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IOLOGICAL nitrogen fixation is restricted to
B certain prokaryotic diazotrophs like bacteria
and blue-green algae (Cyanobacteria), which are
either feee-living or associated with plants. This
biological source accounts for 40-459 of the
total nitrogen fixed annually in the biosphere! 2.
The physiology and biochemistry of nitrogen
fixation including the enzymology of nitrogenase
have been well documented® >, In this report, 1
shall briefly summarize some of the recent de-
velopments in the molecular biology of the
nitrogen-fixing cyanobacterial systems. The main
objective is to convince the molecular biologists
that this ancient group of organisms, occupying
the twilight zone in evolution should be of
interest to them and also to impress upon the
traditional algologists that cyanobacteria are no
more ‘biological enigma’, but have begun to
acquire a truly ‘molecular biology’ of their own.

Their resemblance to photosynthetic bacteria
in the prokaryotic nature and their close pro-
ximity to eukaryotic algae in their oxygen-
evolving photosynthetic machinery have for long
made cyanobacteria the wards of both botanists
and phycologists. The major molecular bio-
logical interest is largely due to their evolutionary
significance, autotrophic nutrition, cellular dif-
{erentiation and a coupling of photosynthetic
and nitrogen-fixing machineries. We now have
the skill and background information to manti-
pulate the cyanobacterial systems for biotechno-
logical purposes. Cyanobacterial mutants for
antiblotic  resistance, nitrogenase absence,
oxygen sensitivities, heterotrophy and altered
heterocysts are now avatlable and many strains
can be grown clonally with easc® ™%, Thereis also
some eyidence for mating, transformation and
possibilities for transduction in this system® ™',

Cyanobacterial genome, Ultrastructural and
cytochemical studies have shown that the centr-

ally located nucleoplasm is not bounded by a
membrane and contains loosely organized pnA
fibrils'?-13, A histone-like binding protein is
present’?, although cytochemically identifiable
histones may be absent*> ™ "7, This protein 1s very
similar to the histone-like protein HU; of E.
coli'®. pna of Anabaena cylindrica can also be
1solated as an rNA- and protein containing ‘nu-
cleoid’ analogous to that of E. coli'’-!°, Base
composition values show a wide range among
chroococcalean (3571 molY, GC) and
Oscillatorian (4067 mol %) members, but a
narrow  range among  pleurocapsalean
(39-47 mol %)) and heterocystous (38—47 mol 7,
forms!'®, Modified bases, 5-methylcytosine and 6-
methylaminopurine, occur?® 2% as in many bac-
terial DNAs, indicating the operation of sequence-
specific restriction-modification systems?2:2?,
Specific restriction nucleases are known in se-
veral cyanobacterial strains such as Anabaena
variabilis (Ava I and Acva I1)%4.

The cyanobacterial genome complexity is com-
parable to that of E. coli. The genome sizes have
been found to fall into four groups with averages
of 2.2, 3.6, 50 and 7.4 x 10® daltons, which
correspond to multiples of 2, 3, 4 and 6 times a
basic unit of 1.2x10°% daltons*®?**  The
chroococcalean members fall in the first {dimeric)
or second f{toumeric) group; the chroococcaks
which can fix mtrogen anaerobically fall in the
second, while the aerobic fixers in the third.
Pleurocapsales show trimeric genomes and hete-
rocystous forms show tetrameric or hexameric
genomes?®, These genome sizes suggest a poys-
ible evolution of nutritionally and structurally
complex cyanobacteria  from  simple non-
nitrogen fixing unicellular forms®®, Duplication
or quadruplication of genome seems to have an
evolutionary significance  as  suggested  for
modern bacteria from a mycoplasm-hke anges-
tor2? 72% There scems to be a correlation be-
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tween genome size and organizational complex-
ity. In eukaryotes, much pNa does not code for
protein and may play only an evolutionary role.
It will be interesting to know whether complex
prokaryotes also carry large amounts of non-
informational pna!*®

Ribonucleic acids: rna polymerase activity was
first demonstrated in Anacystis nidulans as ¢arly
as 1967393, Using the E. coli terminology, the
subunits were designated as g, f', o and a>2 The
cyanobacterial enzyme differs from that of E. coli
in that (1) o subunit is in stoichiometric amounts
and the enzyme cannot be separated into ¢ and
‘core’ (B Bx;,) on phosphoceliulose, (1)
rifampicin-resistant initiation complexes can be
formed at 0°C and (i11) in vitro reconstitution of
urea-denatured subunits is very slow and de-
pendent upon the presence of 61 33, The enzyme
has been shown to be rifampicin-sensitive and «-
amantin insensitive and cyanobacterial transcrip-
tion is generally rifampicin- and streptolydigin-
sensitive in vivo>* 3¢, It will be interesting to see
if these polymerases undergo subunit modifi-
cation and/or substitution when transcriptional
specificity is expected to change as during chro-
matic adaptation and heterocyst and spore
differentiation.

A unique feature of cyanobacteria is the pre-
sence of ‘conditionally stable’ rNas which were
first detected in Anacystis nidulans® 7. These novel
RNAS are synthesized both in light and dark, but
in the light, ike mana, they turn over rapidly.
They, however, appear completely stable in dark-
ness. They can also accumulate in light, if photo-
synthetic electron flow is blocked by pcmu.
Possibilities of their being stabilized messengers
for proteins required upon restoration of growth
conditions oOr their being involved in controlling
gene €xpression in non-growing cells have been
suggested'®. These rRNAS contain many oligonu-
cleotide sequences absent from rrna and an
understanding of their nature and function 1s
essential,

Control of gene expression: The obligately
photoautotrophic tendencies of cyanobacteria
have been generally attributed to their compara-
tive stability and inability to alter, unlike E. coli,
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their enzyme levels in response to environmental
changes and manipulations. It is rather difficuit
to visualize such an insensitivity at molecular
level. As Doolittle'® remarks, “. .. there are
many assimilatory pathways in which cyanobac-
teria do regulate gene expression. I find it hard to
believe that they could not have evolved controls
on gene expression in other pathways, were it to
their selective advantage. Furthermore, there
appears to be no peculiarity of the cyanobacterial
genome or the machinery for its expression which
could stand in the way of the evolution of such
controls. In bacteria, genetic regulatory mechan-
isms are clearly of multiple and independent
origins.”

A simple regulatory system involves a direct
chemical relationship between regulatory effec-
tor molecules and the regulated genetic system.
In a complex regulatory system, the regulator
effector serves a symbol of general nutritional
status and regulates a domain of chemically and
genetically distinct systems related only in their
biological role in maintaining that status'®. In
photoautotrophs, one would expect that alter-
ations in the availability of any one of the
requirements such as CO,, nitrogen, phosphorus
etc might affect in multiple domains extending
beyond the pathways directly involved in their
utilization. The regulation of heterocysts 1s a
pointer in this direction. In heterocystous
cyanobacteria, removal of combined nitrogen,
regulatory effector, results first in the degrad-
ation of phycobiliprotein in all cells of the
filament and subsequently in the induction of
nitrogenase and heterocyst formation. In
Anabaena 7120, Fleming and Haselkorn® °#
have shown that (i) proteins present in the
vegetative cells are degraded in heterocysts by
proteases which are induced by nitrogen starv-
ation, (ii) proteins synthesized early, late or
continuously in heterocysts, but not in vegetative
cells and vice versa and (iii) proteins synthesized
in both vegetative cells and proheterocysts, but
enjoying continued synthesis only in the latter.
Similarly, glutamine, the major export product of
functioning heterocysts, seems to be the likely
nepative effector for nitrogenase and heterocyst
differentiation. A formal understanding of this
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model system is beginning to emerge*®~*°, and

for both academic and practical reasons, our
major research thrust should be to understand
the molecular events during nitrogenase imnduc-
tion and heterocyst differentiation. It will be
useful to identify by Southern®*® hybridization,
mrNAS specific to differentiating cells and clone in
E. coli pna fragments from which they are
transcribed. Cloned pNas can imtially serve as
probes for heterocyst-specific transcription and
later as templates to duplicate heterocyst trans-
cription patterns in vitro.

Cyanobacteria may also be persuaded to con-
vert light energy into chemical energy. Cyano-
bacterial mitrogenase also acts as an atp-
dependent hydrogenase and splits water, liberat-
ing molecular hydrogen*>-4¢.

Organization and regulation of nif genes: Most
of what 15 known about the genetics and regu-
lation of nitrogen fixation in prokaryotes was
initially established in Klebsiella pneumoniae*’.
In this bacterium, a cluster of 17 nif genes,
localized on the chromosome and organized in 7
or 8 transcription units has been identified*® ~ 33,
Information about nif genes and their regulation
in cyanobacteria has largely come from
Anabaena 7120°%. In this strain, homology was
found with K. pneumoniae nif HDK and with the
nif VS region®3%, Unlike Kiebsiella, Azoto-
bacter and Rhodopseudomonas, where nif H, D
and K are closely linked and cotranscribed, in
Anabaena 7120, nif H and nif D are closely linked
whereas nif K is separated by 11 kb>° 38, (figure
1). An additional nifH copy has also been
detected in Anabaena 7120°*3% Steven J.
Robinson of the University of Massachusetts has
now sequenced the extra nif H gene and found
that 1t codes for a protein nearly identical in
aminoacid sequence 1o the first copy. The extra
nif H 1s transcribed to yield a 1.9 kb message
under anacrobic conditions. The function of this
second dinitrogenase reductase is not known, but
Robinson suggests that it might be capable of
accepting electrons from a different donor than is
used by the first gene’s product.

During heterocyst differentiation in Anabaena
7120, the pna located between nif D and nif K 15
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Figure 1. Physical map of nif genes of Klebsiella (a)
and Anabaena 7120 (b)*!.

excised in the form of a circle Goldon et a/®®
(figure 2). Excision is accomplished by conservat-
jve recombination between directly repeated
identical 11 bp sequences. One copy of the direct
repeat 1s located 335 bp upstream of the start of
the nif K coding region. The other copy is located
about 85 bp inside the open reading frame of the
nif D gene, determined for vegetative cell DNA. As
a consequence of the excision, the open reading
frame of nif D 1s fused to S-flanking sequence of
nif K which replaces the carboxy terminal 26
amino acids with 43 new amino acids. The operon
created by the fusion produces a transcript nearly
5 kb long containing sequences of all three genes,
nif H, D and K (Goldon et al®®). Thus, under
mitrogen fixing conditions, the nif HDK genes in
Anabaena 7120 become contiguous in the hete-
rocyst. No ner related control of nitrogen fixation
has been detected in this strain. The glnA cloned
gene expresses in E. coli independently of
ntrC3%:%% The nucleotide sequence of glnA has
been determined and two starting points for
initiation of transcriptton have becn mapped®?.
One has a sequence similar to the E. coli con-
sensus promotor and is used under conditions of
nitrogen excess, whercas the second one re-
sembles the Anabaena nif H promotor and is used
under conditions of nitrogen deficiency®?. These
results were interpreted by Tumer et al®! to
indicate control of nif expression through a
modificd kNA polymerase. In contrast to the
filamentous Anubaena 7120, the nif HHDK penes
have been found to be clustered in the unicellular
Gloeothece®?,
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Figure 2. Organization of nif genes in Anabaena vegetative cell (a) and heterocyst DNA (b). In heterocysts, the
DNA is rearranged such that #nif K and D are adjacent and the intervening DNA is excised and is found as a circle®?,

Plasmid biology: Recently substantial progress
has been made in plasmid Biology of cyanobag-
teria. These extrachromosomal elements of pNna
have been detected 1n all the major typological
groups such as unicellular, filamentous hetero-
cystous and non-heterocystous forms®?793,
Construction of genetically marked cyanobac-
terial plasmids has also been achieved by intro-
ducing amp encoding transposon Tn901 from E.
coli into the cyanobacterial plasmid pUH24 from
Anacystis nidulans®® and this is the first example
of expression of an E. coli gene in a cyanobac-
terial cell. The construction of a recombinant
plasmid consisting of pUH24 in which the 5Md
part of E. coli pR146 1is inserted offers the
possibility of further constructing a plasmid
carrying amp' and strep' genes.

The number of cyanobacterial species in which
proper genetic analysis is possible has increased
dramatically 1n the past year, thanks to the
development in Peter C. Wolk's laboratory in
Michigan State University, USA, of a system for
introducing shuttle plasmids into cyanobacteria
by conjugation from E. coli. Three elements are
required for this: (1) a shuttle vector capable of
replication in E. coli and in Anabaena, carrying

drug resistance markers that are exptressed in
Anabaena and that 4o not CoOntan 100 many Ava
I and Ava 1I sites, (1) a ¢colicin K or colicin D
plasmid capable of mobilizing the shuttle vector
in trans and (iii) an IncP plasmid such as RP4 to
provide a wide host range pilus for transfer. A
beautiful application of the conjugation system
has been perfected in Aphanocapsa 6174 by
G. Bullerjahn of the University of Missourt-
Columbia. He has constructed a plasmid contain-
ing the colEl ori, RP4 tra functions and Tn301, a
7.9 kbp transposon that confers resistance to
mercuric ion. Joseph Thomas and his group®’ at
BARC, Bombay have shown an irreplaceable
requirement for Na* by Anabaena torulosa
under nitrogen-fixing conditions. The sait-
tolerance of this strain appears to be mediated by
Na* exclusion linked to aTpase. It is hoped that
the gene transfer mechanisms can be used to
study salt tolerance in this agriculturally import-
ant system.

Cyanobacterial nitrogen fixation is quantitat-
ively important and by using modern tools of
molecular biology and genetic engineering, can
be exploited at ecological and agronomical levels.
For long, much attention has been given to a
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holistic approach, concentrating on various as-
pects of taxonomy and physiology of many
species. Although this is certainly philosophically
laudable, it has put this system at least two
decades behind what was achieved with E. coli.
Molecular biological tools and techniques are
now available and are being increasingly em-
ployed to unravel the control mechanjsms and
biotechnologically domesticate these organisms.
This requires collaborative efforts of many lab-
oratories and this has now begun.
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NEWS

WILD WEATHER

... “Most meteorologists, being the conservative
sort and preferring to analyze a long record, have been
reticent about recent weather, But now three govern-
ment researchers have offered an estimate of just how
crazy the weather has been. . .. Three ¢onsecutive
winters Of the past eight—when averaged over the 48
states—were much colder than normal. Less memor-
able perhaps but still significant were three winters
much warmer than normal. Such a combination of six
very abnormal winters in 8 years should not be
expected to recur for more than 1,000 years . . . ac-
cording to {Thomas Karl, Robert Livezey, and
Edward Epstein (Natl. Oceanic & Atmospheric
Admin.)]. The variability from winter {o winter in the

late 1970's and carly 1980’s may be extreme, but the
stability of winter temperatures during the preceding
20 years is no less striking, according to Karl, By the
standards that set off six of the eight recent winters as
extremely abnormal, all twenty winters between 1955-
56 and 1974-75 were unexceptional, ofien by com-
fortable margins. The unbroken string of relative
stability of winter temperatures is at least as unusualas
the recent period of high variability. . . .~

[(Richard A. Kerr in Science 227(4686).506, 1 Feb
85) Reproduced with permission from Press Digest,
Current Contents®, No. 11, March 18, 1985, p. 14.
(Published by the Instiute for Scienufic Infor-
mation®, Philadelphia, PA, USAL)]




