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Mutants of Anabaena sp. strain PCC 7120 that form heterocysts when grown on nitrate-containing media
were isolated following nitrosoguanidine mutagenesis. Six independent mutants were isolated, and the char-
acterization of one mutant, strain AMC260, which forms 6 to 8% heterocysts in the presence of nitrate, is
presented. A 1.8-kb chromosomal fragment that complemented the AMC260 mutant was sequenced, and a
1.2-kb open reading frame, named moeA, was identified. The deduced amino acid sequence of the predicted
Anabaena sp. strain PCC 7120 MoeA polypeptide shows 37% identity to MoeA from Escherichia coli, which is
required for the synthesis of molybdopterin cofactor. Molybdopterin is required by various molybdoenzymes,
such as nitrate reductase. Interruption of the moeA gene in Anabaena sp. strain PCC 7120 resulted in a strain,
AMC364, that showed a phenotype similar to that of AMC260. We show that AMC260 and AMC364 lack methyl
viologen-supported nitrate reductase activity. We conclude that the inability of the moeAmutants to metabolize
nitrate results in heterocyst formation on nitrate-containing media. Northern (RNA) analysis detected a 1.5-kb
moeA transcript in wild-type cells grown in the presence or absence of a combined nitrogen source.

One of the primary goals in developmental biology is to
understand how one type of cell differentiates into another
more specialized type of cell (20, 35). Some developmental
processes are influenced by environmental cues, and one of the
simplest systems in which this has been investigated is the
induction of spore formation in Bacillus subtilis by nutrient
limitation (13). Cyanobacterial heterocyst development pro-
vides another example of cellular differentiation regulated by
the environment: heterocyst formation is repressed by the
presence of combined nitrogen (39).
Anabaena sp. strain PCC 7120 is a filamentous cyanobacte-

rium that is capable of both oxygenic photosynthesis and aer-
obic nitrogen fixation. Vegetative cells are the site for photo-
synthesis, while nitrogen fixation occurs in terminally
differentiated cells called heterocysts. Filaments of Anabaena
sp. strain PCC 7120 grown in the presence of combined nitro-
gen, such as NaNO3, contain only vegetative cells. Once the
source of combined nitrogen in the medium becomes limiting,
approximately 1 in every 10 vegetative cells in the filament
differentiates into a heterocyst. The two cell types are interde-
pendent: the vegetative cells depend on heterocysts for fixed
nitrogen, and heterocysts depend on vegetative cells for the
photosynthate as the source of the reductant. Several struc-
tural, biochemical, and genetic changes take place during the
differentiation of heterocysts. These include synthesis of a mul-
tilayered cell envelope, formation of narrow channels between
the two cell types, reorganization of internal membranes that
results in the loss of photosystem II and accessory pigments,
rearrangement of DNA elements from within nitrogen fixation
genes and hydrogen uptake genes, and expression of genes
specifically required for nitrogen fixation (8, 39).
Several genes that are involved in the regulation of hetero-

cyst differentiation in Anabaena sp. strain PCC 7120 have been
identified. hetR is an autoregulated gene necessary for activa-
tion of other genes required for differentiation of heterocysts.
Inactivation of hetR blocks differentiation of heterocysts, and

strains containing extra copies of hetR form heterocysts even in
media containing a source of combined nitrogen (5, 6). Muta-
tions in hetP also block heterocyst differentiation, and strains
containing extra copies of hetP form multiple contiguous het-
erocysts in media lacking combined nitrogen (14). Another
regulatory gene, ntcA, which is required for turning on genes
involved in nitrogen metabolism, also affects heterocyst differ-
entiation (15, 37).
In our efforts to identify genes that affect heterocyst devel-

opment in Anabaena sp. strain PCC 7120, nitrosoguanidine-
mutagenized cells were screened for mutants that formed het-
erocysts on nitrate-containing medium. One mutant, AMC260,
formed 6 to 8% heterocysts when grown in a medium contain-
ing nitrate, a phenotype that we will refer to as heterocyst
constitutive (Hetc). We show that the Hetc phenotype of
AMC260 is due to the inability of the cells to reduce nitrate.
This article reports the identification of the moeA gene, which
is involved in molybdopterin biosynthesis.

MATERIALS AND METHODS

Strains and growth conditions. Escherichia coli strains were grown as previ-
ously described (16). For selective growth, the media were supplemented with
100 mg of ampicillin, 50 mg of kanamycin, 17.5 mg of chloramphenicol, and 50 mg
of spectinomycin per ml. Anabaena sp. strain PCC 7120 and derived strains were
grown on BG-11 or BG-110 medium essentially as previously described (16, 37)
except as noted. For Anabaena sp. strain PCC 7120 cultures, the following
antibiotics were used at the indicated final concentrations: neomycin, 25 mg/ml,
and spectinomycin and streptomycin, 2 mg/ml each for solid medium and 1 mg/ml
each for liquid medium.
Nitrosoguanidine mutagenesis. Twenty milliliters of Anabaena sp. strain 7120

cells from a mid-log-phase culture were collected after centrifugation at 2,700 3
g for 5 min. The cells were washed with 10 mM citrate buffer, pH 6, and then
resuspended in 18 ml of the same buffer. Two milliliters of 1-mg/ml N-methyl-
N9-nitro-N-nitrosoguanidine was added to the resuspended cells. After 90 min at
room temperature, the cells were collected by centrifugation and washed twice
with 20 ml of BG-11 medium. The cells were then resuspended in 100 ml of
BG-11 medium and allowed to recover for 4 to 6 days at a light intensity of 80
to 100 microeinsteins m22 s21 at 308C until the culture turned green. Filaments
were fragmented by sonication to lengths of two to three cells each and spread
onto BG-11 plates to obtain approximately 500 colonies per plate. Colonies were
screened individually at a magnification of 3400 with a light microscope for
filaments forming heterocysts constitutively on the nitrate-containing medium.
Photomicrographs were taken with an Olympus BX50 microscope with Nomarski
(differential interference contrast) optics on Kodak Ektachrome 160T color slide
film.
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Cosmid shuttle vector library. An Anabaena sp. strain PCC 7120 cosmid
library containing 20- to 40-kb fragments of vegetative-cell DNA was made in the
conjugal shuttle vector pDUCA7M. pDUCA7M is a modified version of
pDUCA7 (7) that lacks the SalI site between oriT and oriV. Total genomic DNA
from Anabaena sp. strain PCC 7120 was partially digested with CpfI, and the
fraction containing 20- to 40-kb fragments was isolated from a preparative
agarose gel and dephosphorylated. Complementary pDUCA7M “arms” were
generated by digestion with two separate sets of restriction endonucleases. One
set was BamHI and SalI, and the other was BamHI and KpnI. After digestion, the
pDUCA7M vector arm fragments containing the cos site were purified by gel
electrophoresis. The Anabaena sp. strain PCC 7120 CpfI insert fragments were
ligated with both pDUCA7M vector arms in a molar ratio of 1:1:1 and packaged
in vitro into bacteriophage lambda (26). Packaged phage particles were then
used to infect E. coli AM830, which is strain DH5aMCR containing the helper
plasmid pRL528 (12). Infected cells were plated on medium containing kana-
mycin and chloramphenicol. Approximately 1,200 primary clones were inocu-
lated into individual wells of 96-well plates.
The cosmid library was transferred into strain AMC260 by triparental mating

(12). Exconjugant colonies were selected with neomycin, and complementation
of the Hetc phenotype was determined by light microscopy.
Inactivation of moeA in Anabaena sp. strain PCC 7120. A 315-bp MspI frag-

ment internal to the moeA gene was cloned into the vector pAM580 to create
pAM1546. pAM580 is a Spr and Smr shuttle vector that cannot replicate in
Anabaena sp. strain PCC 7120 (9). pAM1546 was transferred into Anabaena sp.
strain PCC 7120 via conjugation, and exconjugants were selected on BG-11
plates containing 2 mg each of spectinomycin and streptomycin per ml. One
exconjugant, AMC364, was analyzed further for interruption of the moeA gene;
insertion of pAM1546 into the moeA locus was confirmed by Southern blot
analysis.
DNA manipulations. DNA manipulations and recombinant-DNA techniques

were performed as previously described (9). Anabaena sp. strain PCC 7120
vegetative-cell DNA was isolated as described previously (16). Restriction en-
donucleases and other DNA-modifying enzymes were used according to the
manufacturer’s recommendations or standard protocols. For Southern analysis,
DNA was transferred from agarose gels to Magna Charge membranes (Micron
Separations Inc.) with 50 mM NaOH–1 M NaCl. DNA probes were labeled with
a random-primer kit (Boehringer Mannheim), and Southern hybridizations were
performed as described previously (16).
PCR and DNA sequencing. The 1.8-kb insert from pAM1550 was subcloned

from the pDUCA7M vector as a SmaI-NheI fragment into pBluescript SK(1) to
form pAM1551. Double-stranded sequencing of the entire insert was done by the
Advanced DNA Technologies Laboratory, Department of Biology, Texas A&M
University. Sequence data were analyzed by the sequence analysis software
package of the Genetics Computer Group (Madison, Wis.) and the BLAST
program (1) accessed through the National Center for Biotechnology Informa-
tion GenBank electronic mail server.

Identification of the mutation in AMC260 was done by direct sequencing of
PCR fragments generated from approximately 5 ng of genomic DNA. PCR was
carried out in a MiniCycler (MJ Research, Cambridge, Mass.) with Taq DNA
polymerase. For amplification of the moeA gene from the AMC260 chromo-
some, the primers 59-CCAACTGCAACAAGTAG-39 and 59-GAGTCTGTT
TATGTCG-39 were used; the reaction consisted of 40 cycles of 948C for 1 min,
388C for 1 min, and 728C for 2 min. The amplified fragment was sequenced with
a SequiTherm cycle sequencing kit (Epicentre Technologies, Madison, Wis.) and
[a-32P]dATP (DuPont/NEN Research Products). The base change identified at
position 936 was confirmed by sequencing the other strand from a PCR fragment
produced in an independent amplification reaction.
Northern (RNA) analysis. RNA from vegetative cells of Anabaena sp. strain

PCC 7120 was prepared from 100-ml cultures by an acidic hot phenol method
(29). RNA from differentiating filaments was prepared from frozen samples of a
large-scale heterocyst induction of wild-type Anabaena sp. strain PCC 7120 as
previously described (37). Thirty-microgram RNA samples were transferred
from a formaldehyde-agarose gel to a Magna Charge membrane and the North-
ern blot was hybridized as previously described (16). A strand-specific probe was
generated by following the random-primer labeling protocol except that a single
specific primer was used.
Primer extension analysis. The 59 termini of moeA transcripts were identified

by primer extension analysis with the primers AMO-176 (59-GCTGCCCATA
AATCGAC-39) and AMO-177 (59-GCTGTATCCCTGACTGA-39). The prim-
ers were labeled at their 59 ends with [g-32P]ATP and T4 polynucleotide kinase,
and primer extension analysis was done as described previously (33). Forty
micrograms of RNA isolated from vegetative cells was used. DNA sequencing
ladders were generated with the respective primers. Minor primer extension
products greater and smaller than the major band seen with AMO-176 (see Fig.
6) were absent when AMO-177 was used.
Determination of nitrate reductase activity. Nitrate reductase activity was

measured in wild-type Anabaena sp. strain PCC 7120, AMC260, AMC364, and
AMC363 with a methyl viologen-based assay (17).
Growth rate determination. Cultures were grown on a rotating platform at

308C and a light intensity of 80 to 100 microeinsteins m22 s21. Growth was
monitored spectrophotometrically as optical density at 750 nm. For BG-11 me-
dium, 3-ml samples were removed from 100-ml cultures at 24-h intervals for
optical density measurements. To avoid pipetting errors caused by filament
clumping, individual 2-ml BG-110 medium cultures were grown in test tubes (12
by 100 mm). For each measurement, a tube was removed from the incubator and
the filaments were dispersed by brief treatment in a sonic water bath. Plotted
values are the means of three separate samples. Antibiotics were not added to
media during growth rate experiments.
Nucleotide sequence accession number. The nucleotide sequence reported

here has been deposited in GenBank under the accession number U34309.

FIG. 1. Light micrographs of Anabaena sp. strain PCC 7120 wild-type and moeA mutants. (A) Wild-type Anabaena sp. strain PCC 7120; (B) moeA mutant strain
AMC260; (C) reconstructed moeA mutant strain AMC364; (D) complemented strain AMC363. All cultures were grown to early stationary phase on BG-11 medium,
which contains NaNO3. Arrowheads indicate heterocysts. Bar, 10 mm.
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RESULTS AND DISCUSSION

Complementation of the Hetc mutant AMC260. Anabaena
sp. strain PCC 7120 was chemically mutagenized with ni-
trosoguanidine, and treated cells were plated on BG-11 me-
dium, which contains NaNO3 as the source of combined nitro-
gen. Surviving colonies were individually screened under a
light microscope for filaments that formed heterocysts. Six
Hetc mutants were isolated. The percentage of heterocysts in
the different mutant strains was between 4 and 20%. The
presence of ammonia in the growth medium repressed the
Hetc phenotype in all the mutants. One mutant, AMC260,
formed 6 to 8% heterocysts in BG-11 medium (Fig. 1B) and 8
to 10% heterocysts in BG-110 medium, which lacks a source of
combined nitrogen.
The mutation in the AMC260 strain was complemented with

a cosmid library containing 20- to 40-kb fragments of CpfI-
digested Anabaena sp. strain PCC 7120 chromosomal DNA
cloned into shuttle vector pDUCA7M. One cosmid clone, 8D8,
complemented the mutation in AMC260 and allowed suppres-
sion of heterocysts on BG-11 medium. The 8D8 cosmid insert
was mapped to approximately 6.2 Mb (24) on the Anabaena sp.
strain PCC 7120 chromosome by hybridization to Southern

blots of pulsed-field gels. The 8D8 probe hybridized to SalI
fragment I, PstI fragment F, and the BlnI (AvrII) fragment F
doublet (F2 by deduction; data not shown). It has previously
been shown that mutants affected in nitrate uptake and me-
tabolism have a Hetc phenotype on nitrate-containing media
(2, 27). Since 8D8 mapped to a locus distant from other known
genes involved in nitrogen metabolism, including narA, narC,
and ntcA (3, 38), we were encouraged to pursue this new locus.
In order to narrow down the region necessary for comple-

mentation of the Hetc phenotype of AMC260, cosmid 8D8 was
partially digested with ClaI and religated. Subclones containing
different ClaI fragments were transferred into strain AMC260
via conjugation. A cosmid subclone that had lost all internal
ClaI fragments still complemented the AMC260 mutant. Fur-
ther subcloning by removal of an NheI fragment resulted in a
clone, pAM1550, containing only 1.8 kb of Anabaena sp. strain
PCC 7120 DNA; strain AMC363, which is AMC260 containing
pAM1550, showed complementation of the Hetc phenotype
(Fig. 1D). Sequencing of the 1.8-kb fragment identified a
1.2-kb open reading frame that encodes a 413-amino-acid
polypeptide with a predicted molecular weight of 44,534 and a
pI of 6.1 (Fig. 2). Comparison of the predicted amino acid
sequence with database sequences revealed 56% similarity and

FIG. 2. Cosmid clone 8D8 and nucleotide sequence of moeA. (A) Location of moeA on cosmid 8D8. The MspI sites indicate the internal fragment of moeA used
for insertional mutagenesis. (B) Nucleotide sequence and predicted amino acid sequence of moeA. The putative transcription start site is indicated by an arrow, and
regions corresponding to 210 and 235 are indicated.MspI sites used for insertional inactivation of moeA are underlined. The guanosine residue at position 936, which
was replaced by adenine in mutant AMC260, is shown in boldface and overlined. Five 8-bp repeats with a consensus sequence of TACACCCC are marked by half
brackets upstream of the start codon, and five 7-bp repeats with a consensus sequence of TTACCAA are indicated downstream of the stop codon. Asterisk, stop codon.
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37% identity to the 411-amino-acid E. coliMoeA protein (Fig.
3).
In E. coli, MoeA is necessary for the synthesis of the mo-

lybdenum-containing cofactor molybdopterin (23, 30). The
moe locus contains two translationally coupled genes, moeA
and moeB, both of which are implicated in molybdopterin
biosynthesis (30, 40). All molybdoenzymes except nitrogenase
share a cofactor, molybdopterin, which is a complex of a novel
six-alkyl pterin with a Mo atom (19, 32). Molybdopterin is
widely distributed in many organisms and is required for sev-
eral essential metabolic pathways (18, 21, 22, 25, 31). E. coli
genes involved in molybdopterin biosynthesis have been iden-
tified by screening for mutants that are able to grow in the
presence of chlorate. Enzymes containing molybdopterin re-
duce chlorate to chlorite, which is lethal to cells. Examples of
Mo cofactor-requiring enzymes in E. coli include nitrate re-
ductase (18, 21), formate dehydrogenase (21, 25), and biotin-
D-sulfoxide reductase (11). Chlorate-resistant mutants of cya-
nobacteria have also been isolated: Synechococcus strain PCC
7002 mutants were defective in nitrate reductase activity (36),
and Nostoc muscorum mutants were defective in nitrate reduc-
tase activity and nitrate uptake (2).
The sequences downstream of the moeA gene showed the

presence of five tandem heptanucleotide repeats that have a
consensus sequence of TTACCAA (Fig. 2). Mazel et al. have
classified similar short tandemly repeated repetitive sequences,
designated STRR sequences, from various cyanobacteria (28).
The consensus repeat (opposite strand) found downstream of
the moeA gene is categorized under the family STRR2 (28).
Sequences upstream of the moeA open reading frame showed
the presence of five tandemly repeated octamer repeats with a

consensus sequence of TACACCCC (Fig. 2). This sequence
shows some similarity to the STRR1 heptamer (28). It is not
known what roles such repeats play, but they have been shown
to be present within and between open reading frames in many
cyanobacteria (4, 28), and they have been used for taxonomic
and ecological studies (28, 34).
Inactivation of the moeA gene in Anabaena sp. strain PCC

7120. To verify that the Hetc phenotype of the AMC260 strain
is due to a mutation in the moeA gene, an insertional mutation
was created by using an internal fragment of the moeA gene. A
315-bp MspI fragment (Fig. 2) was cloned into the mobilizable
but nonreplicating vector pAM580 to create pAM1546. Single
recombination of pAM1546 with the Anabaena sp. strain PCC
7120 chromosome results in two incomplete copies of the
moeA gene, one lacking the promoter and 59-end sequences
and the other lacking 39-end sequences. Exconjugant strains
resistant to spectinomycin and streptomycin were obtained
when plasmid pAM1546 was transferred into Anabaena sp.
strain PCC 7120 via conjugation. Southern blot analysis of one
of the exconjugant strains, AMC364, confirmed the integration
of pAM1546, via a single recombinational event, into themoeA
gene (data not shown). AMC364 formed 8 to 10% heterocysts
on nitrate-containing medium (Fig. 1C), values which are sim-
ilar to those of the original mutant strain AMC260 (Fig. 1B).

FIG. 3. Comparison of the predicted MoeA proteins from Anabaena sp.
strain PCC 7120 and E. coli (E.c.). The amino acid sequences of Anabaena sp.
strain PCC 7120 (413 amino acids) and E. coli (411 amino acids) were aligned
with the GAP program (default settings) from the Genetics Computer Group
software package. The proteins showed 56% similarity and 37% identity over
their entire lengths. Vertical lines indicate identical amino acids, and single or
double dots indicate evolutionarily conserved amino acid substitutions. Glycine
254 (boldface and underlined) is changed to aspartic acid in the Hetc strain
AMC260. Asterisk, stop codon.

FIG. 4. Growth of wild-type Anabaena sp. strain PCC 7120 (■), Hetc mutant
strain AMC260 (F), reconstructed mutant AMC364 (å), and complemented
strain AMC363 (}) on BG-11 medium (A) and on BG-110 medium (B), which
lacks nitrate. OD750, optical density at 750 nm.
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The Hetc phenotype of the moeA insertional mutant strongly
suggests that the phenotype of AMC260 is due to a mutation in
the moeA gene.
We determined the sequence of moeA in AMC260. The

moeA gene was amplified from chromosomal DNA by PCR.
Direct sequencing of the PCR product revealed one base
change from G to A at position 936 in themoeA sequence (Fig.
2B). This transversion would result in the incorporation of
aspartic acid instead of glycine in the predicted MoeA protein
sequence. The mutation is in a region of the MoeA protein
that is highly conserved between Anabaena sp. strain PCC 7120
and E. coli (Fig. 3).
Nitrate reductase activity. Since molybdopterin is a compo-

nent of nitrate reductase, we determined the activity of this
enzyme in the moeA mutant strains. Nitrate reductase activity
was determined for wild-type Anabaena sp. strain PCC 7120,
Hetc strains AMC260 and AMC364, and the AMC260-com-
plemented strain AMC363. Anabaena sp. strain PCC 7120 and
AMC363 showed similar levels of nitrate reductase activity, 30
nmol of NO2

2 mg of protein21 min21, whereas the Hetc mu-
tants AMC260 and AMC364 showed nitrate reductase activity
of only 2 nmol of NO2

2 mg of protein21 min21. The absence
of nitrate reductase activity in the Hetc strains is consistent
with the inability of these strains to synthesize functional mo-
lybdopterin. The presence of the moeA gene in trans on a

shuttle vector in strain AMC363 restores nitrate reductase
activity, presumably by restoring molybdopterin synthesis. We
conclude that the Hetc phenotype of the moeA mutant strains
AMC260 and AMC364 is due to the inability of these strains to
utilize nitrate as their nitrogen source and that therefore they
form heterocysts to utilize atmospheric dinitrogen.
Growth rate determination. Growth of the original Hetc

mutant AMC260 and the reconstructed mutant AMC364 on
BG-11 and BG-110 media was significantly slower than that of
wild-type Anabaena sp. strain PCC 7120 (Fig. 4). Although the
lower growth rate of the mutants on nitrate-containing me-
dium could be due to the presence of heterocysts, which are
nondividing cells, their lower growth rate on medium lacking
nitrate suggests that they have additional defects. Since mo-
lybdopterin is required for enzymes other than nitrate reduc-
tase, the moeA mutant strains are likely to be deficient in the
activity of other molybdoenzymes. This may explain their lower
growth rate. Although the complemented strain AMC363 grew
at a wild-type rate on BG-11 medium, it grew more slowly than
the wild type on BG-110 medium. The level of expression of
moeA from the shuttle vector in this strain may not equal
wild-type levels on BG-110 medium.
Transcription of moeA during heterocyst induction. The ex-

pression of moeA in filaments during induction of heterocysts
was examined by Northern analysis. A 1.5-kb transcript was
detected in RNA from vegetative cells as well as from filaments
at all tested time points after induction; there was, however, a
gradual decline in message abundance after the nitrogen step-
down (Fig. 5). The size of the moeA transcript indicates a
monocistronic message. The pattern of expression differs from
that of heterocyst-specific genes such as nifH and from that of
genes such as ntcA and glnA, which are expressed both in the
presence of nitrate and in nitrogen-fixing filaments (37). The
lower level of moeA transcript present in nitrogen-fixing fila-
ments may be related to the lower level of nitrate reductase
activity present in filaments grown on dinitrogen (27). A basal
level of moeA transcription may be required for the synthesis
of other molybdopterin-containing molybdoenzymes (32).
Mapping the 5* termini of moeA mRNAs. Two oligonucleo-

tide primers, AMO-176 and AMO-177, were used to prime
cDNA synthesis with RNA isolated from vegetative cells grown
in the presence of nitrate. Figure 6 shows the result of mapping
the 59 termini of moeA transcripts by using the AMO-176
primer. AMO-176 yielded a predominant extension product
that maps the moeA transcription start site to position 112 (as
shown in Fig. 1B), which is 64 nucleotides upstream of the
translation start codon. Primer extension with AMO-177
yielded a product that also mapped the start site to position
112 (data not shown). The agreement between these two re-
sults indicates that the thymine residue at position 112 is the
putative start site of moeA transcription. Sequences upstream
from this start site show similarity to the E. coli s70 210
consensus hexamer (Fig. 1B). No similarity to the E. coli s70

235 consensus is present. However, most Anabaena sp. strain
PCC 7120 genes do not show a consensus sequence in the 235
region (10).
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