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Regulation of ZAT12 protein stability: The role of hydrogen peroxide
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ABSTRACT
Signaling mediated by reactive oxygen species (ROS) has emerged as a key component of plants’
responses to environmental stress. The ROS-regulated transcription factor ZAT12 was revealed as a
negative regulator of iron (Fe) deficiency responses through its direct interaction with the bHLH protein
FIT. In the epidermis of the early root differentiation zone, ZAT12 stability depended on the presence of
the ZAT12 EAR motif. It was concluded that ZAT12 may be the target of 2 alternative degradation
pathways. Here, we present a model aiming to explain the regulatory mechanisms by which ZAT12 could
be targeted for degradation and to predict the types of potential regulators involved. In addition to an E3
ubiquitin ligase, we predict 2 critical regulatory factors, namely a protein interacting with the ZAT12 EAR
motif and a ROS-responsive regulatory protein.
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In order to adapt to their dynamic surroundings, plants need to
efficiently process and respond to a large variety of environ-
mental cues. On cellular level, this response is achieved by reba-
lancing an array of processes with the help of small molecules
that serve as signaling mediators. Reactive oxygen species
(ROS) have emerged as key mediators in plant stress responses.
The rapid ROS-production and ROS-scavenging reactions
allow the precise determination of signal duration, intensity
and subcellular location. In addition, secondary ROS produc-
tion in neighboring cells may be activated, therefore allowing
ROS to serve also as long-distance intermediates.1

An increase in ROS production occurs in response to many
external stress conditions, such as drought, salinity, tempera-
ture stress, nutrient deprivation.2,3 In Arabidopsis (Arabidopsis
thaliana), one of the stress-response marker genes induced as a
consequence of specific ROS accumulation is ZAT12. It encodes
a C2H2 Zn-finger transcription factor required for the upregu-
lation of the ROS signaling-related genes APX1, ZAT7, and
WRKY25.4,5 ZAT12 protein was shown to be involved in the
response to cold, oxidative and osmotic stress, salinity, and
high light.4,6,7

Recently, we showed that ZAT12 links ROS signaling and
iron (Fe) acquisition, by directly interacting with the bHLH
transcription factor FIT.8 FIT acts as a central transcriptional
regulator of the Fe deficiency-induced strategy for Fe acquisi-
tion from the soil. This strategy is based on 3 steps: (i) soil acid-
ification, mainly conferred by the HC-ATPase AHA2, (ii) Fe
(III) reduction by the FERRIC REDUCTASE-OXIDASE 2
(FRO2), and (iii) subsequent Fe(II) uptake by the IRON-

REGULATED TRANSPORTER 1 (IRT1), whereby FIT upre-
gulates AHA2, FRO2 and IRT1 upon Fe starvation.9-11

Fe homeostasis is tightly linked with the formation of ROS.
Under excess of free cellular Fe, ROS is generated as a result of
the Fenton reaction,12 while under Fe deficiency, a consistently
elevated ROS production, probably as a signaling intermediate,
was shown to be dependent on FIT activity.8 Consistent with
this, FIT was revealed as a target for negative regulation by
ZAT12 through direct ZAT12-FIT protein interaction and
inhibition of FIT gene expression. It was suggested that ZAT12
can sequester FIT protein molecules, preventing them from
activating Fe acquisition.8

Of special interest is to understand the role of ROS, in the
form of hydrogen peroxide (H2O2), in the regulation of ZAT12
stability in the epidermis of the early differentiation zone of the
root, which is the essential zone for Fe acquisition under
deficient Fe supply.11,13-15

It was found that ZAT12 undergoes proteasome-dependent
degradation, which occurs also in the presence of elevated
H2O2 levels.8 Deletion analysis showed that the EAR motif,
which ZAT12 employs for the interaction with FIT, is essential
for this proteasome targeting. ZAT12 proteins without EAR
motif are degraded by different pathways, depending on the
presence or absence of H2O2 (summarized in Fig. 1A).8 We
present here a model aiming to explain these findings and pre-
dict the types of potential regulators involved in ZAT12 degra-
dation (Fig. 1B–E).

ZAT12 stability depends on 2 proteins – E3 ubiquitin
ligase (E3), for proteasomal targeting, and the protein X, for
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non-proteasomal targeting. Whether they will bind to ZAT12
or not depends on 2 factors – the interaction of ZAT12 with an
EAR motif-binding protein (EARBP), and the presence of a spe-
cific ROS signal. EARBP, X and E3 occupy distinct and partially
mutually exclusive binding sites on ZAT12. The interaction of
EARBP with ZAT12 interferes with X binding, the interaction
of X with ZAT12 disturbs E3 binding. Interaction of EARBP

with ZAT12 does not influence the formation of E3-ZAT12
complexes in terms of ZAT12 degradation. The role of the ROS
signal is to activate the X protein. Thus, in the absence of a spe-
cific ROS signal, the cells have basal H2O2 levels (Fig. 1B, D),
protein X is inactive and the degradation of ZAT12 is entirely
dependent on the E3 protein, irrespective of the EARBP bind-
ing. When specific ROS signaling is initiated (Fig. 1C, E),
enhanced cellular H2O2 levels activate protein X. Activated X is
able to bind ZAT12 when it is not involved in interaction with
EARBP. Binding of activated X will prevent E3-ZAT12 interac-
tion and will promote the non-proteasomal degradation of
ZAT12. Our model implies that protein X might serve either as
a targeting signal for non-proteasomal degradation or it can be
a protease itself. The mechanism of X activation could poten-
tially involve protein oxidation which can be either reversible
or not.

The reason for the 2 existing ZAT12 degradation mecha-
nisms remains an open question. It has been shown that the
stability of the human Iron regulatory protein 2 (IRP2) is also
controlled by 2 alternative pathways. Here, the non-proteaso-
mal degradation is the default mechanism under physiological
conditions. IRP2 protein overaccumulation, for example upon
Fe starvation, leads to saturation of the non-proteasomal

pathway and the activation of IRP2 targeting to the protea-
some.16 Although in our test conditions we did not observe
non-proteasomal degradation of full-length ZAT12 in the epi-
dermis, the non-proteasomal degradation pathway may be rele-
vant if low levels of ZAT12 or specific physiological conditions
are present.

ZAT12 emerges as a hub where oxidative stress can be
linked to other signaling events in the plant. In the future, it
will be interesting to further uncover the mechanisms by which
ZAT12 specifically translates ROS signals. For this, it will be
crucial to uncover the role of the alternative ZAT12 degrada-
tion pathways in regulating ZAT12 activity.
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X through an X-binding site (brown). X is an H2O2-dependent activator of non-proteasomal protein degradation. ZAT12 also contains a site for E3 ubiquitin ligase (E3)
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displace E3, leading to a non-proteasomal degradation of ZAT12. The ZAT12DEAR form (E) mimics the latter situation.
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