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To optimize water use efficiency, plants regulate stomatal closure through a complex signaling process. Hydrogen peroxide
(H,0,) is produced in response to several environmental stimuli, and has been identified as a key second messenger
involved in the regulation of stomatal aperture. The Arabidopsis histidine kinase 5 (AHK5) has been shown to regulate
stomatal closure in response to H,0, and other stimuli that depend on H,0,. AHKS5 is a member of the two-component
system (TCS) in Arabidopsis. The plant TCS comprises three different protein types: the hybrid histidine kinases (HKs), the
phosphotransfer proteins (HPs) and the response regulators (RRs). Here we determined TCS elements involved in H,O.-
and ethylene-dependent stomatal closure downstream of AHKS5. By yeast and in planta interaction assays and functional
studies, AHP1, 2 and 5 as well as the response regulators ARR4 and ARR7 were identified acting downstream of AHK5 in
the ethylene and H,O, response pathways of guard cells. Furthermore, we demonstrate that aspartate phosphorylation
of ARR4 is only required for the H,0,- but not for the ethylene-induced stomatal closure response. Our data suggest the
presence of a complex TCS signaling network comprising of at least AHK5, several AHPs and response regulators, which
modulate stomatal closure in response to H,O, and ethylene.

Introduction

Stomata are openings in leaves that regulate gas exchange and
water loss between the plant and the environment. Guard cells
surrounding stomatal pores regulate stomatal movements via
swelling and shrinking in response to changes in turgor pres-
sure, depending on the stimulus. Guard cells have been exten-
sively used to not only understand plant responses to drought
stress via the hormone abscisic acid (ABA), but also to other
abiotic (salinity, ozone, light/dark) and biotic stimuli (bacteria,
fungi and pathogen-derived elicitors)."* The extreme robustness
of guard cell signaling networks, cell autonomy and the advan-
tage of having a quick physiological read-out (stomatal aperture)
make guard cells an extremely attractive system to study signal
transduction pathways. This is over-ridden by the overall impor-
tance of transpirational water loss through stomata being crucial
for plant survival under a constantly changing environment.
The signal transduction network in guard cells has been
extensively studied for ABA, and is nowhere being complete.?
However this has been a driving force to understand mechanisms
of signal perception and transduction in other situations, e.g.,
the hormone ethylene and bacteria.>? Inevitably, cross-talk does
occur between signaling pathways in guard cells; for example,
between ABA and ethylene, as well as ABA and jasmonic acid
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(JA) and bacterial elicitors."** One of the key elements common
to signal transduction cross-talk is the reactive oxygen species
(ROS) hydrogen peroxide (H,0,). H,O, has been shown to act
as a central node integrating plant responses to both abiotic and
biotic stimuli.’ The mechanisms by which plant cells perceive
ROS and trigger various signaling pathways are slowly being
unraveled, particularly in guard cells.®

In an attempt to understand redox signaling, we have recently
shown that the hybrid histidine kinase AHK5 functions in
Arabidopsis guard cells to integrate endogenous and environ-
mental cues via redox homeostasis.” Although protein phosphor-
ylation is a key signal transduction component in ABA-induced
stomatal closure,® there is not much evidence for the two-compo-
nent system (TCS) functioning in guard cells. The TCS network
in plants consists of hybrid histidine kinases (HKs), histidine-
containing phosphotransfer proteins (HPs) and response regula-
tors (RRs). Signal perception by a HK leads to a phosphorelay
from the HK, via HPs to a RR, modulating gene expression and
other cellular reactions. The RR family in Arabidopsis (ARR)
is divided into three subgroups, the A-, B- and C-type ARRs,
according to their protein structure. The type-A ARRs are quite
small proteins with a short receiver domain that contains the
phosphorylatable aspartate residue and a short C-terminal exten-
sion.” They are upregulated by cytokinin and, apart from their
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Figure 1. AHK5 interacts with a set of AHP proteins in yeast-two-hybrid
assays. (A) Yeast-two-hybrid assay with yeast cells co-expressing
BD::AHKS5 (AHKS5 protein fused to the BD domain of the Gal4 DNA) and
the indicated AD::AHP (AHP1 to 5 proteins fused to the AD domain of
the Gal4 DNA) fusion proteins. Yeast cells were incubated for 4 d at
28°C on either vector selective (L-, W-) or interaction selective media (L-,
W-, Ade-) (B) Western-blot analysis using crude extracts from trans-
formed yeast cells co-expressing the indicated AD::AHP (AHP1 to 5) and
BD::AHKS5 fusion proteins. The AD::AHP (upper panel) and the BD::AHK5
(lower panel) fusions were detected with a HA- and c-myc-specific
antibody respectively.
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The type-B response regulator proteins (type-B ARRs) also
comprise a receiver domain along with an extended C-terminal
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output region.” They act as transcription factors that induce
transcription of type-A ARRs upon cytokinin treatment.”
Structurally and functionally, the type-C ARRs resemble type-A
ARRs; however, unlike type-A ARRs, their expression does not
depend on cytokinin.'®

Our recent data show that the Arabidopsis HK (AHK) ETR1
functions in ethylene and H,O -regulated stomatal closure' and
the HK AHKS functions in H,O,, NO, darkness, bacteria- and
ethylene-induced stomatal closure.” Intriguingly, both these HKs
appear not to be required for the ABA signal response pathway
in guard cells.”?
AHKS is a unique HK protein in the Arabidopsis TCS family.

It is the only HK that was predicted to have a cytosolic location;

2 Plant Signaling & Behavior

yet recent experiments showed that it is cytosolic and also associ-
ates with the plasma membrane.” This intracellular distribution
pattern would make it unique in its ability to integrate various
signals, both from within and outside the cell.” As AHKS5 is a
canonical HK, it is assumed to function within the TCS net-
work. We therefore aimed to investigate the two-component ele-
ments in this signal transductome and how the interactors may
function in the stomatal closure response. We show that AHK5
interacts with the Arabidopsis HP (AHP) proteins AHP1, AHP2
and AHP5 in vivo and that Arabidopsis plants carrying loss-
of-function alleles of the AHP genes have defects in stomatal
closure in response to ethylene and H,O,. Downstream of the
AHKS5-interacting AHPs, we identified ARR4 and ARR7 as RRs
involved in the regulation of stomatal closure. In addition, the
phosphorylation of ARR4 appears to be required for at least some
of AHK5-dependent signal transduction to occur.

Results

Identification of AHPs that associate with the AHK5 protein.
AHKS is a canonical hybrid histidine kinase and, thus, proposed
to be the first element in a phosphorelay process that also consists
of AHPs and ARRs. This opens the question of whether AHK5
function in stomatal closure rests upon a classical TCS pathway.
Until now, no TCS element has been described acting down-
stream of AHKS5. The TCS elements acting immediately down-
stream of hybrid AHKSs are the AHPs. To elucidate which of the
5 canonical AHPs (AHPI, 2, 3, 4, 5) may act down-stream of
AHKS, we first performed AHK5-AHP interaction studies using
the yeast two-hybrid system (Y2H). As shown in Figure 1A,
AHKS5 interacted with AHPs 1, 2, 3 and 5 but not with AHP4 in
Y2H, although AHP4 was expressed in the yeast cells (Fig. 1B).

To substantiate the yeast results with an independent tech-
nique, we also performed in planta protein-protein interaction
studies based on a bimolecular fluorescence complementation
(BiFC) assay in transiently transformed tobacco (Nicotiana
benthamiana) leaf epidermal cells.*** Although AHKS5 and
the different AHP proteins co-accumulated to a similar level
in the independently co-transformed tobacco leaves (Fig. 2B),
BiFC signals were only observed in the case where AHK5 was
co-expressed with AHP1, 2 and 5 (Fig. 2A). This indicates that
AHPI, 2 and 5 are the specific interaction partners of AHKS5 in
planta and that the interaction of AHKS with AHP3 is probably
a yeast artifact. The divergence of the yeast and in planta results
could be due to the fact that yeast represents a heterologous sys-
tem lacking plant components which are required to achieve a
more specific interaction pattern in the TCS network.

Behavior of ahp mutants to the AHK5-dependent ethylene
and H,O,-induced stomatal closure response. The data above
suggest a putative TCS signaling pathway that would initiate
with AHKS5 and carry on with AHP1, 2 and 5. As mentioned
above, AHKS is involved in H,O,-induced as well as in the eth-
ylene-induced stomatal closure response in Arabidopsis. To test
if AHK5-AHPs interactions are of physiological relevance for
the ethylene-induced stomatal closure response, we analyzed the
phenotypic behavior of ahpl, 2 and 5 mutants® in the presence
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of ethephon, an ethylene-releasing agent. We also included the
remaining AHP mutants, namely a/p3 and ahp4,** whose wild
type proteins did not interact with AHKS in plant cells, to ana-
lyze the entire family of AHP proteins in Arabidopsis. In ahk5
mutants, the ethylene response is impaired, resulting in plants
that, opposite to the wild type, do not close their stomata in
response to the hormone (Fig. S1). The stomatal aperture
response of @hp mutants treated with ethephon relative to their
corresponding mock-treated controls (100%), have been plotted
in Figure 3A. Interestingly, ahpl, ahp2 and ahp3 single mutants
displayed a significant difference in their stomatal response to
ethephon, compared with WS and Col-0 ethephon treated sto-
mata (Fig. 3A). In contrast, ahp4 and ahp5 mutants displayed
a wild type response to ethephon, despite the control apertures
for ahp5 being considerably smaller than wild type Col-0 (Fig.
S2). These data suggest a function for AHPs 1, 2 and 3 alone for
ethylene-induced stomatal closure.

Given that ethylene and H,O, are linked to the AHKS-
dependent guard cell signaling response, the role of the AHKS5-
interacting AHPs in the H,O,-dependent stomata closure
pathway was also determined using the above mutants. Figure
3B shows that only a/p! stomata responded to H,O, in a man-
ner similar to wild type WS guard cells. However, compared
with wild type Col-0 response to H,O,, the ahp2, ahp4 and ahp5
mutants responded significantly less to H,O, treatment. It must
be noted that although @/p5 stomata did close to H,O, (Fig. S2)
the response was significantly less compared with Col-0 (Fig.
3B). In contrast, stomata of the a/p3 mutant were slightly, but
significantly, more open with H,O,. Therefore, of the AHPs that
interact with AHKS5 in planta, AHP1 appears to only regulate
ethylene-induced stomatal closure. AHP5 functions only in the
H,O,-induced stomatal closure pathway, while AHP2 is essential
for both the ethylene and H,O, response. Interestingly, although
AHP3 and AHP4 do not appear to interact with AHKS5, AHP3
still regulates both ethylene and H,O,-induced stomatal closure,
while AHP4 regulates H,O,-induced stomatal closure alone
(Fig. 3A and B).

Identification of putative ARRs that could be involved in
the AHK5 two-component system. After elucidating the AHP
components that were involved in the stomatal response, the final
TCS output element, in this case the specific ARR, responsible
to conclude the TCS pathway remained to be established. There
are a total of 32 ARRs that have been described in Arabidopsis®
and of these, ARR2 was shown to be functioning as a positive
element downstream of ETR1 in the ethylene and H,O, signal
transduction pathway in guard cells.> To be downstream of the
AHKS5-AHP signaling pathway, the ARR must be able to inter-
act and function with at least AHP1, AHP2 or AHP5. By Y2H
assays it has been shown that 10 ARRs including members of all
three A-, B- and C-type subgroups interacted in yeast with AHP1,
2 and 5, namely ARR1, 2, 3, 4, 5, 7, 8, 9, 14, 16 and 22.%%
From these, only the A-type ARR4 and ARR7, the B-type ARRI
and ARR2 and the C-type ARR22 are significantly expressed in
stomatal guard cells.?*?” Here we focus on the function of the
A-type ARRs in the ethylene and H,O, signaling pathways
downstream of AHKS in guard cells. We recently demonstrated
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Figure 2. AHK5 interacts with a set of AHP proteins in a Bimolecular
Fluorescence Complementation assay (BiFC). (A) Confocal images of
epidermal tobacco leaf cells (Nicotiana benthamiana) co-expressing the
indicated YFP-N and YFP-C fusion proteins. The left panels show the
fluorescence signal, the middle panels the bright field images of identi-
cal cells and the right panels the overlay of both. YFP-N, N-terminal

YFP fragment fused to the different AHP proteins; YFP-C, C-terminal
YFP fragment fused to the AHK5 protein. The bars represent 10 pm.

(B) Western-blot analysis using crude protein extracts from transiently
transformed tobacco leaves analyzed for BiFC before extraction. The
AHP:YFP-N (upper panel) and the AHK5::YFP-C (lower panel) fusions
were detected with a c-myc and HA-specific antibody respectively. M,
protein marker.

that the A-type response regulator ARR4 is not only able to inter-
act with AHP1 in the Y2H system but also accepts phosphoryl
residues from AHPI in a plant cell-derived in vitro phosphorelay
system.!" This makes ARR4 a promising and most obvious candi-
date downstream of the AHKS5-dependent phosphorelay.

In order to verify that ARR4 actually interacts with those
AHPs which also associated with AHK5 in plant cells, we
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and 6). Together with the above AHK5-AHP data,
the possibility therefore arises that AHKS, AHPI,
AHP2, AHP5 and ARR4/ARR7 comprise a TCS

signaling pathway, which might regulate guard cell
activity in response to H,O, and ethylene.

ARR4 and ARR?7 differentially contribute to
the ethylene- and H,0,-induced stomatal closure

response. To test the significance of ARR4 in the
ethylene-induced stomatal closure response, we

tested the response of the a4 T-DNA insertion
mutant® to ethylene. In contrast to wild type Col-0
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Q‘J the functional redundancy described for A-type
response regulators in processes such as cytokinin
signaling,?® it is likely that other response regula-
tors apart from ARR4 intervene in the AHKS5-
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induced stomatal closure response to both ethylene
and H,O,. ARR7 together with ARR4 are the

only A-type ARRs that interact with AHP1 and
AHP2% and are expressed in guard cells,”” thus

ARR7 might also act as an element downstream
of AHKS in this response. We, therefore, included

the @777 mutant in our study.” Stomata of the arr7
mutant did not close as much as wild-type Col-0

upon ethephon treatment (Fig. 6A and Fig. S3).
Therefore both ARR4 and ARR7 appear to regu-

late ethylene-induced stomatal closure.
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Figure 3. The ethylene and H,0_-induced stomatal response pathway downstream

of AHKS5. (A) Stomatal aperture in leaves of wild type (WS, Col-0) and different ahp
Arabidopsis mutants. The leaves were exposed to 100 wM ethephon for 2h. Data are
expressed as stomatal aperture response relative to mock-treated controls. Data are
derived from measuring the apertures of at least 60 stomata from 3 independent ex-
periments. * = Statistical difference (p-value < 0.001 via Student’s t-test) compared with
the wild type plants. (B) Stomatal aperture in leaves of wild type (WS, Col-0) and differ-
ent ahp Arabidopsis mutants. The leaves were exposed to 100 wM H,0, for 2h. Data are
expressed as stomatal aperture relative to mock-treated controls. Data are derived from
measuring the apertures of at least 60 guard cells from 3 independent experiments. * =
Statistical difference (p-value < 0.001 via Student’s t-test) compared with the wild type

plants.

repeated the Y2H interaction assays and in addition, performed
in planta BiFC interaction studies in tobacco. We could confirm
that ARR4 interacts with AHPI, 2, 3 and 5, and excluded AHP4
as an interaction partner in yeast (Fig. 4). Furthermore, the
results of the in planta BiFC interaction studies corroborated the
yeast interaction data: ARR4 interacted in planta with AHP1, 2,
3 and 5 but not with AHP4 (Fig. 5).

We further extended our studies to include the other A-type
ARR, ARR7 which are also expressed in guard cells. Both Y2H
and BiFC interaction studies in planta concluded that like ARR4,
ARRY7 interacts with AHPI, 2, 3 and 5 but not AHP4 (Fig. 4

4 Plant Signaling & Behavior

o phorelay that transfers the signal from the hybrid
& histidine kinase, over the phosphotransfer proteins,
to the response regulators. It was, therefore, impor-
tant to determine whether the phosphorylation of
ARR4 is required for ethylene-induced stomatal
closure and to investigate whether the response
was affected in a transgenic line, which ectopically
expresses a non-phosphorylatable, loss-of-function
version of ARR4 (ARR4P”N)." Surprisingly, the
ARR4P"N-expressing line behaved as wild type
WS plants, closing its stomata normally upon
ethylene treatment (Fig. 7A). This suggests that,
although ARR4 is involved in the signaling path-
way, its activation through aspartate phosphoryla-
tion is not required for the ethylene response.

To test the function of ARR4 and ARR7 in the
H,O, signaling pathway leading to stomatal closure, leaves from
the above mutants were treated with exogenous H,O, and their
stomatal closure response was measured. The arr4 mutant clearly
displayed insensitivity to H,O, treatment, whereas 777 showed
stomatal closure (Fig. 7B), not significantly different from that
of wild type Col-0 (Fig. S3). Interestingly, the transgenic line
which ectopically expresses non-phosphorylatable ARR4P?N,
showed a significantly impaired stomatal closure response upon
H,O, treatment when compared with wild type Ws (Fig. 7B and
Fig. $3), suggesting that phosphorylation of ARR4 is necessary
for H,O,-induced stomatal closure.
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In conclusion, our biochemical, genetic and physiological data
show that AHKS interacts with AHPs 1, 2, 5 and ARR4/ARR7,
to regulate stomatal closure responses and that ARR4 phosphory-
lation is only required in the H,O,- but not the ethylene-induced
stomatal closure response.

Discussion

AHKS5 is a unique histidine kinase in that it is the only pre-
dicted cytosolic HK known in Arabidopsis. In previous work
we showed that AHKS5 is not only located in the cytosol, but is
also associated with the plasma membrane.” Our previous genetic
and physiological analyses showed that AHKS5 acts to integrate
endogenous and external cues to regulate stomatal closure’ but
still the mechanism of AHKS5 action in guard cells remains to
be elucidated. Here we demonstrate that AHKS acts as part of
a two-component system, physically interacting with the phos-
photransfer proteins AHP1, AHP2 and AHP5. These AHPs sub-
sequently interact with the response regulator proteins ARR4 and
ARR7. We also show that functional AHP1, AHP2, AHP5 and
ARR4/ARRY7 proteins are required for stomatal closure response
to either ethylene and/or H,O,.

Previously, numerous studies have used yeast two-hybrid
assays and in vitro co-purification experiments with recombinant
proteins to determine interaction of plant HKs with AHPs and
AHPs with ARRs.2#3%3! However, the functional relevance of
these interactions needs to be verified in planta, in most cases.
Our data here and elsewhere? show that the BiFC assay is reliable
to demonstrate physical interaction between the two component
system proteins. AHKS has been shown to have histidine kinase
activity” and shown to complement yeast SLN1 mutants.*
Therefore it was necessary to show that AHKS5 does indeed func-
tion in a two-component system—our results show for the first
time that AHKS5 interacts with AHP1, 2 and 5 (but not AHPs 3
and 4) in planta.

To extend the biochemical interaction data to functional sig-
nificance, we tested insertion mutants of these AHPs for their
stomatal response to ethylene and H,O,, two different stimuli
shown to affect the stomatal closure response of ahk5 (see Fig.
S1).7 For the ethylene response, it appears that AHP1 and AHP2
function are essential, but AHP5 function is not required. As
expected, when the response to ethylene-induce stomatal closure
was tested on ahp4 mutant, an AHP element that is not down-
stream of the AHKS pathway, the response observed was similar
to wild type plants and the #/p4 mutant closed its stomata. In
contrast, @hp3 mutants displayed an impaired response to ethyl-
ene, although AHP3 does not interact with AHKS5 and is there-
fore, not a direct downstream element of AHKS5. This leads to the
conclusion that, apart from AHKS, other AHKs (either ETR1 or
other HKs) are also responsible for the ethylene-regulated stoma-
tal closure response.

H,O, is a key signaling molecule generated in response to mul-
tiple stimuli, and of relevance to this work, shown to be required
for a stomatal closure response to ethylene.? Previously we showed
that AHKS regulates redox homeostasis in stomatal guard cells
in response to ethylene and the bacterial elicitor flagellin.” Here
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Figure 4. ARR4 interacts with a set of AHP proteins in yeast-two-hybrid
assays. (A) Yeast-two-hybrid assay with yeast cells co-expressing
BD::ARR4 or BD::ARR7 (ARR4 or ARR7 protein fused to the BD domain of
the Gal4 DNA) and the indicated AD::AHP (AHP1 to 5 proteins fused to
the AD domain of the Gal4 DNA) fusion proteins. They were incubated
for 4 d at 28°C on either vector selective (L-, W-) or interaction selective
media (L-, W-, Ade-) (B) Western-blot analysis using crude extracts from
transformed yeast cells co-expressing the indicated AD::AHP (AHP1 to
5) and BD::ARR4 (B) or BD::ARR7 (C) fusion proteins. The AD::AHP (up-
per panel) and the BD::ARR4 or BD::ARR7 (lower panels) fusions were
detected with a HA- and c-myc-specific antibody respectively.

we find that the signaling pathway for H O,-induced stomatal
closure via AHKS5-interacting AHPs appears to be different to
that observed for ethylene. In contrast to the ethylene response,
AHP1 is clearly not involved in H O, -induced closure. However,
both AHP2 and AHPS5 regulate H,O,-induced closure. The fact
that a/p4 and ahp3 mutants do not display a wild type response
to H,O, treatment hints that, as we propose for ethylene signal-
ing, other HKs different to AHKS are involved in H,O,-induced
stomatal closure responses.

Together the above complex observations suggest that there
are different routes to the AHK5-dependent TCS, depending on
the input stimulus. So while AHP2 appears to be overlapping
in both signaling pathways, AHP1 appears to be unique to the
ethylene-signaling arm alone while AHPS5 is unique to the H,O,
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Figure 5. ARR4 interacts with a set of AHP proteins in a Bimolecular
Fluorescence Complementation assay (BiFC). (A) Confocal images of
epidermal tobacco leaf cells (Nicotiana benthamiana) co-expressing the
indicated YFP-N and YFP-C fusion proteins. The left panels show the
fluorescence signal, the middle panels the bright field images of identi-
cal cells and the right panels the overlay of both. YFP-N, N-terminal

YFP fragment fused to the different AHP proteins; YFP-C, C-terminal
YFP fragment fused to the ARR4 protein. The bars represent 10 um. (B)
Western-blot analysis using crude extracts from transiently transformed
tobacco cells co-expressing the indicated AHP::YFP-N (AHP1 to 5) and
YFP-C::ARR4 fusion proteins. The AHP::YFP-N (upper panel) and the
YFP-C::ARR4 (lower panel) fusions were detected with a c-myc- and HA-
specific antibody respectively. M, protein marker.

branch of the pathway (Fig. 8). The AHP1-dependent ethylene
pathway indicates that there is a H,O, -independent pathway
operating downstream of ethylene in guard cells. Ongoing work
in our laboratory indicates that nitric oxide (NO) is also gener-
ated following ethylene-stimulation of guard cells. It is possible
that the NO pathway occurs independent of the H,O, signal-
ing branch, where AHP1 might fit in. Given the robustness of
guard cell signaling networks, apart from the ETR1- and the
AHK5-dependent route, other AHKs could also be involved

6 Plant Signaling & Behavior

in the ethylene and H,O,-induced stomatal closure response in
Arabidopsis. From the physiological data, we can conclude that
the AHP proteins downstream of these unknown AHKs are
AHP3 in the ethylene and both AHP3 and AHP4 in the H,O,
response.

To identify the last component(s) of the AHKS5-dependent
TCS pathway, yeast interaction assays and BiFC experiments
were performed. We demonstrated that of the various canonical
AHPs, AHPI, 2, 3 and 5 interact with ARR4 and ARR7. ARR4
and ARR?7 are A-type response regulators, having only a receiver
domain and a very short output domain.”» ARR4 has been shown
to not only participate as a negative regulator in cytokinin sig-
naling, but also as a positive regulator modulating the phyto-
chrome B and other environmental signaling pathways.!! ARR7
functions in cytokinin-dependent meristem function.”” Here we
provide functional evidence that ARR4 functions as a positive
regulator in the ethylene- and H,O,-induced stomatal closure
pathways, while ARR7 functions in the ethylene pathway alone.
However, rather surprisingly, our genetic data demonstrate that
phosphorylation of ARR4 is required only for the H,O, response,
but not for the ethylene response in stomata. This suggests that
ARR4 may function via phosphorylation-independent inter-
ference with other proteins® in the stomatal ethylene response
pathway.

We postulate that one of these proteins might be the type-B
RR ARR2. Both ethylene signaling in guard cells and a phos-
phorelay downstream of the ethylene receptor ETRI involve the
ARR2 protein.**® Furthermore, ETR1 and ARR2 have also been
shown to interact with AHP1, AHP2 and AHP3 in vitro.?#3%3157
Our data suggest that AHPs 1, 2 and 3 alone function in the
ethylene stomatal closure pathway. Given that AHP2 is com-
mon to the H O, pathway this leaves either AHP1 or AHP3
to potentially act upstream of ARR2 in the ethylene pathway
independent of H,O, (Fig. 8). This would imply that upon eth-
ylene perception by the ethylene receptor ETR1, a phosphorelay
involving different AHPs could take place to activate the ARR2
response regulator. ARR2 encodes a transcriptional regulator
known to activate A-type ARR genes.'* ARR2 activation by eth-
ylene could thus result in an enhanced expression of the A-type
ARR4 followed by an enhanced ARR4 protein accumulation.
ARR4 could then mediate the stomatal ethylene response in a
phosphorylation-independent manner (Fig. 8).

On the other hand, the phosphorylation-dependent ARR4
pathway occurring via H O, must be occurring in response to
other stimuli (such as bacterial elicitors) that generate H,O_; this
remains to be determined. H,O, signaling in guard cells seems
to involve different routes. We established one that consists of
AHKS5, AHP2, AHP5, ARR4 and ARR7. However, which
AHKSs and ARRs participate in H,O, signaling involving AHP3
and AHP4 needs to be clarified.

The complexity arising from these new data in the ethylene
signaling pathway in guard cells suggest that cross-talk between
the HKs AHKS5 and ETRI are occurring. It has been shown that
AHKS5 acts to inhibit the ETR1-dependent ethylene pathway
leading to root growth inhibition.?* The HK function of ETR1
appears to be required at least for the ethylene triple response
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and leaf development.®® However in stomatal guard cells, the
HK domain of ETR1 appeared to not be essential for H,O,-
induced stomatal closure.”” We speculate that the N-terminus
of ETR1 may interact with the H,O,-activated AHKS in the
ethylene signaling pathway in guard cells.” Our data here sup-
port this hypothesis, in that the downstream components of
AHKS5 are essential for ethylene signaling. However, robustness
of guard cell signaling dictates that there is always more than
one signal transduction pathway triggered in response to a given
stimulus. Therefore the alternative H,O,-independent pathway
downstream of ethylene could also be independent of AHK5
(Fig. 8).

To summarize this data, we identified TCS downstream ele-
ments of the AHKS5-dependent ethylene- and H,O,-induced
stomatal closure response in Arabidopsis. We describe a novel
ethylene-induced stomatal closure response that is independent
of H,0, and phosphorylation of a RR. Our data highlight new
complexities in the ethylene signal transduction pathway which
have not been described before. Stomatal guard cells have proven
to be a valuable system to identify new components in signaling
pathways. Nevertheless to understand the robustness of this sys-
tem and unravel which of the key nodes is essential for ethylene
signaling, mathematical modeling is needed alongside detailed
quantification of various key steps leading to stomatal closure.

Materials and Methods

Plant growth conditions. Nicotiana benthamiana plants that
were used for transient transformation of BiFC-constructs were
cultivated in the greenhouse in a day/night cycle of 14h/10h.
Temperature: day 25°C/night 19°C; 60% humidity. For growth
of Arabidopsis plants, seeds were sown on Levington’s F2 com-
post + sand and maintained in controlled environment growth
rooms for 4 weeks under short day conditions of 10 h light/14 h
dark cycles with a light intensity of 120-150 pE m? s at a tem-
perature of 23°C and 55-65% relative humidity.

Stomatal bioassays. Leaves were floated for 2h under con-
tinuous illumination (120-150 wE m? s*) in MES/KCI buffer
(5mM KCI/10mM MES/50pM CaCl,, pH 6.15). Once the sto-
mata were fully open, leaves were treated with either ethephon or
H,O, for further 2h. The leaves were subsequently homogenized
individually in a Waring blender for 30 sec and the epidermal
fragments collected on a 100 pm nylon mesh (SpectraMesh,
BDH-Merck, UK). Stomatal apertures from epidermal frag-
ments were then measured using a calibrated light microscope
attached to an imaging system (Leica QWin software, Leica,
UK). To calculate stomatal aperture relative values, first, both
mock-treated (X) and treated (XT) stomatal aperture mean val-
ues were calculated for each genotype using the formula:

)(:l’.?)(

" =17

where n represents the number of stomata measured per line
and X, and XT,, the whole data set of stomatal aperture values per

treatment. Finally, each genotype could be given a relative mean
value (XR) calculated as follows: XR = XT/X.
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Figure 6. ARR7 interacts with a set of AHP proteins in a Bimolecular
Fluorescence Complementation assay (BiFC). (A) Confocal images of
epidermal tobacco leaf cells (Nicotiana benthamiana) co-expressing the
indicated YFP-N and YFP-C fusion proteins. The left panels show the
fluorescence signal, the middle panels the bright field images of identi-
cal cells and the right panels the overlay of both. YFP-N, N-terminal

YFP fragment fused to the different AHP proteins; YFP-C, C-terminal
YFP fragment fused to the ARR7 protein. The bars represent 10 um. (B)
Western-blot analysis using crude extracts from transiently transformed
tobacco cells co-expressing the indicated AHP::YFP-N (AHP1 to 5) and
YFP-C::ARR7 fusion proteins. The AHP::YFP-N (upper panel) and the
YFP-C::ARR7 (lower panel) fusions were detected with a c-myc- and HA-
specific antibody respectively. M, protein marker.

In order to compare the t-tests of relative data, we did an esti-
mation of the standard deviation (SD) of the relative stomatal
apertures according to the Gaussian rules of error propagation.
The relative SD (SX®) was calculated as follows with mean values
X, X" and X* of data samples X, X", and X®. and SD values SX,
SX" and SX® respectively:

(SXR/XR)? = (SXT/XT)? + (SX/X)?
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For the BiFC assays, the AHP cDNAs
were recombined via LR-reaction into

pSPYNE-35S and AHK5 into pSPYCE-

35S, which C-terminally express the N- and

C-terminal YFP-fragments respectively.”!
combined into

Relative stomatal aperture (%)

80 The ARR4 cDNA was i i
60 | pSpyCe-GW  binary destination vector,
which N-terminally expresses the C-terminal
40 | YFP-fragment.”
Yeast-two-hybrid experiments were per-
formed using the Matchmaker™ System
20 1 (Clontech, USA). The BD-AHKS and
. BD-ARR4 plasmids were constructed by

col-0 arr?

LR-reaction using the corresponding Entry
clones and the destination vector pGBKT7-
DEST. To generate AD-AHPI-6, the desti-

ARR4095N

B 120

nation vector pGADT7-DEST was used.
Yeast-two-hybrid analysis. The BD- and

AD-destination clones were co-transformed
into the yeast strain PJ69-4A, using lithium

acetate/SS-DNA/PEG  method.®  After
transformation, the yeast was grown on

vector selective medium (CSM-L-, W) and
incubated for 3 d at 28°C. Subsequently, 5

independent yeast clones were pooled and
grown in liquid vector selective medium

Relative stomatal aperture (%)

100
80
60 -
40 -
20 -
0 .

to an OD,
tion, 7.5l of each culture were dropped on
interaction selective medium (CSM-L-, W/,

of 1.0. To test protein interac-

col-0 arrd arr?

Figure 7. The ethylene and H,0

Student’s t-test) compared with wild type plants.

The different values for the data sample X*,, required to com-
pare the ttests of relative data, were calculated from each treated
= X" IX.

Cloning strategy. All clones were constructed using

sample value (X”) using the following formula: X*,

Gateway™ technology (Invitrogen). The Entry clones were
generated by BP-reaction, combining the genes of interest in
pDONR207 (Invitrogen). All genes were amplified using
cDNA preparations from Arabidopsis plant material. To
avoid spontaneous mutations, the Entry clone of AHK5 was
cloned and propagated using the E. coli strain CopyCutter™
(Epicenter).

8 Plant Signaling & Behavior

,-induced stomatal response pathway downstream of AHK5
involves ARR4 and ARR?7. (A) Stomatal aperture in leaves of wild type (Col-0, WS), arr4, arr7 and
ARR4P*N (non-phosphorylatable ARR4 overexpressor) Arabidopsis plants. The leaves were
exposed to 100 .M ethephon for 2h. Data are expressed as stomatal aperture response relative
to mock-treated controls. Data are derived from measuring the apertures of at least 60 stomata
from 3 independent experiments. * = Statistical difference (p-value < 0.001 via Student’s t-test)
compared with the wild type plants. (B) Stomatal aperture in leaves of wild type (Col-0, WS),
arr4, arr7 and ARR4°*N (non-phosphorylatable ARR4 overexpressor) Arabidopsis plants. The
leaves were exposed to 100 uM H,0, for 2h. Data are expressed as stomatal aperture response
relative to mock-treated controls. Data are derived from measuring the apertures of at least

60 stomata from 3 independent experiments. * = Statistical difference (p-value < 0.001 via

ARR40%5N | Ade’) and incubated for 2 d at 28°C and.
As a control for testing the presence of the
AD- and BD-fusion proteins, the yeast cul-
ture was also dropped on vector selective
medium.

Infiltration of BiFC-constructs into
Nicotiana benthamiana leaves. Transient
transformation of Nicotiana benthamiana
leaves using the Agrobacterium tumefaciens
strain GV3101 pMP90, previously trans-
formed with the desired BiFC-constructs,
was performed as previously described.?

Two to three days post infiltration,
Nicotiana benthamiana epidermal leaf cells
were analyzed for fluorescence (protein inter-
action) by confocal laser scanning microscopy using a Leica TCS
SP2 confocal microscope (Leica Microsystems GmbH). The
microscopy was performed as described previously.”

Protein extraction, SDS-PAGE, western blot and immuno-
detection. Western Blot analysis were used to verify the correct
expression of the desired fusion proteins in BiFC- and Y2H-
assays. Leaf discs were excised from infiltrated tobacco plants and
proteins were extracted using denaturing SDS sample buffer.?
Total protein extracts were analyzed via SDS-PAGE and subse-
quent Western Blot and immunodetection using HA- and c-myc-
specific antibodies (Roche, UK) were performed as described.?
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Figure 8. Hypothetical model of ethylene and H,0,-induced stomatal
closure responses via AHK5. The H,0, branch of the pathway (red ar-
rows) occurs via AHK5- or ETR1-activated AHP2/AHPS5 signaling which
leads to the activation and phosphorylation of ARR4, and thus resulting
in stomatal closure. The stimulus which generates H,O, in guard cells
and functions via ARR4 phosphorylation remains to be determined.
Ethylene stimulates H,O, production via ETR1/AHKS. Ethylene response
occurs via AHK5-AHP1/AHP2-ARR4 pathway (blue arrows), independent
of ARR4 phosphorylation or via ARR?. In the H,0,-independent branch
(dashed lines), AHP1 or AHP3 might act via ARR2 which induces ARR4
transcription, followed by protein accumulation; ethylene signaling
therefore requires ARR4 function for stomatal closure. Black arrow

represents transcriptional control.

Protein extraction from transformed yeast cells was performed as
done previously.*’
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