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ABSTRACT In enteric bacteria the products of two nitro-
gen regulatory genes, ntrA and ntrC, activate transcription of
ginA, the structural gene encoding glutamine synthetase, both
in vivo and in vitro. The ntrC product (gpntrC) is a DNA-binding
protein, which binds to five sites in the ginA promoter-regula-
tory region and appears to activate transcription initiation.
Using as an assay the stimulation of ginA transcription in a
coupled in vitro transcription-translation system, we have
partially purified the ntrA gene product (gpntrA). The following
evidence is consistent with the view that gpntrA is a or subunit
for RNA polymerase! (i) The gpntrA activity copurifies with the
470 holoenzyme (Eo7O) and core (E) forms of RNA polymerase
through several steps but can be separated from them by
chromatography on heparin agarose. (ii) After further purifi-
cation by molecular sieve chromatography, the partially puri-
fied gpntrA fraction allows transcription ofginA from the same
startpoint used in vivo; transcription is dependent on gpntiC
and on added E. The gpntrA fraction does not allow transcrip-
tion from promoters that we have used as controls, including
lacUV5. Ea~70 has the reverse specificity.

A number of bacterial proteins including glutamine synthe-
tase, amino acid transport components and degradative
enzymes, and nitrogenase with its associated factors are
synthesized in large amounts only when combined nitrogen is
limiting in the growth medium. Genetic analysis in enteric
bacteria (Salmonella, Escherichia, Klebsiella) has indicated
that two positive factors, products of genes ntrA (glnF) and
ntrC (glnG), are required for synthesis of these nitrogen-
regulated proteins and that they act at the level of transcrip-
tion (reviewed in refs. 1-5).
The product of gene ntrC .(gpntrC) was purified from

Escherichia coli by Reitzer and Magasanik (6), who demon-
strated that it repressed transcription from the ntrBC (glnL)
promoter in vitro as it did in vivo. (Genetic studies indicated
that the ntrC product could act as a repressor of transcription
at the ntrBC promoter and a glnA promoter; see legend to Fig.
1.) The gpntrC interfered with initiation oftranscription at the
ntrBC promoter by the o,70 holoenzyme form of RNA poly-
merase (Eo70) (6).

In enteric bacteria the glnA gene, which encodes glutamine
synthetase, is transcribed from two promoters in vivo (refs.
7-9; unpublished observations). The major nitrogen-regulat-
ed promoter lies closest to structural information. Both the
ntrA and ntrC products are required to activate transcription
from this promoter. A secondary promoter(s) lies =100 base
pairs upstream of the nitrogen-regulated promoter. Tran-
scription from the upstream promoter is activated by the
cyclic AMP receptor protein bound to its ligand and does not
require either the ntrA or the ntrC product (ref. 8; unpub-

lished results). In fact, the ntrC product represses transcrip-
tion from the upstream glnA promoter, as it does from the
ntrBC promoter.
We demonstrate here that purified gpntrC from Salmonel-

la, which binds to five sites in the glnA promoter-regulatory
region, activates transcription from the downstream glnA
promoter in the presence of functional gpntrA. We present
several lines ofevidence that are consistent with the view that
gpntrA is a aT subunit for RNA polymerase-i.e., that it
confers a different promoter specificity on the core form of
RNA polymerase (E) than does the most abundant a subunit,
r7O. D. Ow (personal communication) and de Bruijn and
Ausubel (10) were the first to note this possibility.

METHODS
S1 Nuclease Mapping (11) of Transcription Startpofints for

ginA. Preparation ofmRNA from cells was as described (12)
except that nucleic acids were treated with 200 units of
DNase I (Worthington Code DPRF). After synthesis of
mRNA in vitro, transcription mixtures (legends to Fig. 4 and
Table 1) were incubated with 200 units of DNase I at 40C; 50
,ug of yeast tRNA was added and RNA was purified as
described (12). Hybridization of mRNA to DNA (initially
double-stranded) and digestion of hybrids with nuclease S1
were as described (13) except (i) heating was to 90'C for 5
min; (ii) after gradual cooling to 370C, incubation was
continued for 16 hr; and (iii) the reaction mixture was treated
with 3000 units of S1 nuclease for 30 min.

"Footprintingg" (14) of gpntrC in the ginA Promoter-Regula-
tory Region. The gphtrC was incubated with DNA probe for
10 min at 230C (50-1.l vol; see legend to Fig. 2). DNase I (5 ng)
was added and incubation was continued for 1 min. The
reaction was stopped as described (14).

Assay for gpntrA Activity. The gpntrA activity was assayed
in a coupled transcription-translation system developed by
Artz and Broach (15). S30 extracts were prepared from ntrA'
strain SK416 [A(glnA-ntrB)60 zig2O5::TnlO relAl hisTl1504
hisA2253) and from a congenic ntrA- strain SK419 (carrying
ntrA76). Because they carry A(glnA-ntrB)60, both strains
lack gpntrC and lack other proteins whose synthesis depends
on the ntr system (refs. 5 and 16; unpublished observations);
therefore, they presumably differ only by the presence or
absence of gpntrA. Standard conditions for coupled
transcription-translation in a final vol of 50 1.d (15) were
modified as described (17), except that the ATP concentra-
tion was 2 mM as in ref. 15. The gpntrC was added as noted.
The glnA template, plasmid pJES40, carries an in-frame
protein fusion of the 42nd codon of glnA to the 9th codon of
lacZ in a derivative of pMLB1034 (18) and places /3
galactosidase expression under control of the glnA promot-
er-regulatory region (unpublished data). The lacUV5 tem-
plate, plasmid pRS229, was kindly provided by R. Simons
(19). Activity of /-galactosidase synthesized in vitro (2- to
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40-/ul aliquots) was measured essentially as described (20) in
a final vol of 60 Al. The nitrophenyl-f3-D-galactopyranoside,
o-phenyl-3,5-3H-labeled substrate (28.7 Ci/mmol; 1 Ci = 37
GBq) was obtained from New England Nuclear and was used
at a final concentration of 0.4 mM (60 ,gCi/gmol). Most
activities are expressed as pmol of [3H]orthonitrophenol
formed per min at 30'C. For purification of gpntrA, units of
activity from the glnA template (,umol/min) were determined
after subtracting activity of an ntrA- S30 in the presence of
gpntrC but in the absence of added gpntrA.

Assay for ftNA Polymerase (Er"70 + E) Activity. During
purification, RNA polymerase was assayed in a final vol of
100 .,1 essentially as described (22), except that the radioac-
tive nucleotide was [5,6-3H]UTP.

Transcription by gpntrA. Transcriptional activity of par-
tially purified gpntrA fractions was assessed as described in
the legend to Fig. 4 with plasmid pJES86 as template. In this
plasmid, a 1.8-kildbase pair (kbp) EcoRI fragment carrying
the glnA promoter-regulatory region and the first 42 codops
of ginA is inserted at the EcoRI site of plasmid pTE102
(kindly provided by T. Elliott and G. Kassavetis) and is
followed by a strong T7 terminator (ref. 23; unpublished
results).

Purification of gpmrA and gpntiC. The gpntrA (and Ea70 +
E) was purified from strain SK35 [A(glnA-ntrB)60], which
lacks gpntrC, or from a derivative of strain SK35 that carries
plasmid pJES80 (pBR322 carrying a 5-kbp ntrA+ insert
between tihe HindIII and EcoRV sites) and overproduces
gpntrA 410-fold. Enzyme was partially purified from 100 g of
cells by using steps previously described for purification of
EU70 and E (refs. 22, 24, and 25; see also Results and legend
to Fig. 3).
The gpntrC was prepared from strains that overproduced

it under control of the leftward promoter of phage X in
plasmid pPLc28 (26). After removal of nucleic acids with
streptomycin sulfate (O.1 g per 100 ml), gpntrC was purified
to >95% homogeneity by precipitation with ammonium
sulfate (24.5 g per 100 ml), heparin agarose chromatography
(it TGED, see legend to Fig. 3; elution with a linear KCl
gradient from 0 to 0.6 M) and molecular size fractionation on
Sephacryl 200 (Pharmacia; in TGED) (unpublished results).

RESULTS

Startpoint ror ginA transcription in Vivo. The major
startpoint for glnA transcription in -vivo (diagrammed in Fig.
1) was determined by high-resolution S1 nuclease mapping
(Fig. 2, lanes 9-11). The transcript apparently began with one
to five uracil residues and was not synthesized by mutant
strains that lacked function of either gpntrA or gpntrC.
Secondary transcriptional startpoints for glnA, whose utili-

zation did not depend on ntr function, were located at least
100 base pairs upstream of this major one (unpublished data).
The gpntiC Is a DNA-Binding Protein. Upstream (5') of the

major transcriptional startpoint for ginA are five closely
spaced binding sites (within 110 base pairs) for gpntrC (Figs.
1 and 2). These sites were identified by protection ofthe glnA
promoter-regulatory region from cleavage by DNase I and by
protection ofguanine residues on both strands from methyla-
tion (Figs. 1 and 2; unpublished data). Each binding site for
gpntrC (Fig. 1) appears to be composed of two arms of dyad
symmetry (working consensus 5'-GGTGC-3').

Effects of gpntrC and gpntrA on Expression from the ginA
Promoter in Vitro. We have studied the function ofgpntrC and
gpntrA in a coupled in vitro transcription-translation system
from Salmonella (see Methods). The gpntrC stimulated
expression from the glnA promoter in an S30 extract from an
ntrA' strain (80-fold) but not in one from a congenic ntrA-
strain (2-fold inhibition) (Table 1). Addition ofgpntrC had no
effect on expression from a control promoter lacUV5, which
was expressed at high levels in both S30 extracts.

Partial Purification of gpntrA. Having noted unusual fea-
tures of the glnA promoter-regulatory region near the major
startpoint of transcription (see Discussion), we hypothesized
that gpntrA might be a new oa subunit for RNA polymerase.
Using as an assay its ability to stimulate expression from the
glnA promoter in an ntrA- S30, we attempted to purify
gpntrA by methods known to be effective in purification of
Err70 and E forms of RNA polymerase (22, 24, 25). The
gpntrA activity copurified with Eor70 and E on polyethylene-
imine precipitation [Miles; 1% (vol/vol) final concentration],
extraction from the precipitate with 1.0 M but not 0.5 M
NaCI, precipitation with ammonium sulfate (35 g per 100 ml)
(60-80% recovery of activity and 3-fold purification to this
point) and DEAE-cellulose chromatography (Fig. 3A). The
gpntrA activity eluted from heparin agarose at a lower salt
concentration than did Er70 + E and was well separated from
them (Fig. 3B). The gpntrA fraction was further purified by
molecular sieve chromatography on Bio-Gel A 1.5 m in the
presence of 0.5 M NaCl (22). Recovery of gpntrA activity
from a strain with a single chromosomal ntrA gene was
5-10%. Based on its mobility on NaDodSO4/polyacrylamide
gels the gpntrA, which we have identified as a protein of
apparent molecular size 73 kDa (unpublished observations),
constituted =5% of the final gpntrA fraction; this fraction did
not contain detectable amounts of the p and f3' subunits of
RNA polymerase core (assessed by staining with Coomassie
blue; data not shown). (After heparin agarose chromatogra-
phy a portion of the gpntrA fraction was purified by high-
pressure liquid chromatography on a TSK250 gel filtration
column. Consistent with its identification as a product of 73
kDa and with the fact that it was not associated with E at this
point in the purification, the gpntrA activity eluted at a
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5'GTTGCACCAATGTGGTGCTTAATGTTCACATTAAAGCACTATTTTGGTGCAACATAGTCACCGTGGTGCAGCCCTTTTGCACGATGGTGCGCAT
3'CAACGTGGTTACACCACGAATTACAAGTGTAATTTCGTGATAAAACCACGTTGTATCAGTGGCACCACGTCGGGAAAACGTGCTACCACGCGTA~~~~~~~~~~~~~~~~~1

-50 -40 -30 -20 -10 .+20 +30 +40

GATAACGCCTTTTGGGGGCAATGTGAAAGTTGGCACAGATTTCGCTTTATATTTTTACGGCGACACGGCCAGCAGAATTGAAGATCTCGTTACC 5
CTATTGCGGAAAACCCCCGTTACACTTTCAACCGTGTCTAAAGCGAAATATAAAAATGCCGCTGTGCCGGTCGTCTTAACTTCTAGAGCAATGG- 3'

FIG. 1. The glnA promoter-regulatory region from Salmonella typhimurium. The sequence was determined by Hanau et al. (27). The major
transcriptional startpoint for gInA, as determined both in vivo and in vitro (Figs. 2 and 4), is designated + 1 and positions of all other sites are
given with reference to this. Binding sites for gpntrC (see Fig. 2; unpublished data) are designated - to indicate dyad symmetry of the
half-sites. Sequences similar to ones identified as a nitrogen fixation consensus promoter (refs. 7, 28, and 29; see Discussion) are overlined. The
start of glnA coding information lies at +80. The order of genes in the glnA operon is glnA ntrB ntrC, with transcription proceeding from left
to right as written; the ntrBC (glnL) promoter lies between glnA and ntrB (16, 30).
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FIG. 2. Binding sites for gpntrC and startpoint for ginA tran-
scription in vivo. Lanes 3-6, DNase I digestion of a ginA promoter
fragment (see below; 50,000 cpm, 0.03 pmol) in the presence (lanes
4 and 5) or absence (lanes 3 and 6) of gpntrC (1 /.g; purified through
heparin agarose chromatography). Buffer contained 10mM TrisHCl
(pH 7.4), 10mM MgCl2, 100mM KCl, 0.1mM Na2 EDTA, and 1mM
CaC12. Brackets indicate the dyad symmetries labeled in Fig. 1. Lane
11, high resolution S1 nuclease mapping ofthe downstream startpoint
for ginA transcription in vivo. Messenger RNA was isolated from
strain SK214 (ntrB128) grown in Luria broth; this strain, which has
high levels of glutamine synthetase under all conditions of nitrogen
availability (31), also has high levels of the downstream ginA
transcript (unpublished results). RNA (100 ,ug) was hybridized with
the probe described below (-0.03 pmol, 50,000 cpm). After a
1.5-base correction, the strongest central band in lane 11 corresponds
to position +1 in Fig. 1. Some regions of rU:dA are susceptible to
cleavage by nuclease S1 and it was therefore possible that the
downstream signal was a cleavage artifact rather than a transcrip-
tional startsite. This does not appear to be the case because mutant
strains such as SK907 (glnAp359 ntrB137::TnlO; ref. 9), which
greatly overproduce the upstream transcript but cannot synthesize
the downstream transcript since they are NtrC- (9), show no signal
at the downstream position (unpublished results). Lanes 1, 2, and
7-10, Maxam and Gilbert sequencing ladders for G (1, 7, 10) orG +
A (2, 8, 9) of the bottom strand of Fig. 1. The DNA probe of 310 bp
was 5' labeled at the Bgl II site (+31, Fig. 1) and extended to a Dde
I site upstream of ginA. Gels were 8% (lanes 1-4) or 20% (lanes 5-11)
sequencing gels (33). The bottom portion is not shown.

position corresponding to 80-100 kDa; highly purified E from
E. coli eluted at a position corresponding to >400 kDa.) The
Ea"70 and E fraction from heparin agarose was estimated to be
>80% pure on NaDodSO4/polyacrylamide gels by compar-
ison to highly purified standards (kindly provided by C.
Meares and R. Burgess).
The gpntrA Fraction Has Transcriptional Activity That Is

Dependent onE, the Core Form ofRNA Polymerase. To assess
transcriptional activity of the final gpntrA fraction, we
monitored the transcript produced from the ginA promoter to

Table 1. Expression from the ginA and lacUV5 promoters in
ntrA' and ntrA- S30 extracts* and transcription by purified
gpntrA or Ec70 + Et

ntrA+ S30 ntrA- S30

ginA lacUV5 ginA lacUV5
template template template template

Addition to S30*
gpntrC 31,795 24,105 121 17,418
None 394 23,775 285 16,380

Transcription
componentst
gpntrA + Et 1220 <25
Eo'0 + E§ 40 559

Results are expressed as pmol of f3-galactosidase activity per min.
The limit of reliable detection is 25. The ginA and lacUV5 templates
were pJES40 and pRS229, respectively. The gpntrC was a mutant
form that activates expression of ginA and other nitrogen-controlled
genes to high levels in vivo even under conditions of nitrogen excess
(unpublished). The gpntrC was purified through the heparin agarose
step and was estimated to be -50%6 pure on NaDodSO4/polyacryl-
amide gels. Similar results were obtained with highly purified
preparations of both mutant and parent (wild-type) forms of gpntrC.
*Standard coupled assay (see Methods): concentrations of template
and gpntrC (when present) were 100 ,ug/ml and 17 jig of protein per
ml, respectively.
tModified assay: Transcription (in a vol of 25 ,ul) was carried out for
30 sec in the presence ofa gpntrA fraction or Ed° + E, as indicated,
and in the presence ofDNA template (280 ,&g/ml) and nucleotides;
both gpntrC (34 ug of protein per ml) and E were also present. The
mRNA synthesized was then translated (final total vol, 50 ,ul) in the
ntrA- S30 extract in the presence of other components needed for
protein synthesis (see Methods) and rifampicin (4 ,g/ml) to inhibit
further transcription initiations.
MThe gpntrA fraction (3 Al, which gave 104,890 pmol/min in a
standard coupled assay) was purified through the sieving step from
a strain that overproduced gpntrA. Highly purified E from E. coli
(120 &g/ml) was added.
1The Eod + E fraction (240 ug of protein per ml) was purified
through heparin agarose chromatography from strain SK35.

the strong 17 terminator in plasmid pJES86, a transcript of
,509 nucleotides. Using this assay, we demonstrated the
following (Fig. 4): (i) the gpntrA fraction could transcribe
from the ginA promoter in the presence of gpntrC but not in
its absence (lanes 1 and 3); (ii) the amount of transcript in the
presence ofgpntrCincreased with time between 1.5 and 6 min
(lanes 9-11); (iii) transcriptional activity of the gpntrA frac-
tion from the glnA promoter was dependent on E (lanes 1 and
2); (iv) addition of a70 (kindly provided by J. Erickson and D.
Straus) to the gpntrA fraction and gpntrC and E decreased
transcription from the ginA promoter (data not shown),
indicating that 770 was not required; (v) Ea70 could not
transcribe from the downstream ginA promoter (lanes 5-7;
confirmed by S1 nuclease mapping as described below-data
not shown) but could transcribe from other promoters on the
plasmid; (vi) the gpntrA fraction ± E and gpntrC could not
transcribe from plasmid promoters used by Eor70 (lanes 1-3),
indicating that it was not detectably contaminated by a70 or
Eo70.
We used S1 nuclease mapping to locate the startpoint of

ginA transcription in the presence of gpntrA, E, and gpntrC
and found that it was identical to the startpoint used in vivo
(Fig. 4, lanes 13-15). There was no detectable S1 nuclease
signal when gpntrC was omitted from the transcription
reaction. This was the case whether the portion of the
transcript being monitored was only 32 bases (data not
shown) or whether it was 207 bases and extended into ginA
coding information (lane 15). These findings are consistent

Biochemistry: Hirschman et al.
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FIG. 3. Profiles of gpntrA and Eof0 plus E activities after
chromatography on DEAE cellulose (A) or heparin agarose (B). The
gpntrA activity (o) was measured as described in Methods and is
expressed in cpm of [3H]orthonitrophenol formed per min. Different
S30 extracts were used to obtain profiles inA and B. Recoveries were
assessed with the same S30. The Er?0 and E activities (e) were

measured using poly(dA-dT)-poly(dA-dT) (10 ,ug/ml; P-L
Biochemicals) as template and are expressed in cpm of [3H]UMP
incorporated into trichloroacetic acid-insoluble material per 10 min.
For protein determinations (x), fractions were diluted 1:5 and An(o
was measured. (A) The gpntrA fraction (1177 mg of protein, 3873
units of gpntrA activity) was applied to a DE52 column (50-ml bed
vol) in TGED buffer [10 mM Tris HCl, pH 8.0/1 mM EDTA/1 mM
dithiothreitol/5% (vol/vol) glycerol (22)] and was eluted with a linear
NaCl gradient from 0 to 0.5 M. The gpntrA and Eo?0 + E coeluted
approximately halfway through the gradient. Fractions 56-68 were
pooled and concentrated by precipitation with 55% ammonium
sulfate. Recovery of gpntrA activity was =60%o and purification was
-3.5-fold. (B) The gpntrA fraction (156 mg of protein, 1864 units of
gpntrA activity) was applied to a heparin agarose (from Bethesda
Research Laboratories) column (100-ml bed vol) in TGED buffer
with 10mM MgCl2 and 50mM NaCl (25). The column was eluted with
a linear NaCl gradient from 0.05 to 0.75 M. The gpntrA eluted at
-0.25 M whereas Eoa70 + E eluted at -0.5 M NaCl. Recovery of
gpntrA was =30% and purification was =7-fold.

with the view that gpntrC activates the initiation phase of
transcription.
To further assess transcriptional activity ofthe final gpntrA

fraction, we separated the transcription and translation
phases of the standard coupled assay used during gpntrA
purification (see legend to Table 1). We ascertained (Table 1)
that (i) whereas the gpntrA fraction could transcribe from the
ginA promoter in the presence of gpntrC and E, it could not
transcribe from the lacUVS promoter (line 3), providing
further evidence that it was not contaminated with cr70 or
Eor70; and (ii) Eor70 had the reverse specificity (line 4). S1
nuclease mapping after the transcription phase ofthe reaction
indicated that the startpoint of ginA transcription in the
presence of gpntrA, E and gpntrC was identical to the
startpoint used in vivo (data not shown).

DISCUSSION
Evidence That gpntrA Is a a Factor. The following evidence

is consistent with the view that gpntrA is a new oa subunit for

FIG. 4. Transcription of ginA in vitro and location of the
transcriptional startpoint. Lanes 1-12, in vitro transcription. In
addition to common components described below, transcription
reactions contained gpntrA + gpntrC + E (lanes 1, 9-11); gpntrA +
gpntrC (lane 2); gpntrA + E (lanes 3 and 8); gpntrC + E (lane 4); E'70
+ E (lane 5); Ecf0 + E + gpntrA (lane 6); Ea70 + E + gpntrC (lane
7). The gpntrA (2 ull per reaction mixture) was purified through
chromatography on Bio-Gel A1.5m and gpntrC (5 p.d = 0.17 uig;
mutant form, see legend to Table 1) was highly purified. Highly
purified E from E. coli (1.5 /ig) was kindly provided by R. Burgess
and Ea70 + E (1 dul = 3 ug) was purified through heparin agarose
chromatography. The DNA template was plasmid pJES86. All
transcription reactions contained the components present in coupled
reactions except that amino acids were omitted and CTP was added
separately. Reactions (24 /l) were initiated with [a-32P]CTP (final
CTP concentration, 0.04 mM; 10 1Ci) and were incubated at 37TC for
6 min except in the case of reactions for lanes 9 and 10, which were
incubated for 1.5 and 3.0 min, respectively. Then excess unlabeled
CTP and heparin (final concentrations, 0.8 mM and 0.08 mg/ml,
respectively) were added (final total volume, 25 Ul) and incubation
was continued for 6 min. Reactions were stopped by extraction with
phenol/chloroform. An amount corresponding to 1/10th of the total
reaction mixture was subjected to electrophoresis. Molecular size
standards (lane 12, marked at left of gel) were produced by HindIlI
cleavage of phage 29 DNA (and were labeled by using the Klenow
fragment ofDNA polymerase I). The ginA transcript is marked by an
arrow at the left of the gel. Lanes 13-17, S1 nuclease mapping of the
startpoint for ginA transcription in vitro. The DNA probe of 490 bp
was 5' labeled at the EcoRI site (position +205 of Fig. 1) and
extended to a Dde I site upstream of ginA. For lanes 14 and 15,
transcript was synthesized as described above (except in a final vol
of 75 yd) in the presence of gpntrA + gpntrC + E (lane 14) or gpntrA
+ E (lane 15). Lane 13 shows the in vivo startpoint for strain SK214
as a position marker. It is marked by an arrow at the right of the gel.
Lanes 16 and 17 are Maxam and Gilbert sequencing ladders for G
(lane 17) or G + A (lane 16) of the bottom strand of Fig. 1. All lanes
are from the same 8% sequencing gel (33), but lanes 12-17 were

exposed to film for longer and were inverted relative to other lanes.
The top of the gel is not shown.

RNA polymerase. (i) A partially purified gpntrA fraction,
which is not detectably contaminated with a70 or Eoi70, allows
transcription of ginA from the major nitrogen-regulated
promoter; transcription is dependent on gpntrC as it is in
vivo. (ii) Transcription of ginA by the gpntrA fraction is
dependent on addition of highly purified E, suggesting that
gpntrA separates from E during late purification steps (see
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Results). Consistent with the dependence of gpntrA on E,
expression of glnA in an ntrA' S30 extract, like that of
lacUV5, is inhibited by rifampicin and by streptolydigin, both
of which bind to the 8 subunit of E (reviewed in ref. 34).
Furthermore, in an ntrA' S30 extract from a strain that
carries a mutation to rifampicin resistance in rpoB, the gene
encoding 13, expression from both templates is resistant to
rifampicin (data not shown). Thus, gpntrA appears to be a
new o-subunit for RNA polymerase rather than (a subunit of)
a new form ofRNA polymerase that is independent of E. We
think that it is gpntrA itself that stimulates glnA transcription
rather than another protein whose synthesis depends on the
ntr system: Addition of an ntrA' plasmid (ntrA' insert of 2.8
kbp) to an ntrA- S30 resulted in a 30-fold stimulation of ginA
expression (data not shown), and because protein synthesis
in S30 extracts is dependent on an exogenous DNA template,
stimulation was presumably due to gpntrA that was synthe-
sized from the plasmid.

Sequences in the Promoter Region for ginA. We find no
reasonable matches to the consensus Eur70 promoter (35)
upstream of the major glnA transcriptional startpoint (see
Fig. 1; unpublished results). Rather, we find sequences
(5'-TCGCT-3' and 5'-TTGGCAC-3' centered at -10 and
-21, respectively; overlined in Fig. 1) that are similar to
sequences identified as a nitrogen fixation consensus pro-
moter in Klebsiella pneumoniae and Rhizobium meliloti
(5'-TTGCA-3' and 5'-CTGGCAC-3' in the -10 and -20
regions, respectively; reviewed in refs. 7 and 28; see also ref.
29). Activation of transcription from nitrogen fixation pro-
moters of K. pneumoniae in vivo is dependent on gpntrA
together with gpnifA (10, 28), a protein that is functionally
and evolutionarily related to gpntrC (28). We hypothesize
that the glnA promoter sequence described above and closely
related nitrogen fixation promoters constitute recognition
sites for a holoenzyme form of RNA polymerase that con-
tains gpntrA as o, subunit. Consistent with this, in the
presence of E our most purified gpntrA fractions protect
sequences in the -10 and -20 regions of the glnA promoter
from cleavage by DNase I, whereas the Eu70 form of RNA
polymerase does not (unpublished results).

In the region between 34 and 144 base pairs upstream ofthe
major startpoint for glnA transcription lie five binding sites
for gpntrC. By varying its concentration in DNase I protec-
tion experiments, we ascertained that gpntrC had highest
apparent affinity for the most upstream sites, 1 and 2, less for
sites 3 and 4, and least for site 5, which is nearest the major
startpoint of transcription (unpublished observations). Bind-
ing of gpntrC to these sites occurs in the absence of gpntrA.
It is an attractive hypothesis that effects of gpntrC on glnA
transcription depend on positions of its five binding sites
relative to other sites and on its different affinities for
individual sites. For example, repression of transcription
from the upstream promoter(s) by Ea70 may occur when sites
1 and/or 2 are occupied, whereas activation of transcription
from the downstream major promoter may occur only when
sites 3, 4, and 5 are also occupied.

aFactors in Enteric Bacteria and Their Phage. Grossman et
al. (36) have demonstrated that the htpR (now rpoH) gene
product of E. coli, which is a positive regulatory factor
required for increased synthesis of heat shock proteins at
high temperature (37), is a new asubunit for RNA polymer-
ase. Kassavetis and Geiduschek (38) have described a a
factor from E. coli phage T4, gp55, that allows the core form
of RNA polymerase to selectively transcribe from T4 late
promoters.

If gpntrA is, in fact, a ur factor, its function has several
interesting features. (i) If glutamine is provided in the growth
medium, gpntrA is dispensable-mutant strains lacking it are
glutamine auxotrophs. (ii) The gpntrA activity is dependent

on an auxiliary protein, gpntrC or gpnifA, to activate tran-
scription at nitrogen-controlled promoters. The auxiliary
protein gpntrC is known to be a DNA-binding protein (21, 32)
and probably stimulates initiation of transcription. (ifi) Di-
rectly or indirectly, function of gpntrA in activating tran-
scription is subject to metabolic regulation by the state of
nitrogen nutrition of the cell. We have evidence that meta-
bolic control is mediated, at least in part, by the auxiliary
protein gpntrC.
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