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Abstract

Two-component regulatory systems that respond to changes in redox potential have recently been
discovered in bacteria. ‘Redox sensors’ are defined as electron carriers which initiate control of gene
expression upon oxidation or reduction. ‘Redox response regulators’ are defined as DNA-binding
proteins which modify gene expression as a result of the action of redox sensors. Redox sensors and
redox response regulators may comprise a mechanism for feedback control of redox potential in
photosynthetic electron transport chains, thereby protecting plants, algae and photosynthetic bacteria
from damage caused by electrochemistry operating on inappropriate electron donors and acceptors.
Chloroplast redox sensors and redox response regulators, themselves encoded in the nucleus, may place
chloroplast gene expression under redox regulatory control. This may account for the persistence, in
evolution, of chloroplast genomes, and for the constancy of the sub-set of chloroplast proteins encoded

and synthesised in situ. These and other predictions are discussed.

Introduction

Bacterial two-component regulatory systems
control gene expression by means of environ-
mental sensors and response regulators (Ronson
et al. 1987, Stock et al. 1989). The sensor is
usually a membrane protein and becomes phos-
phorylated in response to the environmental
signal. Its substrate, the response regulator, is a
DNA-binding protein which initiates transcrip-
tion of a specific gene or genes by interacting, in
its phosphorylated form, with an RNA polymer-
ase. Sensors undergo histidine phosphorylation
at a conserved site, and response regulators are
phosphorylated on aspartate by a phosphotrans-
ferse or kinase (Stock et al. 1989).

The Arc (aerobic respirtory control) system of
Escherichia coli is a two-component regulatory
system which responds to redox potential. Muta-

tions in two genes, arcA and arcB, increase the
anaerobic expresion of a number of genes nor-
mally repressed by anoxyia (Iuchi et al. 1989,
Guest et al. 1990). ArcB is a protein kinase
which contains two membrane-spanning helices
flanking a cytoplasmically-exposed loop, the lat-
ter containing a histidine which is the site of
autophosphorylation. Autophosphorylation oc-
curs in response to decreased redox potential,
rather than in response to decreased oxygen
concentration per se. (Iuchi et al. 1990a, Tuchi et
al. 1990b). ArcA is soluble protein which is
phosphorylated by ArcB (Iuchi and Lin 1988)
and which contains the helix-turn-helix motif of
DNA-binding proteins. I suggest that the terms
‘redox sensor’ and ‘redox response regulator’ are
appropriate descriptions of ArcB and ArcA,
respectively.

In the purple non-sulphur bacterium Rhodo-
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bacter capsulatus, the opposing effects of light
and oxygen on synthesis and assembly of photo-
synthetic reaction centre and light-harvesting
complexes are inhibited by mutations in a single
regulatory DNA sequence in the promoter re-
gion of the puf operon (Klug et al. 1991). The
regulatory gene product has been termed PPBP,
for puf promoter binding protein (Taremi and
Marrs 1990), and the gene has been termed regA
(Sganga and Bauer 1992). Like ArcA, RegA
shows the helix-turn-helix motif of DNA-binding
proteins and sequence similarities with other
response regulators. Thus, RegA is likely to be a
redox response regulator in the sense defined
here.

The E. coli FNR protein (regulating fumarate
and nitrate reductases) is a helix-turn-helix
DNA-binding protein with an amino-terminal
segment containing cysteines that ligate a redox-
active iron atom (Guest et al. 1990, Unden et al.
1990). Reduction of the iron from Fe™" to Fe'' is

=

thought to cause a protein structural change
which regulates transcription. From effects of
poising the growth medium at different poten-
tials on expression of a reporter gene for frd
(encoding fumarate reductase), the standard
mid-point potential (Em,) of the FNR response
has been estimated at +400 mV (Unden et al.
1990).

The oxygen sensor controlling expression of
nitrogen-fixation genes in Rhizobium meliloti is a
membrane haemoprotein with protein kinase
and phosphotransferase activity, termed FixL
(Gilles-Gonzalez et al. 1991). FixL catalyzes its
own phosphorylation, and is a protein kinase for
FixJ, the oxygen response regulator. Thus, cer-
tain redox sensors may also be haemoproteins,
haem redox sensors in general standing in rela-
tion to haem oxygen sensors as cytochromes do
to haemoglobins and myoglobins.

I suggest that FNR-type redox control of gene
expression could be termed high-potential redox
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Fig. 1. Two-component redox regulation of transcription in photosynthetic systems. Redox sensors are redox-active components
of complexes of photosynthetic electron transport chains. Redox sensors may respond to altered redox potential by auto-
phosphorylation, which in turn causes phosphorylation of redox response regulators. Redox response regulators are sequence-
specific DNA-binding proteins whose phosphorylation is required for binding of RNA polymerase and initiation of transcription
at promoters of genes whose expression is thereby made subject to control by redox potential. Redox sensors and redox response
regulators are shown as diagonally cross-hatched shapes. The photosynthetic membrane is a diagrammatic composite, including a
cytochrome b/c complex, and photosynthetic light-harvesting (LH) and reaction centre (RC) complexes. The redox sensor shown
interacting with its response regulator is a medium potential redox sensor, associated with the cytochrome b/c complex. Redox
sensors and response regulators are shown as separate components, but they may be combined in a single polypeptide. Some
two-component systems have sensor and response regulator domains in a single polypeptide, for example VirA/VirG of
Agrobacterium (Stock et al. 1989). Single redox sensor-response regulator polypeptides may therefore provide points of
attachment of DNA to photosynthetic membranes.



control, and the sensors termed Fe-redox sen-
sors. Two-component redox control may operate
at lower redox potentials, according to the pros-
thetic groups concerned. Haem, quinone, flavin,
and iron—sulphur centres might each serve as the
redox-active groups of different redox sensors.

Figure 1 shows a general scheme for the
operation of redox sensors and redox regulators
in photosynthetic systems.

Redox regulation and chloroplast genomes

Chloroplast genomes encode a small but re-
markably constant subset of chloroplast proteins.
The endosymbiotic origin of chloroplasts (What-
ley et al. 1979, Cavalier-Smith 1981, Margulis
1981, Cavalier-Smith 1987a,b) requires that the
majority of symbiont genmes have been trans-
ferred to the nucleus of the host. What do
proteins encoded by chloroplast DNA have in
common that confers an evolutionary advantage
to location of their genes in situ?

Here 1 suggest a possible solution to this
problem. It is assumed that any gene can be
copied between chloroplast and nucleus, or be-
tween an endosymbiont and the nucleus of its
host. After the addition of the appropriate
presequences to nuclear copies of endosymbiont
genes, intra-cellular selection may arise for each
gene concerned. In the majority of cases, expres-
sion of the nuclear copy is sufficient for synthesis
of the corresponding protein, and the chloroplast
copy becomes redundant and is lost. In a minori-
ty of cases, however, some distinctive require-
ment cannot be satisfied by the nuclear-encoded
copy, even granted a targeting, import and
processing machinery that gave a mature protein
identical to that synthesised in the organelle. I
propose control by redox sensors and redox
response regulators as the distinctive require-
ment favouring survival of the chloroplast-en-
coded copy, as depicted in Fig. 2. If this is
correct, then the distinctive common feature of
chloroplast-encoded proteins is that they directly
determine redox poise, and function safely
together only within ranges of redox potential
that are liable to be exceeded by environmental
change. The complete nucleotide sequences of
some chloroplast genomes are known (Ohyama

97

et al. 1986, Shinozaki et al. 1986, Hiratsuka et
al. 1989), and it is therefore possible to test this
prediction. Major chloroplast-encoded proteins
are listed in Table 1.

Redox roles of chloroplast-encoded proteins

Chloroplast gene products (Ohyama et al. 1986,
Shinozaki et al. 1986, Hiratsuka et al. 1989)
include proteins whose functions directly link the
physical environment to electron transport and
redox poise (Table 1). In particular, photo-
synthetic electron transport chains contain chlo-
roplast-encoded proteins at their extremes of Em
(Table 1). Chloroplast-encoded proteins include
all those located at the bioenergetic or assimilat-
ory interfaces of photosynthetic cells. In con-
trast, nuclear-encoded chloroplast components
do not take such key roles, even where they
function in light-harvesting or electron transport.

The requirement for a core of components
subject to redox control in situ may disappear
when chloroplasts cease to perform their primary
bioenergetic role of photosynthesis, as in
parasitic plants (Morden et al. 1991).

The reaction centre core proteins of both
Photosystem I and Photosystem II are chloro-
plast-encoded. Photosystem II is highly suscep-
tible to a light-induced damage — photoinhibi-
tion — which occurs when electron transport is
restricted on either acceptor or donor sides, or
both (Prasil et al. 1992). Breakdown of the D1
protein of the Photosystem II reaction centre
occurs during photoinhibition (Prasil et al. 1992)
The psbA genes encoding D1 (Erickson and
Rochaix 1992) are therefore obvious candidates
for redox control of gene expression. The loss of
chloroplast psbA genes to the nucleus would
tend release their expression from control by
transient changes in light intensity and redox
potential.

The chloroplast-encoded reaction centre poly-
peptides of PST (Scheller and Mgller 1990) may
be subject to low-potential redox control, per-
haps by Fe-S sensors and specific response
regulators operating at the promoter region of
psaA and psaB genes. However, both Photo-
system I and chloroplast-encoded components of
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Fig. 2. The proposed sequence of events leading to distribution of copies of the symbiont’s genes between the nucleus of the host
cell and the chloroplast to which the symbiont gives rise (upper diagram).

Any and all genes in the symbiont genome are copied to the nucleus of the host cell, and there sequences are added which
enable the protein to return, as a precursor, to the symbiont. Hence, any symbiont protein may be synthesised both in situ and, in
precursor form, in the cytoplasm of the host (middle diagram).

For the majority of symbiont-encoded proteins, nuclear encoding, cytoplasmic synthesis and import and processing of
precursors together provide an effective alternative to synthesis in situ, and the symbiont copies of these genes are lost. However,
transcription of a minority of symbiont genes must be closely coupled to redox potential at specific sites in the photosynthetic
membrane. For these genes, the nuclear copy continues to be expressed in inappropriate environments, and the nuclear gene
product continues to be synthesised even when its function is damaging to the cell. The symbiont gene copy remains under redox
control, and therefore has a selective advantage. The nuclear gene copy is therefore lost, and a stable division of genetic
responsibility is reached in which the chloroplast retains a genome encoding those of its proteins whose synthesis must respond
rapidly to alteration in the physical environment of the cell (lower diagram).
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Table 1. Major chloroplast genes and gene products (Ohyama et al. 1986, Shinozaki et al. 1986, Hiratsuka et al. 1989) and their

functions. Em, values are taken from Cramer and Knaff (1990)

Gene Protein Standard redox Substrate
potential,
Em, (mV)

Photosystem 11

DsbA D1of PS1I + 1170 (P*/P) Light
reaction centre —800 (P/P*)

psbD D2of PSII +1170(P*/P) Light
reaction centre —800 (P/P*)

psbB, psbC CP47 and CP43 - Light
of PSII

Energy coupling

DetA Cytochrome f + 350

petB Cytochrome b - 50

atpA,B,E ATP synthase
CF,a,B,e

atpF, H, 1 ATP synthase
CF, I, 1L, IV

Photosystem 1

psaA Al of PSI — 1250 (P/P*) Light
reaction centre + 500 (P"/P)

psaB A20f PST - 1250 (P/P*) Light
reaction centre +500(P"/P)

Respiration: cyclic electron transport

ndhA-F NADH —324
dehydrogenase (NADH/NADP")
subunits 1-5

CO, fixation

rbcL. Rubisco large - Carbon dioxide

subunit

the intermediary electron transport chain such as
cyt f and cyt b, are connected in series with
Photosystem 1II, and they therefore play a role in
determining the redox potential of Photosystem
11, as may the CF,—CF, coupling ATP synthase,
indirectly through photosynthetic control.
Chloroplast genomes also encode NADH de-
hydrogenases (Ohyama et al. 1986, Shinozaki et
al. 1986, Matsubayashi et al. 1987, Hiratsuka et
al. 1989). ndh genes are expresed in mature
chloroplasts (Matsubayashi et al. 1987), where
they may function in chlororespiration or as links
between the acceptor side of Photosystem I and
the cyt b,/f complex in cyclic photophosphoryla-

tion, as demonstrated recently in a cyanobacter-
ium (Mi et al. 1992). The importance of redox
poise for cyclic photophosphorylation can be
demonstrated by addition of catalytic concen-
trations of oxidant or reductant to overcome
inhibition by overreduction or overoxidation in
chloroplasts (Whatley 1963, Grant and Whatley
1967, Arnon and Chain 1975, Ziem-Hanck and
Heber 1980, Allen 1983) and photosynthetic
bacteria (McEwan et al. 1985). Redox control of
expression of chloroplast ndh genes may there-
fore be required for maintaining photophos-
phorylation. In E. coli, transcription of ndh
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genes is under the control of the high-potential
redox regulator, FNR (Spiro et al. 1989).

The chloroplast-encoded Rubisco large
subunit does not itself participate in electron
transfer. However, the primary carboxylation
step of CO, assimilation may, under a variety of
circumstances, become the limiting factor for
consumption of electrons from the photo-
synthetic chain by triose phosphate dehydrogen-
ase (Walker et al. 1986). The activity of the
Rubisco large subunit may therefore have imme-
diate effects on the redox potential of com-
ponents of the photosynthetic electron transport
chain, including, for example, D1.

The hypothesis that a requirement for redox
regulation determines the location of chloroplast
genes does not obviously apply to the ‘energy
coupling’ genes listed in Table 1, nor to the
chloroplast-encoded components of the chloro-
plast genetic system itself. For example, it is
difficult to see how redox regulation might ac-
count for the chloroplast location of cytochrome
f and b, genes but the nuclear location of Rieske
iron—sulphur protein and plastocyanin genes. If
the hypothesis applies equally to these compo-
nents, it suggests that cytochromes could have a
uniquely deleterious effect when compared with
other electron carriers operating at intermediate
potentials, but there seems to be no evidence for
or against this proposal. Alternatively, other
factors may play a role in determining the
location of these genes. Although these exam-
ples are neutral for the hypothesis, there seems
to be no exception to the chloroplast location of
genes for proteins operating at the extremes of
redox potential. The nuclear location of ferre-
doxin and water-oxidation polypeptides fits with
the hypothesis, since these proteins are involved
in secondary electron transfer with chloroplast-
encoded reaction-centre components at much
lower and higher potentials.

Chloroplast redox sensors and response
regulators may themselves be encoded in the
nucleus

Genes encoding chloroplast redox sensors and
redox response regulators need not themselves
be organelle-encoded, since there is no obvious

obstacle to their expression in the nucleus for
cytosolic translation and uptake, in precursor
form, by the organelle. It is possible that a
nuclear location for chloroplast redox sensors
and response regulators is advantageous, allow-
ing them to be made subject to additional
control (however, see Cavalier-Smith 1987b).

Predictions

In photosynthetic prokaryotes, further redox
sensors may be found whose redox properties
and prosthetic groups permit their operation at
specific points in photosynthetic electron trans-
port chains. Potentiometric redox titration of
expression of reporter genes (Unden et al. 1990)
may reveal structural genes under control of
redox sensors at different potentials. Redox
control of translation or of messenger processing
and stability may also be important.

Cyanobacteria exhibit redox control of phos-
phorylation of a number of polypeptides (Har-
rison et al. 1991), and these are candidates for
redox sensors. Redox control of protein phos-
phorylation is also a property of a range of
polypeptides in purple non-sulphur bacteria
(Holmes and Allen 1988).

Redox control of response at the post-transla-
tional level is well established for chloroplasts
(Alien 1992). The best-characterised substrate is
the nuclear-encoded light-harvesting complex,
LHC II. Phosphorylation of LHCII is regulated
by a protein kinase whose activity has an Em, of
approximately +80mV, becoming activated as
plastoquinone is reduced (Allen et al. 1981). A
number of other chloroplast polypeptides are
phosphorylated by a redox-controlled kinase or
kinases (Allen 1992). The redox-sensitive
LHCII kinase is a nuclear-encoded protein of
64 kDa in the mature form (Gal et al. 1990, Gal
et al. 1992). It is autophosphorylated in a re-
action that is also under redox control. Plasto-
quinone-redox control of chloroplast psa and psb
gene expression may maintain balanced utiliza-
tion of light energy by Photosystem I and Photo-
system IT (Allen 1992). The LHCII kinase is
therefore a candidate for a medium-potential,
quinone redox sensor.



The chloroplast genome has promoter regions
with similarities to those encountered in gram-
negative bacteria, including cyanobacteria, in-
dicating the possibility of control of initiation of
transcription by regulator proteins of bacterial
type. In particular, -10° and ‘-35’ sequences
resembling E. coli regulatory sequences are
found in the chloroplast genome, upstream of
the presumed sites of initiation of transcription
of psbA, aipB, atpE and rbcl. (Table 1)
(Ohyama et al. 1986, Shinozaki et al. 1986,
Hiratsuka et al. 1989).

In chloroplasts and cyanobacteria, many mem-
brane proteins are phosphorylated and redox-
active, but have no obvious role in electron
transport (Allen 1992). Indeed, the ideal redox
sensor might have no direct role in linear elec-
tron flow, existing instead as a side-arm of the
chain. The Em of a redox sensor may be differ-
ent from that of some of the proteins whose
synthesis it controls, as seen in FNR (Em, = +
400 mV) control of transcription of ndh genes
(Spiro et al. 1989) encoding NADH dehydro-
genase (NADH/NAD " Em, = —324 mV).

The hypothesis of redox sensors and response
regulators in the function and maintenance of
chloroplast genomes may help to explain the
distribution of genes between the nucleus and
chloroplasts in plants and algae. A major predic-
tion of this hypothesis is the existence in chloro-
plasts of a range of redox-active sensors and
DNA-binding redox response regulators, all en-
coded in the nucleus.

At present there are no data by which this
hypothesis can be accepted or rejected, though
this is an objective of current and planned
experiments. The hypothesis may also be applic-
able to the evolution and function of mitochon-
drial genomes. The aim of this paper is to make
the hypothesis, as it applies to photosynthetic
systems, available for critical test in a range of
experimental systems.

Acknowledgements

I thank R.J. Ellis for discussion and suggestions,
and the Swedish Natural Science Research
Council and the Per-Eric and Ulla Schyberg
Foundation for financial support.

101

References

Allen JF (1983) Regulation of photosynthetic phosphory-
lation. Crit Rev Plant Sci 1: 1-22

Allen JF (1992) Protein phosphorylation in regulation of
photosynthesis. Biochim Biophys Acta 1098: 275-335

Allen JF, Bennett J, Steinback KE and Arntzen CJ (1981)
Chloroplast protein phosphorylation couples plastoquinone
redox state to distribution of excitation energy between
photosystems. Nature 291: 25-29

Arnon DI and Chain RK (1975) Regulation of ferredoxin-
catalyzed photosynthetic phosphorylations. Proc Natl Acad
Sci USA 72: 4961-4965

Cavalier-Smith T (1981) The origin and early evolution of
the eukaryotic cell. Symp Soc Gen Microbiol 32: 33-84

Cavalier-Smith T (1987a) The origin of eukaryote and
archaebacterial cells. Ann. New York Acad Sci 503: 17-54

Cavalier-Smith T (1987b) The simultaneous symbiotic origin
of mitochondria, chloroplasts, and microbodies. Ann New
York Acad Sci 503: 55-71

Cramer WA and Knaff DB (1990) Energy Transduction in
Biological Membranes. A Textbook of Bioenergetics.
Springer-Verlag, New York

Erickson JM and Rochaix J-D (1992) The molecular biology
of Photosystem II. In: Barber J (ed) The Photosystems:
Structure, Function and Molecular Biology, pp 101-177.
Elsevier Science Publishers, Amsterdam

Gal A, Hauska G, Herrmann R and Ohad I (1990) Inter-
action between LHCII kinase and cytochrome b/f: In
vitro control of kinase activity. J Biol Chem 265: 19742—
19749

Gal A, Herrmann RG, Lottspeich F and Ohad I (1992)
Phosphorylation of cytochrome b6 by the LHCII kinase
associated with the cytochrome complex. FEBS Lett 298:
33-35

Gilles-Gonzalez MA, Ditta GS and Helinski DR (1991) A
haemoprotein with kinase activity encoded by the oxygen
sensor of Rhizobium meliloti. Nature 350: 170-172

Grant BR and Whatley FR (1967) Some factors affecting the
onset of cyclic photophosphorylation. In: Goodwin TW
(ed) Biochemistry of Chloroplasts, pp 505-521. Academic
Press, New York

Guest JR, Green J, Spiro S, Prodromou C and Sharrocks A
(1990) Regulation of gene expession by oxygen in Es-
cherichia coli. In: Hauska G and Thauer R (eds) The
Molecular Basis of Bacterial Metabolism, pp 134-145.
Springer-Verlag, Berlin and Heidelberg

Harrison MA, Tsinoremas NF and Allen JF (1991) Cyano-
bacterial thylakoid membrane proteins are reversibly phos-
phorylated under plastoquinone-reducing conditions in
vitro. FEBS Lett 282: 295-299

Hiratsuka J, Shimada H, Whittier R, Ishibashi T, Sakamoto
M, Mori M, Kondo C, Honji Y, Sun C-R, Meng B-Y, Li
Y-Q, Kanno A, Nishizawa Y, Hirai A, Shinozaki K and
Masahiro S (1989) The complete sequence of the rice
(Oryza sativa) chloroplast genome: Intermolecular recom-
bination between distinct tRNA genes accounts for a major
plastid DNA inversion during the evolution of the cereals.
Mol Gen Genet 217: 185-194

Holmes NG and Allen JF (1988) Protein phosphorylation in



102

chromatophores from Rhodospirillum rubrum. Biochim
Biophys Acta 935: 72-78

Iuchi S and Lin ECC (1988) arcA(dye), a global regulatory
gene in Escherichia coli mediating repression of enzymes in
aerobic pathways. Proc Natl Acad Sci USA 85: 1888-1892

Tuchi S, Cameron DC and Lin ECC (1989) A second global
regulator gene (arcB) mediating repression of enzymes in
aerobic pathways of Escherichia coli. J. Bacteriol 171:
868-873

Iuchi S, Chepuri V, Fu H-A, Gennis RB and Lin ECC
(1990a) Requirement for terminal cytochromes in genera-
tion of the aerobic signal for the arc regulatory system in
Escherichia coli: Study utilizing deletions and lac fusions of
cyo and cyd. J. Bacteriol 172: 6020-6025

Tuchi S, Matsuda Z, Fujiwara T and Lin ECC (1990b) The
arcB gene of Escherichia coli encodes a sensor-regulator
protein for anaerobic repression of the arc modulation.
Mol Microbiol 4: 715-727

Klug G, Gad’on N, Jock S and Narro ML (1991) Light and
oxygen effects share a common regulatory DNA sequence
in Rhodobacter capsulatus. Mol Microbiol 5: 1235-1239

Margulis L (1981) Symbiosis in Cell Evolution. Freeman
W.H. and Co, New York.

Matsubayashi T, Wakasugi T, Shinozaki K, Yamaguchi-
Shinozaki K, Zaita N, Hidaka T, Meng BY, Ohto C,
Tanaka M, Kato A, Maruyama T and Sugiura M (1987)
Six Chloroplast genes (ndhA-F) homologous to human
mitochondrial genes encoding components of the respirato-
ry chain NADH dehydrogenase are actively expressed:
Determination of the splice sites in ndhA and ndhB pre-
mRNAs. Mol Gen Genet 210: 385-393

McEwan AG, Cotton NPJ, Ferguson SJ and Jackson JB
(1985) The role of auxiliary oxidants in the maintenance of
a balanced redox poise for photosynthesis in bacteria.
Biochim Biophys Acta 810: 140-147

Mi H, Endo T, Schreiber U, Ogawa T and Asada K (1992)
Electron donation from cyclic and respiratory flows to the
photosynthetic intersystem chain is mediated by pyridine
nucleotide dehydrogenase in the cynobacterium Synech-
ocystis PCC 6803. Plant Cell Physiol 33: 1233-1238

Morden CW, Wolfe KH, dePamphilis CW and Palmer JD
(1991) Plastid translation and transcription genes in a
non-photosynthetic plant: Intact, missing and pseudo
genes. EMBO J 10: 3281-3288

Ohyama K, Fukuzawa H, Kohchi T, Shirai H, Sano T, Sano
S, Umesono K, Shiki Y, Takeuchi M, Chang Z, Aota S,
Inokuchi H and Ozeki H (1986) Chloroplast gene organi-
zation deduced from complete sequence of liverwort Mar-
chantia polymorpha chloroplast DNA. Nature 322: 572-
574

Prasil O, Adir N and Obhad I (1992) Dynamics of Photo-

system II: Mechanism of photoinhibition and recovery
processes. In: Barber J (ed) The Photosystems: Structure,
Function and Molecular Biology, pp 295-348. Elsevier
Science Publishers, Amsterdam

Ronson CW, Nixon BT and Ausubel FM (1987) Conserved
domains in bacterial regulatory proteins that respond to
environmental stimuli. Cell 49: 579-581

Scheller HV and Mgller BL (1990) Photosystem I poly-
peptides. Physiol. Plant 78: 484—-494

Sganga MW and Bauer CE (1992) Regulatory factors con-
trolling photosynthetic reaction center and light-harvesting
gene expression in Rhodobacter capsulatus. Cell 68: 945~
954

Shinozaki K, Ohme M, Tanaka M, Wakasugi T, Hayashida
N, Matsubayashi T, Zaita N, Chunwongse J, Obokata J,
Yamaguchi-Shinozaki K, Ohto C, Torazawa K, Meng BY,
Sugita M, Deno H, Kamogashira T, Yamada K, Kusuda J,
Takaiwa F, Kato A, Tohdoh N, Shimada H and Sugiura M
(1986) The complete nucleotide sequence of the tobacco
chloroplast genome: Its gene organization and expression.
EMBO T 5: 2043-2049

Spiro S, Roberts RE and Guest JR (1989) FNR-dependent
repression of the ndh gene of Escherichia coli and metal
ion requirement for FNR-regulated gene exression. Mol
Microbiol 3: 601-608

Stock JB, Ninfa AM and Stock AM (1989) Protein phos-
phorylation and regulation of adaptive responses in bac-
teria. Microbiol Rev 53: 450-490

Taremi SS and Marrs BL (1990) Regulation of gene expres-
sion by oxygen: Phototrophic bacteria. In: Hauska G and
Thauer R (eds) The Molecular Basis of Bacterial Metabo-
lism, pp 146-151. Springer-Verlag, Berlin and Heidelberg

Unden G, Trageser M and Duchene A (1990) Effect of
positive redox potentials (> + 400 mV) on the expression
of anaerobic respiratory enzymes in Escherichia coli. Mol
Microbiol 4: 315-319

Walker DA, Leegood RC and Sivak MN (1986) Ribulose
bisphosphate carboxylase-oxygenase: Its role in photo-
synthesis. Phil Trans R Soc Lond B313: 305-324

Whatley FR (1963) Some effects of oxygen in photosynthesis
by chloroplast preparations. In: Photosynthetic Mecha-
nisms of Green Plants, pp 243-251. Washington DC:
National Academy of Sciences-National Research Council,
Washington DC

Whatley JM, John P and Whatley FR (1979) From extracel-
lular to intracellular: The establishment of mitochondria
and chloroplasts. Proc R Soc Lond B 204: 165-187

Ziem-Hanck U and Heber U (1980) Oxygen requirement of
photosynthetic CO, assimilation. Biochim Biophys Acta
591: 266-274



