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The ethylene receptor family of Arabidopsis consists of five members, one of these being ETR1. The effect of ethylene
pathway mutations upon expression of ETR1 was examined. For this purpose, ETR1 levels were quantified in mutant
backgrounds containing receptor loss-of-function mutations, ethylene-insensitive mutations, and constitutive ethylene
response mutations. Ethylene-insensitive mutations of ETR1 resulted in a posttranscriptional increase in levels of the mutant
receptor. Treatment of seedlings with silver, which leads to ethylene insensitivity, also resulted in an increase in levels of
ETR1. Loss-of-function mutations of ETR1 resulted in both transcriptional and posttranscriptional changes in levels of the
receptor. Most other ethylene pathway mutations, including a newly isolated T-DNA insertion mutation in the gene
encoding the ethylene receptor ERS1, had relatively minor effects upon the expression of ETR1. Our results indicate that
mutations in ETR1 can affect expression at the posttranscriptional level, and suggest that these posttranscriptional changes
may contribute to the phenotypes observed in the mutants. Our results also refine the model on how mutations in ethylene
receptors are able to confer dominant ethylene insensitivity upon plants.

Ethylene (C2H4) is a simple gaseous hydrocarbon
that has profound effects upon plant growth and
development. Ethylene regulates seed germination,
seedling growth, leaf and petal abscission, organ se-
nescence, ripening, stress responses, and pathogen
responses (Mattoo and Suttle, 1991; Abeles et al.,
1992). An important contribution to our understand-
ing of ethylene signal transduction has come from the
identification of mutants in Arabidopsis with altered
ethylene sensitivity (Chang and Shockey, 1999;
Stepanova and Ecker, 2000). These mutations fall into
two main classes: (a) mutations that render a plant
insensitive to ethylene, and (b) mutations that result
in a constitutive ethylene response. Characterization
of Arabidopsis mutants has led to the identification
of ethylene receptors and additional components in
the ethylene signal transduction pathway.

The ethylene receptor family of Arabidopsis con-
tains five members (ETR1, ETR2, ERS1, ERS2, and
EIN4; Schaller, 2000; Chang and Stadler, 2001), with
ethylene binding confirmed for ETR1 and ERS1
(Schaller and Bleecker, 1995; Rodriguez et al., 1999;
Hall et al., 2000). The receptors contain three N-
terminal transmembrane domains that encompass the
ethylene-binding site (Schaller and Bleecker, 1995; Ro-
driguez et al., 1999). The binding site contains a cop-

per cofactor that is required for the high-affinity eth-
ylene binding that receptors display (Rodriguez et al.,
1999). In the C-terminal half, the receptors contain
regions with similarity to His kinases and, in some
cases, the receiver domains of response regulators
(Schaller, 2000; Chang and Stadler, 2001), signaling
elements originally identified as parts of bacterial two-
component systems (Parkinson, 1993; Schaller, 2000).
His kinase activity has been confirmed in vitro for
ETR1 (Gamble et al., 1998), but the role of this activity
in signal output is still unclear (Gamble et al., 2002).

Mutations in the ethylene receptors can result in
ethylene insensitivity or constitutive ethylene re-
sponses, dependent on the nature of the mutation.
Ethylene insensitivity can result from single amino
acid changes within the region of the receptor in-
volved in ethylene binding (Chang et al., 1993; Hua et
al., 1995, 1998; Sakai et al., 1998). Evidence indicates
that these gain-of-function mutations either disrupt
ethylene binding or uncouple ethylene binding from
signal output (Schaller and Bleecker, 1995; Hall et al.,
1999; Rodriguez et al., 1999). For example, the etr1-1
mutation abolishes the ability of the receptor to co-
ordinate the copper cofactor, and as a consequence,
eliminates ethylene binding (Rodriguez et al., 1999).
The ethylene-insensitive mutations are dominant and
a single mutation in any one of the five family mem-
bers can confer ethylene insensitivity upon the plant.

Loss-of-function mutations have been identified in
four of five members of the ethylene receptor family
(Hua and Meyerowitz, 1998). Single loss-of-function
mutations have little or no effect upon ethylene sig-
nal transduction. However, in combination with the
ETR1 loss-of-function mutation, the mutants show
constitutive ethylene responses and this effect is most
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pronounced in triple and quadruple loss-of-function
mutations (Hua and Meyerowitz, 1998). These results
indicate that there is functional overlap among the
receptor family members. These results also indicate
that the receptors serve as negative regulators of the
ethylene response pathway because elimination of
receptors activates ethylene responses. According to
this model for negative regulation, wild-type ethyl-
ene receptors actively repress ethylene responses in
the air. In the presence of ethylene, wild-type recep-
tors switch to a signaling inactive state that allows for
induction of ethylene responses. Ethylene-insensitive
mutant receptors, such as etr1-1, are apparently
locked into the signaling state that they have in air,
such that they repress ethylene responses even in the
presence of ethylene (Bleecker, 1999).

Additional elements involved in ethylene signal
transduction have also been identified by mutational
analysis in Arabidopsis. RAN1 is a copper-trans-
porting ATPase apparently required for addition of
the copper cofactor to the ethylene receptors
(Hirayama et al., 1999; Woeste and Kieber, 2000).
Mutations in RAN1 alter ethylene signal transduc-
tion, a loss-of-function mutation resulting in a con-
stitutive ethylene response. CTR1, EIN2, and EIN3
are all thought to act in the same primary response
pathway and act downstream of the ethylene recep-
tors. CTR1 belongs to the Raf family of protein Ser/
Thr kinases that initiate mitogen-activated protein
kinase cascades in eukaryotes (Kieber et al., 1993)
and has been shown capable of physical interaction
with the ethylene receptors ETR1 and ERS1 (Clark et
al., 1998). Loss-of-function mutations in CTR1 result
in constitutive ethylene responses (Kieber et al.,
1993). EIN2 is an integral membrane protein with
similarity to the Nramp family of metal ion trans-
porters (Alonso et al., 1999). Loss-of-function muta-
tions in EIN2 result in ethylene insensitivity. EIN3
belongs to a family of transcription factors that are
directly activated by the ethylene signal transduction
system and are required for ethylene-dependent gene
induction (Chao et al., 1997). Loss-of-function muta-
tions in EIN3 render a plant ethylene insensitive.

Here, we analyze the effect of ethylene pathway
mutations upon expression of the ethylene receptor
ETR1. This analysis was facilitated by the following:
(a) the availability of a number of mutations within
the receptor itself, thereby providing independent
verification for effects of these mutations; (b) the
availability of an antibody against ETR1, thereby al-
lowing for analysis at the protein level; and (c) a
detectable basal level of expression for ETR1, thereby
allowing increases and decreases in expression to be
determined. Our results lend insight into how ethyl-
ene receptor mutations affect expression and indicate
that mutations within ETR1 can result in posttran-
scriptional changes in its own expression level. Our
results also lend insight into the mechanism by

which mutations within the receptors can lead to
dominant ethylene insensitivity.

RESULTS

Effect of Ethylene Insensitivity Conferring
Mutations upon Expression of ETR1

Four dominant mutations have been isolated in
ETR1 that confer ethylene insensitivity on plants.
These mutations, designated etr1-1, etr1-2, etr1-3, and
etr1-4, all result in single amino acid changes within
the hydrophobic domain of ETR1 that has been im-
plicated in ethylene binding (Fig. 1A; Chang et al.,
1993). The etr1-1, etr1-3, and etr1-4 mutations either
reduce or eliminate ethylene binding (Hall et al.,
1999). The etr1-2 mutation does not disrupt ethylene
binding, but apparently uncouples ethylene binding

Figure 1. Effect of ethylene-insensitive mutations upon expression of
ETR1. A, Structure of ETR1 and position of ethylene-insensitive mu-
tations. The hydrophobic ethylene-sensing domain, the GAF domain,
the His kinase domain, and the receiver domain are indicated. The
letters H and D indicate putative phosphorylation sites. B, Immuno-
blot analysis of wild-type and ethylene-insensitive mutants of ETR1.
Etiolated seedlings were grown for 4 d, and the level of immunode-
tectable full-length receptor then determined from 10 �g of mem-
brane proteins using an antibody directed against ETR1. Expression
levels were quantified densitometrically (E) and also normalized
against immunologically determined levels of the H�-ATPase (E/A) as
an internal control. C, Northern-blot analysis of mRNA obtained
from wild-type and etr1-1 seedlings. Blots were probed with an ETR1
probe and a �-tubulin gene probe as an internal control. The num-
bers represent the expression level of the ethylene receptor gene after
normalization for the level of �-tubulin expression. D, Immunoblot
analysis of ETR1 levels in additional ethylene-insensitive mutant
backgrounds.
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from signal output (Hall et al., 1999). Based on im-
munoblot analysis, the protein levels of the mutant
receptors etr1-1, etr1-2, etr1-3, and etr1-4 were all
approximately 2- to 3-fold higher than that of the
wild-type receptor ETR1 when analyzed in etiolated
seedlings (Fig. 1B). To determine if the effect upon
expression occurred at the transcriptional or post-
transcriptional level, transcript levels of the receptor
were determined by northern blot in both wild-type
and etr1-1 backgrounds (Fig. 1C). No difference in
transcript levels was found for the receptor between
wild type and etr1-1. However, as previously ob-
served (Fig. 1B), we did find that the etr1-1 protein
was present at 2-fold higher levels than the ETR1
protein when analyzed by immunoblot using a por-
tion of the same plant material examined by northern
blot (results not shown). Thus, the increase in expres-
sion of ethylene-insensitive mutations of ETR1 occurs
at the posttranscriptional level.

To determine if increased expression of the receptor
was restricted to mutant lesions in ETR1 or was a
general feature of ethylene insensitivity in Arabidop-
sis, we examined other ethylene-insensitive muta-
tions. Seedlings were examined that contained domi-
nant ethylene-insensitive mutations in other ethylene
receptors (etr2-1 and ein4-1). Seedlings were also ex-
amined that contained ethylene-insensitive mutations
in the downstream ethylene signaling components
EIN2 and EIN3. The expression level of ETR1 based on
immunoblot in these other mutant backgrounds was
comparable with or less than that found in the wild-
type background (Fig. 1D). Thus, the increased expres-
sion of ethylene-insensitive mutants of ETR1 is re-
stricted to those lesions present in ETR1 itself, rather
than being a general feature of ethylene-insensitive
mutations.

Some chemical compounds are able to induce eth-
ylene insensitivity in plants by interacting with the
ethylene receptors. Silver is thought to replace the
copper cofactor present in the ethylene-binding site
of the receptor. Receptors containing silver are still
able to bind ethylene but the binding site is appar-
ently perturbed such that ethylene binding is uncou-
pled from signal output (Rodriguez et al., 1999). We
hypothesized that binding of silver by an ethylene
receptor might mimic the effect of an ethylene-
insensitive mutation in that receptor, and result in an
increased expression level of the receptor. Consistent
with this hypothesis, we observed that wild-type
seedlings treated with 10 �g mL�1 silver nitrate had
higher levels of ETR1 than control untreated seed-
lings based upon immunoblot analysis (Fig. 2). The
stimulatory effect of silver upon expression was lack-
ing with ethylene-insensitive mutations of ETR1 (Fig.
2). This supports the hypothesis that silver mimics
the effect of the ethylene-insensitive mutation be-
cause there is no additive effect of silver on expres-
sion of the ethylene-insensitive mutants.

Effect of Loss-of-Function Mutations in
ETR1 upon its Expression

The mutations etr1-5, etr1-6, etr1-7, and etr1-8 are all
loss-of-function mutations in ETR1 (Hua and Meyer-
owitz, 1998). The mutations etr1-5, etr1-6, and etr1-7
were isolated as intragenic suppressors of the ethylene
insensitivity conferred by etr1-1, whereas etr1-8 was
isolated as an intragenic suppressor of etr1-2 (Fig. 3A).
The etr1-5, etr1-6, and etr1-8 mutations all introduce
premature stop codons into the coding sequence. The
etr1-6 mutation occurs at an intron splice site and
retention of that intron would introduce a premature
stop codon. All four mutants show similar ethylene
responsiveness to that of wild-type plants (Hua and
Meyerowitz, 1998). To determine whether the muta-
tions result in the absence of the receptor or produce
a truncated receptor incapable of signaling, we
analyzed receptor expression by immunoblot. Two
different antibodies, anti-ETR1(165–400) and anti-
ETR1(401–738), were used that are targeted against
different regions of the receptor (Fig. 3A). In initial
experiments using recombinant fusion proteins ex-
pressed in bacteria, we confirmed that both antibod-
ies recognized the etr1-5 and etr1-8 truncations as
efficiently as full-length ETR1, and that they were
incapable of detecting the etr1-6 truncation (results
not shown). When Arabidopsis membranes were an-
alyzed by immunoblot, no full-length protein was
detected for any of the loss-of-function mutants (Fig.
3B). In addition, we did not detect any immunoreac-
tive bands that would correspond to the truncated
receptors. Note that the anti-ETR1(165–400) antibody
does cross-react with a protein of 68 kD, but this is
not derived from ETR1. A truncated protein for etr1-5
and etr1-8 would be detectable with both the anti-
ETR1(165–400) and anti-ETR1(401–738) antibodies.
Based on a control dilution series of the receptor, the
anti-ETR1(165–400) antibody was capable of detect-
ing a protein expressed at 10% of the level found with
the wild-type receptor ETR1 or 5% of the level found
with etr1-1. The anti-ETR1(401–738) antibody is even

Figure 2. Effect of silver treatment upon expression of ETR1. Wild-
type and etr1 mutant seedlings were grown in the presence or
absence of 10 �g mL�1 silver nitrate (Ag). Immunoblot analysis was
then performed using antibodies directed against ETR1 and the H�-
ATPase as an internal control on 10 �g of membrane protein. Ex-
pression levels are given based directly upon that determined with
anti-ETR1 antibody (E) and normalized against the ATPase levels
(E/A). For each plant background, expression level of the receptor in
the presence of silver is given relative to that observed in the absence
of silver. Results from two independent experimental treatments of
wild-type plants with silver are shown.

Effect of Mutations upon Expression of ETR1
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more sensitive and is capable of detecting proteins
with at least 2-fold higher sensitivity than that of the
anti-ETR1(165–400) antibody.

The lack of detectable protein for the etr1-5 and
etr1-8 loss-of-function mutants could be because of
instability of the truncated protein or of the mRNA.
To differentiate between these possibilities, we per-
formed northern-blot analysis. Transcripts were de-
tected for all the loss-of-function mutations in ETR1
(Fig. 3C). The transcript for etr1-6 is slightly larger
than the other transcripts, as predicted, because of
the presence of an unspliced intron. Compared with
wild type, the mRNA levels of etr1-5 and etr1-8 were
reduced approximately 2- or 4-fold, respectively,

whereas the mRNA level of etr1-6 was increased
about 3-fold. The reduction in mRNA levels of etr1-5
and etr1-8 is significant but not sufficient to explain
the lack of detectable protein, indicating that post-
transcriptional mechanisms may also play a role in
reducing the levels of the truncated proteins.

Effect of Loss-of-Function Mutations in Other Ethylene
Receptors upon Expression of ETR1

Loss of one member in a gene family can some-
times lead to functional compensation, whereby ex-
pression of another member of the same gene family
is induced to compensate for activity of the missing
family member (Bérard et al., 1997; Mulligan et al.,
1998; Minkoff et al., 1999). An intriguing set of ex-
periments suggests that functional compensation oc-
curs within the ethylene receptor family of tomato
(Tieman et al., 2000). Therefore, we examined the
Arabidopsis ethylene receptor ETR1 to determine if
its expression was affected by loss-of-function muta-
tions in other ethylene receptor family members.
Analysis was performed on single loss-of-function
mutants (etr2-3 and ein4-4), a double mutant (etr2-3;
ein4-4), and a triple mutant (etr2-3;ein4-4;ers2-3; Hua
and Meyerowitz, 1998). The single mutants have little
effect upon growth of etiolated Arabidopsis seed-
lings, but seedlings containing the double and triple
mutant demonstrate partial induction of the triple-
response phenotype, consistent with loss of receptors
activating the ethylene response pathway (Fig. 4;
Hua and Meyerowitz, 1998). The expression level of
ETR1 protein in these mutant backgrounds was com-
parable with that found in the wild-type background
(Fig. 4), indicating that ETR1 did not functionally
compensate for the loss of these other members of the
receptor family.

The ethylene receptor ERS1 is more closely related
at the sequence level to ETR1 than are the other eth-
ylene receptors of Arabidopsis (Chang and Stadler,
2001), but no loss-of-function mutations have been
available for ERS1 (Hua and Meyerowitz, 1998) We
isolated a T-DNA insertion in ERS1 by use of a PCR-
based strategy, and determined by sequencing from
the left-border junction that the T-DNA was inserted
into the 5�-untranslated region of ERS1 (Fig. 5A).
Sequence at the T-DNA junction with ERS1 was ATA-
ACGCTCGGATCAATCAtactcga(atattcaattgtaaatggct),
with capitals indicating ERS1 sequence and parenthe-
ses indicating T-DNA left border sequence. We named
this mutant allele ers1-2 to differentiate it from the
previously characterized ethylene-insensitive ers1-1
mutation (Hua et al., 1995). The responsiveness to
ethylene of plants homozygous for the ers1-2 muta-
tion was similar to that of wild-type plants (Fig. 5B).
However, a double mutant of ers1-2 with the etr1-7
loss-of-function mutant displayed a strong ethylene
response phenotype when grown in the absence of
ethylene (Fig. 5C). Dark-grown ers1-2;etr1-7 seedlings

Figure 3. Effect of loss-of-function mutations in ETR1 upon its ex-
pression. A, Positions of mutations in ETR1. The positions of
ethylene-insensitive mutations are shown above the diagram of
ETR1. The positions of intragenic suppressors of these mutations that
result in loss of function are shown below the diagram of ETR1.
Positions of regions used to generate the anti-ETR1(165–400) and
anti-ETR1(401–738) antibodies are also indicated. B, Immunoblot
analysis of ETR1 in different loss-of-function backgrounds. Mem-
brane fractions (10 �g) from etiolated Arabidopsis seedlings were
analyzed by immunoblot using the anti-ETR1(165–400) and anti-
ETR1(401–738) antibodies. The migration position of ETR1 and pre-
dicted migration positions of the etr1-5, etr1-6, and etr1-8 truncated
receptors are indicated on the left. Migration positions of molecular
mass markers are indicated on the right in kilodaltons. C, Transcript
levels of ETR1 in different loss-of-function backgrounds. Blots of
mRNA were probed with an ETR1 probe and a �-tubulin gene probe
as an internal control. The numbers represent the expression level of
the ethylene receptor gene after normalization for the level of
�-tubulin gene expression.
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displayed a triple-response phenotype in the air.
Light-grown ers1-2;etr1-7 plants were dwarfed with
compact and epinastic leaves in the air and died
without bolting. Northern-blot analysis indicated a
substantial reduction in mRNA levels of ers1-2 com-
pared with that found in wild type, but low levels of
transcript were detected (Fig. 5D). The significant
reduction of ERS1 transcript levels in the ers1-2 mu-
tant would contribute to the strong mutant pheno-
type observed when the ers1-2 mutant is combined
with the etr1-7 mutant. The lack of a mutant pheno-
type in the ers1-2 mutant by itself could potentially be
explained by functional compensation, ETR1 being a
possible candidate because of its sequence similarity.
However, the expression of ETR1 in the ers1-2 mutant
background was comparable with that found in the
wild-type background at both the mRNA and protein
levels (Fig. 5, D and E), indicating that functional
compensation was not because of changes in ETR1
expression.

Effect of mutations in RAN1 and CTR1 upon
Expression of ETR1

RAN1 is a copper-transporting ATPase implicated
in the delivery of the copper cofactor to the ethylene
receptors (Hirayama et al., 1999; Woeste and Kieber,

2000). The ran1-1 and ran1-2 mutations cause single
amino acid changes in the RAN1 protein and are
thought to alter rather than eliminate function
(Hirayama et al., 1999). Plants containing these mu-
tations demonstrate an induction of ethylene re-
sponses when treated with trans-cyclooctene, nor-
mally an antagonist of ethylene responses, but have
no other discernible effect upon growth (Hirayama et

Figure 4. Effect of loss-of-function mutations in ETR2, EIN4, and ERS2
upon expression of ETR1. The phenotypes of 4-d-old dark-grown
seedlings containing single, double, and triple mutant combinations of
etr2-3, ein4-4, and ers2-3 are shown. The mean hypocotyl length is
given in millimeters based on measurement of at least 25 seedlings
with the SD in parentheses. Immunoblot analysis was performed using
antibodies directed against ETR1 and the H�-ATPase as an internal
control on 10 �g of membrane protein. Expression levels are given
based directly upon that determined with anti-ETR1 antibody (E) and
normalized against the ATPase levels (E/A).

Figure 5. Analysis of the T-DNA insertional mutant ers1-2. A, Loca-
tion of T-DNA insertion in the ERS1 gene. Black bars and white bars
represent translated and untranslated regions of the ERS1 transcript,
respectively. B, Phenotype of 3.5-d-old dark-grown seedlings con-
taining the ers1-2 mutation grown in air or ethylene (50 �L L�1).
Mean hypocotyl lengths are given in millimeters with SD in paren-
theses. C, Phenotype of the ers1-2;etr1-7 double mutant as compared
with seedlings with wild-type phenotype segregating from the same
population. Seedlings were grown in dark for 3.5 d or in the light for
4 weeks. The ers1-2;etr1-7 double mutant is on the right in each
panel, and a 2-fold enlargement is also inset to reveal details of the
light-grown seedling. D, Northern-blot analysis of ERS1 and ETR1
expression in the ers1-2 mutant line performed using 25 �g of total
RNA. The numbers represent the expression level of the ethylene
receptor genes after normalization for the level of �-tubulin expres-
sion. E, Effect of the ers1-2 mutation upon expression of ETR1 in
etiolated seedlings. Immunoblot analysis was performed using anti-
bodies directed against ETR1 and the H�-ATPase as an internal
control on 15 �g of membrane protein. Expression levels are given
based directly upon that determined with anti-ETR1 antibody (E) and
normalized against the ATPase levels (E/A).
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al., 1999). Both ran1-1 and ran1-2 seedlings expressed
ETR1 at levels similar to wild-type seedlings (Fig.
6A). The loss-of-function mutation ran1-3 results in
constitutive activation of the ethylene response path-
way. Because ran1-3 plants produce leaves but die
without bolting (Woeste and Kieber, 2000), we iden-
tified homozygous ran1-3 plants based on phenotype
from a segregating population of 4-week-old plants
grown in the light. We observed no difference in
ETR1 levels in ran1-3 plants compared with wild-
type plants or members of the segregating popula-
tion that lacked the ran1-3 phenotype (Fig. 6A). Loss-
of-function mutations in the Ser/Thr kinase CTR1
also result in constitutive ethylene responses. We
typically observed about a 2-fold increase in levels of
ETR1 in the ctr1-2 mutant background relative to
wild type (Fig. 6B). This could arise because of a low
level of ethylene inducibility for the ETR1 transcript
(Hua et al., 1998) or be an indirect effect of the
phenotypic differences between ctr1-2 and wild-type
plants (Kieber et al., 1993).

DISCUSSION

Expression of the ethylene receptor ETR1 was sen-
sitive to mutations within its own coding sequence.
Both gain-of-function mutations and loss-of-function
mutations affected expression of ETR1 at the post-
transcriptional level and, as discussed below, these
posttranscriptional changes could contribute to the
phenotypes observed in the mutants. Expression of
ETR1 was affected to only a limited extent by muta-
tions in other pathway components. For instance,
loss-of-function mutations in other members of the
ethylene receptor family had little effect upon expres-
sion of ETR1, indicating that ETR1 does not function-
ally compensate for the loss of these receptors by an
increase in its own expression.

Expression analysis of ethylene pathway mutations
refines the model shown in Figure 7 on how ethylene

insensitivity is conferred by mutant forms of ETR1.
Each of the four ethylene-insensitive mutations of
ETR1 results in increased protein levels of the recep-
tor, apparently through a posttranscriptional mecha-
nism. The effect upon receptor expression can be
phenocopied at the molecular level by treatment of
plants with silver, which is also capable of generating
ethylene insensitivity in plants. Both the ethylene-
insensitive mutations (Hall et al., 1999) and silver
(Rodriguez et al., 1999) are thought to perturb the
ethylene-binding site (Fig. 7), and thus ethylene per-
ception may play a role in regulating expression of
the receptor. The ethylene-insensitive forms of the
receptor could potentially have a slower rate of turn-
over than the wild-type receptors because turnover
of animal hormone receptors is commonly regulated
by ligand binding (Wiley, 1992). In such a case, en-
dogenous ethylene levels within the plant would
have to be sufficient to result in differing rates of
turnover for the wild-type and mutant receptors.

Figure 6. Effect of mutations in RAN1 and CTR1 upon expression of
ETR1. Immunoblot analysis was performed using antibodies directed
against ETR1 and the H�-ATPase as an internal control. Expression
levels are given based directly upon that determined with anti-ETR1
antibody (E) and normalized against the ATPase levels (E/A). A, Effect
of ran1 mutations on expression of ETR1. For ran1-1 and ran1-2,
etiolated seedlings were examined; for ran1-3, leaves of 4-week-old
plants were examined. B, Effect of the ctr1-2 mutation upon expres-
sion of ETR1 in etiolated seedlings.

Figure 7. A model for signaling by wild-type and mutant versions of
the ethylene receptor ETR1. The ethylene receptor ETR1 contains one
ethylene-binding site per homodimer, with ethylene binding medi-
ated by a single copper ion (Cu) present in the ethylene-binding site.
In air, wild-type (WT) receptors actively repress ethylene responses.
In ethylene, wild-type receptors are inactivated, thereby relieving
repression of the ethylene response pathway. The etr1-1 mutation
(indicated by a white circle) eliminates binding of the copper cofac-
tor and locks the receptor into a conformation such that the receptor
represses ethylene responses even in the presence of ethylene. The
replacement of the copper cofactor by silver (WT�Ag) also serves to
lock the receptor into a conformation such that it continuously
represses ethylene responses. In contrast, elimination of the copper
cofactor (WT-Cu) results in the receptor adapting an inactive confor-
mation in air and ethylene.
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The discovery that ethylene-insensitive mutants of
ETR1 have a higher expression level than wild-type
receptors helps resolve an apparent paradox in our
understanding of signaling by ethylene receptors
(Hua and Meyerowitz, 1998; Bleecker, 1999; Chang
and Stadler, 2001). An ethylene-insensitive mutation
in one member of the five-member ethylene receptor
family is sufficient to confer ethylene insensitivity,
suggesting that signaling by one family member is
enough to repress ethylene responses. On the other
hand, loss-of-function mutations in three receptors
simultaneously are sufficient to induce ethylene re-
sponses (Hua and Meyerowitz, 1998), a situation un-
der which two family members would still theoreti-
cally be signaling to repress ethylene responses. Our
data indicate that the signal output by an ethylene-
insensitive receptor mutant is not equivalent to that
of a wild-type receptor because of the difference in
expression levels. The increase in expression of the
ethylene-insensitive mutants of ETR1 would result in
an increase in signal output and the ability to repress
ethylene responses. Other mechanisms may also in-
crease signal output of the ethylene-insensitive mu-
tant receptors, such as their postulated ability to con-
vert wild-type receptors to an ethylene-insensitive
signaling state via heteromeric interactions (Chang
and Stadler, 2001; Gamble et al., 2002).

Analysis of ETR1 expression in the ran1-3 back-
ground further clarifies the mechanism by which
mutations in ethylene receptors confer ethylene in-
sensitivity. The ran1-3 mutant eliminates a copper
transporter required for delivery of the copper cofac-
tor to the ethylene receptors (Hirayama et al., 1999;
Woeste and Kieber, 2000). Plants containing the
ran1-3 mutation display a constitutively active ethyl-
ene response (Woeste and Kieber, 2000). Interest-
ingly, mutations like etr1-1 that produce a receptor
unable to bind the copper cofactor result in the op-
posite phenotype: ethylene insensitivity (Rodriguez
et al., 1999). This difference in phenotypes could be
because of: (a) destabilization of the ethylene recep-
tors in the ran1-3 background, or (b) functional dif-
ferences between receptors lacking copper and the
ethylene-insensitive receptor mutations. Our data
support the second hypothesis. ETR1 protein was
detected in the ran1-3 background at similar levels to
that found in the wild-type background indicating
that, although the receptor is present and lacking the
copper cofactor, it does not confer ethylene insensi-
tivity. Presumably, protein levels of the other mem-
bers of the ethylene receptor family are similarly
unaffected. Thus, wild-type ethylene receptors lack-
ing the copper cofactor have a loss-of-function phe-
notype (i.e. the ran1-3 mutation produces the same
constitutive ethylene response phenotype found in
plant lines containing multiple loss-of-function mu-
tations in the ethylene receptors). Wild-type recep-
tors lacking the copper cofactor may adopt a
signaling-inactive conformation similar to the confor-

mation of wild-type receptors that have ethylene
bound (Fig. 7). In contrast, the amino acid changes
that result from mutations like etr1-1 (Cys-65-Tyr)
result in a gain of function because they prevent not
only copper binding but also lock the receptor into a
signaling-active conformation such as it has in air
(Fig. 7). The proposal that receptors in the ran1-3
background are not equivalent to receptors contain-
ing ethylene-insensitive mutations is consistent with
the finding that the ethylene-insensitive etr1-3 mu-
tant can suppress the ran1-3 constitutive ethylene
phenotype (Woeste and Kieber, 2000). The finding
that ETR1 is still present in the ran1-3 background
also raises the possibility that not all mutations that
eliminate ethylene binding will, as a consequence,
confer ethylene insensitivity.

The loss-of-function mutants etr1-5, etr1-6, etr1-7,
and etr1-8 were isolated as intragenic suppressors of
the ethylene insensitivity conferred by either etr1-1 or
etr1-2, and are predicted to result in premature ter-
mination of the encoded protein (Hua and Meyero-
witz, 1998). However, we have found that a trun-
cated version of etr1-1 containing the first 349 amino
acids is still capable of conferring ethylene insensi-
tivity when transformed into Arabidopsis (Gamble et
al., 2002). This raises the question as to why no
ethylene insensitivity is observed with the loss-of-
function mutants, in particular with etr1-5 and etr1-8,
which are predicted to code for receptors containing
562 amino acids. Our data indicate that the loss-of-
function mutants may reduce expression at the tran-
scriptional and posttranscriptional levels. Transcript,
but no protein, was detected for each of the ETR1
loss-of-function mutants. Examination of etr1-5 and
etr1-8 indicated a reduction to 43% and 23%, re-
spectively, of wild-type mRNA levels. This reduction
in expression could be because of mechanisms for
mRNA surveillance such as nonsense-mediated de-
cay whereby mRNAs containing premature stop
codons are targeted for degradation (van Hoof and
Green, 1996). However, the reduction in mRNA ex-
pression levels of etr1-5 and etr1-8 is probably not
sufficient to reduce protein levels below detection
limits for the antibodies. Thus, the results obtained
with the loss-of-function mutations suggest that pre-
mature termination of the protein may lead to an
absence of receptor rather than a truncated receptor,
presumably because of instability of the truncated
protein. The genetic screen for intragenic suppressors
may have favored the isolation of destabilizing
mutations.

To facilitate our analysis of ethylene pathway mu-
tations, we isolated a T-DNA insertion mutation in
the ERS1 gene that, based on northern-blot analysis,
substantially reduces expression of ERS1. As has
been found in the analysis of loss-of-function genes
in other ethylene receptors, the ers1-2 mutant by itself
had little effect upon ethylene responses in the mu-
tant seedlings. However, a double mutant of ers1-2
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and etr1-7 exhibited a constitutive ethylene response.
The phenotype observed with the ers1-2;etr1-7 double
mutant was comparable with that previously re-
ported for an etr1;etr2;ein4;ers2 quadruple loss-of-
function mutant (Hua and Meyerowitz, 1998). These
data suggest that ETR1 and ERS1 play more predom-
inant roles in the regulation of ethylene signaling
than the other three members of the ethylene recep-
tor family. The relative importance of ETR1 and ERS1
could be because of the presence of His kinase activ-
ity (Gamble et al., 1998), the ability to interact with
the downstream signaling component CTR1 (Clark et
al., 1998), or possibly higher expression levels com-
pared with those of the other ethylene receptors.

In summary, the results described here clarify the
mode of action of ethylene pathway mutations pre-
viously identified in Arabidopsis. Mutations in the
ethylene receptor ETR1 affected expression of the
receptor at the posttranscriptional level. Similar mu-
tations conferring ethylene insensitivity and intra-
genic suppressor mutations that result in premature
stop codons have been identified in other members of
the ethylene receptor family of Arabidopsis (Hua et
al., 1995, 1998; Hua and Meyerowitz, 1998; Sakai et
al., 1998). Thus, the mechanisms described here may
be applicable to other ethylene receptors besides
ETR1.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis mutants in the ecotype Columbia were used for all experi-
ments except those involving the ers1-2 mutant, which was in the ecotype
Wassilewskija. The ERS1 T-DNA insertion allele (ers1-2) was isolated from
the 60,480 kanamycin-resistant T-DNA-tagged Arabidopsis lines of the Uni-
versity of Wisconsin Knockout Arabidopsis facility (http://www.
biotech.wisc.edu/Arabidopsis). The mutant was identified with a PCR
primer for the T-DNA left border (CATTTTATAATAACGCTGCGGA-
CATCTAC) and an ERS1-specific primer (CAGAGAGTTCTGTCACTCCT-
GGAAATGGT). Plants containing the wild-type ERS1 gene were identified
by use of PCR with the above ERS1 primer and a second ERS1-specific
primer (CACAACCGCGCAAGAGACTTTAGCAATAGT). The ers1-2;etr1-7
double mutant was identified by crossing plants homozygous for the single
mutations and subsequent PCR-based genotyping of F2 progeny according
to Hua and Meyerowitz (1998). Upon request, the ers1-2 mutant and all
novel materials described in this publication will be made available in a
timely manner for noncommercial research purposes.

Unless indicated otherwise, seedlings were grown on 0.8% (w/v) agar
plates of one-half-strength Murashige and Skoog basal medium (pH 5.65)
with Gamborg’s vitamins (Murashige and Skoog media, Sigma, St. Louis).
Seeds were stratified for 2 d at 4°C before growth at 22°C. Seeds were
exposed to light for 12 h, then incubated in the dark. Seedlings were
typically examined after 4 d, with time 0 corresponding to when the plates
were removed from 4°C and brought to 22°C. For ethylene treatment,
seedlings were grown in sealed chambers in the presence of 50 �L L�1

ethylene. Measurements of hypocotyl length were performed as described
by Gamble et al. (2002). For analysis of the ran1-3 mutant, seedlings from a
segregating population were grown for 4 weeks under an 8-h light cycle to
allow for maximal rosette development before harvest. Homozygous ran1-3
seedlings were identified based on their readily distinguishable constitutive
ethylene response phenotype (Woeste and Kieber, 2000).

Antibodies

The anti-ETR1(401–738) antibody was prepared against a glutathione
S-transferase (GST) fusion protein with amino acids 401 to 738 of ETR1

(Schaller et al., 1995) and was used for detection of ETR1 in all cases except
where indicated in Figure 3. The serum was depleted of antibodies that
cross-react with GST by passing through a column of Affigel-10 (Bio-Rad
Laboratories, Hercules, CA) cross-linked to GST. The antibody was affinity
purified by binding to an Affigel column cross-linked to GST-ETR1(401–738)
(Schaller et al., 1995), then eluted with 0.1 m Gly (pH 2.5). The anti-
ETR1(165–400) antibody used for Figure 3 was prepared against a GST
fusion protein with amino acids 165 to 400 of ETR1 (Schaller et al., 1995) and
was affinity purified as described (Gamble et al., 2002). The anti-(H�-
ATPase) antibody (DeWitt et al., 1996) used as an internal loading control
was provided by Dr. Michael Sussman (University of Wisconsin, Madison).

Protein Isolation and Immunoblot Analysis

For isolation of Arabidopsis membranes, plant material was homoge-
nized at 4°C in extraction buffer (50 mm Tris [pH 8.5], 150 mm NaCl, 10 mm
EDTA, and 20% [v/v] glycerol) containing 1 mm phenylmethylsulfonyl
fluoride, 1 �g mL�1 pepstatin, 10 �g mL�1 aprotinin, and 10 �g mL�1

leupeptin as protease inhibitors. The homogenate was strained through
Miracloth (Calbiochem-Novobiochem, San Diego) and centrifuged at 8,000g
for 15 min. The supernatant was centrifuged at 100,000g for 30 min, and the
membrane pellet was resuspended in 10 mm Tris (pH 7.5), 150 mm NaCl, 1
mm EDTA, and 10% (v/v) glycerol with protease inhibitors. Protein con-
centration was determined by a modification of the Lowry assay (Lowry et
al., 1951) in which samples were treated with 0.4% (w/v) sodium deoxy-
cholate (Schaller and DeWitt, 1995). Bovine serum albumin was used as a
standard for protein assays.

For immunoblot analysis, membranes were mixed with SDS-PAGE load-
ing buffer and incubated at 37°C for 1 h. Proteins were fractionated by
SDS-PAGE using 8% (w/v) polyacrylamide gels (Laemmli, 1970). After
electrophoresis, proteins were either stained with Coomassie Blue or elec-
trotransferred to Immobilon nylon membrane (Millipore, Bedford, MA).
Immunoblotting was performed by using anti-ETR1(165–400), anti-
ETR1(401–738), or anti-(H�-ATPase) polyclonal antibodies. Immunodeco-
rated proteins were visualized by enhanced chemiluminescence detection
according to the manufacturer (Pierce Chemical, Rockford, IL). Densitomet-
ric analysis was performed by using the NIH Image program (http://
rsb.info.nih.gov/nih-image) after first scanning the exposed film and then
capturing the images with Photoshop (Adobe Systems, San Jose, CA). The
relative expression level for ETR1 was quantified by comparison to a dilu-
tion series of ETR1.

Northern-Blot Analysis

Total RNA was extracted from Arabidopsis tissue according to the
method of Carpenter and Simon (1998). For Figures 1 and 3, RNA was
isolated from etiolated seedlings; and for Figure 5, RNA was isolated from
15-d-old leaf tissue of plants grown in liquid culture as described by Chang
et al. (1992). mRNA was isolated from total RNA using the PolyATract
mRNA isolation system (Promega, Madison, WI). For northern-blot analy-
sis, RNA was separated on 1% (w/v) agarose gels using the NorthernMax-
Gly kit (Ambion, Austin, TX) according to the manufacturer’s instructions.
RNA was transferred to nylon membrane by the capillary method and fixed
by UV cross-linking. Hybridizations were performed using buffers supplied
with the NorthernMax-Gly kit. Single-stranded DNA antisense probes were
made using primers designed to anneal at the 3� end of the selected genes.
Radiolabeled probes were made and the blot stripped between hybridiza-
tions by using the Strip-EZ PCR kit (Ambion) according to the manufactur-
er’s instructions. Radioactivity was imaged and quantitated by phosphor
imaging with a Molecular Imager FX (Bio-Rad Laboratories), using accom-
panying Quantity One software.
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