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Ethylene-Binding Sites Generated in Yeast 
Expressing the Arabidopsis ETRl Gene 

G. Eric Schaller and Anthony B. Bleecker* 

Mutations in the ETRl gene of Arabidopsis thaliana confer insensitivity to ethylene, which 
indicates a role for the gene product in ethylene signal transduction. Saturable binding 
sites for [14C]ethylene were detected in transgenic yeast expressing the ETRl protein, 
whereas control yeast lacking ETRl showed no detectable ethylene binding. Yeast ex- 
pressing a mutant form of ETRI (etrl-1) also showed no detectable ethylene binding, 
which provides an explanation for the ethylene-insensitive phenotype observed in plants 
carrying this mutation. Expression of truncated forms of ETRl in yeast provided evidence 
that the amino-terminal hydrophobic domain of the protein is the site of ethylene binding. 
It was concluded from these results that ETRl acts as an ethylene receptor in Arabidopsis. 

T h e  gaseous hormone ethylene (C,H4) is 
involved in the regulation of developmen- 
tal processes and stress responses in higher 
plants, including seed germination, seedling 
growth, leaf abscission, fruit ripening, organ 
senescence, and pathogen responses (1 ). 
Although the ethylene biosynthetic path- 
way is well-characterized (2), the means by 
which plants recognize and transduce the 
ethylene signal has not been established. 
An im~ortant  contribution to our under- 
standing of ethylene signal transduction has 
come from isolation of mutants that affect 
ethylene responses in Arabidopsis thaliana 
(3). The ETRl gene was identified in this 
manner (4). Four dominant mutant alleles 
of ETRl that confer insensitivity to a range 
of ethylene responses have been identified 
(4, 5), and Arabidopsis plants containing 
the mutant etrl-1 allele display one-fifth 
the saturable ethylene binding of that found 
in wild-type plants (4). Genetic analysis 
indicates that ETRl acts upstream of other 

Department of Botany, University of Wisconsin, Madison, 
W153706, USA. 

*To whom correspondence should be addressed. 
E-mail: ableek@macc.wisc.edu 

loci that affect ethylene signal transduction 
(3, 6). The ETRl gene was cloned (5) and 
found to encode a polypeptide with a hy- 
dro~hobic NH,-terminus res~onsible for 
membrane localization (5, 7) and a 
COOH-terminal region with homology to 
the histidine kinases and response regula- 
tors of bacteria (Fig. 1). In bacteria, these 
signal transduction systems mediate re- 
sponses to a wide variety of environmental 
stimuli (8). On the basis of these character- 
istics, the ETRl protein has been hypothe- 
sized to function in the perception of the 
ethvlene signal. 

u 

To aid in the biochemical characteriza- 
tion of the ETRl protein, we expressed the 
full-length coding sequence in yeast (9). 
Immunological analysis indicated, that the 
yeast-expressed protein, like the native pro- 
tein in Arabidopsis, exists as a membrane- 
associated, disulfide-linked dimer (7). The 
capacity of yeast expressing ETRl to bind 
ethylene was tested in vivo with the isotope 
displacement assay described by Sisler (10). 
Expression of ETRl in yeast resulted in the 
creation of high-affinity binding sites for 
[14C]ethylene (Fig. I ) ,  and most of the la- 
beled ethylene could be displaced by com- 

petition with unlabeled ethylene, which in- 
dicated that binding was saturable. The 
identity of the released compound as ethyl- 
ene was confirmed by gas chromatography. 
Control yeast transformed with vector 
alone showed no saturable ethylene bind- 
ing. One gram of transgenic yeast contained 
up to 40 pmol of ethylene-binding sites, as 
deduced from the calculated maximum 
binding capacity over several experiments 
(Fig. 2). Arabidopsis reportedly contains 1 
pmol of ethylene-binding sites per gram of 
leaf tissue (1 I) .  The higher concentration 
of binding sites observed in yeast is consis- 
tent with immunological data that indicate 
that ETRl protein expressed in yeast was 
present at about 100-fold greater abundance 
than in its native Arabidopsis (7). 

The binding of ethylene in transgenic 
yeast was tight but reversible, with a calcu- 
lated dissociation constant (Kd) of 2.4 X 
lop9 M, assuming a membrane environ- 
ment for the binding site. Analysis of re- 
lease kinetics indicated a half-life for ethyl- 
ene dissociation of 12.5 hours. This slow 
dissociation rate is similar to the rate ob- 
served with one class of binding activity 
reported from several plant sources (1 I ,  
12). Ethylene binding by ETRl was also 
found to be inhibited by trans-cyclooctene 
and 2,5-norbornadiene (Table I ) ,  both 
competitive inhibitors of ethylene binding 
and responses in plants (1 2 ,  13). Cis-cy- 
clooctene is a less effective inhibitor of 
ethylene binding and responses in plants 
(13) and did not effectively inhibit ethyl- 
ene binding to ETRl in yeast. 

Dose-dependent binding of [I4C]ethyl- 
ene in transgenic yeast conformed to the 
hyperbolic relation predicted by Michaelis- 
Menton kinetics, spanning about two orders 
of magnitude and having a Hill coefficient 
(n) close to 1 (Fig. 2). The dose-dependent 
binding in yeast paralleled the curve for 
growth-inhibition responses to ethylene in 
Arabidopsis seedlings (Fig. 2), which showed 
a half-maximal response at a concentration 
of ethylene of 0.1 p,l/liter (14). These ef- 
fects of ethylene on seedling growth, which 
are among the most sensitive documented 
responses to ethylene in plants, can thus be 
accounted for by the binding relation ob- 
served with ETRl in transgenic yeast. It 
remains to be determined whether the ob- 
served binding can also account for respons- 
es, such as chitinase induction, that operate 
over a higher range of ethylene concentra- 
tions in Arabidopsis but are also disrupted by 
mutations in ETRl (3, 14). 

To clarify which region of ETRl was 
involved in binding ethylene, we expressed 
truncated forms of ETRl (9) in yeast (Fig. 
1). For the bacterial sensor proteins, ligand 
binding typically involves the NH2-termi- 
nal portion of the protein, and the ligand- 
binding domain is distinct and can be dis- 
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sociated from the histidine kinase domain 
(8). Consistent with such a modular struc- 

ETRI protein 
Construct . (relative units) . . 

ture, no ethylene binding was observed 
when a portion of ETRl covering the sol- 
uble COOH-terminal region (amino acids 
183 to 738), including histidine kinase and 
response regulator domains, was expressed 
in yeast. However, expression of the NH,- 
terminal half of ETRl (amino acids 1 to 
400) conferred upon yeast the ability to 
bind ethylene. The binding site was further 
localized by expression of the first 165 ami- 
no acids of ETRl (1 to 165), which still 
showed significant and reproducible ethyl- 
ene binding. On the basis of these results, 
we propose that the ethylene-binding site is 
contained within the NH,-terminal hydro- 
phobic domain of ETR1. 

Ethylene is hypothesized to bind to its 
receptor through a metal, with a transition 
metal such as Cu(1) considered most likely 
given the known interactions of olefins 
with transition metals (15). Metal coordi- . , 

nation usually involves cysteine, histidine, 
or methionine residues of the protein (16), 
and in this respect the etrl-1 mutation may 
be of special significance as it represents the 
mutation of a Cvs residue in the second 
transmembrane domain (Cys65 -+ Tyr), re- 
sulting in a plant insensitive to ethylene (4, 
5). To examine the effect of alterations in 
Cys65 on ethylene binding, we expressed 
two site-directed mutant forms of the ETRl 
protein in yeast. When Cys65 was converted 
to either Tyr or Ser, the mutant proteins 
showed no detectable ethylene binding in 
yeast (Figs. 1 and 2). Thus, a single amino 
acid change within the hydrophobic do- 
main of ETRl can perturb the protein so as 
to prevent ethylene binding, possibly by 
eliminating a ligand for the presumptive 
transition metal. 

Several other site-directed mutations 
were introduced into the ETRl gene and - 
the expressed protein examined for ethyl- 
ene bindine in veast. C V S ~ ~ ,  like C d 5 ,  is a - ,  , . 
Cys residue in the hydrophobic region of 

Table 1. Inhibition of ethylene binding. Saturable 
ethylene binding of yeast expressing ETR1 was 
determined at 0.08 pl/liter of [I4C]ethylene, in the 
presence of the indicated compounds. 

Compound [l 4C]ethylene 
bound (%) 

None 
2,4-norbornadiene 

5 pl/liter 
50 pl/liter 

trans-cyclooctene 
5 pl/liter 
50 pl/liter 

cis-cyclooctene 
5 pl/liter 
50 $/liter 
500 pl/liter 

Vector alone , I 

183-738 -7m77m7Hl 3 0.1 
1 : : : : : : :  
0 100 200 300 400 500 600 700 0 1000 2000 3000 

Amlno acid 14C2H, (dpmlg yeast) 

Fig. 1. Ethylene binding by yeast expressing wild-type and mutant forms of the protein ETR1. Expressed 
forms of ETR1 (9) are depicted diagramatically, with transmembrane (black), histidine kinase (hatched), and 
response regulator (white) domains indicated by boxes. For site-directed mutations, single-letter abbrevi- 
ations for amino acids Cys (C), Ser (S), and Tyr (Y) are used. For truncations, the first and last amino acids 
of the expressed protein are indicated, the full-length ETRl protein being 738 amino acids long. Transgenic 
yeast was incubated with 0.09 pVliter of [14C]ethylene (white bars) or with 0.09 plAiter of [I4C]ethylene and 
1000 pl/liter of [12C]ethylene (black bars) (10). The difference between these two values represents the 
saturable binding. Samples were run in triplicate, and standard deviations are shown. ETR1 protein was 
identified immunologically and quantified densitometrically (19). 

ETR1. but in the third ~utative transmem- 
brane'domain rather than in the second. 
Cys4 and Cys6 are involved in a disulfide 
linkage between monomers of ETRl, lead- 
ing to formation of a covalent dimer (7). 
Mutant proteins in which these residues 
were converted to Ser still retained the 
ability to bind ethylene (Fig. I) ,  which 
indicates that neither covalent linkage of 
monomers nor Cysg9 is necessary for ethyl- 
ene binding. This finding does not rule out 
the possibility that noncovalent dimeriza- 
tion is required for ethylene binding. 

Although the etrl-1 mutation com- 
pletely disrupts ethylene binding in yeast, 
some saturable binding is still present in 
etrl-1 mutant plants (4). Residual binding 
activity may be attributable to additional 
receptor isoforms, a possibility supported 
by the finding that. a mutated form of the 
Arabidopsis ERS gene (67% amino acid 

identity with ETRl) conferred ethylene 
insensitivity on Arabidopsis (17). Func- 
tionally redundant ethylene receptors may 
also explain why only dominant mutants 
of ETRl have been identified genetically. 

Because all four mutant alleles of ETRl 
result from point mutations in the pre- 
sumptive ethylene-binding domain, the 
dominant insensitivity observed in plants 
may arise from disruption of ethylene 
binding, essentially locking the protein in 
a form unable to sense ethylene. If this 
form is inactive, dominance could involve 
the formation of a poisoned complex. In 
that case, the level of effective (wild-type) 
dimers in heterozygous plants would have 
to be below the threshold needed to in- 
duce the seedling-growth inhibition re- 
sponse, even at saturating ethylene con- 
centrations. It would also be necessary for 
mutant ETRl monomers to interact with 

Fig. 2. Dose dependency for ethylene binding by z4000, - 
yeast expressing ETR1. Duplicate samples of rn 

0 I 
yeast (open and closed circles) expressing ETRl g 
were tested for binding at the concentrations of Z3'''- 
[14C]ethylene indicated on the abscissa (lo), with g 
the saturable binding determined by subtracting ;;moo- 
the mean of two samples incubated with [14C]eth- 5 
ylene and 1000 pl/liter of [12C]ethylene. Samples ~ l o o o -  CI K 

were incubated with ethylene for 6 hours. The 
best-fit line using the Hill equation is plotted [r = 5 Q 

0.98, n = 1.17, K, = 0.036 $/liter (gas phase)]. f O 

For comparison, a dose-response curve for hypo- -3 -2 -1 0 1 

cotyl growth inhibition of Arabidopsis seedlings by IogICzHd   miter) 
ethylene is plotted (dotted line) (14). Yeast ex- 
pressing vector alone (square) or etrl-1 mutant protein (triangle) was also examined for binding at 8 
pl/liter of ethylene, but no significant binding was observed. 
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and poison subunits of any functional ho- 
mologs. Alternatively, the ETRl protein 
may normally be active in the absence of 
ethylene and negatively regulate the re- 
sponse pathways. Binding of ethylene 
would inactivate the receptor, resulting in 
derepression of the response pathways. 
Mutant receptors that fail to bind ethyl- 
ene would be locked in the active state. 
suppressing the response pathways even 
when wild-type receptors were saturated 
with ethylene. If true, the latter model 
must be reconciled with the finding that 
Newer-ribe ( N r ) ,  a mutation in tomato that 
seems to be attributable to a lesion in a 
tomato homolog of ETRI, shows an in- 
crease in Nr mRNA abundance in tomato 
fruits as they become more sensitive to 
ethylene-induced ripening (18). 
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Identification of RANTES, MIP-la, and MIP-1 P as 
the Major HIV-Suppressive Factors produced by 

CD8+ T Cells 
Fiorenza Cocchi,* Anthony L. DeVico, Alfredo Garzino-Demo, 

Suresh K. Arya, Robert C. G a l l o , * ~ a o l o  Lusso$ 

Evidence suggests that CD8+ T lymphocytes are involved in the control of human im- 
munodeficiency virus (HIV) infection in vivo, either by cytolytic mechanisms or by the 
release of HIV-suppressive factors (HIV-SF). The chemokines RANTES, MIP-la, and 
MIP-Ip were identified as the major HIV-SF produced by CD8+ T cells. Two active 
proteins purified from the culture supernatant of an immortalized CD8+ T cell clone 
revealed sequence identity with human RANTES and MIP-la. RANTES, MIP-la, and 
MIP-I p were released by both immortalized and primary CD8+ T cells. HIV-SF activity 
produced by these cells was completely blocked by a combination of neutralizing anti- 
bodies against RANTES, MIP-la, and MIP-Ip. Recombinant human RANTES, MIP-la, 
and MIP-I p induced a dose-dependent inhibition of different strains of HIV-I, HIV-2, and 
simian immunodeficiency virus (SIV). These data may have relevance for the prevention 
and therapy of AIDS. 

A s  documented in several viral diseases 
( I ) ,  CD8+ T lymphocytes are believed to 
play a critical role in the containment of 
HIV infection, particularly during the phase 
of clinical latency and in long-term nonpro- 
gressors (2 ) .  Activated CD8+ T cells de- 
rived from the peripheral blood of HIV- 
infected individuals (3) ,  as well as from 
HIV- or SIV-infected nonhuman primates 
( 4 ) ,  secrete one or more soluble HIV-sup- 
pressive factors (HIV-SF) that may contrib- 
ute to the control of HIV infection in vivo 
(5). The nroduction of HIV-SF bv CD8' T ~, 

cells isolated in vitro correlates with the 
disease stage, showing a progressive decline 

F. Cocchi, A. Garzino-Demo, S. K. Arya, R. C. Gallo, P. 
Lusso, Laboratory of Tumor Cell Boogy, Nat~ona Can- 
cer Institute, Bethesda, MD 20892, USA. 
A. L. DeVico, Advanced BioScience Laboratories, Ken- 
sington, MD 20852, USA. 

*Present address: lnstitute of Human Virology, Medical 
Biotechnology Center, University of Maryland Biotech- 
noogy lnstitute (UMBI), University of Maryland, Baltimore, 
MD 21 201, USA. 
]-To whom correspondence and reprint requests should 
be addressed at lnstitute of Human Virology, Su~te 200, 
Medical Biotechnology Center, UMBI, University of Mary- 
land, Baltimore, MD 21 201. USA. 
$Present address: Unit of Human Virology, DIBIT, San 
Raffaele Scientfic Institute, 201 32 Miano, Italy, and lnst- 
tute of Human Virology, Baltmore, MD 21 201, USA, 

in parallel with the increasing deterioration 
of the immune system (6). 

We established a sensitive test system for 
HIV-SF ( 7 ) ,  based on a CD4+ T cell clone 
(PMI) that has a broad susceptibility to 
macrophage-tropic and primary HIV-I iso- 
lates (8). The HIV-SF was tested on PM1 
cells acutely infected with HIV-I,,, (9), a 
macrophage-tropic isolate with biological 
properties resembling those of non-syncy- 
tia-inducing primary isolates (8,  9). To 
identify a reproducible source of HIV-SF, 
we tested (i) three CD8+ T cell lines im- 
mortalized in vitro with human T cell leu- 
kemia/lymphotropic virus (HTLV) type I 
(CD8-UI, CD8-PI, and 67-I), (ii) one 
HTLV-I-negative CD8+ T cell line 
(PF382) and (iii) two CD4+ T cell lines, 
one immortalized with HTLV-I (MT-2) 
and the other with HTLV-I1 (Vev-11) (Ta- 
ble 1) (10). No effect was seen with the 
culture supernatant of PF382, which sup- 
presses the differentiation of bone-marrow 
precursor cells ( 1  1). By contrast, all three 
HTLV-ItCD8+ T cell lines produced ex- 
tracellular HIV-SF, albeit at different lev- 
els. Some HIV-SF activity was also detected 
in the culture supernatant of MT-2, where- 
as Vev-I1 had no significant effect. To ob- 
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