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Complementary adaptations, photosynthesis

Cyanobacteria, formerly termed blue-green
algae, are prokaryotes and hence better fit
the blueprint of a bacterium than that of a
plant or alga’. They do have the ability,
shared with plants, of using water as the
source of hydrogen atoms for photosynthetic
electron transport, with molecular oxygen as
a waste product. However, the consensus is
that cell structure and genetics are a better
base for taxonomy than photosynthesis and,
in any case, certain species of cyanobacteria
are now known to be able to throw off
the serobie, oxygenic mask by abstracting
hydrogen from hydrogen sulphide instead of
water, carrying out strictly anaerobic photo-
synthesis characteristic of other bacteria.

Cyanobacteria and plant research

But plant scientists cannot safely delegate
the cyanobacteria®, First, oxygen-evolving
photosynthesis is totally intact — the elec-
trons pass through exactly the same chain
as in plant chloroplasts - and photosynthesis
is inherently more amenable to molecular
genetic analysis in cyanobacteria than in
plants. Second, the chloroplast, the essential
requirement of the plant eell, is clearly the
descendant of a free-living prokaryote that
was closely related to the modern eyanobac-
teria. The question as to why the chloroplast
should have retained a core genetic system
to synthesize a handful of photosynthetic
proteins (likewise the mitochondrion for res-
piratory proteins) is a major problem in cell
evolution®. Third, cyancbacteria adapt, and
it is now becoming clear that the mecha-
nisms by which they detect and respond
to environmental change are typically
‘prokaryotic’, while, at the same time, a foun-
dation from which eukaryotic signal trans-
duction pathways must have evolved.

A molecular description of
compiementary chromatic adaptation
Described almost a century ago, comple-
mentary chromatic adaptation is now yield-
ing to melecular genetics, and in deing so
reveals some intriguning resembiances to the
light responses mediated by phytochrome
in plants. If a eulture of a Culothrixz or
Fremyella spp. is grown in red light, it
appears green; when it is transferred to
green light, # turns red. Teleology, endemic
to biology, is now a caleulated risk: the cells
change colour because of changes in the
relative proportions of the pigments phyco-
erythrin (which absorbs blue and green
light, and is hence red) and phycocyanin
(which absorbs red light, and is hence blue-
green). Add the knowledge that these pig-
ments function as components of the light-
harvesting apparatus of cyanobacterial
photosynthesis, and the funetional explana-
tion is obvious: the cells adapt in order to be
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able to absorb more light for photosynthesis.
Thus their eolour (transmitted and reflected
light) becomes complerentary to that of the
light in which they find themselves.

A recent breakthrough by Grossman and
co-workers provides the outline of a mol-
ecular description of what is going on in
complementary chromatic adaptation®®. It
was alveady known that the phycoerythro-
bilin and phycocyanobilin chromophores
are attached to proteins to form the pig-
ment-proteins phycoerythrin and phyco-
cyanin, Transcription of the genes encoding
the apoproteins is induced by light with a
spectral composition matching that of the
absorption spectrium of the holoproteins, the
light-harvesting biliprotein gene products
themselves. Mutants of F. diplosiphon were
obtained that were unable to adapt, and
among these were some mutants that stayed
red. Some of these mutations were found to
be complemented — chromatic adaptation
was restored — upon transformation of the
red-only cells with the reaC gene (‘regulator
of chromatic adaptation C)*,

The predicted 73 kDa RcaC polypeptide
is a typical bacterial response regulator,
which means that it has a conserved pattern
of motifs seen elsewhere in proteins involved
in a wide variety of bacterial responses to
specific environmental change®. These
motifs include a predicted o-§ structure
with an aspartate on a surface-exposed
lIoop between the first a-helix and the first
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‘The circalar map of Synechocystis sp. PCC 68083, from the CyancBase site on the World Wide Web

tsee httpHwww, kazusa.or jpicyanos).

8-strand. The paradigm for such response
regulators is the CheY protein, which dic-
tates clockwise or anticlockwise rotation of
the Escherichia coli flagellum, and hence
switches on ‘tumbling’, the behavioural
responge at the centre of bacterial chemo-
taxis. A high-resolution structure for un-
modified CheY has been obtained by X-ray
crystaliography”. The CheY protein is modi-
fied by phosphorylation - al? response regu-
lators are phosphorylated on the aspartate
of the surface-exposed loop. The phosphate
group is accepted from a phosphohistidine
side chain of the sensor®. The sensor becomes
phosphorylated (on histidine) in response
to the relevant environmental signal. The
sensor is thus a response regulator kinase,
mediating transfer of phosphate from ATP
to the response regulator only if the envi-
ronmental conditions are right (and not
otherwise). This is not teleology, but chem-
istry plus natural selection. Without two-
component (sensor and response regulator)
signal transduction, bacteria are completely
unable to sense their environment.

The photosensor
What is the photosensor for complementary
chromatic adaptation? In general terms, this
is a foregone conclusion — a histidine sensor
kinase. But the latest part of the break-
through, the discovery of complementation
of other mutations with rcaF (Ref. 5), brings
us back to plants, and intreduces something
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few would have expected. The predicted
chromatic adaptation sensor Reakl indeed
contains the four C-terminal motifs expected
for a histidine sensor kinase, including the
histidine itself. However, the N-terminal
domain contains a region with similarity to
a known chromophore attachment domain —
that of phytochrome. Homology between
phytochrome and bacterial sensor kinases
was previously predicted, from sequence
comparison alone, by Schneider-Poetseh®,
but & weak link in the argument was re-
placement of the histidine autophosphoryl-
ation site by the tyrogine of phytochrome.
With Real (Ref. 5), the homology with
phytochrome is undeniable, and the
histidine is conserved. Furthermore, two-
component regulation came fo light in
eukaryotes in 1994 (Ref. 9), with the
sequences of an ethylene-response element
from Arabidopsis and of another, unspecified
receptor, from Saechoromyces. Intriguingly,
ReaE also shows similarities to the plant
ethylene-response element®.

It is too early to expect detailed bio-
chemical analysis, but it must soon follow.
There are certainly cyanobacterial phos-
phoproteins'®! and two-component sys-
tems™™ 4, What is the ReaE chromophore?
ReaE lacks the cysteines that ligate the
linear tetrapyrrole chromophore of phyto-
chrome. Perhaps Real itself has no chromo-
phore, and is a photosensor controlled by
a photoreceptor, analogous to the chemo-
receptor and chemotaxis sensor and
response regulators of E. coli. The phyco-
cyanin and phyeoerythrin chromophores
themselves are also linear tetrapyrroles. It
is tempting to think that the evolutionary
prototype of the photoreceptor phytochrome
was itself a photogynthetic light-harvesting
protein, capable of regulating its own syn-
thesis. While red light repression of phyco-
erythrin synthesis may well be explained by
the phytochrome-like properties of ReakE, the
green light activation of phycoerythrin syn-
thesis oceurs over a speciral range outside of
the response of phytochrome. It remains to
he seen whether the biliprotein spectral
window is modified in the photoreceptor, or
whether another photosensory system, for
which the rhodopsins are especially suited,
is responsible for effecis of green light.

Other responses to spectral composition
Complementary chromatic adaptation is not
the only way in which cyanocbacteria sense
their light environment - indeed, many
species do not exhibit the phenomenon at all.
A more widespread, long-term response to
altered spectral composition is adjustment of
the stoichiometry of photosystem I and
photosystem I of the photosynthetic elec-
tron transpori chain®™. Again, the response
is coraplementary to the change in the light
regime: photosystem I absorbs more at
higher wavelengths than photosystem II,
and becomes relatively more abundant
under blue-green illumination, as if to make
good by sheer quantity its limited light-

42 Fabruary 1997, Vol 2, No. 2

harvesting capacity. As a function of light
intensity, too, the ratio of photosystem I to
photosystem II changes - from near to unity
in saturating light to a sixfold increase in
favour of photosyster { in low light.

Short-term adaptations — state transi-
tions —also satiefy the need to balance photo-
system I with photosystem II. State transi-
tions involve post-transiational, covalent
maodification of pre-existing proteins, most
clearly in chlorepiasts, where the functional
equivalent of the cyanobacterial phycobili-
some is the major light-harvesting chloro-
phyll-protein LHC II. LHC IT becomes phos-
phorylated, catalysed by a protein kinase
whose activity is regulated by the redox state
of electron carriers located between photo-
gystem I and photosystem II (Ref 10).
Phospho-LHC I1, produced in response to a
redox signal o the LHC II kinase, moves
from photosystem II to photosystern I,
restoring balanced delivery of light energy to
the two photosystems®. Cyancbacteria and
red algae also perform state transitions,
with a mobile phycobilisome responding to
the redox state of electron carriers located
hetween the two photosystems'™, However,
phycobilisome-based state transitions are
unlikely to be driven by the same sort of
kinase as that found in chloroplasts'®. The
chloroplast LHC II kinase itself is much
sought, but has proved elusive. Recent evi-
dence suggests a location in the core of pho-
tosystem I1 (Ref. 17}

In photosynthetic organisms, redox con-
trol means light control. The underlying
mechanism of adjustment of photosystem
stoichiometry probably involves redox con-
trol, rather than direct photocontrol, of gene
expression®5®® The universal eukaryobic
Jocation of the genes for the core components
of the two photosystems in chloroplasts
rather than in the nucleus immediately sug-
gests a reason for the maintenance of the
extranuclear genomes of chloroplasts (and,
by analogy, mitochondria): eleciron trans-
port holds a tight rein on the expression of
genes for its own components®®.

Cyanobacterial phytochrome

For research on cyanobacteria, and indeed
biology as a whole, an important develop-
ment was the completion in 1996 of genome
sequencing of Synechocystis PCC 6803 (Ref.
21). t seems to have taken 24 pecple under
two years to obtain the complete sequence of
approximately 3.5 Mb. Thanks to the open-
ness and generosity of the participants, the
question ‘is there a cyanobacterial gene with
homology to x7 can be addressed immedi-
ately using the CyanoBase site on the World
Wide Weh (http:/fwww kazusa.or.jp/cyano/).

Synechocystis 6803 is not a complemen-
tary chrematic adapter. However, using
CyanoBase, Synechocystis PCC 6803
appears to contain several histidine sensor
kinases with homology to phytochrome.
Perhaps colour of light does other things
through two-component signal transduction,
such as triggering development (this is

known in other species™). Or maybe the
photosystern  stoichiometry and state
transition redox sensor(s) are there at the
origin of photomorphogenesis. Furthermore,
Synechocystis PCC 6803 contains a gene,
slr0473, the predicted product of which has
36% identity to that of the phyC gene prod-
uct of Arabidopsis: cyanobacteria have no
seed dormancy, no photoperiodism and ne
phototropism, but they certainly contain
phytochrome. Unexpected certainty is
unusual in science, bui a compleie genome
sequence can give precisely that. And what
would Stanier’ have thought of CyanoBase?

Acknowledgements
The authors are grateful to Carol Allen
and Jasper van Thor for discussion and
suggestions.

John F. Allen®
Dept of Plant Cell Biology, Lund University, Box
7007, 5-220 67 Lund, Sweden

Hans C.P. Matthijs
Dept of Microbiology, Universily of Amsterdam,
Nieuwe Achtergracht 127, Amsterdam 1018 WS,
The Netherlands

*Aythor for correspondence (tel +46 46 222 4987;
fax +46 46 222 3684; e-mall
john.allen@plantcell.luse).

References

1 Stanier, R.Y. et ol. (1978) Proposal to place
the nomenclature of the eyanobacteria (bive-
green algae) under the rules of the
International Code of Nomenclature of
Bacteria, Int. J. Syst. Bacteriol. 28, 835-336

2 Bryant, D.A., ed. {1994} The Molecular
Biology of Cyanobacteria, Kluwer

3 Allen, JF. and Raven, J.A. (1996)
Free-radical-induced mutation vs redox
reguiation: costs and benefits of genes in
organelles, J. Mol. Evol. 42, 482492

4 Chiang, G.G., Schaefer, M.R. and Grossman,
A R. (1992) Complementation of a red-light-
indifferent eyanobacterial mutant, Proc.
Natl. Acad. Sei. U. 8. A. 89, $415-2419

5 Kehoe, D.M. and Grossman, A.R. (1996)
Similarity of chromatic adaptation sensor to
phytochrome and ethylene receptors, Science
273, 14069-1412

6 Stock, 4.B,, Ninfa, AL and Stock, A M.
(1989 Protein phosphorylation and
reguiation of adaptive responses in bacteria,
Microbiol. Rev. 53, 450--490

7 8Btock, AM. f al. (1993} Structure of the
Mg(%+)-bound form of CheY and mechanism
of phosphoryl transfer in bacterial
chemotaxis, Biochernistry 32, 1337513380

8 Schneider-Poetsch, HAW. (1882) Signal
transduction by phytochrome: phytochromes
have a module related fo the transmitter
modules of bacterial sensor proteins,
Photochem. Photobiol. 56, 830-846

9 Alex, L.A. and Simon, M.1. (1994} Protein
histidine kinases and signal transduction in
prokaryotes and eukaryoies, Trends Genet.
10,133-138




16 Alten, J.F. {1992) Protein phosphorylation in
regulation of photosynthesis, Biochim.
Biophys. Acte 1098, 275-335

11 Mann, N.H. (1994} Protein phospherylation
in cyancbacteria, Microbiology 140,
3207-3215

12 Watson, G.M.F., Scanlan, D.J. and Mann,
N.H. (1996} Characterisation of the genes
encoding a phosphate-regulated two
cemponent sensory system in the marine
cyanchacterium Synechococeus sp WH7803,
FEMS Microbiol. Lett, 142, 105-109

13 Tsinoremas, N.F. et ol (1991} Photesynthetic
electron transport controls nitrogen
agsimilation in cyanobacteria by means of
post-iranslational modification of the glnB
gene product, Proc, Natl. Acad. Sei. UL, 8. A.
88, 4565-4569

14 Forchhammer, K. and Tandean de Mazsac, N,
(1995} Phosphorylation: of the PII protein

{gInB gene product) in the cyanobacterinm
Synechococeus sp. strain PCC 7942: analysis
of in vitro kinase activity, J. Bacteriol, 177,
5812-5817

15 Fujita, Y. ef al. (1994) Shert-term and long-
term adaptation of the photosynthetic
apparatus: homeostatic properties of
thylakoids, in The Molecular Biclogy of
Cyanobacteria (Bryant, D.A., ed.),
pp. 677-692, Kluwer

16 Delphin, E. et al. (1998) State transitions or
ApH-dependent quenching of photosystem 11
fluorescence in red algae, Biochemistry 35,
9435-0445

17 Race, H.L., and Hind, G. (1996) A protein
kinase in the core of photosystem 11,
Biochemistry 35, 13006-13010

18 Murakami, A. and Fuiita, Y. (1993)
Regulation of stoichiometry between PSI
and PSII in response to light regime for

2
research news

photosynthesis ohserved with Synechocystis
PCC 6714: relationship between redox state
of eyt bé-f complex and regulation of PSI
formation, Plant Cell Physiol, 34, 1175-1180

19 Ailen, J.F, (1995) Thylakoid protein
phosphorylation, state 1-state 2 transitions,
and photosystem stoichiometry adjustment;:
redox control at multiple levels of gene
expression, Physiol, Plant. 93, 196-205

20 Allen, J.F. (1993) Control of gene expression
by redox potential and the requirement for
chloropiast and mitochondrial genomes,
J. Theor. Biol. 165, 608-631

21 Kaneko, T. of al. (1996) Sequence analysis
of the genome of the unicellular
cyanobacterinm Synechocystis sp. strain
PCC 6803. 11 Sequence determination of
the entire genome and assignment of
potential protein-coding regions, DNA Res.
3, 109-136.

February 1897, Vol. 2, No. 2 43



