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SUMMARY

Ethylene is a key plant hormone regulating growth, development, and stress responses, yet the structural
basis of its perception and signaling remains only partially understood. Ethylene receptors, which reside in
the endomembrane network, act as dynamic signaling hubs that integrate hormone binding, copper (Cu™)
cofactor coordination, and protein-protein interactions to control downstream pathways. Despite progress
in characterizing individual domains, the full-length structural organization of receptors and the mecha-
nisms linking copper (Cu*) coordination to conformational signaling remain unclear. Equally, the functional
significance of receptor multimerization and higher order clustering in shaping signaling robustness and
cross-talk is only beginning to emerge. To address these gaps, integrative approaches that combine struc-
tural biology, advanced spectroscopic techniques, targeted mutagenesis, molecular dynamics simulations,
and molecular bioinformatics are employed. Recent advances in cryo-electron microscopy (cryo-EM),
cross-linking mass spectrometry, and super-resolution imaging offer unprecedented opportunities to cap-
ture conformational states, map transient receptor interfaces, and visualize clustering dynamics in living
cells. Complementary structure prediction tools together with hybrid quantum/classical simulations and
perturbation analyses further connect local binding events to long-range allosteric communication. This
review focuses on these multidisciplinary strategies that pave the way toward a unified mechanistic frame-
work of ethylene signaling.

Keywords: ethylene signaling, ethylene receptor, ETR1, copper cofactor, copper chaperones, structural
dynamics, protein-protein interactions, stress responses, post-harvest spoilage, Arabidopsis thaliana.

INTRODUCTION
as in attack by pathogens (Du et al., 2014; Guan et al., 2015;

Ethylene (C,H,) is the simplest alkene and is identified as a
plant hormone. Despite its chemical simplicity, ethylene
profoundly influences plant growth, development, and
adaptation. It regulates key developmental processes,
including seed germination, cell division, root hair forma-
tion, flower induction, fruit ripening, senescence, and
organ abscission (Abeles et al., 1992; Burg & Burg, 1962;
Corbineau et al.,, 2014; Dubois et al., 2018; Etchells
et al., 2012; Feng et al., 2020; Liu et al., 2015; Mattoo, 1991;
Wouriyanghan et al., 2009). Beyond development, ethylene
plays a central role in plant responses to abiotic stresses
such as drought, flooding, salinity, cold, and heat, as well
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Perata, 2020; Tao et al., 2015; Thomashow, 2010; Zimmer-
mann et al., 2009). Climate change further exacerbates the
frequency and severity of these stress conditions, thereby
potentially activating the negative effects of ethylene.
Higher temperatures, for instance, increase ethylene bio-
synthesis and respiration rates, accelerating fruit spoilage
and increasing susceptibility to post-harvest stress. This
not only reduces crop yield but also causes food to be lost
across the supply chain due to premature aging and physi-
ological disorders (Moretti et al., 2010). Given its multiface-
ted role, ethylene is a strategic entry point for dissecting
plant signaling pathways. Its relevance in post-germination
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development and post-harvest spoilage underscores its
value as a target for biotechnological applications aimed at
improving crop resilience and shelf life.

Ethylene perception is mediated by a family of recep-
tors localized at the endomembrane network (Dong
et al., 2008). In Arabidopsis thaliana, five isoforms have
been identified: ETR1 (ethylene response) (Schaller
et al., 1995), ETR2 (Sakai et al., 1998), ERS1 (ethylene
response sensor) (Hall et al., 2000), ERS2 (Hua et al., 1998),
and EIN4 (ethylene insensitive) (Hua et al., 1998). These
receptors act as negative regulators of ethylene signaling
in plants (Hall et al., 1999). Despite their structural similari-
ties, the functional roles and evolutionary significance of
maintaining five distinct isoforms remain unclear.

In the absence of ethylene, receptors actively suppress
ethylene signaling by recruiting and activating the Raf-like
kinase CTR1 (constitutive triple response 1) (Clark
et al., 1998). Activated CTR1 phosphorylates the C-terminal
domain of the integral membrane protein EIN2, thereby
preventing it from transmitting the signal. EIN2 is further
destabilized via ubiquitination mediated by F-box proteins
ETP1 and ETP2 (Chen et al., 2011; Ju et al., 2012; Qiao
et al., 2012; Wen et al., 2012). Upon ethylene binding,
receptor activity is inhibited, leading to CTR1 inactivation.
EIN2 is stabilized and proteolytically cleaved, releasing its
C-terminal cytosolic fragment, which translocates into the
nucleus. There, it promotes the accumulation and tran-
scriptional activity of EIN3 and EILT (for ethylene
insensitive3-like), which in turn activate numerous ethylene
response factors (ERFs) and downstream target genes (Fig-
ure 1) (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012).
This cascade constitutes the canonical ethylene signaling
pathway. Additionally, recent evidence supports the exis-
tence of an alternative, non-canonical phosphorelay path-
way. Here, ETR1 transfers a phosphoryl group from its
dimerization and histidine phosphotransfer (DHp) domain
to its own receiver domain (RD), and subsequently to AHPs
(Arabidopsis thaliana histidine phosphotransfer proteins),
culminating in phosphorylation of ARRs (Type-A Arabidop-
sis response regulators), thereby modulating ethylene
response (Binder, 2020; Binder et al., 2004, 2018;
Mira-Rodado et al., 2012; Nemhauser et al., 2006; Street
et al., 2015; Zdarska et al., 2019; Zhao et al., 2020).

Among the Arabidopsis receptors, ETR1 is the most
extensively studied. It binds ethylene with high affinity via
an essential Cu® cofactor located in the transmembrane
sensor domain (TMD), enabling plants to respond to a
wide range of ethylene concentrations (O'Malley
et al., 2005). Mutational analyses have identified conserved
residues in the TMD that are critical for high-affinity bind-
ing and for coupling ligand perception to conformational
changes in the receptor complex.

The activity of ETR1 can be modulated by a variety of
small molecules. Notably, ethylene is the only endogenous,

physiologically relevant ETR1 ligand in vivo. Most other
described small-molecule modulators are applied exoge-
nously and primarily serve as experimental probes or tools
for post-harvest/agricultural applications, rather than func-
tioning as true endogenous regulators. Ethylene itself acts
as an inverse agonist of ETR1, while carbon monoxide and
isocyanides also trigger ethylene responses in plants (Bis-
son & Groth, 2012; Burg & Burg, 1967; Sisler, 1977). On the
other hand, several strained alkenes function as ETR1 antag-
onists, blocking ethylene signaling. The best known one is
1-methylcyclopropene (1-MCP), widely used in agriculture
to block ethylene perception and thereby delay fruit ripen-
ing and senescence during post-harvest storage (Sisler
et al., 1996). Another potent antagonist is the R-enantiomer
of trans-cyclooctene. The corresponding S-enantiomer is a
weaker antagonist, consistent with a chiral binding site (Pir-
rung et al., 2008; Sisler et al., 1990). In addition to small
molecules, peptides that modulate ETR1 signaling have
been identified, providing further regulatory approaches
(Bisson et al., 2016; Kessenbrock et al., 2017; Milic
et al., 2018; Mudge et al., 2025).

Due to their ability to block ethylene signaling, ETR1
antagonists are highly relevant to post-harvest and crop
management strategies. Yet, despite decades of research,
important questions remain open. The structural basis of
high-affinity ligand binding is still incompletely under-
stood, though recent studies have highlighted the roles of
conserved histidine, cysteine, and aspartate residues in the
TMD (Azhar et al., 2023). Similarly, the conformational
changes that propagate from the Cu* cofactor in the TMD
to the cytoplasmic kinase domains, CTR1, and ultimately,
EIN2, remain unclear. Additionally, the activity of ETR1 is
dynamically regulated by receptor multimerization, interac-
tions with accessory proteins, and modulation by regula-
tory peptides. These factors provide additional layers of
control, integrating ethylene perception with broader hor-
monal and stress-response networks.

Given the fundamental and translational relevance of
ethylene signaling - from seedling development to
post-harvest preservation of fruits and vegetables — eluci-
dating receptor structure and function remains a high pri-
ority. This review highlights recent advances in the
structural and functional understanding of ethylene recep-
tor ETR1 and discusses how multifaceted integrative
approaches integrating biochemical, biophysical, and cel-
lular methodologies with structural studies and molecular
modeling are beginning to bridge the gap between molec-
ular events at the receptor and physiological responses at
the whole-plant level.

THE MODULAR CONSTRUCTION OF THE ETHYLENE
RECEPTOR FAMILY

Ethylene receptors are modular proteins composed of two
principal regions: a TMD, embedded in the ER membrane
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Figure 1. Model of the ethylene signaling pathway in Arabidopsis thaliana.

The copper chaperone RAN1 transports copper ions (Cu*) to ETR1, enabling proper receptor biogenesis and high-affinity ethylene binding (Dluhosch
et al., 2025). In the absence of ethylene, ETR1 and other receptors activate CTR1, which phosphorylates the integral membrane protein EIN2 at its C-terminal
domain. Phosphorylated EIN2 is subsequently ubiquitinated and degraded. In the presence of ethylene, the hormone binds to the Cu*-coordinated sensor
domain of the receptors, causing CTR1 inactivation or sequestration. This results in reduced EIN2 phosphorylation, stabilization of the protein, and proteolytic
cleavage by an unidentified protease. The released EIN2-C fragment translocates into the nucleus, where it enhances EIN3/EIL1 transcriptional activity via inter-
action with ENAP1. Alternatively, ETR1 transfers a phosphoryl group from its histidine (DHp domain) to its RD, and subsequently to AHPs and ARRs, driving fur-
ther transcriptional changes. The protein structures were predicted using AlphaFold3 (Jumper et al., 2021).
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and responsible for ethylene binding and receptor localiza-
tion, and a cytosolic multidomain region responsible for
signal transduction and protein—protein interactions.

Subfamily | receptors (ETR1 and ERS1) consist of
three membrane integral helices (TMH1-3), whereas sub-
family Il receptors (ETR2, ERS2, and EIN4) possess an addi-
tional fourth TMH. Within these helices, a conserved set of
cysteine and histidine residues is implicated in chelating
the Cu™ cofactor (Cutsail et al., 2022; Rodriguez et al., 1999;
Schaller et al.,, 1995), which in turn selectively and
non-covalently binds the ethylene molecule.

The cytosolic part of ETR1 displays three domains char-
acteristic of hybrid-type histidine kinase receptors: the GAF
(cGMP-specific phosphodiesterases, adenylyl cyclases, and
FhlA) domain implicated in receptor interactions (Gao
et al., 2008; Grefen et al., 2008), the histidine kinase (HK)
consisting of a dimerization (DHp) and a catalytic (CA)
domain, and finally the receiver domain (RD) mediating
downstream signaling (Chang et al., 1993). Functionally,
ethylene receptors act as negative regulators of the signal-
ing pathway, such that the receptors are “ON” in the
absence of the plant hormone, actively suppressing the eth-
ylene response, and “OFF” when bound to the plant hor-
mone, allowing for de-repression of the ethylene response
(Binder, 2020; Hua & Meyerowitz, 1998; Wang et al., 2006).

The following subsections will briefly review recent
advances in our understanding of the TMD, with emphasis
on its roles in ligand perception and Cu* coordination, fol-
lowed by a discussion of the cytosolic multidomain region
and its contributions to receptor interactions and down-
stream signaling dynamics.

The transmembrane sensor domain: copper coordination
and ligand perception

The TMD of ETR1 is responsible for binding the plant hor-
mone ethylene and initiating downstream signaling.
Despite its central role, the structure, mechanism of action,
and Cu* stoichiometry of the TMD have remained elusive
for decades, limiting our understanding of how hormone
perception is transduced into a biochemical signal.

Despite considerable progress, an experimentally
resolved high-resolution structure of the ETR1 TMD is still
lacking (Ruffer et al., 2024). To address this gap, an
ab initio approach combined with evolutionary information
was employed in 2019 to generate the first structural
model of the TMD (Schott-Verdugo et al., 2019). The
obtained model was refined using experimental data on
Cu* stoichiometry and validated through mutagenesis
studies. Molecular dynamics simulations further illustrated
how ethylene could bind in proximity to the Cu*-binding
sites. These integrative approaches provided the first
framework for how ethylene might interact with the recep-
tor, revealing a dimeric arrangement stabilized by Cu®
cofactors.

Alternative structural views soon emerged with the
advent of AlphaFold (Jumper et al., 2021), which predicted
a distinct helix arrangement and proposed different dimer-
ization interfaces and Cu*-binding geometries. To experi-
mentally discriminate between these models, site-directed
spin labeling combined with electron paramagnetic reso-
nance (EPR) spectroscopy was applied to liposome-
reconstituted receptors. The resulting distance restraints
aligned more closely with the ab initio model than with the
AlphaFold prediction, although neither model fully recapit-
ulated the experimental data (Kugele et al., 2022). These
discrepancies underscore the dynamic and conformation-
ally flexible nature of the TMD and highlight the challenges
of resolving its precise structural organization.

Complementary studies in tomato receptors (e.g.,
LeETR2) offer additional comparative insights. While
NMR-based structural analysis was hampered by the
hydrophobicity of the TMDs, fusion constructs of LeETR2
yielded analyzable spectra in organic solvents. Notably,
AlphaFold2 predictions produced highly convergent dimer
models, and docking combined with molecular dynamics
simulations identified potential ethylene-binding sites
within the TMD (Wei et al., 2022). Although limited in reso-
lution, these findings support the existence of conserved
structural motifs across species, reinforcing the broader
relevance of the TMD architecture in ethylene receptor
function.

Central to ethylene binding is a Cu™ cofactor (Rodri-
guez et al., 1999) coordinated by the TMD. Spectroscopic
analyses, including X-ray absorption and extended X-ray
absorption fine structure (EXAFS) analyses, revealed a
low-coordinate  Cu*-binding site with a mixed
nitrogen/oxygen and sulfur ligand environment. These
studies corroborated the involvement of Cysteine 65 and
Histidine 69 (located in TMH 2) as key Cu*-coordinating resi-
dues. Both are highly conserved across ethylene receptor
homologs and are essential for receptor function. Impor-
tantly, both EXAFS data and quantum mechanics/molecular
mechanics umbrella sampling simulations demonstrated
that Cu™ coordination is dynamically modulated upon ethyl-
ene binding. Specifically, the Histidine 69-Cu* distance
increases in the ligand-bound state, suggesting that rear-
rangement of the Cu® coordination sphere serves as a
molecular trigger for signal initiation (Cutsail et al., 2022).

Recent genetic and structural studies have contributed
to this model by implicating a conserved aspartate residue
within the TMD as a critical determinant of ethylene-binding
affinity. Substitution of this residue to asparagine results in
a functional receptor with approximately 100-fold reduced
binding affinity (Aman et al., 2025). Importantly, this residue
is highly conserved across plant and bacterial ethylene
receptor-like proteins, although natural variants exist,
highlighting its relevance for species-specific tuning of
ethylene-sensitivity (Azhar et al., 2023; Wang et al., 2006).
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Structural analysis based on the AlphaFold model suggests
that the aspartate not only contributes directly to ligand
binding but also forms a salt bridge to a conserved lysine
residue, providing a plausible mechanism for coupling
ligand binding to conformational signaling. These findings
point to mechanistic parallels with mammalian olfactory
receptors, underscoring the broader significance of the eth-
ylene receptor family (Aman et al., 2025; Azhar et al., 2023).

Beyond intrinsic structural determinants, extrinsic fac-
tors also modulate receptor activity at the TMD level.
A notable example is the short (36 amino acids) Arabidop-
sis peptide POLARIS (PLS), which binds Cu®™ in a
thiol-dependent manner and interacts directly with the
ETR1 TMD. PLS-ETR1 interactions are enhanced in the
presence of Cu* and provide a Cu*-dependent mechanism
for repression of ethylene signaling. Intriguingly, PLS tran-
scription is upregulated by auxin and downregulated by
ethylene, linking receptor activity to hormonal cross-talk
and positioning the TMD, in addition to its role as ligand
binding region, as a regulatory hub for signal integration
(Mudge et al., 2025).

Taken together, current research establishes the TMD
as a dynamic and multifunctional sensor module. It directly
couples high-affinity ethylene binding via Cu* coordination
and conserved residues to conformational changes that ini-
tiate signaling, while also serving as a platform for modu-
lation by ETR1 antagonists, regulatory peptides, and
potentially other interacting factors. Yet, several key ques-
tions remain unanswered:

e What is the native structural arrangement of the TMD?

¢ How are conformational changes in the Cu*-binding site
propagated across transmembrane helices?

e How does the TMD communicate with the cytoplasmic
signaling domains?

Addressing these questions will require integrative
methodologies combining spectroscopy, mutational ana-
lyses, and high-resolution structural techniques such as
cryo-EM, alongside molecular modeling and simulations,
to capture the conformational landscape of this unique
receptor family.

The cytosolic multidomain: highly flexible and
signal-forwarding core of the receptor

Functional studies on each isolated cytosolic domain pro-
vided key insights into their structural integrity and signal-
ing roles. The GAF domain has been shown to mediate
peptide-binding (e.g., NOP1) and interact with EIN2 (Bisson
& Groth, 2010; Milic et al., 2018). Activity, folding, and
dimerization of the kinase domain were demonstrated by
phosphorylation assays (Berleth et al., 2019; Voet-Van-
Vormizeele & Groth, 2008), while the RD’s function was
validated by AHP1 binding in fluorescence polarization (FP)
assays (Scharein et al., 2008). Collectively, these findings,
supported by structural studies that will be discussed in

© 2026 The Author(s).

the subsequent section, establish the ETR1 cytosolic multi-
domain as a highly flexible signaling module, likely essen-
tial for dynamic ethylene signal processing and
transmission.

The crystal structure of the ETR1 RD (Residues
605-738; PDB code: 1DCF) reveals a canonical fold typical
of bacterial RD in two-component systems, which is char-
acterized by a five-stranded p-sheet core surrounded by
five a-helices in a (pa)s arrangement, with the active site for
phosphorylation located on the p-sheet. Phosphorylation
of a conserved aspartate residue in this domain induces a
conformational change, leading to the activation of the
associated output domain, to generate a physiological
response (Bourret, 2010). The RD forms a homodimer in
solution and in crystals, with dimerization mediated by the
C-terminal region, forming an extended p sheet with the
partner strand. Comparative analysis with bacterial RD
structures suggests that phosphorylation-dependent
dimerization and monomerization may regulate activity.
Notably, the active site architecture of the ETR1 RD
diverges from that of bacterial Mg?*-bound RDs (Bellsolell
et al., 1994; Stock et al., 1993). The y-loop positioned
immediately after the phosphorylatable aspartate typically
primes the site for phosphorylation. In contrast, in the
metal-free ETR1 RD, this loop adopts a conformation
incompatible with canonical phosphorylation, unless major
structural  rearrangements occur  (Miller-Dieckmann
et al., 1999). Further insights were provided by NMR stud-
ies (Hung et al., 2016), which confirmed the unusual orien-
tation of the y-loop observed in the crystal structure. This
conformation renders the domain structurally unfavorable
for phosphorylation. Based on these findings, ETR1 RD
was classified as an atypical response regulator, likely
functioning in a constitutively active state that transmits
signals to downstream factors via protein-protein interac-
tions rather than by phosphorylation-dependent switching
(Hung et al., 2016).

The ETR1 histidine kinase consists of the dimerization
domain (DHp) and the catalytic domain (CA). Structural
insights into the DHp domain were obtained from its
homolog ERS1, which shares 84% sequence identity with
ETR1. The ERS1 DHp domain was crystallized and resolved
to 1.90A resolution (Residues 308-407; PDB code: 4MTX)
(Mayerhofer et al., 2015). The structure adopts a canonical
hairpin configuration formed by two antiparallel helices
connected via a short loop, consistent with the typical fold
described for prokaryotic homologs (Casino et al., 2009;
Mayerhofer et al., 2015). Within this domain, histidine 353,
the conserved phospho-acceptor site, is solvent-exposed
and exhibits conformational flexibility, suggesting dynamic
accessibility during autophosphorylation (Mayerhofer
et al., 2015). The CA domain of ETR1 was also crystallized
and resolved to 1.90A resolution (Residues 407-589; PDB
code: 4PL9). It displays a characteristic a/f-sandwich fold,
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structurally closely related to bacterial CA domains (Casino
et al., 2009; Mayerhofer et al., 2015). One layer of the sand-
wich fold consists of a mixed five-stranded p-sheet (pB and
BD-pG), while the opposing layer consists of three helices
(a3-0b) and a pair of short antiparallel p-strands (BA and
BC). The CA domain was crystallized in complex with ADP,
which binds to a well-defined nucleotide-binding pocket.
The purine moiety of ADP binds to a hydrophobic cavity
formed by phenylalanine 474, isoleucine 518, and isoleu-
cine 526, with phenylalanine 474 also interacting with
lysine 473, placing ETR1 within the canonical class of histi-
dine kinases. Key hydrogen bonding interactions involve
aspartate 513 with the adenine base and lysine 529 with
the ribose 02'. Notably, successful crystallization of the CA
domain required CdSO,, as attempts without
nucleotide/CdSO, or with Mg?*/Mn?* failed, suggesting
these ligands are essential for stabilizing flexible regions of
the protein. The final structure revealed 11 Cd** sites per
monomer with eight located at surface-exposed side
chains and three mediating protein-ADP interactions, sup-
porting their structural role. In the nucleotide-binding
pocket, a Cd?* ion replaced the usual water-mediated con-
tact between a conversed aspartate residue and the ADP.
This cation is coordinated by a nearby cysteine and an
anion. Although the biological identity of this cation is
unclear, the coordination geometry and available space
strongly suggest that this position in ETR1 acts as a cation-
binding site. Sequence comparisons suggest that this site
is likely restricted to subfamily 1 and absent from subfam-
ily 2 members (Mayerhofer et al., 2015).

FULL-LENGTH ETR1: MEMBRANE INTEGRATION,
COFACTOR LOADING, AND SIGNALING INTERFACES

Reconstitution and receptor flexibility

The ethylene receptor family consists of membrane-bound
protein kinases that integrate hormone perception with
intracellular signaling. Historically, investigations into their
biochemical, biophysical, structural, and dynamic proper-
ties have relied on detergent-solubilized preparations,
which often fail to preserve native organization. To over-
come these limitations, Lemke et al. (2023) developed a
protocol for reconstituting full-length ETR1 into lipid nano-
discs (NDs) - discoidal lipid bilayers stabilized by amphi-
pathic membrane scaffold proteins (MSPs). This approach
enabled the incorporation of full-length Arabidopsis thali-
ana ethylene receptor ETR1 into a near native membrane
environment. Size exclusion chromatography (SEC), small-
angle X-ray scattering (SEC-SAXS), and solution nuclear
magnetic resonance (NMR) confirmed that ETR1 retained
its native dimeric conformation within the nanodisc assem-
bly. Subsequent NMR analyses revealed that the N-
terminal TMD is stably embedded within the lipid bilayer,
preserving its structural integrity. In contrast, the cytosolic

domains exhibit pronounced conformational flexibility in
the apo state. This dynamic behavior is primarily attributed
to interdomain linker regions between the GAF, HK, and
RDs, which likely facilitate domain rearrangement during
signal transmission (Lemke et al., 2025).

Cytosolic domain organization

Truncated receptor constructs have been instrumental in
elucidating the architecture of the cytosolic domains. SAXS
analyses of ETR1-ATMD (residues 158-738) revealed a
dimeric assembly characterized by a central dimerization
(DHp) stalk flanked by peripheral catalytic (CA) and receiver
(RD) domains (Mayerhofer et al., 2015). The overall topol-
ogy resembles a dumbbell-shaped structure, with the GAF
domain positioned at one end and the CA/RD modules at
the opposite pole. Flexible interdomain linkers connect
these modules and can adopt more compact conforma-
tions in the presence of stabilizing agents such as ADP or
divalent cations, suggesting a dynamic structural land-
scape responsive to ligand binding. Complementary NMR
studies revealed that the ETR1 RD exhibits atypical rigidity,
lacking the conformational plasticity typically observed in
phosphorylatable RDs even under conditions that mimic
phosphorylation, such as Mg?* and BeF; treatment (Hung
et al., 2016). This structural rigidity may underlie the lim-
ited phosphorylation activity of ETR1 compared with
canonical histidine kinases and supports its classification
as an atypical RD.

Metal-binding sites within ethylene receptors

High-affinity ethylene binding is mediated by a Cu™ cofac-
tor coordinated by conserved cysteine and histidine resi-
dues within the TMD (Cutsail et al., 2022; Rodriguez
et al., 1999). This Cu* ion not only facilitates selective, non-
covalent ethylene binding (Rodriguez et al., 1999) but also
contributes to dimer stabilization (Lemke et al., 2025).
Comparative metal substitution studies revealed that Au*
ions can functionally replace Cu* and support ethylene
perception, whereas Ag* ions act as antagonists, blocking
ethylene responses in plants (Binder et al., 2007). A second
metal-binding site resides within the nucleotide-binding
pocket of the CA domain, where Mn?*, Mg?*, Ca%*, or Cd%*
ions are required for ATP binding and kinase activity (Gam-
ble et al., 1998; Lemke et al., 2025). While no additional
metal-binding sites have been definitely identified, it
remains plausible that metal coordination contributes to
conformational stabilization or modulates dynamic regions
of the receptor.

Cofactor delivery by copper chaperones

Because free copper ions are highly cytotoxic to the cell
due to their ability to catalyze ROS formation, plants
employ specialized copper chaperones to ensure targeted
and safe intracellular delivery (Pufahl et al., 1997). Central

© 2026 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2026), 125, €70810

85U80|7 SUOWIWIOD) 8A1IR81D) 3 qedl|dde ays Aq paueAob a1e S3o1Le YO 8SN JO S3|NJ 10} A%eiq1 38U UQ AB]I UO (SUONIPUOD-PUR-SWLBI WD A8 | 1M AteIq | Bul UO//:SdNY) SUORIPUOD pue swie | 8L 88S *[9202/50/80] UO A%iq1Tauluo A8|IM ‘BILeD YoIesssy HAWD yoline wniuezsbunyosiod Aq 0T80L (A TTTT 0T/10p/w0o A8 | Afelq1jputjuo//Sdny Wouy papeoiumoq ‘9 ‘920z XETEGIET



Structural and functional understanding of ethylene response 7 of 13

to this process are members of the ATX1 family of soluble
copper chaperones, which shuttle Cu* across the cytosol
to the P-type ATPase RAN1 and ultimately to ETR1, thereby
maintaining tight control of intracellular copper homeosta-
sis (Hoppen et al., 2019).

In plants, the ATX1 family comprises not only classical
ATX1 homologs but also the related CCH chaperone, fea-
turing an extended C-terminal tail (Pufahl et al., 1997). Bio-
physical analyses indicate that this extension is
intrinsically disordered and its deletion reduces the chaper-
one's tendency to dimerize, suggesting a role in modulat-
ing oligomeric state and possibly the interaction
specificity. Computational studies further support this
hypothesis, showing that the C-terminal extension pro-
vides transient contacts that reinforce the overall dimer
structure (Dluhosch et al., 2024).

Cu* transfer of ethylene receptors also involves RAN1,
a transmembrane P-type ATPase embedded in the ER
membrane (Hirayama et al., 1999). Recent biochemical and
computational work has provided direct evidence for
protein—-protein interactions among RAN1, ATX1-like chap-
erones, and ETR1. These findings support a stepwise Cu*
transfer mechanism, in which the soluble chaperones
deliver Cu™ from the plasma membrane to RAN1, which
then transfers the Cu* cofactor to ETR1. Although the pre-
cise molecular mechanism of this transfer has not been
fully elucidated, domain-level analyses of complex forma-
tion suggest that specific copper-binding motifs (CBMs) in
both the chaperones and RAN1 interact with each other
and coordinate the transient protein-protein interactions
required for efficient Cu* delivery. Understanding these
pathways is key to deciphering how ethylene receptors
acquire their essential Cu™ cofactor, which is indispensable
for ligand binding and receptor functionality (Dluhosch
et al., 2025).

Downstream signaling via the Raf-like Ser/Thr kinase
CTR1

Ethylene signal transduction relies on receptor-associated
proteins that couple hormone perception to transcriptional
reprogramming in the nucleus. In the canonical Arabidop-
sis thaliana pathway, the Raf-like Ser/Thr kinase CTR1, con-
sisting of an N-terminal regulatory domain and a C-
terminal kinase domain, functions as a key negative regula-
tor downstream of ethylene receptors. In the absence of
ethylene, receptor-mediated activation of CTR1 maintains
EIN2 in a phosphorylated state, causing degradation of
EIN2 and thus preventing signal transmission. Ethylene
binding to the receptors induces conformational changes
that inactivate CTR1, allowing EIN2 to be stabilized and
cleaved to initiate downstream transcriptional responses
(Clark et al., 1998). While the overarching framework of this
pathway is established, the detailed molecular mechanism
by which conformational changes in the ethylene receptors

© 2026 The Author(s).

are transmitted to CTR1 remains unresolved. Future struc-
tural studies of intact ethylene receptor-CTR1 complexes
will be essential to elucidate this mechanism.

Ethylene receptor multimerization and cooperative
signaling

A distinctive feature of ethylene signaling is the presence
of multiple receptor isoforms within the plant genomes.
Arabidopsis encodes five receptors classified into two sub-
families (Hall et al., 2000; Hua et al., 1998; Sakai
et al., 1998; Schaller et al., 1995). Although they share core
features, they differ in expression profiles and biochemical
properties (Grefen et al., 2008; Hall et al., 2012; Wang
et al., 2003). The functional implications of this multiplicity
remain an active area of investigation (Binder, 2008; Gal-
lie, 2015). A compelling hypothesis is that isoform diversity
allows for ethylene perception across a broad concentra-
tion range while allowing tissue- and developmental stage-
specific tuning of sensitivity. Additionally, recent studies
revealed that ethylene receptors do not act as isolated
units. Instead, they assemble into higher order oligomers
through homomeric and heteromeric interactions. Specifi-
cally, the GAF and RDs of ethylene receptors have been
implicated as key mediators of these associations, suggest-
ing that specific interdomain contacts facilitate receptor
clustering (Bisson & Groth, 2010; Chen et al., 2010; Gao
et al., 2008). Although the multimerization of ethylene
receptors requires further investigation, it is hypothesized
that receptor clustering may enhance ligand sensitivity and
buffer signaling noise. This process entails the coupling of
adjacent receptor dimers to average out stochastic binding
events while simultaneously amplifying genuine ligand-
induced signals through cooperative inter-dimer communi-
cation. Furthermore, receptor clustering could coordinate
downstream responses across tissues.

INTEGRATION AND CONCEPTUAL MODELS

Ethylene signaling via ETR1 and related receptors emerges
from a multilayered interplay of ligand binding, metal
coordination, conformational changes, and higher order
receptor assembly within the ER membrane. Together,
these processes position the receptors as dynamic hubs
that connect local biochemical events to global signaling
outcomes.

At the molecular level, Cu™ coordination within the
TMD provides the basis for high-affinity ligand binding,
while conformational changes propagate the signal to the
cytosolic domains. Signal output is further shaped by
receptor-CTR1 interactions, and receptor multimerization
introduces an additional layer of regulation that modulates
sensitivity, robustness, and cooperative responses.

While domain-specific studies have revealed many
details, the challenge remains to integrate these findings
into a coherent mechanistic picture. Achieving this requires
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bridging scales- from electronic rearrangements at the
Cu*-binding site to dynamic allostery across domains, and
from membrane-level receptor oligomerization to tran-
scriptional reprogramming in the nucleus. Addressing
these questions will require multidisciplinary approaches
that integrate structural biology, cell biology, and compu-
tational modeling, ultimately linking receptor biogenesis
and signaling to plant development and stress adaptation.

Cofactor delivery as a biogenesis checkpoint

High-affinity ethylene binding requires precise insertion of
a Cu™ cofactor into the TMD of ethylene receptors. This
process is orchestrated by the soluble chaperones ATX1
and CCH in concert with the P-type ATPase RAN1. While
the key players and their interaction interfaces are well
characterized, specific amino acid contacts that stabilize or
destabilize these transient complexes remain unresolved.
Given that non-metalated receptors are inactive, while
properly metalated receptors gain full signaling compe-
tence, resolving these molecular interactions would pro-
vide crucial opportunities to selectively modulate ethylene
receptor activity.

To dissect these contacts, molecular dynamics (MD)
simulations of the chaperone-RAN1-ethylene receptor
complexes can be followed by MM-PBSA or MM-GBSA
free energy calculations to identify hot spot residues
(Gohlke et al., 2003), crucial for protein-protein interac-
tions. These computational predictions can be experimen-
tally validated by site-directed mutagenesis, with binding
affinities quantified via isothermal titration calorimetry
(ITC), microscale thermophoresis (MST), or surface plas-
mon resonance (SPR). Cross-linking mass spectrometry
(XL-MS) can provide additional spatial restraints on resi-
due proximities within transient complexes, while NMR
chemical shift perturbation of isolated domains may reveal
interface residues involved in metal transfer.

Beyond pairwise interactions, co-evolutionary ana-
lyses across plant species could highlight conserved resi-
dues that mediate Cu* handover, whereas in planta
complementation assays using mutant variants of ATX1,
CCH, or RAN1 would establish the physiological impor-
tance of these hot spots. Taken together, combining com-
putational mapping with biochemical and genetic
validation offers a powerful strategy to resolve how Cu™
delivery is choreographed at the atomic level and to define
the molecular checkpoints that determine receptor
activation.

From ligand binding to cytoplasmic signaling

Spectroscopic  analyses  combined  with hybrid
guantum/classical simulations have revealed that ethylene
binding induces subtle rearrangements in the Cu* coordi-
nation sphere within the ETR1 TMD. However, it remains
elusive how these local changes are propagated across the

TMD to the cytosolic domains and ultimately influence
downstream targets, such as CTR1. Addressing this ques-
tion requires an allosteric perspective: ligand binding at
the Cu*-binding site must be understood not only as a
local coordination event, but also as a trigger that reshapes
the conformation and dynamics of the entire receptor.

To unravel this process, a combination of computa-
tional and experimental methods will be essential. Quan-
tum mechanical approaches are particularly suited and
required to capture the electronic and structural rearrange-
ments within the Cu*-binding site upon ligand binding.
These insights can then be embedded into larger-scale all-
atom MD simulations, which, when coupled with rigidity
theory-based perturbation analyses (Pfleger et al., 2017),
can map pathways of signal transduction from the TMD to
the cytosolic domains. On the experimental side, FRET-
based sensors and SAXS analyses of engineered receptor
variants can provide restraints for conformational ensem-
bles and validate predicted motions. Ultimately, high-
resolution methods such as cryo-EM of full-length recep-
tors or receptor-CTR1 complexes, together with cross-
linking mass spectrometry, hold the promise of directly
visualizing how ligand binding reshapes receptor dynam-
ics, modulates activity, and alters interactions with down-
stream partners.

Receptor clustering and cooperative signaling

An additional challenge in ethylene signaling is the coex-
istence of five receptor isoforms in Arabidopsis thaliana.
While all isoforms act as negative regulators, their spe-
cializations are unclear. An important open question is
why plants have maintained multiple receptor subtypes
and how these isoforms contribute to signaling
robustness.

One possible explanation is their ability to assemble
into higher order complexes at the ER membrane. This
clustering is thought to expand the dynamic range of per-
ception, enable cooperative signaling, and enhance signal
robustness. Yet, the molecular determinants of these inter-
actions, particularly the specific amino acid residues that
stabilize multimeric assemblies, remain to be resolved.

To dissect these interfaces, structural modeling of the
GAF and RDs can be combined with MD simulations and
MM-PB/GBSA analyses to identify hotspot residues critical
for dimerization and cluster stabilization. Targeted muta-
genesis of these residues, followed by quantitative assays
of receptor-receptor interactions (e.g., BiFC, split-ubiquitin,
or co-purification assays), would provide direct validation.
Cross-linking strategies using cysteine substitutions at pre-
dicted hot spots can further probe the stability and orienta-
tion of receptor complexes.

At the same time, higher order clustering must be
understood in its native cellular environment. Cross-linking
mass spectrometry of ER-enriched extracts can reveal

© 2026 The Author(s).
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proximities between receptors in planta, while super-
resolution imaging (STED, PALM/STORM) of fluorescently
tagged receptors can visualize cluster organization and
dynamics. On the computational side, coarse-grained MD
simulations allow exploration of how multiple receptors
self-organize into arrays and how such assemblies could

amplify weak ligand-binding events into robust signaling
outputs.

PERSPECTIVES AND FUTURE OUTLOOK

Despite substantial progress in elucidating the ethylene path-
way (Figure 2, Box 1), fundamental questions remain (Box 2).

Current methods and aspects

Wet lab methods
Binding assays:@,@,@
Activity assays:@

CcD spectroscopy:

saxs:®, D
Crystallography:@,@,cs);@ [
X-ray structure: @,@ P @

NMR: D, ®, D N

EXAFS and XANES: D

Computational methods @4
(Ab initio) structure prediction:@ ,
Protein-protein docking: @,@,
Ligand-protein docking: @

Molecular dynamics simulations: @,
QM/MM simulations: ()
Comparative bioinformatics: L

Future aspects

Wet lab methods

Cryo EM: (&)
Activity assays:(8), (2

FRET:(L

Computational methods

QM calculations: (1)
(3 QM/MM simulations: (&)
CGMD simulations: (&

5 Free energy calculations: (1), (&
Computational mutagenesis:(1) - (&
Markov state modelling: (&)
WESTPA simulations:(3), (7), (8

@/D ™ Q2D ear Q)G
®/® o @IC

Cytosolic multidomain /‘ &) Full length receptor

HK  @/(4) HKcA ®/G) HK DHpd

Network/allosteric pathway analysis: (&

TMD: Coordination of Cu+ in the TMD, structure prediction and
determination of interaction with ligands.

TMD: FRET experiments to investigate the dimerization process.
QM and free energy calculations to investigate ligand binding.

GAF: Interaction studies with EIN2 and with the competitive
inhibitor NOP-1.

GAF: Computational mutagenesis and interaction studies with
ligands and proteins.

HK: Phosphorylation

HK: HK assays to identify specific allosteric inhibitors.
Computational mutagenesis, WESTPA simulations for kinetics.

HK CA: Crystal structure

HK CA: Computational mutagenesis and free energy calculations
to investigate interactions with ligands.

HK dimerization: Crystal structure

HK dimerization: Computational mutagenesis and dimerization.

Receiver domain: Crystal structure

Receiver domain: Computational mutagenesis and free energy
calculations for interaction studies with ligands and proteins.

Full length: Incooperation of ETR1 in NDs and investigation of
protein dynamics using NMR, SAXS and computational methods.

Full length: Cryo EM of ETR1 in ND to solve the structure of the
receptor. HK assays to identify specific allosteric inhibitors.
Network/allosteric pathway analysis to investigate flexibility.

Cytosolic domain: Signal transport, flexibility and dynamics in the
domain using SAXS and computational methods.

Cytosolic domain: Network/allosteric pathway analysis to
investigate flexibility.

Figure 2. Summary of current and future methods and aspects to investigate ETR1.

The ETR1 subdomains are labeled, and the corresponding aspects and scientific questions behind them are explained. The approaches include quantum chemi-
cal (QM) and hybrid quantum chemical/molecular mechanics (QM/MM) calculations to investigate ligand binding; coarse-grained molecular dynamics (CGMD)
to study receptor clustering and higher order assembly; and advanced sampling methods, such as the Weighted Ensemble Simulation Toolkit with Paralleliza-
tion and Analysis (WESTPA), which capture rare events and long-timescale transitions.
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Box 1. Bullet point summary

e Ethylene receptors, with ETR1 as the prototype,
integrate a transmembrane sensor domain (TMD)
with a cytosolic multidomain region responsible for
downstream signaling.

¢ High-affinity ethylene binding requires a copper
(Cu™) cofactor, which is coordinated by conserved
cysteine and histidine residues within the TMD.

o Receptor biogenesis requires copper (Cu*) delivery
by ATX1/CCH chaperones and the P-type ATPase
RAN1, forming a critical checkpoint for functional
activation.

e ETR1 cytosolic domains (GAF, HK, RD) exhibit high
conformational  flexibility, enabling dynamic
protein—protein interactions, regulation of CTR1, and
integration into higher-order signaling networks.

e Receptors assemble as multimeric complexes
within the ER membrane, coordinating ligand bind-
ing, cofactor incorporation, and receptor clustering
to modulate signaling outputs.

Box 2. Open questions

e What is the high-resolution structure of full-length
ethylene receptors, and how are ligand-induced
conformational changes transmitted from the TMD
to cytosolic domains?

¢ How does ethylene binding to the copper (Cu
cofactor in the TMD initiate structural rearrange-
ments that result in CTR1 inactivation?

e How do small peptides, antagonists, or alternative
ligands modulate receptor activity at the structural
and functional level?

¢ What is the molecular mechanism underlying recep-
tor multimerization, and how does oligomeric clus-
tering affect signaling robustness, dynamic range,
and cross-talk with other hormonal or stress-
response pathways?

¢ Can integrative structural and functional approaches
pave the way for targeted modulation of receptor
activity to enhance crop resilience and post-harvest
performance?

")

The precise structural organization of full-length ethyl-
ene receptors is still unresolved, and it remains unclear
how Cu* coordination within the TMD drives conforma-
tional changes that are transmitted to the cytosolic signal-
ing domains and ultimately modulate CTR1 and EIN2
activity. Likewise, the importance of the five receptor

isoforms, as well as the structural and functional signifi-
cance of receptor multimerization and higher order cluster-
ing, is beginning to be appreciated.

Nevertheless, recent advances have provided impor-
tant footholds. Integrative approaches combining spectros-
copy, mutagenesis, molecular dynamics simulations, and
structural modeling have begun to reveal how ethylene
perception is coupled to Cu* coordination and conforma-
tional signaling. Concurrent research on cytosolic domains
and full-length receptors in membrane-mimetic systems
has emphasized the remarkable flexibility and modularity
underlying receptor function. Together, these findings sup-
port a model in which ethylene receptors act as dynamic
signaling hubs integrating hormone binding, Cu* cofactor
delivery, and protein-protein interactions to regulate
downstream outputs.

Looking ahead, the key challenge is to build a unified
mechanistic framework that links ligand binding, Cu*
transfer, conformational dynamics, receptor clustering,
and downstream protein—protein interactions. Achieving
this will require multidisciplinary integration of high-
resolution structural techniques with advanced simulations
capable of connecting local binding events to long-range
signaling outcomes. Such a systems-level view will clarify
how receptors achieve sensitivity, robustness, and plastic-
ity, and how they interface with other signaling pathways.
Beyond advancing our fundamental understanding, such
insights will enable translational applications ranging from
fine-tuning ethylene responses in crops to enhancing post-
harvest technologies and stress resilience.

In conclusion, ethylene receptors exemplify how
small-molecule perception is coupled to metal cofactors,
conformational dynamics, and higher order organization to
regulate plant physiology. Continued integration of struc-
tural, biochemical, and computational approaches will be
essential to unravel their complex mode of action. These
insights promise to advance both fundamental plant biol-
ogy and targeted strategies for crop improvement and
resilience.
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