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Plants utilize ethylene as a hormone to regulate multiple
developmental processes and to coordinate responses to biotic
and abiotic stress. In Arabidopsis thaliana, a small family of five
receptor proteins typified by ETR1 mediates ethylene percep-
tion. Our previous work suggested that copper ions likely play a
role in ethylene binding. An independent study indicated that
the ranl mutants, which display ethylene-like responses to the
ethylene antagonist trans-cyclooctene, have mutations in the
RANI1 copper-transporting P-type ATPase, once again linking
copper ions to the ethylene-response pathway. The results pre-
sented herein indicate that genetically engineered Saccharomy-
ces cerevisiae expressing ETR1 but lacking the RAN1 homolog
Ccc2p (Accc2) lacks ethylene-binding activity. Ethylene-bind-
ing activity was restored when copper ions were added to the
Accc2 mutants, showing that it is the delivery of copper that is
important. Additionally, transformation of the Accc2 mutant
yeast with RANI rescued ethylene-binding activity. Analysis of
plants carrying loss-of-function mutations in ranl showed that
they lacked ethylene-binding activity, whereas seedlings carry-
ing weak alleles of ranl had normal ethylene-binding activity
but were hypersensitive to copper-chelating agents. Altogether,
the results show an essential role for RAN1 in the biogenesis of
the ethylene receptors and copper homeostasis in Arabidopsis
seedlings. Furthermore, the results indicate cross-talk between
the ethylene-response pathway and copper homeostasis in Ara-
bidopsis seedling development.

Ethylene is a plant hormone that influences many aspects of
development and responses to the environment, including the
timing of seed germination, seedling morphology, leaf expan-
sion, fruit ripening, senescence and abscission of fruits and
flower parts, and responses to pathogens (1, 2). Various studies
have identified a number of components in the ethylene-signal-
ing pathway and led to increasingly refined models for signal
transduction (3, 4). In these models, responses to ethylene are
mediated by a family of receptors.

The model plant Arabidopsis thaliana contains five receptor
isoforms (ETR1 (ethylene response 1), ERS1 (ethylene response
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sensor 1), ETR2, EIN4 (ethylene-insensitive 4), and ERS2)
(5—8). These proteins contain several membrane-spanning
a-helices at the N-terminal region, followed by a cytoplasmic
C-terminal region containing a GAF (cGMP phosphodiester-
ase/adenyl cyclase/FhlA) motif, a domain similar to bacterial
histidine kinases and, in some cases, a receiver domain. The
receptors have homology to bacterial two-component recep-
tors that transduce signals via the autophosphorylation of a His
residue in the kinase domain, followed by the transfer of phos-
phate to a conserved Asp residue in the receiver domain of a
response regulator protein (9). Although some of the receptors
are capable of His kinase activity (10, 11) and ethylene may
inhibit this activity in ETR1 (12), kinase activity is not needed
for signaling (13-15). The N terminus of these receptors con-
tains the novel ligand-binding domain (16 —18), and a number
of studies have now identified amino acid residues in the three
a-helices of ETRI1 that are important for ethylene binding and
signal transduction (16, 19-21).

We have shown previously that the addition of copper to
extracts of yeast cells expressing the Arabidopsis ETR1 receptor
enhances ethylene-binding activity and that copper co-purifies
with ETR1 (16, 22). The addition of copper to intact yeast cells
expressing ETR1 has no effect on ethylene-binding activity,
suggesting that yeast cells maintain internal concentrations of
copper at high enough levels to support biogenesis of ETR1.
These results support earlier speculations about the require-
ment for a transition metal cofactor for ethylene binding (23—
26). Of many transition metals tested, only silver and gold ions
can substitute as a cofactor for ethylene binding to ETR1 (16,
22). Interestingly, the etrI-1 mutant fails to coordinate copper
and is unable to bind ethylene (16, 19). This requirement for
copper is likely to be a general feature of all ethylene receptors
in plants (17).

Additional support for copper as the transition metal in the
receptors comes from genetic studies on the ranl (response to
antagonist 1) mutants (27-30). Two partial loss-of-function
ranl alleles (ranl-1 and ranl-2) have been identified from a
mutant screen (28). Both contain point mutations predicted to
reduce function of RAN1. The ranl-1 allele contains a T4971
substitution in the phosphatase domain, whereas the rani-2
allele contains a G173E substitution, which might affect the
metal-binding capacity of RAN1 (28). These mutants have nor-
mal responses to ethylene. However, exposure of either rani-1
or ranl-2 mutants to the ethylene-response antagonist trans-
cyclooctene causes phenotypes similar to those caused by eth-
ylene, whereas treatment of wild-type plants with trans-cy-
clooctene inhibits ethylene signaling. Support that this is
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related to copper comes from the observation that the addition
of copper ions to rani-1 and ranl-2 plants partially suppresses
the ranl phenotype in plants containing these weak alleles (28).
Two stronger alleles of RANI have also been identified. The
ranl-3 allele contains a G759R substitution in the predicted
ATPase domain, which results in a nonfunctional protein (29),
whereas rani-4 has a T-DNA insertion within the second
intron that is predicted to disrupt translation of RANI (30).
Both rani-3 and rani-4 are null alleles that result in pheno-
types similar to loss-of-function receptor mutants (27, 29, 30).
Therefore, it is possible that copper is needed for both ethylene
binding and functional receptors. RANI encodes a protein sim-
ilar to the copper-transporting CPx class of P-type ATPases
such as Ccc2 protein from Saccharomyces cerevisiae and
human Menkes/Wilson proteins (31-36). One function of
these ATPases is to deliver copper to copper-containing
enzymes in extracytoplasmic compartments. Genetic analyses
showed that RAN1 acts upstream of the ethylene receptors,
prompting the hypothesis that it delivers copper to the ethylene
receptors (28, 29).

However, the specific role of RAN1 in the ethylene-response
pathway is not clear because ranl-1 and ranl-2 mutants show
normal physiology in the presence and absence of applied eth-
ylene, and ranl-3 and ranl-4 mutations show ethylene-inde-
pendent growth defects. To determine the molecular role of
RANT1 in the ethylene-response pathway and to test the hypoth-
esis that it delivers copper to the ethylene receptors, we exam-
ined whether RANT1 plays a role in the biogenesis of ethylene
receptors. Expression of ETR1 in S. cerevisiae mutants lacking
the Ccc2 protein, a homolog of RAN1, showed that the Ccc2
protein and RAN1 can mediate the delivery of copper ions to
ETRI1 to generate ethylene-binding activity. Seedlings carrying
the weak alleles rani-1 and rani-2 displayed the ethylene triple
response in the presence of copper chelators, phenocopying the
stronger alleles rani-3 and rani-4. Additionally, ethylene bind-
ing to Arabidopsis seedlings was absent in the ranl-3 and
ranl-4 mutants. Taken together, our results indicate that
RANTI is essential for the biogenesis of ethylene receptors and
that this is crucial for normal growth and development.

EXPERIMENTAL PROCEDURES

The Arabidopsis ranl mutants used in this study have been
described previously (28 —30) and were obtained from Joseph
Ecker and Ed Himmelblau. The Accc2 yeast cells (37) were
kindly provided by Daniel Yuan. The ethylene biosynthesis
inhibitor L-a-(2-aminoethoxyvinyl)glycine (AVG)* was a gift
from Rohm and Haas (Philadelphia, PA). Lysophosphatidyl-
choline was from Sigma. **C,H, and [*H]C,H, were obtained
from American Radiolabeled Chemicals (St. Louis, MO).

Plant Growth and Ethylene Treatment Conditions—Arabi-
dopsis seedlings were grown on 0.8% (w/v) agar plates contain-
ing half-strength Murashige and Skoog agar medium (38) with
10 uMm AVG to inhibit ethylene biosynthesis and no added
sucrose (referred to as aMSNS-AVG). Seeds were stratified for
4 days at 4 °C, exposed to white fluorescent lights for 12 h, and
grown in darkness for 4 days. For ethylene dose-response

*The abbreviation used is: AVG, L-a-(2-aminoethoxyvinyl)glycine.
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assays, the seedlings were grown for 4 days in the indicated
concentrations of ethylene or ethylene-free air. Ethylene con-
centrations were determined by gas chromatography using a
Carboxen 1000 (45/60 mesh column, Supelco, Bellefonte, PA)
with ethylene as a calibration standard (20). To test the effect of
chelators and silver on plant growth, sterile solutions of the
indicated compound were prepared and added at the indicated
concentrations to the sterilized AMSNS-AVG agar prior to
solidification.

Seedling Ethylene Binding Assays—For ethylene binding as-
says on plants, 100 seeds were grown for 4 days on sterilized
filter paper placed on top of 2aMSNS-AVG agar plates. The
filters with seedlings were transferred to sealed chambers and
assayed for [*H]C,H, binding according to the methods of
Sisler (39). Saturable ethylene binding was determined by com-
paring seedlings treated with [PH]C,H, (0.1 ul/liter) alone or
with [?PH]C,H, (0.1 ul/liter) in the presence of excess nonradio-
active ethylene (100 wl/liter). The dry weight of plants was
determined by drying the filters for 1 week at 65°.

DNA Constructs, Yeast Strains, and Growth Conditions—
ETR1 was expressed in S. cerevisiae using a construct contain-
ing a PCR-amplification product of ETRI cDNA ligated into the
pYcDE2 vector as described (19). RAN1/HA, ranl-1/HA, and
ranl-2/HA fusion constructs contain the RANI cDNA
sequences fused to three copies of the HA epitope tag in the
pYES3 vector (28). All of the yeast expression constructs were
propagated in Escherichia coli (strain DH5«), purified by alka-
line lysis extraction, and introduced into yeast using the lithium
acetate method (40). The role of the Ccc2 protein in the biogen-
esis of ETR1 in heterologous S. cerevisiae was examined by
introducing the pYcDE-ETRI construct in the yeast 2908 strain
7 (Accc2) and its parental strain 2908 strain 6 (Ccc2) (37). The
functional complementation of the ethylene-binding activity of
ETRI1 expressed in Accc2 yeast (Accc2-ETR1 strain) by RANI,
ranl-1, and ranl-2 was examined by introducing individual
constructs into Accc2-ETR1. All S. cerevisiae cells were grown
in synthetic dextrose medium lacking appropriate amino acids
to select cells containing the corresponding expression vectors.

Ethylene Binding Assays in Intact Yeast Cells and Yeast
Membranes—Intact yeast cells were harvested and assayed for
binding of "*C,H, using methods described previously (19,
39). To determine ethylene binding in yeast membranes, the
cells were then disrupted, and membranes were isolated as
described previously (16). Membranes were rapidly frozen in
liquid nitrogen and stored at —80 °C until used. Saturable eth-
ylene binding in isolated yeast membranes expressing full-
length ETR1 protein was determined using the methods of
Sisler (39) as modified by others (16). Saturable ethylene bind-
ing was determined by comparing yeast cells treated with
1C,H, (0.1 wl/liter) alone or with **C,H, (0.1 wl/liter) in the
presence of excess '*C,H, (100 ul/liter). The levels of ETR1
were examined by Western blotting using anti-ETR1 antibody
HRR (41).

The effect of the copper-chelating agents on ethylene bind-
ing was determined using diethyldithiocarbamate, bathocu-
proinedisulfonic acid, or neocuproine. Yeast membrane prepa-
rations were solubilized with L-a-lysophosphatidylcholine (5
mg/ml) as described previously (16, 42) and incubated at 37 °C
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with the indicated concentrations of chelators for 30 min. The
chelator complex was separated from the proteins by gel filtra-
tion in 10-ml Sephadex G-25 columns pre-equilibrated with
solubilization buffer and spun for 2 min at 500 X g. Visual
inspection confirmed that the chelator-copper complex was
retained in the column. Ethylene binding assays were then car-
ried out as described above in the presence or absence of 300
um CuSO,,.

RESULTS

Copper and Reconstitution of Ethylene Binding in Exog-
enously Expressed ETRI Receptor—W'e have shown previously
that copper is associated with the ETR1 receptor (16) and that
of numerous transition metals tested, only copper and the other
Group 11 transition metals (silver and gold) can act as cofactors
for ethylene binding to ETR1 exogenously expressed in yeast
(16,22). To more completely characterize the requirement for a
copper transporter in receptor biogenesis, the ETR1 ethylene
receptor was expressed in yeast, and ethylene binding was
assessed. This approach has previously yielded many details
about ethylene binding to the receptors (1622, 42).

To provide further evidence that copper is the cofactor pres-
ent in ETR1, we tested the effect of the copper chelators dieth-
yldithiocarbamate, bathocuproinedisulfonic acid, and neocu-
proine on ethylene binding in membranes isolated from yeast.
In the absence of chelators or added copper, a low level of eth-
ylene binding was observed (Fig. 1). The addition of 300 um
CuSO, enhanced ethylene-binding activity by ~9-fold (Fig.
1A). The addition of any of these copper chelators at a concen-
tration of 5 mM in the absence of added CuSO, resulted in a
reduction in ethylene binding (Fig. 1B). In the absence of che-
lator and added copper, ethylene binding was 11% of maximal
binding. The addition of 5 mm diethyldithiocarbamate reduced
this by ~85%, whereas the addition of either 5 mm bathocu-
proinedisulfonic acid or neocuproine reduced this by ~65%.
The subsequent readdition of 300 um CuSO, restored ethylene
binding. Restoration of ethylene binding ranged from ~50 to
75% of the binding seen in the absence of chelator. These
reduced levels of ethylene binding could be due to the presence
of residual levels of chelator, reduced levels of ETR1 protein, or
both. Nonetheless, these results indicate that the effect of these
copper chelators is likely due to the removal of copper from
ETRI1.

ETRI Ethylene-binding Activity When Expressed in Accc2
Yeast—The RANI1 copper transporter has been linked to ethyl-
ene sensing in Arabidopsis and is presumed to be important in
the delivery of copper to the receptors (27-30). However, this
has not been directly shown to be the case. The yeast Ccc2
protein is a homolog of RAN1 that transports copper into the
trans-Golgi network in S. cerevisiae (37). To investigate
whether the Ccc2 protein plays a role in the generation of eth-
ylene-binding sites in S. cerevisiae, we expressed ETR1 in
mutant yeast cells lacking Ccc2 (Accc2-ETR1) and Ccc2 con-
trol yeast cells (Ccc2-ETR1). When ethylene binding was mea-
sured in intact yeast, significant levels of ethylene binding were
detected in Ccc2-ETR1 yeast (Fig. 24). In contrast, Accc2-
ETR1 mutants lacked detectable ethylene-binding activity,
pointing to a central role for Ccc2p in the biogenesis of ETR1 in
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FIGURE 1. Copper chelators and ethylene-binding activity in ETR1
expressed in yeast. A, yeast membranes isolated from yeast cells expressing
ETR1 were analyzed for "C,H, bound in the presence of various copper
chelators in the presence or absence of 300 um copper sulfate. The copper
chelators diethyldithiocarbamate, bathocuproinedisulfonic acid, and neocu-
proine were tested at a concentration of 5 mm. B, data in the absence of added
copper from A are shown at an expanded scale. Saturable ethylene binding to
ETR1 was determined as described under “Experimental Procedures” and
normalized to the amount of radioactivity in the presence of copper with no
chelator added. The mean = S.D. is shown.

yeast. Similar levels of immunolabeled ETR1 were detected in
both lines, indicating that this difference is not due to different
levels of ETR1 protein. To test the involvement of copper in this
Ccc2-dependent binding, we isolated membranes from Ccc2-
ETR1 yeast and Accc2-ETR1 mutants and added 300 um
CuSO, to these extracts. In the absence of added copper, low
levels of ethylene binding were observed in membranes isolated
from either Ccc2-ETR1 or Accc2-ETR1 yeast, whereas the
addition of CuSO, reconstituted the ethylene-binding activity
in both (Fig. 2B). The Accc2-ETR1 yeast membranes had
slightly higher binding activity. This might represent slightly
higher levels of ETR1 protein in these extracts. The addition of
CdSO,, CoSO,, MnSO,, NiSO,, or ZnSO,, did not restore eth-
ylene-binding activity to these samples (data not shown). These
results suggest that the copper-transporting activity of the Ccc2
protein is essential for the biogenesis of ethylene-binding sites
in ETR1 exogenously expressed in S. cerevisiae.

RANI Reconstitutes Ethylene-binding Activity of ETRI in
Accc2 Yeast—Previous studies showed that expression of Ara-
bidopsis RAN1 can rescue copper-dependent high affinity iron
uptake in Accc2 mutants (28). This demonstrated that RAN1 is
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FIGURE 2. Ccc2 and RAN1 copper transporters and saturable ethylene
binding to ETR1 expressed in yeast. A, intact yeast cells expressing the ETR1
receptor in the Ccc2 (Ccc2-ETR1) or Accc2 (Accc2-ETR1) background were
analyzed for ['“Clethylene binding. The effects of transforming Accc2-ETR1
yeast with RANT, ran1-1, and ran1-2 on ETR1 ethylene binding are shown.
Ethylene binding using ['“Clethylene is compared between samples treated
with ["*Clethylene (0.1 ul/liter) and identical samples treated with [*Clethyl-
ene (0.1 wl/liter) plus ['*Clethylene (100 wl/liter). Equal amounts of yeast used
in the binding assays were analyzed on Western blots probed with anti-ETR1
antibodies. B, displaceable ethylene binding in the presence and absence of
300 um copper sulfate is shown for membranes isolated from Ccc2-ETR1 and
Accc2-ETR1 yeast. Displaceable binding was calculated by subtracting the
amount of ["“*Clethylene (0.1 wl/liter) bound in the presence of excess
['2Clethylene (100 wl/liter) from amount of ['*Clethylene (0.1 wl/liter) bound
in the absence of added ['?Clethylene. In both panels, the mean = S.D. for
disintegrations/min/g of yeast is shown.

a functional homolog of the Ccc2 copper transporter. To deter-
mine whether RAN1 can also rescue the ethylene-binding
activity of Accc2-ETR1 yeast, we introduced constructs for the
expression of the RAN1, ran1-1, or ran1-2 proteins into Accc2-
ETR1 yeast. Expression of either RAN1 or ranl-2 increased the
ethylene-binding activity of Accc2-ETR1 cells to ~30% of the
levels seen in Ccc2-ETRI1 cells (Fig. 2A4). In contrast, expression
of ranl-1 did not restore the ethylene-binding activity to
Accc2-ETRI1 cells (Fig. 2A4). The difference in ethylene binding
was not due to different levels of expression of ETR1 because
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FIGURE 3. Ethylene binding in Arabidopsis ran1 mutants. [*H]Ethylene
binding to receptors in wild-type seedlings and the four ran1 mutants was
analyzed. Analysis was performed on 100 seedlings that were first allowed to
grow for 4 days. Saturable ethylene binding is shown as the difference in
[*Hlethylene between samples treated with [*H]ethylene (0.1 wl/liter) and
identical samples treated with [*H]ethylene (0.1 wl/liter) plus nonradioactive
ethylene (100 ul/liter). The mean = S.D. for disintegrations/min/g of plant
(dry weight) is shown. Col, Columbia; Ws, Wassilewskija.

similar levels of immunolabeled ETR1 were detected in samples
from all cell lines (Fig. 2A). It is possible that the differences
were due to different expression levels of RAN1, ranl-1, and
ranl-2 in the yeast cells, but these results are consistent with
previous studies indicating that RAN1 and ranl-2, but not
ranl-1, can efficiently rescue high affinity iron uptake in Accc2
mutants (28). This provides further support for the idea that
RANT1 plays a function in the biogenesis of ETR1 ethylene-
binding activity.

Ethylene Binding in Arabidopsis ranl Mutants—The results
above provide evidence that RAN1 may play a role in the deliv-
ery of copper to the ETR1 ethylene receptor and the biogenesis
of the ethylene receptors in planta. Previous studies have
shown that mutant Arabidopsis seedlings carrying the strong
allele ran1-3 or ranl-4 display a constitutive activation of eth-
ylene responses similar to the phenotype of mutants lacking
multiple ethylene receptor isoforms (27, 29, 30). In contrast, the
ranl-1 and ranl-2 mutants show no obvious alteration in
responses to ethylene but have an altered response to the eth-
ylene antagonist trans-cyclooctene (28). The various pheno-
types of ranl mutants suggest the possibility that these muta-
tions cause a defect in ethylene receptor function because
copper is not delivered to the receptor properly. To investigate
whether ranl mutants have a defect in ethylene perception, we
assessed ethylene binding in seedlings homozygous for each of
the ranl alleles.

Ethylene binding assays using radiolabeled ethylene showed
that the levels of ethylene binding in the weak rani-I and
ranl-2 mutants were indistinguishable from ethylene binding
in Columbia control seedlings (Fig. 3). In contrast, there was no
detectable binding in the ranl-3 and ranl-4 loss-of-function
mutant seedlings, whereas the wild-type Wassilewskija con-
trols had high levels of ethylene binding (Fig. 3). Previous work
has shown that ranl mutants have wild-type levels of ETR1
protein (43). Thus, loss of ethylene binding is not due to loss of
the ETR1 receptor. These results show that eliminating the
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FIGURE 4. Effects of copper chelators on the ran1-1 and ran1-2 mutants. A, the ethylene dose responses on
hypocotyl length in wild-type (Columbia (Col)) and ran1 mutants are shown. Etiolated Arabidopsis seedlings
were treated with the indicated concentrations of ethylene. B, the effects of 10 um neocuproine and 100 um
bathocuproinedisulfonic acid on etiolated seedlings are shown. For comparison, seedlings not treated with a
copper chelator are shown. The ranT mutants are compared with their wild-type controls (Columbia for ran1-1
and ran1-2 and Wassilewskija (Ws) for ran1-3 and ran1-4). C, the dose response for neocuproine on the growth
of hypocotyls of etiolated seedlings is shown. In all panels, seedlings were grown in the dark for 4 days under
the conditions indicated. In A and C, data represent the mean = S.D. for hypocotyl length.

RANI protein leads to severe deficits in ethylene binding and
are consistent with earlier studies indicating that a functional
RANT1 is required for ethylene responses in plants.

Hypersensitivity of Arabidopsis ranl-1 and ranl-2 Mutants
to Copper-chelating Agents—It has been hypothesized that the
ranl-1 and ranl-2 mutations alter the copper-transporting
activity of RAN1, resulting in a reduction of copper delivery to
the ethylene receptors (28). However, consistent with previous
work (28), neither rani-1 nor ranl-2 seedlings showed an
altered growth inhibition response upon application of ethyl-
ene over a wide concentration range (Fig. 44).

To determine whether the rani-1 and ranl-2 mutations
have subtle effects on copper homeostasis in Arabidopsis, we
examined the growth of ranl-1 and ranl-2 etiolated seedlings
on plates containing either bathocuproinedisulfonic acid or
neocuproine to chelate copper. In this way, we hoped to deter-
mine whether the mutants have altered copper responses that
are masked at higher copper levels. Neither 10 um neocuproine
nor 100 um bathocuproinedisulfonic acid had a measurable
effect on growth of wild-type seedlings (Fig. 4B). However, both
ranl-1and ranl-2 seedlings grew ~50% slower than wild-type
seedlings under these conditions and had enhanced apical
hook curvature (Fig. 4B). These responses are similar to the
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responses seen when etiolated Ara-
bidopsis seedlings are treated with
ethylene. Neither ran1-3 nor ranl-4
mutants responded to treatment
with these chelators.

Dose-response ~ measurements
with neocuproine revealed that the
half-maximal growth inhibition
response for wild-type seedlings
occurred at ~100 uM neocuproine,
whereas the application of <10 um
neocuproine caused half-maximal
growth inhibition in the rani-1 and
ran 1-2 seedlings (Fig. 4C). Ethyl-
ene-insensitive mutants such as
etrl-1and ein2-1 showed little or no
response to neocuproine up to a
concentration of 1 mm. Similarly,
the constitutive response mutant
ctr1-2 showed only a minor de-
crease in length upon treatment
with 1 mM neocuproine (Fig. 4C).
These results suggest that the
ranl-1 and ranl-2 mutants have
altered copper homeostasis and
that the ethylene-like responses
observed in ramnl-1 and ranl-2
grown in the presence of copper
chelators occur via signaling
through the known ethylene-signal-
ing pathway.

Reduced Inhibition of Ethylene
Responses by Silver in ranl-1 and
ranl-2 Mutants—Silver ions actas a
potent inhibitor of ethylene re-
sponses in plants (24). Interestingly, silver ions can act as a
cofactor for ethylene binding in the ETR1 receptor (16, 22).
Because of this, silver has been presumed to work by displacing
the native metal cofactor in the ethylene-binding site to inter-
fere with signal transduction. The constitutive ethylene
response of ranl-3 seedlings is not affected by silver ions,
despite the fact that genetic analysis showed that the ethylene
receptors are epistatic to RAN1 (28, 29). Because our results
indicate that RAN1 delivers copper to the ethylene receptors
and a similar protein, CopB from Enterococcus hirae, can trans-
port both copper and silver ions (44), we hypothesized that
RANT1 is required for the delivery of silver to the receptors. To
test this hypothesis, we examined ethylene responses of ranl
mutant seedlings grown in medium containing 10 um silver
nitrate. Columbia and Wassilewskija control seedlings had sig-
nificant growth inhibition in the presence of ethylene; 10 um
silver nitrate blocked this response entirely in the control seed-
lings (Fig. 5). Similarly, rani-1 and ranl-2 mutants responded
to ethylene in the absence of silver. However, unlike wild-type
seedlings, the addition of silver to ranl-1 and ranl-2 mutants
only partially blocked responses to ethylene (Fig. 5). In the pres-
ence of silver, the application of ethylene inhibited growth by
~50% in these mutants. The ranl-3 and ranl-4 mutants were

q

i

A

Qo o":b o":b o"'b‘ Nl
LR UG (4

JOURNAL OF BIOLOGICAL CHEMISTRY 37267



RANT1 and Ethylene Receptors

! —1—

Columbiaﬂ_:,—lzl—c
’3"1'1J_'4—' =
’3"1'2'|_1—E"'

etr1-1 H’j

ein2-1 =

[ AgNO3

[0 AgNO3 + C2Hyg
M CoHy

=1—

ran1-3 41
ran1-4 3_1:
ctr1-2 -
Ws ‘?ﬂ—‘ﬂ"
T T T
0 5 10 15

Hypocotyl Length
(mm)

FIGURE 5. Effects of silver on the response to ethylene in ran1 mutants.
Seedlings were grown in the dark for 4 days in the presence of 10 um silver
nitrate, 10 um silver nitrate plus 100 wl/liter ethylene, or 100 ul/liter ethylene
with no added silver. Data represent the mean =+ S.D. for hypocotyl length.
Ws, Wassilewskija.

unresponsive to both silver and ethylene (Fig. 5). These results
are consistent with a role for RANI1 in the delivery of silver to
the ethylene receptors.

DISCUSSION

Prior work demonstrated that expression of Arabidopsis
ETR1 generates membrane-associated ethylene-binding sites
in S. cerevisiae (19). The results presented here expand upon
these earlier results to show that the Ccc2 copper transporter, a
homolog of RANI, is required for the biogenesis of ETR1
expressed heterologously in S. cerevisiae. Similarly, RAN1 in
Arabidopsis is required for the development of normally func-
tioning receptors in planta.

Because excess copper ions restored the ethylene-binding
activity of ETR1 in Accc2 mutants, it is the copper ions trans-
ported by Ccc2, and not the Ccc2 protein itself, that are
required for the ethylene-binding activity of ETR1. This resto-
ration was specific to copper because other transition metals
tested did not restore ethylene binding in ETR1. The ability
of the Ccc2 protein to deliver copper ions to a heterologous
protein with no similarity to any of its native proteins suggests
that the delivery of copper to proteins in the secretory compart-
ment is not strictly regulated. Expression of Arabidopsis RAN1
rescued the ethylene-binding activity of ETR1 in Accc2
mutants, supporting earlier speculation that RAN1 can deliver
copper to ethylene receptors (28, 29). The ability of RAN1 to
mediate the biogenesis of ETR1 in a heterologous expression
system implies that both proteins are located, at least tran-
siently, in the same subcellular compartment. However, the
subcellular localization of ETR1 and RAN1 when expressed in
yeast remains to be determined. In Arabidopsis, ETR1 is an
integral membrane protein located primarily in the membranes
of the endoplasmic reticulum (45-52). Although the subcellu-
lar location of RAN1 in Arabidopsis is unknown, our results
suggest that it is co-localized in the same subcellular compart-
ment with the receptors at some point during the biogenesis of
the receptors in plants.

Assessment of ethylene binding in ranl mutant seedlings
demonstrated that RAN1 plays an essential role in the biogen-
esis of ethylene receptors in Arabidopsis. Seedlings carrying the
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strong alleles rani-3 and ran1-4lacked detectable levels of eth-
ylene binding. Thus, these mutants lack functional ethylene
receptors. These mutants displayed a constitutive ethylene-re-
sponse phenotype similar to mutants carrying loss-of-function
alleles for multiple ethylene receptor genes. In contrast, the
ethylene binding levels detected in seedlings carrying the weak
alleles ranl-1 and ranl-2 were similar to those in wild-type
controls. This is consistent with the normal growth of these
mutants in the presence and absence of ethylene. However, in
the presence of low levels of copper chelators, both rani-1 and
ranl-2 seedlings showed growth defects that had remarkable
similarity to seedlings grown in the presence of ethylene.
Higher concentrations of copper chelators induced similar
effects on wild-type control seedlings but not etri-1 or ein2-1
mutants, indicating that the effect of the copper chelators on
seedling growth is related to the activation of the ethylene-
response pathway. Additional support for a decrease in the ion-
transporting activity of ranl mutant proteins is the effect of
silver upon ethylene responses in these mutants. Weak ranl
mutants showed a reduced inhibition of ethylene responses by
silver, whereas the loss-of-function mutants were insensitive to
silver. Previous studies have demonstrated that CopB from
E. hirae can transport silver (44), supporting the idea that
RANT1 plays a role in the delivery of silver to the ethylene recep-
tors. Together, these results are consistent with a model in
which RANT1 delivers copper to the ethylene receptors and is
required for normally functioning ethylene receptors in
Arabidopsis.

The inverse agonist model for the activation of ethylene
responses is based on the constitutive activation of the ethyl-
ene-response pathway in plants carrying loss-of-function alle-
les for three or more ethylene receptor isoforms (7). On the
basis of our results and others, we hypothesize that in the
absence of ethylene, holoreceptors actively signal to keep CTR1
active, thus inhibiting the ethylene response. Ethylene binding
to the copper cofactor in the ethylene-binding site causes con-
formational changes in the receptors that inhibit their ability to
activate CTR1, leading to the derepression of the ethylene
responses (Fig. 6A4). On the other hand, silver-bound receptors
can bind ethylene but are predicted to be incapable of changing
their signaling state in response to ethylene binding (Fig. 6B)
(53). Weak ranl mutants such as ranl-1 and ranl-2 have nor-
mal responses to ethylene. However, they respond abnormally
to the addition of silver. One model for this is that under these
conditions, silver is not delivered as efficiently, so part of the
receptor population contains silver and part contains copper
(Fig. 6C). In this case, an attenuated response to ethylene might
occur. It is noteworthy that strong ranl alleles cause constitu-
tive ethylene responses by eliminating copper delivery to the
receptors, whereas the etr1-1 mutation eliminates copper bind-
ing to ETR1 but produces ethylene insensitivity (Fig. 6D). Thus,
the etr1-1 mutation must not only eliminate copper binding but
also produce an altered signaling state of the mutant receptors
that keeps CTR1 permanently active and the ethylene-response
pathway repressed. One possibility is that the etr1-1 protein is
in a hyperactive signaling state that is enough to keep CTR1
active (54). Another possibility is that there is a physical inter-
action between the receptors so that an interaction between
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function to activate CTR1. This in turn inhibits downstream signaling. Right, ethylene inhibits the receptors by binding to copper in the binding site, leading to
decreased CTR1 activity and the release of inhibition to downstream components. When both RAN1 and ETR1 are expressed normally, copper is delivered to
the receptor, and normal biogenesis occurs, leading to a normally functioning receptor that binds ethylene and undergoes the required conformational
change to turn off. B, in the presence of silver, RAN1 delivers both silver and copper to the receptors but in such a ratio that most contain silver. In this situation,
ethylene binds to the silver ion, but the binding event is not transduced through the receptor, and the receptor remains on. C, in the reduced-function ran
mutants (ran1-1 and rani-2), fewer ions are transported to the receptors. When silver is added in this situation, we predict that the population of copper-
containing and silver-containing receptors is shifted, so more contain copper, and a partial response to ethylene occurs. D, left, in the ranT loss-of-function
mutants (ran1-3 and rani-4), little or no copper is transported to the receptors and abnormal biogenesis occurs, resulting in receptors that are permanently
turned off. This leads to a constitutive ethylene phenotype. Right, in contrast, the etr7-1 mutant cannot coordinate the copper ion. Therefore, even though
RAN1 transports copper to the receptor, it cannot incorporate the ion. However, unlike the wild-type receptors lacking copper in ran1 loss-of-function mutants,
the etri1-1 receptor is locked in the signaling state, leading to ethylene-insensitive plants.

holoreceptors and etrl-1 aporeceptors results in the constitu-
tive activation of CTR1 and the inhibition of ethylene
responses. Indirect support for such a receptor clustering
model comes from several studies (52, 55—-57). In either case, it
is clear that the etr1l-1 protein and wild-type receptors lacking
the copper cofactor are not equivalent.

The role of RANI1 in the biogenesis of ethylene receptors
parallels the function of similar proteins in the biogenesis of
cuproenzymes inside intracellular compartments. The related
Ccc2 copper transporter plays an essential role in the matura-
tion of Fet3p, a multicopper ferroxidase involved in high affin-
ity iron uptake in S. cerevisiae (37). Menkes/Wilson proteins in
humans likely perform an analogous function. For instance,
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tyrosinase is a copper-containing enzyme. When expressed
from Menkes patients in recombinant fibroblast cell lines, it is
inactive. However, coexpression of normal Menkes protein in
the same cells results in an active tyrosinase (58).

The Arabidopsis genome contains two other genes encoding
putative copper-transporting ATPases closely related to RAN1
(PAA1 (P-type ATPase of Arabidopsis 1) and HMAS (heavy
metal-associated 5)) (59). PAA1 functions in the delivery of
copper to plastocyanin within chloroplasts, whereas HMA5
may have a mitochondrial localization and is important in cop-
per detoxification in roots (60, 61). It is unlikely that RAN1
plays a similar role in copper resistance. Excess copper ions
produce only partial rescue of ranl mutants (28, 29), inconsis-
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tent with a role for RANI in copper resistance. The fact that
ranl mutant seedlings can support some limited growth and
development is consistent with the possibility that one of these
RAN1 homologs has overlapping functions with RAN1 at the
seedling stage. However, our results clearly show that RAN1
has a prominent role in the delivery of copper to the ethylene
receptors at the seedling stage. The ethylene-independent,
rosette-lethal phenotype of strong ranl mutants indicates that
RANT1 function is completely essential for vegetative develop-
ment at the adult stage (29). Other roles for RAN1 in plant
growth remain to be established.
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