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Abstract

The signal receiver domain of ETR1, an ethylene receptor
from Arabidopsis thaliana, has been subcloned and expressed
in E. coli and puri®ed by af®nity chromatography. Crystals of
both native and a selenomethionine-substituted form of the
receiver domain have been obtained. Native crystals grew in
1.6 M Li2SO4 and 0.1 M HEPES pH 7.5 and once ¯ash-frozen
diffract to 2.1 AÊ resolution. They belong to space group P41212
with unit-cell dimensions a = b = 48.4, c = 112.3 AÊ .

1. Introduction

Ethylene, a gaseous phytohormone, controls a variety of plant
developmental processes ranging from seed germination to cell
elongation, fruit ripening, and fruit and petal senescence
(Abeles et al., 1992). In addition, environmental stresses such
as chilling, ¯ooding, wounding and pathogen invasion induce
ethylene production as part of the adaptation and defense of
the plant. While the ethylene biosynthetic pathway is well
understood (Yang & Hoffmann, 1984), the mechanisms of
ethylene action are currently being elucidated. Since 1967,
when it was postulated that the ethylene receptor is a metal-
loprotein with a preference for an unsaturated bond at the
terminal carbon of the ligand (Burg & Burg, 1967), efforts to
understand ethylene sensing and signal transduction have
made little headway (Sisler, 1987; Harpham et al., 1996).
However, recent molecular genetic analysis of ethylene-
insensitive Arabidopsis thaliana mutants has revealed at least
two functional ethylene receptors, ETR1 and ERS (Chang et
al., 1993; Hua et al., 1995). Two genes from tomato (Lyco-
persicon esculentum), NR and eTAE1 (Wilkinson et al., 1995;
Theologis, 1996), are similar to ERS ansd ETR1 of A. thaliana,
respectively. All four ethylene receptors contain domains
similar to the diverse family of two-component signaling
systems (for review, see Swanson et al., 1994) responsible for
adaptation to environmental and endogenous stimuli in
eubacteria, halobacteria, yeast, slime molds and plants.

ETR1 from A. thaliana forms a disul®de bridge dimer and
each monomer consists of at least three distinct domains: an N-
terminal ethylene-binding transmembrane domain, a histidine
kinase domain, and a signal receiver domain (Schaller &
Bleecker, 1995; Schaller et al., 1995). ERS is similar but lacks
the receiver domain. The histidine kinase and receiver
domains of ETR1 are reminiscent of the bacterial two-
component systems responsible for chemotaxis, sporulation,
and nitrogen and osmolarity regulation. The prototypical two-
component system consists of a sensor and a response regu-
lator that participate in a His±Asp relay of a phosphate group
(Swanson et al., 1994). The sensor contains often an extra-

cellular sensing domain and a cytoplasmic histidine kinase
domain. The histidine kinase is a conserved 250-amino-acid
domain that responds to an external signal by autophos-
phorylating a His residue using ATP. The response regulator
contains a 120-amino-acid receiver domain (Volz, 1993), which
coordinates an Mg2+ and catalyzes the transfer of the phos-
phate from the His residue of the histidine kinase to an Asp
residue on the receiver domain, and in turn regulates the
activity of the cognate output domain, often a DNA-binding
domain. Usually, the two components of bacterial two-
component systems reside on two separate proteins. However,
ETR1, like several eukaryotic two-component systems, is a
hybrid kinase where both domains are contained in a single
polypeptide. Recent progress into the mechanisms of two
component-systems shows a four-step, His±Asp±His±Asp
phosphorelay responsible for signal transduction as exempli-
®ed by the pathways of virulence control in Bordetella pertussis
(Uhl & Miller, 1996), complementary chromatic adaptation in
Fremyella diplosiphon (Kehoe & Grossman, 1997), and
osmolarity regulation in Saccharomyces cerevisiae (Appleby et
al., 1996; Posas et al., 1996). Interestingly, the two-component
pathway in S. cerevisiae is linked to another regulatory system,
a MAP kinase pathway. Downstream regulators in the ethy-
lene signaling pathway are presently being cloned and ordered
(Roman et al., 1995; Kieber, 1997; Chao et al., 1997), and have
shown that CTR1 is a Raf-like Ser/Thr protein kinase active
downstream of ETR1 (Kieber et al., 1993). Thus, yeast and
plants have combined two-component systems with MAP
kinase pathways.

Three-dimensional structures of domains of several two-
component pathways are known. The ligand-binding domain
of the aspartate receptor, Tar (Milburn et al., 1991; Bowie et al.,
1995; Yeh et al., 1996); the receiver domains, CheY (Stock et
al., 1989), CheB (West et al., 1995), NtrC (Volkman et al.,
1995), NarL (Baikalov et al., 1996), and SpoOF (Feher et al.,
1997); the phosphotransfer domain of the histidine kinase
CheA (Zhou et al., 1995); the CheY binding domain of CheA
(McEvoy et al., 1996); the C-terminal HPt domain of ArcB
(Kato et al., 1997); as well as the DNA-binding domain of
OmpR (Martinez-Hackert & Stock, 1997). However, to date
no structural information exists on eukaryotic two-component
systems. We report herein the subcloning, puri®cation, crys-
tallization and preliminary X-ray diffraction analysis of the
signal receiver domain of ETR1 from A. thaliana.

2. Materials and methods

The portion of the ETR1 cDNA that encodes the receiver
domain, corresponding to residues 605±738 of ETR1 (Chang et



al., 1993), was ampli®ed in a polymerase chain reaction (PCR).
The 50 PCR primer introduced both BamHI and NdeI
restriction sites with an in-frame ATG start codon at the 50 end
of the receiver domain. The 30 PCR primer introduced a TAA
stop codon, and a BamHI restriction enzyme site at the 30 end.
The ampli®ed DNA was cloned into the BamHI site of
pBluescript SK+ (Stratagene, La Jolla, California) and
sequenced. Once veri®ed, the fragment corresponding to the
receiver domain was subcloned into the NdeI and BamHI
restriction sites of pET16b (Novagen, Madison, Wisconsin)
which introduces an N-terminal in-frame His-tag followed by a
factor Xa recognition site. Recombinant E. coli was grown at
310 K to an OD600 = 0.6 and then induced with 1 mM IPTG for
4 h. The cells were harvested, resuspended in 1X Binding
Buffer (1XBB), and sonicated (as described in the pET System
Manual, Novagen, 1992). The soluble extract was incubated
with 3 ml of Ni2+-charged chelating Sepharose (Pharmacia,
Piscataway, New Jersey) for 1 h. The protein±resin mixture was
poured into a disposable column and washed extensively with
100 mM imidazole in 1XBB. The protein was then eluted with
400 mM imidazole in 1XBB. The sample was desalted using a
PD-10 column (Pharmacia) and incubated with 1%(w/w)
factor Xa (Haematologic Technologies, Essex Junction,
Vermont). After 48 h, the cleaved protein was loaded directly
on a 300 ml Sephadex G-75 (Sigma, St Louis, Missouri) gel-
®ltration column and peak fractions representing the receiver
domain were simultaneously buffer-exchanged and concen-
trated to 20±22 mg mlÿ1 in 25 mM HEPES pH 7.5, 1 mM DTT.
After cleavage by factor Xa, the molecular weight determined
by electrospray mass spectroscopy was 15 272 Da, which is in
exact agreement to the calculated molecular weight. This
leaves an N-terminus of HMSNF- with the Ser residue repre-
senting the ®rst amino acid from the receiver domain of ETR1.

CheY, the receiver of the bacterial chemotaxis pathway,
crystallizes using ammonium sulfate as the precipitant.
Therefore, the puri®ed receiver domain of ETR1 was
subjected to a Grid Screen A/S (Hampton Research, Laguna
Hills, California). After 3 d, a shower of crystals appeared in
the pH range 5±7 and 1.6 M (NH4)2SO4. Optimizing the
protein concentration to 22 mg mlÿ1 and switching to the
sitting-drop format with a ®nal drop size of 10 ml decreased
nucleation events and yielded large well behaved crystals. The
®nal crystallization conditions were 1.6 M Li2SO4, 0.1 M
HEPES pH 7.5, 0.03% NaN3. Lithium sulfate maintained
better crystal morphology than did ammonium sulfate over
intervals up to four weeks prior to data collection. In this
format, crystals were obtained with dimensions 0.4 � 0.4 �
0.8 mm. After testing PEG, glycerol, and 1-MPD, a saturated
solution of meso-erythritol (Fluka, Buchs, Switzerland) was
used as a cryoprotectant (Rogers, 1994). A ¯ash-freezing
technique was utilized.

X-ray diffraction experiments were performed on a Rigaku
R-axis IIC imaging plate using graphite-monochromated
Cu K� radiation from a Rigaku RU-300 rotating-anode
generator. The generator was operated at 50 kV and 100 mA.
The ¯ash-frozen crystals diffracted beyond 2.1 AÊ . A native
data set was collected and the space group was determined to
be P41212. The unit-cell parameters of the crystals as deter-
mined by the program SCALEPACK (Otwinowski, 1993)
were a = b = 48.4, c = 112.3 AÊ . There was a single molecule of
the receiver domain of ETR1 in the assymetric unit and the
solvent content of the crystal was 42%. The data were 98.8%
complete in the last resolution shell, 2.64±2.55 AÊ with an Rmerge

[Rmerge =
P jI�h� ÿ hI�h�ij=P I�h�, with I�h�, observed

intensity and hI�h�i, mean intensity of re¯ection h over
measurement of I�h�] of 5.3% for all re¯ections between 30
and 2.55 AÊ .

A selenomethionine(SeMet)-substituted form of the protein
has been produced wherein the seven methionines of the signal
receiver domain of ETR1 have been replaced with SeMet. This
will allow phase determination using the MAD technique
(Hendrickson, 1991). The protein expression plasmid
described above was transformed into the methionine auxo-
trophic E. coli strain B834 (DE3) (Novagen) and grown in
minimal medium in the presence of SeMet. The SeMet protein
was puri®ed as described for the native protein. The SeMet
incorporation ef®ciency was 100% as determined by mass
spectroscopy. The observed molecular weight was 15 613 Da
while the calculated molecular weight was 15 611 Da. The
SeMet protein was concentrated to 19 mg mlÿ1 and crystral-
lized using microseeding techniques in the same conditions as
described for the native protein. The protein derivative crys-
tals diffract to 2.5 AÊ at our home source.

The full-length cDNA of ETR1 was a gracious gift from
Professor Anthony Bleecker (University of Wisconsin,
Madison). We thank Dr David King (University of California,
Berkeley) for electrospray mass spectroscopy analysis. This
work was supported by the Director, Of®ce of Basic Energy
Sciences, Division of Energy Biosciences of the US Depart-
ment of Energy under Contract No. DE-AC03-76SF00098. H-J
M-D is supported by a fellowship from the Deutsche
Forschungsgemeinschaft.
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