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Summary. The cloning and sequence determination is
reported of the DNA region of Rhizobium leguminosar-
um coding for glutamine synthetase IT (GSII). An open
reading frame (ORF) encoding 326 amino acids was de-
fined as the ginll gene on the basis of its similarity to
other glnlIT genes and the ability of a DNA fragment
carrying this ORF to complement the glutamine auxo-
trophy of a Klebsiella pneumoniae glnA mutant. We find
that the glnll gene in R. leguminosarum is transcribed
as a monocistronic unit from a single promoter, which
shows structural features characteristic of rpoN(ntrd)-
dependent promoters. In K. pneumoniae, such promoters
require the nirC and rpoN(ntrA) gene products for tran-
scription. The intracellular level of glnIl mRNA changes
when R. leguminosarum is grown on different nitrogen
sources, as expected for regulation by the nitrogen regu-
latory system. Promoter deletion analysis has shown that
an extensive upstream DNA sequence (316 bp) is essen-
tial for in vivo activation of the glnII promoter in differ-
ent biovars of R. leguminosarum. This DNA region re-
quires a wild-type ntrC gene for activity and includes
two conserved putative NtrC-binding site sequences.
The results conclusively show that transcription from
the R. leguminosarum ginll promoter is fully dependent
on positive control by NtrC protein and on an upstream
activator sequence (UAS).
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Introduction

In enteric bacteria, nitrogen is assimilated in the form
of ammonia by the co-ordinated activities of glutamine
synthetase (GS) and glutamate synthase. When the ni-
trogen source becomes limiting the ammonia assimila-
tion capacity is enhanced by increased synthesis and ac-
tivity of GS. Indeed, transcriptional and post-transla-
tional (adenylylation) regulation takes place in response
to available nitrogen. Transcription is controlled by the
nitrogen regulatory system (mtr system; Gussin et al.
1986), which regulates the synthesis of various enzymes
involved in nitrogen metabolism and uptake of nitrogen-
containing compounds. Two of the genes involved in
the ntr system are ntrC, coding for the NtrC protein,
a transcriptional activator that binds DNA at an up-
stream activating sequence (UAS), and rpoN (ntrd),
coding for the alternative sigma factor ¢>*, which allows
RNA polymerase to recognise specific promoters
(Thoeny and Hennecke 1989). Rhizobium meliloti or R.
leguminosarum rpoN(ntrd) and ntrC mutant strains
have been isolated (Ronson et al. 1987; Shatters and
Kahn 1989; Szeto et al. 1987; Moreno et al. 1992).

The isolation of the GSII structural gene glnll has
been reported for Agrobacterium tumefaciens, R. meliloti
and Bradyrhizobium japonicum (Rossbach et al. 1988;
Shatters et al. 1989; Carlson and Chelm 1986). In B.
Jjaponicum the rate of transcription of the glnll gene was
demonstrated to change markedly in response to the
nitrogen source (Carlson etal. 1987). Furthermore,
under conditions of nitrogen-starved aerobic growth, the
ntrA and ntrC gene products are essential for glnll ex-
pression in R. meliloti and B. japonicum, respectively
(Shatters et al. 1989; Martin et al. 1988). The R. meliloti
and B. japonicum ginll promoters contain putative
NtrC-binding sites (Shatters et al. 1989; Carlson et al.
1987), as suggested by comparison with the consensus
sequence 5-TGCACC-N,-TGGTGCA-3' (Thoeny and
Hennecke 1989) but no evidence concerning the function
of these sequences has yet been described in the Rhizo-
biaceae. The present work describes the cloning and se-
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quencing of the R. leguminosarum biovar viciae (hereaf-
ter called R.[. viciae) ginll gene, its organization as a
monocistronic unit and presents a comparison of the
deduced amino acid sequence with that of other gluta-
mine synthetases. We show that a sequence, upstream
of the ginll transcription initiation site, containing two
putative NtrC-binding sites is essential for the expression
of this gene in R.I viciae.

Materials and methods

Strains, media and growth conditions. Bacterial strains
and plasmids used in this work are listed in Table 1.
R.L viciae was grown on RMM minimal medium
(Hooykaas et al. 1977) at 30° C; the nitrogen sources
used were glutamate, NH,Cl, or KNQO,, each at a con-
centration of 1 g/l. When NH,Cl was used as a nitrogen
source, 100 mM 3-(N-morpholino)propanesulphonic
acid (MOPS), pH 7.2, was also added (Rossi et al. 1989).
Antibiotics used were: tetracycline (T¢), 5 ug/ml; nali-
dixic acid (Nal) 20 pg/ml; kanamycin (Km), 30 pg/ml;
chloramphenicol (Cm), 50 pg/ml; rifampicin (Rf)
100 pg/ml. Klebsiella pneumoniae was grown on NFDM
minimal medium (Dixon et al. 1977) at 30° C with gluta-
mate ( 1 mg/ml) or glutamine (200 pg/ml) as a nitrogen
source. Antibiotics used were: Tc, 15 pg/ml; ampicillin
(Ap), 50 pg/ml; carbenicillin (Cb), 250 pg/ml.

Table 1. Bacterial strains and plasmids

R.L. viciae genomic library. Total chromosomal DNA
was partially digested with EcoRI and ligated to the
cosmid cloning vector pLAFR1 (Friedman et al. 1982)
digested with EcoRI.

Northern blot analysis. RNA (10 pg) was extracted from
bacteria grown under various conditions and purified
as described previously (Rossi et al. 1989). The RNA
was precipitated with ethanol and resuspended in run-
ning buffer (20 mM MOPS, 10 mM sodium acetate,
pH 5.3, and 1 mM EDTA) containing 50% formamide
and 2.2 M formaldehyde, heated for 10 min at 65° C
and cooled on ice. Samples were separated by electro-
phoresis on 1.5% denaturing agarose gel in running
buffer. The RNA was then transferred onto a nitrocellu-
lose filter in 20 xSSC (1 xSSC is 0.15M NaCl and
0.15 M sodium citrate, pH 7.0) and the filters were hy-
bridized in 5xSSC, 5x Denhardt’s solution (1 x Den-
hardt’s solution is 0.02% polyvinylpyrrolidone, 0.02%
Ficoll and 0.02% bovine serum albumin) and 50% for-
mamide at 42° C overnight. Filters were washed twice
with 0.1% SDS, 1xSSC at 50° C and then autoradio-
graphed.

Preparation of radioactive probes. Single-stranded, uni-
formly labelled RNA probes were prepared with T7 or
SP6 RNA polymerase by run-off transcription of appro-
priate fragments cloned into vector pGEM3 (Promega)

Designation Relevant characteristics

Source or reference

Rhizobium leguminosarum biovar viciae :

LPR1105 Rif" derivative of RCR1001 Hooykaas et al. 1977
R.l phaseoli:

CE3 Wild type Noel et al. 1984
CFN2012 TnS derivative of CE3 Moreno et al. 1992
Klebsiella pneumoniae :

UNF122 hisD2, lac2002 Holtel and Merrick 1988
UNF1827 ginA201, lac2001, recA56, sbi300::Tn10 M. Merrick

UNF2792 ntrd: :Tn5 M. Merrick

UNF1828 ntrC209, hisD2, recAS56, sbl300: :Tn10, hsdR1 M. Merrick

Escherichia coli:

HB101 F~, hsd520, recA, proA2, lacY1, galK2, rpsL20, xyI5, mtli, supE44 Boyer and Roulland-Dussoix 1969
Plasmids:

pBJ196A Bradyrhizobium japonicum ginll in pPBR322 Carlson and Chelm 1986
pLAFR1 Vector for genomic library Friedman et al. 1982
pMP220 Vector for promoter selection Spaink et al. 1987
pAR35 gnIT upstream sequence up to —494 in pMP220 This work

pAR36A gInlT upstream sequence up to —316 in pMP220 This work

pAR36B As pAR36A but with inverted insert This work

pAR38 glnIT upstream sequence up to —219 in pMP220 This work

pAD7A 4.2 kb Pyull fragment in pBR329 This work

pAD7B As pAD7A, but with inverted insert This work

pAR21 1.9 kb Xhol fragment in pGEM-7Z{(+) This work

pAR26 0.7 kb EcoRI-Pyull fragment in pGEM-7Zf(+) This work

pGEM3 Vector for in vitro run-off Promega
pGEM-7Zf(+) Sequencing vector Promega




as described by Melton et al. (1984). Oligodeoxynucleo-
tides were labelled with 32P at the 5 end the T4 polynu-
cleotide kinase as described in Maniatis et al. (1982).

DNA sequencing and computer analysis. Sequencing was
performed according to the method of Sanger et al.
(1977) using the Sequence kit (US Biochemicals). Clones
were sequenced on both strands. For sequence analysis
the multiple alignment was obtained with the program
MALI (Vingron and Argos 1989). The release 25.0 (De-
cember 1990) of the NBRF sequence database (George
et al. 1986) was screened by the method of Pearson and
Lipman (1988) using the FASTA program distributed
by the Genetics Computer Group Inc.

Preparation of crude extracts and GS assay. Cells were
harvested by centrifugation, resuspended in 10 mM im-
idazole-HCI buffer, pH 7.2, containing 10 mM MgCl,
and 1 mM f-mercaptoethanol and disrupted by sonic
oscillation at 0° C. Determinations of protein concentra-
tion and GS activity (y-glutamyl transferase assay) were
as described by Rossi et al. (1989).

Immunoblots. Bacteria were harvested while in the expo-
nential phase by centrifugation at 4° C, washed with
0.9% NaCl and resuspended in 10 mM imidazole,
pH 7.2, containing 2.5 mM MgCl,. The cells were dis-
rupted by sonication at 0° C and the cell debris was
removed by centrifugation at 27000 x g for 15 min. The
samples (100 pg) were boiled for 5 min and electropho-
resed in 15% SDS-polyacrylamide gel electrophoresis
(PAGE). Immunoblots were made according to Rossi
et al. (1989). Molecular weight protein standards, ob-
tained from Sigma Chemical Co., included bovine albu-
min (67000 Da), egg albumin (43000 Da), carbonic an-
hydrase (30000 Da) and trypsin inhibitor (20100 Da).

B-Galactosidase assay. Bacteria were assayed for B-galac-
tosidase according to the method of Miller (1972), as
modified by Rossen et al. (1985).

Primer extension. An appropriate primer (0.7 pmoles,
labelled with *?P) eluted from a sequencing gel (which
also verified its size) was mixed with 4 or 8 pg of RNA
in 12 pl of a solution containing 50 mM TRIS-HC],
pH 8.3, 60 mM NaCl and 30 mM magnesium acetate.
The mixture was heated for 3 min at 63° C, frozen in
a dry ice/ethanol bath and then slowly thawed on ice.
Two microlitres of this mixture were added to 3 pl con-
taining dNTPs (0.4 mM, final concentration) and 1 unit
of AMY reverse transcriptase. After 30 min incubation
at 48° C the reaction was stopped by adding the loading
dye. The reaction products were separated on a 6% poly-
acrylamide-8 M urea sequencing gel. After electrophore-
sis, gels were transferred to 3 MM paper (Whatman),
dried and autoradiographed at —70° C. The signal due
to the unreacted oligonucleotide was in excess (> 100-
fold) compared to the bands reported in Fig. 3.
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Results
Isolation and sequencing analysis of the ginll gene

The insert of plasmid pBJ196A carrying the B. japonicum
ginll gene (Carlson et al. 1987) revealed by hybridization
a high degree of homology to specific restriction frag-
ments of R.[. viciae DNA (data not shown). The insert
was used to screen, by colony hybridization, a genomic
DNA library in pLAFR1 (see Materials and methods)
and to isolate a clone containing the glnll gene of R.L
viciae. The DNA of this clone was prepared and ana-
lysed by hybridization with the insert of pBJ196A after
restriction with several endonucleases. The results (not
shown) demonstrate colinearity of restriction sites be-
tween the cloned DNA and the chromosomal DNA.
A 4.2kb Poull fragment was subcloned into plasmid
pBR329 to obtain plasmids pAD7A and pAD7B (con-
taining the same insert in either orientation). A partial
restriction map of the hybridizing region was determined
and the region of homology to the insert of pBJ196A
was narrowed down to a 2.0 kb Xhol fragment (data
not shown). For sequence analysis, the 2.0 kb Xhol frag-
ment and a 0.6 kb Pvull-EcoRI fragment were isolated
from pAD7A (Fig. 1 A) and subcloned into the sequenc-
ing vector pGEM-7Zf(+), generating plasmids pAR21
and pAR26, respectively (Fig.1B). The sequencing
strategy is shown in Fig. 1B.

The nucleotide sequence of 1617 bp of R.L. viciae
DNA is shown in Fig. 2. The sequence analysis revealed
only-one significant open reading frame (ORF). The first
27 codons of this ORF match the previously determined
(G. Manco et al. submitted) amino acid sequence of R./.
viciae GSII and thus we conclude that this ORF codes
for GSII. The predicted molecular mass of the coded
protein is 36900 Da, which corresponds fairly well to
the estimate (M, 39000) obtained by SDS-polyacryl-
amide gel electrophoresis of GSII (Fig. 3). This ORF
is 981 nucleotides long and shows extensive homology
to glutamine synthetases of other organisms. The five
highly conserved regions found in virtually all GS pro-
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Fig. 1. Physical map of the Rhizobium leguminosarum biovar viciae
DNA cloned into plasmid pAD7A, showing partial restriction map
and localization of the ginil gene (striped box). B Sequencing strate-
gy
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Fig. 3. SDS-polyacrylamide gel electrophoresis (PAGE) and im-
munoblot with affinity-purified antibodies againt GSII of crude
extracts of: lane 1, UNF122(pAD7A); lane 2, UNF122; lane 3,
UNF1828(pAD7A); lane 4, UNF2792(pAD7A); lane 5, R.1. viciae
LPR1105. Relevant genotypes of Klebsiella pneumoniae strains are
wild-type (UNF122), ntrC~ (UNF1828) and ntrd~ (UNF2792).
Bacteria were grown in NFDM (Klebsiella) or RMM (Rhizobium)
medium containing glutamate as the nitrogen source (see Materials
and methods). Extracts (100 pg) were separated on SDS-PAGE
(15% acrylamide) transferred to a nitrocellulose sheet and treated
with the immunostaining procedure

Table 2. Comparison of g/nll promoter sequences

Source Sequence® Reference

NtrA binding site
=24 ~12

t TGG CACGtTtga TGC TT Carlson et al. 1987

B. japonicum

R. meliloti t TGG CACGtTtga TGC TT Shatters et al. 1989

R.I viciae ¢ TGG CACGcTacg TGC IT This work

NtrC binding site

-119 -103

B. japonicum tGCgCe gcetat gacGCA Carlson et al. 1987
-298 -282

B. japonicum gGCaCc gctat gacGCA Martin et al. 1988
-114 -98

R. meliloti aGCgCc agett ggtGac Shatters et al. 1989
=276 ~-260

R.1 viciae tGCaCa aaata agaGCA This work
~296 -280

R.L viciae tGCaCa tagtt tatGCA This work

2 Sequences are numbered starting at the site of initiation of tran-
scription

tein sequences analysed (Hill et al. 1989) are also con-
served in the putative R./. vicige protein (region I, from
amino acids 42 to 70; region II, 168-178; region III,
210-231; region IV, 287-297; region V, 308-321). A
comparison of the predicted amino acid sequence of R.1.
viciae GSII with published sequences of GSs from other
Rhizobiaceae shows that R.1. viciae GSII displays 87.8%
identity in an overlap of 328 amino acids with GSII from
B. japonicum (Carlson and Chelm 1986) and 82.2% iden-
tity in an overlap of 326 amino acids from R. meliloti
(Shatters and Kahn 1989). Furthermore, comparison of
the deduced amino acid sequence with those of various
plant (Pisum sativum, Phaseolus vulgaris, Hordeum vul-
gare) and mammalian (Homo sapiens, Rattus norvegicus,
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Mus musculus, Cricetulus griseus) glutamine synthetases
shows an average of 44.9% and 38.1% identity, respec-
tively (Fig. 2 and data not shown). Thus we confirm
that the sequence of GS proteins is highly conserved
and that the divergence of these proteins is proportional
to the degree of phylogenetic divergence of the organ-
isms concerned (Shatters and Kahn 1989). The sequence
analysis reveals a putative ribosome-binding site in the
5’ flanking region of the ORF. Furthermore, potential
transcriptional regulatory signals are present in this re-
gion: a sequence highly homologous to a —24/—12 pro-
moter and two putative NtrC-binding sites (Table 2).

Expression of the R 1. viciae glnll gene in K. pneumoniae

In order to confirm that the cloned sequence encodes
GSII of R.I viciae, we tested it for the ability to suppress
the glutamine auxotrophy phenotype caused in K. preu-
moniae by a ginA mutation. Using the glnd mutant
strain UNF1827 complementation was observed when
either pAD7A or pAD7B (containing the same insert
in either orientation) was introduced, suggesting that
the glnll gene was expressed and that the expression
initiated from a promoter of the insert. The growth rate
of strain UNF1827 carrying pAD7A or pAD7B was the
same as that of the ginA4 ™ strain UNF122 when incubat-
ed at 30° C. However at 37° C we observed no growth
in the absence of glutamine either in liquid cultures or
on plates; this phenomenon was not studied further.

Attempts to clone the g/nll gene from other Rhizobia-
ceae by direct complementation of glnd~ strains of
Escherichia coli have previously failed and for this rea-
son it has been suggested that the glnlI promoter is not
expressed in E. coli (Carlson et al. 1987; de Bruijn et al.
1989; Somerville et al. 1989; Rossbach et al. 1988). The
genetic background of the strains used by the above
authors was gind~ ntrC~, whereas UNF1827 is glnAd ™~
ntrC* ; therefore expression of the R.1. viciae ginll pro-
moter is likely to be dependent upon the host nir system.
Enzyme (y-glutamyl transferase) assays showed that the
introduction of either pAD7A or pAD7B induced the
appearance of substantial GS activity which, like wild-
type GSII activity from R.[ viciae (Rossi et al. 1989),
was heat labile. An immunoblot with affinity-purified
antibodies raised against GSII purified from R.I viciae
(G. Manco et al. submitted) is presented in Fig. 3. A
specific protein is recognized in a crude extract of
UNF122 (pAD7A), and is absent in both the ntrC mu-
tant UNF1828 (pAD7A) and the rpoN(ntr4) mutant
UNF2792 (pAD7A) and in the wild-type strain
UNF122. This experiment confirms that pAD7A codes
for GSII and shows that NtrC and NtrA are required
for expression of R.[. viciae ginll in K. pneumoniae.

Transcriptional regulation of the R.1. viciae gInll gene
The in vivo start point of transcription was mapped pre-

cisely by reverse transcription, extending a [32P]end-la-
belled synthetic oligonucleotide 5-CCCATCGAGC-
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Fig. 4. A Primer extension analysis of the g/nlI transcript. Lanes 1
and 2, primer extension with 5pug of RNA extracted from R.L
viciae grown with KNO; and NH,Cl as nitrogen sources, respec-
tively. Sequencing lanes were dideoxy sequencing reactions specific
for the G, A, T, C residues, respectively, which were primed with
the same end-labelled oligonucleotide used for the RNA analysis.
A longer exposure time (lanes 1' and 2') reveals a band in lane 2,
coincident with that of lane 1. B Northern blot of glnll. RNA was
extracted from- R... viciae grown on minimal medium containing

CAAATGTAC-3' complementary to the 5 end of the
ginllI ORF, as indicated in Fig. 2. The size of the product
obtained after primer extension was determined by elec-
trophoresis, using as marker a sequencing ladder ob-
tained from dideoxy reactions in which the same oligo-
nucleotide was used as a primer. Only one 5" end, located
72 nucleotides (nt) upstream of the g/niI initiation codon
(Fig. 4 A), was found. Primer extension analysis was per-
formed with RNA extracted from R.[. viciae grown on
different nitrogen sources and was carried out under
conditions of probe excess (see Materials and methods)
to allow estimation of the relative levels of these tran-
scripts under these conditions. Using a film scanner and
films exposed for different times, the intensity level, giv-
en in arbitrary units, of the positive band representing
the ginll transcript in R.L viciae grown on KNO; was
found to be tenfold higher than that found in bacteria
grown on NH,Cl. Northern blot analysis was performed
in order to determine the size of this transcript. RNA
extracted from R.[. viciae grown on KNO; or NH,Cl
as nitrogen sources was hybridized with a riboprobe in-
ternal to the glnlT gene, as shown in Fig. 4 B. This experi-
ment reveals a single band of 1.2 kb indicating that the
glnlT gene is transcribed as a monocistronic unit termin-
ating about 100 nt downstream of the TGA stop codon.

Analysis of the ginll promoter

In order to identify the region upstream of the ginll
gene, which is essential for its expression in R./. viciae,
we recloned defined fragments from the inferred ginil
promoter region of pAD7A into the pMP220 promoter-

KNOj; (lane 1) or NH,Cl (lane 2) as the sole nitrogen source. The
arrow indicates the size of the transcript, measured using RNA
molecular weight markers (Boehringer) including 1.6, 1.0, 0.6, 0.4
and 0.3 kb RNA fragments (not shown). A longer exposure time
reveals a clear-cut band in lane 2, coincident with that of lane 1.
In the lower part of the figure a partial restriction map of the
gInll region is shown: the black bar indicates the ginIl coding
region; the cross-hatched bar indicates the fragment used in the
hybridization (an appropriate riboprobe was synthesized)

probe vector (Spaink et al. 1987) carrying the E. coli
lacZ reporter gene. Data from Fig. 5 show levels of p-
galactosidase activity obtained in R.[. vicige wild-type
strain and in R. leguminosarum bivolar phaseoli (R.1. pha-
seoli) wild-type and ntrC (Moreno et al. 1992) strains.
The control plasmid pMP220 had a basal level of -
galactosidase activity (52+11), which was not affected
by the nitrogen source. It can be seen that the introduc-
tion of a 407 bp Avall-Xhol fragment (pAR36A) con-
taining a region of 316 bp located upstream of the 5’
end of the glnll transcript promotes activity in the wild-
type strain. The activity was fourfold higher when the
strain was grown on KNO; as compared to NH,Cl.
When introduced in the opposite orientation (pAR36B)
the fragment shows no S-galactosidase activity. Plasmid
pAR36A introduced in a R.. phaseoli ntrC mutant
showed a background level of f-galactosidase activity
indicating that ginll expression requires the presence of
an intact ntrC gene. We conclude that the DNA frag-
ment cloned in pAR36A contains a promoter which is
regulated by the nitrogen source and requires NtrC for
expression. This interpretation is consistent with the
presence of an 18 bp sequence, at positions —27/—10
(boxed in Fig. 2), which is very similar to the —24/—12
promoter consensus sequence (Thoeny and Hennecke
1989) and in particular to the version of this sequence
found in the B. japonicum (Carlson et al. 1987) and R.
meliloti (Shatters et al. 1989) ginll promoters (Table 2).
The conserved GC doublet of this sequence lies 12 nt
upstream of the mapped transcriptional start site. An-
other feature present in many —24/—12 promoters is
observed upstream of the g/nll gene, where two sequence
clements are present (at positions —296 to —280 and



343

B-galactosidase activity

R.1 vicige R.l. phaseoli
wild type wild type ntrC-
A B A B A B
F 5
AR3 & ﬁmm - 346150 88420 450%45 6115 bg  bg
X £ +
5 o Fig. 5. Functional analysis of the ginll
- upstream region (for details see the
) E Results). Plasmids conjugated in dif-
2 2. . . .
< ferent R.I. viciae strains are indicated
59%43 95125 432150  54t13 ,
PAR3GA -313—’—_ m 3 ke bg and for each of them the distance from
the transcription initiation site to the
Iy 3 left boundary of the cloned fragments
s £ is reported. Cultures were grown on
PAR36B — N bg bg bg bg bg bg A KNO, or BNH,CL Numbers
= indicate f-galactosidase specific
- 5 activity; the values reported are the
£ 5 average of 4-5 independent assays
pAR38 N - N bg bg bg bg bg bg (*standard deviation) and the
-219 f-galactosidase background level of
strains containing the vector pMP220
(52 U) was substracted. bg indicates
= that the experimental value was within
g 5 T E S g2 =z T the range of the background level
g 2 'E 5 &4 g & 2 (524 11). In the lower part of the
1 1 1 Y ——m —— figure a Part?al restriction map of the
glnlt gInIT region is shown
—276 to —260) that match the 5-TGCACC-N,- that the deduced amino acid sequence shows extensive

TGGTGCA-3 consensus NtrC-binding site (Table 2).

Plasmid pAR35, containing a longer fragment (Poull-
Xhol, 494 bp upstream of the transcription initiation
site) gives the same activity level as that shown by
pAR36A. This indicates the absence of any further posi-
tive regulatory sites between positions —494 and —316
(Fig. 5) that can be revealed under the conditions used.
The promoter activity and its regulatory response disap-
pear, in R.l viciae and R.l. phaseoli wild-type strains,
when the fragment size is reduced to a region of 219 bp
upstream of the transcription initiation site (pAR38,
HindI11-Xhol fragment). This result is consistent with
the requirement for promoter activity of at least one
of the two putative NtrC-binding sites identified between
positions —296 and —260. We conclude that transcrip-
tional activation of the ginlI gene by NtrC depends on
the presence of an upstream region to which the NtrC
protein presumably binds (see Discussion). Putative
NtrC-binding sites located upstream of the glnlI pro-
moter have been previously proposed only by sequence
analysis in B. japownicum at —103 to —119 bp, and at
—282 to —298 bp (Carlson et al. 1987; Martin et al.
1988) and in R. meliloti (Shatters et al. 1989) at —98
to —114 bp (Table 2).

Discussion

In this paper we describe the cloning, sequencing and
analysis of transcriptional regulation of the R.I. viciage
ginll gene. Using a ginll probe from B. japonicum, a
DNA region containing the g/nll gene was identified
by screening a genomic library. We determined the entire
sequence of the coding and flanking regions and found

homology with glutamine synthetases of other organ-
isms. In particular it shows 87.8% and 82.2% identity
with the deduced sequence of the GSII proteins of B.
Jjaponicum and R. meliloti, resepctively. The multiple
alignment of this ORF with GS sequences of eukaryotic
origin allows us to compare the percentage identity with
mammalian and plant sequences (see Results). These
values are similar, confirming that the bacterial sequence
diverged from the eukaryotic sequence prior to the sepa-
ration of plants from animals (Shatters and Kahn 1989).

Plasmids harbouring the R.[. viciae ginlI gene are able
to complement the glutamine auxotrophy of a K. pneu-
moniae ginA~ ntrC™ strain (UNF1827). Expression of
the R.I viciae gene from its own promoter is also ob-
served in K. pneumoniae wild-type but not in either a
ntrA” or ntrC~ genetic background (Fig. 3). These re-
sults are consistent with the presence in the ginll up-
stream region of an 18 bp sequence, which is very similar
to the —24/—12promoter consensus sequence 5'-
TGGYRYR-N,-TTGCA-3' (Thoeny and Hennecke
1989), and indicate that the enteric bacteria ntr system
is able to control the expression from the R... viciae
ginll promoter. This explains why previous authors re-
ported failure to express the glnll gene from its own
promoter in a glnA~ nirC” strain of E. coli. Regulation
in a heterologous system was also shown for other Rhki-
zobium genes involved in nitrogen fixation and assimila-
tion (Morett and Buck 1989; Chiurazzi and laccarino
1990) and is consistent with the high level of homology
found between different factors of Rhizobiaceae and En-
terobacteriaceae which are part of the transcriptional
apparatus involved in the nzr system.

We previously reported (Rossi et al. 1989) that GSII
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specific activity varies from a value of more than 1000
when R./. viciae is grown on glutamate or nitrate, to
an undetectable level (less than 5) when grown on
NH,CI. Recently Manco et al. (submitted) reported that
this is in part a consequence of a post-translational mod-
ification, since NH,Cl treatment of a R./. viciae culture
derepressed for GSII shows a rapid loss of transferase
activity, which is not due to changes in the concentration
of immuno-reacting material. In this paper an analysis
of glnlI transcription by primer extension is presented,
revealing a unique transcriptional initiation site located
12 nt downstream of the conserved GC doublet typical
of the rpoN(ntrA) promoters. The experiment of Fig. 4
demonstrates that g/nll is transcribed only as a mono-
cistronic unit. The transcript analysis of the glnll gene
in B. japonicum (Carlson et al. 1987) was only concerned
with the determination of the transcription initiation
site.

A quantitative analysis indicated that gln/T transcrip-
tion is regulated in response to nitrogen source availabil-
ity. A ratio of 10:1 was found for the amount of the
ginll transcript detected in R.[. viciae grown in the pres-
ence of KNO; or NH,Cl, respectively, as the sole nitro-
gen source. f-Galactosidase activity obtained with plas-
mids pAR35 and pAR36A (Fig. 5) indicates that pro-
moter activity changes in the presence of KNO; or
NH,Cl with a similar ratio and is completely NtrC-de-
pendent. These results indicate that ginlI expression in
K. pneumoniae and R. leguminosarum is regulated at the
transcriptional level in response to the cellular nitrogen
status through the ntr system. Moreover, the different
expression ratios found when analysed at the RNA or
protein level suggest a post-transcriptional control.

Our analysis was limited to the role of n#rC in aerobio-
sis. It has been found previously that glnll expression
in microaerobiosis is NtrC-independent (Martin et al.
1988). Martin and Chelm (1991) have shown that both
nifA and ntrC affect the transcription of B. japonicum
ginll, the former under low oxygen concentrations, the
latter under aerobic conditions similar to those used
here.

To date, 6°*-dependent promoters have been shown
to require a positive control protein for maximal activity.
Specific upstream recognition sites play an essential role
as target sequences for transcriptional regulatory pro-
teins and enhance gene expression. However, the re-
quirement for an upstream-bound activator to increase
transcriptional initiation varies among different promot-
ers (Morett and Buck 1989; Popham et al. 1989). Dele-
tions of these binding sites in K. prneumoniae in front
of the glnAp2 or the nif LA promoter resulted in a strong
decrease of transcriptional activity, but expression was
never abolished (Drummond et al. 1983; Austin et al.
1987). Thus, the upstream DNA region is not a prerequi-
site for expression but does enhance it, depending on
the number of NtrC-binding sites present. In fact, higher
concentrations of the NtrC protein in the cell could com-
pensate for the down-regulating effect on gene expres-
sion caused by upstream deletions in the g/nA and nifLA
promoters, thus allowing expression at wild-type levels
(Reitzer and Magasanik 1985, 1986; Austin et al. 1987).

The role of NtrC on upstream activator sequences
(UAS) has not been clearly defined in Rhizobiaceae. The
promoters that have been shown to require NtrC in aer-
obic nitrogen-starved cultures of free-living bacteria are
the nifH promoter of R. meliloti (Sundaresan et al.
1983), the ginB promoters of B. japonicum and R.1. viciae
(Martin et al. 1989; Chiurazzi and Iaccarino 1990) and
the ginlI promoters of R. meliloti and B. japonicum (de
Bruijn et al. 1989; Martin et al. 1988). In the latter two
promoters, a NtrC-binding site sequence is present up-
stream of the transcription initiation site, but no evi-
dence for the requirement of these sequences has been
reported. In B. japonicum it was reported that a truncat-
ed NtrC protein lacking its putative DNA-binding re-
gion retained its function as an activator of g/l expres-
sion, raising the possibility that this domain is not re-
quired for glnll activation at an upstream sequence
(Martin et al. 1988). Sequence analysis of the upstream
region of the ginll gene reveals two putative NtrC-bind-
ing sites between positions —261 and —294 (Fig. 2).
Results shown in Fig. 5 demonstrate that this upstream
sequence is essential to promote f-galactosidase activity
in R.l viciae and R.l. phaseoli wild-type strains. More-
over, the lack of f-galactosidase activity with plasmid
pAR3S and pAR36A in the R.. phaseoli nirC™ strain
is consistent with the conclusion that these sequences
are functional in activation of the R.. viciae ginll gene.

Acknowledgements. This study was partially supported by grant
“Tecnologie avanzate in agricoltura® of MAF, DPGA, by EEC
grants CI1-0408-1 and BIOT-0166-C (EDB) and by RAISA-CNR,
Subproject 2 (paper no. 335). We thank C. Sole, O. Piedimonte
and N. Indaco for technical assistance, B. Chelm for supplying
plasmid pBJ196A, G. Espin for suggesting complementation with
pAD7, A. Tramontano for help in computer analysis, S. Colonna
Romano and R. Driscoll for discussion and R. Campbell for pre-
paring the manuscript.

References

Austin S, Henderson N, Dixon R (1987) Requirements for tran-
scriptional activation in vitro of the nitrogen-regulated glnd
and nifLA promoters from Klebsiella pneumoniae : dependence
on activator concentration. Mol Microbiol 1:92-100

Boyer HW, Roulland-Dussoix D (1969) A complementation analy-
sis of the restriction and modification of DNA in Escherichia
coli. J Mol Biol 41:459-472

Carlson TA, Chelm BK (1986) Apparent cukaryotic origin of gluta-
mine synthetase II from the bacterium B. japonicum. Nature
321:568-570

Carlson TA, Martin GB, Chelm BK (1987) Differential transcrip-
tion of the two glutamine synthetase genes of Bradyrhizobium
Japonicum. J Bacteriol 169:5861-5866

Chiurazzi M, Iaccarino M (1990) Transcriptional analysis of the
glnB-ginA region of Rhizobium leguminosarum biovar vicige.
Mol Microbiol 4:1727-1735

de Brujin FJ, Rossbach S, Schneider M, Radet P, Messmer S,
Szeto WW, Ausubel FM, Schell J (1989) Rhizobium meliloti
1021 has three differentially regulated loci involved in glutamine
biosynthesis, none of which is essential for symbiotic nitrogen
fixation. J Bacteriol 171:1673-1682

Dixon R, Kennedy C, Kondorosi A, Krishnapillai V, Merrick M
(1977) Complementation analysis of Klebsiella penumoniae mu-
tants defective in nitrogen fixation. Mol Gen Genet 157:189-
198



Drummond M, Clements J, Merrick M, Dixon R (1983) Positive
control and autogenous regulation of #ifLA4 promoter in Kleb-
siella penumoniae. Nature 301:302-307

Friedman AM, Long SR, Brown SE, Buikema WIJ, Ausubel FM
(1982) Construction of a broad host range cosmid cloning vec-
tor and its use in the genetic analysis of Rhizobium mutants.
Gene 18:289-296

George DG, Baker WC, Hunt LT (1986) The protein identification
resource (PIR). Nucleic Acids Res 14:11-16

Gussin GN, Ronson CW, Ausubel FM (1986) Regulation of nitro-
gen fixation genes. Annu Rev Genet 20: 567-591

Hill RT, Parker JR, Goodman HJK, Jones DT, Woods DR (1989)
Molecular analysis of a novel glutamine synthetase of the anaer-
obe Bacteroides fragilis. ] Gen Microbiol 135:3271-3279

Holtel A, Merrick M (1988) Identification of the Klebsiella preu-
moniae ginB gene : nucleotide sequence of wild-type and mutant
alleles. Mol Gen Genet 215:134-138

Hooykaas PJJ, Clapwijk PM, Nuti MP, Shilperoort RA, Roersch
A (1977) Transfer of the Agrobacterium tumefaciens T1 plasmid
to avirulent Agrobacteria and to Rhizobium ex-planta. J Gen
Microbiol 98:477-484

Maniatis T, Fritsch E, Sambrook J (1982) Molecular cloning. A
laboratory manual. Cold Spring Harbor Laboratory, Cold
Spring Harbor, New York

Martin GB, Chelm BK (1991) Bradyrhizobium japonicum ntrBC/
ginA and nifA/ginA mutants: further evidence that separate
regulatory pathways govern ginll expression in free-living and
symbiotic cells. Mol Plant-Microbe Interact 4:254-261

Martin GB, Chapman KA, Chelm BK (1988) Role of the Bradyrhi-
zobium japonicum ntrC gene product in differential regulation
of the glutamine synthetase II gene (g/nil). J Bacteriol
170:5452-5459

Martin GB, Thomashow MF, Chelm BK (1989) Bradyrhizobium
Japonicum ginB, and putative nitrogen-regulatory gene, is regu-
lated by NitrC at tandem promoters. J Bacteriol 171:5638-5645

Melton DA, Krieg PA, Rebagliati MR, Maniatis T, Zinn K, Green
MR (1984) Efficient in vitro synthesis of biologically active
RNA and RNA hybridization probes from plasmids containing
a bacteriophage SP6 promoter. Nucleic Acids Res 12:7035-
7056

Miller JH (1972) Experiments in molecular genetics. Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York

Moreno S, Patriarca EJ, Chiurazzi M, Meza R, Defez R, laccarino
M, Espin G (1992) Phenotype of a Rhizobium leguminosarum
ntrC mutant. Res Microbiol 143:161-171

Morett E, Buck M (1989) In vivo studies on the interaction of
RNA polymerase sigma-54 with the Klebsiella pneumoniae and
Rhizobium meliloti nifH promoters. J Mol Biol 21:65-77

Morett E, Moreno S, Espin G (1988) Transcription analysis of
the three nifH genes of Rhizobium phaseoli with gene fusions.
Mol Gen Genet 213:499-504

Noel KD, Sanchez A, Fernandez L, Leemans J, Cevallos MA
(1984) Rhizobium phaseoli symbiotic mutants with transposon
Tn5 interactions. J Bacteriol 158:148-155

Pearson WR, Lipman DJ (1988) Improved tools for biological
sequence comparison. Proc Natl Acad Sci USA 85:2444-2448

345

Popham DL, Szeto D, Keener J, Kustu S (1989) Functions of
a bacterial activator protein that binds to transcriptional en-
hancers. Science 243:629-635

Reitzer LJ, Magasanik B (1985) Expression of ginA in Escherichia
coli is regulated at tandem promoters. Proc Natl Acad Sci USA
82:1979-1983

Reitzer LI, Magasanik B (1986) Transcription of glnd in E. coli
is stimulated by activator bound to sites far from the promoter.
Cell 45:785-792

Ronson CW, Nixon BT, Albright LM, Ausubel FM (1987) Rhizo-
bium meliloti ntrA (rpoN) gene is required for diverse metabolic
functions. J Bacteriol 169:2424-2431

Rossbach S, Schell J, de Bruijn FJ (1988) Cloning and analysis
of Agrobacterium tumefaciens C58 loci involved in glutamine
biosynthesis: neither the gind (GSI) nor the glnII (GSII) gene
plays a special role in virulence. Mol Gen Genet 212:38-47

Rossen L, Shearman LA, Johnston AWB, Downie JA (1985) The
nodD gene of Rhizobium leguminosarum is autoregulatory and
in the presence of plant excudate induces the nodA, B, C genes.
EMBO J 4:3369-3374

Rossi M, Defez R, Chiurazzi M, Lamberti A Fuggi A, laccarino
M (1989) Regulation of glutamine synthetase isoenzymes in
Rhizobium leguminosarum biovar viciae. J Gen Microbiol
135:629-637

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA
74:5463-5467

Shatters RG, Kahn ML (1989) Glutamine synthetase II in Rhizo-
bium. Reexamination of the proposed horizontal transfer of
DNA from eukaryotes to prokaryotes. J Mol Evol 29:422-428.

Shatters RG, Somerville JE, Kahn ML (1989) Regulation of gluta-
mine synthetase II activity in Rhizobium meliloti 104A14. J Bac-
teriol 171:5087-5094

Somerville JE, Shatters RG, Kahn ML (1989) Isolation, character-
ization and complementation of Rhizobium meliloti 104A14 mu-
tants that lack glutamine synthetase II activity. J Bacteriol
171:5079-5086

Spaink HP, Okker RJH, Wijffelman CA, Pees E, Lugtenberg BJJ
(1987) Promoters in the nodulation region of the Rhizobium
leguminosarum Sym plasmid pRL1JI. Plant Mol Biol 9:27-39

Sundaresan V, Ow DW, Ausubel FM (1983) Activation of Klebsiel-
la pneumoniae and Rhizobium meliloti nitrogenase promoters
by gln(ntr) regulatory proteins. Proc Natl Acad Sci USA
80:4030-4034

Szeto WW, Nixon BT, Ronson CW, Ausubel FM (1987) Identifica-
tion and characterization of the Rhizobium meliloti ntrC gene:
R. meliloti has separate regulatory pathways for an activation
of nitrogen fixation genes in free-living and symbiotic cells.
J Bacteriol 169:1423-1432

Thoeny B, Hennecke H (1989) The —24/—12 promoter comes
of age. FEMS Microbiol Rev 63:341-358

Vingron M, Argos P (1989) A fast and sensitive multiple sequence
alignment algorithm. CABIOS 5:115-121

Communicated by H. Hennecke



