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Chloroplasts are membrane-bound compartments (organelles)
in plant and algal cells. Chloroplasts perform all of the
component reactions of photosynthesis, including absorption
of light energy by chlorophyll; conversion of that energy into
chemical potential; electron tran sfer; synthesis of ATP; and
assimilation of carbon dioxide to give carbohydrates. Primary
steps in photosynthesis are light-d riven redo x (reduction 
oxidation) reactions; transfer of electrons or hydro gen atoms.
These redox reactions function safely and efficiently only
within a narrow ran ge of degrees of reduction of their reactants
and products. In electron transport pathways, each intermedi
ate must be capable of acting as both an acceptor and a donor,
and must therefore be present in both its oxidiz ed and its
reduced form. An optimal state of redox poise is achieved by a
variety of regulatory mechanisms, oper ating on different stages
of gene expression . Redox signalin g occurs wh en a signal of
redox imbalance initiates a chan ge that corrects that imbal
ance, restoring poise. The response may be within or between
cells, and may concern chloroplast or nuclear gene expression.
Chloroplast redox signaling utilizes the chloroplasr genome
and apparatus of gene expression . Redo x signaling ma y
require, and be the reason for , both chloroplast and
mitochondrial genomes.

The Redox Chemistry
of Photosynthesis

RED OX REACTION S

AN D PHOTOSYNTH ESIS

A redox reaction involves an electron or hydr ogen atom
donor, and an electron or hydrogen atom acceptor.
During the cou rse of the redox rea ction, as the electron
or hydrogen atom is transferred , the don or reduces the
acceptor, and th e acceptor oxidizes the don or. Thus, an
electron (or hydrogen) donor is a chemical reductant,
and an electr on (or hydr ogen) acceptor is a chemical
oxidant. The direction of electr on (or hydr ogen) transfer
between two chemical species is det ermi ned by their
relat ive acti vities and also by their relati ve electroche
mical potentials, or redox pot enti als, as given by the
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Ne rn st equati on . A species with a lower redox potential
will tend to act as a reductant , or donor, when coupled in
a redox reaction with a species with a higher redox
potential, acting as the oxid ant , or accept or.

In photosynthesis, light-driven elect ron transport
ma y be cyclic, or linea r (also know n as "noncyclic") .
Linear electron transport requires an electro n don or
and an electron acceptor. In many bacteria the don or is
an organic compo und, or an inorgani c reductant such
as H 2S or H 2 . In cyan ob acteria and chloroplasts, the
donor is wa ter, and oxygen is released as a by-product.
The electron acceptor is NA DP+. Together with ATP
produced by photosynthetic phosphorylati on , NADPH
represents stored energy, which ma y be used to drive
carbon dioxide assimilation and pr ocesses including
synthesis (e.g., pro tein synthesis) and tra nspo rt .

VAN NIEL AND B ACTERIA

Photosynthesis occurs in bacteria, and in mos t plants
and algae . Even in eukaryotes, phot osynthesis is
localized in chlo roplasts, whi ch are bacterial in origin.
The microbiologist Cornelius van Ni el, working in
Stanford, California, showed that photosynthetic bac
ter ia use light as a source of energy to cause hydrogen
atom transfer to carbon dioxid e, from anyone of a range
of weak reducing agents, collectively designat ed "H 2A"

in a reaction descr ibed by the van iel equation:

In the special case of oxygenic photosynthesis in plant
and algal chloroplasts and in cyanobacteria, the weak
reducing agent (H 2A) is water (H20), and the van Niel
equation th en becomes:

THE HILL REACTION

Independently, Robert (Robin) Hill, in Cam bridge,
show ed that chloroplas ts isolated fro m leaves
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produce oxygen in the light, provided a suitable
electron acceptor, or "Hill oxidant" is available
("A," below):

O A
light, chloroplasts 2AH 0

2H2 +2 l 2 + 2

Assimilation of CO 2 by reoxidation of AH2 will give
"complete" photosynthesis, and its overall formulation
is identical to a simplified version of the oxygenic version
of the van Niel equation:

THE Z-SCHEME AN D

Two P HOTOSYSTEMS

In 1960, Robert Hill and Fay Bendall proposed a
"Z-scheme" for photosynthetic electron transport, in
which two separate photosystems, termed I and 11, each
with a core reaction center, act as intermediates in th e
chloroplast electron transport chain. The two photo
systems are connected, in series, by electron carriers
(Figure 1).

O CO
light, chloro plasts COO

H 2 + 2 l H 2 + 2

REACTION CENTERS

How does light drive electron or hydrogen atom
transfer? Louis Duysens, in Leiden, and others demon
strated light-induced oxidation of chlorophyll (ChI) at
photosynthetic reaction centers, and it became clear
that some chlorophyll molecules themselves undergo
photo-oxidation after absorbing a quantum of light
and reaching an excited state (Chl*). Photosynthetic
electron transport is initiated when the chlorophyll
excited state decays to a ground state by passing an
electron on to an acceptor (A), and by taking one from a
donor (D):

DChlA~DChl"A ----+ DChl+A- ----+ D+ChIA-

CHLOROP LAST FUNCTION

Intrinsic to internal membranes called thylakoids,
chloroplasts contain chlorophyll and other pigments
(such as carotenoids) that harvest and convert light
energy, an electron transport chain that intersects with
light-harvesting pigments at photosynthetic reaction
centers, and an ATPase that couples electron transport
with synthesis of ATP. The soluble phase of the
chloroplast usually contains the enzymes and intermedi
ates of the Benson-Calvin cycle of assimilation of
carbon dioxide. In development, chloroplasts originate
from plastids in parallel with nonphotosynthetic
plastids with other specific functions in metabolism.
Although most plastid proteins are imported from the
cytosol, as precursors, all plastids also contain DNA,
RNA, ribosomes, and a genetic system, which is
responsible for synthesis of some of their components.

Photosystem I , ~~ J•

Cytochrome f ,.....
Cytochrome bs \ ATP

Plastoquinone ADP

(:: ,•• ~~oto,y,'em 11

Pseudocycl ic
electron transport

Cyclic
electron transport

-400 o +400 +800

Standard redox potential (mV)

FIGURE 1 The two-light reaction model, or "Z~scheme," for photosynthetic, noncyclic electron transport and pho tophospho rylation (ATP
synthe sis) in chloroplasts. N oncyclic electron transport involves photosystems I and Il, which are connected in series. Th e cyclic and psendocyclic
pathway s are superimposed on th e nonc yclic pathway.
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Chlor oplasts, in particular, still bear a striking resem
blance to prokaryotic cyanobacteria, from which all
plastids evolved.

P H O TO PHO SP H O RYLATI O N

In 1954, F. R. (Bob) Whatley, Mary Belle AlIen, and
Daniel 1. Arnon, in Berkeley, California showed that
isolated chloroplasts carry out ATP synthesis in the light,
a process also demonstrated for isolated bacterial
membranes by Albert Frenkel:

ADP P
light, chloroplasrs AT 0

+ i I P+H2

Cyclic

The original chloroplast photophosphorylation of
Whatley, Allen, and Arnon was not accompanied by
net redox changes, and is coupled to cyclic electron
transport. In the Z-scheme, this cyclic electron transport
drives cyclic photophosphorylation, and requires photo
system I alone (Figure 1), although photosystem II
activity and other factors greatly affect its onset.

N oncyclic

The Arn on group later showed that ATP synthesis is also
coupled to the Hill reaction, and the yield of ATP occurs
in a fixed stoichiometry with reduction of a Hill oxidant.
There is thus a distinction between cyclic and noncyclic
photophosphorylation. After 1960 it was realized that
noncyclic photophosphorylation normally requires both
photosystems I and II (Figure 1).

Pseudocy clic

In 1952, Alan M ehler discovered that molecular ox ygen
will act as a Hill oxidant . Noncyclic electron transport
(Figur e 1) with oxygen as the terminal acceptor is
coupled to ATP synthesis, and requires photosystems I
and 11. H owe ver, oxygen is both consumed and
produced in this reaction, no net oxidation-reduction
is observed , and so the ATP synthesis resembles cyclic
one, and is known as pseudocyclic phosphorylation.

Kinetics and Maintenance

of Redox Poise

The interplay between noncyclic, pseudocyclic and true
cyclic photosphosphorylation first gave rise to the
concept of "redox poise" in chloroplast photosynthesis.
If the photosystem I of the Z-scheme (Figure 1) is the
same for all three forms of phosphorylation, then there is
competition between paths of electron transport.

An optimal state for cyclic electron tranport is one
of maximal "redox poise," when the total pool of each
component gives a redox state that is 50% oxidized '
and 50% reduced. The rapid, primary photochemical
reactions at photosynthetic reaction centers use light
energy to move electrons in the direction opposite to
that predicted by their redox potentials: the donor has
a much higher redox potential than the acceptor, and
light is therefore used to generate a redox couple that
is far from redox equilibrium . Secondary electron
transport nevertheless moves the electrons in the
predicted direction, towards equilibrium. "Redox
poise" can then still be applied to linear or noncyclic
electron transport, and especially to any of its
components. When applied to noncyclic electron
transport, " redox poise" indicates a position of
optimal red ox state where the acti viti es of components
are such that their effective redox potentials favor
physiologically useful electron transfer. Two extreme
departures from redox poise exist in the form of states
of over-reduction and over-oxidation (Figur e 1). A
cyclic chain is said to be over-reduced when all
components are in their reduced forms; there are no
electron acceptors . The same chain is said to be
overoxidized w he n all components are in their
oxidized forms; there are no electrons to cycle. When
applied to noncyclic electron transport, " over-reduced"
and " overoxidized" can be applied to indicate the
preponderence of one or other redox state, giving the
tendency of a component to engage in redox chemistry
with donors or acceptors that are presumed to be
nonphysiological, especially where reactive and toxic
chemical species are produced in consequence. Oxy
gen, for example, readily accepts electrons from most
components of the photosynthetic chain, a pr oduct is
the superoxide anion radical, and redox poise may
ensure that the "corr ect" electron transfer competes
kinetically with reduction of oxygen.

C YCLIC E LECTRO N TRANSP ORT

AND PHOTOPHOSPHO RYLATION

As first identified by Whatley and Bruce Grant, the
onset of cyclic photophosphorylation is delayed, some
times indefinitely, under anaerobic conditions. The
delay can be avoided by addition of an inhibitor of
electron transport in photosystem I1, or by choice of a
wavelength of illumination that is selective for photo
system 1. It was concluded that the cyclic chain can
become over-reduced when photosystem II is acti ve,
and no electron acceptor is available. Over-reduction
could also be reversed, and redox poise restored, if a
pulse of an oxidant, such as potassium ferricyanide or
oxygen, is added to remove excess electrons from the
cyclic chain.



FIGU RE 2 Th e ideal rate, v, of cyclic electron transport as a function
of th e redox ratio of one of its comp onents, Q. Q mu st be pr esent in
both its oxidiz ed and reduced forms: in cyclic electron flow, Q must be
both a donor and acceptor of electrons.

In contrast, under aerobic conditions, Grant and
Whatley found that the photosystem II inhibitor, just
like a choice of wavelength specific to photosystem I,
actually inhibits photosystem l-cyclic photophosphor
ylation . This is expl ained by the ability of oxygen to
accept electrons from photosystem I, so that, in the
absence of photosystem II activity, the cyclic chain
becomes drained of electrons , or overo xidized (see
Figure 2).
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The Q -Cycle

In the electron transport chain between photosystems 1.
and II, the cytochrome bd complex catalyzes a cycle of
electrons through two cytochromes b, involving inter
mediate sta tes of the two-electron carrier plastoquinone.
Redox poise is likely to be essential in th e Q-cycle, where
the plastosemiquinone participates in on e-electron
transfer with cytochrome b, despite its tendency to
transfer it s single electron to oxygen, generating
superoxide.

NONCYCLIC ELECTRON TRANSPORT

In intact chloroplasts, continued operation of noncyclic
electron tran sport seems to depend on production
of some additional ATP by cyclic electron transport.
The ATP is required to driv e the Benson -Calvin cycle,
and therefore for regeneration of the physiolo gical
electron accept or, NADP+ . Insufficient ATP therefore
"stalls" phot osynt hesis by causing over-reduction of the
cyclic cha in.

OXYGEN AND POISE

Oxygen is an effective electron acceptor for noncyclic
electron transport, and also acts as a poi sing oxidant for
cyclic electron transport. However, the products of
oxygen reduction are sup eroxide and hydrogen per
oxide. Reduction of oxygen by the iron-sulfur protein
an d electron transport inte rmediate, ferr edoxin, ma y
proceed by a physiolo gically safe route of two one
electron transfers, and also lead to creat ion of "ant i
oxidant" defenses against the to xicity of reactive
oxygen species ,

Photosy st em 1 Cyclic Electron Flow

The contribution of cyclic photophosphorylation to
ph ot osynthesis (Figure 1) depends on maintaining redox
poise, and avoiding over-reduction and overo xidation
(Figure 2). There is evidence that oxygen acts as a
poising oxidant under physiolo gical conditions. Ulrich
H eber and colleagues in Wurzburg showed that intact,
functional chloroplasts are held in an ind efinite lag
phase under anae ro bic conditions. H owever, if a pulse of
oxygen is given at any time , sufficient ATP is produced to
start the Benson-Calvin pathway, and regeneration of
the electron acceptor NADP+ then allows whole-chain
electron tr ansport to generate oxygen , maintaining a
poised cyclic cha in, ATP synthesis, and complete
photosynthesis. In vivo , down-regulation of photosys
tern II may also counteract over-reduction, and chlor
oplast NA D (P)H dehydrogenase activity ma y counteract
overo xidation.

Posttranslational Modification

of Pre-Existing Proteins

Regulatory devices that maintain redo x poise also
extend to gene expression at different levels. Feedback
control loops involving components of electron transfer
chains and stages in gene expression are seen in all
bioenergetic systems . Close association between bio
energetic coupling membranes and genes for their
protein components is conspicuous in chloroplasts and
mitochondria. The need for direct redox signaling ha s
been proposed as the primary reason for the persistence ,
in evolution, of chloroplast an d mitochondrial genomes.

STATE TRANSITIONS

Control of gene expression by posttranslational modi
fication underpins a well-known process, namely,
state tr ansitions . Photosystems I and II have different



442 CHLOROPLAST REDOX POISE AN D SIGNALING

light-harvesting pigment systems, and different absorp
tion and action spectra. Thus, any randomly chosen
wavelength of light is likely to favor either photosystem I
or photosytem Il. Yet their connection in series requires
a fixed ratio of rates of electron transport through their
reaction centers, 1:1 for noncyclic electron transport
alone, but incrementally more (estimated at 20%) to
photosystem I to account for additional, cyclic electron
transport. Cecilia Bonaventura and Jack Myers in
Austin, Texas, and Norio Murata in Tokyo indepen
dently showed that different unicellular algae redistri
bute absorbed excitation energy between photosystems I
and Il, as if to achieve balanced delivery of energy to the
two reaction centers. Light delivered to one reaction
center whose rate is limited by another will be wasted as
heat or fluorescence. Redistribution therefore achieves
maximal efficiency despite changing wavelengths of light
that otherwise favor on e photosystem or the other.
Photosystem Il works effectively at wavelengths up to
~ 660-670 nm; photosystem I can utilize light beyond
this "red drop" in photosynthetic yield. A beam of light
with a spectrum centered at, say, 700 nm, will be
selective for photosystem I, and is termed "light 1." A
beam centered below 660 nm will drive both photo
systems, but is required for photosystem Il, and is
termed "light 2." Switching beams from light 2 to light
1, or superimposing light 1 onto light 2, induces a
change in the light-harvesting apparatus, redistributing
energy to photosystem Il at the expense of photosystem
1. The state arrived at is called the "light 1 state" or
"state 1." Conversely, switching from light 1 to light 2
induces a "light 2 state," or "state 2."

Chloroplast Protein Ph osph ory lation

John Bennett at Warwick University discovered chlor
oplast protein phosphorylation and showed that one
conspicuous phosphoprotein was a light-harvesting
chlorophyll a/b-binding protein forming part of chlor
oplast light-harvesting complex Il (LHC Il). LHC Il is an
intrinsic membrane protein which becomes phosphory
lated on a threonine residue by the action of a
membrane-associated LHC Il kinase.

Plastoquinone Redox Control
of the LHC 11 Kinase

The LHC Il kinase was originally thought to be activated
by light. However, in Urbana, Illinois, in a collaboration
with Bennett, John F. Alien and Charles J. Arntzen
showed that LHC Il becomes phosphorylated in dark
ness, provided the electron carrier plastoquinone is
chemically reduced. The apparent light activation is
sufficiently explained as redox-activation, with electrons
being supplied to plastoquinone from photosystem Il. In
addition, LHC Il phosphorylation is accompanied by

changes in chlorophyll fluorescence and in electron
transport, demonstrating that absorbed light energy
simultaneously became redistributed to photosystem I at .
the expense of photosystem Il.

Distribution of Ab sorb ed Excitation Energy

The state-2 transition, an apparently purposeful
response increasing efficiency of energy conversion, is
the result of activation of the LHC Il kinase by reduced
plastoquinone. In light 1, the state-1 transition results
from oxidation of plastoquinone by photosystem I: the
LHC Il kinase becomes inactivated, a light- and redox
dependent phospho-LHC II phosphatase catalyzes
dephosphorylation of phospho-LHC Il, and light energy
absorbed by chlorophyll molecules of LHC Il is returned
to photosystem Il, at the expe nse of photosystem I
(Figure 3). Phosphorylation affects the three-dimen
sional structure of LHC Il, and the movement of LHC Il
between photosystems I and Il proceeds because its two
structural forms differ in their capacity to bind and
interact functionally with the two photosystems - a
change in molecular recognition. An LHC Il kinase has
been identified by Jean-David Rochaix and eo-workers
in Geneva.

THIORE DOXIN

A number of enzymes of the Benson-Calvin cycle, and
the coupling ATPase of chloroplast membranes, are
activated by th e reduced form of a soluble iron -sulfur
protein, thioredoxin. This example of chloroplast redox
signaling was discovered by Robert (Bob) Buchanan and
eo-workers in Berkeley, California. Thioredoxin accepts
electron from ferredoxin, an electron carrier on th e
acceptor side of photosystem I, and light activation
therefore depends on the acti vity of both photosystems.
The function of thioredoxin redox signa ling seems to be
to ensure that CO 2 assimilation and ATP synthesis are
inactivated in darkness , so that energy stored in
photosynthesis is not subsequently dissipated.

Posttranscriptional Control

Within chloroplasts, reduced thioredoxin also activates
ribosomal translation and processing of RNA, and has
been studied for the psbA gene product (the D1 reaction
center apoprotein of photosystem Il ) by Steven Mayfield
at the Scripps Institute in San Diego , California.

Transcriptional Control

Redox and other signal transduction pathways in
bacteria oft en exert parallel effects at posttranslational
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FIGURE 3 Plastoquinone red ox control of LHC II kin ase activity and its ro le in balancing distribution of excitation energy betwee n
photosyst ems I and H.

and transcriptional levels of gene expression. Chloro
plasts are no exception.

components linked to it , including components of th e
cyclic electron tr ansport pathway of photosystem I
(Figur e 1).

CHLOROPLAST GENES

Thomas pfannschmidt and John F. Alien, working at
Lund University, showed that tr anscription of chlor
oplast genes for reaction center apoproteins is regu
lated by the redox state of plastoquinone. As with
phosphorylation of LHC 11, the direction of control is
functionally intelligible. Reduced plastoquinone is a
signal that photosystem I is rate-limiting and photo
system 11 activity is in excess. Reduction of plastoqui
none turns off transcription of photosystem 11 reaction
center genes , and turns on transcription of photo
syst em I reaction center genes. Conversely, oxidized
plastoquinone is a signal of imbalance with photo
syst em 11 rate-limiting, and photosystem I in excess:
oxidized plastoquinone turns off photosystem I tran
scription, and turns on photosystem 11 transcription.
Thus, the stoichiometry of photosystems I and 11 will
tend to adjust itself to match changes in the prevailing
light regime, as well as changes in metabolic demand
for ATP relative to NADPH. Plastoquinone redox
control of reaction center gene transcription maintains
redox poise of plastoquinone (Figure 4) and of other

N U CLEAR GENES

Redox signa ls from the chloroplast also affect transcrip
tion of nuclear genes. In the case of light I-light 2 effects
and redox control at th e level of plastoquinone, nuclear
genes for photosystems I and 11 are regulated in the same
functionally intelligible way, suggesting a backup which
serves the same goal of maintaining redox poise within
the chloroplast.

Mechanisms and Evolutionary

Implications

Mechanisms and components in chloroplast redo x
signaling are not full y resolved , esp ecially as
rega rds transcription and tr anslation. Based on bac
terial redox signaling, candidat e pathways are pro
posed as follows, and preliminary evidence is
consistent with thes e.
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FIGURE 4 Plastoquinone redox control of chloroplast photosynthetic reaction center gene tr an scription and its role in adjust ing [he
stoichiometry of photosystem I to photosystem Il ,

T W O-C O M P ONENT S YSTEMS

A bacterial two-component redox regulatory pathway
utilizes a membrane-intrinsic histidine sensor kinase
which becomes phosphorylated when ubiquinone in the
respiratory chain is reduced. The phosphate from the
sensor is then transferred to an aspartate of a
soluble response regulator. The response regulator is a
sequence-specific DNA-binding protein, and the effect is
to switch on transcription of genes for proteins
required for anaerobic respiration. This aerobic respir
atory control (Arc) system senses redox state. Photo
synthetic bacteria, including cyanobacteria, possess
cognate systems. Chloroplast genomes of some eukary
otic, red and brown algae have genes for similar
components (sensors and response regulators), and
green algae and pla nts have nuclear genes for these
components, including transit sequences required for
chloroplast import.

FNR AND REDOX A CTIVATO R S

At the level of thioredoxin, accepting electrons from
ferredoxins, bacteria have DNA-binding iron-sulfur
proteins. The best-studied example is "fumarate and
nitrate reductase" of Escherichia coli (FNR: by coinci
dence, the abbreviation also for ferredoxin-NADP
reductase of photosystem I). Since reduced ferredoxin
sends redox signals to gene expression, it is likely that a
cognate redox activator system is involved.

REDOX S I GNALING AND THE fuNCTION

O F C YTOPLASMIC G ENO M E S

Redox signaling is unique neither to chloroplasts nor
to photosynthesis. Close coupling between primary
redox chemistry and gene expression is seen in bacteria
and chloroplasts, with some prelim inary evidence also
in mitochondria. Inspection of the genes contained in
chloroplast and mitochondrial DNA reveals no clear
correlation with the hydrophobicity of the gene
product, as sometimes supposed. Rather, the core,
membrane-intrinsic proteins of primary electron trans
fer are always encoded in chloroplasts and mitochon
dria, and synthesized on organelle ribosomes. This rule
is especially clear for chloroplast reaction center genes ,
whose transcription is known to be controlled by the
redox state of the plastoquinone pool. It has been
proposed that retention, in evolution, of chloroplast
and mitochondrial genetic systems gives a eo-location
of gene with gene product, and that this eo-location is
essential for redox regulation. Chloroplast redox poise
and signaling therefor e hav e important implications
for cell evolution, and may account for the distribu
tion of genes between nucleus and cytoplasm in
eukaryotic cells.

SEE ALso THE F OLLO W ING ARTICLES

Chlorophylls and Carotenoids • Chloroplasts •
Ferredoxin • Ferredoxin-NADP+ Reductase • Photo
synthesis
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G LOSSARY

chloroplast (from Greek for "green box" ) A subce llular org an elle of
plan ts an d algae . Chloroplasts are the locat ion for the process of
photosynthesis in euka ryotes .

photosynthesis Th e capture of light energy and its utili zati on
to pro duce reduced car bon compounds whose subsequent ox i
dation in respirat ion releases the free energy originally obtained
from light.

poise A state of ba lance. "Redox poise" in electron transport occ urs
when each electron -carrying interm edia te is present in both its
oxidized state and its redu ced sta te, in order for that component
both to accept and to donate electrons or hydrogen atom s.

redox An adjec tive derived from "re duction-oxidat ion, " and
describing a class of chemical reac tions that involve transfer of
electro ns or hydro gen atoms .

redox signaling Co upling between biological electro n tra nsfer and
gene expression. Regulatory con tro l is exert ed in both directions.
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