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ABSTRACT Herein, we present, to our knowledge, the first spectroscopic characterization of the Cu(l) active site of the plant
ethylene receptor ETR1. The x-ray absorption (XAS) and extended x-ray absorption fine structure (EXAFS) spectroscopies pre-
sented here establish that ETR1 has a low-coordinate Cu(l) site. The EXAFS resolves a mixed first coordination sphere of N/O
and S scatterers at distances consistent with potential histidine and cysteine residues. This finding agrees with the coordination
of residues C65 and H69 to the Cu(l) site, which are critical for ethylene activity and well conserved. Furthermore, the Cu K-edge
XAS and EXAFS of ETR1 exhibit spectroscopic changes upon addition of ethylene that are attributed to modifications in the
Cu(l) coordination environment, suggestive of ethylene binding. Results from umbrella sampling simulations of the proposed
ethylene binding helix of ETR1 at a mixed quantum mechanics/molecular mechanics level agree with the EXAFS fit distance
changes upon ethylene binding, particularly in the increase of the distance between H69 and Cu(l), and yield binding energetics
comparable with experimental dissociation constants. The observed changes in the copper coordination environment might be
the triggering signal for the transmission of the ethylene response.

SIGNIFICANCE €65 and H69, described as critical residues for ethylene binding, likely coordinate to Cu(l) in the plant
ethylene receptor ETR1. Our combined XAS, EXAFS, and QM/MM umbrella sampling studies resolve a mixed first
coordination sphere of N/O and S scatterers at distances consistent with potentially coordinating histidine and cysteine
residues, and demonstrate that ethylene interacts with the transmembrane domain of ETR1 and modulates the
coordination sphere of the Cu(l) center. How exactly ethylene binding causes the inactivation of ETR1 remains to be
determined. However, we hypothesize that either the change in coordination of Cu(l), steric influences of the bound
ethylene, or both lead to a signal transmission within the transmembrane domain (TMD) toward the ETR1 C-terminus
located in the cytoplasm.

INTRODUCTION ETR2, ERS1, ERS2, and EIN4 (1), which, in their func-
tional state, form dimers and higher-molecular-weight olig-
omers at the ER membrane (2,3). The overall structure of
the receptor family has a modular arrangement that resem-
bles bacterial two-component receptor histidine kinases,
with an N-terminal transmembrane sensor domain, a GAF
domain in the middle portion, and a catalytic transmitter
domain at the C-terminus (4,5) (Fig. 1). It has been shown
that the N-terminal transmembrane domain (TMD) requires
copper as a cofactor to functionally sense ethylene and
trigger the response of the protein (6). C65 and H69 have
been found to be essential to protein function and are sug-
gested to be part of the copper binding site (6,7). While

The gaseous hormone ethylene regulates the growth and
development of plants and acts in agronomically relevant
processes, such as fruit senescence, ripening, and decay.
In Arabidopsis thaliana, the response to the hormone is
mediated by a family of receptors composed of ETRI,
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FIGURE 1 Schematic representation of the ETRI receptor dimer. The
protein is composed of a transmembrane (TMD) sensor domain, a GAF
domain (identified in ¢cGMP-binding phosphodiesterases, Anabaena ad-
enylyl cyclases, and Escherichia coli formate hydrogenlyase transcriptional
activator), and histidine kinase dimerization and histidine phosphorylation
(DHp), catalytic (CD), and receiver (RD) domains. The protein sensor
domain requires one copper ion per protein monomer, which works as a
cofactor for ethylene binding. For further details, see Schott-Verdugo
et al. (11). To see this figure in color, go online.

the structure of the cytoplasmic part of the ETR1 receptor
has been characterized experimentally and also by homol-
ogy modeling (8-10), only recently we described the first
ab initio model of the TMD of the protein, showing that
two copper ions in the +1 oxidation state are bound with
high affinity to the receptor (11). This structural model is
supported by a recent site-directed spin labeling and elec-
tron paramagnetic resonance spectroscopy study (12).
Although residues C65/H69 and copper are required for
ethylene binding, and it is generally assumed that ethylene
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interacts with the copper ion, these interactions have yet
to be directly observed. The ETR1 environment of one
cysteine and one histidine per copper ion does not conform
to the active site binding motifs typically found in copper
proteins (13). However, we note that, from a molecular
perspective, copper has rather flexible interaction possibil-
ities, with coordination numbers that range from two to
five (14). These features of copper and the noncanonical
environment could be essential to accommodate the binding
of ethylene and regulate receptor activation. We thus set out
to characterize the Cu(I) active site in the absence and pres-
ence of ethylene with x-ray absorption (XAS) and x-ray ab-
sorption fine structure (EXAFS) spectroscopy and by
molecular dynamics simulations at a mixed quantum me-
chanics/molecular mechanics (QM/MM) level. The findings
are consistent with the coordination of residues C65 and
H69 to the Cu(l) site and exhibit changes upon addition of
ethylene that are attributed to modifications in the Cu(I) co-
ordination environment.

MATERIALS AND METHODS
EXAFS and XANES experiments

The transmembrane domain (TMD) region of ETR1 (ETR1 1=157) was ex-
pressed and purified from E. coli., as described previously. The apo protein
was loaded with monovalent copper using BCA2-Cu(I) (11). Samples of
ETRI and ETRI treated with ethylene (ETR1 + ethylene) were loaded
into custom Delrin x-ray sample cells with a 38 um thick Kapton tape win-
dow and frozen and stored in liquid nitrogen until measurement. The total
protein concentration of the measured sample was approximately 0.4 mM;
[Cu] ~ 0.4 mM, in buffer S (50 mM Tris/HCI [pH 8] with 200 mM NaCl
and 0.015% w/v Fos-Choline16) and additional 20% v/v glycerol as a glass-
ing agent.

Partial fluorescent yield (PFY) Cu K-edge XAS data were recorded at the
SSRL beamline 9-3 using a 100-element solid-state Ge detector (Canberra)
with the SPEAR storage ring operating at ~500 mA and 3.0 GeV, as
described previously (15). The incoming x-rays were selected using a
Si(220) double-crystal monochromator, and a Rh-coated mirror was uti-
lized for harmonic rejection. Samples were maintained at ~10 K in a liquid
helium flow cryostat. Data were calibrated by simultaneously measuring a
copper foil, with the first inflection point set to §980.3 eV.

Individual PFY-EXAFS scans were evaluated and processed in
MATLAB 2017a (The MathWorks, Natick, MA) to average selected chan-
nels of the multielement detector and normalize the averaged PFY signal to
the incident beam intensity (I0). Final averaged scans were then further pro-
cessed within ATHENA (16), where a second-order polynomial was fit to
the pre-edge region and subtracted from the entire EXAFS spectrum. A
three-region cubic spline (with the AUTOBK function within ATHENA)
was employed to model the background function to k = 12 A~'. Fourier
transforms (TFs) were performed over a windowed k range of
2.0-11.0 A" and are presented without a phase shift correction.

Theoretical EXAFS spectra were calculated using Artemis utilizing the
multiple scattering FEFF6 code (16). The EXAFS amplitude, y(k), is given by

x(k) = Y _SiN VZE?| SIn(2AR + e M/e 2R (1)
R

where S3 is the overall many-body amplitude factor, N is the degeneracy of
the path(s), |fo(k)| is the effective scattering amplitude, and R is the
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absorber-scatterer distance. A Debye-Waller-like factor, exp(—262k2), is
also included to account for disorder. Finally, A, is the mean free path of
the photoelectron, and ¢y is the total photoelectron wave phase shift for
the interaction between the absorber and the scatterer.

Individual scattering paths were calculated and fit within Artemis from
FEFF6 (16). The FT spectrum of each sample was fit over a range of
R=10-35A (nonphase shift corrected). The FT is the product of a trans-
form of k*-weighted EXAFS spectrum with a Hann window over the range
of k=2.0-11.0A°" By grouping similar scattering paths of a common co-
ordination shell and increasing its degeneracy, N, the number of variables
used for that coordination shell is minimal, two variables: o2 and AR. A sin-
gle E, variable was used for all paths in a given fit. Sy* was set to 0.9 for all
paths, as previously employed by us and established by others (17-20). The
goodness of final fits was evaluated by their reduced x> as calculated within
Artemis.

MD simulations of ETR1 TMD, Cu(l), and ethylene
systems

To generate a model describing changes in the ETR1 copper binding site
upon ethylene binding, QM/MM molecular dynamics (MD) simulations
and a minimal structural model of the copper binding site were used.
Recently, we performed MD simulations at the classical mechanical level
of the model of the ETR1 TMD together with one Cu(I) per monomer
and free diffusing ethylene to identify potential ethylene binding sites
(11). Here, we performed MD simulations of a model of the ETR1 TMD
with ethylene and Cu(I) using a 12-6-4 Lennard-Jones ion model, which de-
scribes ion-solvent interactions more accurately (21), considering C65 and
H69 as relevant for copper binding (6). H69 was protonated at the epsilon
nitrogen (HIE) to favor interactions of the delta nitrogen (ND1) with cop-
per; C65 forms favorable interactions with the ion in a deprotonated state
(CYM) (13). These protonation states are consistent with a neutral pH
environment and the pK, of Cu(I)-binding cysteines (22,23). From those
simulations, all structures with a Cu-SG(Cys65) and Cu-ND1(His69) dis-
tance <2.5 A and a distance <8 A between an ethylene molecule and the
copper ion were selected and clustered according to the ethylene orientation
with respect to C65 and H69. The centroid of the most populated cluster
was used as the starting point for setting up QM/MM MD simulations,
where residues C65 and H69, including their backbone atoms, Cu(I), and
ethylene are included within the QM layer.

From the structure at the centroid, residues 62—72 of helix 2 of the TMD
model were extracted to describe a minimal Cu(I)/ethylene binding site.
The helix was embedded in a truncated octahedral TIP3P water box
(24) with a distance of 14 A to the box boundaries and parametrized using
the force field ff14SB to describe the protein residues (25) and a 12-6-4
Lennard-Jones ion model to describe the copper in the molecular me-
chanics part (21), resulting in an overall charge-neutral system.

The assembly was minimized in five repeated mixed steepest descent/
conjugate gradient minimizations with a maximum of 20,000 steps each,
using positional restraints with a force constant of 25 kcal mol ™ A2
on the protein residues, copper, and ethylene in the first step, reducing
it to 5 kcal mol™' A~2 in the intermediate steps, and removing all re-
straints in the last step. The relaxation was started by thermalizing the sys-
tem from 10 to 100 K for 5 ps under NVT conditions, and from 100 to
300 K for 115 ps under NPT conditions at 1 bar, using an isotropic Be-
rendsen barostat with a relaxation time of 1 ps. In all steps, the tempera-
ture was maintained by using Langevin dynamics, with a friction
coefficient of 1 ps™".

After completing 5 ns under these conditions, an initial QM/MM MD
simulation was performed, where residues C65 and H69, including their
backbone atoms, Cu(I), and ethylene were represented using the PM6
implementation in AMBER20 (26,27). A half-harmonic restraint to a dis-
tance <6 A with a force constant of 0.1 kcal mol™! A™2 between copper
and the center of mass of ethylene was used to maintain ethylene in the
proximity of Cu(I). After running the MD simulations for 1 ns, ethylene

XAS, EXAFS, and QM/MM of ETR1 Cu(l) site

was pulled toward the Cu(I) using an adaptive steered approach (28), a force
constant of 100 kcal mol ' A2, and a constant pulling speed of 1 Ans'in
25 rounds with 5 independent replicas of 100 ps. The distance between the
centers of masses of ethylene and Cu(I) was used as the reaction coordinate,
starting from a distance of 4.14 A. To obtain an energetically favorable tran-
sition path, after each round the trajectory with the work profile closest to
the Jarzynski average was selected (28), until the reaction coordinate

reached a value of 1.74 A.

QM/MM US simulations of ETR1 helix 2, Cu(l), and
ethylene

From the intermediate steps of the selected trajectories, 25 equidistant
structures covering the reaction coordinate from 1.74 to 4.14 A were used
to set up umbrella sampling (US) simulations at a mixed QM/MM level.
For this, the initial reaction coordinate values were restrained by harmonic
potentials with a force constant of 100 kcal mol ™' A~2 To obtain signifi-
cant sampling in a reasonable amount of time, the GPU implementation
of TeraChem v1.95 (29) and a B3LYP 6-31G level of theory were used
(30-32). Again, residues C65 and H69 including their backbone atoms,
Cu(I), and ethylene were considered in the QM part (see Fig. S1 for an over-
view of the simulation system and the QM region). Adaptive QM/MM
(adQM/MM) simulations were applied, with a set of four replica exchange
simulations per window and considering the six closest water molecules to
the Cu(I) as the adaptive layer. As adQM/MM simulations were performed,
which requires an exchange between (in our case) four replicas, no charge
adjustment was imposed on covalently bound atoms between the QM and
MM regions. Mechanical and electronic embedding was used by including
atoms surrounding the QM region within 8 Aas point charges in the com-
putations. To ensure the convergence of the adQM/MM calculations, the
hybrid DIIS/A-DIISb scheme (33) with the “watcheindiis” flag in
TeraChem was used (34). Each window was sampled for 20 ps under
adQM/MM conditions, which, due to the replica exchange, effectively rep-
resents 80 ps per window, recording structures every 100 fs and the reaction
coordinate every 20 fs. The obtained distributions have a median overlap
between windows of 42.6% (see below). The distributions were analyzed
with the weighted histogram analysis method (WHAM) implementation
from Alan Grossfield (35) using 100 bins between 1.8 and 4.2 A, atolerance
of 107, and applying a Jacobian correction of 2RTIn(r), with r being the
reaction coordinate value (36). The error of the free energy profile was
computed as the standard error of the mean of independent measurements
on 1 ps fractions of the data.

Calculation of the ethylene binding equilibrium
constant

To calculate the equilibrium constant from the free energy profile, a single
dimension approximation was used, integrating along the reaction coordi-
nate according to Eq. 2 (37):

W(r)
[rie ®rdr
Koy = 4m 2)
e RT

where W is the potential of mean force (PMF) value, r is the reaction co-
ordinate, r,.., is the reaction coordinate with both binding partners
separated in bulk water, R is the gas constant, and 7 is the absolute tem-
perature. W(r,,4.) Was defined as the average of the WHAM bins at the
ten farthest reaction coordinate values. To compare with experimental
values, a standard state of 1 M was used by considering a factor of
C° = 1/(1661 A%). From here, the standard free energy can be calculated
as Eq. 3:

AG = — RTIn(K.C") 3)
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Geometrical measurements from US distributions

Geometrical changes between bound and unbound states along the US simu-
lations were evaluated. For this, the unbound state was defined as all structures
lying at a reaction coordinate value higher than the PMF local minimum at
3.95 A (see below). For the bound state, the energy minimum found at
1.89 A (see below) was used as a reference, selecting all structures
at +0.05 A of the minimum, corresponding to the distance between US win-
dows. Windows that showed the unbinding of the cysteine in the bound states
were filtered out, considering only those where the SG-Cu(I) distance was
below 3.89 A, identified as the upper limit of the main peak of the distance dis-
tribution. All geometrical measurements were performed with CPPTRAJ (38).

QM/MM minimization and vacuum optimization
using B3LYP DEF2-TZVP with ORCA

To obtain a minimized/optimized structure, a representative structure of the
bound and unbound states was obtained by clustering the filtered frames,
using as a discriminating measure the root mean-square deviation of the res-
idues of the helix 2 peptide included in the QM region, i.e., C65, H69,
ethylene, and Cu(I). The clustering was performed with CPPTRAJ (38), us-
ing the DBSCAN algorithm, a minimum of 4 points, and an epsilon param-
eter of 0.7 and 0.5 A for the unbound and bound frames, respectively. The
main cluster representative was either minimized using the AMBER/ORCA
interface (39-41) with B3LYP DEF2-TZVP (42) (Table S2) or optimized in
vacuum with ORCA at the same level of theory (Table S3). For the latter,
the input XYZ structure was obtained as generated by the AMBER inter-
face by running a dummy 0 length calculation, and by constraining the N
and C atoms of the termini of the considered C65 and H69 residues, to avoid
major position changes as observed in the helix structure. In addition, and to
avoid sampling the bound state of ethylene in the unbound structure, a
constraint between Cu(I) and each ethylene C atom was considered.

RESULTS
Copper XAS

The Cu K-edge XAS spectrum of ETR1 (Fig. 2) is typical of
a Cu(]) site. No weak 1— 3d pre-edge feature is observed
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FIGURE 2 Normalized Cu K-edge XAS of ETR1 and ETR1 + ethylene.
To see this figure in color, go online.
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that would be indicative of Cu(Il). The first intense feature
at 8983.5 eV is a Cu 1s—4p transition of a Cu(I) ion, and
the absorption energy of this feature is consistent with either
a nonlinear two- or a three-coordinate copper center (43).
The Cu XAS of ETRI1 in the presence of ethylene
(ETR1 + ethylene) exhibits an increase in the feature at
8983.5 eV. Previous studies of small molecules have estab-
lished that normalized Cu(l) intensity of the 1s — 4p feature
of three-coordinate complexes is generally less than two-co-
ordinate centers (approximately ~0.6 vs. 1.0 a.u., respec-
tively). However, caution must be taken as the intensity of
this 1s—4p feature is modulated in three-coordinate com-
plexes as the geometry is varied from T-shaped to trigonal
planar (43). Ultimately, the increase of this feature at
8983.5 eV for ETR1 + ethylene suggests a modification
in the copper coordination environment in the presence of
ethylene. In addition, the white line of the ETR1 samples
at approximately 8995 eV exhibits a slight intensity decrease
upon the addition of ethylene, providing further evidence for
modulation of the copper environment in the presence of
ethylene.

EXAFS

The k*-weighted EXAFS spectrum of ETR1 exhibits a sin-
gle dominant waveform in the range of 2-8 A~! with a
maximum amplitude at ~ 5 Al (Fig. 3 a). A similar
EXAFS pattern is observed for ETR1 + ethylene, with
a slight increase in intensity of the EXAFS signal at
higher k. The nonphase shifted FT of the EXAFS spectra
over a k range from 2 to 11 Al yields a single asymmetric
feature for each sample centered at a radial distance of R ~
1.7 A for ETR1 and slight shift to a longer radial distance of
~1.75 A for ETR1 + ethylene (Fig. 3 b). While a phase shift
may be applied to the FT spectrum to approximately esti-
mate Cu-X bond distances, fitting of the EXAFS below
yields more precise Cu-X distances, as well as ligand iden-
tity information.

The EXAFS of ETRI1 is well fit with mixed light atom
scatters (L = C, N, or O) and S in the first coordination
shell (Fig. 3). In a minimal fit with these two interactions
(Fit 1, Table 1) at distances of 2.02 A for Cu- L, and
231 A for Cu-S, these two scattering paths interfere
constructively around k£ ~ 5 At yielding the maximal
EXAFS amplitude, and are out-of-phase with respect to
one another (deconstructive interference) at higher k, result-
ing in a loss of EXAFS amplitude (Fig. 3 ¢). The FT of k-
weighted EXAFS shows a single broad feature centered at
an approximate radial distance of R ~ 1.70 A (Fig. S2).
The fit of the EXAFS data is significantly improved, as
judged by the reduced 7 statistic, with the inclusion of a
doubly degenerate Cu-C,,, scattering interaction of
approximately 2.6 A (Fit 2). This may represent a noncoor-
dinating amino acid side chain or second-sphere interaction.
Fit 2 of ETR1 yields 2 L, and 1 S scattering interactions
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with slightly shorter distances compared with distances to
Fit 1, due in part to the differences in their AE, values.
The Cu-Lz distances of 1.95 A in Fit 2 is more consistent
with what has been previously observed in low-coordinate
Cu(I) nitrogen coordination spheres (44-46). The o’ value
of the single Cu-S path (3.72 x 107> A?) in Fit 2 is close
to the ideal value of 3.00 x 107> A2 for a single scattering

TABLE 1 Fitted EXAFS parameters of ETR1
Fit N Path R(A) =

> (1072 A% + (107 A?) AE, (V)" x°

1 2 Cul, 20170020 4203 1.458 +6.80 253.74
I CuS 23050021 5679 1.932

2 2 Cu-L, 1.948 0017  7.705 1.326 —273  58.63
1 CuS 22200014 3.722 0.786
2 Cu-Cppp 2.606 0.017 2751 1.363

3 1 Cu-L, 1.899 0.018  1.313 1.328 —~593  99.02
1 CuS 21970013 1.381 0.761
2 Cu-Cjpe 2.587 0.018  0.775 1.217

4 3 Culy, 1991 0.020 11.955 1.674 +0.24 4958
1 CuS 22330018 5972 1.329
2 Cu-Cjppg 2.621 0.018  4.183 1.806

aE, = 8987 eV.

Radial Distance [A]

interaction (47). For the case of Cu-Lz, when a single scat-
tering path within a fit model represents multiple potential
scattering paths/ligands the static disorder (c?) is increased.
This may be due to the inequivalent mean scattering dis-
tances of the multiple scattering paths modeled in the single
path, resulting in a larger o° value (48). The o value of the
Cu-L scattering path is large (7.71 x 1073 A?), but within
an acceptable range for the increased static disorder. At-
tempts to fit ETRI with a two-coordinate ligand set,
1L,1S (Fit 3), yields both a nonphysical o” value, where
the o2 value is too small (< 3.0 x 107> A for a single scat-
tering path) (47), and an increased % value indicating a
poorer goodness-of-fit. Furthermore, the increased %2 value
of Fit 3 also indicates a statistically poorer fit. This failure to
fit the EXAFS with a two-coordinate environment further
suggests a three-coordinate environment, as also suggested
from the XAS edge analysis above. A four-coordinate fit,
3Lz1S (Fit 4) is only a moderate improvement compared
with Fit 2, indicated by the slightly decreased %* value.
However, the XAS edge suggests a lower coordination num-
ber than four, leading us to favor Fit 2.

Biophysical Journal 121, 1-12, October 18, 2022 5
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For the favored Fit 2, the long-range Cu-C/N scattering
interactions of the imidazole group and other multiple-scat-
tering paths are not clearly observed in the EXAFS and FT
spectra. We note, however, that the relatively large 6 value
associated with the Cu-Lj scattering path, coupled with the
modest FT window available, suggests that well-ordered
contributions from the imidazole ring may not be antici-
pated. Finally, attempts to fit these longer scattering paths
did not yield large statistical improvements in the fits and
introduced a significant number of additional parameters.

The EXAFS model of ETR1 resolves a Cu-S scattering
interaction at 2.22 A that is consistent with Cu-S(Cys) coor-
dination (44). This distance is shorter than typical Cu-
S(Met) distances (49). Previously, ethylene binding studies
of mutant ETR1 variants suggested that H69 and C65 are
important residues for ethylene activity and form the poten-
tial site of copper binding (6,7). The mixed coordination
sphere revealed by EXAFS agrees with the proposed coor-
dinating residues based on previous structure-function
studies and molecular mechanics studies (1,7). While the
EXAFS model yields a total coordination number of three,
potential water binding or an additional amino acid may
not be conclusively assigned from this data. The analysis
of the EXAFS and Cu K-edge together are consistent with
a low-coordinate Cu(I) site.

Upon the addition of ethylene, the copper’s coordination
environment is clearly modified as indicated by the changes
in the Cu EXAFS presented in Figs. 3 and S3. The intensity
of the first coordination radial shell in the FT spectrum
(Fig. 3 D) increases and the peak’s maximum shifts to a
longer radial scattering distance by +0.05 A. The increase
in intensity, as well as the shift to a longer radial distance,
are both indicative of an increase in the copper coordination
number—as the coordination number increases, the average
metal-ligand bond lengths also increase. To understand the
factors contributing to the observed changes in the
EXAFS of ETRI in the presence of ethylene, the data
were first modeled using the same coordination sphere as
ETRI1 and then varied to fully elucidate the changes induced
by the addition of ethylene (Table 2).

Fitting of ETR1 + ethylene with a 2L,1S, 2C-long model
(Fit 5) yields a comparable fit with the favored fit of ETR1
(Fit 2). The Cu-S scattering distances are equivalent in both
samples, however, a smaller o? value for the ETR1 +
ethylene Fit 5 is found. The relatively decreased o* value
of ~2.6 x 107> A% can represent a potentially more ordered
Cu-S scattering interaction than in the ETRI sample.
The Cu-L;  interaction fits to a slightly longer distance of
1.98 = 0.03 A, but is within error of the fitted distance of
1.95 + 0.02 A for ETR1 without ethylene. However, the
o” value of the N = 2 Cu-L path for ETRI + ethylene
fit, 12.0 (£3.0) x 1073 A2 is significantly larger than the
same path for ETR1, 7.7 (+1.0) x 10~ A2, This indicates
that the static disorder of the Cu-Ly is increasing in the
ETR1 + ethylene sample, despite the observation of the
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TABLE 2 Fitted EXAFS parameters of ETR1 + ethylene
FitN Path R (A)

+ o2 (1073 A% + (1072 A% AEy (eV)' %2

5 2 CuL; 19840.031 11.986 2.951 —1.15 450.28
1 Cu-S 22190.014 2.568 0.901
2 Cu-Cyppg 2.645 0.026 3.654 1.807

6 3 Cu-L, 2.0250.031 16.967 3.410 +0.95 397.94
1 Cu-S 22230012  3.200 1.025
2 Cu-Cypppg 2.659 0.026 4.024 1.775

7 1 Cu-Lz 1.9330.031 4.242 2.653 —-3.55 603.71
1 Cu-S 22110.015 1.166 0.887
2 Cu-Cope 2.627 0.027  2.711 1.901

8 3 Cu-L, 2.086 0.031 8.028 4.106 +8.95 1580.48
1 Cu-S 2259 0.029 9.844 6.880

“Eq = 8987 eV.

more “well-ordered” Cu-S path. Fit 5 does not explicitly

consider any new Cu-C scattering interactions introduced
by the addition of ethylene. The addition of ethylene to
the copper’s first coordination sphere would introduce addi-
tional Cu-C scattering interactions at possible scattering dis-
tances in the range of 1.95-2.16 A (50-54). However, the
utilized k range of 2—11 A~!'in the EXAFS (Fig. 3 a) yields
a resolution of AR ~ 0.17 A in the FT spectrum (Fig. 3 b).
This means that the Cu-C contribution from an interacting
ethylene cannot be separately resolved from the Cu-L; scat-
tering path, requiring the scattering interactions of the
model to be further grouped. This should increase the fitted
coordination number and, depending on the differences of
the mean scattering distances of the individual paths in the
group, further increase the static disorder of the Cu-L path.

Fit 6 of ETR1 + ethylene with a 3L,1S, 2C-long (analo-
gous to Fit 4 for ETR1 without ethylene, see Table 1), where
the first coordination shell number is increased, yields an
improved fit by the evaluation of the > value. Here, the
o value of the Cu-S scattering path is closer to the previ-
ously fitted 6* value of ETR1 (Fit 2), implying no signifi-
cant changes in the Cu-S disorder. Furthermore, the fitted
Cu-S distances of the two samples are in excellent agree-
ment with each other, indicating no significant differences.
Within Fit 6, the N = 3 Cu-L, scattering path has a further
increased o value, which reflects the increased static disor-
der as expected for the additional Cu-C(ethylene) interac-
tion(s). While this o” value may appear large, the Cu-L,
modeled path nevertheless makes a real observable contri-
bution to the fit as seen in Fig. 3, ¢ and d and the o2 value
is still in an acceptable tolerance and for the increased coor-
dination number, N. It is important to note that the coordina-
tion number, N, and o2 values are negatively correlated,
making it difficult to definitively assign a coordination num-
ber by EXAFS (i.e., 2 vs. 3). Inspection of the FT spectra
reveal that the general intensity of the fitted Cu-S shell
does not change between the two samples; however, a slight
decrease for the Cu-L, shell does occur. This decrease of in-
tensity is attributed to the increased disorder and broadening
of the radial shell. A modest shift of the Cu-L; scattering
distance is also observed, meaning the fitted mean Cu-L,
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scattering distance is longer in Fit 6 for the ETRI1 +
ethylene sample, supporting the presence of a longer Cu-
C(ethylene) interaction that increases the mean scattering
distance of the Cu-L; path. Lastly, attempts to fit the
EXAFS of the ETR1 + ethylene sample to a two-coordinate
model (Fit 7) results in statistically poor fit, and the inclu-
sion of the longer-range Cu-C,,,, is also necessary to
improve the overall fit (Fit 8), similar to what was observed
to ETRI.

Holistic comparisons between the fitted parameters of
ETRI1 (Fit 2) and ETR1 + ethylene (Fit 6) exhibit both an
increased mean scattering Cu-L; distance and increased
static disorder for the scattering path upon the addition of
ethylene to the sample, supporting the interaction and coor-
dination of ethylene to the copper center of ETR1. The over-
all trend of marginally increased bond lengths, increased
disorder, and the observed geometric distortion from the
XAS edge upon the addition of ethylene to the sample are
all consistent with the coordination of ethylene to the copper
site of ETRI.

Free energy profile of ethylene binding to and
structural changes of the ETR1-Cu site

To obtain a structural model of the ETR1-Cu binding site to
compare with the EXAFS data upon ethylene binding,
adQM/MM US simulations of the binding process were per-
formed. An ETRI helix comprising residues 62 to 72,

XAS, EXAFS, and QM/MM of ETR1 Cu(l) site

including C65 and H69 as main Cu binding partners, was
embedded in explicit solvent. This simplified structural
model only includes part of the overall protein and no mem-
brane environment, leaving residues less constrained than
under experimental conditions. US in 25 windows was per-
formed, with the distance between the centers of masses of
ethylene and Cu(I) used as the reaction coordinate, ranging
from 1.74 to 4.14 A. The computed PMF for the overall pro-
cess has a global minimum of —12.48 kcal mol ' at a dis-
tance of 1.89 A (Fig. 4). The equilibrium constant K.q
(Eq. 2) of 4.7 x 10° M~ was computed by integration along
the reaction coordinate, and from it AGobinding =-0.11 =
1.04 kcal mol™' (Eq. 3). Previously, dissociation
constants for ETR1-Cu-ethylene in the range of (Ky =
0.04-1.24 pL L") were reported (55,56). Considering an
ethylene density of 1.16 g L™" at 20°C (57) and a molecular
weight of 28.1 g mol ' for ethylene, the experimental equi-
librium constants relate to a K,q = 2.0 x 10" M~! to
6.1 x 10° M, and AG pinging = —9.95 to —12.00 kcal
mol " Hence, the computed K., is within chemical accu-
racy of 1 kcal mol ™" of the higher bound of the experimental
values (58), lending support to the accuracy of the PMF
computations.

To probe for the binding site geometry in the unbound and
bound states, structures where C65 and H69 form interac-
tions with the Cu(I) ion were selected from the US simula-
tions (see materials and methods, and Fig. 4, yellow and
green shaded areas for unbound and bound states).
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Consistent with the Dewar-Chatt-Duncanson model (59),
the hybridization states of the ethylene carbon atoms change
upon interacting with the Cu(l) ion, leading to an elongation
of the C=C bond from 1.34 to 1.40 A (experimentally, the
CC-distance in ethylene is 1.313 A (60) and in ethane
1.409 A (61)) and an improper dihedral angle involving
HHC = C of 159° rather than 180°, revealing an out-of-
plane movement of the hydrogen atoms (Fig. 5, a and b,
Table S1). Crystallographic and spectroscopic analyses re-
vealed a C=C distance between 1.33 and 1.37 A in
ethylene-Cu complexes (53,62-64); distances between
1.37 and 1.42 A were previously reported in DFT studies
(65-68). At the global minimum of the PMF, the distance
between Cu(l) and the ethylene carbons is 2.00 A
(Table S1), as reported previously (65—-68).

Upon ethylene binding, the distance between Cu(I) and
S, of C65 increases by 0.15 A (Fig. 5 ¢, Table S1). Three
out of 25 windows along the reaction coordinate showed
the unbinding of C65; these frames were not considered in
the analysis. The EXAFS measurements do not exhibit
such a large increase in the distance to the sulfur atom
upon ethylene binding (the Eiistances of Cu-Cy,,, and Cu-
L, increase by 0.03-0.07 A [Tables 1 and 2]; see also
below). No Cu-C distance computed here to carbons in
the helix distinctly match the Cu-C,,, distance from
EXAFS models (Fig. S4). Note, however, that some of the
carbons in the binding site environment of the full protein
might not be included in our helix model and/or the Cu-
Ciong path in the EXAFS model may represent multiple
indiscriminate scattering interactions that are not resolved
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FIGURE 5 Geometric properties of the Cu(I) binding site and ethylene (a) in bound (orange) and unbound (magenta) states of ETR1 obtained from US
simulations. Ethylene is omitted from the unbound structure for clarity. (b) The C-C distance of ethylene increases upon binding, and the coordination at the
carbons becomes less planar, indicating a change in the hybridization state, in agreement with the Dewar-Chatt-Duncanson binding model (69). Upon
ethylene binding, the distances between Cu(l) and C65 (CYM) S, (CYM@SG) (c) and H69 (HIE) N5 (HIE@NDI1) (d) increase. All median distances
can be found in Table S1. The blue/red lines and shaded areas indicate the expected distances and standard deviations of Cu-S and Cu-L as obtained
from the best EXAFS fits with and without ethylene (Tables 1 and 2). For distances to the closest carbon atoms on both residues, see Fig. S4 (e) Heavy-
atom radial distribution function for Cu(I) calculated from the bound and unbound states. The shaded area corresponds to a coordination number of ~3
and ~4 for the ethylene unbound and bound states, respectively. Dashed lines show atoms with a median distance <3 A, as shown in (c and d), Fig. S4,
and Table S1. To see this figure in color, go online.
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at the resolution of the experiment. The experimental
change in the distance between Cu and Ny of H69 is not
uniquely resolvable from other light atom contributions
(including the coordinated ethylene), as discussed above.
Nevertheless, the general trends in the computed Cu-
N(His) distance, in the presence and absence of ethylene,
may be considered consistent with the EXAFS trends
(Fig. 5 d). In addition to the distance to Cu(l), the rotameric
state of H69 changes upon ethylene binding such that the
imidazoyl moiety evades steric interactions with ethylene;
H69 remains coordinated to Cu via Ny in the new state
(Figs. 5 a and S4).

The general trend of increasing distances between S, of
C65 and N of H69 to Cu(I) upon ethylene binding is also
obtained when using a larger basis set in a B3LYP DEF2-
TZVP QM/MM minimization employing the AMBER/
ORCA interface and in an ORCA optimization in vacuum
only considering residues C65, H69, and Cu(l), starting
from cluster representatives of the filtered frames (see ma-
terials and methods and Tables S2 and S3). Interestingly,
while both calculations show a lower distance between
S, of C65 and Cu(I) in the unbound state (closer to the dis-
tance obtained from the EXAFS fit, see Table 1), there is a
marked increase in this distance when ethylene is bound to
Cu(l).

The Cu(I) coordination number as computed from the
radial distribution function is 4.22 for the bound states, cor-
responding to N; of H69, ethylene, and S, of C65 (Fig. 5 e,
Table S1), while for the unbound states a coordination num-
ber of 2.95 was computed, corresponding to N of H69, S,
of C65, and a water molecule. The computed increase of the
first coordination shell number agrees with the increase of
the L, coordination number assigned in the EXAFS fitting
upon the addition of ethylene and the suggested coordina-
tion environment change from the XAS. In addition, the in-
crease in the distance observed for L, upon ethylene binding
agrees with the formation of the interaction between Cu(I)
and ETH@C (see Tables 1, 2, and Table S1).

To conclude, the binding free energy computed from the
dissociation constant obtained from the free energy profile
computed with aQM/MM US simulations agrees within
chemical accuracy (<1 kcal mol ' (58)) with experimental
data, supporting the chosen molecular model and the simu-
lation setup. Computed changes in the ethylene geometry
upon binding correspond with hybridization changes ex-
pected from the Dewar-Chatt-Duncanson binding model.
Our results indicate that N5 of H69 relates to the Cu-L, scat-
tering path of fitted EXAFS. The computed distance change
to S, of C65 agrees qualitatively with measured data to a
sulfur atom, although the computed magnitude is too large;
this difference might originate from insufficient constraints
within our helix model or differences in the experimental
(10 K) versus computational (300 K) temperatures used.
The change in the coordination number of Cu(I) upon
ethylene binding from C65, H69, and a water molecule to

XAS, EXAFS, and QM/MM of ETR1 Cu(l) site

C65, H69, and ethylene might be a trigger for signal trans-
mission within the ETR1 TMD that can lead to receptor
inhibition.

DISCUSSION

We have shown that the Cu(I) ion of ETR1 is a low-coordi-
nate copper center with a mixed first coordination sphere of
light L, and heavier S ligands. The fitted Cu-S EXAFS dis-
tance assigns a Cu-cysteine interaction, likely with C65,
while the shorter Cu-L interaction could be explained by
a histidine ligand, likely H69. By QM/MM US simulations
of ethylene binding to a minimal ETR1 Cu-binding site, we
obtained a Koy of 4.7 x 10° M ™" with AG yinging = —9.11 *
1.04 kcal mol™ !, in very good agreement with values
measured experimentally. In the simulations, the ethylene
C=C bond distance increases, and the HHC=C improper
dihedral angle decreases, upon binding to Cu(I), akin to hy-
bridization changes predicted by the Dewar-Chatt-
Duncanson model. Upon binding of ethylene, the coordina-
tion of Cu(I) changes by increasing the interaction lengths
with H69 and C65, and replacing a water molecule with
ethylene.

Distances between Cu(I) and coordinating atoms
computed from the simulations for the ethylene-bound and
-unbound states overall increase, in qualitative, but not
quantitative, agreement with the EXAFS measurements.
According to the distance, the Cu-L interaction assigned
from EXAFS is consistent with H69 being one of the inter-
acting ligands in the ETR1 binding site. The imidazole ring
contributes to the coordination of Cu in the bound and un-
bound states, whereas the thiolate moiety of C65, suggested
to be strongly coordinating to Cu(I) in the absence of
ethylene (70), is shifted toward longer distances upon
ethylene binding (Fig. 5 ), in agreement with observations
that suggest a preference for an imidazole ring in single-
point QM DFT calculations (71). In addition, the rotameric
state of H69 changes upon ethylene binding, while the coor-
dination via the Nj to Cu is retained. These changes might
be the triggering signal for the transmission of the ethylene
signal in the sensor domain, which then is propagated to the
C-terminal region of ETR1. Alternatively, in the same study
(71), Cu(I) was suggested to be additionally coordinated by
one of the Tyr residues present in the binding site, probably
Y32 located on helix 1 of ETR1; helix 1 was not included in
our simulations. We cannot rule out the possibility of this
contributing to the Cu-L; scattering path of the EXAFS,
as the suggested Cu-O distance to the hydroxyl oxygen of
Y32 of 1.89 A (see model M2 in (71)) falls within the res-
olution of the separable scattering interactions of the FT
of the EXAFS.

In summary, C65 and H69, previously described as critical
residues for ethylene binding (6,7), likely coordinate to the
Cu(D) in ETR1. Furthermore, our combined XAS, EXAFS,
and QM/MM US studies demonstrate that ethylene interacts
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with the TMD of ETR1 and modulates the coordination
sphere of the Cu(I) center. How exactly the binding of
ethylene causes the inactivation of ETR1 remains to be deter-
mined, but we hypothesize that either the change in coordina-
tion of Cu(l) or steric influences of the bound ethylene, or
both, lead to a signal transmission within the TMD toward
the ETR1 C-terminus located in the cytoplasm.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2022.09.007.

AUTHOR CONTRIBUTIONS

G.C. and S.D. designed the XAS experiments. H.G. and S.S.-V. designed
the computer simulations. G.G. and L.M. designed the wet-lab experiments.
G.C,, S.S.-V,, and L.M. performed the research. G.C. and S.S.-V. wrote the
first draft of the article. G.C., S.S-V., G.G., S.D., and H.G. analyzed data
and wrote the article. H.G., S.D., and G.G. acquired funding.

ACKNOWLEDGMENTS

This study was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) project no. 267205415/CRC 1208 grant to
G.G. (TP B06) and to H.G. (TP 03). G.C. and S.D. thank the Max Planck
Society for financial support. Use of the Stanford Synchrotron Radiation
Lightsource, SLAC National Accelerator Laboratory, is supported by the
U.S. Department of Energy, Office of Science, Office of Basic Energy Sci-
ences under contract no. DE-AC02-76SF00515. The SSRL Structural Mo-
lecular Biology Program is supported by the DOE Office of Biological and
Environmental Research, and by the National Institutes of Health, National
Institute of General Medical Sciences (P30GM133894). The contents of
this publication are solely the responsibility of the authors and do not neces-
sarily represent the official views of NIGMS or NIH. We are grateful for
computational support and infrastructure provided by the “Zentrum fiir In-
formations- und Medientechnologie” (ZIM) at the Heinrich Heine Univer-
sity Diisseldorf and the computing time provided by the John von Neumann
Institute for Computing (NIC) to H.G. on the supercomputer JUWELS at
Jiilich Supercomputing Center (JSC) (user ID: HKF7, VSK33, ETR1).

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Hall, A. E., Q. G. Chen, ..., A. B. Bleecker. 1999. The relationship be-
tween ethylene binding and dominant insensitivity conferred by mutant
forms of the ETR1 ethylene receptor. Plant Physiol. 121:291-300.
https://doi.org/10.1104/pp.121.1.291.

2. Chen, Y.-F,, Z. Gao, ..., G. E. Schaller. 2010. Ethylene receptors func-
tion as components of high-molecular-mass protein complexes in ara-
bidopsis. PLoS One. 5:¢8640. https://doi.org/10.1371/journal.pone.
0008640.

3. Schaller, G. E., A. N. Ladd, ..., A. B. Bleecker. 1995. The ethylene
response mediator ETR1 from arabidopsis forms a disulfide-linked
dimer. J. Biol. Chem. 270:12526-12530. https://doi.org/10.1074/jbc.
270.21.12526.

10 Biophysical Journal 7121, 1—-12, October 18, 2022

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Chang, C., S. F. Kwok, ..., E. M. Meyerowitz. 1993. Arabidopsis

ethylene-response gene ETR1: similarity of product to two-component
regulators. Science. 262:539-544. https://doi.org/10.1126/science.
8211181.

. Aravind, L., and C. P. Ponting. 1997. The GAF domain: an evolu-

tionary link between diverse phototransducing proteins. Trends Bio-
chem. Sci. 22:458-459. https://doi.org/10.1016/s0968-0004(97)
01148-1.

. Rodriguez, F. 1., J. J. Esch, ..., A. B. Bleecker. 1999. A copper cofactor

for the ethylene receptor ETR1 from Arabidopsis. Science. 283:996—
998. https://doi.org/10.1126/science.283.5404.996.

. Wang, W., J. J. Esch, ..., A. B. Bleecker. 2006. Identification of impor-

tant regions for ethylene binding and signaling in the transmembrane
domain of the ETR1 ethylene receptor of Arabidopsis. Plant Cell.
18:3429-3442. https://doi.org/10.1105/tpc.106.044537.

. Miiller-Dieckmann, H. J., A. A. Grantz, and S.-H. Kim. 1999. The

structure of the signal receiver domain of the Arabidopsis thaliana
ethylene receptor ETRI1. Structure. 7:1547-1556. https://doi.org/10.
1016/s0969-2126(00)88345-8.

. Mayerhofer, H., S. Panneerselvam, ..., J. Mueller-Dieckmann. 2015.

Structural model of the cytosolic domain of the plant ethylene receptor
1 (ETRI1). J. Biol. Chem. 290:2644-2658. https://doi.org/10.1074/jbc.
M114.587667.

Mili¢, D., M. Dick, ..., G. Groth. 2018. Recognition motif and mech-
anism of ripening inhibitory peptides in plant hormone receptor ETR1.
Sci. Rep. 8:3890. https://doi.org/10.1038/s41598-018-21952-3.

Schott-Verdugo, S., L. Miiller, ..., G. Groth. 2019. Structural model of
the ETR1 ethylene receptor transmembrane sensor domain. Sci. Rep.
9:8869. https://doi.org/10.1038/s41598-019-45189-w.

Kugele, A., B. Uzun, ..., M. Drescher. 2022. Mapping the helix
arrangement of the reconstituted ETR1 ethylene receptor transmem-
brane domain by EPR spectroscopy. RSC Adv. 12:7352—7356. https://
doi.org/10.1039/d2ra00604a.

Kaim, M., B. Schwederski, and A. Klein. 2013. Copper-containing pro-
teins : an alternative to biological iron. /n Bioinorganic Chemistry —
Inorganic Elements in the Chemistry of Life: An Introduction and
Guide. John Wiley & Sons, Ltd., pp. 183-210.

Conry, R. R. 2006. Copper: inorganic & coordination chemistry based
in part on the article copper: inorganic & coordination chemistry by re-
becca R. Conry & kenneth D. Karlin which appeared In the Encyclo-
pedia of Inorganic Chemistry, First Edition. Encycl. Inorg. Chem.
https://doi.org/10.1002/0470862106.ia052.

Strautmann, J. B. H., C. G. Freiherr von Richthofen, ..., T. Glaser.
2011. Molecular and electronic structures of dinuclear iron complexes
incorporating strongly electron-donating ligands: implications for the
generation of the one- and two-electron Oxidized forms. Inorg.
Chem. 50:155-171. https://doi.org/10.1021/ic101535y.

Ravel, B., and M. Newville. 2005. ATHENA, artemis, hephaestus:
data analysis for X-ray absorption spectroscopy using IFEFFIT.
J. Synchrotron  Radiat.  12:537-541.  https://doi.org/10.1107/
$0909049505012719.

Cutsail, G. E., ITI, M. O. Ross, ..., S. DeBeer. 2021. Towards a unified
understanding of the copper sites in particulate methane monooxyge-
nase: an X-ray absorption spectroscopic investigation. Chem. Sci.
12:6194-6209. https://doi.org/10.1039/d1sc00676b.

Cutsail, G. E., III, R. Banerjee, ..., S. DeBeer. 2017. Determining the
critical diiron distance of Q within soluble methane monooxygenase.
International Conference on Biological Inorganic Chemistry.

Sushkevich, V. L., O. V. Safonova, ..., J. A. van Bokhoven. 2020.
Structure of copper sites in zeolites examined by Fourier and wavelet
transform analysis of EXAFS. Chem. Sci. 11:5299-5312. https://doi.
org/10.1039/d0sc01472a.

Ravel, B., and S. D. Kelly. 2006. The difficult chore of measuring co-
ordination by EXAFS. In X-Ray Absorption Fine Structure - XAFS13:
13th International Conference. B. Hedman and P. Pianetta, eds.


https://doi.org/10.1016/j.bpj.2022.09.007
https://doi.org/10.1016/j.bpj.2022.09.007
https://doi.org/10.1104/pp.121.1.291
https://doi.org/10.1371/journal.pone.0008640
https://doi.org/10.1371/journal.pone.0008640
https://doi.org/10.1074/jbc.270.21.12526
https://doi.org/10.1074/jbc.270.21.12526
https://doi.org/10.1126/science.8211181
https://doi.org/10.1126/science.8211181
https://doi.org/10.1016/s0968-0004(97)01148-1
https://doi.org/10.1016/s0968-0004(97)01148-1
https://doi.org/10.1126/science.283.5404.996
https://doi.org/10.1105/tpc.106.044537
https://doi.org/10.1016/s0969-2126(00)88345-8
https://doi.org/10.1016/s0969-2126(00)88345-8
https://doi.org/10.1074/jbc.M114.587667
https://doi.org/10.1074/jbc.M114.587667
https://doi.org/10.1038/s41598-018-21952-3
https://doi.org/10.1038/s41598-019-45189-w
https://doi.org/10.1039/d2ra00604a
https://doi.org/10.1039/d2ra00604a
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref13
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref13
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref13
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref13
https://doi.org/10.1002/0470862106.ia052
https://doi.org/10.1021/ic101535y
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1039/d1sc00676b
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref18
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref18
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref18
https://doi.org/10.1039/d0sc01472a
https://doi.org/10.1039/d0sc01472a
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref20
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref20
http://refhub.elsevier.com/S0006-3495(22)00735-4/sref20

Please cite this article in press as: Cutsail et al., Spectroscopic and QM/MM studies of the Cu(I) binding site of the plant ethylene receptor ETR1,(2022), https://
doi.org/10.1016/j.bpj.2022.09.007

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.
35.

37.

39.

40.

41.

42.

Li, P, L. F. Song, and K. M. Merz, Jr. 2015. Systematic parameteriza-
tion of monovalent ions employing the nonbonded model. J. Chem.
Theor. Comput. 11:1645-1657. https://doi.org/10.1021/ct500918t.

Gohlke, H., and G. Klebe. 2002. Approaches to the description and pre-
diction of the binding affinity of small-molecule ligands to macromo-
lecular receptors. Angew. Chem., Int. Ed. Engl. 41:2644-2676. https://
doi.org/10.1002/1521-3773(20020802)41:15<2644::Aid-anie2644>3.
0.Co;2-0.

Zhou, L., C. Singleton, and N. E. Le Brun. 2008. High Cu(I) and low
proton affinities of the CXXC motif of Bacillus subtilis CopZ.
Biochem. J. 413:459—-465. https://doi.org/10.1042/BJ20080467.

Jorgensen, W. L., J. Chandrasekhar, ..., M. L. Klein. 1983. Comparison
of simple potential functions for simulating liquid water. J. Chem.
Phys. 79:926-935. https://doi.org/10.1063/1.445869.

Maier, J. A., C. Martinez, ..., C. Simmerling. 2015. ff14SB: improving
the accuracy of protein side chain and backbone parameters from
ff99SB. J. Chem. Theor. Comput. 11:3696-3713. https://doi.org/10.
1021/acs.jetc.5b00255.

Walker, R. C., M. F. Crowley, and D. A. Case. 2008. The implementa-
tion of a fast and accurate QM/MM potential method in Amber.
J. Comput. Chem. 29:1019-1031. https://doi.org/10.1002/jcc.20857.

Amber (University of California, San Francisco, California).

Ozer, G., S. Quirk, and R. Hernandez. 2012. Adaptive steered molecu-
lar dynamics: validation of the selection criterion and benchmarking
energetics in vacuum. J. Chem. Phys. 136:215104. https://doi.org/10.
1063/1.4725183.

TeraChem (PetaChem, L.L.C., Los Altos Hills, California).

Isborn, C. M., A. W. Gétz, ..., T. J. Martinez. 2012. Electronic absorp-
tion spectra from MM and ab initio QM/MM molecular dynamics:
environmental effects on the absorption spectrum of photoactive yel-
low protein. J. Chem. Theor. Comput. 8:5092-5106. https://doi.org/
10.1021/ct3006826.

Ufimtsev, L. S., and T. J. Martinez. 2009. Quantum chemistry on graph-
ical processing units. 3. Analytical energy gradients, geometry optimi-
zation, and first principles molecular dynamics. J. Chem. Theor.
Comput. 5:2619-2628. https://doi.org/10.1021/ct9003004.

Titov, A. V., I. S. Ufimtsev, ..., T. J. Martinez. 2013. Generating effi-
cient quantum chemistry codes for novel architectures. J. Chem. Theor.
Comput. 9:213-221. https://doi.org/10.1021/ct300321a.

Hu, X., and W. Yang. 2010. Accelerating self-consistent field conver-

gence with the augmented Roothaan-Hall energy function. J. Chem.
Phys. 132:054109. https://doi.org/10.1063/1.3304922.

PetaChem, L. L. C. (2017). TeraChem v1.9 User’s Guide.

Grossfield, A. 2016. WHAM: the weighted histogram analysis
method, Revision 7140. http://membrane.urmc.rochester.edu/wordpress/?
page_id=126.

. Trzesniak, D., A.-P. E. Kunz, and W. F. van Gunsteren. 2007. A com-

parison of methods to compute the potential of mean force. ChemPhy-
sChem. 8:162—169. https://doi.org/10.1002/cphc.200600527.

Gumbart, J. C., B. Roux, and C. Chipot. 2013. Efficient determination
of protein—protein standard binding free energies from first principles.
J. Chem. Theor. Comput. 9:3789-3798. https://doi.org/10.1021/
ct400273t.

. Roe, D. R., and T. E. Cheatham, 3rd.. 2013. PTRAJ and CPPTRAJ:

software for processing and analysis of molecular dynamics trajectory
data. J. Chem. Theor. Comput. 9:3084-3095. https://doi.org/10.1021/
ct400341p.

Gotz, A. W., M. A. Clark, and R. C. Walker. 2014. An extensible inter-
face for QM/MM molecular dynamics simulations with AMBER.
J. Comput. Chem. 35:95-108. https://doi.org/10.1002/jcc.23444.

Neese, F. 2011. The ORCA program system. WIREs Comput. Mol. Sci.
2:73-78. https://doi.org/10.1002/wcms.81.

ORCA (Max-Planck-Institut fiir Kohlenforschung, Miilheim a. d. Ruhr,
Germany).

Weigend, F., and R. Ahlrichs. 2005. Balanced basis sets of split
valence, triple zeta valence and quadruple zeta valence quality for H

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

XAS, EXAFS, and QM/MM of ETR1 Cu(l) site

to Rn: design and assessment of accuracy. Phys. Chem. Chem. Phys.
7:3297-3305. https://doi.org/10.1039/b50854 1a.

Kau, L. S., D.J. Spirasolomon, ..., E. I. Solomon. 1987. X-ray absorp-
tion-edge determination of the oxidation-state and coordination-num-
ber of copper - application to the type-3 site in rhus-vernicifera
laccase and its reaction with oxygen. J. Am. Chem. Soc. 109:6433—
6442. https://doi.org/10.1021/ja00255a032.

Tian, S., J. Liu, ..., Y. Lu. 2016. Reversible S-nitrosylation in an engi-
neered azurin. Nat. Chem. 8:670—677. https://doi.org/10.1038/nchem.
2489.

Peariso, K., D. L. Huffman, ..., T. V. O’Halloran. 2003. The PcoC cop-
per resistance protein coordinates Cu(I) via novel S-methionine inter-
actions. J. Am. Chem. Soc. 125:342-343. https://doi.org/10.1021/
ja028935y.

Lommen, A., K. I. Pandya, ..., G. W. Canters. 1991. EXAFS analysis
of the pH dependence of the blue-copper site in amicyanin from Thio-
bacillus versutus. Biochim. Biophys. Acta. 1076:439—447. https://doi.
org/10.1016/0167-4838(91)90489-m.

Dalba, G., and P. Fornasini. 1997. EXAFS Debye-Waller factor and
thermal vibrations of crystals. J. Synchrotron Radiat. 4:243-255.
https://doi.org/10.1107/S0909049597006900.

Beckwith, M. A., W. Ames, ..., S. DeBeer. 2015. How accurately can
extended X-ray absorption spectra Be predicted from first principles?
Implications for modeling the oxygen-evolving complex in photo-
system II. J. Am. Chem. Soc. 137:12815-12834. https://doi.org/10.
1021/jacs.5b00783.

Chacén, K. N., T. D. Mealman, ..., N. J. Blackburn. 2014. Tracking
metal ions through a Cu/Ag efflux pump assigns the functional roles
of the periplasmic proteins. Proc. Natl. Acad. Sci. USA. 111:15373—
15378. https://doi.org/10.1073/pnas.1411475111.

Conry, R. R., W. S. Striejewske, and A. A. Tipton. 1999. Copper(I)
complexes with a NS2-macrocyclic ligand bearing a pendant naphthyl
group: structures of {N-[2-(1-Naphthyl)ethyl]-1-aza-4, 8-dithiacyclo-
decane }copper(I)—Ligand, where ligand = n2-naphthalene, acetoni-
trile, or triphenylphosphine. Inorg. Chem. 38:2833-2843. https://doi.
org/10.1021/ic981418p.

Martin, C., J. M. Mufoz-Molina, ..., P. J. Pérez. 2010. Copper(I)—
Olefin complexes: the effect of the trispyrazolylborate ancillary ligand
in structure and reactivity. Organometallics. 29:3481-3489. https://doi.
org/10.1021/0m1002705.

Ebrahimpour, P., M. FE. Haddow, and D. F. Wass. 2013. New Cu(I)-
ethylene complexes based on tridentate imine ligands: synthesis and
structure. [norg. Chem. 52:3765-3771. https://doi.org/10.1021/
ic302325u.

Dai, X., and T. H. Warren. 2001. Dioxygen activation by a neutral B-di-
ketiminato copper(i) ethylene complex. Chem. Commun. 913:1998—
1999. https://doi.org/10.1039/b105244f.

Hirsch, J., S. DeBeer George, ..., J. N. Burstyn. 2001. Raman and
extended X-ray absorption fine structure characterization of a sulfur-
ligated Cu(I) ethylene complex: modeling the proposed ethylene bind-
ing site of Arabidopsis thaliana ETR1. Inorg. Chem. 40:2439-2441.
https://doi.org/10.1021/ic000671y.

McDaniel, B. K., and B. M. Binder. 2012. Ethylene receptor 1 (ETR1)
is sufficient and has the predominant role in mediating inhibition of
ethylene responses by silver in Arabidopsis thaliana. J. Biol. Chem.
287:26094-26103. https://doi.org/10.1074/jbc.M112.383034.

Schaller, G. E., and A. B. Bleecker. 1995. Ethylene-Binding sites
generated in yeast expression the Arabidopsis ETR1 gene. Science.
270:1809-1811. https://doi.org/10.1126/science.270.5243.1809.
ToolBox, E. 2018. https://www.engineeringtoolbox.com/ethylene-
ethene-acetene-C2H4-density-specific-weight-temperature-pressure-d_
2105.html

Pople, J. A. 1999. Quantum chemical models (nobel lecture). Angew.
Chem., Int. Ed. Engl. 38:1894-1902. https://doi.org/10.1002/(sici)
1521-3773(19990712)38:13/14<1894::Aid-anie1894>3.0.Co;2-h.

Light, K. M., J. A. Wisniewski, ..., M. T. Kieber-Emmons. 2016.
Perception of the plant hormone ethylene: known-knowns and

Biophysical Journal 121, 1-12, October 18, 2022 11


https://doi.org/10.1021/ct500918t
https://doi.org/10.1002/1521-3773(20020802)41:15&lt;2644::Aid-anie2644&gt;3.0.Co;2-o
https://doi.org/10.1002/1521-3773(20020802)41:15&lt;2644::Aid-anie2644&gt;3.0.Co;2-o
https://doi.org/10.1002/1521-3773(20020802)41:15&lt;2644::Aid-anie2644&gt;3.0.Co;2-o
https://doi.org/10.1002/1521-3773(20020802)41:15&lt;2644::Aid-anie2644&gt;3.0.Co;2-o
https://doi.org/10.1002/1521-3773(20020802)41:15&lt;2644::Aid-anie2644&gt;3.0.Co;2-o
https://doi.org/10.1042/BJ20080467
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1002/jcc.20857
https://doi.org/10.1063/1.4725183
https://doi.org/10.1063/1.4725183
https://doi.org/10.1021/ct3006826
https://doi.org/10.1021/ct3006826
https://doi.org/10.1021/ct9003004
https://doi.org/10.1021/ct300321a
https://doi.org/10.1063/1.3304922
http://membrane.urmc.rochester.edu/wordpress/?page_id=126
http://membrane.urmc.rochester.edu/wordpress/?page_id=126
https://doi.org/10.1002/cphc.200600527
https://doi.org/10.1021/ct400273t
https://doi.org/10.1021/ct400273t
https://doi.org/10.1021/ct400341p
https://doi.org/10.1021/ct400341p
https://doi.org/10.1002/jcc.23444
https://doi.org/10.1002/wcms.81
https://doi.org/10.1039/b508541a
https://doi.org/10.1021/ja00255a032
https://doi.org/10.1038/nchem.2489
https://doi.org/10.1038/nchem.2489
https://doi.org/10.1021/ja028935y
https://doi.org/10.1021/ja028935y
https://doi.org/10.1016/0167-4838(91)90489-m
https://doi.org/10.1016/0167-4838(91)90489-m
https://doi.org/10.1107/S0909049597006900
https://doi.org/10.1021/jacs.5b00783
https://doi.org/10.1021/jacs.5b00783
https://doi.org/10.1073/pnas.1411475111
https://doi.org/10.1021/ic981418p
https://doi.org/10.1021/ic981418p
https://doi.org/10.1021/om1002705
https://doi.org/10.1021/om1002705
https://doi.org/10.1021/ic302325u
https://doi.org/10.1021/ic302325u
https://doi.org/10.1039/b105244f
https://doi.org/10.1021/ic000671y
https://doi.org/10.1074/jbc.M112.383034
https://doi.org/10.1126/science.270.5243.1809
https://www.engineeringtoolbox.com/ethylene-ethene-acetene-C2H4-density-specific-weight-temperature-pressure-d_2105.html
https://www.engineeringtoolbox.com/ethylene-ethene-acetene-C2H4-density-specific-weight-temperature-pressure-d_2105.html
https://www.engineeringtoolbox.com/ethylene-ethene-acetene-C2H4-density-specific-weight-temperature-pressure-d_2105.html
https://doi.org/10.1002/(sici)1521-3773(19990712)38:13/14&lt;1894::Aid-anie1894&gt;3.0.Co;2-h
https://doi.org/10.1002/(sici)1521-3773(19990712)38:13/14&lt;1894::Aid-anie1894&gt;3.0.Co;2-h
https://doi.org/10.1002/(sici)1521-3773(19990712)38:13/14&lt;1894::Aid-anie1894&gt;3.0.Co;2-h
https://doi.org/10.1002/(sici)1521-3773(19990712)38:13/14&lt;1894::Aid-anie1894&gt;3.0.Co;2-h

Please cite this article in press as: Cutsail et al., Spectroscopic and QM/MM studies of the Cu(I) binding site of the plant ethylene receptor ETR1,(2022), https://
doi.org/10.1016/j.bpj.2022.09.007

Cutsalil et al.

60.

61.

62.

63.

64.

65.

known-unknowns. J. Biol. Inorg. Chem. 21:715-728. https://doi.org/
10.1007/s00775-016-1378-3.

Nes, G. J. H., and A. Vos. 1979. Single-crystal structures and
electron density distributions of ethane, ethylene and acetylene.
III. Single-crystal X-ray structure determination of ethylene at
85 K. Acta Crystallogr. B. 35:2593-2601. https://doi.org/10.1107/
$0567740879009961.

van Nes, G. J. H., and A. Vos. 1978. Single-crystal structures and
electron density distributions of ethane, ethylene and acetylene. I. Sin-
gle-crystal X-ray structure determinations of two modifications of
ethane. Acta Crystallogr. B. 34:1947-1956. https://doi.org/10.1107/
s0567740878007037.

Suenaga, Y., L. Ping Wu, ..., M. Maekawa. 1997. Structure and 1H
NMR study of copper(I) complex with ethylene and tetramethylethyle-
nediamine. Polyhedron. 16:67-70. https://doi.org/10.1016/0277-5387
(96)00266-5.

Adiraju, V. A.,J. A. Flores, ..., H. V. R. Dias. 2012. Copper(I) ethylene
complexes supported by 1, 3, 5-triazapentadienyl ligands with electron-
withdrawing groups. Organometallics. 31:7926-7932. https://doi.org/
10.1021/0m300567v.

Masuda, H., N. Yamamoto, ..., M. Munakata. 1987. Structural
studies of copper(I) complexes with ethylene. Crystal structures of
[Cu(2, 2'-bipyridine)(ethylene)]C104 and [Cu(l, 10-phenanthroline)
(ethylene)]ClO4. J. Organomet. Chem. 322:121-129. https://doi.org/
10.1016/0022-328X(87)85031-3.

Heffner, F., T. Brinck, ..., C. Moberg. 1997. Force field parameteriza-
tion of copper(I)-olefin systems from density functional calculations.

12 Biophysical Journal 121, 1-12, October 18, 2022

66.

67.

68.

69.

70.

71.

J. Mol. Struct.: THEOCHEM. 397:39-50. https://doi.org/10.1016/
S0166-1280(96)04978-0.

Geri, J. B., N. C. Pernicone, and J. T. York. 2013. Comparing the impact
of different supporting ligands on copper(I)-ethylene interactions. Poly-
hedron. 52:207-215. https://doi.org/10.1016/j.poly.2012.09.046.

Halbert, S., and H. Gérard. 2015. A computational study of the effects
of ancillary ligands on copper(i)—ethylene interaction. New J. Chem.
39:5410-5419. https://doi.org/10.1039/c5nj00546a.

Pernicone, N. C., J. B. Geri, and J. T. York. 2012. Examining the impact
of ancillary ligand basicity on copper(I)-ethylene binding interactions:
a DFT study. Theor. Chem. Acc. 131:1105-1112. https://doi.org/10.
1007/s00214-012-1105-2.

Gordon, C. P, R. A. Andersen, and C. Copéret. 2019. Metal olefin com-
plexes: revisiting the Dewar—Chatt—Duncanson model and deriving
reactivity patterns from carbon-13 NMR chemical shift. Helv. Chim.
Acta. 102. https://doi.org/10.1002/hlca.201900151.

Rubino, J. T., M. P. Chenkin, ..., K. J. Franz. 2011. A comparison of
methionine, histidine and cysteine in copper(I)-binding peptides
reveals differences relevant to copper uptake by organisms in
diverse environments. Metallomics. 3:61-73. https://doi.org/10.1039/
cOmt00044b.

Joy, S., and G. Periyasamy. 2020. Binding mode of
1-methylcyclopropene, an ethylene antagonist in various copper
models. Comput. Theor. Chem. 1171:112662. https://doi.org/10.1016/
j.comptc.2019.112662.


https://doi.org/10.1007/s00775-016-1378-3
https://doi.org/10.1007/s00775-016-1378-3
https://doi.org/10.1107/s0567740879009961
https://doi.org/10.1107/s0567740879009961
https://doi.org/10.1107/s0567740878007037
https://doi.org/10.1107/s0567740878007037
https://doi.org/10.1016/0277-5387<?show [?tjl=20mm]&tjlpc;[?tjl]?>(96)00266-5
https://doi.org/10.1016/0277-5387<?show [?tjl=20mm]&tjlpc;[?tjl]?>(96)00266-5
https://doi.org/10.1021/om300567v
https://doi.org/10.1021/om300567v
https://doi.org/10.1016/0022-328X(87)85031-3
https://doi.org/10.1016/0022-328X(87)85031-3
https://doi.org/10.1016/S0166-1280(96)04978-0
https://doi.org/10.1016/S0166-1280(96)04978-0
https://doi.org/10.1016/j.poly.2012.09.046
https://doi.org/10.1039/c5nj00546a
https://doi.org/10.1007/s00214-012-1105-2
https://doi.org/10.1007/s00214-012-1105-2
https://doi.org/10.1002/hlca.201900151
https://doi.org/10.1039/c0mt00044b
https://doi.org/10.1039/c0mt00044b
https://doi.org/10.1016/j.comptc.2019.112662
https://doi.org/10.1016/j.comptc.2019.112662

	Spectroscopic and QM/MM studies of the Cu(I) binding site of the plant ethylene receptor ETR1
	Introduction
	Materials and methods
	EXAFS and XANES experiments
	MD simulations of ETR1 TMD, Cu(I), and ethylene systems
	QM/MM US simulations of ETR1 helix 2, Cu(I), and ethylene
	Calculation of the ethylene binding equilibrium constant
	Geometrical measurements from US distributions
	QM/MM minimization and vacuum optimization using B3LYP DEF2-TZVP with ORCA

	Results
	Copper XAS
	EXAFS
	Free energy profile of ethylene binding to and structural changes of the ETR1-Cu site

	Discussion
	Supporting material
	Author contributions
	Acknowledgments
	Declaration of interests
	References


