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The membrane protein ETHYLENE 
INSENSITIVE2 (EIN2), which 

is supposed to act between the soluble 
serine/threonine kinase CTR1 and the 
EIN3/EIL family of transcription fac-
tors, is a central and most critical ele-
ment of the ethylene signaling pathway 
in Arabidopsis. In a recent study, we have 
identified that EIN2 interacts tightly 
with all members of the Arabidopsis 
ethylene receptor family— proteins that 
mark the starting point of the signaling 
pathway. Our studies show consistently 
that the kinase domain of the recep-
tors is essential for the formation of the 
EIN2-receptor complex. Furthermore, 
mutational analysis demonstrates that 
phosphorylation is a key mechanism 
in controlling the interaction of EIN2 
and the ethylene receptors. Interaction 
studies in the presence of the ethylene 
agonist cyanide revealed a causal link 
between hormone binding and complex 
formation. In the presence of the plant 
hormone agonist the auto-kinase activity 
of the receptors is inhibited and the non-
phosphorylated kinase domain of the 
receptors binds tightly to the carboxyl-
terminal domain of EIN2. In the absence 
of cyanide inhibition of the auto-kinase 
activity is relieved and complex forma-
tion with the phosphorylated kinase 
domain of the receptors is reduced. Our 
data suggest a novel model on the inte-
gration of EIN2 in the ethylene signaling 
pathway.

The plant hormone ethylene regulates 
a diverse and complex range of develop-
mental processes in higher plants and 
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is also involved in mediating responses 
to various abiotic and biotic stresses.1,2 
Reverse genetics have identified receptors 
and downstream components involved 
in ethylene signaling.3,4 In these studies 
EIN2, an integral membrane protein of 
the ER network has been recognized as 
the central component of the signaling 
pathway.5 Sequence analysis suggests that 
EIN2 consists of a membrane-intrinsic 
amino-terminal domain (aa 1–461) and 
a membrane-extrinsic carboxyl-terminal 
domain (aa 462–1,294). Expression of the 
carboxyl-terminal domain on its own in 
an ein2 loss-of-function background is suf-
ficient to constitutively activate ethylene 
responses suggesting that the membrane 
extrinsic part of EIN2 is vital for ethylene-
induced gene expression.5 Based on epis-
tasis analysis, EIN2 is thought to operate 
downstream of the ethylene receptor fam-
ily, and the soluble protein kinase CTR1,6 
but upstream of the EIN3/EIL transcrip-
tion factor family. Still the mechanism by 
which the signal is transferred from the 
ethylene receptors—a family consisting 
of five members in Arabidopsis thaliana 
named ETR1, ETR2, ERS1, ERS2 and 
EIN4—to EIN2 has not been resolved 
yet. Recent in vivo and in vitro fluores-
cence studies from our lab have shown 
that EIN2 interacts at the ER membrane 
with the ethylene receptor protein ETR1.7

To clarify whether other members of 
the ethylene receptor family also form 
complexes with the membrane-extrin-
sic domain of EIN2, we have analyzed 
complex formation of EIN2 with ERS1, 
ETR2, ERS2 and EIN4 by Fluorescence 
Resonance Energy Transfer (FRET). 
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was quenched upon addition of increas-
ing concentrations of tryptophan-less 
EIN2. Removal of the carboxyl-terminal 
response regulator domain (aa 610–738) 
had no effect on EIN2 binding. Both 
forms of the receptor showed essentially 
the same apparent dissociation constant of 
the EIN2-receptor complex (Fig. 1).

To get a more detailed picture on 
the role of the histidine kinase domain 
on the formation of the EIN2-receptor 
complex we employed two phosphory-
lation mutants of ETR1 mimicking a 
permanently phosphorylated or a non-
phosphorylable kinase domain, respec-
tively. The non-phosphorylable ETR1 
mutant H353A where phosphorylation at 
the predicted histidine-353 phosphoryla-
tion site is abolished9 showed a four-fold 
increased affinity towards EIN2 in these 
studies (K

d
 ~ 100 nM). In contrast sub-

stitution of the conserved histidine by a 
negatively charged glutamate to mimic 
permanent phosphorylation of the recep-
tor had no effect on the formation of the 
EIN2-ETR1 complex and showed a K

d
 

similar to ETR1 wild type (K
d
 ~ 400 nM, 

see Fig. 1).
To correlate binding of the plant hor-

mone with the EIN2-ETR1 interaction 
we added the ethylene agonist cyanide 
that was shown in previous studies to 
reduce autophosphorylation of purified 
recombinant ETR1 to the same level as 
ethylene in our assays.10 Stability of the 
EIN2-ETR1 complex was found to be 
modulated by the ethylene agonist as 
affinity for EIN2 is increased about four-
fold with the ETR1 wild type in the pres-
ence of cyanide to almost the same level 
as obtained with the non-phosphorylable 
H353A mutant. H353A consequently 
showed no increased affinity for EIN2 in 
the presence of cyanide. Likewise, forma-
tion of the EIN2-ETR1 complex was not 
affected by cyanide in the H353E mutant, 
but showed the reduced affinity towards 
EIN2 obtained for the ETR1 wild type 
in the absence of the ethylene agonist (see 
Fig. 1). These data imply that the plant 
hormone itself controls the interaction of 
ETR1 and EIN2 at the ER membrane via 
the phosphorylation status of the receptor.

Based on our fluorescence data we pro-
pose that in the absence of the plant hor-
mone ethylene receptor complexes remain 

the carboxyl-terminal response regula-
tor domain—suggests that the kinase 
domain of the receptors is involved in 
complex formation. This conclusion is 
further supported by in vitro fluorescence 
studies using purified recombinant ETR1 
and a recombinant tryptophan-less EIN2 
mutant. In these studies tryptophan fluo-
rescence of the purified ETR1 protein 

Transfer efficiencies obtained from 
Nicotiana benthamina cells co-express-
ing EIN2-GFP and fluorescent fusion 
proteins of the different receptor iso-
forms verified that EIN2 indeed associ-
ates with all members of the Arabidopsis 
ethylene receptor family.8 Moreover, the 
observed interaction of EIN2 with ERS1 
and ERS2—receptor proteins lacking 

Figure 1. Kinase domain of ethylene receptor ETR1 mediates interaction with EIN2.

Figure 2. Model of complex formation at the ER membrane and downstream signal transfer in 
ethylene signaling.
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in their phosphorylated state which forms 
tight interactions with the ER-associated 
negative regulator CTR1, but not with 
the ER-anchored EIN2 protein. Separated 
EIN2 is immediately degraded by a pro-
teasome-dependent pathway.11 Ethylene 
inhibits the autokinase activity of the 
receptors switching them to their non-
phosphorylated state which triggers 
inactivation of CTR1 and tight interac-
tion of the receptors with EIN2 at the 
ER-membrane. Hence, addition of the 
plant hormone results in an accumulation 
of EIN2 at the ER membrane.11

A possible scenario following the tight 
association of EIN2 with the receptor 
trigged by the binding of the plant hor-
mone and the associated inhibition of 
the autokinase activity of the receptor is 
hypothesised in Figure 2. The EIN2-
ETR1 receptor complex might recruit a 
protease or the zymogen of a protease as 
found in apoptosis with the FLICE pro-
tease.12 The activated protease then trig-
gers proteolysis of the carboxyl-terminus 
of EIN2 which was shown to be sufficient 
to rescue ethylene responses in an ein2-
loss of function background.5 Analysis of 
the carboxyl-terminal sequence of EIN2 

(aa 479–1,294) by PredictNLS13 identi-
fied two potential nuclear localization 
signals—[PL]KxxKRR and [PLV]K[RK]
x[RK][RK][RK][PL]-at position 1,261–
1,268 and strongly supports the idea that 
the carboxyl-terminus of EIN2 is trans-
located to the nucleus in order to trigger 
ethylene induced gene expression. Both 
potential NLS in EIN2 have been found 
in a number of eukaryotic regulatory 
proteins and transcription factors where 
nuclear localization is beyond controversy.

To elaborate this hypothesis, further 
studies have to elucidate the role of the 
predicted NLS domain in EIN2 and to 
identify the putative cleavage site and pro-
tease involved in the processing of EIN2.
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