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Expression of the nitrate assimilation nir operon in the filamentous, heterocyst-forming cyanobacterium
Anabaena sp. strain PCC 7120 requires the action of both the global nitrogen control transcription factor NtcA
and the pathway-specific transcriptional regulator NtcB. In the genome of this cyanobacterium, the ntcB gene
is found in a cluster of genes located in the complementary strand, upstream from the nir operon. Just
downstream of ntcB, there is an open reading frame, all0601 (previously designated orf356 and now designated
the cnaT gene), that putatively encodes a protein similar to proteins with glycosyl transferase activity and that
is also present clustered together with ntcB homologues or nitrate assimilation structural genes in other
cyanobacterial genomes. An insertional mutant of cnaT was generated and found to be unable to assimilate
nitrate, although it could use ammonium or dinitrogen as a source of nitrogen for growth. In the mutant, under
derepression conditions, nir operon mRNA (as determined by RNA-DNA hybridization and primer extension
analysis) and enzymes of the nitrate reduction system (i.e., nitrate reductase and nitrite reductase) were
expressed at low or undetectable levels. Inactivation of cnaT did not impair expression of ntcB, and expression
of cnaT itself was constitutive and regulated by neither NtcA nor NtcB. Regulation of expression of the nir
operon in Anabaena sp. strain PCC 7120 by CnaT and the previously described regulatory elements, NtcA and
NtcB, is discussed.

Cyanobacteria are phototrophs that carry out oxygenic pho-
tosynthesis and likely represent the phylogenetic ancestors of
eukaryotic algae and higher-plant chloroplasts (18). Nitrate
and ammonium are excellent sources of nitrogen for cyanobac-
teria in general, and many strains are also able to use urea
and/or fix atmospheric nitrogen (11). In the absence of com-
bined nitrogen, some filamentous cyanobacteria, such as
Anabaena sp. strain PCC 7120, differentiate heterocysts, which
are specialized cells in which the nitrogen fixation machinery is
confined under aerobic conditions (47).

In cyanobacteria, the assimilation of nitrate involves its in-
corporation into the cell through an active transport system,
followed by intracellular two-step reduction to ammonium se-
quentially catalyzed by ferredoxin-nitrate reductase and ferre-
doxin-nitrite reductase (11). Genes encoding nitrite reductase
(nir), an ABC-type nitrate/nitrite uptake permease (nrtABCD),
and nitrate reductase (narB) are clustered together and con-
stitute the nir operon (nir-nrtABCD-narB) in the genomes of
Synechococcus sp. strain PCC 7942 (25, 27, 32, 39, 41) and
Anabaena sp. strain PCC 7120 (6, 14). In addition, several
genes involved in molybdenum cofactor (molybdopterin gua-
nine dinucleotide [38]) biosynthesis whose mutation prevents
expression of nitrate reductase activity have been character-
ized in Synechococcus sp. strain PCC 7942 (36, 37).

In all cyanobacteria tested to date, expression of the nir

operon is subject to negative control by ammonium (22). The
ntcA gene encodes a transcription factor belonging to the CAP
family that is required for expression of genes that are subject
to repression by ammonium and is widespread among cya-
nobacteria (16, 26). In Anabaena sp., the NtcA protein is es-
sential for growth at the expense of nitrate or dinitrogen (13,
45) and regulates the expression of genes that encode proteins
involved in nitrate assimilation, like the nir operon, or in dini-
trogen fixation (22). The NtcA protein has recently been shown
to respond in vitro to 2-oxoglutarate (42, 43), a putative C-to-N
ratio signal in cyanobacterial cells (12, 31).

In addition to NtcA, a LysR-type transcriptional regulator,
NtcB, is involved in regulation of nir operon expression (1, 2,
15, 28, 40). In Anabaena sp. strain PCC 7120, the NtcB protein
is required for growth at the expense of nitrate and, together
with NtcA, for activation of transcription of the nir operon in
response to withdrawal of ammonium (15). In the genomes of
both Synechococcus sp. strain PCC 7942 (40) and Anabaena sp.
strain PCC 7120 (15), the ntcB gene is located in the opposite
DNA strand, close to (and upstream from) the nir operon.
Although in most cyanobacteria expression of the nir operon
takes place in the absence of combined nitrogen (6), higher
levels of the nir operon mRNA are usually found in cells
incubated in the presence of nitrate (14, 24, 26). A role for
NtcB in mediating nitrate-nitrite induction of the nir operon
has been suggested (1, 28, 40), but it has also been shown that
NtcB is required in some cyanobacteria for high-level expres-
sion of the nir operon in the absence of nitrate (2, 15).

In this study, we characterized a gene, cnaT (open reading
frame [ORF] all0601), from Anabaena sp. strain PCC 7120 that
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encodes a new protein involved in nitrate assimilation through
its influence on expression of the nir operon at the transcrip-
tional level.

MATERIALS AND METHODS

Strains and growth conditions. Anabaena (Nostoc) sp. (referred to in this
paper as Anabaena sp.) strain PCC 7120 (35) and its heterocyst-defective deriv-
ative strain EF116 (which is unable to fix dinitrogen under aerobic conditions)
(46) were routinely grown photoautotrophically at 30°C under white light (about
25 microeinsteins � s�1 � m�2) with shaking for liquid cultures. The media used
for growth were BG11 medium (with NaNO3 as the nitrogen source) (34), BG110

medium (BG11 medium without nitrate), and BG110NH4
� medium [BG110

medium supplemented with 2 mM NH4Cl and 4 mM N-tris(hydroxymethyl)
methyl-2-aminoethanesulfonic acid (TES)–NaOH buffer (pH 7.5)]. For growth
on plates, medium solidified with separately autoclaved 1% agar (Difco) was
used. When appropriate, antibiotics were added to plates at the following final
concentrations: streptomycin, 5 �g/ml; spectinomycin, 5 �g/ml; erythromycin, 5

�g/ml; and neomycin, 30 �g/ml. In liquid cultures, the following antibiotic con-
centrations were used: streptomycin, 2 �g/ml; spectinomycin, 2 �g/ml; and eryth-
romycin, 5 �g/ml. Strains CSE2 (13), CSE19 (15), CSE22, and CSE22F were
routinely grown in BG110NH4

� medium supplemented with streptomycin and
spectinomycin. CSE221 and CSE222 were routinely grown in BG110NH4

� me-
dium supplemented with streptomycin, spectinomycin, and erythromycin. For
derepression experiments, cells grown in BG110NH4

� medium were washed
three times with BG110 medium, resuspended in the media indicated below, and
bubbled with a mixture of air and CO2 (1% [vol/vol] CO2) at 30°C in the light (75
to 100 microeinsteins � s�1 � m�2). All media used for derepression experiments
were supplemented with 12 mM NaHCO3.

Escherichia coli DH5�, HB101, XL1-Blue, and ED8654 were grown in Luria-
Bertani medium as described previously (3).

Plasmids. Plasmid pCSE95 bears a 3.25-kb ClaI DNA fragment from
Anabaena sp. strain PCC 7120, which contains ORF all0601 (previously desig-
nated orf356 [15] and now designated the cnaT gene). Plasmid pCSE109 was
constructed by inserting HincII-ended gene cassette C.S3 (9), excised from
pRL463 (plasmid pUC18-19/L.HEH1/C.S3) (J. Elhai and C. P. Wolk, unpub-
lished data; nomenclature of Elhai and Wolk [9]), into the MscI site of cnaT
carried on pCSE95. The C.S3 cassette has transcription terminators at both ends
(33). The Klenow fragment-filled 5.25-kb ClaI insert from pCSE109 (cnaT::C.S3)
was cloned into one of the two EcoRV sites of the sacB-carrying, mobilizable
vector pRL278 (4), partially digested with EcoRV, to generate plasmid
pCSE109B. Plasmid pCSE117 was generated by inserting a 2.4-kb SalI/PstI DNA
fragment conferring resistance to chloramphenicol and erythromycin from
pRL271 (4) into SalI/PstI-digested pBR322. Plasmid pCSE118 was constructed
by inserting a 1.5-kb SpeI/PstI DNA fragment containing cnaT and the 3� end of
the ntcB gene from pCSE95 into SpeI/PstI-digested pCSE117.

Generation of mutant strains. Plasmids with mutant versions of Anabaena
ORFs were transferred to the cyanobacterial parental strain by conjugation (10).
For generation of the cnaT mutant, a sacB-mediated method for positive selec-
tion of double recombinants in Anabaena sp. was used (5). For generation of
strains CSE22, CSE221, and CSE222, E. coli HB101 containing plasmid
pCSE109B and helper plasmids pRL528 (10) and pRL591-W45 (8) (for CSE22)
or pCSE118 and helper plasmid pRL623 (8) (for CSE221 and CSE222) was
mixed with E. coli ED8654 carrying the conjugative plasmid pRL443. Next, each
cell suspension was mixed with strain PCC 7120 (for CSE22) or CSE22 (for
CSE221 and CSE222). After this, the resulting cell suspensions were spread onto
nitrocellulose filters (REC-85; Nuclepore). The filters were set successively on
top of solid medium (BG110NH4

� medium for CSE22 and BG110NH4
� medium

containing streptomycin and spectinomycin for CSE221 and CSE222) supple-
mented with 5% Luria-Bertani medium and incubated for 24 h, on top of the
same medium that was not supplemented and incubated for 24 h, and on top of
the same medium supplemented with streptomycin and spectinomycin (for
CSE22) or with erythromycin (for CSE221 and CSE222) until colonies appeared.
In the case of generation of mutant strain CSE22, once the colonies appeared,
the filter was set on top of BG110NH4

� solid medium containing streptomycin,
spectinomycin, and 5% sucrose. All the sucrose-resistant colonies obtained were
checked for sensitivity to neomycin (resistance to neomycin is encoded in the
vector portion of plasmid pRL278). Strain CSE22F was generated like strain
CSE22, except that strain EF116 was used as the parental strain. Double recom-
binants were identified by the sucrose-resistant Smr Spr Nms phenotype. In all
cases the genomic structure of the resultant Anabaena sp. mutant strain was
checked by Southern analysis.

DNA isolation, Southern blot analysis, and DNA sequencing. Isolation of
DNA from Anabaena sp. was performed as previously described (5). For South-
ern blotting, restriction endonuclease-digested DNA was subjected to electro-
phoresis in agarose gels and transferred to Hybond-N� membranes by following
the instructions of the manufacturer. Labeling of probes with 32P and hybridiza-
tion were performed as described previously (16). Manual sequencing was car-
ried out by the dideoxy chain termination method with a T7 sequencing kit
(Amersham Pharmacia Biotech) and [�-35S]thio-dATP.

RNA isolation and analysis. RNA from Anabaena sp. strain PCC 7120 was
prepared as described previously (17, 19). The resulting RNA preparations were
treated with RNase-free DNase I to eliminate contaminating DNA. For North-
ern blot analysis, RNA (approximately 20 to 30 �g) was subjected to electro-
phoresis in denaturing formaldehyde gels, transferred to Hybond-N� mem-
branes, and subjected to hybridization at 65°C as described previously (7).
Labeling of probes with 32P was performed as described previously (16). Primer
extension experiments were performed as described elsewhere (3) by using 20 to
25 �g of RNA and oligonucleotide nir-1 (14), orf356-1 (5�CAG CAG ATC CCT
GAA TAC AAT ACT C3�; complementary to nucleotides 27 to 3 of Anabaena
cnaT), or orf356-4 (5� CTT TCT CCC GTA TGG TTC CCA C3�; complemen-

FIG. 1. (A) Genomic region of Anabaena sp. strain PCC 7120 bear-
ing cnaT (ORF all0601). Genes and ORFs are indicated by large
arrows, which also show the directions of transcription. The location of
the probe used in the experiment whose results are shown in panel B
and the restriction site into which gene cassette C.S3 was inserted to
generate mutant strain CSE22 are also indicated. Abbreviations for
restriction endonuclease sites: B, BstXI; C, ClaI; E, EcoRV; Hc,
HincII; H, HindIII; M, MscI; S, SpeI; X, XbaI. (B) Southern blot
analysis of the structure of the all0601 region in mutant strain CSE22.
Total DNA from wild-type strain PCC 7120 (WT) or strain CSE22 was
digested with EcoRV or HindIII and hybridized to the probe shown in
panel A (808-bp HincII/BstXI DNA fragment containing most of the
all0601 ORF). Sizes (in kilobases) are indicated on the right.
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tary to nucleotides 62 to 41 of Anabaena cnaT) as the primer. Results were
visualized and quantified with a Cyclone storage phosphor system and Opti-
Quant image analysis software (Packard).

Enzyme activities. Nitrate reductase (20) and nitrite reductase (21) activities
were measured with dithionite-reduced methyl viologen as the reductant in cells
made permeable with mixed alkyltrimethylammonium bromide. The cells added
to the enzymatic assay mixtures for nitrate reductase and nitrite reductase con-
tained 5 and 25 �g of chlorophyll a, respectively. One unit of activity corre-
sponded to 1 �mol of nitrite produced per min (nitrate reductase) or 1 �mol of
nitrite removed per min (nitrite reductase).

RESULTS

cnaT. ORF all0601, previously designated orf356 (15) and
now designated the cnaT gene (the cna refers to cyanobacterial
nitrate assimilation and the T refers to the fact that it is re-
quired to attain high transcript levels [see below]), is located
just downstream of the ntcB gene in the genome of Anabaena
sp. strain PCC 7120 (15, 23). The cnaT gene should encode a
356-amino-acid polypeptide that shows overall homology to
proteins with glycosyl transferase activity and, in particular, to
anthranilate phosphoribosyltransferase, the trpD gene product
of the tryptophan biosynthesis pathway. However, Anabaena
sp. strain PCC 7120 contains two other ORFs that are more
likely to represent true trpD genes, alr1153 and alr0409, the
latter of which is located in a putative tryptophan biosynthesis
gene cluster (23). Thus, for instance, whereas the cnaT product
exhibits 26% identity to the Rhodobacter TrpD protein, the
alr1153 and alr0409 products exhibit 39 and 41% identity, re-
spectively, to this TrpD protein.

ORFs of unknown function homologous to cnaT are found
in other cyanobacterial genomes, and in every case the cnaT
homologue is located adjacent to ntcB or other nitrate assim-
ilation genes. Thus, gene 59 (contig 434) of Nostoc punctiforme
(encoding a product with 80% identity to CnaT at the amino
acid level) is just downstream of ntcB, sll1634 of Synechocystis
sp. strain PCC 6803 (encoding a product with 54.9% identity to
CnaT) is just upstream of the nitrate/nitrite permease and
nitrate reductase genes, tll1358 of Thermosynechococcus elon-
gatus strain BP-1 (encoding a product with 53.7% identity to
CnaT) is just downstream of ntcB, and gene 1086 of Synecho-
coccus sp. strain WH8102 (encoding a product with 43% iden-
tity to CnaT) is located close to a cluster of putative nitrate
transport genes.

In bacteria, genes with related functions are frequently clus-
tered together and sometimes constitute operons. Because of
the proximity of cnaT to ntcB or to nitrate assimilation struc-
tural genes, we examined the effect of inactivation of cnaT in
Anabaena sp. strain PCC 7120.

Isolation and characterization of a cnaT mutant. An inacti-
vated version of cnaT was constructed by inserting in vitro gene
cassette C.S3 into ORF all0601 and transferring the inactivated
version to Anabaena sp. strain PCC 7120 by conjugation. Se-
lection for double recombination was applied, which led to
allele substitution (Fig. 1) (see Materials and Methods for
details). Figure 1B shows that no wild-type copies of cnaT
could be detected in one of the selected clones, which was
designated CSE22. In this clone, the wild-type version of the

FIG. 2. Northern blot analysis of expression of the nir gene in
wild-type strain PCC 7120 (WT) and mutant strains CSE19 (ntcB) and
CSE22 (cnaT). Hybridization assays were carried out by using RNA
isolated from cells grown with ammonium and incubated for 4 h in
medium containing nitrate (lanes N), medium containing no combined
nitrogen (lanes Ø), or medium containing ammonium (lanes A). As a
hybridization probe, an XbaI-EcoRV DNA fragment from nucleotide
86 to nucleotide 2,479 with respect to the nir operon tsp was used.
Hybridization to rnpB (44) served as a loading and transfer control
(lower panel). The positions of some size markers (in kilobases) are
indicated on the left.

TABLE 1. Nitrate reductase and nitrite reductase activities of Anabaena sp. strain PCC 7120 and mutant strains CSE22 (cnaT),
CSE221, and CSE222a

Strain Nitrate reductase activity (mU � mg of protein�1) Nitrite reductase activity (mU � mg of protein�1)

Nitrate Dinitrogen Ammonium Nitrate Dinitrogen Ammonium

PCC7120 69.2 � 22.5 15.6 � 6.38 11.3 � 4.0 15.3 � 4.6 ND ND
CSE22 6.0 � 5.8 0.1 � 0.1 0.1 � 0.1 ND ND ND
CSE221 86.9 � 21.8 13.3 � 2.4 9.4 � 1.2 13.6 � 1.8 ND ND
CSE222 80.3 � 9.5 16.1 � 1.3 12.5 � 4.4 12.7 � 2.7 ND ND

a Ammonium-grown cells were washed, resuspended in media with different sources of nitrogen, and incubated as indicated in Materials and Methods for
derepression experiments. Enzymatic activities were determined after 4 h under derepression conditions. The values are the means � standard deviations of the results
of three independent experiments. ND, not detectable.
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cnaT region (6.5-kb EcoRV fragment and 4.5-kb HindIII frag-
ment) had been replaced by the mutated version (8.5-kb
EcoRV fragment and 3.1- and 1.4-kb HindIII fragments, re-
spectively, since gene cassette C.S3 has HindIII sites at both
ends).

The ability of mutant strain CSE22 (cnaT::C.S3) to grow in
liquid medium by using different inorganic sources of nitrogen
was examined. As was the case with parental strain PCC 7120,
strain CSE22 was able to grow in media containing ammonium
or no combined nitrogen. In media containing nitrate, strain
CSE22 was able to grow, but it developed heterocysts, in con-
trast to strain PCC 7120, which developed heterocysts only in
the absence of a source of combined nitrogen. The percentage
of strain CSE22 cells that were heterocysts in nitrate-contain-
ing medium was similar to the percentage of the wild-type
strain cells that were heterocysts in the absence of combined
nitrogen, about 8%. Because mutants of Anabaena sp. strain
PCC 7120 impaired in nitrate assimilation develop heterocysts
and exhibit nitrogenase activity in the presence of nitrate (29),
this observation suggested that strain CSE22 was unable to
assimilate nitrate and grew in its presence by fixation of atmo-
spheric nitrogen. The nitrate reductase and nitrite reductase
activities in mutant CSE22 were measured and compared to
those in parental strain PCC 7120. In contrast to strain PCC
7120, strain CSE22 exhibited only basal or undetectable levels
of these enzyme activities under all of the incubation condi-
tions tested (Table 1). However, the levels of nitrate reductase
were higher in nitrate-containing medium than in the absence
of combined nitrogen.

In order to check whether strain CSE22 really grew at the
expenses of atmospheric nitrogen, the same construct used to
generate strain CSE22 was transferred by conjugation to
heterocyst-defective, Fox� strain EF116, generating strain

CSE22F. Like its parental strain (strain EF116), strain CSE22F
was unable to grow in the absence of combined nitrogen. In
ammonium-containing media, the growth rate constants for
strains EF116 and CSE22F, determined from the increases in
the protein contents of the cultures (14), were 0.65 and 0.54
day�1, respectively, and in media containing nitrate as the
nitrogen source the growth rate constants were 0.75 and 0.08
day�1, respectively (the values are the means of two indepen-
dent experiments in which similar results were obtained).
These observations confirmed that mutant strain CSE22 was
unable to use nitrate as a sole nitrogen source and that in
media containing nitrate strain CSE22 grew by fixing atmo-
spheric nitrogen.

To verify that the inability of strain CSE22 to grow with
nitrate as the only nitrogen source was a result of inactivation
of cnaT, we reintroduced a wild-type copy of cnaT into strain
CSE22. Plasmid pCSE118 (Emr), containing an intact copy of
cnaT (see Materials and Methods for details), was transferred
by conjugation from E. coli to strain CSE22 (Smr Spr), and Emr

Smr Spr exconjugants were isolated in the presence of ammo-
nium in the culture medium. The genomic structures of some
exconjugants were examined by Southern blot analysis. Inte-
gration of pCSE118 upstream and downstream of the gene
cassette C.S3 in CSE22 was observed in two of the exconju-
gants, strains CSE221 and CSE222, respectively (data not
shown). Both of these strains had gained the ability to grow in

FIG. 3. Primer extension analysis of expression of the nir gene in
wild-type strain PCC 7120 (WT) and mutant strains CSE19 (ntcB) and
CSE22 (cnaT). Primer extension assays were carried out by using
oligonucleotide nir-1 as a primer and RNA isolated from cells grown
with ammonium and incubated for 4 h in medium containing nitrate
(lanes N), medium containing no combined nitrogen (lanes Ø), or
medium containing ammonium (lanes A). The arrowhead indicates the
extension product identifying the nir operon tsp. The sequencing lad-
ders were generated with the same primer used in the primer extension
reactions and with plasmid pCSE26 as the template.

FIG. 4. Expression of the ntcB gene in wild-type strain PCC 7120
(WT) and mutant strain CSE22 (cnaT) under different nitrogen regi-
mens. RNA isolated from cells grown in medium containing nitrate
(lanes N), medium containing dinitrogen (lanes Ø), or medium con-
taining ammonium (lanes A) was used in a Northern blot analysis with
a PCR-generated DNA fragment containing most of the Anabaena
ntcB gene (15) as a probe. Note that CSE22 cells grown in the presence
of nitrate use dinitrogen as a nitrogen source. Hybridization to rnpB
(44) served as a loading and transfer control (lower panel). The size (in
kilobases) corresponding to size of the the observed putative transcript
is indicated on the left.
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the presence of nitrate without developing heterocysts and had
levels of nitrate reductase and nitrite reductase activities sim-
ilar to those of wild-type strain PCC 7120 (Table 1). We there-
fore concluded that in Anabaena sp. strain PCC 7120 an intact
cnaT gene is required for assimilation of nitrate and for ex-
pression of significant levels of nitrate reductase and nitrite
reductase activities. On the other hand, because of the genetic
structure of the genomic region in which cnaT is located (Fig.
1A) (23), no polar effects of insertion of gene cassette C.S3,
which bears transcriptional terminators (33), were expected.

Because of the CnaT homology to tryptophan biosynthesis
protein TrpD, it was possible that cnaT represented a trypto-
phan biosynthesis gene specifically required by the cells in ni-
trate-containing growth medium. We therefore tested whether
growth of Anabaena sp. strain CSE22F (cnaT::C.S3 Fox�) in
nitrate-containing medium could be rescued by tryptophan, an
amino acid that is expected to be transported by the neutral
amino acid permeases of Anabaena sp. strain PCC 7120 (30).
However, no growth of CSE22F was observed in plates of
BG11 medium supplemented with 0.1 or 1 mM tryptophan,
whereas growth was observed in BG110NH4

� medium in the
presence of the same concentrations of this amino acid.

Strain CSE22F (cnaT::C.S3 Fox�) was observed to revert
frequently, giving rise to colonies able to grow on BG11 me-
dium. To quantify the reversion frequency, a culture was raised
from a CSE22F colony in liquid BG110NH4

� medium supple-
mented with streptomycin and spectinomycin, the filaments
were fragmented by cavitation to obtain short filaments having
a mean of five cells per filament, and serial dilutions of the
filament suspension were plated on BG110NH4

� and BG11
media supplemented with streptomycin and spectinomycin.
The numbers of blue-green colonies that appeared in
BG110NH4

� and BG11 media were counted, and in two inde-

pendent experiments reversion frequencies of 2.5 �10�6 and
3.2�10�6 cell�1 were calculated. Fifteen independent rever-
tants were tested and found to be Nas� Fox� and, as deter-
mined by Southern analysis, to have the mutant cnaT::C.S3
region (consistent with their Smr Spr phenotype) without car-
rying wild-type chromosome copies (results not shown). Thus,
there appeared to be an extragenic suppressor mutation(s) of
the cnaT::C.S3 mutation, and because of the high frequency of
reversion, this suppression phenomenon appeared to result
from loss-of-function mutations (i.e., from gene inactivation).

Analysis of nir operon expression in strain CSE22. To test
whether the phenotype of strain CSE22 (cnaT::C.S3) was due
to impaired expression of the nir operon, Northern blot anal-
ysis was carried out with a probe of the nir operon covering the
nir gene and part of the nrtA gene. Hybridizations were per-
formed with RNA isolated from cells of wild-type strain PCC
7120 and mutant strain CSE22 incubated under different ni-
trogen regimens. The ntcB mutant strain CSE19 (15) was also
included for comparison. As is usual for the nir operon tran-
script (14), only a smear of degraded RNA products was de-
tected (Fig. 2). Whereas in strain PCC 7120 there was a high
level of expression of the nir operon in media without ammo-
nium (media containing no combined nitrogen or nitrate), a
low level of expression was observed for the cnaT mutant,
which was also the case for the ntcB mutant (Fig. 2). Therefore,
the requirement for CnaT for growth on nitrate is based on a
requirement for this protein for expression of the nir operon.

Levels of the 5� region of the nir operon transcript in strain
CSE22 (cnaT::C.S3) were also analyzed. Primer extension ex-
periments were performed with RNA isolated from cells of
wild-type strain PCC 7120 and mutant strains CSE19 and
CSE22 incubated under different nitrogen regimens (Fig. 3).
Consistent with previously reported data (14), an extension
product that ended at nucleotide �460 (with respect to the nir
gene initiation codon), which was thus identified as a putative
transcriptional start point (tsp), was obtained. Whereas in
strain PCC 7120 a high level of the �460 extension product
was observed in media without ammonium (media containing
no combined nitrogen or nitrate), in strains CSE19 and CSE22
very low levels of this extension product were observed, al-
though the product was still regulated by ammonium. Addi-
tionally, in the cnaT mutant, higher levels of this extension
product were observed in RNA preparations from cells incu-
bated with nitrate than in RNA preparations from cells incu-
bated without combined nitrogen.

The results described above indicate that the cnaT product is
required for efficient expression of the nir operon. However, no
DNA-binding motif could be identified in the CnaT amino acid
sequence. Additionally, mobility shift assays were carried out
by using a DNA fragment containing the nir operon promoter
and two different sources of CnaT protein, cell extracts of an
CnaT-overproducing E. coli strain and purified His6-CnaT pro-
tein, but no retardation was observed in either case under the
experimental conditions used (data not shown).

Analysis of ntcB expression in strain CSE22. To test whether
expression of the positive effector NtcB was affected in mutant
strain CSE22 (cnaT::C.S3), expression of the ntcB gene was
studied by Northern blot analysis by using total RNA isolated
from cells of wild-type strain PCC 7120 and mutant strain
CSE22 grown under various nitrogen regimens (Fig. 4). Similar

FIG. 5. Expression of cnaT in wild-type strain PCC 7120 (WT) and
mutant strains CSE19 (ntcB) and CSE2 (ntcA) under different nitrogen
regimens. A Northern blot analysis was performed with total RNA
isolated from cells grown with ammonium and incubated for 4 h in
medium containing nitrate (lanes N), medium containing no combined
nitrogen (lanes Ø), or medium containing ammonium (lanes A). The
probe used was the probe shown in Fig. 1A. Hybridization to rnpB (44)
served as a loading and transfer control (lower panel). The size (in
kilobases) corresponding to the size of the observed putative transcript
is indicated on the left.
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ammonium-regulated expression of the ntcB gene was ob-
served in the two strains, indicating that expression of the ntcB
gene was not affected in mutant strain CSE22.

Analysis of cnaT expression. Expression of cnaT was studied
by Northern blot analysis by using RNA isolated from cells of
wild-type strain PCC 7120 and mutant strains CSE2 (ntcA) and
CSE19 (ntcB) incubated under various nitrogen regimens (Fig.
5). A 1.1-kb transcript whose levels were similar under all the
nitrogen conditions tested was detected in the three strains.
This observation indicates that expression of cnaT is constitu-
tive with respect to the nitrogen source and is not regulated by
either NtcA or NtcB. A size of 1.1-kb is consistent with a
monocistronic transcript for cnaT, which is 1,036 bp long. On
the other hand, the cnaT probe detected no transcript with
RNA isolated from an Anabaena strain carrying an insertion of
the C.S3 gene cassette into the HincII restriction site that is
located upstream of the cnaT initiation codon (Fig. 1 and 6B
show the location of the HincII site) (results not shown). This
result confirmed that the transcript observed corresponded to
the cnaT gene.

The putative tsp of cnaT was determined by using primer
extension analysis. RNA isolated from cells of strain PCC 7120
grown with ammonium and incubated under various nitrogen
regimens was used. An extension product, whose 3� end cor-
responded to nucleotide �105 relative to the first nucleotide of
cnaT, was obtained by using two different oligonucleotides,
orf356-1 and orf356-4. The results obtained with oligonucleo-
tide orf356-1 are shown in Fig. 6A. Similar levels of the RNA
template were present in cells incubated with nitrate, in cells
incubated with no combined nitrogen, and in cells incubated
with ammonium, which is consistent with the data obtained in
Northern blot experiments (Fig. 5). Two sequences, 5�TTGA
AA3� and 5�TACGAT3�, which could conform to the �35 and
�10 boxes, respectively, of a �70-type promoter, were found
upstream from this putative tsp (Fig. 6B). Nevertheless, it
should be noted that only 13 nucleotides separated the two
boxes, a distance too short for a typical �70-type promoter.

DISCUSSION

We identified a novel gene from Anabaena sp. strain PCC
7120, cnaT, which is required for expression of the nir operon.
The product of cnaT shows significant sequence similarity to
putative products of ORFs of unknown function from different
cyanobacterial strains (e.g., Nostoc punctiforme, Synechococcus
sp. strain WH8102, Synechocystis sp. strain PCC 6803, and
Thermosynechococcus elongatus strain BP-1). As is the case for
Anabaena sp. strain PCC 7120, the cnaT homologue is located
close to genes involved in nitrate assimilation in the other
cyanobacterial genomes. The deduced CnaT polypeptide and
its cyanobacterial homologues are similar to proteins with gly-
cosyl transferase activity, specifically to anthranilate phospho-

FIG. 6. Identification of the cnaT promoter. (A) Primer extension
analysis performed with oligonucleotide orf356-1 and total RNA iso-
lated from cells of Anabaena sp. strain PCC 7120 grown with ammo-
nium and incubated for 4 h in medium containing nitrate (lanes N),
medium containing no combined nitrogen (lanes Ø), or medium con-
taining ammonium (lanes A). The nucleotide sequence around the end
of the extension product (indicated by an arrowhead) is shown on the
left. The sequencing ladders were generated with the primer used in

the primer extension reactions and with pCSE95 as the template.
(B) DNA sequence of the 5� end and sequences upstream of cnaT. The
locations of oligonucleotides orf356-1 and orf356-4, as well as the
locations of the putative tsp (�1) and promoter elements (�10 and
�35 boxes) of cnaT, are indicated. The arrow indicates the start of the
cnaT ORF.
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ribosyltransferase, an enzyme that transfers a phosphorylated
ribose substrate to anthranilate. Thymidine/pyrimidine-nucle-
oside phosphorylase is also similar to these proteins.

Mutation of cnaT renders Anabaena sp. strain PCC 7120
unable to use nitrate as a nitrogen source, as corroborated by
the phenotype of heterocyst-defective strain CSE22F. Figure 2
shows that inactivation of cnaT impairs accumulation of nir
operon mRNA under conditions permissive for nir operon
expression. Impaired accumulation could result from a defect
in activation of gene transcription or from decreased stability
of the transcripts. Nonetheless, primer extension analysis indi-
cated that inactivation of CnaT has a strong effect on the
abundance of the nir operon mRNA 5� end, similar to what
happens with inactivation of the transcriptional activators
NtcA and NtcB (Fig. 3) (14, 15). This observation suggests that
the inability of strain CSE22 (cnaT::C.S3) to use nitrate may be
due to a defect in activation of transcription of the nir operon.
However, no DNA-binding motif has been identified in the
CnaT sequence, and no indication of binding of the CnaT
protein to the nir operon promoter has been obtained. There-
fore, if CnaT has a role in activation of nir operon expression,
it may be indirect.

As mentioned above, activation of expression of the nir
operon in Anabaena sp. strain PCC 7120 requires the functions
of both the NtcA and NtcB transcription factors, which exert
their effects by binding to the nir operon promoter region (15).
Thus, mutation of cnaT might affect nir operon expression via
a defect in activation of the nir operon promoter by NtcA
and/or NtcB. The fact that strain CSE22, unlike ntcA mutant
strain CSE2 (13), can grow on N2, a process absolutely depen-
dent on NtcA, indicates that the NtcA protein is functional in
strain CSE22. On the other hand, ammonium-regulated ex-
pression of ntcB is unaffected in mutant strain CSE22 (Fig. 4),
indicating that the impaired expression of the nir operon in
strain CSE22 is not due to impaired expression of the ntcB
gene.

The molecular mechanism of the effect of CnaT on nir
operon expression is unknown. However, given the putative
glycosyl transferase activity of this protein, it is possible that it
acts by modifying another as-yet-unidentified factor of the reg-
ulatory system for the nir operon promoter. The high reversion
frequency observed for the cnaT::C.S3 mutant suggests that a
negative factor acts downstream of CnaT during regulation of
nir operon expression, so that a spontaneous mutation of such
a factor suppresses the effect of the cnaT mutation. It is there-
fore possible that CnaT acts by modifying a negative factor,
which has the effect of liberating the nir operon from inhibition
of transcription. If this were the case, the function of CnaT
would be similar to that of the eukaryotic protein poly(ADP-
ribose) polymerase 1, which, in response to DNA damage,
promotes base excision repair and modifies, through poly-
(ADP-ribosyl)ation, several transcription factors, thereby pre-
cluding their binding to DNA (48). Because of the similarity of
the phenotypes of the cnaT and ntcB mutants, the putative
negative factor might act by impairing the positive effect of
NtcB on nir operon transcription. Since, as shown in Fig. 3,
inactivation of cnaT does not eliminate nitrogen control, it is
possible that CnaT represents a sensor of cellular parameters
other than nitrogen availability that may be important for mod-
ulation of nir operon expression. Constitutive expression (at

least with regard to the nitrogen source) (Fig. 5) of cnaT would
ensure the presence of the CnaT protein under different
growth conditions, which would be consistent with a sensor
role for this protein. Alternatively, CnaT could be required for
high-level expression of the nir operon under any cellular con-
ditions.

To recapitulate, activation of the nir operon promoter in
Anabaena sp. strain PCC 7120 after withdrawal of ammonium
under otherwise permissive growth conditions strictly depends
on NtcA (13, 14), which mediates gene activation in response
to an increase in the C-to-N ratio of the cells (22, 42, 43).
Additionally, NtcB, whose expression is NtcA dependent, is
necessary to attain high levels of use of the nir operon pro-
moter independent of the presence of nitrate in the culture
medium (15). Nonetheless, nitrate has a positive effect on the
nir operon transcript and on nitrate reductase and nitrite re-
ductase activities that is still observed in the cnaT mutant and
operates, at least in part, at a posttranscriptional level (14, 15).
Our findings indicate that the action of CnaT is also required
to attain high levels of expression of the nir operon through a
mechanism that remains to be established.

ACKNOWLEDGMENTS

We thank A. M. Muro-Pastor and A. Valladares for their generous
help during this work. Use of DNA sequences of the DOE-Joint
Genome Institute and Kazusa DNA Research Institute databases is
acknowledged.

This work was supported by grant BMC2002-03902 from the Min-
isterio de Ciencia y Tecnologı́a, Spain.

REFERENCES

1. Aichi, M., and T. Omata. 1997. Involvement of NtcB, a LysR family tran-
scription factor, in nitrite activation of the nitrate assimilation operon in the
cyanobacterium Synechococcus sp. strain PCC 7942. J. Bacteriol. 179:4671–
4675.

2. Aichi, M., N. Takatani, and T. Omata. 2001. Role of NtcB in activation of
nitrate assimilation genes in the cyanobacterium Synechocystis sp. strain PCC
6803. J. Bacteriol. 183:5840–5847.

3. Ausubel, F. M., R. Brent, R. E. Kingston, D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.) 2002. Current protocols in molecular biology.
Greene Publishing and Wiley-Interscience, New York, N.Y.

4. Black, T. A., Y. Cai, and C. P. Wolk. 1993. Spatial expression and autoreg-
ulation of hetR, a gene involved in control of heterocyst development in
Anabaena. Mol. Microbiol. 9:77–84.

5. Cai, Y., and C. P. Wolk. 1990. Use of a conditionally lethal gene in Anabaena
sp. strain PCC 7120 to select for double recombinants and to entrap insertion
sequences. J. Bacteriol. 172:3138–3145.

6. Cai, Y., and C. P. Wolk. 1997. Nitrogen deprivation of Anabaena sp. strain
PCC 7120 elicits rapid activation of a gene cluster that is essential for uptake
and utilization of nitrate. J. Bacteriol. 179:258–266.

7. Church, G. M., and W. Gilbert. 1984. Genomic sequencing. Proc. Natl. Acad.
Sci. USA 81:1991–1995.

8. Elhai, J., A. Vepritskiy, A. M. Muro-Pastor, E. Flores, and C. P. Wolk. 1997.
Reduction of conjugal transfer efficiency by three restriction activities of
Anabaena sp. strain PCC 7120. J. Bacteriol. 179:1998–2005.

9. Elhai, J., and C. P. Wolk. 1988. A versatile class of positive-selection vectors
based on the nonviability of palindrome-containing plasmids that allows
cloning into long polylinkers. Gene 68:119–138.

10. Elhai, J., and C. P. Wolk. 1988. Conjugal transfer of DNA to cyanobacteria.
Methods Enzymol. 167:747–755.

11. Flores, E., and A. Herrero. 1994. Assimilatory nitrogen metabolism and its
regulation, p. 487–517. In D. A. Bryant (ed.), The molecular biology of
cyanobacteria. Kluwer Academic Publishers, Dordrecht, The Netherlands.

12. Forchhammer, K. 1999. The PII protein in Synechococcus PCC 7942 senses
and signals 2-oxoglutarate under ATP-replete conditions, p. 549–553. In
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