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Significance

The gaseous hormone ethylene 
regulates many aspects of plant 
growth and development; 
however, the molecular basis 
by which ethylene receptors bind 
and respond to ethylene 
concentrations at less than one 
part per billion has remained 
an unresolved question. Here, 
evolutionary and computational 
modeling approaches were used 
to develop a new molecular 
model for the ethylene-binding 
site of the receptor ETR1 and key 
features of this model validated 
experimentally. Results shed light 
on the basis for high-affinity 
ethylene binding and how 
ethylene binding is transduced to 
mediate changes in signal output 
by the receptor. The new model 
is also relevant to our 
understanding of bacterial 
chemotaxis, convergent receptor 
evolution, and the development 
of ethylene nanosensors for 
agricultural and industrial 
applications.
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The gaseous hormone ethylene is perceived in plants by membrane-bound recep-
tors, the best studied of these being ETR1 from Arabidopsis. Ethylene receptors 
can mediate a response to ethylene concentrations at less than one part per billion; 
however, the mechanistic basis for such high-affinity ligand binding has remained 
elusive. Here we identify an Asp residue within the ETR1 transmembrane domain 
that plays a critical role in ethylene binding. Site-directed mutation of the Asp to 
Asn results in a functional receptor that has a reduced affinity for ethylene, but still 
mediates ethylene responses in planta. The Asp residue is highly conserved among 
ethylene receptor-like proteins in plants and bacteria, but Asn variants exist, pointing 
to the physiological relevance of modulating ethylene-binding kinetics. Our results 
also support a bifunctional role for the Asp residue in forming a polar bridge to a 
conserved Lys residue in the receptor to mediate changes in signaling output. We 
propose a new structural model for the mechanism of ethylene binding and signal 
transduction, one with similarities to that found in a mammalian olfactory receptor.

ethylene | ethylene receptor | ligand binding | copper cofactor | structural model

The gaseous hormone ethylene regulates multiple aspects of plant growth and develop-
ment, ripening being the best known of these, as well as responses to biotic and abiotic 
factors (1–3). Ethylene is perceived in plants by membrane-bound receptors, the first 
identified and best studied of these being ETR1 from Arabidopsis (2, 4–6). Most plants 
contain families of ethylene receptors, the five-member ethylene-receptor family of 
Arabidopsis consisting of ETR1, ETR2, EIN4, ERS1, and ERS2 (2, 6). The plant ethylene 
receptors have similar overall structures with transmembrane (TM) domains near their 
N-termini and signaling motifs in their C-terminal regions (2, 6). The N-terminal TM 
domains contain the ethylene-binding site (5, 7, 8), and also serve in membrane locali-
zation of the receptor, the majority of the receptors being found associated with the 
endoplasmic reticulum (9–12). Following the TM domain is a GAF domain (named after 
the proteins cGMP-specific phosphodiesterase, adenylyl cyclase, and FhlA in which it was 
initially identified) implicated in receptor interactions (12, 13). The C-terminal portions 
of each receptor contain domains with similarity to histidine kinases and in some cases 
the receiver domains of response regulators (14, 15). Histidine kinases and receiver 
domains are signaling elements originally identified as components in bacterial phosphore-
lays and are now known to be present in plants, fungi, and slime molds (16). The plant 
ethylene receptors are negative regulators of ethylene signal transduction, such that the 
receptors are “on” in the absence of ethylene and actively repress the ethylene response, 
and “off ” when bound to ethylene, allowing for derepression of the ethylene response  
(2, 6, 17–19). As a result, higher-order loss-of-function mutants such as the etr1 etr2 ein4 
triple mutant and the etr1 ers1 double mutant result in constitutive ethylene-response 
phenotypes, the etr1 ers1 mutant resulting in infertility (17–19). Since the initial identi-
fication of ETR1 in plants, similar proteins with the conserved features of the 
ethylene-binding domain (EBD) have also been identified in prokaryotes, notably in 
cyanobacteria (7, 20, 21).

Due in part to the difficulty in obtaining high-resolution structural information from 
TM domains, much of what is known about the requirements for ethylene binding by the 
receptors comes from a coupling of biochemical and genetic analyses (5, 7, 20, 22, 23).  
Through these analyses, the receptors have been determined to function as homodimers, 
with ethylene binding mediated through an associated Cu(I) co-factor (7, 22–25). A set 
of highly conserved Cys and His residues in the TM domain is implicated in chelating 
the copper cofactor (5, 7, 25). Initial analysis indicated the existence of one copper cofactor 
per receptor dimer, suggesting a model in which the copper is chelated by two Cys and 
two His residues, thereby resulting in a single ethylene-binding site per receptor dimer 
(7). However, recent analysis is consistent with the existence of one copper cofactor per 
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receptor monomer, which supports a model with two copper 
cofactors and potentially two ethylene-binding sites per receptor 
dimer (24). The well-characterized missense mutation etr1-1 arises 
due to a mutation in the liganding Cys residue (Cys65Tyr), result-
ing in a receptor that no longer binds the copper cofactor and as 
a result also no longer binds ethylene (4, 5, 7, 26). The etr1-1 
mutation confers dominant ethylene insensitivity on plants 
because of this inability to perceive the ethylene signal. Additional 
missense mutations in the receptor have further refined our under-
standing of ethylene binding and signal transduction (20), as has 
computational modeling and tryptophan scanning mutagenesis 
(24, 27).

A major and still unresolved question is how the ethylene recep-
tors bind ethylene with such high affinity. Ethylene binds to ETR1 
with a calculated dissociation constant (Kd) of 2.4 × 10−9 M, and 
with a half-life for dissociation of over 12 h (5), consistent with 
plants responding to ethylene concentrations as low as 0.2 nL L−1 
(28). Here we identify a highly conserved aspartate within the 
ETR1 TM domain (Asp25) as playing a critical role in copper 
and ethylene binding. Of particular interest, we determine that a 
natural variant of Asp25 (Asp25Asn) is still functional but has a 
reduced affinity for ethylene, pointing to the key role Asp25 plays 
in modulating high-affinity ethylene binding by the receptors. 
Additionally, we identify a highly conserved lysine residue (Lys91) 
that we propose forms a polar bridge to Asp25 to internally trans-
duce the ethylene signal within the receptor to mediate changes 
in signaling output. Taking advantage of evolutionary and com-
putational modeling approaches, combined with experimental 
verification, we propose a new structural model for the mechanism 
of ethylene binding and signal transduction, one with similarities 
to that found in a mammalian olfactory receptor.

Results

A Highly Conserved Asp Residue in the EBD Modulates Copper 
and Ethylene Binding by ETR1. The EBD of the receptor ETR1 
of Arabidopsis is contained within the N-terminal TM domain 
of the protein (7, 22). This TM domain contains three predicted 
TM helixes, with the Cys65 and a His69 residues of TM helix II 
directly implicated in coordinating the copper cofactor required 
for ethylene binding (7, 22). Similar EBDs have been identified in 
a wide variety of organisms, including prokaryotes, the ethylene-
binding capability of receptors from Arabidopsis, tomato, and 
the cyanobacterium Synechocystis sp PCC 6803 having all been 
confirmed (20, 22, 29, 30). Fig.  1A indicates the degree of 
amino acid conservation found in a comparison of EBDs from 
1,221 eukaryotic and prokaryotic sequences related to ETR1. 
As predicted, the Cys and His residues of TMII implicated in 
coordinating the copper cofactor of ETR1 are highly conserved 
in EBDs.

Of particular interest are the additional conserved polar and 
charged residues found in the TM helixes, such as Asp25 (D25) 
of helix I in ETR1 (Fig. 1A), because such residues are likely to play 
significant roles in ethylene binding and/or signal transduction. 
Mutation of Asp25 to Ala (D25A) abolishes ethylene binding by 
the receptor when analyzed in a heterologous yeast expression sys-
tem and also confers dominant ethylene insensitivity when expressed 
in Arabidopsis (20). Computational modeling places Asp25 of helix 
I in proximity to Cys65 and His69 of helix II (24, 27), suggesting 
that it could play a role in coordinating the copper cofactor. 
Interestingly, although Asp is found in 93.55% of the sequences 
examined, in some cases (3.67%) it is substituted by an Asn residue, 
most commonly in cyanobacteria but also in several plants, Pyrus 
communis (Pear) and Cajanus cajan (Pigeon pea).

To characterize the role of Asp25 in copper and ethylene binding, 
we generated four site-directed mutant versions of ETR1. ETR1D25A 
was previously found to eliminate ethylene binding (20). ETR1D25N 
represents a relatively conserved change of the Asp R-group from a 
carboxylic acid to a carboxamide, one that will preserve the general 
size of the side group, but which eliminates the negative charge. As 
noted above, although Asp25 is highly conserved in EBDs, an Asn 
residue is found at that position in a few EBDs (Fig. 1A). ETR1D25E 
preserves the carboxylic acid and its negative charge found in the 
Asp R-group, but Glu has a longer sidechain than does Asp. The 
ETR1D25Q mutation is analogous to that for ETR1D25N, exchanging 
a carboxyamide for a carboxylic acid on the R-group of Glu, and so 
eliminating the negative charge of the Glu.

We tested the effects of Asp25 mutants on copper binding to the 
ETR1 TM domain following expression and purification from E. 
coli (24). Purified receptors lack the copper cofactor, allowing for 
their reconstitution with copper using this in vitro assay. Cu(I) was 
stabilized by the copper chelator bicinchoninic acid (BCA), and then 
titrated with increasing ETR1 protein concentration. As shown in 
Fig. 1B, titration with ETR1wt results in copper binding and a con-
comitant decrease in absorbance at 562 nm of the purple BCA2-Cu(I) 
complex. In contrast, no copper binding was observed for ETR1D25A 
and only minimal residual binding observed for ETR1D25N, 
ETR1D25E, and ETR1D25Q (Fig. 1B). These data thus support a model 
in which Asp25 contributes to copper binding. Furthermore, we 
found that the Asp25 mutants had an additive effect on copper bind-
ing when combined with an ETR1C65S;H69A mutant, because the 
ETR1C65S;H69A mutant exhibited residual binding that was eliminated 
when combined with the Asp25 mutations (ETR1D25X;C65S;H69A) 
(Fig. 1B and SI Appendix, Fig. S1).

Saturable ethylene binding of the ETR1 Asp25 mutants was 
examined by heterologous expression in yeast, with binding to 
[14C]ethylene determined in the presence or absence of excess 
[12C]ethylene (Fig. 1C) (5, 31). Expression in yeast results in the 
production of functional ethylene receptors as membrane-associated 
disulfide-linked homodimers containing the copper cofactor, facil-
itating an in vivo analysis of ethylene binding due to the cell per-
meability of ethylene (5, 22). Saturable binding of [14C]ethylene 
was observed for ETR1wt, as the positive control, and not with 
the pYCDE2 vector negative control (Fig. 1C). Binding of ethyl-
ene by ETR1D25E was still observed but was substantially reduced 
compared to that observed with ETR1wt, likely arising due to 
steric problems from the larger size of the Glu R-group as well as 
differences in protein expression levels (Fig. 1C). No saturable 
[14C]ethylene binding was detected for the other D25 mutants. 
This included the ETR1D25A mutant, consistent with previous 
observations (20), as well as for the ETR1D25N and ETR1D25Q 
mutants (Fig. 1C). Results from the ethylene-binding assay are 
therefore consistent with the negative charge at D25 playing a 
significant role in mediating high-affinity ethylene binding.

Functional Analysis of Asp25 Mutations on the ETR1 Responses 
In Planta. Functionality of the ETR1 Asp25 mutants was 
tested by transgenic expression in the etr1 etr2 ein4 Arabidopsis 
background. The rationale for this approach is that the etr1 
etr2 ein4 triple mutant exhibits a partial constitutive ethylene-
response phenotype, resulting in reduced shoot growth as well 
as a shorter hypocotyl in the air than is found in the wildtype 
(Fig. 2 A and B and SI Appendix, Fig. S2) (18). We can thus 
exploit the triple mutant to assess the ability of the ETR1 
transgenes to rescue growth in the absence of ethylene as well 
as their ability to mediate a response to ethylene (32). Such an 
analysis indicates whether the encoded receptors can assume the 
“on” conformation that represses the ethylene response in air, as 
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well as the “off” conformation that occurs in response to ethylene 
binding. All transgenes were expressed based on immunological 
detection of the tETR1 protein, and all rescued growth of the 
etr1 etr2 ein4 triple mutant in air based on hypocotyl and adult 
shoot growth analysis, indicating that all the tETR1 proteins 
(tETR1wt, tETR1D25N, tETR1D25Q, tETR1D25E, tETR1D25A) can 
assume the “on” conformation (Fig. 2 A and B and SI Appendix, 
Fig. S2).

Previous studies have found that the site-directed mutation of 
residues that result in a loss of ethylene-binding activity typically 

confer dominant ethylene insensitivity on the seedlings, due to 
an inability of the etr1 mutant protein to switch from its “on” to 
its “off” conformation (7, 20, 22). Based on this we anticipated 
that those Asp25 mutants that resulted in a loss of high-affinity 
ethylene binding (tETR1D25N, tETR1D25Q, and tETR1D25A) 
would confer dominant ethylene insensitivity. Since the tETR1D25E 
protein still exhibited reduced ethylene binding, it was possible 
that it would respond similarly to wildtype, but it was also possible 
that tETR1D25E would confer dominant insensitivity due to the 
reduced ability to bind and/or the perturbation of the ethylene 

Fig. 1. Copper and ethylene binding of wildtype and Asp25 mutant versions of ETR1. (A) Amino acid conservation of the EBD in ETR1-like proteins. The three 
conserved TM (TM) helixes (H1, HII, and HIII) are indicated. Red asterisks indicate Cys65 and His69 of ETR1 HII implicated in coordinating the copper cofactor; the 
blue asterisk indicates the highly conserved Asp25 of HI. (B) Copper binding of wildtype and Asp25 mutant versions of ETR1 TM domain (ETR1-TMD; n = 3). Purified 
ETR1-TMD was titrated to the BCA2-Cu(I) complex, and copper binding monitored spectrophotometrically based on the change in absorbance at 562 nm. For 
comparison copper binding of a Cys65Ser His69Ala mutation was examined alone and in combination with the Asp25Asn mutation. For site-directed mutations, 
the single letter abbreviations for the amino acids Asp (D), Ala (A), Asn (N), Cys (C), Glu (E), Gln (Q), His (H), and Ser (S) are used (SI Appendix, Fig. S1). (C) Ethylene 
binding to yeast transgenically expressing wildtype and Asp25 mutant versions of ETR1. ETR1 protein levels were determined by immunoblot analysis with an 
anti-ETR1 antibody (quantification is relative to ETR1-wt), and the proteins on the blot staining with Ponceau-S as a loading control. To analyze ethylene-binding 
activity, transgenic yeast samples (n = 3; horizontal line = mean) were incubated with 0.21 µL L−1 [14C]ethylene, in the presence or absence of excess [12C]ethylene, 
the difference between the two values representing the saturable binding; P values for significant saturable binding, as determined by t test are given for P < 0.05.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
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binding site. As shown in Fig. 2 A and B, the ETR1D25A, ETR1D25E, 
and ETR1D25Q transgenes all conferred ethylene insensitivity 
based on a hypocotyl growth response analysis, consistent with 
predictions (i.e., less than a 20% decrease in hypocotyl growth in 
response to ethylene). Surprisingly, the ETR1D25N transgene res-
cued the hypocotyl growth response to ethylene to the same degree 
as ETR1wt even though, based on our previous analyses, ETR1D25N 
was compromised in its copper and ethylene-binding ability. 
Hypocotyl ethylene dose-response analyses confirmed a similar 
ethylene responsiveness for both the ETR1wt and ETR1D25N lines, 
their responsiveness being similar to that found with an etr2 ein4 
double mutant (Fig. 2C and SI Appendix, Figs. S3 and S4).

Based on the differences, we uncovered for the long-term eth-
ylene growth responses for the Asp25 mutants, we also analyzed 
their short-term hypocotyl growth and molecular responses to 
ethylene. To this end, we performed a short-term kinetic analysis 
(28, 33), analyzing the initial hypocotyl growth inhibition in 
response to 10 µL/L ethylene and the growth recovery following 
the removal of ethylene after 2 h of treatment (Fig. 3A). As shown 
in Fig. 3A, both wildtype and the triple mutant etr1 etr2 ein4 
exhibit a rapid inhibition of hypocotyl growth in response to 
ethylene, but the growth recovery for the etr1 etr2 ein4 mutant 
following removal of ethylene is substantially slower than that 
observed for the wildtype (33). The ethylene-insensitive mutants 
ETR1D25A, ETR1D25E, and ETR1D25Q all exhibit ethylene insen-
sitivity based on the short-term kinetic analysis (Fig. 3A). In con-
trast, both the ETR1wt and ETR1D25N lines exhibit a rapid growth 
response to ethylene and, upon ethylene removal, a similar growth 
recovery intermediate between that exhibited by the wildtype and 
the etr1 etr2 ein4 seedlings (Fig. 3A and SI Appendix, Fig. S5). To 
examine the short-term molecular response, we characterized 
ethylene-dependent gene expression for the ETR1 Asp25 mutants 
(Fig. 3B and SI Appendix, Fig. S6). The expression of OSR1 and 
ERF1 is induced, whereas the expression of EXP5 and EXPb1 is 
repressed, in response to ethylene (Fig. 3B). The molecular 
response to ethylene is similar in the ETR1wt and ETR1D25N trans-
genic lines for all four genes, and consistent with what is observed 
in the wildtype control. In contrast, the ethylene-insensitive mutants 
ETR1D25A, ETR1D25E, and ETR1D25Q all exhibit various levels of 
hyposensitivity for ethylene-dependent gene expression, this being 
most apparent in the analysis of EXP5 and EXPb1 expression. 
Similar effects were found on the expression of additional 
ethylene-regulated genes, including induction of ARGOS, ERS1, 
and ERS2 and repression of CAPE2 (SI Appendix, Fig. S6).

To confirm that the results obtained in the heterologous yeast 
expression system for ETR1D25N reflected the condition in planta, 
we compared ethylene binding of ETR1wt and ETRD25N in the 
etr1 etr2 ein4 Arabidopsis background, making use of lines that 
exhibited a similar seedling phenotype, ETR1 protein levels, and 
expression levels of the remaining receptors ERS1 and ERS2 (Fig. 4 
A and B). [14C]ethylene binding was examined in 2-week–old 
green seedlings grown on media containing 5 µM aminoethox-
yvinylglycine (AVG) to inhibit ethylene biosynthesis. As shown 
in Fig. 4C, the triple mutant etr1 etr2 ein4 exhibits a basal level 
of ethylene binding due to the presence of the receptors ERS1 and 
ERS2; however, transgenic expression of ETR1wt results in a sig-
nificant increase in ethylene binding. In contrast, no increase in 
ethylene binding was observed following transgenic expression of 
ETRD25N.

Mechanism by Which ETR1D25N Mediates Ethylene Signaling In 
Planta. We considered two hypotheses, not mutually exclusive, 
as to how ETR1D25N could mediate ethylene signaling in planta: 

Fig.  2. Ethylene sensitivity of Arabidopsis seedlings expressing Asp25 
mutants of ETR1. Wildtype (wt) and mutant versions of ETR1 were 
transgenically (tETR1) expressed in the etr1 etr2 ein4 background. (A) ETR1 
protein levels as determined by immunoblot analysis with an anti-ETR1 
antibody in dark-grown seedlings. BIP serves a loading control. (B) Triple-
response seedling growth assay to ethylene. Dark-grown seedlings were 
treated with 0 or 1 µL L−1 ethylene. Images of seedlings are shown along 
with quantification of the hypocotyl growth response (n ≥ 10; horizontal 
line = mean). The mutant etr1-1 serves as an ethylene-insensitive control. 
P values (blue) for significant differences in the ethylene responsiveness 
of seedlings, as determined by t test, are given for P  < 0.05. For data 
comparison of etr1 etr2 ein4 to wt, tETR1(wt), and tETR1(D25N) lines grown 
in the absence of ethylene, ANOVA was performed with post hoc Holm 
multiple comparison calculation (**P < 0.01). (C) Ethylene dose response 
curves of hypocotyl growth in dark grown seedlings for the three lines of 
ETR1wt and ETR1D25N compared to wt and etr1 etr2 ein4. Representative 
ethylene-insensitive tETR1D25A-#20, tETR1D25E-#19, and tETR1D25Q-#4 lines 
are also included and examined at 0 and 100 µL L−1 ethylene. The ethylene 
response is normalized for each line relative to its hypocotyl length at 0 
µL L−1 ethylene (n ≥ 17; SE < 3% of hypocotyl length, not shown for clarity) 
(SI Appendix, Figs. S3 and S4).

http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
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residual ethylene binding of the ETR1D25N mutant and/or 
cooperative interactions with other wildtype ethylene receptors 
in Arabidopsis. The first hypothesis is based on the affinity of 
the receptors for ethylene. ETR1 has a half-life for ethylene 
dissociation of over 12 h  (5), allowing for the ready detection 
of [14C]ethylene binding in yeast or in planta; however, if the 
ETR1D25N mutant still retained the copper cofactor and bound 
ethylene with lower affinity (less tightly), then it would be 
substantially more difficult to detect with the [14C]ethylene 
binding assays. The second hypothesis is based on the existence 
of ethylene receptor families in Arabidopsis. Even in the etr1 etr2 
ein4 background, used for expression of the ETR1D25N mutant, 
the ERS1 and ERS2 wildtype receptors are still present. These 
could bind ethylene and, as part of a receptor complex, potentially 
pass on a conformational information to ETR1D25N, causing it 
to adopt a signaling conformation even when it has not bound 
ethylene. This type of signaling interaction has been found for 
bacterial chemoreceptors, and has also been proposed to occur for 
the ethylene receptors which, like chemoreceptors, form higher-
order receptor complexes (12, 13, 28, 34).

As an initial test for the feasibility of the first hypothesis, we 
asked if ETR1D25N could still bind a metal cofactor, and therefore 
potentially ethylene, in planta. For this purpose, we examined the 

effects of silver (Ag) on ethylene sensitivity. Silver is thought to 
substitute for the copper cofactor and, although receptors con-
taining silver can still bind ethylene, they no longer transmit the 
signal, resulting in ethylene insensitivity (7, 23, 35, 36). As shown 
in Fig. 5A, the dark-grown seedling response of wildtype to 10 
µL/L ethylene is blocked when seedlings are grown on silver, but 
the etr1 etr2 ein4 triple mutant is still responsive to ethylene in 
the presence of silver. We find that expression of either tETR1wt 
or tETR1D25N in the etr1 etr2 ein4 background restores the ability 
of silver to block the ethylene response, consistent with ETR1D25N 
retaining an ability to bind its metal cofactor in vivo, even though 
it showed reduced affinity in the in vitro assay (Fig. 1B).

As an alternative approach to test the two hypotheses, we used 
CRISPR-cas9 methodology to knock out ERS1 and ERS2 in the 
ETR1D25N (etr1 etr2 ein4) line to generate an ETR1D25N (etr1 etr2 
ein4 ers1 ers2) line (SI Appendix, Fig. S7), the prediction being 
that signaling by ETR1D25N will be lost if dependent on the pres-
ence of other wildtype receptors. Two independent ETR1D25N 
(etr1 etr2 ein4 ers1 ers2) lines were generated (#11 and #15). 
However, contrary to the second hypothesis, the ETR1D25N lines 
still responded to ethylene (Fig. 5B), consistent with an ability for 
ETR1D25N to bind ethylene, in agreement with residual copper 
binding (Fig. 1B) and the silver sensitivity assay (Fig. 5A). 

Fig.  3. Short-term ethylene responses of Arabidopsis 
seedlings expressing Asp25 mutants of ETR1. (A) Kinetics 
of growth response to ethylene of ETR1wt and ETR1D25 
mutant lines. Ethylene dose-response kinetics were 
analyzed in hypocotyls of 2-d–old etiolated seedlings for 
wildtype, the etr1 etr2 ein4 triple mutant, and for the triple 
mutant complemented with ETR1wt or various ETR1D25 
mutants as indicated. Measurements were made in air 
for 1 h, followed by a 2-h exposure to 10 µL L−1 ethylene, 
and then a 5-h recovery in air. Growth rates for each 
line are normalized to the growth rate during the first 
hour in the air. Arrows indicate the time points for the 
addition and removal of ethylene. Error bars represent 
SE (n ≥ 7) (SI Appendix, Fig. S5). (B) Effect of ETR1 Asp25 
mutants on ethylene-dependent gene expression. Dark-
grown seedlings were treated with 0 or 1 µL L−1 ethylene 
for 2 h, and gene expression examined by qRT-PCR (n = 
3). Expression was normalized to a tubulin control and is 
presented as relative to the untreated wildtype control. 
Three tETR1-wt and three tETR1D25N lines were examined. 
The ethylene-insensitive tETR1D25A#20, tETR1D25E#19, and 
tETR1D25Q#4 lines were also included. See SI  Appendix, 
Fig. S6 for expression of additional genes.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
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Furthermore, the ethylene response of the ETR1D25N (etr1 etr2 
ein4 ers1 ers2) lines was blocked by the competitive inhibitor 
1-methylcyclopropene (1-MCP) (Fig. 5B) (36), also consistent 
with ETR1D25N retaining its c opper cofactor and ability to bind 
its gaseous ligand. Kinetic analysis supports the ability of the 
ETR1D25N (etr1 etr2 ein4 ers1 ers2) lines to rapidly mediate the 
ethylene response (Fig. 5C). These data thus support a key role 
for Asp25 of ETR1 in regulating the kinetics of ethylene binding 
by the receptor.

Effect of Lys91 Mutations of ETR1 on Seedling Growth and 
Ethylene Sensitivity. Coevolutionary analysis can be used to 
predict interactions/contacting residues in proteins (37, 38). For 
example, the EVCOUPLINGs algorithm derives residue–residue 
evolutionary couplings from deep multiple sequence alignment 
by a pseudolikelihood maximization method. Therefore, to gain 
further information about the structure of the EBD, we used 
the 1 to 112 amino-acid sequence of ETR1 as an input for both 
the EVCOUPLINGs and GREMLIN servers (37, 38). Sequence 
coevolution analysis predicts a coupling between Asp25 of TM 
helix I with Lys91 of TM helix III (GREMLIN probability of 
0.960; EVcouplings probability of 0.997; Fig. 6A and SI Appendix, 
Table S1) (37, 38). This predicted Asp25-Lys91 coupling is of 
interest because, in contrast to the first and second TM helixes of 
ETR1 that play substantial roles in copper and ethylene binding, 
the third TM helix is implicated in signal transduction (20). Like 
Asp25, Lys91 is highly conserved (Fig. 1A) but Lys is not among 
the amino acids favored to coordinate copper ions (39, 40). A role 
for Asp25 in both copper binding and in forming a polar bond to 
TM helix III would provide a potential mechanism by which to 
couple ethylene binding to receptor signal output.

To examine the role of Lys91 in signaling by ETR1, we made 
the site-directed mutations ETR1K91R, ETR1K91M, and ETR1K91A, 
and examined their copper-binding ability using the in vitro assay 

(SI Appendix, Fig. S8), their ethylene-binding ability using the 
yeast expression system (Fig. 6B) and their functionality by trans-
genic expression in the etr1 etr2 ein4 Arabidopsis background 
(Fig. 6C). All three Lys91 mutants of ETR1 bound copper simi-
larly to the wildtype control (SI Appendix, Fig. S8), consistent 
with Lys91 not playing a direct role in copper binding. In contrast, 
as described below, differing effects of the Lys91 ETR1 mutants 
were found on ethylene binding and functionality in planta.

In ETR1K91R, the basic Lys91 residue is replaced with another 
basic residue (Arg) which should preserve the ability to form a 
polar bond to Asp25. The ETR1K91R mutant exhibited an ethylene 
binding ability similar to that of ETR1wt (63% of wildtype bind-
ing; Fig. 6B) but like some other previously characterized 
site-directed mutations in TM segment three (20), conferred eth-
ylene hyposensitivity (reduced ethylene sensitivity rather than 
insensitivity) in Arabidopsis (Fig. 6C), potentially due to the larger 
Arg sidechain perturbing the receptor structure so that it does not 
effectively turn “off ” upon ethylene binding.

In ETR1K91M, the basic sidechain of Lys91 is replaced with a 
nonpolar sidechain of similar size; this mutation would no longer 
be able to participate in a polar bridge to mediate an 
ethylene-dependent change in conformation. ETR1K91M exhibited 
substantially reduced binding of approximately 6% of that found in 
ETR1wt (Fig. 6B). Interestingly, the ETR1K91M mutant exhibited a 
seedling growth response not previously noted for ETR1 mutants 
(20). The ETR1K91M mutant failed to rescue seedling growth effi-
ciently but also exhibited partial ethylene hyposensitivity (Fig. 6C), 
suggesting that the receptor is less capable of maintaining the 
“on” and “off” conformations typically found in the absence and 
presence of ethylene, respectively, consistent with a lack of “commu-
nication” between the ethylene binding site involving TM helixes I 
and II, and the output domain of TM helix III.

In ETR1K91A, as with ETR1K91M, the basic sidechain of Lys is 
replaced with a nonpolar sidechain but one that is smaller than 

Fig.  4. Ethylene binding of Arabidopsis seedlings 
expressing ETR1wt and ETR1D25N. (A) Representative 2-wk–
old green seedlings of the ETR1wt-#4 and ETR1D25N-#6 
lines expressed in etr1 etr2 ein4 background, as well as 
the etr1 etr2 ein4 triple mutant itself (Scale bar, 1  cm). 
(B) Expression levels of the tETR1 receptor versions as 
determined by immunoblot, and of ERS1 and ERS2 as 
determined by qRT-PCR. Significant differences in gene 
expression between lines were determined by ANOVA 
with post-hoc Holm multiple comparison calculation; 
different red letters indicate a significant difference at 
P < 0.05. (C) Saturable ethylene binding (n = 3; error bar = 
SE) of the seedlings. Seedlings were incubated with 0.31 
µL L−1 [14C]ethylene, in the presence or absence of excess 
[12C]ethylene, the difference between the two values 
representing the saturable binding. Significant saturable 
binding as determined by t test for each line is indicated 
(blue; *P  < 0.05, **P < 0.01, ***P < 0.001). Significant 
differences in expression between lines are ANOVA-based 
analyses (red; P < 0.01).

http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
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that found with Lys; the ETR1K91A mutation was previously found 
to confer ethylene insensitivity on Arabidopsis seedlings but still 
retained a low level of ethylene binding ability (20). Like 

ETR1K91M, we found that ETR1K91A retained a minimal ability 
to bind ethylene (only 1% of that found in ETR1wt; Fig. 6B). 
Thus, preservation of the basic nature of the Lys91 sidechain is 
important to ethylene binding, although the finding that substi-
tution with a nonpolar sidechain does not eliminate ethylene 
binding is consistent with Lys91 not playing a direct role in chelat-
ing the copper cofactor. ETR1K91A conferred two different ethyl-
ene response phenotypes in the seedling lines we examined 
(Fig. 6C): a phenotype similar to that of the ETR1K91M mutant 
(lines 9 and 14) or ethylene insensitivity (lines 10 and 11) such 
as previously reported for the mutation (20). The ETR1K91A lines 
that exhibited ethylene insensitivity generally also had higher 
receptor protein levels (Fig. 6C), suggesting that insensitivity could 
arise due to increases in the number of misfolded receptors, these 
receptors potentially unable to bind ethylene or unable to change 
conformation upon ethylene binding.

To gain further information on the interaction of Asp25 and 
Lys91, we combined the Asp25Asn mutation with the ETR1K91X 
mutations to generate ETR1D25N, K91R, ETR1D25N, K91M, and 
ETR1D25N, K91A, and examined their functionality in the etr1 etr2 
ein4 Arabidopsis background (Fig. 6C). The ETR1D25N, K91X com-
binations tended to accentuate the mutant growth phenotypes 
noted for the ETR1K91X single mutants. The ETR1D25N, K91R 
mutant is ethylene insensitive rather than hyposensitive as found 
in the ETR1K91R mutant; the ETR1D25N, K91M mutant rescued 
seedling growth even less efficiently than the ETR1K91M mutant; 
and the ETR1D25N, K91A mutant lines are all ethylene insensitive 
rather than just a subset as found with the ETR1K91A mutant lines. 
The heightening of the ETR1K91X phenotypes when combined 
with Asp25Asn indicates that the Asp25Asn mutation does affect 
signaling by ETR1, even though the individual ETR1D25N mutant 
could not be distinguished from the ETR1wt by standard growth 
response assays (Figs. 2 and 3).

Discussion

A key but unresolved structural question for the ethylene receptors 
is how the copper cofactor(s) required for ethylene binding are 
coordinated within the TM domain. The Cu(I) oxidation state is 
known to exist in a variety of coordination geometries, with coor-
dination numbers anywhere from two to six (41, 42). Based on 
initial evidence for a single Cu(I) in the ethylene-binding site, a 
tetrahedral geometry for the copper binding site was proposed 
involving Cys65 (as the thiolate form) and His69 of ETR1: 
(Cys65)2(His69)2, hereafter referred to as a CCHH coordination 
model (7, 22). The tetrahedral geometry of the proposed CCHH 
copper-binding site was considered consistent with the homodi-
meric nature of ethylene receptors and the fact that Cys65 and 
His69 are on the same face of the second TM helix, one helical 
turn apart.

Recent data point to the existence of two coppers per receptor 
dimer (i.e. one copper per receptor monomer) (24), a possibility 
not inconsistent with data from the earlier study in which it was 
unclear if all the purified receptors were competent for copper 
binding (7), a finding that necessitates the consideration of new 
coordination structures for the copper cofactors. Here we impli-
cate Asp25 of ETR1 as playing a critical role in copper binding 
based on the same principles that implicate Cys65 and His69. 
Based on our current understanding that there is one copper per 
monomer, we consider two potential models by which Asp25 
could contribute to ethylene binding by ETR1 (Fig. 7 A and B). 
First, Asp25 could directly participate in copper binding along 
with Cys65 and His69: a tridentate Asp-Cys-His (DCH) model 
for copper coordination. Alternatively, Asp25 could form a 

Fig.  5. Responsiveness of the ETR1D25N mutant to ethylene, silver, and 
1-MCP. (A) The ethylene responsiveness of ETR1wt and ETR1D25N, transgenically 
expressed in the etr1 etr2 ein4 background, is blocked in the presence of 
100 µM silver (Ag). The hypocotyl growth of dark-grown seedlings was analyzed 
in the absence or presence of 10 µM ethylene (n ≥ 11; error bars = SE). (B) 
ETR1D25N responds to 1 µL L−1 ethylene in a background lacking all five native 
ethylene receptors (etr1 etr2 ein4 ers1 ers2), and has this response is blocked by 
1 µL L−1 1-MCP (n ≥ 13; error bars = SE). Loss-of-function mutations in the ERS1 
and ERS2 genes were generated by a CRISPR-Cas9 approach in the ETR1D25N 
(etr1 etr2 ein4) line #6. Significant differences in hypocotyl length following 
treatment were determined for each line by ANOVA with post hoc Holm 
multiple comparison calculation; different red letters indicate a significant 
difference for each line at P < 0.05. (C) Kinetics of growth response to ethylene 
of wildtype, etr1 etr2 ein4, and two lines of ETR1D25N in the etr1 etr2 ein4 ers1 
ers2 (quintuple) background. Error bars represent SE (n ≥ 8).
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hydrogen bond to His69 to orient and polarize it for copper bind-
ing: a bidentate Cys-His (CH) model for copper coordination.

In addition to results from the recent in vitro study in which one 
copper per ETR1 monomer was detected (24), the DCH and CH 
models are favored over the earlier CCHH model for the following 
reasons. First, chemical analysis has demonstrated that both triden-
tate and bidentate ancillary ligands can effectively bind Cu(I) and 
form a Cu(I)–ethylene complex, the primary consideration being 
that anionic, electron-donating ancillary ligands foster the strongest 
backbonding of the filled Cu(I) 3d orbital to the unfilled ethylene 
π* orbital (43, 44). Second, lower coordination numbers favor 
Cu(I) binding over that of Cu(II) and other divalent metal ions 
(45), supporting the existence of two or three copper-coordinating 
ligands, rather than four, with the ethylene receptors. Third, mod-
eling of Cu(I) interactions with 1-methycyclopropene (1-MCP), a 
potent competitive inhibitor for ethylene binding, support Cu(I) 
being coordinated by no more than three ligands in addition to 
1-MCP (46). We note that, even should subsequent studies provide 
support for the CCHH model with one Cu(I) per receptor dimer, 

the role(s) for Asp25 identified here in copper binding are still 
relevant.

Structural modeling supports the CH model over the DCH 
model, with Asp25 playing an indirect rather than a direct role 
in chelation of Cu(I). Support for the CH model is found with 
the previous ab initio structural model of the EBD (24) as well 
as our modeling the ETR1 homodimer with AlphaFold-Multimer 
(Fig. 7C and SI Appendix, Fig. S9, and Movies S1 and S2)  
(47, 48). AlphaFold-Multimer builds on the neural network-based 
AlphaFold to generate structural models of protein complexes, 
taking advantage of related amino-acid sequences and experimen-
tally determined protein structures (47, 48). Using AlphaFold- 
Multimer, we generated structural models for the ETR1 homod-
imer for full-length ETR1 as well as for the EBD (Fig. 7C  
and SI Appendix, Fig. S9). The copper cofactors were modeled 
under two potential coordinations involving Cys65 and His69 
of the ETR1 homodimer, one in which the two coppers are bound 
independently and do not share an interaction with each other, 
and another where they are closely bonded. Both the ab initio 

Fig.  6. Characterization of Lys91 mutants of ETR1.  
(A) Evolutionary couplings of ETR1 amino acid residues 
from the EBD, based on the analysis of 1,221 ETR1-
related sequences using the EVcouplings framework 
(37). The thickness of the lines represents the strength 
of individual couplings. The intensity of the blue shading 
represents the overall strength of couplings for that 
specific residue. Lys91 and Asp25 are highlighted in red. 
(B) Ethylene binding to yeast transgenically expressing 
wildtype and Lys91 mutant versions of ETR1. Immunoblot 
analysis was used to determine the ETR1 protein levels 
with an anti-ETR1 antibody; the proteins on the blot were 
stained with Ponceau-S as a loading control. To determine 
saturable ethylene-binding activity of the ETR1 Lys91 
mutants, transgenic yeast samples (n = 3) were incubated 
with 0.21 µL L−1 [14C]ethylene, in the presence or absence 
of excess [12C]ethylene, the difference between the two 
values representing the saturable binding; P values for 
significant saturable binding, as determined by t test are 
given for P  < 0.05. (C) Characterization of Arabidopsis 
seedlings expressing Lys91 mutants of ETR1. Lys91 
mutant versions of ETR1 alone or with Asp25Asn (D25N) 
were transgenically (tETR1) expressed in the etr1 etr2 ein4 
background. Immunoblot analysis was used to determine 
ETR1 protein levels with an anti-ETR1 antibody in dark-
grown seedlings; BIP serves a loading control. For the 
hypocotyl growth response of dark-grown seedlings 
to ethylene, seedlings were treated with 0 or 1 µL L−1 
ethylene (n ≥ 10; horizontal line = mean). P values (blue) 
for significant differences in the ethylene responsiveness 
of seedlings, as determined by t test, are given for  
P < 0.05.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
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and AlphaFold models place Asp25 of helix I in proximity to 
Cys65 and His69 of helix II but not optimally positioned to 
interact with Cu(I). However, as shown in Fig. 7C for the 
AlphaFold model, the Asp25 carboxylate is well positioned to 
interact with the protonated nitrogen of the His sidechain. Thr68 
and the backbone carbonyl of Cys65 are also close enough to 
potentially contribute to copper chelation, but an ETR1T68A 
mutant still bound ethylene when expressed in yeast (20), indi-
cating that Thr68 does not play a major role in copper 
chelation.

The CH model, in which the interaction of the Asp carboxylate 
with His contributes to Cu(I) binding may help explain the high 
binding affinity of the receptors for ethylene (5, 28). Such carbox-
ylate–His–metal interactions are fairly common in proteins, being 
a form of indirect carboxylate–metal coordination, with the car-
boxylate thought to modulate the histidine to make it a more 
effective Lewis base and strengthen the metal complexation (49). 
This carboxylate-His structure is similar to that found in the 
well-characterized “catalytic triads” of serine proteases as well as 
in a host of other enzymes that also make use of an Asp–His 
interactions to facilitate hydrolytic and other enzymatic activities 
(50). The increase in the effectiveness of such enzymes may not 
just be due to increased nucleophilicity of the carboxylate-His, 
but also due to maintenance of the correct tautomer of His (e.g., 
N-1H vs N-3H) for the reaction (51, 52), another consideration 
that may apply to the ability of His69 of ETR1 to interact with 

the Cu(I) cofactor. Our enhanced understanding for mechanisms 
underlying high-affinity ethylene binding should facilitate the 
development of ethylene nanosensors for agricultural and indus-
trial use (53, 54).

An unexpected but physiologically relevant finding from our 
studies was that the substitution of Asn for Asp25 of ETR1, unlike 
the other site-directed mutations examined, still allowed for eth-
ylene binding but affected the binding kinetics. Experimental 
analyses of [14C]ethylene binding in transgenic yeast and in planta 
are dependent on the extended half-life for dissociation of ethylene 
from the receptors, this being of over 12 h for ETR1wt (5). Our 
inability to detect [14C]ethylene binding by ETR1D25N when 
assayed in transgenic yeast suggests a half-life for dissociation on 
the order of minutes or less (koff increasing at least 100-fold), the 
consistency of the in planta results with those from yeast indicating 
that this difference in ethylene binding between ETR1wt and 
ETR1D25N is not an artifact of the transgenic yeast system. 
Interestingly, although Asp in found in 93.55% of the ETR1-like 
sequences examined (Fig. 1A), in some cases (3.67% of the 
sequences examined) it is substituted by an Asn residue, most 
commonly in cyanobacteria but also reportedly in the plants  
P. communis (Pear) and C. cajan (Pigeon pea). We consider it likely 
that the Asn-containing ethylene receptor-like proteins of cyano-
bacteria facilitate chemotaxis (55), the ability to rapidly detect and 
respond to changes in ligand concentration not being compatible 
with the extended binding kinetics associated with the typical plant 
receptors. Plants, with their slower release kinetics for ethylene, 
rely upon proteasome-dependent degradation of ethylene-bound 
receptors and transcriptional induction of new receptors to facil-
itate resensitization once environmental ethylene levels decrease 
(9, 33, 34, 56, 57).

Although deamidation of Asn and conversion to Asp has been 
reported to sometimes occur spontaneously in vivo (58, 59), such 
post-translational processing is not supported for the ETR1D25N 
mutant based on structural and experimental considerations. First, 
ETR1D25N lacks the Asn-Gly motif associated with deamidation 
but has a stabilizing Phe residue at position 26 (58, 59). Second, 
deamidation of Asn is suppressed in alpha-helices (60), such as 
are found in the TMD of ETR1. Third, we do not recover detect-
able ethylene binding for the ETR1D25N mutant when assayed in 
yeast or in planta, such as would be expected if deamidation had 
occurred. Fourth, a small additive effect of the Asp25Asn mutation 
was observed when combined with the ETR1K91X mutations, con-
sistent with the presence of the Asp25Asn mutation and that it 
has functional consequences outside of its effect on ethylene 
binding.

Based on our findings, Asp25 of ETR1 plays a dual role in 
signaling, functioning in copper/ethylene binding as well as in 
internally transmitting information on ethylene binding to TM 
helix III through an association with Lys91 (Fig. 7). Coevolution 
analysis predicts a strong association between these two residues, 
both of which are highly conserved, the one residue acidic and 
the other basic, suggestive not only of physical proximity but 
the ability to make a strong polar bond. Mutations of Lys91did 
not affect copper binding of ETR1 but loss of its basic amino 
acid character resulted in decreased ethylene binding, poten-
tially due to the receptor being unable to maintain the optimal 
conformation for ethylene binding and/or due to altered kinet-
ics for ethylene binding as found for the Asp25Asn mutation. 
Of particular interest is the reduced functionality in the absence 
and presence of ethylene observed with the ETR1K91M, 
ETR1D25N, K91M, and some of the ETR1K91A mutant lines, a 
phenotype consistent with a necessity to transmit conforma-
tional information from the ethylene binding site to TM helix 

Fig. 7. Models for ETR1 interactions with copper(I) and ethylene. (A) Asp-Cys-
His (DCH) and Cys-His (CH) models for how Asp25 contributes to copper(I) and 
ethylene binding and signal transmission via bonding with Lys91 in DCH and CH 
models. (B) Predicted effect of the Asn25 variant on molecular interactions at the 
ethylene-binding site. (C) AlphaFold-Multimer-based model of the ETR1 dimer 
(interacting coppers), with views highlighting copper-binding geometry (Left; H69-
Cu = 2.3 Å, C65-Cu = 2.4 Å, T68-Cu = 2.7 Å, C65 backbone carbonyl-Cu = 3.0 Å) and 
interactions between His69, Asp25, and Lys91 (Right; D25-H69 = 2.8 Å, D25-K91 = 
3.3 Å). (SI Appendix, Fig. S9 and Movies S1 and S2).

http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215195120#supplementary-materials
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III. These mutants may be at an equilibrium between the con-
formations typically found in the absence (“on”) and presence 
(“off ”) of ethylene, with ethylene no longer able to stabilize one 
conformation over the other. Alternatively, if the receptors can 
take on intermediate conformations, the receptors may be stuck 
in such an intermediate conformation. Critically, the results of 
these mutations indicate the importance of the basic character 
of Lys91 in maintaining functionality of ETR1, and how loss 
of this character uncouples ETR1 from the conformations 
needed to mediate responses in the absence and presence of 
ethylene.

The dual role for Asp25 supported by our study of ETR1 is 
remarkably like the role proposed for Asp180 in a model for the 
mouse olfactory receptor MOR244-3 (61). This olfactory recep-
tor is responsive to organosulfur odorants and has a binding site 
with a required Cu(I) cofactor coordinated by Cys, His, and 
possibly an Asn residue (61, 62). Like the ethylene receptors, 
the copper cofactor is required for the MOR244-3 receptor to 
assume its active conformation, and the ligands (ethylene or 
methylthio-methanethiol) exert inverse agonist effects on recep-
tor activity (18, 20, 61–64). In the model of the MOR244-3 
binding site, Asp180 forms hydrogen bonds to the 
Cu-coordinating His105 and also to Lys269 (61). These two 
evolutionarily distinct receptors, both employing a Cu(I) cofac-
tor and exhibiting high affinity for their ligands, may have con-
verged on a similar mechanism to enhance the performance of 
the Cu(I)-chelating His and relaying intramolecular changes in 
response to ligand binding.

Materials and Methods

Detailed information is provided in SI Appendix, Materials and Methods. All 
Arabidopsis lines were of the Columbia (Col-0) accession. The etr1-1 and etr1-6 
etr2-3 ein4-4 mutant lines have been described (4, 18, 26). Analyses of the 
triple response and short-term kinetic response of dark-grown Arabidopsis 
seedlings to ethylene were performed as described (28, 33, 65). Primers used 
for mutagenesis of ETR1 are listed in SI Appendix, Table S2. For plant transforma-
tion, constructs were introduced into Agrobacterium tumefaciens strain GV3101 
and transformed into the etr1-6 etr2-3 ein4-4 background (18) by the floral-dip 
method (66). Yeast constructs were transformed into the yeast Saccharomyces 
cerevisiae strain FY834 (MATα his3Δ200 ura3-52 leu2Δ1 lys2Δ202 trp1Δ63 
GAL2+) (67).

For generation of CRISPR-Cas9 mutant lines targeting ERS1 and ERS2, guide 
RNAs were designed using CRISPR-P 2.0 (68) and the gRNA cassette cloned into 
the pCAMBIA2300-Cas9 vector (69). Heat stress treatment of transgenic lines 
was used to increase the efficiency of CRISPR-Cas9 mutagenesis (70). Genomic 
DNA was isolated (71), and the region surrounding the CRISPR target sequence 
sequenced using primers given in SI Appendix, Table S2. Characteristics of the 
indel mutations are given in SI Appendix, Fig. S7.

Copper binding of ETR1 in  vitro was monitored spectrophotometrically by 
measuring absorbance of the purple BCA2-Cu(I) complex as described (24). 
Saturable ethylene binding to Arabidopsis seedlings and transgenic yeast express-
ing ETR1 was determined by analyzing binding to [14C]ethylene in the presence or 
absence of excess [12C]ethylene (5, 31). For ethylene-binding assays in yeast, ETR1 
was expressed in the yeast S. cerevisiae (strain FY834) (5, 67, 72). For ethylene 
binding assays with Arabidopsis seedlings, 2-wk–old green seedlings were used.

Immunodetection of ETR1 in plants and transgenic yeast was performed as 
described (56), using an anti-ETR1 antibody generated against amino acids 401-
738 of ETR1 (10). RNA isolation and RT-qPCR was performed as described (73) with 
three biological replicates. Relevant primers are listed in SI Appendix, Table S2.

For the coevolutionary analysis, we used EVCOUPLINGS and GREMLIN web 
servers to predict interactions/contacting residues in the EBD of ETR1 (37, 38). 
Results from EVCOUPLINGS are reported for the recommended result, which 
is based on the analysis of 1,221 sequences and an overall quality score of 9 
(SI Appendix, Table S1). For GREMLIN, the multiple sequence alignment was per-
formed by HHBLITS and the alignment then filtered to remove regions where 
the gap was greater than 75. An ab initio structural model of the EBD has been 
previously described (24). New structural models for the ETR1 homodimer were 
generated with AlphaFold-Multimer (47, 48). Coppers were modeled under two 
potential coordinations involving Cys65 and His69 of the ETR1 homodimer, one 
in which the two coppers are bound independently and do not share an inter-
action with each other, and another where they are closely bonded. Coordinates 
of the full-length ETR1 structural models with copper are available as Protein 
Data Bank (PDB) and PyMOL (74) files at https://digitalcommons.dartmouth.edu/
facoa/4313 (75).

Statistical analyses were performed in Prism (GraphPad Software, Inc.) or using 
an online calculator (astatsa.com/OneWay_Anova_with_TukeyHSD/).

Data, Materials, and Software Availability. All other data are included in the 
manuscript and/or supporting information. Coordinates for the ETR1 structural 
models are available at the Dartmouth Digital Commons (https://digitalcommons.
dartmouth.edu/facoa/4313) (75).
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