least one gene other than gin4 whose
product can be used in the assimilation of ammonium, since
we observed no change in the ability of PR-6 cells to utilize
ammonium as the sole nitrogen source when gind was
deleted and in the absence of detectable GDH activity.
Whole-cell extracts of both the deletion strain and its wild-
type parent could use carbamyl phosphate as an amino
donor to synthesize glutamine from glutamate, a result that
might indicate the use of a carbamyl phosphate synthetase as
an alternative to GS for catalyzing ammonium assimilation
(15). It is also possible that PR-6 possesses glutamine bio-
synthetic activity related to the aminotransferase of bacilli
that can convert Glu-tRNA®" to GIn-tRNAS" given a
suitable amide donor. This pathway, known to exist in
gram-positive eubacteria (67, 68) and Halobacterium species
(29, 66), was implicated to exist in the cyanobacterium
Synechocystis sp. as well as in plant and animal organelles
(52). However, the ginA deletion strain of PR-6 was signifi-
cantly more sensitive to methionine sulfoximine, a transition
state analog of glutamate, than was the wild-type strain (data
not shown). Unless the inhibition was indirect, this result
might indicate the presence of an alternate GS in PR-6.
Additional GSs are encoded by the ginlI and ginT genes of
bacteria from the Rhizobiaceae family (11, 12, 19, 24, 50,
55). Thus far we have been unable to detect in the PR-6
genome DNA that hybridizes to probes for these genes from
Bradyrhizobium japonicum and R. meliloti. 1t is clear that
additional work is needed to clarify how PR-6 cells achieve
the regulation of gin4 and to explain why ginA is nonessen-
tial for ammonium assimilation.
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