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Abstract: This review describes how transient protein-
protein interactions can contribute to direct informa-
tion flow between subsequent steps of metabolic and
signaling pathways, focusing on the redox perspective.
Posttranslational modifications are often the basis for
the dynamic nature of such macromolecular aggregates,
named microcompartments. The high cellular protein
concentration promotes these interactions that are prone
to disappear upon the extraction of proteins from cells.
Changes of signaling molecules, such as metabolites,
effectors or phytohormones, or the redox state in the cel-
lular microenvironment, can modulate them. The sign-
aling network can, therefore, respond in a very flexible
and appropriate manner, such that metabolism, stress
responses, and developmental steps are integrated by
multiple and changing contacts between functional mod-
ules. This allows plants to survive and persist by con-
tinuously and flexibly adapting to a challenging or even
adverse environment.
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Introduction

In this review, we attempt to describe what is known
about how signals originating from imbalances in the
energy-converting systems of the chloroplasts and the
mitochondria are transduced into the nucleus causing
an altered gene transcription as a response to reach
adaptation to a new steady state. As plants are sessile

organisms, they cannot escape adverse conditions, and
signaling processes are required to continuously adapt
during abiotic and biotic stress, and during develop-
ment. As becomes evident from studying many types of
stress response, a complex network of signal transduc-
tion must integrate information from multiple stimuli,
and in most cases, redox imbalance plays a role in the
early steps (Neill et al., 2002; Fujita et al., 2006; Bau-
douin, 2011; Spoel and Loake, 2011; Suzuki et al., 2011).
In order to understand the integration of the multiple
signals that are processed with different outcome in
each case depending on the coincidence of specific
cues, the molecular components and dynamic changes
during signal transfer must be dissected. Following
this, the individual components can be integrated into
a scheme, to understand how they impact on each other
and within the whole signaling network. The complex
and variable protein assemblies resulting from protein-
protein interactions often take the form of suborganellar
functional units, named microcompartments hereafter.
Microcompartments often depend on weak protein-pro-
tein interactions in their defined cellular microenviron-
ments. Here, they are suggested to be involved in the for-
mation, transduction and execution in redox-signaling
processes, particularly in view of their interaction with
other signaling cascades.

About 10 years ago, research on MAP kinase path-
ways opened up a new, productive field in understanding
plant signal transduction. It was shown that posttrans-
lational protein modification by phosphorylation plays a
pivotal role in two-component systems and MAPK signa-
ling cascades leading to a range of cellular responses
during both plant stress and development. Thiol switches
are now emerging as additional posttranslational modi-
fications encountered in signal transduction. There is
newly emerging evidence for redox-dependent steps
acting on phosphorylation cascades of signal transduc-
tion. The biochemical link between these two regulatory
mechanisms, as recent data suggest (Fujino et al., 2006;
Wang et al., 2010), is a further challenge. To unravel their
crosstalk will lead to the next level of understanding of
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the modular nature of signal transduction cascades in
plants.

The cellular microenvironment as a
prerequisite for functional networks

Mature plant cells are composed of up to 95% vacuolar
space filled with an aqueous solution of rather acidic pH.
The remaining volume comprising the cytosol, all orga-
nelles, and the nucleus is packed with a high protein
concentration (Goodsell, 1991). The organellar compart-
ments are separated from the cytoplasmic matrix by
one or two biomembranes equipped with various trans-
porters for controlled exchange between these reaction
spaces. In addition, within the cytosol, various protein
complexes such as ribosomes, the cytoskeleton, and per-
manent multienzyme complexes are relatively defined
units with specific cellular functions. Structurally less
obvious, but just as important for cellular function, are
microcompartments that are formed transiently. In order
to understand how such weaker protein-protein interac-
tions might be effective and relevant under in vivo con-
ditions, it is important to emphasize the extremely high
protein concentrations in the cell. Given the lack of free
water in these cellular spaces, this enables/enhances
their otherwise weak interactions, yielding high binding
constants compared to in vitro experiments with purified
proteins, made with the dilute solutions generated by cell
disruption and protein extraction. As transient micro-
compartments are excellent candidates as potential step-
ping stones in signal transduction and metabolism, the
specific properties relating to their formation are outlined
here in more detail.

In vivo, macromolecules exist in a crowded environ-
ment, where the excluded volume occupied by these large
molecules is predominant and a minor fraction of the total
volume is available with bound or free water that can serve
as a solvent for small molecules (Minton, 1981; Ellis and
Minton, 2006). In such a limited volume, the interaction
of proteins with other molecules can be efficiently modi-
fied by changes to their surface caused by the binding of
small molecules such as metabolites, effectors or ions, or
by covalent modifications including redox modifications
at cysteine residues that are in the focus of this review.
The large size of the enzymes, compared to their small
active sites, provides the large surface area required for
controlled interaction with other proteins (Srere, 2000).
The capacity for rapid and dynamic changes in affinity
between molecules means that transient complexes are
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highly suited for information transfer, as well as forming
‘channels’ for metabolic pathways.

Redox imbalances as signals
to maintain homeostasis

Redox homeostasis is one of the basic requirements of a
cell, and deviation from a balanced redox state is indica-
tive of disturbances. Therefore, it is assumed that any
imbalance leading to the formation of reactive oxygen/
nitrogen species (ROS/RNS) might serve as a signal
(Potters et al., 2010). Indeed, upon stress, e.g., due to
sudden exposure to high light, plants can respond at dif-
ferent levels. They are capable to rapidly adjust to changed
electron fluxes, as well as to induce gene expression for
long-term adaptation at the transcriptional level (Scheibe
et al., 2005). In order to achieve the latter, imbalances in
the electron transport chains of chloroplasts or mitochon-
dria (as central pathways of energy-converting reactions)
must initiate signaling processes that are finally perceived
in the nucleus, resulting in altered gene expression of
organelle-localized proteins. For these studies, transgenic
approaches have been used that helped to discover new
parts of the complex signaling system (Hanke et al., 2009).
Such a scenario is known as retrograde signaling (Nott
etal., 2006; Barajas-Lopez et al., 2012; Leister, 2012). Addi-
tional factors also impact on plant cells, such as other
abiotic factors, pathogens, or morphogenic gradients over
cells for determining the coordinated development of
cells within tissues. Stress can result in oxidative bursts
through plasma membrane NADPH oxidases and/or
signal conversion into internal signal transduction chains
involving phytohormones (Kwak et al., 2003; Scheibe and
Beck, 2011).

Various molecules have been proposed to serve as
a redox signal (among others, ROS, RNS, GSH/GSSG,
ascorbate). Signal transduction across the cytosoliccom-
partment is thought to proceed through posttranslational
protein-thiol modifications. Upon oxidation, cysteine resi-
dues are subject to S-glutathionylation, S-nitrosylation
or disulfide bridge formation, or various other oxida-
tion forms of the thiol group, such as sulfenic, sulfinic,
and sulfonic acid, whereby the latter two forms appear
to be largely irreversible (Spadaro et al., 2009). An over-
view of these modifications is shown in Figure 1. Redox-
dependent regulation has been previously thought to be
unique to chloroplasts of photosynthesizing organisms
containing both strong sources of reductant and oxidant
(Scheibe, 1991; Dietz et al., 2002). For all other cases in
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Figure1 Redox modifications at cysteine residues.

Proteins contain cysteine residues that can occur in the reduced
state (-SH), or become oxidized in different ways. Most of

these modifications are reversible (catalyzed by thioredoxins,
glutaredoxins, etc.). Sulfinic and sulfonic acid formation, as

the most severe modes of oxidation, are mainly irreversible. In
general, reversible modifications can protect the thiol residues
from irreversible damage, and as suggested in this review, provide
changed properties and functions.

nonphotosynthesizing cells, any deviation from redox
homeostasis has long been considered as stress or damage
(Halliwell, 2006). However, since these original discover-
ies of posttranslational redox regulation of chloroplast
enzymes, ample evidence has arisen for redox-depend-
ent regulation and signaling events, taking place also
in other cell compartments, namely, non-green plastids,
mitochondria, cytosol, and nucleus, of all organisms (see
Buchanan et al., 2012).

In order to function in a changing environment,
plants must uniquely respond to changes in the quality
and availability of photosynthetic light, which are
thought to be perceived in the chloroplast. The identity
of the retrograde signal generated at the thylakoid mem-
brane, where photo-excitation occurs, remains elusive.
ROS generated during photosynthetic electron transport
(PET) are frequently suggested to be a source of this signal
(Mittler et al., 2004). The predominant species produced
are singlet oxygen at photosystem II (PSII) and superoxide
at PSI and the plastoquinone (PQ) pool. These species are
extremely short lived, but superoxide is rapidly removed
by dismutation to the less reactive H,0,. H,0, is a more
stable molecule, capable of diffusing through membranes,
and it has, therefore, been proposed that its leakage out
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of the chloroplast may be related to the retrograde signal.
The possibility that H,0, may regulate cytosolic protein
activity after diffusing out of the chloroplast is discussed
in detail below. Alternatively, it has also been suggested
that oxidative damage to membranes by ROS could result
in the production of hormones such as abscisic acid and
jasmonic acid, which could then be transported easily out
of the chloroplast (Mullineaux and Karpinski, 2002).

H,0, is capable of damaging cellular components by
oxidation and can be radicalized in the Fenton reaction
to the more toxic hydroxyl radical. To prevent this, chlo-
roplasts contain a powerful scavenging system to remove
the majority of H,0, produced. Such protective system
relies on reductive conversion to H,0 using ascorbate,
which is regenerated by glutathione (GSH) and that is,
in turn, regenerated by electrons from PET (Mittler et al.,
2004; Foyer and Noctor, 2011). The relative proportions of
oxidized and reduced ascorbate and GSH in this buffer-
ing system are, therefore, subject to change, depending
on the amount of free radicals produced in PET, and it
has become clear that the redox state of the GSH/GSSG
pool is also involved in retrograde signaling (Foyer and
Noctor, 2011). The transmission of chloroplast redox state
into the cytosol, either by H,0, or by GSH, would directly
connect events at the thylakoid membrane to the redox
modifications of cellular components. Once the signal has
reached the cytosol, dynamic interactions, possibly at the
cytoskeleton or at cellular membranes, transmit the retro-
grade signals, which finally influence gene transcription
in the nucleus (Figure 2).

Microcompartmentation and
dynamics in redox-dependent basic
cellular processes

Electron-transport chains in chloroplasts
and mitochondria

Chloroplasts and mitochondria are broadly divided into
two separate subcompartments, the membrane systems
containing the protein complexes that catalyze redox
chemistry of electron flow, and the soluble stroma/
matrix, which contains the enzymes necessary for the
assimilation and biosynthesis or substrate oxidation,
as well as the genetic material encoding genes for some
organellar proteins and their means of transcription
and translation. In order to efficiently perform electron
transport through bioenergetic membranes, the protein
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Figure 2 Suggested role of transient microcompartments in retrograde signaling.

The following sequence of events is suggested and shown in the scheme as discussed in this review. Examples are given for their operation
in a complex network. 1. Redox-signal resulting from imbalances in chloroplasts or mitochondria (microcompartments in electron transport
chains and associated machineries); 2. Transfer of redox signal into cytosol; 3. Redox-modifications of cytosolic proteins (NPR1 and TGA:
transcription factors, GapC, Ald: glycolytic enzymes GAPDH, aldolase); 4. Transient formation of cytosolic microcompartments in the
cytoskeleton and at outer organellar membranes; 5. Nuclear translocation of cytosolic proteins; 6. Altered nuclear microcompartmentation

resulting in changed gene transcription.

complexes involved in reactions transiently assemble
and disassemble, forming microcompartments opti-
mized for different forms of electron flow (Dudkina et al.,
2006). For more details on these processes, readers are
also referred to the review, ‘Microcompartments in bio-
energetic membranes’ in the same issue. The redox state
of the PQ pool in the interphotosystem electron transport
chain of the thylakoid membrane correlates with many
regulatory and signaling processes, providing a mecha-
nism for transducing the redox state of the first electron
acceptor in the chain following water oxidation at PSII.
One example of redox regulation of microcompartmen-
tation is the control of the ‘state transitions’, during
which the excitation of PSII and PSI is balanced by the
transfer of light-harvesting complexes between the two
photosystems. There is strong evidence that state transi-
tions are regulated by the redox state of PQ (Mullineaux
and Karpinski, 2002; Dietzel et al., 2008). In addition to
being regulated, themselves, by redox factors, dynamic
changes in PET-component microcompartmentation
also impact on the generation of ROS from the PET chain,
and the species of ROS produced. Because different free
radicals are produced at PSI and PSII (Mittler et al.,

2004), any change in the excitation balance between the
photosystems, such as that seen in a state transition,
will consequently impact on the relative proportion of
superoxide and singlet oxygen production. These differ-
ent radicals have been shown to initiate different sign-
aling cascades (Laloi et al., 2007), and indeed, mutants
incapable of state transitions show completely differ-
ent transcriptional responses to high-light treatment
(Brautigam et al., 2009).

In addition to the redistribution of protein com-
plexes between the separate regions of the thylakoid
membrane, activity of the PET chain is also regulated
by the recruitment and release of PET chain compo-
nents that are peripherally bound to the thylakoid. The
ferredoxin (Fd):NADP(H) oxidoreductase (FNR) enzyme
is present as both soluble and membrane-bound frac-
tions (Hanke et al., 2005), and its recruitment and
release from the FNR-binding proteins at the thylakoid
is regulated by the pH of the stroma (Alte et al., 2010).
The chloroplast pH changes between approximately
6.8 and 8.2 depending on the light intensity, due to the
proton pumping associated with PET, providing a rapid
response to PET activity.
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Redox-dependent regulation
of assimilation and dissimilation

Owing to the high protein concentration in the stroma, it
has been suggested that some or all of the enzymes of the
CO_-assimilatory Calvin cycle are present in higher het-
eromeric aggregations and may even be linked to the thy-
lakoids via the CF1-ATPase (Siiss et al., 1993). It has been
proposed that a complex of five Calvin cycle enzymes, with
properties that are distinct from the soluble state, helps
increase metabolic flux (Gontero et al., 1988). In order to
link the light energy from PET to the endergonic assimila-
tory processes in the chloroplast stroma, electrons from
Fd are diverted to a Fd-thioredoxin reductase (FTR), which
reduces the thiol-disulfide exchange protein thioredoxin
(Trx) enabling it to modify disulfides on many proteins
in a regulatory fashion (Dietz et al., 2002; Schiirmann,
2003; Buchanan and Balmers, 2005). This transduces the
redox state of PSI to the soluble acceptors in the stroma
by reversible posttranslational modification of target
enzymes. This electron transfer serves as a light signal,
transduced via a soluble electron transport chain consist-
ing of Fd, FTR, and the various Trx that contact and trans-
fer electrons to reduce the disulfide bridges of the target
enzymes (Dai, 2000; Schiirmann, 2003). While interaction
between the electron transport component Fd and the
soluble targets via FTR/Trx transmits the basic informa-
tion that light is available, information about the extent of
light activation is contributed by specific metabolites that
fine tune this reaction by changing the properties of the
interacting partners (Scheibe, 1991).

In most cases of light-dark modulation, posttransla-
tional modifications impact on the redox state, but not
the oligomerization state of chloroplast enzymes, chang-
ing the properties of soluble enzymes. However, during
regulation of the reductive step in the Calvin cycle, cata-
lyzed by the NAD(P)-dependent glyceraldehyde 3-P dehy-
drogenase (GAPDH, GapA and B), a variable complex
formation was found between the two types of subunits.
Differences in GAPDH interaction with phosphoribuloki-
nase and CP12, the latter serving as a scaffold in a redox-
dependent manner, on the one hand, and with itself to
form a hexadecamer of GapA and B, on the other, were
also detected. This is connected with altered substrate
affinities and, thus, with the actual activation state of
the enzyme depending on the metabolic needs (Scheibe
et al., 2002). The affinity for effectors and other macromol-
ecules, and thus the propensity for an altered activation
state, strongly depends also on the protein concentration,
which is extremely high in situ, and on the local concen-
trations of metabolites that serve as activators (Reichert
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et al., 2000). In general, it seems to be a fundamental
property that these redox-dependent short-term changes
in activation states are intimately connected with the
metabolic state. Consistent with this, local metabolite
concentrations appear to affect the redox potentials of the
involved cysteine residues (Faske et al., 1995).

Research on metabolons dates back almost 30 years,
since then, many examples of metabolic pathways associ-
ated with the cytoskeleton or membranes have been ana-
lyzed (Ovadi, 1988; Srere, 2000; Winkel, 2004). Here, the
formation of such enzyme complexes appears to create
microenvironments allowing for efficient catalysis of steps
in secondary metabolite biosynthesis, without interfering
with basic metabolism. There is also earlier evidence that
glycolytic enzymes can be bound to cytoskeletal elements,
forming a metabolon with the cytoskeleton serving as a
scaffold (Masters, 1996). In similar studies, it has been
proposed that the mitochondrial matrix, due to its high
protein content, also provides an environment enabling
formation of a metabolon containing the Krebs cycle
enzymes (Vélot et al., 1997). Such microcompartments
might locally provide energy and/or channel metabolites
in a directed manner to subcellular sites of specific meta-
bolic demand. Apart from their role in channeling meta-
bolic fluxes, it seems increasing likely that metabolons
might also provide the microenvironments for the effi-
cient control of signaling (Zeke et al., 2009).

The role of transient
microcompartments in signal
transduction

As the input from locally restricted radical production
varies depending on the specific situation, it has been sug-
gested that signaling is determined by microenvironments
(Terada, 2006). In this section, we will outline the princi-
ple behind this concept. Physical organization of the sign-
aling components and their dynamic behavior presumably
rely on redox-dependent protein-protein interactions, in a
system that is fine-tuned by effector molecules, analogous
to that outlined previously for metabolic enzymes, giving
rise to highly specific metabolic and signaling pathways.
The formation of transient microcompartments by
soluble proteins can be facilitated by scaffold structures.
This, indeed, appears to be the case for MAP-kinase cas-
cades in signal transduction chains (Brown and Sacks,
2009). Glycolytic pathway enzymes have also been found
associated with cytoskeletal structures (Masters, 1996),



208 —— S.Zachgo etal.: Plant cell microcompartments in redox-signaling

and we have recently shown that GapC and cytosolic aldo-
lase bind to F-actin in a redox-dependent manner, leading
to bundling (Wojtera-Kwiczor et al., 2012). As this occurs
only under oxidizing conditions, which lead to the inacti-
vation of the enzymes, this alternative function is probably
not connected with glycolytic activity, but might, instead,
play a role in mediating a redox signal (see Figure 2). The
involvement of nitric oxide (NO)-modified cytoskeletal
elements in signaling has been suggested, based on the
results from various studies (Yemets et al., 2011).

Not only cytoskeletal structures but also membranes
of cell organelles can serve as a scaffold for the forma-
tion of such transient complexes. Proteomic studies have
found that many proteins appear to be associated with
the chloroplast outer envelope forming a dynamic inter-
face with the cytosol (Breuers et al., 2011). The chloro-
plast outer envelope binds actin via CHUP1, and this is
essential for blue-light-induced chloroplast movement
(Oikawa et al., 2008), while the short chain cp-actin
appears to be directly involved in chloroplast movements
(Ichikawa et al., 2011). The network of actin microfila-
ments and binding proteins has been shown to be highly
dynamic and is involved in many cellular processes, for
example, blue-light-dependent organelle movements
[for review, see Higaki et al. (2007)]. Programmed cell
death (PCD), both upon biotic stress in the hypersensi-
tive response (HR), and as a developmental step required
for certain cells during tissue differentiation, is thought
to be actively regulated by cytoskeleton dynamics initi-
ated by specific signals [for review, see Smertenko and
Franklin-Tong (2011)]. As another example, ROS/NO
signaling involving actin organization appears to affect
pollen tube growth in self-incompatibility (Wilkins et al.,
2011).

Recently, the transcription factor PHD was found to
be associated to the plastid envelope and involved in ret-
rograde signaling from the chloroplast to the nucleus (Sun
et al., 2011). Furthermore, the Whirly1 transcription factor
translocation from the chloroplast to the nucleus has been
suggested to initiate senescence (Isemer et al., 2012). In
processes analogous to those at the chloroplast outer enve-
lope, the proteins at the outer mitochondrial membrane
have been found to form transient protein complexes.
Some of these events involve isoforms of the voltage-
dependent anion channel (VDAC) (Duncan et al., 2011).
VDAC is a mitochondrial porin and is reported to addition-
ally bind various cytosolic proteins, forming a dynamic
interface between these organelles and the cytosol (Colom-
bini, 2004). This is confirmed by the finding that the mito-
chondria also associate with glycolytic enzymes (Giegé et
al., 2003). We suggest that the glycolytic enzymes GapC
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and aldolase mediate the binding of actin filaments to
the mitochondria in a redox-dependent manner (Wojtera-
Kwiczor et al., 2012). This hypothesis is confirmed by work
with the animal system, where the regulation of apoptosis
is dependent on hexokinase binding to VDAC (Azoulay-
Zohar et al., 2004), a process that also appears to be redox
dependent (Aram et al., 2010). It is tempting to speculate
that these structural changes are part of a signal transmis-
sion process along the cytosolic substructures that finally
lead to an output related to the flow of information to the
nucleus as depicted in Figure 2.

Redox-driven responses for
adjustment of metabolism, stress
response, and development

To understand how the events at the microcompartment
level are transduced, we must first examine how the pro-
teins involved can perceive changes in the redox state
of the cell. One possible means of perception involves
redox-based posttranslational modification of proteins.
While Trx m and f are the redox-mediating molecules
that regulate metabolic fluxes, the thiol-containing per-
oxiredoxins serve in radical scavenging systems. These
are present in all compartments, and in the chloroplasts
during photosynthesis, they are of particular importance
for buffering redox imbalances. The central role of 2-Cys-
peroxiredoxins in the dynamic response during stress
and adaptation is dependent on a variety of protein-
protein interactions that interconnect redox imbalances
with the required responses (Muthuramalingam et al.,
2009). It is suggested that the aggregation state of the
chloroplast peroxiredoxins reflecting their state of oxi-
dation enables them to function as sensors for the degree
of oxidative stress and as initiators of a signaling cascade
(Dietz, 2008).

It is now clear that in oxidative stress situations, not
only ROS but also RNS are formed. The origin of NO as
a product of arginine metabolism or as a byproduct of
nitrate reduction is not completely solved, but its impact
during redox signaling is already established. The forma-
tion of S-nitrosothiols such as nitrosoglutathione (GSNO)
from NO as well as nitrosylation of protein thiols were first
identified in human physiology, but have since been estab-
lished as a general mechanism, which is also of impor-
tance in plant stress signaling and immune responses
(Wang et al., 2006). In this context, the S-nitrosoglu-
tathione reductase (GSNOR), a plant enzyme originally
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classified as GSH-dependent formaldehyde dehydroge-
nase (FALDH), turns out to be of prime importance in
plant stress response and development, as it is required
for NO homeostasis (Leterrier et al., 2011).

For long-term acclimation upon all kinds of impacts
coming from changes in the environment or as required
for developmental needs, changes in plastid gene expres-
sion and protein translation as well as in nuclear gene
expression are necessary. In order to ensure that chloro-
plast gene expression and translation are correctly reg-
ulated, the redox state of the PET chain must be trans-
duced into a signal within the chloroplast. It has been
shown that chloroplast gene expression is dependent
on a chloroplast sensor kinase that can be activated in
vitro by oxidized PQ (Puthiyaveetil et al., 2012), while
chloroplast protein translation is regulated in a redox-
dependent manner by a protein-disulfide isomerase (Kim
and Mayfield, 1997). Recently, it has been found that two
fructokinase-like proteins (FLN1 and 2) are activated by
Trx z and appear to regulate plastid RNA polymerase,
thus, connecting redox-state to plastid gene expression
(Arsova et al., 2010).

Because many chloroplast proteins are nuclear
encoded, correct acclimation through altered gene tran-
scription depends on a retrograde signal to transmit
information to the nucleus. The redox state of the PQ
pool is also heavily implicated in the retrograde redox-
signaling cascade from the chloroplast to the nucleus
(Pfannschmidt et al., 1999; Fey et al., 2005; Tikkanen et
al., 2008), a process in which the protein kinase STN7
appears to play a role (Pesaresi et al., 2011). Interestingly,
it was shown that under stress, the redox state of the plas-
tids determines nuclear expression of photosynthesis
genes, overriding even the metabolic signal from the sugar
status (Oswald et al., 2001).

Dynamic microcompartments
in redox signaling

In order for the redox-based changes in protein structure —
caused by the posttranslational modifications outlined in
the previous section — to result in transduction of a signal,
they must first cause dynamic changes in the properties
and associations of proteins. In this section, we describe
how, upon modification, many proteins change their asso-
ciation and localization. In many cases, enzymes with
well-described functions are recruited to these dynamic
microcompartments, resulting in additional, newly
described functions.
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As chloroplasts and mitochondria are major sources
of redox imbalances, a mode of transmittance across the
organelle membranes into the cytosolic compartment is
required for signal transduction to the nucleus. Redox
regulation can be assumed to occur in most cell com-
partments, as the required redox-active compounds such
as Trx, Grx, GSH/GSSG, Asc/DHA, NAD(P)/H, as well as
enzymes for their regeneration are present in chloro-
plasts, mitochondria, cytosol, endoplasmatic reticulum,
and nucleus (Oelze et al., 2008; Foyer and Noctor, 2012).
It is very likely that short-lived signaling molecules such
as ROS and RNS or changes in the GSH/GSSG or ascor-
bate/dehydroascorbate ratios are translated into persis-
tent changes that transduce even minor imbalances to
achieve transcriptional changes. In this respect, glyco-
lytic GAPDH has been postulated to be a sensor molecule
for the detection of H,0, diffusing out of the chloroplast
(Hancock et al., 2006). Oxidation of its highly oxidant-
sensitive cysteine residues leads to the inactivation and
at the same time to changed properties (Holtgrefe et al.,
2008). The same phenomenon has been reported for cyto-
solic aldolase (van der Linde et al., 2011). This has opened
the field of ‘moonlighting’ functions for these glycolytic
enzymes (Jeffery, 1999; Moore, 2004), as described below
in several examples. Such redox- and metabolite-depend-
ent switching of enzyme functions and localizations have
been widely observed, and indeed, both these cytosolic
enzymes could be found colocalized with the mitochon-
dria and with actin (Wojtera-Kwiczor et al., 2012). Nuclear
localization of cytosolic GAPDH and aldolase is sup-
ported by their DNA-binding properties as described for
the NADP-MDH gene (Hameister et al., 2007). This gene
encodes the redox-modified NADP-dependent malate
dehydrogenase (MDH) that is part of the malate valve
for controlled release of excess electron pressure from
chloroplasts under stress (Scheibe, 2004). In addition,
in vivo bimolecular fluorescence complementation (BiFC)
experiments revealed the nuclear localization of both
cytosolic enzymes (Holtgrefe et al., 2008; van der Linde
et al., 2011).

Finally, the integration of various signals can be
achieved by the transduction of redox modifications to
influence the components of the protein-phosphoryla-
tion cascades (Wang et al., 2010). It is likely that there
are points of convergence of the various signal transduc-
tion pathways, which allow for a crosstalk to accommo-
date many different factors and to initiate an appropriate
response (Fujita et al., 2006). Many different signaling
cascades have already been suggested for the transfer of
retrograde chloroplast signals through the cytosol to the
nucleus (Nott et al., 2006), and ROS/RNS are assumed
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to be a central component of such signal transduction
networks between cellular compartments, integrating
developmental events and environmental cues (Bau-
douin, 2011). The central role of H,0, in an ‘information
flow’ between chloroplast and nucleus has been sug-
gested many times, and it is thought to act as an inte-
grator of development and abiotic stress in plant cells
(Petrov and Van Breusegem, 2012). As previously dis-
cussed, the cytosolic GAPDH is also proposed to act as
a H,0, sensor due to the highly reactive cysteine residue
in its active site. The various functions and localizations
of GAPDH are thought to depend on differential modi-
fications and, subsequently, on complex formation, as
shown repeatedly in non-plant systems (Hwang et al.,
2009; Sirover, 2011; Tristan et al., 2011).

In many cases, multiple localizations have been
shown for transcription factors, metabolic enzymes,
redoxins, and GSH. Whether these occur within a signal
transduction process in a redox-dependent manner is
largely unknown. Currently, an increasing amount of data
helps to elucidate the sequence of events that might take
place in vivo to finally lead to an altered gene expression
in the nucleus (Figure 2).

Nuclear microcompartments for
coordinated gene transcription

Various types of oxidative cysteine modifications have
been demonstrated to occur under oxidative conditions
in vitro, leading to the inactivation of cytosolic aldolase
and GAPDH. It has been shown that these enzymes can
also appear in the nuclear compartment, as well as in
the cytosol (Holtgrefe et al., 2008; van der Linde et al.,
2011), and the transfer of these components into the
nucleus may well be dependent on such modifications
(Figure 2). In Medicago sativa, cytosolic aldolase associ-
ates with the MADS box transcription factor NMH7, and
it was suggested that this moonlighting function might
be involved in nodule development (Paez-Valencia et al.,
2008). Redox-based modifications, resulting in the move-
ment of other transcriptional coactivators are well estab-
lished for non-expressor of PR genesl (NPR1), a regulator
of pathogen defense. NPR1 is localized in the cytoplasm
as an oligomer linked through disulfide bridges facili-
tated by S-nitrosylation, and its reduction by Trx leads to
monomerization and transfer to the nucleus (Tada et al.,
2008; Yu et al., 2012). There, NPR1 interacts with TGA tran-
scription factors and serves as a coactivator, mediating
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DNA-binding, and, thus, initiating the transcription of PR
genes.

Besides redox-controlled translocation processes into
the nucleus, there is also support for the participation of
a redox process in shaping transcription factor activity
within the nucleus. With the recent findings that ROXYs,
land-plant specific glutaredoxins, interact with TGA tran-
scription factors such as PERIANTHIA (PAN) in the nucleus
to achieve normal flower development, this implies a
novel function for a glutaredoxin-controlled process in the
nucleus (Li et al., 2009, 2011; Ziemann et al., 2009; Murmu
et al., 2010). ROXY19/GRX480 has been shown to nega-
tively regulate the plant defense processes and interacts
with TGA2 and TGA6 (Ndamukong et al., 2007). Moreover,
ROXY19/GRX480 exerts a repressive function on the expres-
sion of a reporter gene in a transient expression system,
which depends on the presence of a functional GSH-bind-
ing site (Zander et al., 2011). For TGA1, it was previously
shown that Cys-260 and Cys-266 in TGA1 form an intramo-
lecular disulfide bridge under oxidizing conditions, which
is reduced in a redox-dependent manner (Després et al.,
2000). Most recently, additional complex posttranslational
modifications of Cys residues in purified, recombinant
TGA1 proteins have been reported, including the formation
of an intramolecular disulfide bridge between Cys-172 and
Cys-287 as well as S-nitrosylation or S-glutathionylation of
Cys-260 and Cys-266 (Lindermayr et al., 2010).

The striking findings that interactions between pro-
teins from the same classes, namely, TGAs, ROXYs, and
NPRs, exert crucial functions in two seemingly unrelated
pathways, namely, stress response and plant development,
could indicate another point of integration of various types
of redox signals and emphasizes the importance of the
participation of thiol switches in the nucleus (Li and
Zachgo, 2009). The overexpression of ROXY1 causes an
increased ROS production, which could contribute to the
higher pathogen susceptibility in these plants (Wang et al.,
2009), providing support for a crosstalk between the two
processes. Given the availability of GSH in the nucleus,
this enables a transfer of redox poise to the transcription
factors and indicates the existence of redox-regulated
microcompartments controlling transcription in the
nucleus (Diaz Vivancos et al., 2010).

How could these nuclear microenvironments be
envisioned? From animal cells, it is known that the
individual chromosomes occupy distinct positions in
the nucleus, referred to as chromosome territories.
As a result of different compaction levels, different
chromosome segments adopt a complex organization
and topography within their chromosome territory
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(Meldi and Brickner, 2011). Gene-rich regions tend to
be oriented toward the nuclear interior, whereas gene-
poor regions tend to be oriented toward the periphery
(Cremer et al., 2006). Indications for a nuclear archi-
tecture, with three-dimensional networks of genomic
loci in the nuclei of Drosophila and mammals imply the
existence of a previously unexplored spatial level of
gene regulation. The initiation of transcription depends
on a coordinated recruitment of the participating multi-
meric protein complex of the initiation machinery, com-
prising transcription factors, TATA-binding proteins,
and RNA polymerase II. Cytoskeletal proteins such as
actin and myosin might have roles in the translocation
of nuclear genes, further emphasizing their importance
in transcription and shaping a dynamic nuclear archi-
tecture (de Lanerolle et al., 2005; Simon and Wilson,
2011). Given the evolutionary conservation between
yeast and animal cells, it will be interesting to investi-
gate if chromosomal territories also exist in plant nuclei.
Furthermore, this will then allow for unraveling the con-
tribution of redox processes to open DNA-binding sites
on different coregulated neighboring chromosomes and
to mediate the binding capacity of the transcription
factors to cis-regulatory DNA elements of target genes —
thereby ultimately affecting gene expression in these
microcompartments.

Outlook

In the future, it will be essential to gain insight into
the mechanism that transfers redox-dependent signals
through various cellular compartments in vivo. This
demands an investigation of the relevant processes under
conditions of high protein concentration, where regula-
tory redox modification will have maximum impact on
weak and transient interactions between proteins. Such
information will be essential to understand how short-
lived signals from the chloroplasts and mitochondria
are stabilized, transduced, and executed in order to
reach the site of action in nuclear gene expression. As
suggested by Nooren and Thornton (2003), it will be
crucial to analyze the interface structures involved in
protein-protein interactions against the background of
the local environment in the cellular subcompartments,
where metabolites, ionic strength, and redox potentials
reflect the current situation. These parameters influence
such interactions and help to transport this informa-
tion to the site of its realization. It seems likely that the
basic principle is shared with that of redox regulation
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Figure 3 Scheme of the events leading to adaptation of a cell/an
organism.

Redox changes and/or other cues initiate modifications and
subsequent changes of cellular components that, in turn, lead

to an altered nuclear gene expression. The steps during signal
transduction include the formation of transient functional modules
that can interact and integrate multiple signals to achieve the
responses/changes that are required for adapted metabolism under
adverse conditions and for developmental processes.

of chloroplast enzymes (Scheibe, 1991), namely, that
each redox-dependent interaction is fine tuned by the
local microenvironment, the changing composition of
which reflects not only the state of branched metabolic
pathways but also the complex network of information
transfer (Figure 3).

A similar picture has also arisen for animal cells in
the last decades, with the redox modification of proteins
implicated in a multitude of signaling processes (Jacob
et al., 2006; Go and Jones, 2008; Paulsen and Carroll,
2009; Marozkina and Gaston, 2012). In particular, S-glu-
tathionylation of proteins was found to be involved in
many animal diseases (Townsend, 2007). The integra-
tion of metabolic processes with signaling networks,
based on local and transient redox changes, appears to
be a principle that is common to all organisms (Griining
et al., 2010). Learning more about these multiple signal-
ing cascades and their transient interactions will help us
to understand this complex network, where many pieces
of information that change in space and in time are inte-
grated, such that the plants can flexibly respond to any
kind of impact (Leister, 2012). Because plants are sessile
photoautotrophic organisms, they are at the mercy of
variable light conditions and subject to many different
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environmental impacts/cues. In fact, redox-dependent
steps have been identified in many of these abiotic and
biotic stress situations (Scheibe and Beck, 2011; Scheibe
and Dietz, 2012), as well as in many steps during plant
development, starting from cell proliferation through all
differentiation events and senescence, until cell death
(Potters et al., 2010).
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