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The plant hormone ethylene plays important roles in growth
and development. Ethylene is perceived by a family of mem-
brane-bound receptors that actively repress ethylene re-
sponses. When the receptors bind ethylene, their signaling
is shut off, activating responses. REVERSION-TO-ETHYLENE
SENSITIVITY (RTE1) encodes a novel membrane protein con-
served in plants and metazoans. Genetic analyses in Arabidop-
sis thaliana suggest that RTE1 promotes the signaling state of
the ethylene receptor ETR1 through the ETR1 N-terminal do-
main. RTE1 and ETR1 have been shown to co-localize to the
endoplasmic reticulum (ER) and Golgi apparatus in Arabidopsis.
Here, we demonstrate a physical association of RTE1 and ETR1
using in vivo and in vitro methods. Interaction of RTE1 and ETR1
was revealed in vivo by bimolecular fluorescence complementa-
tion (BiFC) in a tobacco cell transient assay and in stably trans-
formed Arabidopsis. The association was also observed using a
truncated version of ETR1 comprising the N terminus (amino
acids 1-349). Interaction of RTE1 and ETR1 was confirmed by
co-immunoprecipitation from Arabidopsis. The interaction oc-
curs with high affinity (K;, 117 nm) based on tryptophan fluores-
cence spectroscopy using purified recombinant RTE1 and a tryp-
tophan-less version of purified recombinant ETR1. An amino
acid substitution (C161Y) in RTE1 that is known to confer an
ETRI loss-of-function phenotype correspondingly gives a nearly
12-fold increase in the dissociation constant (K, 1.38 um). These
findings indicate that a high affinity association of RTE1 and
ETR1 is important in the regulation of ETR1.

The gaseous plant hormone ethylene is important in regu-
lating many aspects of growth and development, including
fruit ripening, senescence, abscission, and stress responses (1).
There are a number of known components in ethylene signal-
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ing that form a pathway starting with the perception of ethyl-
ene and leading to gene expression changes (2, 3). Arabidopsis
thaliana has five homologous ethylene receptors with se-
quence similarity to histidine protein kinase receptors (4—7).
The receptors appear to be largely redundant in ethylene sig-
naling, although the ETR1 ethylene receptor has a more pre-
dominant role (8 —10). The N terminus of the ethylene recep-
tors comprises an ethylene-binding domain (11-13)
consisting of three membrane-spanning domains localized at
the endoplasmic reticulum (ER) (14 -16) and the Golgi appa-
ratus (16). The cytosolic portion of the receptors exhibits his-
tidine and/or serine/threonine protein kinase activity in vitro
(17, 18) and control of autokinase activity by ethylene was
demonstrated by in vitro phosphorylation studies using
purified full-length ETR1 (19). However, the molecular mech-
anism of ethylene receptor signaling is still unknown, particu-
larly as protein kinase activity appears to be largely dispensa-
ble for ethylene receptor signaling (8, 9).

The ethylene receptors are negative regulators of ethylene
response, repressing responses in the absence of ethylene (10,
20) with the N-terminal domain controlling the signaling
state of the receptor (21). When ethylene is bound, a confor-
mational change presumably occurs within the receptor to
turn off its signaling. Dominant gain-of-function mutations in
any of the receptor genes encode amino acid substitutions in
the N-terminal domain that cause the receptor to signal con-
stitutively, resulting in dominant ethylene insensitivity (21).

The ethylene receptors are disulfide-linked homodimers
(12, 22, 23) and form higher order multimeric complexes
through non-covalent interactions (15, 23, 24). The five Ara-
bidopsis ethylene receptors can form both homomeric and
heteromeric complexes (23), and protein-protein interactions
have been detected for all possible receptor combinations (15,
24). It is thought that higher order clustering allows for con-
formational changes within one receptor to be propagated to
other receptors in the cluster, providing a mechanism for sig-
nal amplification.

The Arabidopsis REVERSION-TO-ETHYLENE SENSITIVITY
1 (RTE1)” gene is a positive regulator of ETRI that was

2 The abbreviations used are: RTE, REVERSION-TO-ETHYLENE SENSITIVITY:
BiFC, bimolecular fluorescence complementation; CaMV, Cauliflower
Mosaic Virus; LB, Luria-Bertani; MS, Murashige & Skoog salt formula; YFP,
yellow fluorescent protein.
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identified in a genetic screen for suppressors of the dominant
etrl-2 receptor mutant (25). rtel loss-of-function mutants
display ethylene hypersensitivity similar to etr! loss of func-
tion mutants. Interestingly, some dominant etrI alleles, such
as etr1-2, are highly dependent on RTE1 to confer ethylene
insensitivity, while other dominant etrI alleles, such as etri-1,
are largely or entirely RTEI independent (26). All of these
dominant alleles encode amino acid substitutions within the
ETR1 N-terminal domain, leading to speculation that the ba-
sis for RTE1 dependence/independence may be related to the
specific conformation of the ETR1 N terminus. Unexpectedly,
RTEL is highly specific for ETR1 and has no apparent role in
the signaling of the four other Arabidopsis ethylene receptors
(25,27, 28).

RTE]I encodes a novel protein carrying two to four pre-
dicted transmembrane domains (25). RTEL1 is highly con-
served in plants and metazoans. Homologs all carry a domain
of unknown function called DUF778, which is also found in
some protists and fungi. The only functional insight into this
protein family comes from ethylene signaling in plants, and
the only known target of RTE1 action is the ETR1 ethylene
receptor. The Arabidopsis genome carries a second copy of
RTEI, called RTEI-HOMOLOG (RTH), but RTH does not
appear to play the same role as RTE! in ethylene signaling.®
Overexpression of a tomato RTE1 homolog, GREEN-RIPE,
confers inhibition of tomato fruit ripening along with other
ethylene-insensitive phenotypes (29). Likewise, RTEI overex-
pression in Arabidopsis confers ethylene insensitivity (25, 28).
This insensitivity is partially blocked by an etr1-null mutation,
but is restored by expression of the ETR1 N terminus (resi-
dues 1-349), indicating that the ETR1 N terminus (residues
1-349) is the downstream target of RTE1 action (28).

RTE1 is found in the microsomal fraction® and co-localizes
with ETRI1 at the ER and Golgi apparatus (16). This report
demonstrates a physical interaction of the RTE1 protein with
the ETR1 receptor both in vivo and in vitro, examining the
specificity of the interaction and the effects of rtel and etr1
mutations. This work advances our understanding of RTE1
function and indicates that a physical association of RTE1 and
the ETR1 receptor may be important for the regulation of
ETRI1 in ethylene signaling.

EXPERIMENTAL PROCEDURES

Plant Growth and Plant Transformation—Wild-type Arabi-
dopsis thaliana (ecotype Columbia (Col-0)) and Nicotiana
benthamiana were grown in soil under 16-h light/8-h dark
in a controlled environment chamber at 20 °C under white
fluorescent light. For protein extraction, seedlings were
germinated on 1X MS plates for 3 days in the dark at
20 °C.

Stably transformed Arabidopsis plants were generated by
the floral dip infiltration method mediated by Agrobacterium
tumefaciens strain GV3101 (30). To select for transformants,
seedlings were either grown on 1X MS plates containing hy-
gromycin 25 mg/liter or grown in soil and sprayed with Basta
(0.033% Liberty Herbicide, Bayer Cropscience).
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Agroinfiltration of tobacco leaves was carried out as previ-
ously described (31). A. tumefaciens strain C58C1 (pCH32)
was grown in LB-broth supplemented with 5 mg/liter tetracy-
cline and 100 mg/liter rifampicin. To enhance transgene ex-
pression, we co-infiltrated with Agrobacterium carrying the
p19 suppressor of gene silencing (31) grown in LB-broth
supplemented with 50 mg/liter kanamycin. For infiltration,
50-ml cultures of Agrobacterium in LB-broth supple-
mented with 10 mm MES and 20 mm acetosyringone were
precipitated, washed, and resuspended in a solution con-
taining 10 mm MgCl, 10 mm MES and 100 mm acetosyrin-
gone. Tobacco leaves from 3-week-old plants were used for
infiltration. Ten plants (two leaves per plant) were infil-
trated per experiment.

Plasmid Construction for Bimolecular Fluorescence Comple-
mentation (BiFC) and Co-immunoprecipitation (co-IP)—See
supplemental Table S1 for a list of all primers that were used
to construct and/or mutagenize the DNA clones described
below. To construct the binary vector expressing the cYFP-
RTEL1 fusion, we first used PCR to simultaneously amplify and
fuse the full-length RTEI coding sequence downstream of the
cYFP sequence, which encodes the C-terminal portion of YFP
(amino acids 156 —239), using an RTE1 cDNA clone and the
PSPYCE-35S/pUC-SPYCE vector (Walter et al., Ref. 33) as
respective templates. The cYFP-RTEI gene fusion fragment
was cloned into the Gateway entry vector pDONR221 using
the Gateway recombination system (Invitrogen). The cYFP-
RTE]I gene fusion in pDONR221 was verified by DNA se-
quencing and then transferred into the Gateway binary vector
pH2G W7 (32), which contains the CaMV 35S promoter, to
produce pH2GW7-cYFP-RTEI. For the rtel-1 mutant version
encoding the C161Y substitution, the corresponding G-to-A
mutation was introduced into the above pH2GW7-cYFP-
RTEI construct by site-directed in vitro mutagenesis using
the QuikChange kit (Stratagene) to produce pH2GW7-cYFP-
rtel-1. For RTH, the binary vector expressing the cYFP-RTH
fusion was constructed in the same way as cYFP-RTEL, using
the RTH coding sequence in place of RTEI.

To generate the constructs encoding the ETR1-nYFP and
ETR1(1-349)-nYFP fusions, the coding sequences for full-
length ETR1 and truncated ETRI (encoding amino acids
1-349) were each PCR-amplified from an existing ETR1
c¢DNA template (16), cloned into pDONR221, verified by
DNA sequencing, and then transferred into the binary vector
PSPYNE-355-GW (33) using the Gateway system. The etri-1
and etr1-2 full-length coding sequences were cloned into
PSPYNE-355-GW by the same strategy from existing cDNA
clone templates.* Gene fusions of ECA1-nYFP and ERSI-
nYFP in pSPYNE-35S-GW were cloned in the same way as
ETRI1-nYFP, using ERSI and ECA1 coding sequences, respec-
tively, in place of ETRI.

To create the construct encoding nYFP-ETR1, we first
cloned the ETRI coding sequence into pSPYNE-35S/pUC-
SPYNE (33) using restriction enzymes Ascl and Clal. Since
PSPYNE-35S/pUC-SPYNE carries nYFP downstream of the

3 C. Chang, unpublished data.
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cloning site, and we wanted an N-terminal fusion, we re-
moved the C-terminal nYFP from the resulting construct us-
ing restriction enzymes Xmal and Sstl. Next we PCR-ampli-
fied nYFP using pSPYNE-35S/pUC-SPYNE as a template and
then cloned the amplified nYFP fragment using Xbal and Ascl
at the N terminus of ETR1 within the altered pSPYNE-35S/
pUC-SPYNE construct. The fusion was confirmed by DNA
sequencing. The nYFP-ETR1 gene fusion was then PCR-am-
plified and cloned into pDONR221 and subsequently trans-
ferred into pH2G W7 using the Gateway system.

To generate the construct encoding HA-RTE1 for co-IP,
the full-length RTEI coding sequence was first cloned into
PDONR221, verified by DNA sequencing, and then cloned
between the CaMV 35S promoter and hemagglutinin epitope
(HA) tag in the binary vector pEarleyGate201 (34) using the
Gateway system.

Fluorescence Microscopy—Imaging of YFP fluorescence in
tobacco leaf or Arabidopsis seedlings was conducted under a
laser scanning confocal microscope (Zeiss LSM510). The ex-
citation wavelength used for YFP was 488 nm, and the emis-
sion filter wavelength was 520 -550 nm. For visualization,
tobacco leaf pieces or cotyledons and root fragments of Ara-
bidopsis seedlings were directly mounted on glass slides in a
drop of water. For each experiment, at least ten different sam-
ples were examined under the laser scanning microscope. Ex-
periments were repeated three times.

Co-immunoprecipitation (co-IP)—To check the expression
levels of the two constructs used for co-IP, we isolated the
membrane fraction of Arabidopsis and carried out SDS-PAGE
and Western blotting as previously described (16). For co-IP,
3-day-old dark-grown seedlings were homogenized in extrac-
tion buffer (250 mm sucrose, 25 mMm Hepes-KOH, pH 7.5, 10
mm MgCl,, 1 mm DTT, 1% Triton X-100) with protease in-
hibitors. The homogenate was sonicated (20 times) at 6 watts
using a Model 100 Sonic Dismembrator (Fisher Scientific)
and incubated at 4 °C for 3 h. The homogenate was then cen-
trifuged at 2451 g for 10 min to remove debris. The protein
extract was incubated with anti-HA monoclonal antibody
(Roche Applied Science) in 2X IP buffer (25 mm HEPES-
KOH, pH 7.5, 100 mMNacCl, 0.5 mm EDTA, 3 mm MgCl,) at
4. °C for 4 h followed by additional incubation at 4 °C for 6 h
with protein A-Sepharose beads. The beads were washed
three times in IP buffer with 1% Triton X-100. Protein was
eluted from the beads and separated by 10% SDS-PAGE fol-
lowed by immunoblotting using anti-c-Myc (A-14) polyclonal
(Santa Cruz Biotechnology or Roche Applied Science),
anti-HA monoclonal, anti-SYP21 or anti-SYP61 antibodies
(35, 36). To demonstrate that the extract used for co-IP was
free of non-solubilized microsome vesicles (i.e. contained fully
solubilized protein), similarly prepared extracts were sub-
jected to ultracentrifugation, and then the pellet and soluble
fractions were analyzed by immunoblotting (supplemental
data Fig. S1).

Cloning, Expression, and Purification of Arabidopsis ETR1,
RTE1L, and RTE1-1 in E. coli—For ETR1, we used the existing
clone pET16b-ETRI1, which encodes a tryptophan-less ETR1
(with phenylalanine or leucine substituting for the endoge-
nous tryptophan residues at positions 11, 53, 74, 182, 265,
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288, and 563) (37, 38). The tryptophan-less ETR1 was ex-
pressed in Escherichia coli and purified as previously de-
scribed (37, 38). To clone the full-length RTEI coding se-
quence into expression vector pET15b (Novagen), PCR was
used to amplify the RTE1 coding sequence with flanking Ndel
and BamHI restriction sites using pDONR221-RTEL1 as the
template. The amplified fragment was then cloned into the
pET15bvector at the Ndel and BamHI cloning sites and veri-
fied by sequencing. The RTE1-1 mutant version was created
by in vitro site-directed mutagenesis of the wild-type RTEI
template in pET15b. Using PCR, a fragment was amplified
using an rtel-1 mutagenesis primer as the forward primer
together with a reverse primer that anneals to the vector. The
PCR product itself was then used as a reverse primer with a
forward primer using pET15b-RTE1 as template. The final
product was cleaved with Ndel and BamHI and ligated into
the pET15b vector digested with Ndel and BamHI. The
clones were verified by nucleotide sequencing. The primer
sequences used for cloning and mutagenesis are shown in
supplemental Table S1. The resulting plasmids pET15b-RTE1
and pET15b-RTE1-1 each containing an N-terminal hexahis-
tidine tag were transformed into E. coli strain BL21 Gold
(DE3). Cultures were grown at 30 °C and expression of RTE1
or RTE1-1 was induced by the addition of 0.3 mm IPTG (iso-
propyl B-p-thiogalactoside) at an optical density of 0.7. Cells
were harvested 4 h after induction by centrifugation and
stored at —70 °C. The cell pellet was resuspended in 30 mm
Tris-sulfate, pH 7.5, 200 mm NaCl, 0.002% (w/v) PMSF (phen-
ylmethylsulfonyl fluoride) and passed through a French pres-
sure cell at 12.000 psi. After centrifugation at 100,000 X g for
60 min the pellet was resuspended in the same buffer. RTE1
(or RTE1-1) was solubilized at room temperature by the addi-
tion of 1% (w/v) FOS-CHOLINE®-15(Anatrace). Unsolubi-
lized material was removed by centrifugation at 100,000 X g.
The supernatant was applied to a Ni-IDA (nickel-iminodiace-
tic acid) affinity column (0.5 cm diameter X 7 cm length) pre-
viously equilibrated with 30 mwm Tris-Sulfate, pH 7.5, 200 mm
NaCl, 0.002% (w/v) PMSEF, and 0.05% (w/v) FOS-CHOLINE®-
15. The column was washed with 30 bed volumes of the same
buffer containing increasing concentrations of imidazole (25—
100 mMm) to remove contaminating proteins. Bound RTE1 or
(RTE1-1) was eluted with 10 column volumes of the same
buffer containing 250 mM imidazole. The imidizole concen-
tration of the purified RTE1 (or RTE1-1) was decreased to 25
mM by adding 30 mm Tris-sulfate, pH 7.5, 200 mm NaCl, and
0.05% (w/v) FOS-CHOLINE®-15. Purification of recombinant
ETR1 and RTE1 was examined by SDS-PAGE on 12 or 15%
polyacrylamide gels (39) and visualized by silver staining (40)
(supplemental data Fig. S2).

Tryptophan Fluorescence Spectroscopy—Quenching of
steady-state tryptophan fluorescence was measured with a
LS-55 Luminescence spectrophotometer (Perkin Elmer) at an
excitation wavelength of 295 nm. Measurements were carried
out with 0.2 uMm of the purified recombinant RTE1 at 20 °C in
a Quartz SUPRASIL macro/semi-micro cuvette (Perkin
Elmer) containing 30 mm Tris-HCI, pH 7.5, 180 mm NaCl, 10
mum KCl, 0.05% (w/v) FOS-CHOLINE®-15, 0.1% (w/v) B-D-
dodecylmaltoside, and 0.002% (w/v) PMSE. Purified trypto-
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phan-less ETRI1 dissolved in 50 mm Tris, pH 7.5, 50 mMNaCl
and 0.1% (w/v) B-p-dodecylmaltoside was added up to a final
concentration of 2 um. The concentration-dependent
quenching of the tryptophan fluorescence of RTE1 associated
with the addition of the receptor protein was monitored at
352 nm. The dissociation constant of the RTE1-ETR1 com-
plex was determined from the quenching data as described in
Ref. 38.

RESULTS

Association of RTEI and ETRI Expressed Transiently in
Tobacco Cells—W e tested for physical association of Arabi-
dopsis RTE1 and ETR1 in living tobacco cells using BiFC,
which produces a fluorescent readout for protein-protein in-
teraction through the reconstitution of yellow fluorescent
protein (YFP) (41, 42). For RTE1, we constructed a cYFP-
RTEI gene fusion expressing full-length RTE1 (amino acids
1-250) fused with a portion of YFP (residues 155-238, desig-
nated cYFP) (Fig. 14). We fused cYFP at the N terminus of
RTE1, because we previously found that RTE1 fused with red
fluorescent protein (RFP) at the RTE1 N terminus was capa-
ble of rescuing the rtel mutant phenotype, whereas RTE1
carrying a C-terminal fusion to RFP was only partially func-
tional (16). For ETR1, we constructed gene fusions expressing
full-length ETR1 (amino acids 1-738) with YFP residues
1-154 (designated nYFP) fused at either the ETR1 N terminus
or C terminus, creating nYFP-ETRI and ETRI-nYFP, respec-
tively. The ETR1 N terminus is presumed to reside in the lu-
men, and the ETR1 C terminus in the cytoplasm (Fig. 14),
based on the known topology of a Cucumismelo ethylene re-
ceptor (43). All of the fusion constructs were placed under the
control of the CaMV 35S promoter. The constructs were in-
troduced into tobacco leaf epidermal cells by Agrobacterium-
mediated infiltration for transient expression, and association
of RTE1 with ETR1 was assayed in the epidermal cells based
on the reconstitution of YFP fluorescence (BiFC). To facilitate
expression of the transgenes, we co-infiltrated the tobacco
leaves with Agrobacterium harboring the p19 plasmid, which
carries a gene-silencing suppressor (31). Infiltration of each
construct alone (paired only with the p19 plasmid) gave no
fluorescence signal.

When cYFP-RTEI was assayed in combination with nYFP-
ETRI (carrying nYFP fused to the N terminus of ETR1), no
YFP fluorescence was detected (Table 1, data not shown). In
contrast, a strong YFP fluorescence signal was observed when
cYFP-RTEI was co-transformed with ETRI-nYFP (carrying
nYFP fused to the C terminus of ETR1), indicating that RTE1
and ETR1 can physically associate in vivo (Fig. 1 and Table 1).
The fluorescence pattern was reticulate, similar to that of
Arabidopsis ETR1-GFP expressed in tobacco epidermal cells
(15), suggesting proper subcellular localization of the interac-
tion. The positive signal also suggested that the N terminus of
RTE1 most likely lies in the cytoplasm where the C terminus
of ETR1 is thought to reside (Fig. 1A4). Treating the infiltrated
plants with ethylene gas did not detectably enhance or block
the fluorescence signal (data not shown).

We also assayed for interaction between cYFP-RTEL and a
truncated version of ETR1 (amino acids 1-349) carrying a
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FIGURE 1. BiFC visualization of RTE1 and ETR1 association in tobacco
leaf epidermal cells. A, schematic diagram of ETR1-nYFP and cYFP-RTE1
fusions showing their likely membrane topology. The Arabidopsis ETR1 eth-
ylene receptor has three transmembrane domains and has nYFP (amino
acids 1-154) fused to the ETR1 C terminus in the cytoplasm (43). Arabidopsis
RTE1 has two to four predicted transmembrane domains (25) (two trans-
membrane domains are depicted) and has cYFP (aa 155-238) fused to the
RTE1 N terminus. The cytoplasmic location of the RTE1 N terminus is de-
duced from the positive signal in B. The location of the RTE1 C terminus has
not been determined. B, representative images from confocal laser scan-
ning microscopy show chlorophyll autofluorescence (left) and reconstituted
YFP fluorescence (right) in leaf epidermal cells of 3-week-old soil grown to-
bacco (N. benthamiana) 48 h after co-infiltration with Agrobacterium harbor-
ing cYFP-RTET and either ETR1-nYFP, ETR1(1-349)-nYFP, or ERS1-nYFP. Scale
bar, 50 um.

C-terminal fusion to nYFP, since genetic evidence has sug-
gested that RTE1 acts through ETR1 residues 1-349 (28).
Fluorescence was still observed, although it was weaker than
that seen with full-length ETR1 (Fig. 1B and Table 1).

To examine the specificity of the cYFP-RTE1 and ETR1-
nYFP association, we assayed BiFC using another ER mem-
brane-localized protein, ECA1 (a Ca®>*-ATPase, 44), in place
of ETR1. Because ECA1 is a member of the highly conserved
SERCA P-type ATPase family, its C terminus is expected to
be cytoplasmic (45). No BiFC signal was detected for cYFP-
RTEI and ECA1-nYFP (Table 1 and data not shown). We also
examined whether RTE1 can interact with ERS1, which is the
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TABLE 1

Summary of BiFC results

BIiFC signal intensity is indicated by “+++", “++”, and “+” for strong to weak
intensity, and “0” for no signal detected. Signal intensity was assessed under the
confocal laser-scanning microscope. Experiments were carried out in triplicate,
with at least ten independent plant samples examined for each replicate.

Tobacco leaf Arabidopsis
cYFP epidermal  Arabidopsis cotyledon
construct nYFP construct cells root cells  epidermal cells

c¢YFP-RTE1 ~ ETRI-nYFP +++ ++ +++
c¢YFP-RTEI nYFP-ETRI 0 0 0

c¢YFP-RTE1 ETRI(1-349)-nYFP + + 0

c¢YFP-RTEI ECAI-nYFP 0 0 0

c¢YFP-RTE1  ERS1-nYFP + + 0

c¢YFP-RTH  ETRI-nYFP 0 nd* nd
cYFP-rtel-1 ETRI-nYFP 0 nd nd
c¢YFP-RTE1  etrl-2-nYFP ++ nd nd
c¢YFP-RTE1  etrl-1-nYFP ++ nd nd

“ nd, not determined.

receptor most closely related to ETR1 (67% overall amino acid
identity; 72% amino acid identity for residues 1-349). Using
an ERS1 ethylene receptor carrying a C-terminal fusion to
nYFP, a weak signal was detected (Fig. 1C and Table 1), sug-
gesting that RTE1 might be capable of associating with ERS1.
We also examined whether mutations in ETR1 could have an
effect on the interaction with RTE1. We tested two gain-of-
function mutations, etri-1 and etri-2, which both confer eth-
ylene insensitivity in Arabidopsis; etr1-2 requires RTE] for
ethylene insensitivity, whereas etr1-1 is independent of RTE1
(25). Despite this functional difference, both etrI-1-nYFP and
etr1-2-nYFP showed interaction with cYFP-RTE]I, although
the interaction appeared to be weaker than with wild-type
ETR1 (Fig. 2 and Table 1).

Conversely, we assayed the ETR1-nYFP fusion for interac-
tion with the Arabidopsis RTE1 homolog, RTH (25), which
has 51% identity to RTE1 over 209 amino acids and localizes
to the same subcellular organelles as RTE1.? Despite the simi-
larities between RTE1 and RTH, co-infiltration of cYFP-RTH
and ETRI-nYFP gave no BiFC signal (Table 1 and data not
shown), suggesting that the signal produced by ETRI-nYFP
paired with ¢YFP-RTE1 might be specific to RTE1.

BiFC of RTEI and ETRI in Stably Transformed Arabidopsis—
The association of RTE1 and ETR1 was also visualized in
Arabidopsis. Arabidopsis was stably transformed with each of
the following binary constructs, all driven by the CaMV 35S
promoter: cYFP-RTEI, ETRI-nYFP, ETR1(1-349)-nYFP,
ERS1-nYFP, ECA1-nYFP, and nYFP-ETR1. Homozygous lines
were generated for each transgene, and then genetically
crossed to produce F1 progeny. BiFC was examined in the
epidermal cells of roots and cotyledons of 1-week-old F1
seedlings. Consistent with the tobacco epidermal cell results,
transgenic F1 progeny harboring both ¢YFP-RTEI and ETRI-
nYFP produced detectable BiFC signals in both root and coty-
ledon epidermal cells (Fig. 3 and Table 1), while a weak signal
was detected only in root cells (with no signal in cotyledon
cells) when cYFP-RTE1 was paired with either ETR1(1-349)-
nYFP or ERS1-nYFP (Table 1 and data not shown). Unfortu-
nately we were unable to detect the various fusion proteins
when we carried out Western blotting to assess their expres-
sion levels (data not shown). Thus it is important to note that
the BiFC signal strength does not necessarily correlate with
protein-protein interaction strength.
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FIGURE 2. BiFC assay for mutant versions of ETR1. Representative images
from confocal laser scanning microscopy show reconstituted YFP fluores-
cence (left) and DIC (right) in tobacco leaf epidermal cells co-infiltrated with
Agrobacterium harboring cYFP-RTET and either ETR1-nYFP, etr1-2-nYFP, or
etr1-1-nYFP. Scale bar, 10 um.

bright field

cotyledon

root

FIGURE 3. BiFC visualization of RTE1 and ETR1 association in stably
transformed Arabidopsis. Representative images from confocal laser scan-
ning microscopy show reconstituted YFP fluorescence (left) and bright field
with Nomarski differential interference contrast (DIC) (right) in cotyledon
and root cells of 1-week-old Arabidopsis plants expressing the ETR1-nYFP
and cYFP-RTETtransgenes. Scale bar, 10 um.

Co-IP of RTE1 and ETRI in Stably Transformed
Arabidopsis—To confirm the association of RTE1 and ETRI1,
we carried out co-IP using epitope-tagged versions of RTE1
and ETR1 expressed in stably transformed Arabidopsis. RTE1
was tagged at its N terminus with an HA epitope. A homozy-
gous transgenic line expressing HA-RTE] (driven by the
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FIGURE 4. Co-IP of RTE1 and ETR1. Protein extracts of 3-day-old dark-
grown F1 seedlings from genetic crosses of stably transformed Arabidopsis
carrying ETR1-5xMyc and HA-RTE1, respectively, were subjected to immu-
noprecipitation using an anti-HA antibody (+HA). Total protein extracts
(10%) (T), the third wash (W3) and the immunoprecipitates (IP) were sepa-
rated by SDS-PAGE followed by immunoblotting using anti-c-Myc and
anti-HA antibodies to detect ETR1-5xMyc and HA-RTE1, respectively. As a
negative control, anti-SYP61 and anti-SYP21 antibodies were used to detect
SYP61 (36) and SYP21 (35), which are transmembrane proteins localized to
the trans-Golgi network and prevacuolar compartment, respectively. As an
additional control, immunoprecipitation was performed in the absence of
the primary anti-HA antibody (—HA).

CaMYV 35S promoter) was crossed with a previously gener-
ated transgenic line expressing a functional ETR1-5xMyc
fusion under the control of the native ETR1 promoter (16).
The resulting F1 progeny expressing both HA-RTE1 and
ETR1-5xMyc were used for co-IP. Total protein extracts
were first incubated with or without anti-HA antibody, fol-
lowed by precipitation with protein A-Sepharose. The immu-
noprecipitated fraction was run on a polyacrylamide gel and
immunoblotting using an anti-c-Myc antibody showed the
presence of ETR1-5xMyc only when the anti-HA antibody
was used (Fig. 4). In contrast, the anti-HA antibody did not
result in IP of SYP61 (a SNARE protein) (36) or SYP21 (syn-
taxin) (35), which are transmembrane proteins localized to
the trans-Golgi network and prevacuolar compartment, re-
spectively, thus demonstrating the specificity of the anti-HA
co-IP. Co-IP of ETR-5xMyc was detected in three independ-
ent experiments, thus confirming the in vivo protein associa-
tion of RTE1 and ETR1. Similar results were obtained for the
reciprocal experiment, using anti-c-Myc for the co-IP (data
not shown); however the anti-c-Myc antibody gave nonspe-
cific background in Western blotting, so the specificity of the
IP could not be ensured.

Quantitative Analysis of the RTE1-ETRI Interaction by
Tryptophan Fluorescence Spectroscopy—W'e next tested
whether the interaction of RTE1 and ETR1 could occur in the
absence of other proteins. The interaction and stability of the
RTE1-ETR1 binary complex was examined in vitro using tryp-
tophan fluorescence quenching. Full-length RTE1 (supple-
mental Fig. S2) and ETR1 proteins were expressed in and pu-
rified from E. coli. Correct folding and structure of the
purified recombinant RTE1 was indicated by circular dichro-
ism (supplemental Fig. S3). For ETR1, we used an existing
functional tryptophan-less version of ETR1, in which seven
tryptophan residues were replaced with either phenylalanine
or leucine residues (38). The tryptophan-less version was nec-
essary to allow for the titration measurements of tryptophan
fluorescence in the RTE1 protein. Titration of the purified
RTE1 with the tryptophan-less ETR1 protein yielded an ap-
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FIGURE 5. Dissociation constant of the RTE1-ETR1 complex and the ef-
fect of the rte1-1 mutation. Complex formation of RTE1 and ETR1 was
monitored by fluorescence spectroscopy. Binding partners were cloned and
expressed in E. coli and purified from the bacterial host. Quenching in tryp-
tophan fluorescence of purified RTE1 or RTE1-1 caused by the addition of
recombinant tryptophan-less ETR1 was analyzed according to Ref. 38. The
effect of the RTE1-1 mutant protein on complex formation with ETR1 is
shown in comparison to that of wild-type RTE1. F, corresponds to the initial
fluorescence intensities of the purified recombinant RTE1, F to the fluores-
cence obtained when different concentrations of the tryptophan-less ETR1
have been added. Data were fitted to a model assuming a single binding
site in the interacting partners. The curves represent non-linear least
squares fits obtained by GraFit (Erithacus Software Ltd.) and correspond to
a dissociation constant of 117 nm * 9 nm (x*> = 0.000584) for RTE1 and 1.38
UM * 0.62 um (x* = 0.0523) for the RTE1-1 mutant.

parent K, of ~117 nm (Fig. 5). This relatively low dissociation
constant provided evidence of a high affinity interaction be-
tween RTE1 and ETR1.

Reduced Affinity of the RTEI-ETRI Interaction Caused by
the rtel-1 Mutation—The Arabidopsis rtel-1 mutation, en-
coding a C161Y substitution, was previously isolated by ge-
netic screening and confers an etrI loss-of-function pheno-
type (25). We tested whether the C161Y substitution has an
effect on the molecular association of RTE1 and ETR1 using
BiFC and tryptophan fluorescence spectroscopy. For BiFC,
the rtel-1 mutation was introduced into the cYFP-RTEI con-
struct using in vitro site-directed mutagenesis. The resulting
cYFP-rtel-1 mutant version was assayed for BiFC with
ETRI-nYFP in tobacco leaf epidermal cells. In contrast to the
positive signal obtained for wild-type cYFP-RTE1 and ETR1-
nYFP, no signal was detected for cYFP-RTE1-1 and ETR1-
nYFP, suggesting that the rtel-1 mutation reduces the RTE1-
ETR1 interaction (Table 1 and data not shown).

To test the effect of the rtel-1 mutation on the ETR1-RTE1
complex using tryptophan fluorescence spectroscopy, the full-
length RTE1 clone was mutagenized to encode the rtel-1
(C161Y) substitution, and the resulting RTE1-1 product was
expressed in and purified from E. coli (supplemental Fig. S2).
Based on circular dichroism, there were no substantial sec-
ondary structure changes between the purified recombinant
RTE1-1 mutant protein and the purified recombinant RTE1
wild-type protein (supplemental Fig. S2). Titration of the pu-
rified recombinant RTE1-1 mutant protein with the trypto-
phan-less ETR1 protein showed a nearly 12-fold increase in
the dissociation constant of the ETR1-RTE1-1 complex (1.38
uM) compared with titration of the purified recombinant
wild-type RTEL1 (Fig. 5). This increase indicates a substantial
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decrease in the interaction of both binding partners due to the
single mutation in RTE1-1 (C161Y).

DISCUSSION

RTEL is a novel protein conserved in plants and animals. In
Arabidopsis, RTE1 negatively regulates ethylene signaling
(25), but the molecular mechanism of this regulation is un-
known. RTE1 and ETR1 are both transmembrane proteins
that co-localize to the ER and Golgi apparatus (16). Genetic
data suggest that RTE1 promotes the signaling state of the
ETR1 ethylene receptor (26). Here, we demonstrate a physical
association between RTE1 and ETR1 in vivo and in vitro. Our
findings suggest that RTE1 action in ethylene signaling in-
volves a direct interaction with ETR1.

We first detected association of RTE1 and ETR1 using BiFC
in a transient assay in tobacco leaf epidermal cells. Subse-
quently, we detected the interaction in stably transformed
Arabidopsis using both BiFC and co-IP. The BiFC signal was
observed when the N terminus of RTE1 and the C terminus of
ETR1 were fused to cYFP and nYFP, respectively. We had
previously shown that fusing RFP and a 5xMyc epitope tag at
these particular termini of RTE1 and ETR1, respectively, does
not disrupt RTE1 or ETR1 function in Arabidopsis (16). The
C terminus of ETRI is very likely to be in the cytoplasm based
on the topology of a melon ethylene receptor (43). RTE1 is
predicted to have two to four transmembrane domains (25)
but the membrane topology of RTEL1 is unknown. We found
that RTE1 lacks N-linked glycosylation,® precluding the use of
N-linked glycosylation to determine the topology. Neverthe-
less, the positive BiFC signal produced by the combination of
cYFP-RTE1 and ETR1-nYFP suggested that the N terminus of
RTE1 lies on the cytoplasmic side of the membrane, which is
where the C terminus of ETR1 is believed to reside. More-
over, the subcellular pattern of the BiFC signal was compara-
ble to that of GFP-tagged ETR1. In addition, we obtained a
BiFC signal for cYFP-RTE] paired with ETR1(1-349)-nYFP.
ETR1(1-349) has been shown to have the same subcellular
localization as wild-type ETR1 (14). This is consistent with
genetic data that indicates RTE1 promotes ETR1 signaling via
the ETR1 N terminus (residues 1-349) (28).

The in vivo molecular interaction of RTE1 and ETR1 was
confirmed by co-IP in Arabidopsis, and the affinity of the in-
teraction was examined by tryptophan fluorescence quench-
ing measurements, using purified RTE1 and ETR1 proteins
expressed in E. coli. Association in vitro occurred with high
affinity, based on the determined K, value of ~117 nm. This
low K ,value is indicative of a specific interaction, rather than
a nonspecific interaction arising from hydrophobic interac-
tions, and is comparable to that of other known, highly spe-
cific protein-protein interactions, such as NusB:S10 (46), the
NusA:core RNA polymerase (47), Ras:Raf (48), and EGF:EGF
receptor (49). This in vitro association suggests that the physi-
cal interaction of RTE1 and ETR1 does not require the pres-
ence of other plant proteins.

The rtel-1 mutation encodes a C161Y substitution and
confers an ethylene hypersensitive phenotype similar to the
etr1 loss-of-function phenotype. Significantly, we found that
the rtel-1 mutation reduces the affinity of the molecular asso-
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ciation of RTE1 with ETR1, in both BiFC and fluorescence
spectroscopy. The dissociation constant for the in vitro asso-
ciation was nearly 12-fold higher for the recombinant RTE1-1
mutant protein compared with the recombinant RTE1 wild-
type protein. Thus, the physical interaction of ETR1 with
RTE1 appears to be required to maintain ETR1 function.

BiFC signals were observed for wild-type RTE1 and the two
dominant gain-of function mutants, etr-1 and etr1-2, even
though etrI-1 signaling is independent of RTE]. This suggests
that the RTE! independence of the etri-1 allele is not due to a
loss of association between ETR1-1 and RTE1. Perhaps the
particular conformation of ETR1-1, or an interacting protein,
is the basis for its RTE1 independence.

Although genetic analysis indicates that RTE1 specifically
acts on ETR1 and not on the other Arabidopsis ethylene re-
ceptors (25, 27, 28), we also detected a weak signal for cYFP-
RTEL1 paired with ERS1-nYFP, which suggests that RTE1
might interact to some extent with the ERS1 receptor. Given
that ERS1 and ETR1 are likely to be in contact with each
other in the ethylene receptor complex (23), it is conceivable
that there was reconstitution of the BiFC signal based on close
proximity of the YFP halves, or that there is actually a non-
functional interaction of RTE1 and ERS1. The absence of de-
tectable interaction between cYFP-RTH (the RTE1 homolog)
and ETR1-nYFP is consistent with data suggesting that the
RTE1 homolog, RTH, does not play the same role as RTE1 in
ethylene signaling.?

The physical association of RTE1 and ETR1 is consistent
with the highly specific functional interaction of RTE1 and
ETRI1 that has been suggested by genetic analyses. RTE1 and
ETR1 have possibly co-evolved, as implicated by their physical
and functional association. This is interesting in light of the
fact that RTE1 is present not only in plants, but is conserved
in metazoans and some fungi. Because these other organisms
are not known to encode ethylene receptors, RTE1 homologs
might possess a more general conserved cellular function.

Acknowledgments— We thank Prof. Klaus Harter and Universitét
Tiibingen (Germany) for generously providing pSPYNE-35S-GW
and pSPYNE-35S/pUC-SPYNE, VIB (Belgium) for providing
pH2GW?7, PBL (UK) for providing Agrobacterium strain C58CI
(pCH32) and p19, ABRC (The Ohio State University) for providing
PEARLEYGATE201, Dr. Natasha Raikhel (University of California,
Riverside) for providing the anti-SYP21 and anti-SYP61 antibodies,
Dr. Heven Sze (University of Maryland, College Park) for providing
the ECA1 cDNA clone, Amy Beaven of the Imaging Core Facility
(CBMG Dept., University of Maryland, College Park) for confocal
microscopy support, W. Hunter Tuck for construction of the nYFP-
etrl-1 clone, Melanie Bisson, Jennifer Shemansky, and Andrew
Scaggs for technical assistance, and J. Shemansky for comments on
the manuscript.

REFERENCES

1. Abeles, F. B., Morgan, P. W., and Saltveit, M. E. (1992) Ethylene in Plant
Biology, 2nd Ed., Academic Press, San Diego, CA

2. Kendrick, M. D., and Chang, C. (2008) Curr. Opin. Plant Biol. 11,
479—-485

3. Stepanova, A. N, and Alonso, J. M. (2009) Curr. Opin. Plant Biol. 12,
548 —555

VOLUME 285-NUMBER 52+ DECEMBER 24, 2010



11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

DECEMBER 24, 2010+VOLUME 285+NUMBER 52

. Chang, C., Kwok, S. F., Bleecker, A. B., and Meyerowitz, E. M. (1993)

Science 262, 539 —544

. Hua, J,, Chang, C,, Sun, Q., and Meyerowitz, E. M. (1995) Science 269,

1712-1714

. Sakai, H., Hua, J., Chen, Q. G., Chang, C., Medrano, L. ]., Bleecker, A. B.,

and Meyerowitz, E. M. (1998) Proc. Natl. Acad. Sci. U.S.A. 95,
5812-5817

. Hua, J., Sakai, H., Nourizadeh, S., Chen, Q. G., Bleecker, A. B., Ecker,

J. R., and Meyerowitz, E. M. (1998) Plant Cell 10, 1321-1332

. Wang, W., Hall, A. E., O’'Malley, R., and Bleecker, A. B. (2003) Proc.

Natl. Acad. Sci. U.S.A. 100, 352-357

. Hall, A. E., and Bleecker, A. B. (2003) Plant Cell 15, 2032—2041
10.

Qu, X, Hall, B. P., Gao, Z., and Schaller, G. E. (2007) BMC Plant Biol. 7,
3

Schaller, G. E., and Bleecker, A. B. (1995) Science 270, 1809 -1811

Hall, A. E., Findell, J. L., Schaller, G. E., Sisler, E. C., and Bleecker, A. B.
(2000) Plant Physiol. 123, 1449 —1458

O’Malley, R. C., Rodriguez, F. I, Esch, J. ], Binder, B. M., O’'Donnell, P.,
Klee, H. J., and Bleecker, A. B. (2005) Plant ]. 41, 651—659

Chen, Y. F.,, Randlett, M. D., Findell, J. L., and Schaller, G. E. (2002)

J. Biol. Chem. 277, 19861-19866

Grefen, C., Stadele, K., R[ring]uzicka, K., Obrdlik, P., Harter, K., and
Hordk, J. (2008) Mol. Plant 1, 308 —320

Dong, C. H,, Rivarola, M., Resnick, J. S., Maggin, B. D., and Chang, C.
(2008) Plant J. 53, 275-286

Gamble, R. L., Coonfield, M. L., and Schaller, G. E. (1998) Proc. Natl.
Acad. Sci. U.S.A. 95, 7825-7829

Moussatche, P., and Klee, H. J. (2004) J. Biol. Chem. 279, 48734 — 48741
Voet-van-Vormizeele, ]., and Groth, G. (2008) Mol. Plant 1, 380387
Hua, J., and Meyerowitz, E. M. (1998) Cell 94, 261-271

Wang, W., Esch, J. ], Shiu, S. H., Agula, H., Binder, B. M., Chang, C.,
Patterson, S. E., and Bleecker, A. B. (2006) Plant Cell 18, 3429 —3442
Schaller, G. E., Ladd, A. N., Lanahan, M. B., Spanbauer, ]. M., and
Bleecker, A. B. (1995) J. Biol. Chem. 270, 12526 -12530

Chen, Y. F,, Gao, Z., Kerris, R. ], 3rd, Wang, W, Binder, B. M., and
Schaller, G. E. (2010) PLoS One 5, e8640

Gao, Z., Wen, C. K, Binder, B. M., Chen, Y. F,, Chang, J., Chiang, Y. H.,
Kerris, R. ], 3rd, Chang, C., and Schaller, G. E. (2008) /. Biol. Chem. 283,
23801-23810

Resnick, J. S., Wen, C. K., Shockey, J. A., and Chang, C. (2006) Proc.
Natl. Acad. Sci. U.S.A. 103, 7917-7922

Resnick, J. S., Rivarola, M., and Chang, C. (2008) Plant J. 56, 423—431

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.
46.
47.

48.

49.

RTE1 Associates with the ETR1 Ethylene Receptor

Rivarola, M., McClellan, C. A., Resnick, J. S., and Chang, C. (2009) Plant
Physiol. 150, 547-551

Zhou, X., Liu, Q., Xie, F., and Wen, C. K. (2007) Plant Physiol. 145,
75— 86

Barry, C. S., and Giovannoni, J. J. (2006) Proc. Natl. Acad. Sci. U.S.A.
103, 7923-7928

Clough, S.J., and Bent, A. F. (1998) Plant J. 16, 735-743

Voinnet, O., Rivas, S., Mestre, P., and Baulcombe, D. (2003) Plant J. 33,
949 -956

Karimi, M., Inz¢é, D., and Depicker, A., (2002) Trends Plant Sci. 7,
193-195

Walter, M., Chaban, C., Schiitze, K., Batistic, O., Weckermann, K., Nike,
C., Blazevic, D., Grefen, C., Schumacher, K., Oecking, C., Harter, K., and
Kudla, J. (2004) Plant ]. 40, 428 — 438

Earley, K. W., Haag, J. R., Pontes, O., Opper, K., Juehne, T., Song, K., and
Pikaard, C. S. (2006) Plant J. 45, 616 —629

Da Silva Conceigao, A., Marty-Mazars, D., Bassham, D. C., Sanderfoot,
A. A, Marty, F., and Raihkel, N. V. (1997) Plant Cell 9, 571-582
Sanderfoot, A. A., Kovaleva, V., Bassham, D. C., and Raikhel, N. V.
(2001) Mol. Biol. Cell 12, 37333743

Scharein, B., Voet-van-Vormizeele, J., Harter, K., and Groth, G. (2008)
Anal. Biochem. 377,72-76

Bisson, M. M., Bleckmann, A., Allekotte, S., and Groth, G. (2009) Bio-
chem. J. 424,1-6

Laemmli, U. K. (1970) Nature 227, 680 — 685

Heukeshoven, J., and Dernick, R. (1988) Electrophoresis 9, 28 —32
Bracha-Drori, K., Shichrur, K., Katz, A., Oliva, M., Angelovici, R.,
Yalovsky, S., and Ohad, N. (2004) Plant J. 40, 419 —427

Citovsky, V., Gafni, Y., and Tzfira, T. (2008) Methods 45, 196 —206

Ma, B., Cui, M. L., Sun, H. J., Takada, K., Mori, H., Kamada, H., and
Ezura, H. (2006) Plant Physiol. 141, 587-597

Liang, F., Cunningham, K. W., Harper, J. ., and Sze, H. (1997) Proc.
Natl. Acad. Sci. U.S.A. 94, 8579 — 8584

Lewin, B., Cassameris, L., Lingappa, V. R., and Plopper, G. (2007) Cells,
pp. 73—74, Jones & Bartlett Learning, Sudbury, MA

Mason, S. W, Li, J., and Greenblatt, J. (1992) J. Mol. Biol. 223, 55— 66
Greenblatt, J., and Li, J. (1981) Cell 24, 421428

Warne, P. H., Viciana, P. R., and Downward, J. (1993) Nature 364,
352-355

Zhou, M., Felder, S., Rubinstein, M., Hurwitz, D. R., Ullrich, A., Lax, L,
and Schlessinger, J. (1993) Biochemistry 32, 8193—8198

JOURNAL OF BIOLOGICAL CHEMISTRY 40713



