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Abstract. When deprived of combined nitrogen, aerobically-grown filaments of Anabaena sp.
strain PCC7120 differentiate specialized cells called the heterocysts. The differentiation process
is an elaborate and well orchestrated programme involving sensing of environmental and
developmental signals, commitment of cells to development, gene rearrangements, intricate
DNA-protein interactions, and differential expression of several genes. It culminates in a physio-
logical division of labour between heterocysts, which become the sole sites of aerobic nitrogen
fixation, and vegetative cells, that provide photosynthate to the heterocysts in return for nitrogen
supplies. We propose a model, to describe the chronology of the important events and to explain
how cell type-specific differential gene expression is facilitated by DNA-protein interactions
leading to the development of heterocysts and constitution of nitrogen-fixing apparatus in
Anabaena.
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1. Introduction

Heterocystous cyanobacteria, such as Anabaena, Nostoc, have the unique ability to
simultaneously carry out mutually exclusive processes of the O,-evolving photosyn-
thesis and the highly oxygen-sensitive nitrogen fixation, during aerobic growth
(Stewart 1980). They do so by separating these phenomena in space, i.e., under aerobic
conditions photosynthesis occurs in the vegetative cells (90-95% cells of the filament),
while nitrogen fixation is restricted to 5-10% specialized cells called the heterocysts
(Haselkorn 1978). The vegetative cells provide heterocysts with photosynthetically
generated carbohydrate which acts as a source of reductant and of ATP needed for
nitrogen fixation. In turn, heterocysts fix and assimilate nitrogen as glutamine which is
then released to the neighbouring vegetative cells down the filament (Wolk 1982). At
the level of prokaryotes this probably forms the best instance of a "physiological
division of labour" (Apte 1992, 1993).

Heterocysts differentiate from vegetative cells when the filaments are subjected to
nitrogen deficiency (hereafter referred to as nitrogen stepdown) during aerobic growth.
Elegant structural and biochemical modifications aimed at optimising conditions for
N, fixation occur in heterocysts during differentiation (Haselkorn et al 1990; Wolk
1991; Buikema and Haselkorn 1993). Photosynthetic machinery is broken down in
differentiating cells, resulting in (i) loss of phycocyanin responsible for photolytic O,
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evolution from water (Thomas 1972), (ii) degradation of carboxysomes which house the
prime CO, assimilating enzyme ribulose 1,5-bisphosphate carboxylase (Rubisco), and
(iii) repression of rbcLS operon (encoding Rubisco) and Rubisco synthesis. Heterocysts
gain a new envelope consisting of additional wall layers of novel glycolipids and
polysaccha- rides, impervious to most gases and solutes. As a consequence heterocysts
are adequately protected from oxygen but become totally dependent on vegetative cells
for photosynthate. Other important gains in heterocysts, which support efficient
nitrogen fixation, include (i) synthesis of nitrogenase proteins, (ii) enhanced synthesis of
oxidative pentose phosphate pathway enzymes and heterocyst-specific ferredoxins to
provide reductant to nitrogenase, (iii) enhanced levels of glutamine synthatase for rapid
assimilation of NH+ , and (iv) additional enzyme systems (such as uptake hydrogenase,

superoxide dismutase etc.,) to scavenge O, (see Apte 1992, 1993, for a review).

An important episode in hetereocyst development is the occurrence of three develop-
mentally regulated gene rearrangements late during heterocyst differentiation (> 18 h)
which result in creation of three functional Operons. Two of these belong to nitrogen
fixation (nif) genes (Golden et al 1985,1988) and the third occurs in a gene that encodes
an uptake hydrogenase (Carrasco et al 1995). These Operons do not express in
vegetative cells but only express subsequent to their rearrangement in heterocysts.
Several genes that express during heterocyst development or in the mature heterocysts
and certain regulatory proteins which appear to bring about cell-specific differential
gene expression have been identified in the last 5 years by very elegant techniques and
novel experimental approaches. Although these have revealed some exciting facets of
the phenomena involved, they have also raised several interesting questions. Promi-
nent among these refer to the perception of environmental/developmental signals,
nature of commitment of cells to differentiation, chronology of the various molecular
events, nature and regulation of DNA-protein interactions and the overall co-ordina-
tion of the structural and functional differentiation. This article proposes a model to
explain the molecular basis of various events that occur subsequent to nitrogen
stepdown and lead to the establishment of aerobic nitrogen fixation in Anabaena.

2. Genes encoding structural and biochemical components associated with nitrogen
fixation in heterocysts

The prominent genes/operons associated with nitrogen fixation in heterocysts are
(nif H, D, K), (nif B, J dxN, nif'S, U), fdxH, (hupSL), devA, hepA, hgIK and gin A (table 1).
The genes in the nifH, D, K operon encode structural proteins, the dinitrogenase and
dinitrogenase reductase, that together constitute the nitrogenase complex. The nif B
product contributes to the synthesis of FeMoco—the active site of dinitrogenase, the
f dxN encodes a heterocyst-specific ferredoxin of unknown function (Mulligan et al
1988), while nifS, U gene products probably aid the maturation of dinitrogenase
(Haselkorn et al 1990, 1993). The f dxH gene encodes a heterocyst specific ferredoxin
(Bohme and Haselkorn 1988) that acts as the terminal electron donor to nitrogenase
complex during catalysis (Scrautemeier and Bohme 1985).

The hupL gene encodes a heterocyst-specific uptake hydrogenase (Carrasco et al
1995) that recycles H,, evolved by nitrogenase as a byproduct, and helps to scavenge
oxygen inside heterocysts (Houchins 1984). A barrier against oxygen from the environ-
ment is provided in heterocysts by products of the hep 4, hglK and devA genes. The
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Table 1. Genes expressed in different cell types of Anabaena PCC 7120 following nitrogen stepdown.

Gene/ Expression
protein Probable function time (h) Mutant phenotype Reference
hetR/HetR  Counteracts N repressor, 2 No heterocysts formed  Buikema and
expresses selectively in (12-24) Haselkorn 19913, b;
heterocysts Black et al 1993
patA/PatA  NtrC-like transcriptional 6 Terminal heterocyst, Liang et al 1982
regulator, affects pattern {612}  unaffected by the HeiR
of heterocysts
hetP/HetP  Unknown 6 No heterocysts formed  Fernandez-Pinas et al
(6-24) 1994
sigA/SigA  Principle o-factor 6 Not attempted Brahamsha and
(12-24) Haselkorn 1991
sigB/SigB  Alternate ¢-factor 12 Altered morphology Brahamsha and
during nitrogen (12-18)  of colonies, Het*, Nif™  Haselkorn 1992
stepdown
sigC/8igC  Alternate o-factor 6 Altered morphology of  Brahamsha and
during nitrogen colonies, Het ¥, Nift Haselkorn 1992
stepdown
devA/DevA  Periplasmic permease 6 Heterocysts lack Maldener et al 1994
(like traffic ATPases) of (6-24)  envelope polysaccha-
heterocysts rides and glycolipids
Nif~ in air
hepAfHepA Deposits heterocyst 7-8 No mature heterocysts  Holland and Wolk 1990;
envelope polysaccha- (12-24) Wolk et al 1993
-:Ags
hglK/HglK  Heterocyst glycolipid — Defective heterocysts Buikema and
Haselkorn 1993
patB/PatB  Fnr-like transcriptional 12 Slow development of Liang et al 1993
regulator, affects pattern (12-24)  heterocysts, HetR
of heterocysts byepasses phenotype
ntcA/NtcA  Transcription regulator 12 Het ™, Nif~, lack the Wel et al 1993, 1994;
also BifA of ginA > xisA > rbcLS (12-36) 1likband 55kbelement Ramasubramanian
> nif H, and hetR, rearrangements et al 1994
ORF1, devA etc.
Factor 2 Positive regulator of — — Ramasubramanian
rbeLS operon, found et al 1994
only in the vegetative
cells
gind/GS Glutamine synthetase, 18 Excretes NH; in the Tumer et al 1983;
1'7kb prime ammonia assimi- (18-36) growth medium Wei et al 1994
mRNA lating enzyme, expresses
from “nif-like” promoter
in heterocysts
xisA/XisA  Site-specific recom- 24 Het™, Nif~, lacks Lammers et af 1986
binase, rearranges the (24-36)  11kb rearrangement Golden and Wiest 1988
11kb element
xisF{XisF  Site-specific recom- 24 Het™*, Nif 7, lacks Carrasco et al 1994
binase, rearranges the (24~36)  55kb rearrangement

55kb element

(Continued)
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Table 1. (Continued)

Gene/ Expression
protein Probable function time (h) Mutant phenotype Reference
xisC/XisC  Site-specific recom- 24 — Carrasco et al 1995
binase, rearranges (24-42)
10-5kb element
hupL/HupL Uptake hydrogenase 24 Expected to decrease Carrasco et al 1995
of heterocysts, recycles (24-30) N, fixation
H,
wif HDK/  Nitrogenase in hetero- 18 Nif~, unable to grow Golden et al 1991
NifHDK cysts, facilitates N, (18-42) in N-free media Wei et al 1994
fixation
nifB,fdxN  Involved in synthesis of 18 — Golden et al 15838
nifS, U FeMoco and processing (18-36) Golden et al 1991
of nitrogenase in
heterocysts
ORF! Contributes to nitrogen 18 Grow poorly in Borthakur et al 1990
fixation in an unknown {18-30) combined nitrogen-free
way media
fdxH/FdxH Heterocyst ferredoxin, 18 — Schrautemeier and
acts as terminal electron Bohme 1985; Bohme
donor to nitrogenase and Haselkorn 1588
rbeLS/ Prime CO, fixation Always — Madan et ol 1993
Rubisco enzyme of vegetative present
cells, absent in
heterocysts

hepA gene codes for a heterocyst-specific polysaccharide that forms the outermost layer
of heterocyst envelope (Holland and Wolk 1990; Wolk et al 1993), while the hglK codes
for a heterocyst-specific unique glycolipid which forms a layer internal to the polysac-
charide layer (Buikema and Haselkorn 1993). A heterocyst-specific periplasmic per-
mease, the devA protein, facilitates the transport of the hglK and hepA products to
create heterocyst envelope (Maldener et al 1994).

The first and foremost ammonia assimilating enzyme in Anabaena is glutamine
synthetase or GS (Thomas et al 1975). The gInA gene which codes for GS, expresses
both in the vegetative cells as also in the heterocysts but a novel 1-7 kb ginA mRNA
transcript is found only during nitrogen stepdown (Wei et al 1994). The gInA gene has
several promoters (Tumer et al 1983) and the 1-7 kb transcript emanates from a "nif-
like" promoter which is reportedly expressed only in the heterocysts (Wei et al 1994).

3. Genes responsible for the developmental gene rearrangements

Three genes involved in N, fixation in Anabaena are interrupted by large intervening
DNA elements. Thus, an 11 kb element is found in the nifD gene (Golden et al 1985),
a 55 kb element in the fdxN gene (Golden et al 1988) and a 10-5 kb element in the hupL
gene (Carracso et al 1995). The (nif HDK) and (nif B, fdxN, nif S, U) operons are located
next to each other while the hupSL operon is located > 700 kb away on Anabaena
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chromosome (Kuritz et al 1993). The interrupting sequences are precisely removed late
during heterocyst differentiation (see Apte and Prabhavathi 1994, for a review) by
means of three independent site specific recombination events, resulting in gene
rearrangements and creation of three functional Operons. Thus, during development of
heterocysts three large circular DNAs of 11 kb, 55 kb and 10-5 kb are excised from the
chromosome to generate three functional Operons. The excised circles persist in the
heterocysts with no discernible function (Haselkorn 1992). The mechanisms underlying
these rearrangements have been reviewed extensively (Haselkorn 1992; Apte and
Prabhavathi 1994).

The aforesaid gene rearrangements in Anabaena PCC 7120 are brought about by
three different excisases, the XisA, XisF and XisC, encoded by three independent genes,
namely the xis4 (Lammers et al 1986), xisF' (Carrasco et al 1994) and xisC (Carrasco
et al 1995), respectively (table 1). Interestingly each of these genes resides near the left
border of the same DNA element which it excises during development, i.e., the 11 kb
element harbours xisA4, the 55 kb element harbours the xisF and the 10-5 kb element
contains the xisC. The 11 kb element is flanked by a 11 bp direct repeat (GCCTCAT-
TAGG) and the 55 kb by a 5 bp direct repeat (TATTC) at each end (Golden et al 1987)
while the 10-5 kb element has a 16 bp direct repeat (CACAGCAGTTATATGG) at the
left and right borders (Carrasco et al 1995). Each excisase carries out a site-specific
recombination event involving the respective direct repeats resulting in the excision of
the DNA contained within the direct repeats (Haselkorn 1992). The xis4 and xisF are
essential genes for nitrogen fixation since mutating them results in Nif phenotype and
inhibits diazotrophic growth (Golden and Wiest 1988; Carrasco et al 1994) (table 1).
Mutation in xisC have not been obtained yet, but such mutations are expected to only
decrease the efficiency of N, fixation (Carrasco et al 1995).

All the three excisase genes are developmentally regulated, i.e., they do not express in
the vegetative cells. Neither the transcripts nor the protein products of these genes have
been visualized in Anabaena, so far. The exact transcription start sites are not known
and the functional promoters have not been mapped (Brusca et a/ 1990; Carrasco et al
1994). The only way to measure their activity has been to screen for the respective gene
rearrangements. Based on such studies, the xis4, xisF’ and xisC seem to express at low
levels and only transiently, late during heterocyst differentiation (nearly 18 h after
nitrogen stepdown). (Haselkorn 1992; Carrasco et al 1994). The putative promoter
region of xisA (— 100 bp to — 170 bp upstream of the second ATG) contains two
divergent promoters P; and P, (Lammers et al/ 1986). The P, promoter is stronger than
P, and can cause transcription away from the ORF. As a consequence, it can create
a strong interference for xis4 transcription. A negative regulatory element (NRE)
located between — 65 bp to — 192 bp strongly controls expression of xis4 (Brusca et al
1990). At least two DNA-binding proteins, BifA (now NtcA) and factor 2, associate with
the NRE (between — 152bp to — 223 bp) and regulate its expression (Ramasubra-
manian et al 1994). When the NRE was deleted completely, the xis4 could be expressed
from a strong fac promoter even in vegetative cells (Brusca et a/ 1990). Deletions up to
— 123 bp (which remove binding sites for both BifA and factor 2) caused only low level
expression while deletions extending to — 65 bp (which also removes the P; promoter)
caused high level expression (Brusca et al 1990). Thus, xis4 expression in vegetative
cells appears to be blocked both by transcriptional interference as well as by binding of
regulatory proteins at NRE. Additionally, the xis4 gene also contains a "nif-like"
promoter (TCTAC at - 57 bp and CAAATAT at - 97 bp). As we shall describe later
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(see §5 below), in the heterocysts an expression from this "nif-like" promoter may
overcome the repression of transcription of this gene. The features likely to be
responsible for the developmental regulation of xisF and xisC genes are completely
unknown, at this point.

4. Genes encoding heterocyst-specific regulatory proteins

Prominent genes in this group include the hetR, patA, patB, sigB, sigC and ntcA (table 1).
The hetR gene controls heterocyst development and is also autoregulatory. The hetR
mutants do not form heterocysts while the hetR overexpression produces multiple
heterocysts even during nitrate-supplemented growth (Buikema and Haselkorn
1991b). Expression of AhetR commences within 2h after nitrogen stepdown (Buikema
and Haselkorn 1991b; Black et a/ 1993) at low levels in all the cells and by 3-5h is
localized to differentiating cells only. During the peak expression period (6-24h) the
gene expresses abundantly, mainly in the heterocysts (Black et a/ 1993). A repressor of
heterocyst development is believed to prevent heterocyst differentiation in the presence
of combined nitrogen as also prevent cells adjacent to a heterocyst from differentiating
in Anabaena (Wolk 1991). The nature of such repressor is unknown but some recently
characterized genes hetN, hetM and hetl appear to be involved in production of
a regulatory secondary metabolite (cyclic peptide?) that inhibits heterocyst formation
or their spacing (Black and Wolk 1994). In some way, the HetR protein appears to
interfere and titrate out such a hypothetical repressor. The expression of at least one
heterocyst specific gene hepA has been shown to depend on ZetR (Wolk ef al 1993). The
predicted HetR protein possesses no structural motifs typical of transcription factors
(Buikema and Haselkorn 1991b), and its precise function is not known.

Two independent genes patA and patB have been implicated in pattern formation in
Anabaena PCC 7120 (table 1). The pat4 mutant develops only terminal heterocysts
(Liang et al 1992) while in the patB mutant heterocysts develop very slowly but
eventually there are many more closely spaced heterocysts compared to the wild type
(Liang et al 1993). The patA sequence resembles that of cheY and ntrC (Liang et al
1992), which belong to the well known two component signal sensing/response
regulating systems of bacteria (Stock et al/ 1989). It has been suggested that patd
product may be the response regulator (transcriptional activator) of a pair of environ-
ment-sensing (nitrogen levels ?) system that controls some aspect of heterocyst different-
tiation (Buikema and Haselkorn 1993). The PatB protein is equally interesting in that it
has a 4Fe-4S bacterial-type ferredoxin domain near the N-terminus and a helix-turn-
helix DNA-binding motif at the C-terminus. This structure resembles transcriptional
regulators like Fnr in bacteria or the LIM domain in eukaryotes (Liang et al 1993). The
PatB may, therefore, function as a sensor of redox state or of iron levels in the cells and
may regulate transcription of certain heterocyst-specific genes. Recently, iron levels
have been shown to be important for certain heterocyst-specific events such as gene
rearrangements and nitrogen fixation (Razquin et al 1994). Interestingly,
hetR overexpression has no effect on the phenotype of patd mutation but byepasses
that of patB mutation (Buikema and Haselkorn 1993). While the intricacies of their
interactions remain to be elucidated, the hetR, pat4 and patB offer themselves as
possible candidates for triggering heterocyst differentiation in response to appropriate
environment.
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Figure 1. A scheme to explain cell type-specific differential gene expression in Anabaena PCC
7120. Important differentially expressed genes are shown in the middle column along with

their upstream regulatory elements denoted by (=), a constitutive "E. coli-type" promoter;
(0), a "nif-like" promoter; (@), a NtcA-binding site; and , a factor 2-binding site. Of the
three DNA-binding proteins, NtcA/BifA (@) is present in both cell types, the factor 2 {&) only
in the vegetative cells, and the g, {A) is proposed to be present only in the heterocysts. The
downward arrows (|) point to the binding sites, the horizontal arrows («—, —) indicate the
direction of transcription, while the arrow (=) signifies induction of transcription. The rbcLS
expression in vegetative cells is activated by factor 2 by outcompeting the NtcA repressor; in
heterocysts NtcA represses rbcLS in the absence of factor 2. The glnA expresses in vegetative cells
from "E. coli-type" promoter; in heterocysts NtcA represses expression from "E. coli-type"
promoter and induces expression from "nif-like" promoter in conjunction with o,;, . The xisA
does not express in vegetative cells due to divergent P,/P, promoters and repression by
binding of NtcA and factor 2; in heterocysts the NtcA and o, induce xis4 expression from the
"nif-like" promoter. The nifH does not express in the vegetative cells due to non-availability of
o,;sWhich induces its expression in the heterocysts in combination with the NtcA.

It has been estimated that nearly 15-25% of the genome (> 1000 genes) may
selectively express in the Anabaena heterocysts (Lynn et al 1986). This prompted efforts
aimed at identifying heterocyst specific o-factors among other transcriptional factors
(Buikema and Haselkorn 1993). Expression of at least two alternate o-factor genes, the
sigB and sigC, commences within 6 h of nitrogen stepdown and is maximal between 12
to 18 h—the peak period for heterocyst differentiation, gene rearrangements etc
(Brahamsha and Haselkorn 1992). Although, these alternate o-factors express only
under nitrogen deficiency, individual mutants in sigB/sigC or a double mutant lacking
both SigB and SigC, do not affect nitrogen fixation in Anabaena sp. strain PCC 7120
(Brahamsha and Haselkorn 1992). The target genes of these o-factors and their possible
role remains unknown at present.

A global nitrogen control gene nfcA was initially identified in a unicellular adiazo-
troph, Synechococcus sp. strain PCC 7942 (Vega-Palas et al 1990,1992). In parallel the
gene was also cloned and identified as bif4 (DNA-binding factor A, earlier called the



404 Shree Kumar Apte and G Nareshkumar

vegetative cell factor or VF1) in Anabaena sp. strain PCC 7120 (Chastain et al 1990;
Wei et al 1993). In Anabaena, the BifA protein was found to bind the target sequence
TGT-N;;-ACA which is also the target sequence of NtcA in Synmechococcus, The
sequence was found located upstream of several genes known to be differentially
expressed in different cell types (Ramasubramanian et al 1994). Among the target genus
of BifA (NtcA) are the rbcLS (two binding sites: between —493 to — 516 bp and
between —547 to — 558 bp) encoding ribulose 1,5-bisphosphate carboxylase and
expressed only in the vegetative cells, the xis4 (three binding sites: located between
— 152 to — 205 bp) which expresses only transiently in differentiating cells, nifH (no
clear binding site) expressed only in heterocysts (Elhai and Wolk 1990) and g/nA (one
binding site: —125 to — 148 bp) which expresses both in the heterocysts and the
vegetative cells (figure 1). The NtcA binding to these genes was found to decrease in the
following order glnA > xisA > rbcLS > nifH (Chastain et al/ 1980; Ramasubramanian
et al 1994). A perfect TGT-N,-ACA sequence is also present 1 kb upstream of the hetR
gene (see the sequence reported by Buikema and Haselkorn 199 1b) and at — 88 bp in
the upstream region of an unnamed gene, the orfl (Borthakur et al 1990). NtcA may
positively regulate the transcription of both AetR and orfl genes, which are expressed
only during nitrogen stepdown and specifically in heterocysts. The ntcA gene itself
possesses the target sequence, indicating that it may be autoregulated in Anabaena sp.
strain PCC 7120 (Frias et al 1993).

The target sequence of NtcA is the same as that of Nif A, the transcriptional activator
of nif Operons in all diazotrophs, except that nif4 and its product have never been
identified in cyanobacteria so far and NtcA controls many genes other than nif in
cyanobacteria (Vega-Palas ef al 1992; Frias et al 1993; Carrasco et al 1994). Based on
the known expression patterns of the genes it binds to, it was thought that NtcA could
act both as activator as well as repressor of different target genes (Wei et al 1993) —a
common characteristic of the Crp family of regulators (Vega-Palas et al 1992). Recent-
ly, a ntcA null mutant has been obtained in Anabaena sp. strain PCC 7120 which has
profound negative effects on diazotrophic capabilities of the strain (Carrasco et al
1994). The mutant does not grow in combined nitrogen-free media, does not produce
heterocysts, fails to rearrange the nifD and fdxN clements and lacks nitrogenase
activity. The mutant also does not express the 17kb glnA transcript which emanates
from a "nif-like" promoter (at — 90 bp) (Carrasco et al 1994). However, it does not
affect rbcLS expression. These results project NtcA as a transcriptional activator of
xisA and 1:7kb glnA transcript. The inability of nfcA mutant to develop heterocysts
suggests that NtcA is a global nitrogen regulator affecting both heterocyst develop-
ment (through expression of /efR?) and nitrogen fixation, as well as nitrate assimila-
tion. By analogy, therefore, it appears to be a functional equivalent of NtrC in enteric
bacteria such as Klebsiella (Merrick 1988).

Another DNA-binding protein, termed the factor 2, has also been shown to bind
upstream sequences of both the rbcLS and xis4 gene, but not the glnAd gene, based on
gel retardation assays (Ramasubramanian et al 1994). More interestingly in the case of
xisA, its binding domain (—156 to —223bp) completely overlaps the three binding
domains (from — 152 to — 205 bp) for NtcA (or BifA). Similarly the binding domain of
factor 2 on rbeLS (— 519 to — 581 bp) also completely overlaps one of the two binding
domains (—4 9 3 to — 516 bp and — 547 to — 558 bp) of NtcA. The corresponding gene
for factor 2 has not yet been cloned. The protein is reportedly found only in the vegetative
cells but not in the heterocysts (Ramasubramanian et a/ 1994). This contrasts with
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NtcA which occurs both in the vegetative cells as well as in the heterocysts (Ramasub-
ramanian et al 1994). This suggests interesting possibilities of differential interaction
between these two DNA-binding proteins in different cell types.

5. A model to explain the chronology of events and cell type-specific differential gene
expression in Anabaena

The principle environmental signal that initiates heterocyst differentiation in Anabaena
is nitrogen deficiency (Haselkorn 1978; Wolk 1991). Completion of differentiation and
formation of mature heterocysts depends on the presence of oxygen in the environment
(Rippka and Stanier 1978; Apte 1993; Apte and Prabhavathi 1994). One chronological
arrangement of all the important events that eventually result in heterocyst differenti-
ation and constitution of N, fixation in Anabaena sp. strain PCC 7120 is listed in
table 2. How the change in nitrogen levels in the surroundings is sensed in Anabaena is
still not understood. But in the unicellular cyanobacterium Synechococcus sp. Strain
PCC 7942 the Py protein, analogue of the well known sensor of nitrogen status in the
enteric bacteria, has been identified (Tsinoremas et al/ 1991) and shown to be activated
by its phosphorylation (Forchhammer and Tandeau de Marsac 1994). Kinases which
can serve this purpose exist in Anabaena sp. strain PCC 7120 and are expressed quickly
(within 2h) following nitrogen stepdown (Zhang 1993). The hetR is one of the earliest
genes expressed (2 h) subsequent to nitrogen stepdown and may function as one of the
partners in a two-component nitrogen status sensor-transducer system that works
early on. The aforesaid early events (table 2) in some way induce certain specific
proteases which begin to degrade intracellular nitrogen reserves, especially the hypo-
thetical N repressor of development. Degradation of gene products of hetN, hetM and
hetl is likely to occur around this time and HetR may play an important role (Buikema
and Haselkorn 1991b). Proteases involved are not known but are unlikely to be
Ca**-dependent proteases since inactivation of genes encoding them does not affect
heterocyst differentiation (Maldener et al 1991). The HetR and/or the proteases, thus,
may help in adjudging the cells (with least content of repressor?) destined to be
differentiated (table 2). Soon (3-5 h) hetR expression becomes restricted to specific
cells—the first visible sign of commitment of cells to differentiation (Black et a/ 1993).

Once the intracellular optimal nitrogen status has been reached (by 6 h) (table 2),
expression of NtrC-like transcriptional factors, such as PatA, may occur in committed
cells (Liang et al 1992). At the same time at least two nitrogen stepdown-specific
alternate o and o, factors also appear but their functions are not yet known
(Brahamsha and Haselkorn 1992). Some of these transcriptional factors trigger ex-
pression of heterocyst-specific structural components such as products of hepA (envel-
ope polysaccharide) (Wolk et al 1993), hglK (envelope glycolipid) (Buikema and
Haselkorn 1993) and devA gene (Maldener ef al 1994). Expression of another important
gene, hetP, is also induced at 6h and precedes that of hepA, the function of HetP is
unknown except that the setP mutants do not differentiate heterocysts (Fernadez-
Pinas et al 1994). Through the continuing action of proteases, proheterocysts lose the
blue phycobiliprotein, phycocyanin (Apte and Prabhavathi 1994), and begin to look pale
or greenish. Laying of oxygen-impervious heterocyst walls and loss of phycocyanin results
in an anerobic milieu in these cells (table 2). A molecular event that signifies this
development is the expression and activation of the Fnr-like transcriptional activator, the
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Table 2. Chronology of important events related to nitrogen fixation occurring in Anabaena PCC 7120.
after nitrogen stepdown.

Time (h) Important events

0-2 1. Low nitrogen status is sensed probably by P, type of protein which is activated by
phosphorylation.
2. Hypothetical repressor of development and N, fixation is degraded.
3. The hetR expresses in all cells and titrates out the repressor.
. First sign of commitment of certain cells (with least amount of the N repressor?) to
differentiation is visible.
. HetR expression localized to such committed cells of the filament.
. Nitrogen reserves in comitted cells are degraded due to induction of specific proteases.
HetR expression increases further.
. Expression of patd (a "Ntrc-like" transcriptional activator) begins.
. Expression of hepA (coding heterocyst wall polysaccharide) starts.
. Expression of alternate o-factor genes sigB and sigC starts.
. Expression of hetN, hetM, hetl genes is shut-off and probably helps to consolidate the
nature of commitment of differentiation.
6. Proheterocysts begin to lose phycocyanin and O, evolving capacity and become mor-
phologically discernible.
7. The devA (coding periplasmic permease) expresses and trafficking of wall layer components
to heterocyst walls starts.
. Expression of patB coding a "Fnr-like" transcriptional activator starts.
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6-12

[V IR S

8
12-18 1. Heterocyst envelopes are formed and mature heterocysts appear.

2. PatB activated since optimal redox state is reached in proheterocysts.
3. HetR, SigB and SigC express abundantly.

4

. HepA and HglK (coding heterocyst wall glycolipid) express abundantly.

— 5. The pat4 expression decreases.
6. The ntcA gene is expressed strongly.
7. Expression of alternate o, capable of interacting with "nif-like” promoters probably
occurs at this stage.

18-24 1. HetR increases 20-fold. SigB, SigC and PatB express maximally.

. The three excisase genes (xisA, xisF, xisC) are expressed causing gene rearrangements and
creating three functional Operons.

. The 1 7 kb gin A transcript appears.

. Fully developed mature heterocysts are morphologically discernible.

. Nitrogenase activity commences.

N

> 24 . Heterocyst frequency reaches a maximum (about 10%).
. SigB, SigC and PatB disappear.

. Expression of HetR, DevA, HepA and HglK decreases.
. NtcA expresses abundantly.

. nifHDK, hupL, ginA express maximally.

. Nitrogen fixation reaches a peak at 36-40h.

. The rbcLS expression is repressed in the heterocysts.

NP WLWDN L AW

Developmental programme is completed; physiological division of labour is enforced.

PatB, around 12h after nitrogen stepdown (Liang et al 1993). The ensuing 6h period
witnesses active synthesis of HetR, SigB, SigC, HepA, HglK and DevA but decreased
expression of patA.

A major development around this time is the strong expression of ntcA product (Wei
et al 1994), which has NifA-like DNA-binding properties and NtrC-like global func-
tions. We propose that another (yet to be found) alternative o-factor (tentatively called
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the o, is also expressed around 18h in Anabaena sp. strain PCC 7120 heterocysts
(table 2). It is an interesting coincidence that NtcA arrives on the scene just when the
NtrC-like PatA departs. Appearance of NtcA and o, sets in motion the functional
differentiation, i.e., the closure of carbon fixation, rearrangements of nif and hup genes
and organization of the nitrogen-fixing apparatus in the mature heterocysts. The
important events include expression in heterocysts of the three excisase genes (xis4,
xisF and xisC), followed by all the nif genes, the hupL, fdxH, fdxN and a new mRNA
species of gln 4. Concomitant repression of rbcLS completes the story (table 2).

The global effects of ntcA seem to arise from its ability to bind upstream sequences of
several genes (figure 1), but its exact role is somewhat enigmatic. Its binding upstream of
hetR, xisA, nifH, orfl, and glnA strongly suggest it to be an activator of transcription
while its binding upstream of rbcLS befits that of a repressor. This suitably explains the
expression of these genes in heterocysts but fails to explain their non-expression in the
vegetative cells. The cell-specific expression of these genes appears to be controlled by
interactions between the NtcA, another DNA-binding protein factor 2 and the
proposed o,;; The late expression of these genes (after 18h) seems to a consequence of
late appearance of NtcA on the scene (> 12 h). The possible scheme and chronology of
events underlying the constitution of nitrogen fixation apparatus in Anabaena hetero-
cysts is outlined in figure 1.

To explain the scheme, we propose that NtcA transcriptionally (i) activates the
"nif-like" promoters of several genes, especially the xis4, nifH and gin4 in combination
with the o, and (ii) represses expression of rbcLS in Anabaena sp. strain PCC 7120.
NtcA may also affect expression of hetR, orfl and possibly the xisF and xisC genes,
though they lack "nif-like" promoters. This suggestion is based on (i) the presence of
a target sequence (TGT-N;(-ACA) upstream of most of these genes (Borthakur et al
1990; Chastain et al 1990; Buikema and Haselkorn 1991b; Ramasubramian et al 1994),
(i1) observed physical binding of NtcA to several of these genes (Chastain et al 1990;
Ramasubramanian et al 1994), and (iii) the Het, Nif phenotype of the nfcA mutant
which also lacks the 11 kb and 55 kb rearrangements (Wei et al 1994). It may be recalled
that a clear NtcA target sequence is not found upstream of nifH, though it binds to
NtcA (possibly when o, is also available). The location of the NtcA-binding site
upstream of glnd suggests a possible dual role (figure 1), i.e., as an inducer of the
"nif-like" promoter (at — 90 bp) giving rise to the 1-7 kb transcript typical of nitrogen-
fixing cultures, and as repressor of the "E. coli-type" promoter (at — 155 bp). The
former role appears to be facilitated by o, in the heterocysts, there is no evidence
that NtcA actually represses ginAd transcription from the "E. coli-type" promoter
either in vegetative cells or in the heterocysts. Of the two NtcA-binding sites upstream
of rbcLS, the one between — 493 to — 416 bp would clearly block the expression from
this promoter (at — 504 bp). NtcA, thus, should act as repressor of rbcLS operon
(Ramasubramanian et al 1984) (figure 1).

The factor 2 protein, present only in the vegetative cells, is mainly a positive regulator
of the rbcLS expression (Ramasubramanian et a/ 1994). We propose that in the
vegetative cells, factor 2 may counteract the actions of NtcA by interfering with its
binding upstream of rbcLS (figure 1). Indeed, Ramasubramanian et a/ (1994) found that
in the presence of factor 2, BifA did not bind well to »bcLS. It may be emphasised here
that factor 2 has very high affinity for rbcLS than for xis4 while the ntc4 binding
follows the order glnd > xisA > rbcLS » nifH. It seems very likely, therefore, that
factor 2 can outcompete NtcA in its binding to rbcLS and cause constitutive expression
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of the operon in the vegetative cells. In the heterocysts, which lack the factor 2, the NtcA
binds to rbcLS and effectively shuts off its transcription (figure 1). That a ntcA mutation
does not affect the total rbcLS expression in Anabaena sp. strain PCC 7120 filaments
(Wei et al 1994) also substantiates the above suggestion.

The reasons for non-expression of xis4 in vegetative cells appear to be several, viz.,
transcriptional interference from divergent P, and P, promoters (Lammers et a/ 1986),
repression by binding of factor 2 and/or NtcA at the NRE (Chastain et al 1990), and the
non-availability of g, in the vegetative cells. It seems unlikely that factor 2 can prevent
NtcA from binding to xisA4 (as proposed for rbcLS above) since (i) NtcA binds to xisA4
much more strongly than factor 2, and (ii) no interference or synergy in binding of either
proteins to xisA has been reported, so far (Ramasubramanian et a/ 1994). We, therefore,
attribute the heterocyst-specific expression of xisd, nifH and the 1:7kbmRNA of ginA
primarily to the presence of g, exclusively in the heterocysts, and to its absence in the
vegetative cells (figure 1). The glutamine synthetase can be synthesized in the vegetative
cells from the "E. coli-type" promoter and in the heterocysts from the "nif-like"
promoter.

An important lacuna in the proposed scheme is that the detection and isolation of the
proposed o, has hitherto evaded several laboratories. More serious attempts in this
direction, probably with different methods, would be necessary in future. For example,
mobility shift assays with purified DNA-binding proteins using Anabaena "nif-like"
promoter sequences as substrates may prove to be useful. Certain other aspects of the
model also need to be corroborated by unambiguous experimental evidence. Thus, the
suggested patterns of binding of NtcA and factor 2 to rbcLS and also xisA (figure 1) can
be ascertained in gel retardation assays by setting up competetion between NtcA and
factor 2 for binding with these targets. Of particular relevance will be the binding
patterns observed at the physiological ratios of these proteins found in the vegetative
cells. Another clinching evidence needed to confirm the model is the cell type-specific
(vegetative cells versus heterocysts) expression of factor 2 as also of ntcA. Studies would
also be necessary to fill up the gaps in our understanding of the chain of events (as
described in figure 1), especially how the expression of so many transcriptional factors
is coordinated in time and linked to the expression of their target genes.
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