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The transcription factor NtcA is a global regulator of nitrogen
homeostasis in cyanobacteria. It thus positively regulates the
expression of genes related to nitrogen assimilation such as glnA
(which encodes glutamine synthetase) and ntcA itself in response
to nitrogen shortage or depletion. The binding of NtcA to the glnA
and ntcA promoters of Synechococcus sp. PCC 7942 in vitro now has
been shown to be enhanced by 2-oxoglutarate. In vitro analysis of
gene transcription also revealed that the interaction of NtcA with
its promoter element was not sufficient for activation of transcrip-
tion, and 2-oxoglutarate was required for transcriptional initiation
by NtcA. Given that the intracellular concentration of 2-oxogluta-
rate is inversely related to nitrogen availability, it is proposed that
this metabolite functions as a signaling molecule that transmits
information on cellular nitrogen status to NtcA and thereby reg-
ulates the transcription of genes related to nitrogen assimilation in
cyanobacteria.

regulatory factor � cyanobacteria � RNA polymerase � nitrogen assimilation

Cyanobacteria constitutes a diverse group of eubacterial
strains that are characterized by the ability to perform

oxygen-evolving photosynthesis. Although the morphology and
the ability to develop into differentiated cells such as N2-fixing
heterocysts vary greatly among cyanobacteria, most of these
organisms share many metabolic characteristics (1, 2).

The predominant nitrogen compounds assimilated by cya-
nobacteria are ammonium and nitrate ions. Nitrate is reduced by
the successive actions of nitrate reductase and nitrite reductase,
and the resulting ammonium usually is incorporated by the
glutamine synthetase (GS; ref. 1) and glutamate synthase
(GOGAT) cycle (1–3). Diazotrophic strains of cyanobacteria are
able to use gaseous nitrogen, but the fixed nitrogen compound,
ammonium, is also assimilated by the GS-GOGAT cycle. The
carbon skeleton for nitrogen assimilation is 2-oxoglutarate (2-
OG), which is synthesized from isocitrate by isocitrate dehydro-
genase. Because of the lack of 2-OG dehydrogenase, isocitrate
is used solely for nitrogen assimilation in cyanobacteria. Also as
a result of the lack of 2-OG dehydrogenase, the tricarboxylic acid
cycle usually is incomplete in this phylum (1).

The regulation of nitrogen assimilation is relatively well
characterized in enteric bacteria (4, 5). Expression of the glnA
gene, which encodes GS, and other nitrogen assimilation-related
genes requires an alternative RNA polymerase � factor known
as �N (5). The RNA polymerase that contains �N is controlled
by a two-component regulatory system comprising NtrB and
NtrC, the activity of which in turn is determined by the uridy-
lylation status of the trimeric protein PII (the glnB product; refs.
6 and 7). The uridylylation status of PII is determined by the
activity of the dual-function uridylyl-removing enzyme uridylyl-
transferase, which is regulated by the ratio of the intracellular
concentrations of 2-OG and glutamine (8). PII itself also binds
2-OG and thereby senses the nitrogen status of the cell. Fur-
thermore, the uridylylation status of PII is a determinant of the
adenylylation of GS, which regulates the activity of this enzyme

(9). Thus, nitrogen status is assessed on the basis of the con-
centrations of 2-OG and glutamine and modulates the expres-
sion and activity of the key assimilatory enzyme GS.

The regulation of nitrogen assimilation in cyanobacteria
seems to differ markedly from that in enteric bacteria. Although
a conserved PII protein has been identified in cyanobacteria
(10), it is unlikely to participate in the transcriptional control of
nitrogen assimilation-related genes (11). Rather, a unique tran-
scription factor, NtcA, acts as a global regulator of nitrogen
homeostasis in cyanobacteria (12, 13) by promoting the expres-
sion of various genes important in nitrogen assimilation. The
ntcA gene also is required for the initiation of heterocyst
differentiation in filamentous species (14), indicating that it
contributes generally to nitrogen-related signal transduction in
cyanobacteria. Moreover, NtcA is known to control the expres-
sion of genes implicated in carbon assimilation (3). Despite the
importance of the NtcA signaling pathway, the molecular basis
of the regulation of transcription by NtcA remains unclear. NtcA
is a member of the family of transcription factors defined by CRP
of Escherichia coli (13) and is thought to activate transcription by
binding to a conserved sequence motif centered �40 bp up-
stream from the transcription start site (3, 15). However, the
mechanism by which NtcA senses changes in nitrogen status of
the cyanobacterial cell is unknown.

We have now examined the effects of 2-OG on the binding of
NtcA to, and on the transcriptional activity of, two NtcA-
dependent promoters, those of glnA and ntcA, of Synechococcus
sp. PCC 7942. Our data indicate that 2-OG not only promotes the
binding of NtcA to these promoters but also is essential for
initiation of transcription. On the basis of our in vitro results and
previous in vivo observations (16, 17), we propose a molecular
mechanism for the sensing of cellular nitrogen status in
cyanobacteria.

Materials and Methods
Bacterial Strains and Growth Conditions: Synechococcus sp. PCC
7942 was grown photoautotrophically on BG-11 plates or in
BG-11 liquid medium (18) at 30°C under continuous illumina-
tion from fluorescent lamps. Liquid cultures were bubbled with
1% CO2 in air. E. coli DH5�, used as the host for plasmid
propagation and recombinant protein expression, was cultivated
in LB medium at 37°C.

Enzymes and Reagents. Enzymes were obtained from Takara
Shuzo (Kyoto), and 2-OG and glutamine were from Sigma and
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Kanto Chemicals (Tokyo), respectively. Other reagents were
obtained from Sigma or as indicated.

Proteins. Expression and purification of recombinant NtcA were
performed essentially as described (19) with some modifications.
In brief, E. coli DH5� harboring pMNTCA, which encodes a
fusion of maltose-binding protein and NtcA, was cultivated at
37°C in LB medium supplemented with 1 mM isopropyl-�-D-
thiogalactopyranoside, and the chimeric protein was purified
with the use of an amylose resin (New England Biolabs). The
purified fusion protein was cleaved with factor Xa and applied
to a Poros HQ anion-exchange column (5 � 100 mm, PerSeptive
Biosystems, Framingham, MA), which then was washed with
HGED buffer (10 mM Hepes-KOH, pH 8.0�5% glycerol�0.1
mM EDTA�0.1 mM DTT) containing 0.1 M NaCl. Elution was
performed with a linear gradient of 0.1–1 M NaCl in the same
buffer. Fractions containing NtcA were concentrated with an
Ultrafree-15 centrifugal concentrator (Millipore), dialyzed
against HGED buffer containing 50% glycerol, and stored at
�20°C. RNA polymerase from Synechococcus sp. PCC 7942 and
the principal � factor (RpoD1) were purified as described (20).

DNA Fragments. A 309-bp DNA fragment corresponding to
nucleotides �172 to �137 (relative to the NtcA-dependent
transcription start site) of glnA (15, 21) was amplified by PCR
from total Synechococcus DNA with the primers glnA-i (5�-
ACCATGCAGACTAGTCCTGCC-3�) and glnA-ii (5�-CTCCT-
TGTGGGATCCTGGTGG-3�). The PCR product was inserted
into the polylinker site of pBluescript KS(�) (Toyobo, Osaka)
with the use of the attached SpeI and BamHI restriction sites.
The resulting plasmid, pKS-glnA, then was used as a template for
PCR with the same primer set (glnA-i and gln-ii) or the primers
glnA-i and glnA-iii (5�-AAACAACGCTGCTGCGATCG-
CAGCTGGATC-3�) to generate DNA fragments termed tem-
plates I and II, respectively. The 235-bp template II corresponds
to nucleotides �172 to �63 of glnA.

Similarly, with the primers ntcA-i (5�-GCCTGTGACTAGT-
GCTTTCTT-3�) and ntcA-ii (5�-TGCCTTATGGATCCGCG-
CAAG-3�), a 262-bp DNA fragment corresponding to nucleo-
tides �161 to �101 (relative to the NtcA-dependent
transcription start site) of ntcA (13, 15) was amplified from total
Synechococcus DNA and then inserted into the polylinker site of
pBluescript KS with the use of the attached SpeI and BamHI
restriction sites. The resulting plasmid, pKS-ntcA, was used as a
template for PCR with the same primer set (ntcA-i and ntcA-ii)
to generate template III.

All PCRs were performed for 24 cycles with 1 �g of Synecho-
coccus DNA or 0.1 �g of plasmid DNA as template. Each cycle
comprised incubation at 94°C for 1 min, 55°C for 1 min, and 72°C
for 1 min, and the products were purified by PAGE. Cyanobac-
terial DNA was prepared as described (22).

A 24-bp double-stranded DNA fragment containing the
NtcA-binding sequence of the glnA promoter region (15, 21),
used as a specific competitor for electrophoretic mobility-shift
assay (EMSA) analysis, was prepared by annealing the oligonu-
cleotides 5�-TTTATGTATCAGCTGTTACAAAAG-3� and 5�-
CTTTTGTAACAGCTGATACATAAA-3�. A nonspecific
competitor was prepared similarly by annealing the oligonucle-
otides 5�-TTTATACGTCAGCTGTCGTAAAAG-3� and 5�-
CTTTTACGACAGCTGACGTATAAA-3�, in which con-
served nucleotides of the NtcA binding site were specifically
substituted.

EMSA Analysis. The 5� ends of DNA fragments were labeled by
incubation with polynucleotide kinase and [�-32P]ATP (Amer-
sham Pharmacia). 32P-Labeled DNA fragments (1 nM) corre-
sponding to the glnA promoter (template I) or the ntcA promoter
(template III) were mixed with purified NtcA and various

concentrations of additives as indicated in 20 �l of T buffer [50
mM Hepes-KOH, pH 8.0�3 mM MgCl2�20% glycerol�1 mM
DTT�50 mM potassium glutamate�BSA (25 �g/ml)]. After
incubation for 20 min at 30°C, the mixtures were subjected to
PAGE on a native 4% gel. Gels were analyzed with a BAS1000
image analyzer (Fuji).

In Vitro Transcription. Transcription reactions were performed
under standard conditions for E. coli RNA polymerase (23) with
modifications. The Synechococcus core enzyme was mixed with
a 3-fold molar excess of the purified � protein (RpoD1), and the
mixture was incubated for 20 min at 30°C to allow formation of
the holoenzyme. A transcription reaction mixture (35 �l) com-
prising 5.7 nM template DNA, 86 nM RNA polymerase, and 229
nM NtcA in T buffer was incubated for 20 min at 30°C, after
which RNA synthesis was initiated by the addition of 15 �l of a
prewarmed substrate mixture containing 160 �M each of ATP,
GTP, and CTP as well as 50 �M UTP and 2 �Ci (1 Ci � 37 GBq)
of [�-32P]UTP (Amersham Pharmacia) in T buffer. When
added, 2-OG was included in both the reaction mixture and
substrate mixture. After incubation for 5 min at 30°C, the
reaction was terminated by the addition of 50 �l of ice-cold stop
solution containing 40 mM EDTA and E. coli tRNA (300
�g�ml), and the nucleic acids then were precipitated with
ethanol. Transcripts were fractionated by PAGE on a 7% gel
containing 8 M urea, and they were analyzed with a BAS1000
instrument.

Results
Sequence-Specific Binding of NtcA to DNA. Previous studies have
demonstrated that NtcA binds to a 14-bp conserved DNA
sequence and thereby activates, or in a few instances represses,
the initiation of transcription (3, 15, 19, 24, 25). We monitored
the binding of recombinant NtcA to a 32P end-labeled glnA
promoter fragment containing the NtcA binding site by EMSA
analysis. NtcA reduced the electrophoretic mobility of the DNA
probe, and the amount of the DNA–NtcA complex increased in
proportion to the concentration of NtcA (Fig. 1A). To examine
the sequence specificity of the binding of NtcA to the DNA
probe, we performed the binding reaction in the presence of
either a synthetic double-stranded oligonucleotide containing an
NtcA binding site or a control oligonucleotide that does not
contain the binding sequence as competitors for the 32P-labeled
probe. Whereas the nonspecific competitor had virtually no
effect on the binding of NtcA to the 32P-labeled probe even at
a 1,000-fold molar excess, the specific competitor inhibited the
interaction of NtcA with the probe almost completely at a
100-fold molar excess (Fig. 1B). We thus were able to observe the
sequence-specific binding of NtcA to DNA in our assay system.

Promotion of the Specific Binding of NtcA to DNA by 2-OG. Our data
indicated that NtcA does not require a specific effector for its
interaction with DNA (Fig. 1 A) if the protein concentration is
sufficiently high. Physiologically, NtcA-dependent promoters
are repressed in the presence of ammonium and are activated by
either nitrogen starvation or growth on poor nitrogen sources.
Such effects might result from either activation or inactivation of
the NtcA transcription factor. In the case of positive regulation,
the default status of NtcA-dependent promoters would be
inactive, and a specific molecule or signaling mechanism might
enhance either the binding of NtcA to DNA or a later step of
transcriptional initiation. In the case of negative regulation, the
default status of NtcA-dependent promoters would be active,
and an effector might inhibit the binding of NtcA to DNA or a
subsequent event. To distinguish between these possibilities, we
first examined the effects of 2-OG and glutamine on the
NtcA-DNA interaction, given that the concentrations of these
metabolites are most likely to reflect the nitrogen status of the
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cell. The intracellular concentration of 2-OG increases, that of
glutamine decreases during nitrogen depletion, and vice versa
during nitrogen repletion (17).

If 2-OG is an effector for positive transcriptional regulation,
then the specific binding of NtcA to DNA might be promoted in
the presence of this metabolite. To examine this possibility, we
performed EMSA analysis in the presence of various concen-

trations of 2-OG. The assays were performed with a relatively
low concentration (1 nM) of NtcA (Fig. 1 A) to increase the
sensitivity for detection of a positive effect of 2-OG. The specific
binding of NtcA to DNA indeed was increased by 2-OG in a
concentration-dependent manner, with the maximal effect being
apparent at a 2-OG concentration of 3.2 mM (Fig. 2A). Similar
experiments performed with a relatively high concentration (3
nM) of NtcA to detect a possible negative effect of glutamine on
the NtcA-DNA interaction failed to reveal any such effect of
glutamine at concentrations of up to 50 mM (Fig. 2B). EMSA
analysis with an ntcA promoter fragment containing the NtcA
binding site yielded similar results with regard to the effects of
2-OG and glutamine on the binding of NtcA (data not shown),
indicating that the stimulatory action of 2-OG is not restricted
to the glnA promoter.

Transcriptional Activation of glnA and ntcA Promoters by 2-OG in
Vitro. To examine whether the 2-OG-induced enhancement of
the binding of NtcA to DNA actually results in transcriptional
activation, we performed in vitro transcription experiments with
the NtcA-dependent promoters of glnA and ntcA. An RNA
polymerase holoenzyme was reconstituted from the purified
core enzyme and recombinant principal � factor (RpoD1) and
then was used for run-off transcription assays. Transcriptional
activation was not observed with both promoters in the absence
of 2-OG even when the concentration of NtcA was sufficiently
high to saturate its binding sites (data not shown). Under
conditions in which the binding sites were fully occupied by NtcA
even in the absence of 2-OG, this metabolite induced a marked
increase in NtcA-dependent transcription from the glnA pro-
moter (Fig. 3A). The effect of 2-OG was concentration-
dependent, being maximal (5.8 � 0.7-fold increase; mean � SD
of three independent experiments) at 1.6 mM. The identity of the
glnA transcripts was confirmed with the use of two template
DNA fragments that were expected to produce transcripts of
different lengths (Fig. 3B). Activation of NtcA-dependent tran-
scription from the ntcA promoter by 2-OG was demonstrated
also (Fig. 3C). Thus, 2-OG appears to activate NtcA-dependent
transcription by promoting both the interaction of NtcA with
DNA and transcriptional initiation.

Fig. 1. Specific binding of NtcA to a glnA promoter fragment. (A) The
binding of NtcA at the indicated concentrations to a 32P-labeled glnA pro-
moter fragment (template I) was examined by EMSA analysis. (B) The binding
of 5 nM NtcA to the 32P-labeled glnA promoter fragment was assayed in the
absence or presence of unlabeled specific or nonspecific competitor oligonu-
cleotides at the indicated molar excesses. The positions of the free probe and
the DNA–NtcA complex are indicated.

Fig. 2. Effects of 2-OG and glutamine on the specific
binding of NtcA to DNA. (A) The binding of 1 nM NtcA
to a 32P-labeled glnA promoter fragment (template I)
was examined by EMSA analysis in the presence of the
indicated concentrations of 2-OG (Left). The relative
band intensities for each DNA–NtcA complex were
quantified, and data are expressed as means � SD of
values from three independent experiments (Right). (B)
The binding of 3 nM NtcA to DNA was analyzed as
described for A with the exception that 2-OG was re-
placed by glutamine.
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Discussion
NtcA is a global regulator of nitrogen homeostasis in cyanobac-
teria, being required for the activation of genes related to
nitrogen assimilation under conditions of nitrogen limitation.
Given that transcription from all known NtcA-dependent pro-
moters is repressed under conditions of nitrogen repletion (that
is, in the presence of ammonium in the medium), NtcA has been
thought to sense cellular nitrogen status and regulate transcrip-
tion accordingly. The promoters of NtcA-dependent genes con-
tain the consensus sequence GTAN8TACN22TAN3T, in which
GTAN8TAC is the NtcA binding motif and TAN3T is the �10
promoter element (3, 15). In vitro analysis has established that
NtcA recognizes and binds to the sequence GTAN8TAC (26),
but the molecular basis for the nitrogen responsiveness of
transcription has remained unknown. As shown by previous
studies (15, 19, 24, 25) and confirmed by our present results, the
binding of NtcA to target promoters does not require the
presence of any specific compound. However, we have now
shown that 2-OG enhances the binding of NtcA to DNA at low
protein concentrations. Our in vitro transcription analysis also
revealed that DNA binding per se is insufficient for promotion of
transcription by NtcA, and 2-OG is required for transcription
initiation. Transcriptional activity thus was increased by 2-OG in
a concentration-dependent manner with the maximal effect
apparent at a concentration of 1.6 mM, suggesting that 2-OG
might act as a metabolic signal in the regulation of NtcA-
dependent gene expression. Given that 2-OG is synthesized from
isocitrate and serves as the substrate for the GS-GOGAT
pathway of ammonium assimilation in cyanobacteria, the intra-
cellular concentration of 2-OG likely reflects both the nitrogen
status and the carbon status of the cell. The intracellular
concentration of 2-OG was shown recently to change according
to cellular nitrogen status in cyanobacteria (17); it thus increased
from 0.06 mM in ammonium-grown cells to 0.44 mM in nitrogen-
depleted cells, as calculated from the data provided. Together,
the results of in vitro and in vivo experiments therefore suggest
that the nitrogen responsiveness of NtcA-dependent promoters

is attributable primarily to the dependence of transcriptional
initiation on 2-OG.

In addition to its role in transcription initiation, 2-OG was
shown to promote the binding of NtcA (at low concentrations)
to DNA in a concentration-dependent manner. In Synechococ-
cus sp. PCC 7942, expression of ntcA is activated by NtcA itself
in response to nitrogen shortage (15). Hence, the concentration
of NtcA fluctuates depending on cellular nitrogen status, being
low in nitrogen-replete cells and high in nitrogen-limited cells
(15). During adaptation from nitrogen-replete conditions to
nitrogen-limited conditions, the enhancement by 2-OG of the
binding of NtcA to DNA would be expected to play an important
role in transcriptional activation of ntcA and of other NtcA-
dependent genes until the concentration of NtcA becomes
sufficiently high to allow 2-OG-independent binding.

The addition of ammonium to nitrogen-limited cells, which
express NtcA-dependent genes at a high level, results in the
immediate repression of transcription of these genes (17, 27).
Given that the intracellular abundance of NtcA in such cells
presumably is also high, NtcA would be expected to occupy its
binding sites irrespective of the 2-OG concentration. The ob-
served ammonium-induced repression of gene transcription
therefore is likely attributable not to the dissociation of NtcA
from DNA but to the rapid decrease in the concentration of
2-OG that occurs after the addition of ammonium (17). Thus,
the dual role of 2-OG in the regulation of NtcA-dependent genes
(enhancement of both NtcA binding to DNA and initiation of
transcription) ensures rapid activation and repression, respec-
tively, of transcription in response to changes in cellular nitrogen
status.

Transcription from NtcA-dependent promoters is induced not
only when cells are deprived of a nitrogen source but also when
ammonium assimilation by the GS-GOGAT cycle is inhibited by
L-methionine-D,L-sulfoxime (MSX, an inhibitor of GS) or by
5-diazo-6-oxo-L-norleucine (DON; an inhibitor of glutamine
amidotransferases including GOGAT; ref. 27). Given that pre-
incubation of cells with glutamine prevented MSX-induced
transcription but not DON-induced transcription, we previously
hypothesized that a nitrogenous compound produced by transfer

Fig. 3. Effects of 2-OG on NtcA-dependent transcription in vitro. (A) Run-off transcription reactions were performed with the glnA promoter (template I) in
the absence (�) or presence (�) of NtcA and in the presence of the indicated concentrations of 2-OG. The position of the 137-nt transcript is indicated by the
arrow. (B) Run-off transcription reactions were performed as described for A but with two different glnA promoter fragments (templates I and II) that are
expected to yield transcripts of different sizes [137 and 63 nt (indicated by arrows on the autoradiogram), respectively]. The structures of the templates are
represented schematically below the autoradiogram with the NtcA binding sites indicated as hatched boxes and the direction of transcription indicated by
arrows. (C) Run-off transcription assays were performed as described for A but with an ntcA promoter fragment (template III). The position of the 101-nt transcript
is indicated by the arrow.

4254 � www.pnas.org�cgi�doi�10.1073�pnas.072587199 Tanigawa et al.



of the amide nitrogen of glutamine or a metabolite thereof acts
as a negative regulator of transcription (27, 28). However,
inhibition of the GS-GOGAT cycle would be expected to result
in accumulation of 2-OG, which should be prevented by exog-
enous glutamine in MSX-treated cells but not in DON-treated
cells, because DON inhibits consumption of 2-OG by the
GOGAT reaction. These previous observations thus are ac-
counted for mostly by the effects of 2-OG on both NtcA binding
to DNA and transcriptional initiation. We therefore propose
that 2-OG is the major regulator of NtcA-dependent transcrip-
tion, although an additional role for a negative regulator cannot
be excluded.

In enteric bacteria, nitrogen status is sensed by uridylyl-
removing enzyme uridylyltransferase as the ratio of the concen-
trations of 2-OG and glutamine. The uridylyltransferase-
dependent uridylylation status of PII determines the activity of
GS as well as that of the RNA polymerase containing �N through
the two-component regulatory system comprising NtrB and
NtrC (5–9). PII is present also in cyanobacteria, and its functions
related to regulation of the nitrate�nitrite uptake have been well
characterized (11). However, the significance of this sensory
protein for transcriptional regulation in these organisms remains
obscure (11). Rather, NtcA seems to regulate the expression of
nitrogen assimilation-related genes in cyanobacteria through
direct sensing of the intracellular concentration of 2-OG. This
difference between enteric bacteria and cyanobacteria may be
caused by the metabolic divergence of these two groups; 2-OG

is used only for nitrogen assimilation in cyanobacteria, whereas
it is both a substrate for nitrogen assimilation and an interme-
diate in the tricarboxylic acid cycle in enteric bacteria. Thus the
2-OG concentration alone may be sufficient to represent cellular
nitrogen status in cyanobacteria.

We propose that a change in the conformation of NtcA
induced by 2-OG both promotes the binding of this transcription
factor to DNA and facilitates a later step of transcriptional
initiation. In E. coli, the galactose operon promoter (Pgal) is
activated by CRP, which binds to the conserved sequence motif
centered 41.5 bp upstream of the transcription start site (29–31).
CRP interacts simultaneously with multiple regions of RNA
polymerase, promoting recruitment of and conformational
changes in this enzyme that result in the initiation of transcrip-
tion from Pgal (30, 31). Given that NtcA is a homolog of CRP
and NtcA binds its target promoters at a position similar to that
targeted by CRP in Pgal, it is possible that transcriptional
activation by NtcA occurs in a manner similar to that proposed
for CRP. Further in vitro analysis should clarify the kinetics of
transcriptional activation by NtcA and provide insight into the
regulation of nitrogen homeostasis in cyanobacteria at the
molecular level.
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