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ABSTRACT 

ANALYSIS OF SIGNAL OUTPUT BY THE ETHYLENE RECEPTOR ETRl 
FROM ARABIDOPSIS

By 

Xiang Qu
University of New Hampshire, May, 2004 

Ethylene is one of the most important plant hormones and regulates many 

processes during plant growth and development. In Arabidopsis, the ethylene receptor 

family consists o f five members: ETRl and ERSl have a functional histidine kinase 

domain and form subfamily 1; members of subfamily 2, including ETR2, ERS2, and 

EIN4, possess a highly diverged histidine kinase domain predicted not to be functional. 

To analyze signal output by the ethylene receptor ETRl from Arabidopsis, mutant-based 

approaches were taken. Initially, the role of the proposed signal output region o f ETRI in 

ethylene signaling was examined. For this purpose, the ability of mutant versions of 

ETRI to rescue the constitutive response phenotype o f the etrl-6;etr2-3;ein4-4 triple 

loss-of-function mutant line was examined. A truncated version of ETRI that lacks both 

the histidine kinase domain and the receiver domain failed to rescue the triple mutant 

phenotype. A truncated ETRI receptor that lacks only the receiver domain restored 

normal growth to the triple mutant in air, but the transgenic seedlings displayed 

hypersensitivity to ethylene. A mutation that eliminated histidine kinase activity had a 

modest effect upon the ability of the receptor to repress ethylene responses in air. These 

results demonstrate that the histidine kinase domain is required for the repression of 

ethylene responses. To further address whether histidine kinase activity is required for

X
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ethylene signaling, single loss-of-function allele of ER Sl was isolated and ersl;etrl 

double null mutants were generated. The ersl;etrl double mutants displayed a 

constitutive ethylene response phenotype when grown in the dark, and were dwarfed with 

small and epinastic leaves in the air and died without bolting when grown under light.

The phenotype of ersl;etrl is more profound than that observed in the etr2-3;ein4- 

4;ers2-3 triple loss-of-fimction mutant reported previously, indicating that subfamily 1 

members (ETRI and ERSl) play a predominant role in ethylene signaling. Addition of 

the kinase-inactivated ETR1(G2) into a background containing both ersl-3  and etrl-7  

mutations results in ethylene insensitivity, demonstrating that the histidine kinase activity 

of ETRI may play a role in the establishment of ethylene responses.

XI
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CHAPTERI 

GENERAL INTRODUCTION

Battling for their survival, all living organisms on this planet have to sense and 

interact with their environment. This is particularly crucial for plants, which are immobile 

and anchored in position and must endure whatever environment they experience. Abiotic 

factors, such as light, temperature and water, play critical roles during plant growth and 

development. To adapt to their local environment, plants have developed sophisticated 

sensory apparati and signal-transduction systems by which they can sense and integrate 

these signals, and then reach a finely balanced decision as to how to grow and develop to 

most successfully survive and exploit the environment. External and internal signals are 

monitored by plants. Hormones play a central role in regulating plant growth and 

development. In general, plant hormones serve as internal signals, which respond to the 

environment and ultimately lead to regulated growth and developmental responses 

accordingly. During the past few decades, most research on hormones has been focused 

on the biosynthesis o f hormones and on the hormone receptors. We now have a growing 

but still very limited knowledge o f the molecular basis of plant hormone signaling. The 

main purpose of my Ph.D. research is to advance our understanding of a fundamental 

unanswered question in ethylene signaling -  how ethylene receptors transduce the signal, 

once they perceive ethylene. For this purpose, I analyzed the ethylene receptor ETRI 

genetically, biochemically and physiologically in the model plant, Arabidopsis.
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Arabidopsis, a plant model system

Commonly known as mouse-eared cress, Arabidopsis is a small flowering relative 

of the mustard plant (e.g. broccoli and cauliflower). Because o f its small size (about 30 

centimeters in height), short life cycle (2 to 3 months to go from seed to seed), prodigious 

seed production (with an average yield o f 10,000 seeds per plant), and a relatively small 

genome size (125Mb) compared to other higher plants (2,500Mb in maize and 16,000 Mb 

in wheat) (The Arabidopsis Genome Initiative, 2000), Arabidopsis has become a model 

system for plant laboratory research since 1980s (Meyerowitz and Pruitt, 1985; 

Meyerowitz, 2001).

With the genome sequence of Arabidopsis completed by the Arabidopsis Genome 

Initiative (AGI) in 2000, Arabidopsis serves as an excellent organismal system for 

sophisticated studies in genetics and genomics (The Arabidopsis Genome Initiative, 

2000). By this point, its uses in modem genetics are all well-known. These include 

saturation mutagenesis screens, enhancer trapping and activation trapping mutagenesis, 

its utility in gene mapping (with full sets of publicly available SNFs, AFLP markers, and 

CAPS markers) (Rhee et ah, 2003), the ease of gene cloning by insertional mutagenesis 

or map-based cloning (Feldmann KA, 1989; Arondel et ah, 1992; Giraudat et ah, 1992; 

Alonso et ah, 2003), the possibilities of full-genome array analysis (aided by complete 

physical maps and a completed and well-annotated genome sequence in public databases) 

(Kim et ah, 2003), and sophisticated phenotypic screens (with full arrays of cell-type 

specific reporter genes, both fluorescent and enzymatic) (Budziszewski et ah, 2001).

It is worth comparing the utility of this plant system to animal systems of 

comparable genetic sophistication, such as Drosophila melanogaster and Caenorhabditis
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elegans. Plants are much harder to kill than animals, due to the absence any vital organs. 

Furthermore, Arabidopsis, though a small plant, is much larger than a fly or nematode 

worm like C. elegans, and like any plant, all of its living cells are totipotent and 

culturable (Wu et ah, 1992; O'Neill and Mathias, 1993). These qualities make it possible 

to obtain more than sufficient amounts of biological compounds, such as RNA, DNA, 

and protein, from specific tissues and specific cell types without great effort. It is also 

increasingly clear that information on developing plant systems may be of use in 

understanding cognate processes in animals (and vice versa), because many o f the 

specific molecular and cellular processes are the same in plants and animals (Meyerowitz, 

2002). At the same time, plants represent the system of complex multicellular 

development that, in evolutionary terms, is the most distant one known from animals 

(Meyerowitz, 2002).

Ethylene, a gaseous plant hormone

There are five major phytohormones identified in plants: auxin, gibberellin (GA), 

ethylene, cytokinin, and abscisic acid (ABA) (Kende and Zeevaart, 1997). These are 

considered the classical plant hormones because their role in plant development was 

established decades ago. Among them, ethylene (H2C=CH2) is the simplest one -  a 

gaseous molecule with a bi-hydrocarbon structure. Long before it was recognized as an 

endogenous plant growth regulator, ethylene was already known to cause defoliation of 

nearby trees due to leaking “illuminating gas” used in lighting o f the mid-nineteenth 

century (Neljubow, 1901). Despite its simple structure, ethylene is now recognized as one 

of the most important plant hormones and plays a critical role during plant growth and
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development (Abeles et a l ,  1992). Exposure to ethylene produces many profound effects 

upon plant growth and development, including most notably stimulation o f fruit ripening, 

inhibition o f shoot and root elongation, stimulation o f seed germination and flowering, 

and sex determination in some monoecious plants (Abeles et ah, 1992; Johnson and 

Ecker, 1998).

One o f the earliest observations indicating that ethylene functioned as a plant 

hormone was the discovery by Cousins that a gas released from oranges stimulated the 

premature ripening of banana (Cousins, 1910). It was later demonstrated by Gane in 1934 

that the gas was ethylene (Gane, 1934). This was the first direct evidence that plants 

produce ethylene themselves. Later discoveries indicated that plants can produce ethylene 

from almost all their tissues, including leaves, flowers, roots, and stems (Kende, 1993). 

More intriguingly, plant ethylene production is tightly regulated by developmental events, 

such as germination and senescence (Yang and Hoffman, 1984; Abeles et ah, 1992), as 

well as in response to abiotic and biotic environmental stimuli, such as drought, extreme 

temperature, and tissue lesions caused by pathogens (Botella et al., 1995; Liang et ah, 

1996; Woeste, 1999). Obviously, plants precisely control their ethylene production so as 

to elicit an optimal physiological, growth, or developmental response.

Soon after the first recognition o f the biological role of ethylene, numerous efforts 

were devoted to elucidating the ethylene biosynthetic pathway. However, the molecular 

basis of ethylene biosynthesis was not completely unraveled until 1979 when Adams and 

Yang provided evidence that ethylene is formed from methionine via ^-adenosyl-L- 

methionine (AdoMet) and the cyclic non-protein amino acid 1-aminocyclopropane-l- 

carboxylic acid (ACC) (Yu et al., 1979). The ethylene biosynthetic pathway contains
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several enzymatic steps as shown in Figure 1 (Schaller and Kieber, 2002). First, AdoMet 

synthetase catalyzes the conversion of methionine to AdoMet. Then, the formation of the 

ethylene precursor ACC is catalyzed by ACC synthase (ACS). This is the key regulatory 

step in ethylene biosynthesis. Meanwhile, 5’-methylthioadenosine (MTA) is also 

produced at this step. MTA then enters the methionine cycle to convert back to 

methionine (Miyazaki and Yang, 1987). This allows plants to constantly maintain a pool 

of free methyl groups for another round of ethylene biosynthesis. The final step in 

ethylene biosynthesis is catalyzed by ACC oxidase (ACO), which converts ACC to 

ethylene (Yu et al., 1979).

Ethylene signal transduction

The ethylene response, like other hormone-induced responses, can be regulated at 

two different stages: (1) hormone biosynthesis which determines where, when and how 

much hormone is produced; and (2) signal transduction which includes hormone 

perception and the signal cascade. Since 1967 when ethylene signaling was first proposed 

by Burg (Burg and Burg, 1967), the ethylene signaling pathway has been extensively 

studied. However, it was not until the last decade that researchers started to succeed in 

identifying receptors and other signaling components in the primary ethylene signal- 

transduction pathway by use of modern molecular and genetic applications in 

Arabidopsis.

Ethylene and its biosynthetic precursor ACC have a profound impact upon the 

growth o f dark-grown (etiolated) seedlings (Guzman and Ecker, 1990). It inhibits the 

hypocotyl and root elongation of etiolated seedlings, induces the swelling of the stem,
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and tightens the closure of the apical hook (Figure 2). This ethylene-induced seedling 

growth response is called the “triple response” (Guzman and Ecker, 1990). It serves as a 

simple but powerful tool to identify mutants with defects in ethylene signaling. Two 

major types of ethylene mutants have been identified: ethylene-insensitive mutants which 

display an air-grown phenotype in the presence of ethylene, and constitutive ethylene 

response mutants which display an ethylene-induced growth phenotype even in the 

absence of ethylene (Guzman and Ecker, 1990). Over the last decade, many components 

in the ethylene signaling pathway were identified by mutant screens based on the 

ethylene-induced triple response (Chang et al., 1993; Kieber et al., 1993; Lehman et al., 

1996; Hua et al., 1998; Alonso et al., 1999). One of those components is CTRl, which is 

a negative regulator o f ethylene responses due to the fact that the loss-of-function etrl 

mutations result in constitutive ethylene responses (Kieber et al., 1993). CTRl shares 

strong sequence similarity with the Raf family o f serine/threonine protein kinases (Kieber 

et al., 1993). In animals, the Raf-like protein kinase is involved in the mitogen-activated 

protein kinase (MAPK) cascade. Double mutant analysis demonstrated that CTRl acts 

downstream of a family o f genes carrying dominant ethylene insensitive mutations {etrl, 

ersl, etrl, ersl, and ein4) (Kieber and Ecker, 1993; Hua et al., 1995; Roman et al., 1995; 

Hua et al., 1998; Sakai et al., 1998). Downstream of CTRl, there is E IN l which encodes 

a transmembrane protein related to the Nramp metal transporter family (Alonso et al., 

1999). Loss-of-function mutations in E IN l lead to strong ethylene insensitivity, 

indicating that EIN2 is a positive regulator of ethylene transduction. A further 

downstream positive regulator, EIN3, is thought to act together with three additional 

EIN3-like proteins (EILs) as transcriptional activators. These activate the expression of
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Figure 2. Ethylene-induced triple response of dark-grown (etiolated) Arabidopsis 
seedlings. Wild-type seedling grown in the absence of ethylene (left) or in the 
presence o f ethylene (right).
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ERFl, a member of another transcription factor family involved in ethylene signaling 

(Ohme-Takagi and Shinshi, 1995; Chao et al., 1997; Riechmann and Meyerowitz, 1998; 

Solano et al., 1998; Fujimoto et al., 2000). As shown in Figure 3, researchers have 

developed a growing hut still incomplete model o f the ethylene signaling pathway based 

on these findings (Schaller and Kieber, 2002).

Ethylene receptors, negative regulators of the ethylene signaling pathway

In Arabidopsis, there are five members of the ethylene receptor family: ETRI, 

ERSl, ETR2, ERS2 and EIN4 (Chang et a l ,  1993; Hua et a l, 1995; Hua et al., 1998;

Sakai et al., 1998). All five receptor members have strong sequence similarities and 

similar protein structures: all of them contain three transmembrane domains and a GAF 

domain at the N-terminal region. On the other hand, they also have distinct features:

ETRI and ERSl have a highly conserved histidine kinase domain (Chang et al., 1993;

Hua et al., 1995), while other members contain a diverged domain predicted to lack 

histidine kinase activity (Hua et al., 1998; Sakai et al., 1998). Furthermore, only ETRI, 

ETR2 and EIN4 possess a receiver domain at their C-terminal region (Chang et al., 1993; 

Hua et al., 1998; Sakai et al., 1998). Based on their protein sequence and structure, 

ethylene receptors are divided into two subgroups (Schaller and Kieber, 2002): subgroup 

one consists o f ETRI and ERSl; and subgroup two consists o f ETR2, ERS2, and EIN4 

(Figure 4).

As the first identified ethylene receptor, ETRI is the best characterized member 

of the family (Figure 5). The amino-terminal region of ETRI consists o f three 

transmembrane domains which confer the ethylene binding ability (Schaller and Bleecker,
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Figure 4. The Arabidopsis ethylene receptor family (modified from Schaller and Kieber, 
2002). Primary structural feasures of the five-member receptor family are indicated. 
Grey boxes represent putative signal sequences. Black boxes represent transmembrane 
domains. Grey diamonds represent GAF domains with unkown function. Rectangles 
represent histidine kinase domains. Ovals represent receiver domains. H and D indicate 
the conserved phosphorylation sites. Conserved motifs (NGFG) within the histidine 
kinase domain are indicated if present. Based on protein stmcture and phylogenetic 
analysis, the ethylene reeeptor family is further divided into two subgroups: subfamily 1 
and subfamily 2.
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1995). Both ETRI and ERSl have been observed to form homodimers in vivo via 

disulfide bond linkages between cysteine residues near the amino-terminus of the 

receptor (Schaller et al., 1995). Since all of the other four ethylene receptor members 

contain cysteine residues at the same region, it is generally accepted that ethylene 

receptors function as a dimer. The evidence that both ETRI and ERSl possess ethylene- 

binding capacity demonstrated their characteristics to be those of an ethylene receptor 

(Schaller and Bleecker, 1995; Hall et al., 2000). In addition, missense mutations within 

the hydrophobic sensory region of any o f the five ethylene receptors usually result in 

ethylene insensitivity (Bleecker et a l, 1988; Chang et al., 1993; Hua et al., 1995; Hua et 

al., 1998; Sakai e ta l ,  1998).

The carboxy-terminal half of the receptor includes a histidine kinase domain and a 

putative receiver domain (Chang et al., 1993), motifs originally identified in the well- 

characterized bacterial two-component system (Parkinson, 1993). In bacteria, this system 

is involved in such diverse processes as chemotaxis, osmotic sensing, and light 

perception (Stock et al., 2000). Two-component systems usually consist o f two elements: 

(1) a sensor histidine kinase which autophosphorylates at a histidine residue upon 

perception o f environmental signals, and (2) a response regulator with a conserved 

receiver domain that receives a phosphate group transferred from the histidine kinase.

The phosphorylated response regulator then regulates the downstream signaling 

components (Stock et al., 2000). Since the biochemistry of two-component systems is 

that of a phosphorelay from a histidine residue to an aspartate residue, this type of 

signaling mechanism is also referred as the His-to-Asp phosphorelay (Stock et al., 2000).

12
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Figure 5. Structure o f the ethylene receptor ETRI. The hydrophobic domain, the GAF 
domain, the histidine kinase domain, and the receiver domain are indicated. H represents 
the histidine residue at position 353, which is the autophosphorylation site. 01 and 0 2  
represent 01 and 0 2  boxes, which are ATP-binding sites. D represents the asparate 
residue at position 659, which is the putative phosphorylation site within the receiver 
domain.
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Results from in vitro phosphorylation experiments in a yeast expression system 

demonstrated that ETRl possesses histidine kinase activity (Gamble et ah, 1998).

ETRl also contains a GAP domain. GAP domains are ubiquitous motifs present 

in cyclic GMP (cGMP)-regulated cyclic nucleotide phosphodiesterases, certain adenylyl 

cyclases, the bacterial transcription factor PhlA, and hundreds o f other signaling and 

sensory proteins from all kingdoms of life (Aravind and Ponting, 1997). However, the 

role of GAP domains in ethylene signaling has not been determined.

Genetic and biochemical analyses o f the ethylene receptors have allowed us to see 

a section from the whole picture o f ethylene signal transduction. Loss-of-function 

mutations have been isolated for four members o f the ethylene receptor family, including 

ETRl, ETR2, ERS2 and EIN4 (Hua and Meyerowitz, 1998). Transgenic lines containing a 

single loss-of-function mutation have wild-type-like ethylene responses, while the mutant 

plants with triple or quadruple loss-of-function mutations show constitutive ethylene 

responses (Hua and Meyerowitz, 1998). These results indicate that ethylene receptors 

have redundant functions in ethylene signaling (Hua and Meyerowitz, 1998). In addition, 

elimination of receptors results in constitutive activation of ethylene responses. This 

result demonstrates that ethylene receptors negatively regulate ethylene signal 

transduction (Hua and Meyerowitz, 1998). In air, ethylene receptors are in a signaling 

active state and repress ethylene responses. Upon binding of ethylene, receptors switch to 

a signaling inactive state, which relieves the repression on the ethylene pathway (de­

repression) (Pigure 6).

Dominant ethylene-insensitive mutations of the receptors have also been isolated 

by screening dark-grown seedlings in the presence o f ethylene. All these mutants result
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Figure 6. Negative regulation of ethylene responses by the ethylene receptor ETRl. 
The ethylene receptor ETRl forms a homodimer via the disulfide bond linkage. 
Each homodimer contains one ethylene-binding site. A metal ion cofactor, copper 
(Cu), is required for ethylene binding. In air, receptors actively repress ethylene 
responses (A and B). In presence of ethylene, the wild-type receptor ETRl is 
inactivated, thereby relieving repression of ethylene responses (C). The etrl-1 
mutation eliminates binding of the required copper (Cu) cofactor. The etrl-1 
mutant receptor is still in active signaling state even in presence o f ethylene, 
thereby actively repressing ethylene responses (D).
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from single amino acid substitutions within the hydrophobic region of the receptors. 

Evidence indicates that these single mutations either abolish the ethylene binding ability 

of the receptor or uncouple ethylene perception from signal output (Chang et ah, 1993; 

Hall et al., 1999; Rodriguez et ah, 1999). etrl-1, a dominant ethylene-insensitive mutant 

allele o f ETRl, results from a single amino acid substitution (Cys65Tyr) in its ethylene- 

binding site (Chang et al., 1993). It has been demonstrated that the mutant receptor etrl-1 

loses its ability to bind a copper eofactor which is essential for ethylene binding 

(Rodriguez et al., 1999). Similar mutations within the ethylene-binding site of other 

ethylene receptors also lead to dominant ethylene insensitivity. The ethylene-insensitive 

mutants are considered gain-of-function because their phenotype is the opposite of that 

seen with loss-of-function mutants. These ethylene-insensitive mutations apparently lock 

the receptors in the signaling active state, resulting in the repression of ethylene responses 

in both the presence and absence of ethylene (Figure 6 ).

Interaction between ethylene receptors and CTRl

CTRl, a MAPKKK (Mitogen-Activated Protein Kinase Kinase Kinase)-like 

protein acting downstream of ethylene receptors, interacts with E T R l, ERS1, and ETR2 

directly in the yeast two-hybrid and in vitro binding experiments (Kieber et al., 1993; 

Clark et a l, 1998; Cancel and Larsen, 2002). It has also been demonstrated that ETRl 

can interact with CTRl through its histidine kinase domain as well as its receiver domain 

(Clark et al., 1998). More interestingly, the amino-terminal region of CTRl, which is the 

putative regulatory domain for the kinase activity o f CTRl, is required for the association 

with ETRl (Clark et al., 1998). In addition, the kinase activity of CTRl is required for
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ethylene signaling since mutations in the highly conserved residues within the kinase 

domain of CTRl (e.g. ctrl-1  and ctrl-4) result in constitutive ethylene responses (Huang 

et al., 2003). CTRl, which is a soluble protein, is recruited to the endoplasmic reticulum 

(ER) membrane as a result of interaction with ethylene receptors (Gao et ah, 2003).

Direct evidence also indicated that CTRl is part of an ethylene receptor signaling 

complex in Arabidopsis and supported a model in which localization of CTRl to the 

endoplasmic reticulum is necessary for its function (Gao et al., 2003). Therefore, the 

ethylene signal could he transferred from ethylene receptors to CTRl as means of 

regulating the activity of CTRl enzymatically or allosterically by ETRl through its signal 

output domain. These results also suggest a distinctive signaling mechanism -  the two- 

component system, originally in prokaryotes, integrates with a eukaryotic mitogen- 

activated protein kinase (MAP kinase) cascade. More strikingly, yeast uses a similar 

signaling mechanism to monitor low osmotic stress. In this system, the low osmolarity 

signal is perceived by a hybrid His kinase osmosensor SEN 1, then transduced to the 

SSK2/22 MAPKKK through a multi-step phosphorelay (Ota and Varshavsky, 1993; 

Maeda et al., 1994; Maeda et al., 1995; Posas et al., 1996).

Hypothesis and significance

Our knowledge of the molecular basis of how ETRl acts as an ethylene receptor 

is growing, hut is still far from complete. We know that the hydrophobic N-terminal 

region (signal input domain) of ETRl plays a critical role in both conferring the ethylene 

binding ability and endoplasmic reticulum (ER) membrane localization of the receptor 

(Schaller and Bleecker, 1995; Chen et al., 2002). However, we do not know how the
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ethylene stimulus is transmitted from the ethylene receptor ETRl to the downstream 

signaling components of the ethylene signaling pathway. We also do not know where the 

signal output domain is located in the receptor -  whether the signal input domain itself is 

sufficient for ETRl to output the ethylene signal, or whether the cytosolic region 

(including the histidine kinase domain and the receiver domain) is responsible for signal 

output. Meanwhile, we know that ETRl interacts with CTRl so as to regulate the activity 

of C T R l. However, we do not know the molecular mechanism by which the activity of 

CTRl is regulated by ETRl (Figure 7). Furthermore, we have confirmed histidine kinase 

activity o f ETRl in vitro (Gamble et al., 1998). However, we do not have any clue about 

its physiological significance in ethylene signaling. We also do not have any direct 

evidence to support the hypothesis that ETRl utilizes its kinase activity to act as an 

output o f the ethylene signal. Interestingly, many other receptor kinases m  Arabidopsis 

are similarly poorly studied -  examples are CLV1 in shoot and flora meristem formation 

(Clark et al., 1997), PhyB in red/far red light perception (Krall and Reed, 2000), and 

BRH, the steroid hormone receptor in plants (Li and Chory, 1997). All of these proteins 

possess a functional kinase domain, however, none of them has direct evidence 

supporting the role o f their proposed kinase activity, and indeed in some cases, the kinase 

activity is dispensable (Matsushita et al., 2003). This has become a big question now -  

how do plant receptors utilize their kinase activity? It may even be that the kinase 

domains of those receptors are just an evolutionary byproduct, without direct function in 

signal transduction.

The main purpose of my Ph.D. research is to address these fundamental questions 

in ethylene signal transduction. My hypothesis is that the cytosolic domain of the
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Figure 7. Proposed model of signal output by ethylene receptor ETRl in Arabidopsis. 
For simplicity, only a single monomer of the ETRl dimer is shown. CTRl interacts 
with ETRl through both the histidine kinase domain and the receiver domain. Two 
potential mechanisms could be used to regulate the activity o f C T R l: an enzymatic 
mechanism, in which the phosphorylation state of ETRl plays a crucial role in 
regulation of the CTRl activity (A, B); or an allosteric mechanism, in which the 
activity of CTRl is regulated by ethylene-induced conformational changes o f ETRl (C).
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ethylene receptor ETRl, through action o f its histidine kinase activity, plays an important 

role in signal output.

Chapter II of this dissertation describes results from experiments which addressed 

whether the proposed signal output domain of ETRl is required for signaling. Initially, 

four independent loss-of-function mutant alleles of ETRl were analyzed. Each of these 

contains a point mutation that would theoretically result in a truncated receptor being 

produced. Expression o f individual mutant receptors was quantified at both mRNA and 

protein levels. The latter part of this chapter describes another mutant-based approach to 

determine the specific region o f ETRl that is required for the signal output. A triple null 

mutant line, which lacks three out the five members of the ethylene receptor family, was 

used as background. Mutant versions of the ETRl receptor were then transformed into 

this background and analyzed for their ability to rescue the triple mutant phenotype. 

Protein expression levels of mutant receptors in the triple mutant background were 

quantified. Physiological analyses, including ethylene dose response curve and triple 

response analysis, were conducted to determine the effect of each mutant receptor upon 

signal output.

Chapter III focuses on the question as to whether histidine kinase activity of 

ETRl is required for ethylene signaling. Because ETRl and ERSl are the only members 

o f the ethylene receptor family that contain the highly conserved histidine kinase domain, 

a double null mutant background that lacks both ETRl and ERSl is essential to address 

this question. T-DNA insertional mutant alleles in both genes were identified and 

characterized biochemically and physiologically. etrl;ersl double mutant lines were also 

generated, characterized, and compared. ETRl mutants lacking essential residues for the
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histidine kinase activity and/or phosphorylation sites were generated and transformed into 

the double mutant background. Results from initial experiments support a role for 

histidine kinase activity of ETRl in the establishment o f ethylene responses. The 

transgenic lines generated will serve as important biological resources to examine this 

question in more detail.
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CHAPTER II

THE HISTIDINE KINASE DOMAIN OF ETRl IS REQUIRED FOR ETHYLENE
SIGNALING IN ARABIDOPSIS

(This chapter is based in part on a manuscript submitted for publication: Xue-Cbu Zhao, 
Xiang Qu, Dennis E. Mathews, and G. Eric Schaller. Effect of Ethylene Pathway 
Mutations upon Expression of the Ethylene Receptor ETRl from Arabidopsis)

ABSTRACT

In Arabidopsis, the gaseous plant hormone ethylene is perceived by a receptor 

family consisting o f five members, one of these being E T R l. The amino-terminal half of 

ETRl functions as a signal input domain. The carboxy-terminal region of ETRl, 

consisting o f a histidine kinase domain and a putative receiver domain, is likely to 

function in signal output. The role of the proposed signal output region in ethylene 

signaling was examined in planta. For this purpose, the ability o f mutant versions of 

ETRl to rescue the constitutive response phenotype of the etrl-6;etr2-3;ein4-4 triple 

loss-of-function mutant line was examined. A truncated version o f ETRl that lacks both 

the histidine kinase domain and the receiver domain failed to rescue the triple response 

phenotype. A truncated ETRl receptor that lacks only the receiver domain restored 

normal growth to the triple mutant in air, but the transgenic seedlings displayed 

hypersensitivity to ethylene. A mutation that eliminated histidine kinase activity had a 

modest effect upon the ability of the receptor to repress ethylene responses in air. These 

results demonstrate that the histidine kinase domain plays a role in the repression of
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ethylene responses. The potential roles of the receiver domain and histidine kinase 

activity in ethylene signaling are discussed.

INTRODUCTION

The simple bi-carbon gaseous hormone ethylene plays important roles throughout 

the plant life cycle (Abeles et al., 1992). Plants have developed a complex and 

sophisticated signal perception and transduction system to control ethylene responses. In 

Arabidopsis, ethylene is perceived by a receptor family consisting o f five members: 

ETRl, ETR2, ERSl, ERS2, and EIN4 (Schaller, 2000; Chang and Stadler, 2001). As the 

first identified ethylene receptor, ETRl has been characterized in the most detail (Chang 

et al., 1993; Schaller and Bleecker, 1995).

The ethylene receptor ETRl has a modular structure. The amino-terminal portion 

of ETRl contains three hydrophobic regions and functions as a signal input domain 

(Schaller and Bleecker, 1995). The transmembrane segments not only confer ethylene 

binding ability but also localize the receptor to the endoplasmic reticulum (ER) (Schaller 

and Bleecker, 1995; Chen et al., 2002). Perception o f ethylene by ETRl also requires a 

copper cofactor (Rodriguez et al., 1999). Two cysteine residues, located near the N- 

terminus, form disulfide linkages that link two monomers of ETRl together to make a 

receptor dimer in the membrane (Schaller et al., 1995).

The carboxy-terminal region of ETRl is likely to be involved in signal output. It 

consists o f a histidine kinase domain and a receiver domain (Chang et al., 1993). These 

are evolutionarily related to signal transducing elements originally identified in the two- 

component systems of bacteria, which have also been demonstrated to exist in eukaryotic 

species o f plants and fungi (Parkinson, 1993; Schaller, 2000). Histidine kinase activity of
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ETRl has been demonstrated (Gamble et al., 1998), but the role o f histidine kinase 

activity in ethylene signal transduction is still unknown (Gamble et al., 2002; Wang et al., 

2003). It has also been demonstrated that the histidine kinase and receiver domains of 

ETRl can interact with the Raf-like kinase CTRl (Clark et al., 1998; Gao et al., 2003). 

CTRl is a negative regulator acting downstream of the ethylene receptors in the ethylene 

signaling pathway (Kieber et al., 1993). These results suggest that, as part o f an ethylene 

receptor signaling complex, activity o f CTRl could be modulated enzymatically or 

allosterically by E T R l.

Despite similarity in protein structure among all five members o f the Arabidopsis 

ethylene receptor family, each ethylene receptor has distinctive features. Only two 

receptors (ETRl and ERSl) contain conserved and functional histidine kinase domains 

(subfamily 1) (Chang et al., 1993; Hua et al., 1995); ETR2, ERS2, and EIN4 each possess 

diverged domains lacking essential motifs required for histidine kinase activity 

(subfamily 2) (Hua et al., 1998; Sakai et al., 1998). In addition, both ERSl and ERS2 

lack a receiver domain at the carboxy-terminus (Hua et al., 1995; Hua et al., 1998). These 

structural differences suggest that individual receptors could function differently in 

ethylene signaling. To dissect the role(s) of the ethylene receptors, loss-of-function 

mutant alleles of ETRl, ETR2, ERS2 and EIN4 have been isolated (Hua and Meyerowitz, 

1998). Due to functional overlap, single loss-of-function mutations have little effect upon 

plant growth in response to ethylene. However, higher order mutant combinations, such 

as triple or quadruple mutants, display constitutive ethylene responses (Hua and 

Meyerowitz, 1998). These results indicate that ethylene receptors act as negative 

regulators in ethylene signal transduction.
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The etrl;etr2;eifi4 triple loss-of-function mutant displays a constitutive ethylene 

response growth phenotype (Hua and Meyerowitz, 1998), because the two remaining 

receptor members in this mutant background (ERSl and ERS2) are insufficient to repress 

ethylene responses in the absence of ethylene. It should also be noted that neither ERSl 

nor ERS2 contains a receiver domain. In this study, I used the etrl;etr2;ein4 triple mutant 

as a genetic background to examine the ability of various ETRl mutants to rescue the 

triple mutant phenotype. I focused on the role that the hypothesized signal output region 

of ETRl plays in regulating ethylene signaling. My results confirm a role for the histidine 

kinase domain in ethylene signaling and lend insight into how the ethylene signal is 

transduced from ethylene receptors to downstream signaling components.

MATERIALS AND METHODS 

Arabidopsis Strains and Growth Conditions

All Arabidopsis strains used in this study, including WT (wild-type), etrl-5, etrl- 

6, e tr l-7, e tr l-8, and etrl;etr2;ein4, are o f ecotype Columbia (Hua and Meyerowitz, 

1998). For etiolated seedlings, seeds were grown on Petri plates with one-half-strength 

Murashige and Skoog basal media with Gamborg’s vitamins (pH 5.75; Sigma, St. Louis) 

and 0.8% (w/v) agar. Seeds were sterilized by a 1-minute wash with 70% (v/v) ethanol, 

followed by a 10-minute incubation with 20% (v/v) Clorox bleach containing 1% (v/v) 

Triton X-100 (Sigma, St. Louis). After a 2-day cold treatment at 4°C, seeds were exposed 

to light for 10 hours and then incubated in the dark at 22°C. For green plants, seeds were 

grown on soil with 16-hour light/8 -hour dark fluorescent illumination at 22°C.

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Constructs and Plant Transformation

All ETRl constructs were driven by their native genomic promoter. The ETRl-FL  

construct represents a genomic copy of wild-type ETRl (Gamble et al., 2002); ETR1(G2) 

is full-length genomic sequence containing a mutated G2 box (G545A and G547A) 

(Gamble et a l ,  2002), which results in abolishment of the histidine kinase activity 

(Gamble et al., 2002). ETRl(l-349) is a genomic fragment o f ETRl that lacks the 

sequence coding for the histidine kinase domain and the downstream receiver domain 

(Gamble et al., 2002). ETRl(l-603), which encodes a truncated receptor lacking the 

receiver domain alone, was generated by PCR from a 7.3-kb genomic fragment (Chang et 

al., 1993) containing promoter and coding region of ETRl using the forward primer 5’- 

ATGCTCATGATCTGTCTACGCTACG-3’ and the reverse primer 5’-GTCGACTTAT 

CCAGTGAAATTTGAATGTC-3’. The PCR product was then ligated into the BamHl 

and Sail sites of the binary vector pCAMBIA1380 as previously described (Gamble et al., 

2002). All constructs were transformed into the etrl-6;etr2-3;ein4-4 triple loss-of- 

function mutant background. For this purpose, the floral-dip method for Agrobacterium- 

mediated transformation o f Arabidopsis was used (Clough and Bent, 1998). Independent 

homozygous lines for each transformation were obtained based on segregation of the 

acquired antibiotic resistance: kanamycin for the ETR1(G2) construct and hygromycin for 

the other constructs.

Seedling Growth Response Assays

To examine the triple response of seedlings to ethylene (Chen and Bleecker, 1995; 

Hall et al., 1999), seeds were grown on Petri plates containing medium to which 5 pM of
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aminoethylvinyl-glycine (AVG) was added to inhibit endogenous ethylene biosynthesis 

by the seedlings. Plates were placed in 4.5-liter air-tight sealed containers in the presence 

o f ethylene at the desired concentration. All containers were kept in the dark at 22°C. To 

examine the growth of seedlings in the absence of ethylene, hydrocarbon-free air was 

passed through the chambers to remove trace amovmts o f ethylene synthesized by the 

seedlings. Seedlings were examined after 4 d, time 0 corresponding to when the plates 

were removed from 4°C and brought to 22°C. To measure hypocotyl length, seedlings 

were grown on vertically oriented square plates. Seedlings were scanned by use of 

Photoshop (version 5.5, Adobe Systems, Mountain View, CA) and an Epson 1240U 

scanner, and hypocotyl length was then measured using NIH Image (version 1.6 ,

National Institute of Health, Bethesda, MD).

Antibody Affinity Purification

To eliminate cross reactions with non-specific Arabidopsis polypeptides that 

possess similar molecular weights to the reduced forms o f full-length and truncated ETRl 

receptors, the polyclonal aE T R l(165-400) serum (Schaller et al., 1995) was affinity 

purified. First, about 0.5 mL of serum was passed through a negative-selection column, 

containing 0.5 mL of GST-linked Affigel-10 beads. Then the depleted serum was applied 

to a positive-selection column of Affigel-10 beads cross-linked to GST-ETRl(165-400). 

For all washes, pre-ehilled PBS buffer (at 4°C) was used. Antibodies were eluted with 

100 mM glycine (pH 2.5), neutralized with 1 M Tris (pH 8.0), and dialyzed against PBS 

buffer. Cross-linking to Affigel was performed according to the manufacturer (Bio-Rad
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Laboratories, Hercules, CA). The pGEX vector was used to produce the GST protein, and 

the GST-ETRl(165-400) affinity tag was obtained from the pGEX-ETRl( 165-400).

Membrane Protein Isolation and Western Blot Analysis

To isolate membrane proteins, etiolated seedlings were homogenized in extraction 

buffer (50 mM Tris, pH 8.5, 150 mM NaCl, 10 mM EDTA, 20% [v/v] glycerol). Protease 

inhibitors [1 mM phenylmethylsulfonyl fluoride (PMSF), 1 pg/mL pepstatin, 10 pg/mL 

leupeptin, and 10 pg/mL aprotinin] were included to prevent protein degradation. The 

homogenate was first filtered through Miracloth (Calbioehem-Novobioehem, San Diego, 

CA), and then centrifuged at 8,000 g for 15 minutes. The supernatant was centrifuged at 

100,000 g for 30 min. The membrane pellet was then resuspended in resuspension buffer 

(10 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 10% [v/v] glycerol) with 

protease inhibitors. Procedures described above were all done at 4°C. The BCA protein 

assay was used to determine protein concentration according to the manufacturer’s 

instructions (Pierce, Woburn, MA). Bovine serum albumin was used to generate a 

standard curve of protein concentration.

Proteins were resuspended in SDS-PAGE loading buffer with or without 100 mM 

DTT (Schaller, et al., 1995). The reductant DTT was not included in the loading buffer 

when it was desired to preserve the disulfide-linked dimer of ETRl. Membrane proteins 

were incubated at 50°C for 1 h and then fractionated by SDS-PAGE using either 8 % or 

10% (w/v) polyacrylamide gels (Laemmli, 1970). After electrophoresis, proteins were 

electro-transferred and immobilized on Immobilon nylon membrane (Millipore, Bedford, 

MA). Two antibodies were used to visualize ETRL The a-ETRl(401-738) antibody was
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generated against the carboxy-terminal half of ETRl from amino acids 401 to 738 

(Schaller et ah, 1995), which includes most of the histidine kinase domain and the entire 

receiver domain. The aETRl (165-400) antibody was generated against amino acids 165 

through 400 of ETRl (Schaller et a l ,  1995), and was used to identify truncated ETRl 

receptors lacking the histidine kinase domain. The aETRl (165-400) antibody recognizes 

the dimeric form of ETRl preferentially over the monomeric form (Schaller, et al., 1995). 

All protein samples in western blots examined using the aETRl(165-400) antibody were 

resuspended in SDS-PAGE loading buffer without DTT unless otherwise mentioned. 

Immunodecorated ETRl was visualized using an enhanced chemoluminescence detection 

system according to the manufacturer (Pierce Chemical, Rockford, IL). Densitometric 

analysis o f immunodecorated bands was performed using NIH Image (version 1.6 , 

National Institute of Health, Bethesda, MD) after scanning the exposed film using 

Photoshop (version 5.5, Adobe Systems, Mountain View, CA) and an Epson 1240U 

scanner. The relative expression level for ETRl was quantified by comparison to a 

dilution series o f ETRl.

mRNA Isolation and Northern Blot Analysis

Total RNA was isolated from 4-diSiy-o\& Arabidopsis etiolated seedlings according 

to Carpenter and Simon, 1998. The mRNA was purified from total RNA using the 

PolyATract mRNA isolation system (Promega, Madison, Wl). For northem-blot analysis, 

mRNA was separated on 1% (w/v) agarose gels using the NorthemMax-Gly system 

(Ambion, Austin, TX). Separated RNAs were transferred to MagnaCharge nylon 

membrane by the capillary method (GE Osmonics, Minnetonka, MN) and fixed by UV-
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cross linking using GS Gene Linker UV Chamber (Bio-Rad Laboratories). Single­

stranded DNA antisense probes were made using primers designed to armeal at the 3 ’ end 

of the selected genes (5’-ATCCAAATGTTACCCTCCATCAGATTCAC-3’). For the 

PCR template, pBLUE-cETRl was digested by Dral. Radio-labeled probes were made 

and stripped off from membranes between hybridizations using the Strip-EZ PCR system 

from Ambion aceording to the manufacturer’s manual. Radioactivity was imaged and 

quantified by phosphor imaging with a Moleeular Imager FX (Bio-Rad Laboratories), 

using aecompanying Quantity One software.

RESULTS

Loss-of-function Mutations Eliminate Protein Expression of the Ethylene Receptor 

ETRl

etrl-5, e tr l-6, e tr l-7 and e tr l-8 are loss-of-funetion mutant alleles o f ETRl (Hua 

and Meyerowitz, 1998). They were identified as intragenic suppressors by mutagenesis 

screens of the dominant ethylene-insensitive alleles etrl-1  ahd etrl-2  (Figure 8 A). All 

these loss-of-function mutants contain point mutations predicted to result in premature 

truncations in different regions of the reeeptor, and mutant seedlings show similar 

ethylene responses eompared to wild-type (Hua and Meyerowitz, 1998). The etrl-5, etrl- 

7 and e tr l-8 mutations all introduee premature stop eodons into the eoding sequenee. The 

etrl-6  mutant eontains a point mutation at the intron spliee site and would also produce 

premature stop codons due to retention of that intron (Hua and Meyerowitz, 1998). To 

determine whether the loss-of-function arises from an absenee o f the reeeptor or from a 

truncated reeeptor ineapable of signaling, expression of the reeeptor mutants was
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Figure 8. Effect of loss-of-function mutations in ETRl upon its expression (modified from Zhao et al., 
2002). A, Positions of mutations in BTRl. The positions of ethylene-insensitive mutations are shown 
above the diagram of ETR l. The positions of intragenic suppressors of these mutations that result in 
loss of function are shown below the diagram of ETRL Positions of regions used to generate the 
aETRl(165-400) and aETRl(401-738) antibodies are also indicated. B, Immunoblot analysis of ETRl 
in  d ifferent lo ss -o f-fu n c tio n  backgroun ds. M em brane fractions (1 0  p g )  from  e tio la ted  A ra b id op sis  
seedlings were analyzed by immunoblot using the aETRl(165-400) and aETRl(401-738) antibodies. 
The migration position of ETRl and predicted migration positions of the etrl-5, etrl-6, and etrl-8 
truncated receptors are indicated on the left. Migration positions of molecular mass markers are 
indicated on the right in kilodaltons. C, Transeript levels of ETRl in different loss-of-function 
backgrounds. Blots of mRNA were probed with an ETRl probe and a p-tubulin gene probe as an 
internal control. The numbers represent the expression level of the ethylene receptor gene after 
normalization for the level of P-tubulin gene expression.
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analyzed by western blot (Fig. 8 B). Two antibodies, aETRl(165-400) and aETRl(401- 

738), were used to target different regions o f the receptor. A truncated protein for etrl-5 

and e trl - 8  should be detectable by both antibodies if  present. On the other hand, neither 

antibody should be able to recognize the e trl - 6  and e trl-7 truncations based on our 

previous observations. No full-length or truncated proteins were detected for any of these 

loss-of-function mutants (Figure 8 B). Note that the aETRl(165-400) antibody recognizes 

an Arabidopsis polypeptide o f 6 8  kD, which is not derived from E T R l.

To determine whether the lack of etrl-5 and e trl - 8  mutant proteins is due to 

instability of the truncated protein or of the mRNA, northem-blot analysis was performed. 

mRNAs were detected for all four loss-of-function mutants (Figure 8 C). The mRNA for 

etrl-6  has a slightly higher molecular mass than the other messages, as expected because 

of the unspliced intron. Compared with wild-type, the mRNA levels o f etrl-5  and etrl-8  

were reduced approximately 2- or 4-fold, respectively, whereas the mRNA level o f e trl-7 

was almost halved. In contrast, the level of the etrl-6  mRNA was increased more than 3- 

fold compared to wild-type. The reduction in message levels of etrl-5 and e tr l - 8  was 

significant but not sufficient to explain the lack of detectable protein, indicating that 

posttranscriptional mechanisms may also play a role in reducing the levels of the 

truncated proteins.

Addition of the Full-length ETRl Receptor Rescues the etrl;etr2;ein4 Triple Loss- 

of-function Mutant Phenotype

The experiments described above indicated that I could not use the etrl loss-of- 

function mutants to directly assess the role o f the proposed signal output domain. I
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therefore took a different approach using the etrl-6;etr2-3;ein4-4 triple loss-of-function 

mutant line as a genetic background to characterize signal output by E T R l. In this study, 

to assess ethylene responses in seedlings, I took advantage of the ethylene-induced "triple 

response". Ethylene or its biosynthetic precursor ACC has a profound impact upon the 

growth of dark-grown (etiolated) seedlings (Guzman and Ecker, 1990). It inhibits 

hypocotyl and root elongation, induces swelling of the hypocotyl (stem), and tightens the 

closure o f the apical hook. The etrl-6;etr2-3;ein4-4 triple mutant exhibits a partial triple­

response phenotype, including a stunted hypocotyl, even in the absence o f ethylene 

(Figure 9A).

I first determined if wild-type ETRl could rescue the mutant phenotype. For this 

purpose, a 7.3-kb genomic fragment containing promoter and eoding regions o f ETRl 

was introduced into the triple mutant background. Three independent homozygous lines 

were isolated and characterized further. Initial analysis indicated that instead of 

displaying a constitutive ethylene-response phenotype, the transformed plants grew 

similarly to wild-type seedlings in air (Figure 9A). Expression of the full-length ETRl 

transgene (ETRl-FL) in these lines was confirmed by westem-blot analysis, using 

membrane proteins isolated from 4-d old etiolated seedlings. Protein expression levels of 

ETRl-FL  in these lines were similar to each other, and they were all higher than that of 

endogenous ETRl in wild-type seedlings (Figure 9B).

A quantitative analysis of ethylene responsiveness was performed on the 

transgenic lines. Etiolated seedlings were grown in air and in ethylene at concentrations 

ranging from 0 to 1000 pL L"* for 4 days, and the hypocotyl length o f the seedlings was 

then measured. As shown in Figure 9C, all three transgenic lines exhibited a similar
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Figure 9. Effect of the ETRl-FL receptor upon the triple response of the etrl-6:etr2-3;ein4-4 
dark-grown seedlings. A, Etiolated seedling growth response of wild type (WT), the etrl;etr2; 
ein4 triple loss-of-fiinction mutant (3KO), and three independent transgenic lines for ETRl-FL. 
Phenotypes of 4-d-old seedlings grown in the absence of ethylene (AIR) and in the presence of 
100 pL L‘  ̂ ethylene (ETHYLENE) are shown. The mean hypocotyl length is given in milli­
meters based on measurement of at least 25 seedlings with the standard deviation in parentheses. 
B, Protein expression of ETRl-FL by westem-blot analysis. The level of immunodetectable full- 
length receptor (FL) for each of the plant line was quantified densitometrically (E) and also 
normalized against the ATPase control (E/A). C, Ethylene dose response curves of hypocotyl 
growth from the three independent transgenic lines for ETRl-FL (open circles) are shown. For 
comparison, ethylene dose response curves are shown for control wild-type (black triangle) and 
3KO (black square) hypocotyls. Values represent the means ± SD of at least 25 measurements. 
ND, No detectable ethylene.
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responsiveness to ethylene as the wild-type seedlings, indicating that addition of the full- 

length ETRl receptor fully restored ethylene responsiveness to the etrl-6;etr2-3;ein4-4 

mutant line.

These data indicated that the etrl;etr2;ein4 line can be used as a testing platform 

to directly assay which part of the ethylene receptor ETRl is crucial for signal output. In 

the subsequent experiments, I describe data obtained by adding mutant versions o f the 

ETRl receptor into this background and analyzing their ability to rescue the triple mutant 

phenotype (Figure lOA).

The Carboxy-Terminal Half of the Ethylene Receptor ETRl is Required for 

Ethylene Signaling

The proposed signal output region, including histidine kinase domain and receiver 

domain, is located in the carboxyl-terminal half o f the ETRl receptor (Figure 5). To 

address whether the proposed signal output region of ETRl is indeed involved in 

ethylene signaling, a truncated version of the receptor, ETRl (1-349), was generated 

(Gamble et a l ,  2002). ETRl(l-349) is a genomic fragment o f ETRl, driven by the native 

promoter, that encodes the amino-terminal half of the receptor, and lacks sequences 

encoding the histidine kinase and receiver domains (Figure lOB).

As shown in Figure 11 A, in contrast to ETRl-FL, homozygous transgenic lines 

carrying E T R l(1-349) in the etrl;etr2;ein4 triple mutant background still exhibited an 

ethylene response growth phenotype in the absence of ethylene. To determine whether 

the failure to rescue the triple mutant phenotype arises from an absence o f the ETR1(1- 

349) protein or from a truncated receptor incapable of signaling, membrane proteins were
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Figure 10. Experimental strategy and constructs used for experimental analysis. A, All the five 
receptors actively repress ethylene responses in wild-type plants. ERSl and ERS2 can not 
efficiently repress ethylene responses in the etrl;etr2;ein4 triple knockout background (3K0).
As a result, etiolated seedlings show a constitutive ethylene-responsive phenotype. Addition of 
the full-length ETRl (ETRl-FL) rescues the triple mutant phenotype. *ETR1 represents different 
mutant versions of ETRl. B, Domains of the full-length ETRl protein and versions of ETRl 
expressed as transgene in Arabidopsis. H indicates His-353 and D indicates Asp-659, the putative 
phosphorylation sites. Gl and 02  indicate positions of the Gl and G2 boxes within the kinase 
domain. The proposed signal output region consists of the histidine kinase domain and the receiver 
domain. For the site-directed mutation, the G2-box mutation refers to G545A, G547A.
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Figure 11. Effect of the ETRl(l-349) mutant receptor upon the triple response. A, The ETRl(l-349) 
transgene was transformed into the etrl;etr2;ein4 triple loss-of-function line (3KO). Representative 
seedlings from three independent transgenic line for ETRl (1-349) are shown after 4 d growth in the 
absence of ethylene (AIR) and in the presence of 100 p,L L"^ ethylene (ETHYLENE). The mean 
hypocotyl length is given in millimeters based on measurement of at least 25 seedlings with the 
standard deviation in parentheses. B, Protein expression of the transgene. The full-length receptor 
(FL) was detected by the aETRl(401-738) antibody. The truncated receptor (1-349) was detected as 
a dimer by the aETRl (165-400) antibody. C, Quantitative assay of expression of ETRl(l-349) by 
immunoblot with the affinity-purified aETRl(165-400) antibody. In the presence of the reducing 
reagent DTT, the full-length receptor (FL) migrates as a 77-kD monomer and the truncated receptor 
(1-349) migrates as a 36-kD monomer. Expression levels are given based directly upon that 
determined with the aETR(165-400) antibody (E) and normalized against the ATPase levels (E/A). D, 
Ethylene dose response curves of hypocotyl growth from three independent transgenic lines for 
ETRl(l-349) (open circles) are compared to that of the 3KO (black square) and WT (black triangle) 
controls. Values represent the means ± SD of at least 25 measurements. ND, No detectable ethylene.
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isolated and protein expression of the truncated ETRl (1-349) transgene confirmed by 

immunoblot analysis (Figure 1 IB). ETRl(l-349) was detected by the aE T R l(165-400) 

antibody at the expected molecular weight of 36 kD for the monomer, and at 6 8  kD for 

the dimer. Although ETRl (1-349) could be readily detected, 1 could not detect wild-type 

ETRl in the control, indicating that ETRl (1-349) is expressed significantly above wild- 

type levels. Thus the inability o f the transgene to rescue the triple mutant is due to an 

inability of the truncated receptor to signal properly. A dose response curve confirmed 

the similarity of the transgenic lines to the triple mutant control in air and at low ethylene 

concentrations (Figure 11C). However, in the presence of high levels o f ethylene (from 1 

to 1000 pL L'*), a difference in hypocotyl length between the transgenic lines and the 

triple mutant was observed (Figure 11C).

Based on these results, I concluded that the truncated ETR1( 1-349) receptor was 

not capable of rescuing the constitutive ethylene-response phenotype o f the etrl;etr2;ein4 

triple loss-of-funetion mutant, indicating that the carboxy-terminal half o f the receptor, 

containing histidine kinase and receiver domains, is important for ethylene signaling in 

Arabidopsis.

Effect of the Receiver Domain of ETRl on Rescue of the etrl;etr2;ein4  Triple 

Mutant Phenotype

ETRl, ETR2, and EIN4 are the only members in the Arabidopsis ethylene 

receptor family that possess a receiver domain and, thus, there are no ethylene receptors 

with receiver domains in the etrl;etr2;ein4 triple mutant. To further assess the role o f the 

carboxy-terminal half of ETRl in ethylene responses, another truncated version o f the
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receptor, named E T R l(1-603), was generated and transformed into the etrl;etr2;ein4 

background. ETRl(l-603) is a genomic fragment o f ETRl, driven by its native promoter, 

that encodes a truncated ETRl receptor lacking the receiver domain (Figure lOB).

Homozygous lines carrying the ETRl(I-603) transgene in the etrI-6;etr2-3;ein4-4 

triple loss-of-function mutant backgroimd were isolated and characterized. As shown in 

Figure 12A, all three transgenic lines display a wild-type-like growth phenotype in air. 

The presence of the truncated ETRl (1-603) protein in the triple mutant transgenic lines 

was confirmed by immunoblotting with both aE T R l(165-400) and aETRl(401-738) 

antibody (Figure 12B). Thus, the receiver domain is not required for ETRl to repress 

ethylene responses. Despite their normal seedling growth response in air, all of the 

transgenie lines exhibited hypersensitivity to ethylene (Figure 12C). For example, in the 

presence of 0.01 pL L'^ ethylene, hypocotyl length o f the ETRl(l-603) transgenic 

seedlings decreased from 9.8 (when grown in the absence of ethylene) to 6.5 mm, 

whereas wild-type seedlings showed little change in height.

Effect of Histidine Kinase Activity of ETRl on Rescue of the etrl:etr2;ein4  Triple 

Mutant Phenotype

The previous experiments demonstrated that the histidine kinase domain of the 

ethylene receptor ETRl is required for rescue of the triple mutant phenotype. To 

determine if  histidine kinase activity of ETRl is required for rescue, I used a site-directed 

mutant o f ETRl containing a lesion in the G2 box. Mutations in the G2 box (G545A and 

G547A) affect the ability of ATP to bind to the kinase, and thus abolish histidine kinase 

activity of ETRl (Bilwes et al., 1999; Gamble et al., 2002). ETR1(G2) was transformed
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Figure 12. Effect of the BTRl(l-603) mutant receptor upon the triple response. The ETRl(l-603) 
transgene was transformed into the etrl;etr2;ein4 triple loss-of-function line (3KO). A, Represen­
tative seedlings from three independent lines for the ETRl(l-603) transgene are shown after 4-d 
growth in the absence of ethylene (AIR) and in the presence of 100 |J,L L'^ ethylene (ETHYLENE). 
Mean hypocotyl lengths are given in millimeters with SD in parentheses. B, Protein expression of the 
transgene was determined by immunoblot analysis with both aETRl(165-400) and aETRl(401-738) 
antibodies. In the presence of the reducing reagent DTT, the full-length receptor migrates as a 77-kD 
monomer and the truncated ETR1( 1-603) migrates as a 65-kD monomer. Expression levels are given 
based directly upon that detected by the aE T R l(l 65-400) antibody (E) and normalized against the 
ATPase levels (E/A). C, Ethylene dose response curves of hypocotyl growth from three independent 
lines for ETRl(I-603) (open circle) are compared to that of the 3KO (black square) and WT (black 
triangle) controls. Values represent the means ± SD of at least 25 measurements. ND, No detectable 
ethylene.
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into the etrl-6;etr2-3;ein4-4 triple loss-of-funetion mutant background to examine 

whether, without its kinase activity, the full-length receptor could still rescue the 

constitutive ethylene-response phenotype of the mutant line (Figure lOB).

As shown in Figure 13A, seedlings from all three homozygous transgenic lines 

containing the ETR1(G2) transgene displayed normal growth in air with straightened 

apical hooks, and elongated hypoeotyls and roots. However, hypocotyl length o f the 

transgenic seedlings was slightly shorter than that of the wild-type controls in air. 

Differences in hypocotyl length between the ETR1(G2) transgenic lines and the wild-type 

control were significant (p < 0.05). Westem-blot analysis confirmed that the transgene 

was expressed in the transgenic triple loss-of-funetion lines and that the protein levels of 

ETR1(G2) were similar to or greater than that of the wild-type control (Figure 13B). 

Thus, ineffieieney in completely restoring hypocotyl elongation by the mutant ETR1(G2) 

receptor was not due to decreased receptor expression. To further assess the effect of the 

ETR1(G2) transgene in conferring ethylene responses, a quantitative analysis o f the 

ethylene dose response was performed. In comparison with wild-type, transgenic 

seedlings displayed slightly increased ethylene sensitivity (Figure 13C).

DISCUSSION

The function of ethylene receptors in ethylene signal transduction can be 

considered to contain two major aspects according to the prevailing reeeptor-CTRl 

signaling model based on genetic studies in Arabidopsis (Bleeeker and Kende, 2000; 

Sehaller and Kieber, 2002): (1) a role in the repression of ethylene responses in the 

absence of ethylene, and (2 ) a role in the establishment of ethylene responses in the
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Figure 13. Effect of the ETR1(G2) mutant receptor upon the triple response. The ETR1(G2) 
transgene was transformed into the etrl;etr2;ein4 triple loss-of-function line (3KO). A, 
Representative etiolated seedling from three independent lines for ETR1(G2) are shown after 
4 d growth in the absence of ethylene (AIR) and in the presence of 100 pL L-1 ethylene 
(E T H Y L E N E ). B , P rotein  ex p ressio n  o f  E T R 1 (G 2 ) b y  w e ste m -b lo t  an a lysis . T he le v e l o f  
immunodetectable full-length receptor (FL) for each of the plant line was quantified densito- 
metrically (E) and also normalized against the ATPase control (E/A). C, Ethylene dose 
response curves of hypocotyl growth from three independent transgenic lines for ETR1(G2) 
(open circles) are shown. For comparison, ethylene dose response curves are shown for control 
wild-type (black triangle) and 3K0 (black square) hypoeotyls. Values represent the means ± SD 

of at least 25 measurements. ND, No detectable ethylene.
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presence of ethylene. Both in vitro and in vivo evidence supports that all five ethylene 

receptors interact with CTRl and form a stable signaling complex at the endoplasmic 

reticulum (ER) membrane to regulate the ethylene pathway (Clark et al., 1998; Cancel 

and Larsen, 2002; Gao et al., 2003). CTRl, a downstream Raf-like protein kinase, is a 

negative regulator in ethylene signaling and loss-of-function mutations in CTRl result in 

constitutive ethylene responses (Kieber et a l ,  1993; Huang et al., 2003). Higher order 

ethylene receptor loss-of-function mutations result in a constitutive ethylene response 

phenotype and a loss o f CTRl from the ER membrane (Hua and Meyerowitz, 1998; Gao 

et al., 2003). Thus, the role of ethylene receptors in air may be achieved by maintaining 

both the activity and the correct location for action o f CTRl via association with CTRl 

within the same protein complex.

The loss-of-function mutants e trl-5, e tr l-6, etrl-7, and e tr l-8 were isolated as 

intragenic suppressors o f the ethylene-insensitive mutant alleles o f ETRl (Hua and 

Meyerowitz, 1998). These mutations were predicted to result in truncated receptors due 

to premature termination during translation. However, our previous study indicated that a 

truncated etrl-1 receptor containing the first 349 amino acids o f the full-length protein 

could still confer ethylene insensitivity (Gamble et al., 2002). This raises the question as 

to why no ethylene insensitivity is observed with the loss-of-function mutants, in 

particular with e trl-5 and e tr l-8, which are predicted to code for receptors containing 

562 amino acids. My data indicate that the e tr l-5 and e tr l-8 loss-of-function mutants 

have reduced expression at both the transcriptional and posttranscriptional levels. 

Transcript, but no protein, was detected for each of the ETRl loss-of-function mutants. 

Examination of e tr l-5 and etrl-8  indicated a reduction to 43% and 23%, respectively, of
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wild-type mRNA levels. This reduction in expression could be because o f mechanisms 

for mRNA surveillance such as nonsense-mediated decay whereby mRNAs containing 

premature stop codons are targeted for degradation (van Hoof and Green, 1996).

Although decreases in message levels of e tr l-5 and etrl-8  were detected, these were not 

sufficient to explain the lack of detectable protein since the antibodies would still be able 

to detect the truncated protein at concentrations suggested by the decreased mRNA levels. 

Results from control western-blot analysis indicated that the aETRl (165-400) antibody 

could detect protein expressed at 10% wild-type levels; and that the aETRl (401-738) 

antibody could detect protein expressed at 5% wild-type levels (data not shown). Thus, 

the results obtained with the loss-of-function mutations suggest that premature 

termination of the protein may lead to an absence of receptor rather than a truncated 

receptor, presumably because of instability of the truncated protein. The genetic screen 

for intragenic suppressors may have favored the isolation of destabilizing mutations.

Analysis o f the truncated ETRl(l-349) and ETR l(l-603) receptors in the 

etrl;etr2;ein4 triple loss-of-function mutant background indicates that the histidine 

kinase domain is needed for the role of the receptor in repressing ethylene responses in 

air. The truncated ETRl (1-349) receptor lacking both histidine kinase and receiver 

domain failed to rescue the triple mutant phenotype, while a truncated ETRl receptor 

only lacking the receiver domain is still able to fully restore normal growth of the triple 

mutant in air. This is consistent with a role for the histidine kinase domain in activating 

C TR l. Previous studies indicate that CTRl can associate with the histidine kinase 

domain of ETRl (Clark et al., 1998; Gao et al., 2003). Genetic studies indicate that the 

interaction between CTRl and ethylene receptors is required for the ability o f CTRl to
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repress ethylene responses. The e trl-8 mutant contains a missense mutation that prevents 

interaction with ethylene receptors, and the mutant seedlings display a constitutive 

ethylene response phenotype, thereby indicating that the ER membrane localization of 

CTRl is essential for its role in repression of ethylene responses (Gao et al., 2003; Huang 

et al., 2003). My data suggest that the histidine kinase domain o f ETRl may help recruit 

CTRl to its site of action. Although histidine kinase activity of ETRl is not required for 

the interaction between ETRl and CTRl (Gao et al., 2003), it is still not clear whether 

the enzymatic activity o f ETRl is involved in regulation of the kinase activity of CTRl.

etrl-1  is a dominant ethylene insensitive mutant allele o f ETRl (Sehaller and 

Bleeeker, 1995; Rodriguez et al., 1999). Interestingly, our previous work has shown that 

a truncated version of etrl-1 lacking the histidine kinase domain e trl-l(l-349 ) can still 

confer dominant ethylene insensitivity in both the wild-type and the etrl-7  loss-of- 

function mutant background (Gamble et al., 2002). Thus, e trl-l(l-349 ) is still able to 

repress ethylene responses even though it lacks the carboxy-terminal half. We previously 

proposed two models that could account for this ability: (1) the e trl-l(l-349 ) reeeptor 

might be directly capable of signal output; or (2) alternatively, the truncated e trl-l(l-349) 

receptor might be incapable of signal output, but be able to “convert” other wild-type 

receptors to an ethylene-insensitive signaling state. My data here demonstrate that the N- 

terminal half o f the receptor is not sufficient for repressing ethylene responses and the 

histidine kinase domain is essential for signal output. Thus, my data support the model in 

which the truncated e trl-1(1-349) confers ethylene insensitivity by associating with other 

receptors.
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The truncated ETR1( 1-603) receptor, which lacks the receiver domain, is able to 

repress ethylene responses in air. However, the transgenic seedlings display 

hypersensitivity to ethylene, suggesting an involvement o f this domain in the 

establishment o f ethylene responses. The receiver domain may act as a negative regulator 

to modulate how plants respond to the ethylene stimulus. For example, the receiver 

domain could be in a signaling inactive state in air, but switch to a signaling active state 

and repress ethylene responses in ethylene. Possible targets could be downstream 

negative regulators such as CTRl, other CTRl like proteins, or AHPs {Arabidopsis 

histidine containing phosphotransfer proteins) (Hwang et al., 2002; Lohrmann and Harter, 

2002; Huang et al., 2003). Activation of the receiver domain could potentially be elicited 

by conformational changes, resulting from binding of ethylene by the receptor, or by 

phosphorylation occurring at the aspartate residue within the receiver domain. 

Alternatively, since the receiver domain of ETRl interacts with CTRl (Clark et al., 1998), 

it is possible that the truncated ETRl (1-603) receptor is not as effective as the wild-type 

receptor at maintaining CTRl in an active state. This could increase the sensitivity of the 

seedlings to ethylene, because CTRl would not be as effective at repressing the ethylene 

responses.

The full-length kinase-inactive ETR1(G2) receptor is able to partially rescue the 

etrl;etr2;ein4 triple loss-of-function mutant phenotype. Dose response curves indicate 

that transgenic seedlings are slightly shorter than wild-type in air and also have slightly 

increased sensitivity to ethylene. Thus ETR1(G2) is not as effective as the wild-type 

receptor in the repression o f ethylene responses. Since ETRl interacts directly with 

CTRl (Clark et al., 1998; Gao et al., 2003), it is possible that the histidine kinase activity
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of ETRl may modulate CTRl activity. Alternatively, the mutant phenotype of the 

transgenic seedlings could arise from a dependence of ETRl on phosphorylation as part 

of a two-component signaling system involving a His-to-Asp phosphorelay mechanism 

(Urao et al., 2000; Hwang and Sheen, 2001; Sheen, 2002). It is also possible that the G2 

mutation itself could affect the interaction between CTRl and the receptor such that 

ETR1(G2) is less effective at activating CTRl. However, the G2 mutation does not affect 

the ability of ETRl to interact with CTRl (Gao et al., 2003), indicating that the effect of 

the G2 mutation is not due to reduced capacity to bind C TR l.

Although the ETRl (1-349) receptor seemed to have no effect upon growth of the 

triple mutant seedlings in the absence of ethylene, a difference in hypocotyl elongation 

between the transgenic seedlings and seedlings from the mutant background was 

observed in the presence o f ethylene. It has been previously reported that, besides a shift 

in ethylene sensitivity, the etrl loss-of-function mutations also lead to enhanced 

responsiveness to ethylene: mutant seedlings display an exaggerated reduction in 

hypocotyl elongation in comparison with wild-type (Cancel and Larsen, 2002). This etrl 

loss-of-function mutant effect upon hypocotyl elongation in ethylene was fully reversed 

by transforming E T R l(1-349) into the triple loss-of-function line, suggesting that the 

amino-terminal half o f the receptor may play some role in modulating plant 

responsiveness to higher concentrations of ethylene.

In summary, the results described here establish the importance o f the proposed 

signal output region of ETRl in ethylene signaling. The histidine kinase domain of the 

receptor is required for repression o f ethylene responses. The receiver domain is not 

required for repression of ethylene responses, but may play a negative regulatory role in
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the establishment of ethylene responses. Although these data confirm a role for the 

histidine kinase domain in ethylene signaling, they do not directly shed light on the role 

of histidine kinase activity in ethylene signaling. The mutant background used for these 

experiments still contained ERSl, another member of ethylene receptor subfamily 1, 

which is predicted to contain histidine kinase activity. Thus, signaling events requiring 

enzymatic activity could still be mediated by E R S l. In the next chapter, I describe 

experiments specifically undertaken to reveal what role(s) histidine kinase activity plays 

in ethylene signal transduction.
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CHAPTER III

HISTIDINE KINASE ACTIVITY PLAYS A ROLE IN THE ESTABLISHMENT 
OF ETHYLENE RESPONSES m  ARABIDOPSIS

(This chapter is based in part on a manuscript submitted for publication: Xue-Cbu Zhao, 
Xiang Qu, Dennis E. Mathews, and G. Eric Sehaller. Effect o f Ethylene Pathway 
Mutations upon Expression of the Ethylene Receptor ETRl from Arabidopsis)

ABSTRACT

In Arabidopsis, ethylene is perceived by a five-member family o f receptors. As 

members of subfamily 1, ETRl and ERSl are the only two ethylene receptors possessing 

a functional histidine kinase domain. T-DNA insertion mutants o f ERSl and ETRl were 

isolated: ersl-2  is a hypomorphic allele of ERSl, whereas ersl-3  and e tr l-9 are null 

mutant alleles o f ERSl and ETRL  All the single mutants exhibited a wild-type-like 

growth phenotype. The ersl;etrl double mutant displayed a constitutive ethylene 

response phenotype when grown in the dark. The ersl;etrl green plants were dwarfed 

with small and epinastic leaves in the air and died without bolting. To determine whether 

the histidine kinase activity o f ETRl is required for ethylene signaling, I examined the 

ability o f a kinase-inactivated form of ETRl to rescue the ersl;e trl mutant phenotype. 

Addition o f the kinase-inactivated ETR1(G2) into a background containing both ersl-3  

and etrl-7  mutations resulted in partial ethylene insensitivity. These results indicate that 

subfamily 1 members play a predominant role in ethylene signaling. These results also 

demonstrate that the histidine kinase activity of ETRl plays a role in the establishment of 

ethylene responses.
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INTRODUCTION

Living organisms have devised sophisticated signaling mechanisms for eliciting a 

variety o f adaptive responses to their environment. Protein phosphorylation is commonly 

used to modulate the activity o f proteins in both prokaryotic and eukaryotic cells. This 

process is mediated by protein kinases, which fall into three categories based on their 

phosphorylation targets: histidine kinases, serine/threonine kinases, and tyrosine kinases. 

Among these, the histidine kinases were originally identified as signaling components in 

bacterial two-component systems (Parkinson, 1993; Swanson et al., 1994; Stock and 

Mowbray, 1995). Two-component systems use a phosphorelay mechanism to transduce 

signals, whereby autophosphorylation of a sensor protein on a histidine residue (histidine 

kinase) is induced by the perceived environmental stimulus. The phosphate group from 

the phosphohistidine residue is then passed directly or through a histidine-containing 

phosphotransfer protein (HPt), to a response regulator (RR) which is a transcription 

factor in many cases (Mizuno, 1998).

The Arabidopsis ethylene receptor family consists of five members: ETRl, ERSl, 

ETR2, ERS2 and EIN4 (Chang et al., 1993; Hua et al., 1995; Hua et al., 1998; Sakai et al., 

1998). All five receptor members have strong sequence similarities and similar protein 

structures: all of them contain three transmembrane domains and a GAP domain of 

unknown function in the amino-terminal region. However, they also have distinct 

features: ETRl and ERSl have a highly conserved histidine kinase domain containing all 

the required motifs essential for kinase functionality (Chang et al., 1993; Hua et al., 1995), 

while other members contain a diverged domain that is predicted to lack histidine kinase 

activity (Hua et al., 1998; Sakai et al., 1998). Furthermore, only ETR l, ETR2 and EIN4
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possess a receiver domain in their carboxy-terminal region (Chang et al., 1993; Hua et al., 

1998; Sakai et al., 1998). Based on their protein sequence and structure, ethylene 

receptors are divided into two subfamilies: subfamily 1 consists o f ETRl and ERSl; and 

subfamily 2 consists of ETR2, ERS2, and E1N4.

My work described in Chapter II demonstrates that the histidine kinase domain of 

ETRl is required for the repression of ethylene responses during ethylene signaling. The 

truncated ETRI( 1-349) receptor, which lacks the histidine kinase domain, failed to rescue 

the constitutive ethylene response phenotype of the etrl;etr2;ein4 triple loss-of-function 

mutant; on the other hand, the transgenic full-length wild-type receptor restored normal 

growth to the triple mutant (Chapter II). Although the histidine kinase activity o f ETRl 

has been demonstrated when assayed in vitro (Gamble et al., 1998), it is still not clear 

whether histidine kinase activity plays a role in ethylene signaling (Gamble et al., 2002; 

Wang et al., 2003).

To determine whether the histidine kinase activity plays a role in the regulation of 

ethylene responses requires the use of an etrl;ersl double loss-of-function mutant. Such 

a mutant eliminates both receptors predicted to contain histidine kinase activity, and can 

thus be used as a background to test different mutant versions o f ETRl for their ability to 

rescue the mutant phenotype. Although loss-of-function mutations were previously 

identified in ETRl, ETR2, ERS2, and EIN4 (Hua and Meyerovvitz, 1998), no loss-of- 

function mutation was found in ERSl. Recently, Wang et al. (2003) identified the ersl-2  

T-DNA insertion mutant allele of ERSl and made use of the ersl-2;etrl background to 

examine whether histidine kinase activity is involved in ethylene signaling. Based on the 

observation that a kinase-inactivated ETRl genomic clone rescued the ersl-2;etrl mutant
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phenotype, they concluded that the histidine kinase activity o f ETRl is not required for 

receptor signaling. However, it was not clearly demonstrated whether ersl-2  is a true null 

allele o f ERSl.

In this chapter, I report on the isolation and analysis o f three T-DNA insertion 

mutant alleles of ETRl and ERSl, named etrl-9, ersl-2, and ersl-3. My results indicate 

that etrl-9  and ersl-3  are null alleles for their genes, whereas ersl-2  is a hypomorphic 

allele. An ersl;etrl double mutation results in a constitutive ethylene response phenotype, 

more pronounced than that observed in the etr2-3;ers2-3;ein4-4 triple loss-of-function 

mutant or the etrl-6;etr2-3;ein4-4;ers2-3 quadruple loss-of-function mutant reported 

previously (Hua and Meyerowitz, 1998). Thus the subfamily 1 members ETRl and ERSl 

appear to play more predominant roles in regulation o f ethylene responses in Arabidopsis, 

than the subfamily 2 members of the receptor family. My results also provide evidence 

that the histidine kinase activity of ETRl is involved in the establishment o f ethylene 

responses in Arabidopsis.

MATERIALS AND METHODS 

Plant Growth Conditions

For liquid culture, sterilized seeds were grown in 125 mL flasks which contain 50 

mL of Murashige and Skoog basal media with Gamborg’s vitamins (pH 5.75; Sigma, St. 

Louis) and 1.5% (w/v) sucrose. For phenotypic studies o f the etrl;ersl double mutant, 

green plants were grown in Magenta cubes (Magenta Corporation, Chicago, IL) 

containing Murashige and Skoog basal media with Gamborg’s vitamins (pH 5.75; Sigma,
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St. Louis), 1.5% (w/v) sucrose, and 0.8% (w/v) agar. For both growth conditions, plants 

were maintained at 22°C under a 16-h light cycle (100 pE m'^ sec'‘).

Screening of T-DNA Insertion Mutant Alleles in E R Sl and E TR l

All Arabidopsis T-DNA insertion mutants described in this chapter, including 

ersl-2, ersl-3, and etrl-9, were isolated from the ecotype Wassilewskija (WS). ersl-2  

was isolated from the 60,480 kanamycin-resistant T-DNA-tagged Arabidopsis lines of 

the University o f Wisconsin knockout facility (http://www.biotech.wisc.edu/

Arabidopsis/). Both ersl-3  and etrl-9  were isolated from Wisconsin Basta population, 

which contains 72,960 Basta-resistant lines transformed with an activation-Tag vector, 

pSKlOlS (Weigel et al., 2000). Both ersl mutants were identified with a PCR primer for 

the T-DNA left border (5’-CATTTTATAATAACGCTGCGGACATCTAC-3’) and an 

ERSl-svQcific primer (5’-CAGAGAGTTCTGTCACTCCTGGAAATGGT-3’). Plants 

containing the wild-type ERSl gene were identified by use o f PCR with the above ERSl 

primer and a second E'i?5'7-specific primer (5’-CACAACCGCGCAAGAGACTTTAGCA 

ATAGT-3’). The etrl-9  mutant was identified by a PCR-based method using an ETRl- 

specific primer (5’-GCGGTTGTTAAGAAATTACCCATCACACT-3’) and the same T- 

DNA left border primer as described above. Plants containing the wild-type ETRl gene 

were identified by use o f PCR with the above ETRl primer and a second ETi?/-specific 

primer (5’-ATCCAAATGTTACCCTCCATCAGATTCAC-3’). Initial screens were done 

by Dr. Dennis E. Mathews (Department of Plant Biology, University o f New Hampshire). 

1 then identified homozygous lines for each individual mutant carrying the specific T- 

DNA insertion.
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Genetic Analysis of ersl and etrl T-DNA Insertional Mutants

To generate ersl;etrl double mutants, the ersl-2  mutant was crossed to the etrl-7  

mutants, and the ersl-3  mutant was crossed to the etrl-7  and etrl-9  mutants, respectively. 

For genotyping the ersl-2, ersl-3, and etrl-9  mutations, PCR was performed using the T- 

DNA left-border primer and the gene-specific primer as described previously. The etrl-7  

mutation was identified by PCR-based genotyping o f F2 progeny from the crossed plants 

according to Hua and Meyerowitz (1998).

To analyze the histidine kinase activity of ETRl in ethylene signaling, the ersl-3  

mutant was crossed to an etrl-7  mutant which also contains a transgenic version of ETRl 

lacking histidine kinase activity {ETR1(G2)~\ (Gamble et al., 2002). PCR-based 

genotyping was used to identify the mutations of etrl-7, ETR1(G2), and ersl-3. To 

prepare genomic DNA samples for PCR, a SHORTY DNA Quick-Prep method was 

modified to extract DNA from leaf tissues and etiolated seedlings with a CTAB DNA 

extraction buffer (for reviews, visit http://www.biotech.wisc.edu/NewServieesand 

Research/Arabidopsis/FindingYourPlantIndex.html). The CTAB extraction buffer 

contains 2% (w/v) CTAB (hexadecyl trimethyl-ammonium bromide), 1.4 M NaCl, 100 

mM Tris-HCl (pH 8.0), 20 mM EDTA, and 100 mM P-mercaptoethanol (added fresh 

before use). For the etW-7 mutation, etrl-1-F (5’-GGTGCTTTTATCGTTCTTTA-3’) 

was paired with ETRl-B (5’-GCGAGGCCAAGCC-3’) in PCR. Conditions for 

amplifications were as follows: 30 s at 94°C, 30 s at 51°C, and 2 min at 72°C. The cycle 

was repeated 45 times, preceded by 3 min at 94°C, and followed by 5 min at 72°C. PCR 

with the primer set of ETRl-B and ETRl-F (5’-GGTGCTTTTAT CGTTTG-3’) would 

amplify the wild-type allele, but not the mutant alleles etrl-1 or ETR1(G2). Conditions
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for amplifications were as follows: 30 s at 94°C, 30 s at 61 °C, and 2 min at 72°C. The 

cycle was repeated 45 times, preceded by 3 min at 94°C, and followed by 5 min at 72°C. 

To determine the presence of ETR1(G2) in the mutant plants, ETR1(G2)-F (5’- 

TAGTGCGCTTGC-3’) was combined with ETR1(G2)-B (5’-TTGTCAGTGTTACCA- 

3’) as primers for PCR. Conditions for amplifications were as follows: 30 s at 94°C, 30 s 

at 46°C, and 2 min at 72°C. The cycle was repeated 45 times, preceded by 3 min at 94°C, 

and followed by 5 min at 72°C. For the ersl-3  mutation, the same approach was used as 

described in the earlier method.

RNA Isolation

For Figure 15, total RNA was isolated from 15-day-old leaf tissue o f plants grown 

in liquid culture according to Carpenter and Simon (1998). mRNA was then purified 

from total RNA using the PolyATract mRNA isolation system (Promega, Madison, WI) 

according to the manufacturer’s instructions.

For Figure 16, total RNA was isolated from 4-day-old Arabidopsis etiolated 

seedlings by a modifieation of the method described by Carpenter and Simon (1998) 

using TRIzol® Reagent (Gibco BRL, Grand Island, NY). Total RNA was then used for 

northem-blot analysis without further purification.

Northern Blot Analysis

RNA was separated on 1% (w/v) agarose gels using the NorthernMax-Gly system 

(Ambion, Austin, TX). Separated RNAs were transferred to the MagnaCharge nylon 

membrane (GE Osmonics, Minnetonka, MN) by the capillary method and fixed by UV-

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cross linking using GS Gene Linker UV Chamber (Bio-Rad Laboratories). Single­

stranded DNA antisense probes were made using primers designed to aimeal at the 3’ end 

of the selected genes. For the ETRl probe, Dral-digested pBLUE-cETRl was used as the 

PCR template (Zhao et al., 2002). For the ERSl probe, 5)?el-digested pBLUE-ERSl was 

used as the PCR template (Zhao et al., 2002). The primers used for PCR were ERSla-B 

(5’-ACTAGTGACTGTCACTGAGAA-3’) and ETRl-reverse (5’-ATCCAAATGTTA 

CCCTCCATCAGATTCAC-3’). Radio-labeled probes were made and stripped between 

hybridizations by using the Strip-EZ PCR system from Ambion according to the 

manufacturer’s manual. Radioactivity was imaged and quantified by phosphor imaging 

with a Molecular Imager FX (Bio-Rad Laboratories), using the accompanying Quantity 

One software.

Protein Isolation. Separation, and Western Blot Analysis

To isolate membrane protein, seedlings were homogenized in extraction buffer 

(50 mM Tris, pH 8.5, 150 mM NaCl, 10 mM EDTA, 20% [v/v] glycerol). Protease 

inhibitors [1 mM phenylmethylsulfonyl fluoride (PMSF), 1 pg/mL pepstatin, 10 pg/mL 

leupeptin, and 10 pg/mL aprotinin] were included to prevent protein degradation. The 

homogenate was first filtered through Miracloth (Calbiochem-Novobiochem, San Diego, 

CA) and then centrifuged at 8,000 g for 15 minutes. The supernatant was centrifuged at 

100,000g for 30 min. The membrane pellet was resuspended in resuspension buffer (10 

mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 10% [v/v] glycerol) with protease 

inhibitors. Procedures described above were all done at 4°C. Protein concentration was 

then determined by a modification of the Lowry assay (Lowry et al., 1951) in which
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samples were treated with 0.4% (w/v) sodium deoxycholate (Sehaller and DeWitt, 1995). 

Bovine serum albumin was used in preparing a standard curve.

Membrane proteins were mixed with 2x SDS-PAGE loading buffer [125 mM 

Tris-HCl (pH 6 .8 ), 4% (w/v) SDS, 20% (v/v) glycerol, and 0.01% (w/v) bromphenol blue] 

containing 100 mM DTT. After incubation at 50°C for 1 hour, proteins were separated by 

SDS-PAGE using an 8 % (w/v) polyacrylamide gel (Laemmli, 1970). Precision Plus 

Protein all blue Standards were included as molecular weight markers (Bio-Rad 

Laboratories). Separated proteins were electro-transferred to and immobilized on 

Immobilon nylon membrane (Millipore, Bedford, MA). Western-blot analyses were 

performed with the aE T R l(165-400) and aET R l(401-738) antibodies (Gamble et al., 

2002). Immunodecorated proteins were visualized by a diluted (1:10 [v/v]) SuperSignal® 

West Femto Maximum Sensitivity Substrate system according to the manufacturer’s 

instructions (Pierce Chemical, Rockford, IL). Densitometric analyses of 

immunodecorated bands were performed using NIH Image (version 1.6 , National 

Institute of Health, Betbesda, MD) after first scanning the exposed film using Photoshop 

(version 5.5, Adobe Systems, Mountain View, CA) and an Epson 1240U scanner. The 

relative expression level for ETRI was quantified by comparison to a dilution series of 

ETRl.

Ethylene Growth Response Assay

To examine the triple response of seedlings to ethylene (Chen and Bleeeker, 1995; 

Hall et al., 1999), seeds were grown on Petri plates. 5 pM of aminoetbylvinyl-glycine 

(AVG) was included in growth media to inhibit ethylene biosynthesis by seedlings. Plates
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were placed in 4.5-liter sealed containers with 0 to 1000 pL L’* ethylene. To examine 

seedlings growing in the absence o f ethylene, hydrocarbon-free air was passed through 

the container to remove any ethylene synthesized by the seedlings. All containers were 

kept in the dark at 22°C. Seedlings were examined after 4 d, with time 0 corresponding to 

the time when the plates were removed from 4°C and brought to 22°C. To measure 

hypocotyl length, seedlings were grown on vertically oriented square plates. Seedlings 

were scanned by use o f Photoshop (version 5.5, Adobe Systems, Mountain View, CA) 

and an Epson 1240U scanner, and hypocotyl length was then measured in NIH Image 

(version 1.6, National Institute of Health, Bethesda, MD).

Constructs for Plant Transformation

All ETRI constructs were driven by the native genomic promoter (Figure 14). The 

ETRl-FL  construct represents a genomic copy o f wild-type ETRI (Gamble et al., 2002); 

ETR1(G2) is full-length genomic sequence containing a mutated G2 box (G545A and 

G547A) (Gamble et al., 2002), which results in abolishment of the histidine kinase 

activity (Gamble et al., 2002). E T R I(1-603) encodes a truncated receptor lacking the 

receiver domain alone (Chapter II).

The G2-box mutation will only eliminate the kinase activity o f the ETRI receptor 

itself; however, it will not prevent the highly conserved phosphorylation sites (His353 

and Asp659) from being phosphorylated by other histidine kinases. To elucidate the 

importance of the histidine kinase activity in ethylene signaling, two new site-directed 

ETRI mutant constructs were made [ETR1(HG2) and ETR1(HG2D)]. ETRI(HG2) 

represents a full-length genomic version of ETRI in which the G2-box and the
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Figure 14. Structure of ETRI and constructs used for experimental analysis.
A. Domains of the full-length ETRI protein. The hydrophobic ethylene-sensing 
domain, the GAF domain, the histidine kinase domain, and the receiver domain 
are indicated. H indicates His-353 and D indicates Asp-659, the putative 
phosphorylation sites. G1 and G2 indicate positions o f  the G1 and G2 boxes 
within the kinase domain. The proposed signal output region consists o f the 
histidine kinase domain and the receiver domain. B, Versions of ETRI expressed 
as transgenes in Arabidopsis. For mutations, FI refers to FI353Q, G2 refers to 
G545A, G547A, and D refers to D659N.
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autophosphorylated His (H353Q) are mutated. ETR1(HG2D) has mutations in the G2- 

box, autophosphorylated His, and the Asp residue within the receiver domain (D659N). 

For construction of these mutant versions of ETRI, the ETR1(G2) genomic clone 

(Gamble et al., 2002) was subcloned into pALTERII and mutation made using the 

Altered Site Mutagenesis System (Promega). The following primers were used for 

mutagenesis; ETR1-H353Q (5’-CTAGCGGTTATGAACCAAGAAATGCGAACACC- 

3’), and ETR1-D659N (5’-CAAAGTGGTCTTCATGAAGGTGTGCATGCCC-3’).

RESULTS

Isolation and Characterization of the T-DNA Insertion Mutant ersl-2, a 

Hypomorphic Allele of E RSl

With the exception o f ERSl, loss-of-function mutations have been isolated for all 

o f the ethylene receptor family members (Hua and Meyerowitz, 1998). ERSl and ETRI 

are the most closely related o f all the members of the ethylene receptor family in 

Arabidopsis, and they are the only ethylene receptors containing all the highly conserved 

motifs considered essential for histidine kinase activity (Chang and Stadler, 2001; 

Sehaller and Kieber, 2002). To elucidate whether histidine kinase activity is involved in 

ethylene signaling, it is important to isolate a loss-of-function mutant allele o f ERSL  Dr. 

Dennis E. Mathews, a research assistant professor working in our lab, identified a mutant 

line containing a T-DNA insertion within the 5’-UTR (untranslated region) of ERSl (Fig. 

ISA). The sequence at the T-DNA junction with ERSl was ATAACGCTCGGATCAATC 

Atactcga(atattcaattgtaaatggct), with capitals indicating ERSl sequence and parentheses 

indicating T-DNA left border sequence. I identified a homozygous line carrying the
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Figure 15. Analysis of the T-DNA insertion mutant ersl-2 (modified from Zhao et al., 2002).
A, Location of T-DNA insertion in the ERSl gene. Black bars and white bars represent translated and 
untranslated regions of the ERSl transcript, respectively. B, Phenotype of 3.5-day-old dark-grown 
seedlings containing the ersl-2 mutation grown in air or ethylene (100 p,L L'^). Mean hypocotyl lengths 
are given in millimeters with SD in parentheses. C, Phenotype of the ersl-2;etrl-7  double mutant as 
compared with seedlings with wild-type phenotype segregating from the same population. Seedlings 
were grown in dark for 3.5 d or in the light for 4 weeks. The ersl-2;etrl-7 double mutant is on the right 
in each panel, and a 2-fold enlargement is also inset to reveal details of the light-grown seedling. D, 
Northem-blot analysis of ERSl and ETRI expression in the ersl-2 mutant line performed using 25 |ig of 
total RNA. The numbers represent the expression level of the ethylene receptor genes after normalization 
for the level of P-tubulin expression. E, Effect of the ersl-2 mutation upon expression of ETRI in 
etiolated seedlings. Immunoblot analysis was performed using antibodies directed against ETRI and the 
H^-ATPase as an intemal control on 15 pg of membrane protein. Expression levels are given based 
directly upon that determined with aETRl antibody (E) and normalized against the ATPase levels (E/A).
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specific T-DNA insertion by conducting PCR analysis with T-DNA-specific and gene- 

specific primers. This mutation was designated ersl-2 [ersl-1 referring to a previously 

isolated ethylene insensitive allele o f ERSl (Hua et al., 1995)].

The ersl-2  mutant plants exhibit a wild-type-like growth phenotype (Figure 15B).

1 therefore crossed ersl-2  with the etrl-7  mutant, a loss-of-function mutant allele of 

ETRI that also has a phenotype close to wild-type. The era7-2;etr/-7 double mutation 

resulted in a constitutive ethylene-responsive phenotype (Figure 15C). The ersl-2;etrl-7 

etiolated seedlings displayed a triple-response phenotype in air, i.e., in the absence of 

ethylene. When grown in the light, the ersl-2;e tr l-7 plants were dwarfed with small and 

epinastic leaves in the air and some o f them died without bolting.

To determine whether the T-DNA insertion completely disrupted the expression of 

ERSl, northem-blot analysis was conducted. A substantial reduction in mRNA levels for 

ERSl in the ersl-2  background compared to that found in wild-type plants was detected. 

However, low levels of transcripts were still detected. Thus ersl-2  is predicted to be a 

hypomorphic allele of ERSl, rather than a complete loss-of-function mutation (Figure 

15D). The significant reduction o f ERSl transcript levels in the ersl-2  mutant would 

contribute to the strong mutant phenotype observed when the ersl-2  mutant was 

combined with the etrl-7  mutant.

Loss o f one member in a gene family can sometimes lead to functional 

compensation, whereby expression of another member o f the same gene family is induced 

to compensate for activity o f the missing family member (Berard et al., 1997; Mulligan et 

al., 1998; Minkoff et al., 1999). An intriguing set of experiments suggests that functional 

compensation occurs within the ethylene receptor family of tomato (Tieman et al., 2000).
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Therefore, the laek of a mutant phenotype in the ersl-2  mutant by itself could potentially 

be due to functional compensation by other members of the ethylene receptor family in 

Arabidopsis, especially by ETRI because of their sequence similarity. However, the 

expression o f ETRI in the ersl-2  mutant background was comparable with that found in 

the wild-type background at both the mRNA and protein levels (Figure 15 D and E), 

indicating that the lack o f a mutant phenotype in ersl-2  was not because of changes in 

ETRI expression.

Isolation of Two Additional T-DNA Insertion Mutants {ersl-3  and etrl-9) of E RSl 

and ETRI

To obtain additional T-DNA insertion mutants of ERSl and ETRI, Dr. Mathews 

screened the Wisconsin Basta population representing 72,960 T-DNA insertion lines 

(http://www.biotech.wisc.edu/Arabidopsis/). A line was identified that contained a T- 

DNA insertion within the second exon of ERSl (Figure 16A). The sequence at the T- 

DNA junction in ERSl was ATACTATTTTAAGAACCACaatgagtaaata(taaatggcgacatgtcc 

ggg), with capitals indicating ERSl sequence and parentheses indicating T-DNA left 

border sequence. This mutation was named e rs l-3 .1 identified a homozygous ersl-3  line 

and performed northern-blot analysis to determine whether ersl-3  is a null mutant allele 

of ERSL  No transcript was detected for ERSl in ersl-3, consistent with ersl-3  being a 

null allele (Figure 16B). Western-blot analysis demonstrated that the expression level of 

ETRI remained the same in both the wild-type and ersl-3  backgrounds, suggesting that 

ETRI did not functionally compensate for the loss of ERSl (Figure 16C).
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Figure 16. etrl-9  and ersl-3  are null mutant alleles o f ETRl and ERSl. A, Location 
of T-DNA insertions in ETRl and ERSl. Black bars and white bars represent translated 
and untranslated regions, respectively. B, Northem-blot analysis o f ETR l and ERSl 
expression in both T-DNA insertion mutant lines performed using 25 pg o f total RNA. 
Numbers indicate positions of RNA standards. C, Immunoblot analysis o f ETRl in both 
etrl-9  and ersl-3  mutant backgrounds. Membrane fractions (10 pg) from etiolated 
Arabidopsis seedlings were analyzed by immunoblot using the aETR I (165-400) and 
aETRI (401-738) antibodies. The wild-type ETRl receptor migrates at a molecular 
mass of 77 kD. The predicted migration position of the hypothetical etrl-9 truncated 
receptor (58 kD) is indicated. Asterisk indicates a nonspecific cross-reacting protein 
migrating at a molecular mass of 65 kD.
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In the same T-DNA population, a line was identified that contained a T-DNA 

insertion within the fifth exon of ETRl (Figure 16A). The sequence at the T-DNA 

junction in ETRl was GGTAAAAGACTCTGGAGCteca, with capitals indicating ETRl 

sequence and lower case indicating random sequence between ETRl and left border o f T- 

DNA. We named this mutant allele etrl-9  to differentiate it from the previously identified 

etrl-5, etrl-6, etrl-7, and etrl-8  loss-of-function mutants (Hua and Meyerowitz, 1998). 

Northern blot analysis indicated that no full-length ETRl message was made in the etrl-9  

mutant seedlings (Figure 16B). However, a high level o f truncated transcripts was found 

at a lower molecular weight (Figure 16B). To determine whether any truncated protein 

was made, western-blot analysis was performed. No full-length or truncated ETRl 

receptor was detected (if present, the truncated etrl-9 protein was predicted to consist of 

515 amino acids with a molecular weight o f 58 kD) (Figure 16C). Therefore, etrl-9  is a 

null mutant allele o f ETRl.

Quantitative Analysis of the Ethylene-Induced Seedling Growth Response in Single 

etrl-9  and ersl-3  T-DNA Insertion Mutants

Both the etrl-9  and ersl-3  T-DNA insertion mutants displayed growth phenotypes 

similar to wild-type (Figure 17A). To gain quantitative information about their ethylene 

responses, ethylene dose response analyses were performed for ersl-2, ersl-3, and etrl-9. 

Homozygous etiolated seedlings were grown in air and in ethylene at different 

concentrations ranging from 0 to 1000 pL L‘*. Hypocotyl length was measured after 3.5- 

day growth and compared with a wild-type Wassilewskija (WS) control. As shown in 

Figure 18, all three T-DNA insertion mutants exhibited a slight increased sensitivity to
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Figure 17. Phenotypic analysis of the T-DNA insertion mutant alleles of ETRl and ERSl.
A, Phenotype of 3.5-d-old dark-grown seedlings from the etrl-9  and ersl-3  mutant lines 
grown in the absence o f  ethylene (AIR) or in the presence o f  100 |aL L"' ethylene 
(ETHYLENE). Mean hypocotyl lengths were given in millimeters with SO in parentheses.
B, Phenotype o f the ersl-3;etr 1-9 double mutant as compared with seedlings with wild- 
type phenotype segregating from the same population. Seedlings were grown in dark for 
3.5 d or in the light for 4 weeks. The ersl-2;etrl-7  green plant is high-lighted by the 
white circle and a 4-fold enlargement is also inset at the lower right comer to reveal 
details o f the light-grown seedling.
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Figure 18. Ethylene dose response curves of hypocotyl growth for the etrl-7, etrl-9, 
ersl-2, and ersl-3  mutants. The etrl-7  mutant is of the ecotype Columbia (COL). The 
etrl-9, ersl-2, and ersl-3  mutants are o f the ecotype of Wassilewskija (WS). Dose 
response curves for each mutant are shown (black circle). For comparison, ethylene 
dose response curves are shown for control wild-type (black triangle, COL for etrl-7  
and WS for etrl-9, ersl-2, and ersl-3) hypocotyls. Values represent the means ± SD 
of at least 25 measurements. ND, No detectable ethylene.
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ethylene when eompared to the wild-type eontrol. The etrl-9  mutant seedlings also 

displayed inereased ethylene responsiveness in comparison with wild-type at all tested 

ethylene concentrations, which is consistent with analysis of the previously identified 

etrl-7  loss-of-funetion mutant (Hua and Meyerowitz, 1998; Cancel and Larsen, 2002). 

The ersl-3  mutant showed slightly greater ethylene sensitivity than ersl-2, which could 

be due to the presence of low levels of ERSl in the ersl-2  baekgroimd (Gamble et ah, 

2002).

Analysis of ersl:e trl Double Mutants

Double mutants were constructed by crossing ersl-3  with etrl-7  and with etrl-9. 

It should be noted that ersl-3  and etrl-9  are of the WS ecotype, but that etrl-7  is of the 

Columbia ecotype. Both the ersl-3;etrl-9  and the ersl-3;etrl-7  double mutations had 

pronounced effects upon plant growth and development. When grown in the dark, 

homozygous double mutant seedlings displayed a constitutive ethylene-response 

phenotype with shortened shoots and roots, and with an exaggerated apical hook (Figure 

19B). When grown under light, the ersl-3;etr 1-9 plants were dwarfed with small and 

epinastie leaves in the air and died without bolting (Figure 19B).

When eompared to the ersl-2;etrl-7  double mutant, etiolated seedlings from both 

the ersl-3;etrl-7  and ersl-3;etrl-9  double mutants possessed shorter hypocotyls (about 

40% shorter than those of ersl-2;etrl-7). In addition, both the ersl-3;etrl mutants 

produced exaggerated apical hooks; these were not observed in the ersl-2;etrl-7  mutant 

seedlings (Figure 19A). Light-grown ersl-3;etrl-7  and ersl-3;etrl-9  plants were smaller 

in rosette size when eompared to the ersl-2;etrl-7  plants (Figure 19B). In addition, ersl-
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Figure 19. Effects of etrl and ersl mutations upon plant growth. A, Effects o f single 
and double mutations of the subfamily 1 receptors upon seedling growth, etrl-7  was 
isolated from the ecotype Columbia (COL), whereas etrl-9, ersl-2, and ersl-3  were 
isolated from the ecotype Wassilewskija (WS). Seedlings were grown in the dark for 
3.5 days either in air or in the presence of ethylene. Mean hypocotyl lengths are given 
in centimeters with so in parentheses. B, Effects of ersl;etrl double mutations upon 
rosette size. Green plants were grown on MS media with 1.5% (w/v) sucrose. Rosette 
diameters were measured for 8 -week-old plants (n > 11 plants). Mean rosette 
diameters are given in centimeters with so in parentheses. White bar = 1 cm.
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3;etrl-7 and ersl-3;etrl-9 mutants failed to bolt whereas ersl-2;e tr l-7 plants were still 

capable o f bolting and flowering although with a substantial delay compared to wild-type 

(Hall and Bleecker, 2003; Wang et ah, 2003). After 60-d growth under 16-h light cycle, 

none of the sixteen ersl-3; e tr l-7 and eighteen ersl-3; e tr l-9 plants had bolted. In contrast, 

eight out o f eleven ersl-2;etrl-7 mutant plants had bolted.

Ethylene Delays Bolting in Arabidopsis

The ersl-3;etrl double loss-of-function mutant plants did not bolt, and 

consequently did not flower during their life cycle. To determine whether this mutant 

phenotype is consistent with a modification of ethylene signaling, the effect of ethylene 

upon shoot development in wild-type and ctrl-2  plants was determined, ctrl-2  is a 

constitutive ethylene response mutant allele o f CTRl, and thus already displays an 

enhanced ethylene responses (Kieber et ah, 1993). The effect o f ethylene upon shoot 

formation was assessed based on bolting time, the number of rosette leaves, and the 

diameter o f the rosette (Figure 20A, Table 1). For these studies, all data were collected 

immediately after formation of the primary shoot.

A substantial delay in shoot formation was observed upon ethylene treatment. In 

the absence of ethylene, ctrl-2  mutant plants bolted about one-week later than COL 

(average 25 days for ctrl-2  vs. 18 days for COL). In the presence o f ACC (ethylene 

biosynthesis precursor), both COL and ctrl-2  plants exhibited about a 1.5-fold delay in 

bolting time, compared to their imtreated counterparts. Data obtained from the analysis of 

rosette leaf number showed a similar trend. Wild-type COL produced an average of 9 

rosette leaves in the absence o f ethylene and 24 when treated with ACC. ctrl-2  mutant
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Figure 20. Effect of ACC upon growth of wild-type Columbia (COL) and the ctrl-2  
mutant. A, Morphological feasures of wild-type and the ctrl-2  mutant. Representive 
green plants from wild-type (COL) and the ctrl-2  mutant line are shown after 4-week 
growth in air and 5-week growth in the presence of 5 pM ACC. B, Prolonged treatment 
of ACC results in a "bushy" growth phenotype of the ctrl-2  plants.
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Table 1. Ethylene effect upon shoot formation
Green plants were grown under a 16-h light cycle in the presence or absence of 
ACC. AVC was included in growth media to reduce the effect from endogenous 
ethylene. Each value is the average ± standard deviation for > 30 plants.

Bolting time (day) Rosette Diameter (mm) Leaf Number

COL (AVC) 18.38+2.14 51.93+6.01 9.62+1.59

COL (AVC+ACC) 26.53+2.58 18.37+3.38 14.23+2.79

ctrl-2 (AVC) 24.63+3.44 19.74+2.05 13.06+1.25

ctrl-2 (AVC+ACC) 38.63+4.14 10.86+3.28 47.36+9.40
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plants produced 15 rosette leaves in the absenee of ethylene and 47 when treated with 

ACC. Ethylene also had inhibitory effects upon rosette size. In the absence of ethylene, 

the rosette diameter of wild-type COL was 52 mm whereas that o f ctrl-2  averaged 20 

mm. In the presence o f ACC, the rosette diameter of COL reduced to 18 mm whereas that 

o f ctrl-2  averaged only 11 mm. In addition, ctrl-2  mutant plants displayed a “bushy” 

growth phenotype upon prolonged treatment with ACC (Figure 2GB).

Thus, ethylene delays bolting in Arabidopsis. The more pronounced delay 

observed in the ctrl-2  mutant plants when compared to wild-type results from the fact 

that the mutant plants already have an enhanced ethylene response. The lack of bolting 

observed in the ersl;etrl double loss-of-function mutant is consistent with what might be 

expected under conditions o f an extreme ethylene response.

A Role for Histidine Kinase Activity in Ethylene Signaling

The ers l-3',etrl double mutants displayed a constitutive ethylene response 

phenotype, more pronounced than that reported for the etr2-3;ein4-4;ers2-3 triple mutant 

and the etrl-6;etr2-3;ein4-4;ers2-3 quadruple mutant (Flua and Meyerowitz, 1998). Thus, 

compared to the subfamily 2 receptor members, the subfamily 1 members LTRl and 

LRSl play more predominant roles in the regulation o f ethylene responses in Arabidopsis. 

Since the subfamily 2 members (LTR2, LRS2, and LIN4) are predicted to lack histidine 

kinase activity, one could speculate that the histidine kinase activity o f subfamily 1 

members may be involved in the regulation of ethylene responses.

To examine whether the histidine kinase activity o f LTRl plays a role in ethylene 

signaling, ersl-3  was crossed to a homozygous etrl-7  \me containing the ETR1(G2)
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transgene. ETR1(G2) is a kinase-inactivated mutant allele of ETRl (Gamble et al., 2002). 

If kinase activity is required for the repression o f ethylene responses, addition o f the 

ETR1(G2) transgene will not be able to rescue the constitutive ethylene phenotype o f the 

double mutant. In contrast, if  ETR1(G2) does rescue the double mutant phenotype, then 

the question is whether the kinase activity is involved in the establishment o f ethylene 

responses. If so, a subset of progeny from this cross would be insensitive to ethylene.

To determine if  the kinase activity might be involved in the establishment of 

ethylene responses, F2 progeny were screened on Petri plates containing plant growth 

medium and 5 pM ACC. After a 4-d growth in the dark, a subset of seedlings were 

observed that had an elongated hypocotyl. PCR-based genotyping revealed that 9 selected 

seedlings with “long hypocotyl” were either homozygous at etrl-7  and heterozygous at 

ersl-3  ( 8  seedling), or homozygous at ersl-3  and heterozygous at etrl-7  (1 seedlings).

All these seedling also contained the ETR1(G2) transgene. Three o f these seedlings (2 

homozygous at etrl-7  and 1 homozygous at ersl-3) were carried to the next generation.

F3 progeny were screened against 10 pL L'* ethylene (a more stringent condition) for 

those with long hypocotyls. A higher frequency of elongated seedlings was observed: 

about 2/3 o f the tested F3 progeny exhibited reduced ethylene sensitivity. The five tallest 

seedlings from each line were selected and subjected for genotyping. For the 

homozygous etrl-7  parent, all tall progeny was homozygous at etrl-7  and heterozygous 

at ersl-3, and contained the ETR1(G2) transgene. For the homozygous ersl-3  parent, all 

tall progeny was homozygous at ersl-3  and heterozygous at etrl-7, and contained the 

ETR1(G2) transgene. No homozygous ersl-2;etrl-7  seedlings carrying the ETR1(G2) 

transgene were identified (Figure 21 A). In the presence o f ethylene, these “long
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Figure 21. Genotyping and skotomorphological features of the progeny with partial ethylene insentivity 
from the cross between ersl-3  and a trangenic etrl-7  line carrying the ETR1(G2) transgene. A, Genotyping 
of the selected "long hypocotyl" progeny. Genomic DNA was isolated from each plant line and used as the 
PCR template. The etrl-7  mutation is identified by use of PCR with two primers etrl-l-F  and ETRl-B 
(etrl-l-F/ETRl-B); the wild-type ETRl is identified with two primers ETRl-F and ETRl-B 
(ETRl-F/ETRl-B); the ETR1(G2) mutation is identified with the ETR1(G2)-F and ETR1(G2)-B primers 
[ETR1(G2)-F/ETR1(G2)-B]; the ersl-3  mutation is identified with the ERSl-F and JL202 primers 
(ERS1-F/JL202); and the wild-type ERSl is identified with the ERSl-F and ERSl-B primers 
(ERSl-F/ERSl-B). Two representative F3 progenies are indicated as 1 and 2. For PCR reaction of 
etrl-1-F/ETRlB, asterisk indicates the transgenic ETR1(G2) line in the wild-type background. For 
reactions of ETRl-F/ETRl-B and ETR1(G2)-F/ETR1(G2)-B, asterisk indicates the homozygous etrl-7  
line carrying the ETR1(G2) transgene. M indicates the DNA size ladder. B, Effect of the ETR1(G2) 
mutation upon the triple response. Etiolated seedlings were grown for 3.5 d in the presence of 10 p,L L ' 
ethylene. Mean hypocotyl lengths are given in millimeters with SD in parentheses. Three representative F3 
seedlings with long hypocotyl are shown (F3). 1 and 2 are from two etrl-7;ersl-3 /+  transgenic lines 
carrying ETR1(G2), 3 is from the e tr l-7/+;e rsl-3 transgenic line carrying ETR1(G2). For comparison, the 
wild-type (WT), ersl-3  (PI), and ETRl(G2);etrl-7  (P2) controls are shown.
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hypocotyl” seedlings displayed a distinct growth phenotype with elongated hypocotyl and 

root in comparison with wild-type and their parent lines (Figure 2 IB). These results 

indicate that the histidine kinase activity of the ethylene receptor ETRl may play a role in 

the establishment o f ethylene responses.

A Complementary Approach to Analyze the Role of Histidine Kinase Activity in 

Ethylene Signaling

Taking advantage of an existing etrl-7  transgenic line, the cross described in the 

earlier section provided important but incomplete evidence supporting a role o f the 

histidine kinase activity of ETRl in ethylene signal transduction. To further resolve this 

essential question, I have been taking a complementary approach using the T-DNA 

insertion mutants ersl-3  and etrl-9. Plants heterozygous for ersl-3  and homozygous for 

etrl-9 (ersl-3/+;etrl-9) were used for transformation because the ersl;e trl double loss- 

of-function mutants are sterile. Various ETRl mutant constructs (Figure 14) were 

introduced into this ersl-3/+;etrl-9  mutant background and will be analyzed for their 

ability to rescue the double null mutant phenotype.

The approach described here has several major advantages over the previous one. 

First, it allows me to achieve the best likelihood of identifying the desired genotype. In 

theory, three out o f 16 Ti progenies will be homozygous for both ersl-3  and etrl-9, and 

carry at least one copy of the transgene (or 1/16 of T2 will be homozygous at all loci). In 

contrast, a much lower ratio for the desired genotype was expected from the cross (about 

3/64 and 1/64, respectively). Second, it is easier and faster to identify the ersl-3  and etrl- 

9 mutations due to the ease of identifying T-DNA insertions, whereas the etrl-7  mutant
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only contains two single-nucleotide mutations and two rounds o f PCR are required for 

identification. Third, the G2-box mutation in ETR1(G2) only abolishes the kinase activity 

of the receptor. The highly conserved phosphorylation sites within ETR1(G2), including 

His-353 and Asp-659, could still be phosphorylated by other histidine kinases. By using 

various mutant versions of the ETRl transgene besides ETR1(G2), I should also be able 

to gain more information on the role of histidine kinase activity in ethylene signaling. 

Detailed experimental strategy and design will be discussed in Chapter IV.

DISCUSSION

In Arabidopsis, ethylene signaling is mediated by a small receptor family 

consisting of five members. Loss-of-function mutations have been isolated for all three 

members of the ethylene receptor, subfamily 2 (ETR2, ERS2 and EIN4), and for ETRl 

from subfamily 1 (Hua and Meyerowitz, 1998). In this study, two newly isolated T-DNA 

insertion mutants, ersl-3  and etrl-9, were demonstrated to be loss-of-function mutant 

alleles o f ERSl and ETRl, respectively. Both ersl-3  and etrl-9  single mutations have 

minor effects upon plant growth. However, in combination, the ersl-3;etrl-9  double 

mutant seedlings displayed a strong constitutive ethylene response phenotype when 

grown in the dark. In addition, the double mutant plants showed severe growth defects 

when grown under the light. Thus, my data are consistent with ethylene receptors being 

negative regulators that function redundantly in ethylene signaling (Hua and Meyerowitz, 

1998).

My results indicate that subfamily 1 receptors play a greater role in ethylene 

signaling than subfamily 2 receptors. Previous physiological analysis o f the etrl loss-of-
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function mutants suggested that ETRl plays a greater role in ethylene signaling compared 

to receptor members from subfamily 2 , because it was the only mutant that showed a 

phenotype as a single loss-of-function allele (Hua and Meyerowitz, 1998; Cancel and 

Larsen, 2002). Similar to the etrl mutant, the ersl-3  loss-of-function mutant showed a 

small but consistent ethylene response phenotype, which is absent in the single loss-of- 

function mutants o f the subfamily 2 members (Hua and Meyerowitz, 1998). An etiolated 

ers l-3;e tr l-9 double null mutant, which lacks the entire ethylene receptor subfamily 1, 

displays a more profound constitutive ethylene response phenotype than that observed in 

the etr2; ein4; ers2 triple loss-of-function mutant, which lacks the entire subfamily 2 

(Hua and Meyerowitz, 1998; Hall and Bleeeker, 2003). On the other hand, both ersl;etrl 

and etr2;ers2;ein4 mutant seedlings are still responsive to ethylene, indicating that 

receptors from subfamily 2 are capable of signaling independently. Together, these 

observations indicate that, despite functional overlap between these two subfamilies, 

subfamily 1 receptors play a predominant role in ethylene signaling when compared to 

subfamily 2 receptors. Additional recent work indicates that the defieiency in subfamily 1 

receptors in the ersl;etrl double mutants can not be compensated simply by increased 

expression of subfamily 2 receptors (Wang et al., 2003). This result further supports the 

uniqueness of subfamily 1 receptors in ethylene signaling.

All five ethylene receptors have been demonstrated to interact with CTRl, a 

downstream Raf-like protein kinase (Clark et al., 1998; Cancel and Larsen, 2002; Gao et 

al., 2003). CTRl is a negative regulator in ethylene signaling and loss-of-function 

mutations in CTRl result in constitutive ethylene responses (Kieber et al., 1993; Huang et 

al., 2003). Our recent data indicate that the soluble CTRl is localized to the endoplasmic
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reticulum (ER) and forms a CTRl-ethylene receptor signaling complex m  Arabidopsis 

(Gao et al., 2003). Given that only subfamily 1 receptors possess a conserved and 

functional histidine kinase domain (Bleecker, 1999; Chang and Stadler, 2001; Schaller 

and Kieber, 2002), one could argue that the predominant contribution of subfamily 1 

members to ethylene signaling may arise from their greater effectiveness at maintaining 

CTRl in an active state due to a stronger interaction with CTRl through the highly 

conserved histidine kinase domain or by use of the histidine kinase activity, when 

compared to other receptors from subfamily 2. The ersl;etrl double mutants display a 

stronger ethylene phenotype than does the ctrl-2  loss-of-flmction mutant, suggesting the 

existence o f a CTRl -independent ethylene signaling pathway potentially mediated by a 

CTRl-like protein(s) or other CTRl-parallel signaling components. Thus, an alternative 

explanation would be that this CTRl-independent ethylene pathway is mainly regulated 

by subfamily 1 receptors. Nevertheless, elucidation of the necessity o f histidine kinase 

activity in ethylene signaling is the first step toward our understanding how subfamily 1 

receptors achieve their greater role in ethylene signaling.

My results support a role for the histidine kinase activity o f ETRl in the 

establishment of ethylene responses. Progeny obtained from the cross between ersl-3  and 

a homozygous etrl-7  line containing the kinase-inactivated ETR1(G2) transgene 

exhibited partial ethylene insensitivity. To elieit ethylene responses in the presence of 

ethylene, the negative regulator CTRl has to be inactivated. It has been demonstrated that 

CTRl interacts with ethylene receptors via its amino-terminal region, which is suggested 

to regulate the enzymatic activity of CTRl according to the Raf kinase model (Clark et 

al., 1998; Huang et al., 2003). In addition, the histidine kinase domain of subfamily 1

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



receptors is sufficient for the interaction with CTRl (Clark et al., 1998; Gao et al., 2003). 

Given that CTRl may form a stable signaling complex with ethylene receptors at the ER 

membrane (Gao et al., 2003), my results are indicative that the histidine kinase activity of 

subfamily 1 receptors may play a role in inactivation of CTRl upon binding o f ethylene 

by the receptor. Therefore, a receptor-CTRl signaling model could be the following: In 

air, CTRl is directly activated by ethylene receptors and forms a signaling complex with 

ethylene receptors at the ER membrane, and the activated CTRl phosphorylates 

downstream targets to turn off ethylene signaling; in the presenee o f ethylene, binding of 

ethylene results in the activation of the histidine kinase activity o f the subfamily 1 

receptors, which in turn leads to the inactivation o f CTRl and releases the repression upon 

ethylene responses. In this study, I was unable to isolate the homozygous ersl;e trl lines 

carrying the ETR1(G2) transgene. A simple explanation would be that my selection was 

not saturated. Alternatively, ETR1(G2) may not fully rescue the double mutant phenotype. 

My previous study in the e trl;etrl;ein4 triple mutant background indicates that the 

ETRl(G l) transgenic seedlings are slightly shorter than wild-type in air, and also display 

slightly increased ethylene sensitivity (Chapter II).

My results indicate that ersl-2  is a hypomorphic rather than a null allele o f ERSL  

Northem-blot analysis indicated that, although there was a substantial reduction in 

message level, full-length ERSl transcripts were still detectable. The T-DNA insertion at 

the 5’-UTR (untranslated region) generates eight additional ATG start sites located 

upstream of the correct start codon in ersl-2  (Wang et al., 2003). Based on the presence 

of these false ATG start sites, Wang et al. argued that ersl-2  is a null allele (2003). 

However, there are two upstream ATGs in the 5’-UTR of the wild-type ERSl gene. Thus
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the presence of upstream ATGs does not prevent correct transcription o f the gene. In 

addition, the ersl-3;etrl double mutant displayed a stronger ethylene-response-like 

phenotype than the ersl-2;etrl mutant. Thus, ersl-2  is not an appropriate line with which 

to address the role o f the histidine kinase activity in ethylene signaling. Previously, Wang 

et al. (2003) made use o f the ersl-2;etrl background to examine whether the histidine 

kinase activity is involved ethylene signaling. Based on the observation that a kinase- 

inactivated ETRI genomic clone rescued the ersl-2;etrl mutant phenotype, they 

concluded that the histidine kinase activity o f ETRI is not required for receptor signaling 

(Wang et al., 2003). However, the histidine kinase activity provided by the remaining 

ERSl receptor in this ersl-3;etrl background might be sufficient for the receptor to elicit 

proper ethylene responses. In addition, my data demonstrate that the histidine kinase 

activity o f ETRI plays a role in the establishment of ethylene responses.

Bolting represents the transition from vegetative growth to flowering during plant 

development. The time of the initiation of bolting is crucial for the reproductive success 

o f plants; therefore, plants have developed mechanisms to integrate both environmental 

and endogenous cues to regulate bolting time precisely (Mouradov et al., 2002; Simpson 

and Dean, 2002). Interestingly, the ersl-3;etrl-9  plants did not bolt. This effect was 

partially phenocopied by treating the ctrl-2  mutant plants with the ethylene biosynthesis 

precursor ACC. ctrl-2  is a constitutive ethylene response mutant allele o f CTRl, and thus 

already displays enhanced ethylene responses (Kieber et al., 1993). These results suggest 

that excessive ethylene may result in delays in bolting time. Interestingly, ethylene 

insensitive mutations also result in delays in bolting time (Ogawara et al., 2003). Together, 

these observations indicate that the amount of ethylene signal, which is transferred
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though an ethylene signal transduction pathway, may be used by plants as an internal 

signal (switch) to control the transition from vegetative to reproductive growth. Ethylene 

insensitivity and constitutive ethylene responses represent two extremes o f the ethylene 

condition. The ctrl-2  plants were still capable of bolting when treated ACC, indicating 

that, ethylene, synthesized by the ctrl-2  mutant with the supplied ACC, was not sufficient 

to induce ethylene responses to the maximum level. Alternatively, an additional factor or 

factors acting parallel to CTRl in ethylene signaling might be regulated by the ethylene 

receptors so that in the absenee of CTRl, ethylene receptors can still signal through the 

CTRl -independent pathway and induce ethylene responses upon perception o f ethylene.

In summary, ersl-3  and etrl-9  are null alleles o f ERSl and ETRI, respectively, 

whereas ersl-2  is hypomorphic allele of ERSL  Results described in this chapter 

demonstrate that ethylene receptor subfamily 1 members (ETRI and ERSl) play a 

predominant role in ethylene signaling. Genetic and physiological analyses suggest that 

the histidine kinase activity of ETRI may play a role in the establishment o f ethylene 

responses. Further characterization of the role o f the histidine kinase activity in ethylene 

signaling, using the ersl/+ ;etrl background and various versions o f the ETRI transgene, 

should continue to provide valuable insight into the mechanisms that eontrol ethylene 

signaling m. Arabidopsis.
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CHAPTER IV

SUMMARY

CONCLUSIONS

Although ethylene (H2 C=CH2) is a simple bi-carbon gaseous molecule, it is one 

of the most important plant hormones and plays a critical role during plant growth and 

development (Yang and Hoffman, 1984; Abeles et al., 1992; Bleecker and Kende, 2000; 

Schaller and Kieber, 2002). Arabidopsis contains a five-member receptor family that 

perceives the ethylene signal and mediates ethylene signal transduction (Chang et a l, 

1993; Hua et al., 1995; Hua et al., 1998; Sakai et al., 1998). The ethylene receptor family 

is further divided into two subfamilies based on phylogenetic analysis and some shared 

structural features: subfamily 1 consists o f ETRI and ERSl, which possess a functional 

histidine kinase domain (Chang et al., 1993; Hua et al., 1995); subfamily 2 includes 

ETR2, ERS2, and EIN4, which have a diverged histidine kinase domain that is predicted 

to not be functional (Hua et al., 1998; Sakai et al., 1998). Previous work demonstrates 

that three hydrophobic segments at the amino-terminal half o f the receptor are involved 

in perception of the ethylene hormone and membrane localization o f the receptor 

(Schaller and Bleecker, 1995; Rodriguez et al., 1999; Chen et al., 2002). In contrast, little 

is known about how the ethylene stimulus, once perceived by the receptor, is transduced 

from the ethylene receptor to the downstream signaling components.

The hypothesis, which has been examined extensively in this dissertation, is that
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ethylene receptors transduce the ethylene signal via the proposed signal output region that 

includes the histidine kinase domain and the receiver domain. Given that ETRI is the 

best characterized ethylene receptor, research presented in this dissertation was focused 

on analysis o f signal output by the ethylene receptor ETRI ixom Arabidopsis. For this 

purpose, I used a mutant-based approach to determine the specific region of ETRI that is 

required for the signal output and the potential mechanism by which signal output is 

regulated. The study described in Chapter II was performed in the etrl;etr2;ein4 triple 

loss-of-function mutant background and elucidates that the histidine kinase domain of 

ETRI is required for repression of ethylene responses in air. Data obtained from the study 

of ersl;etrl double mutants indicate that the histidine kinase activity o f ETRI plays a 

role in the establishment o f ethylene responses (Chapter III). Genetic and physiological 

analyses from this dissertation support the model shown in Figure 22, whereby the 

ethylene receptor ETRI activates CTRl in the absence o f ethylene, as a result o f protein- 

protein interaction via it kinase domain; in the presence o f ethylene, phosphorylation of 

ETRI by its kinase activity de-activates CTRl, which leads to release o f the repression 

and induction of ethylene responses.

To determine whether the proposed signal output region is required for ethylene 

signaling, four loss-of-function mutant alleles of ETRI {etrl-5, etrl-6, etrl-7, and etrl-8) 

were initially chosen for study because they contain point mutations predicted to result in 

premature truncations in different regions of the receptor (Hua and Meyerowitz, 1998). 

No full-length or truncated protein was detected for any o f these etrl mutants, indicating 

that the loss-of-function arises from an absence of the receptor but not from a truncated 

receptor incapable of signaling. On the other hand, transcripts were detected for each of
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Figure 22. A model o f ethylene signaling by the ethylene receptor ETRI via regulation 
of CTRl activity. The ethylene receptor ETRI forms a homodimer via the disulfide 
bond linkage. Each homodimer contains one ethylene-binding site. A metal ion cofactor, 
copper (Cu), is required for ethylene binding. In air, ETRI actively represses ethylene 
responses, presumably through interaction with CTRl (shown in grey). Lacking His 
kinase domain and receiver domain, the truncated ETR I(1-349) receptor cannot activate 
CTRl, which in turn results in release o f repression. In the presence of ethylene, the 
histidine kinase activity of ETRI is switched on, and as a result, CTRl is inactivated. 
Inactivation of CTRl by ETRI results in relieving repression o f ethylene responses.
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the etrl loss-of-function mutants, indicating that the lack of detectable protein in the 

etr7mutants is due to both transcriptional and post-transcriptional regulatory mechanisms.

Since the etrl loss-of-function mutants can not be used to directly assess the role 

of the proposed signal output domain, a different approach was undertaken using the 

etrl-6;etr2-3;ein4-4 triple loss-of-function mutant line as a genetic background to 

characterize signal output by ETRI. The ability of mutant versions o f ETRI to rescue the 

constitutive response phenotype o f this triple loss-of-function mutant line was examined. 

The histidine kinase domain of ETRI is required for repression o f ethylene responses.

The truncated ETRI (1-349) receptor lacking both histidine kinase and receiver domains 

failed to rescue the triple mutant phenotype, whereas the truncated ETRI (1-603) receptor 

lacking only the receiver domain was able to confer sufficient repression upon ethylene 

responses and the transgenic seedlings displayed wild-type-like growth in air. Previous 

studies demonstrated that ETRI interacts with CTRl via its kinase domain (Clark et al., 

1998; Gao et al., 2003). In addition, this interaction is crucial for CTRl to maintain its 

function as a negative regulator in ethylene signaling (Gao et al., 2003; Huang et al., 

2003). Thus, ETRI exerts its role o f repressing ethylene responses in air by activation of 

CTRl via its histidine kinase domain.

The etrl;etr2;ein4 triple null mutant lacks all the ethylene receptor members that 

possess a receiver domain. Therefore, it is feasible to assess the role o f the receiver 

domain of ETRI in ethylene signaling by using this triple mutant background. Although 

the receiver domain is dispensable for the role of the receptor in air, the transgenic 

seedlings with the truncated ETRI (1-603) receptor exhibited hypersensitivity to ethylene.
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indicating a regulatory role of the receiver domain in the establishment o f ethylene 

responses.

To continue the research described in Chapter II, an independent mutant-based 

approach was undertaken to assess the role of histidine kinase activity in ethylene 

signaling. Given that; subfamily 1 members (ETRI and ERSl) are the only ethylene 

receptors with a conserved and functional histidine kinase domain (Chang et al., 1993; 

Hua et al., 1995), eraiand etrl single loss-of-function mutants were isolated and the 

ersl;etrl double mutants were generated by cross pollination. Loss of the entire ethylene 

receptor subfamily 1 results in a dramatic growth phenotype: the ersl;e trl mutant 

etiolated seedlings exhibit a constitutive ethylene response phenotype, which is more 

profound than that observed in the etrl;etr2;ein4;ers2 quadruple loss-of-function mutant 

reported previously (Hua and Meyerowitz, 1998); the mutant green plants were dwarfed 

with small and epinastie leaves in the air and died without bolting. In conjunction with 

the observation that ETR7-promoter-driven cDNAs o f ETRI and ERSl, but not ETR2, 

EIN4, and ERS2, rescue the ersl-2;etrl-7  double mutant phenotype (Wang et al., 2003), 

these results indicate that subfamily I receptors play a greater role in ethylene signaling 

compared to subfamily 2 receptors. Genetic and physiological analyses demonstrate that 

the histidine kinase activity is required for the establishment o f ethylene responses, 

whereby a decrease in kinase activity resulted in partial ethylene insensitivity. On the 

other hand, the histidine kinase activity of ETRI may also play a role in the repression of 

ethylene responses in air. These results are consistent with and further explain the 

predominant role of subfamily 1 in ethylene signal transduction. In addition, my data
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indicate that ethylene delays bolting, an ethylene response that might be primarily 

mediated by the subfamily 1 members.

In eonelusion, the results described in this dissertation have established the 

importance of the proposed signal output region of ETRI in ethylene signaling. The 

histidine kinase domain o f the receptor is required for repression of ethylene responses. 

The receiver domain is not required for repression of ethylene responses, but may play a 

regulatory role in the establishment of ethylene responses. Further study in the ersl;etrl 

double null mutant background demonstrates that subfamily 1 members play a 

predominant role in ethylene signaling. Genetic and physiological analyses indieate that 

the histidine kinase activity of ETRI plays a role in the establishment o f ethylene 

responses and may also play a role in the repression of ethylene responses. Further 

charaeterization of the role o f the histidine kinase aetivity in ethylene signaling, using the 

ersl/+ ;etrl background and various versions of the ETRI transgene, should continue to 

provide valuable insight into the mechanisms that control ethylene signaling in 

Arabidopsis.

FUTURE DIRECTIONS 

Elucidation of Molecular Mechanism by which the Receiver Domain Functions in 

Ethylene Signaling

Results from Chapter 11 indicate that the receiver domain o f the ethylene reeeptor 

ETRI may play a regulatory role in the establishment o f ethylene responses. The receiver 

domain, which is originally derived from the bacterial two-component signaling system, 

contains a highly conserved phosphorylation site (aspartate residue loeated at position
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659). To investigate whether phosphorylation of the reeeiver domain at Asp-659 is 

crucial for its function in ethylene signaling, a new site-directed ETRl mutant construct 

will be generated: the ETR1(D659A) mutation codes for a conversion of Asp-659 to Ala, 

representing the non-phosphorylated form of the receiver domain. The ETR1(D659A) 

transgene will be transformed into the etr2;etr2;ein4 triple loss-of-function mutant line, 

and its ability to rescue the triple mutant phenotype will be examined. If  ETR1(D659A) 

is capable of fully restoring ethylene responsiveness to the triple mutant, phosphorylation 

at Asp-659 is not essential for the receiver domain to confer its regulatory role in the 

establishment o f ethylene responses. If the transgenic lines display increased ethylene 

sensitivity as observed previously in the ETRl(l-603) transgenic lines, then 

phosphorylation at Asp-659 is likely to be physiologically significant.

In the two-component signaling system, the response regulator, which contains a 

receiver domain, serves as an intermediate signaling component whereby it receives a 

phosphate group from the histidine residue o f an upstream element and then passes the 

phosphate group to a downstream component (Stock et al., 2000; Urao et al., 2000). If 

phosphorylation at the Asp-659 residue of the receiver domain is required for ethylene 

signaling, the next important question will be whether the receiver domain of ETRI 

functions in the same way as described in the two-component system or whether 

phosphorylation at the Asp-659 residue may induce conformational changes o f the 

receiver domain and thereby change its signaling state. To address this question, another 

ETRl mutant construct will be generated: the ETRI(D659E) mutation codes for a 

conversion o f Asp-659 to glutamate, mimicking the phosphorylated form with regard to 

the negative charge provided by the phosphate group. The ETR1(D659E) construct will
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be transformed into the etrl;etr2;ein4 triple loss-of-function mutant background to assess 

its ability to restore ethylene responsiveness to the triple mutant. This proposed work will 

elucidate by which mechanism the receiver domain of ETRl functions in ethylene 

signaling.

Further Analysis of the Role of Histidine Kinase Activity in Ethylene Signaling

To continue the analysis o f the cross between ersl-3  and the homozygous etrJ-7 

line containing the ETR1(G2) transgene, a new approach will be undertaken to saturate 

the selection for progenies with the desired genotype. For this purpose, five hundred T2 

seeds will be grown in the presence o f 10 pL L'* ethylene. After 4-d growth in the dark, 

hypocotyl length of individual seedlings will be measured. A number o f seedlings vs. 

hypocotyl length plot will be generated and compared to that o f wild-type and the two 

parent lines for this cross. For genotyping, the ten seedlings with longest hypocotyl, the 

ten seedlings with shortest hypocotyl, and another ten with medium length will be 

selected. This research will increase the likelihood of identifying the homozygous 

progeny with the desired genotype. It will also provide direct information of how the 

ETR1(G2) transgene affects ethylene signaling in the transgenic plants with regard to 

hypocotyl elongation.

The cross between ersl-3  and the homozygous etrl-7  line containing the 

ETRI(G2) transgene provided us limited information about the role o f the histidine 

kinase activity of ETRl in ethylene signaling. The G2-box mutation only eliminates the 

kinase activity o f E T R l. It is possible that the kinase-inactivated ETR1(G2) receptor may 

still be phosphorylated at the conserved His-353 and Asp-659 residues by other histidine
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kinases. Our previous study in a yeast system demonstrates that ETRl possesses histidine 

kinase activity (Gamble et al., 1998). However, no direct evidence supports its function 

as a histidine kinase in planta. To further clarify the role o f the kinase activity o f ETRl in 

ethylene signaling, I will continue to examine the ability of individual ETRl(H), 

ETR1(HG2), ETR1(HG2D), and ETR1(G2) mutant receptors to rescue the ersl-3;etrl-9  

double mutant phenotype. Results obtained from this experiment will demonstrate 

whether the ethylene receptor ETRl functions as a histidine kinase in Arabidopsis and 

will also further confirm whether the histidine kinase activity o f ETRl plays a role in 

ethylene signaling.

The histidine kinase domain and the receiver domain of ETRl are evolutionarily 

related to signaling elements originally identified in the two-component systems of 

bacteria, which have also been demonstrated to exist in eukaryotic species including 

plants and fungi (Parkinson, 1993; Schaller, 2000). In addition to the prevailing receptor- 

CTRl model for ethylene signaling where ethylene receptors interact with CTRl and 

directly regulate its signaling, phosphorylation of the receptor may provide an alternative 

way to regulate the signaling indirectly, potentially via the His-to-Asp phosphorelay 

mechanism (Stock et al., 2000). To determine whether phosphorylation can directly affect 

CTRl signaling or whether it can only affect it indirectly, several additional mutant 

versions of the ETRl transgene will be generated, including ETR1(H353E), 

ETR1(D659E), and ETR1(D659A). These constructs will then be transformed into the 

ersl-3/+;etrl-9  background and assessed for their ability to rescue the ersl-3;etrl-9  

double mutant phenotype. ETR1(H353E) mimics a constitutively phosphorylated 

receptor with regard to the negative charge. If  ETR1(H353E) is able to rescue the double
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mutant phenotype, but ETR1(H353Q) fails in rescuing, I can then conclude that 

conformational changes induced by autophosphorylation at the histidine residue by ETRl 

affect the activity of CTRl, and as a direct output, the ethylene signaling is changed. On 

the other hand, if  neither ETR1(H353Q) nor ETR1(H353E) mutant receptors can rescue 

the double mutant, it is suggestive that ETRl may regulate ethylene signaling using a 

phosphorelay mechanism, which requires autophosphorylation at His-353 by its 

enzymatic activity. Using the same experimental strategy, similar questions in 

phosphorylation at the aspartate residue within the receiver domain o f ETRl can be 

addressed using ETR1(D659A) and ETR1(D659E).

Large-Scale Screens for Signaling Targets of ETRl by Mlcroarray Analysis

A complete understanding of the molecular basis of how ETRl regulates ethylene 

signaling through its histidine kinase activity required the identification of the authentic 

in vivo targets o f ETRl. For this purpose, DNA microarray analysis will be conducted 

using two sets o f probes derived from mRNAs isolated from the homozygous ersl- 

3;etrl-9  seedlings carrying the kinase-inactivated ETR1(G2) transgene and the 

homozygous ersl-3;etrl-9  seedlings carrying the wild-type ETRl-FL transgene. 

Seedlings will be grown in the presence of ethylene prior to RNA isolation. A subset of 

genes which are induced or repressed in the ETRl-FL line but remain unchanged in the 

ETR1(G2) line will be fished out. They represent genes potentially regulated directly by 

ETRl through its kinase activity. With identification of these kinase-specific genes, a 

better picture o f the histidine kinase-dependent ethylene signaling may be achieved.
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Research described in this dissertation generated a number o f data and solved 

some puzzles but raised even more questions. Thus as I had anticipated, my research is 

open-ended. Nonetheless, this work undoubtedly lends us insight into the relationship 

between the action of the ethylene receptor ETRl and its kinase activity, and opens up 

new opportunities for future work. In addition, due to the agronomic importance o f the 

plant hormone ethylene, it is foreseen that the research presented in this dissertation of 

ethylene signal transduction in Arabidopsis will be beneficial for agriculture.
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APPENDIX 1

M u ta t io n a l  Analys is  of the Ethy lene Receptor E T R l  
Role of the H is t id in e  K inase D o m a in  in D o m in a n t  
Ethylene In s e n s i t iv i ty ’

R e b e k a h  L. G a m b l e ,  X i a n g  Q u ,  a n d  G .  E r ic  S c h a l l e r *

D e p a r t m e n t  o f  B io c h e m is t ry  a n d  M o le c u la r  B io logy , U n iv e r s i t y  o f  N e w  H a m p s h i r e ,  D u r h a m ,
N ew  H a m p s h i r e  03824

T h e  e t h y l e n e  r e c e p t o r  f a m i l y  o f  A r a b i d o p s i s  c o n s i s t s  o f  f i v e  m e m b e r s ,  o n e  o f  t h e s e  b e i n g  E T R l .  T h e  N - t e r m i n a l  h a l f  o f  E T R l  
c o n t a i n s  a  h y d r o p h o b i c  d o m a i n  r e s p o n s i b l e  f o r  e t h y l e n e  b i n d i n g  a n d  m e m b r a n e  l o c a l i z a t i o n .  T h e  C - t e r m i n a l  h a l f  o f  t h e  
p o l y p e p t i d e  c o n t a i n s  d o m a i n s  w i t h  h o m o l o g y  t o  h i s t i d i n e  ( H  i s )  k i n a s e s  a n d  r e s p o n s e  r e g u l a t o r s ,  s i g n a l i n g  m o t i f s  o r i g i n a l l y  
i d e n t i f i e d  i n  b a c t e r i a .  T h e  r o l e  o f  t h e  H i s  k i n a s e  d o m a i n  i n  e t h y l e n e  s i g n a l i n g  w a s  e x a m i n e d  i n  p l a n t a .  F o r  t h i s  p u r p o s e ,  
s i t e - d i r e c t e d  m u t a t i o n s  w e r e  i n t r o d u c e d  i n t o  t h e  f u l l - l e n g t h  w i i d - t y p e  E T R l  g e n e  a n d  i n t o  e t r l - 1 ,  a  m u t a n t  a l l e l e  t h a t  c o n f e r s  
d o m i n a n t  e t h y l e n e  i n s e n s i t i v i t y  o n  p l a n t s .  T h e  m u t a n t  f o r m s  o f  t h e  r e c e p t o r  w e r e  e x p r e s s e d  i n  A r a b i d o p s i s  a n d  t h e  
t r a n s g e n i c  p l a n t s  c h a r a c t e r i z e d  f o r  t h e i r  e t h y l e n e  r e s p o n s e s .  A  m u t a t i o n  t h a t  e l i m i n a t e d  H  i s  k i n a s e  a c t i v i t y  d i d  n o t  a f f e c t  t h e  
a b i l i t y  o f  e t r 1 - 1  t o  c o n f e r  e t h y l e n e  i n s e n s i t i v i t y .  A  t r u n c a t e d  v e r s i o n  o f  e t r 1 - 1  t h a t  l a c k s  t h e  H  i s  k i n a s e  d o m a i n  a l s o  c o n f e r r e d  
e t h y l e n e  i n s e n s i t i v i t y .  P o s s i b l e  m e c h a n i s m s  b y  w h i c h  a  t r u n c a t e d  v e r s i o n  o f  e t r 1 - 1  c o u l d  e x e r t  d o m i n a n c e  a r e  d i s c u s s e d .

T h e  s i m p l e  g a s  e t h y l e n e  f u n c t i o n s  a s  a n  e n d o g e ­
n o u s  r e g u l a t o r  o f  p l a n t  g r o w t h  a n d  d e v e l o p m e n t  
(A b e le s  e t  al., 1992). E th y l e n e  r e g u la t e s  se e d  g e r m i ­
n a t io n ,  s e e d l i n g  g r o w t h ,  lea f  a n d  p e ta l  a b s c is s io n ,  
f r u i t  r i p e n in g ,  o r g a n  s e n e s c e n c e ,  a n d  p a t h o g e n  r e ­
s p o n s e s .  E th y l e n e  p e r c e p t i o n  in A r a b i d o p s i s  is m e ­
d i a t e d  by a  f a m i ly  o f  f i v e  r e c e p to r s :  E T R l ,  E R Sl ,  
ETR2, ERS2, a n d  E IN 4  (B leecker ,  1999; C h a n g  a n d  
S h o c k e y ,  1999). O f  t h e s e  r e c e p to r s ,  E T R l h a s  b e e n  
c h a r a c t e r i z e d  in m o s t  d e ta i l  b e c a u s e  it  w a s  t h e  f i rs t  
m e m b e r  o f  t h e  r e c e p to r  f a m i ly  id e n t i f i e d  ( C h a n g  e t  
al., 1993; S c h a l le r  a n d  B leecker ,  1995).

T h e  N - t e r m i n a l  h a l f  o f  E T R l  is i n v o lv e d  in s ig ­
nal i n p u t .  T h i s  r e g io n  o f  E T R l  c o n ta in s  t h r e e  p r e ­
d ic t e d  t r a n s m e m b r a n e  s e g m e n t s  t h a t  e n c o m p a s s  t h e  
e t h y l e n e - b i n d i n g  s i t e  (Scha l le r  a n d  Bleecker ,  1995). A 
c o p p e r  c o fa c to r  is a n e c e s s a ry  p a r t  o f  t h e  e th y l e n e -  
b i n d i n g  site,  p r e s u m a b l y  s e r v i n g  t o  l i g a n d  t h e  e t h y l ­
e n e  ( R o d r i g u e z  e t  al., 1999). E T R l  f o r m s  a d i s u l f i d e -  
l in k e d  d i m e r  in t h e  m e m b r a n e ,  w i t h  d i m e r i z a t i o n  
m e d i a t e d  by  t w o  c y s t e in e s  lo c a te d  n e a r  t h e  N t e r m i ­
n u s  (Scha l le r  e t  al ., 1995).  F o l lo w in g  t h e  t r a n s m e m ­
b r a n e  s e g m e n t s ,  E T R l  c o n ta in s  a G A P  d o m a i n ;  G A P 
d o m a i n s ,  in i t ia l ly  i d e n t i f i e d  in c G M P -s p e c i f i c  a n d  
- s t i m u l a t e d  p h o s p h o d i e s t e r a s e s ,  a d e n y l a t e  cyc lases ,  
a n d  t h e  Escherichia coli p r o t e i n  PhIA , a r e  i n v o l v e d  in

'  T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  
( g r a n t  n o s .  M C B - 9 6 0 3 6 7 9  a n d  M C B - 9 9 8 2 5 1 0  t o  G . E . S . ) .  T h i s  is 
s c i e n t i f i c  c o n t r i b u t i o n  n o .  2 , 1 0 7  f r o m  t h e  N e w  H a m p s h i r e  A g r i c u l ­
t u r a l  E x p e r i m e n t  S t a t i o n .

• C o r r e s p o n d i n g  a u t h o r ;  e - m a i i  e g s @ c i s u n i x . u n h . e d u ; f a x  6 0 3 -  
8 6 2 - 4 0 1 3 .

A r t i c l e ,  p u b l i c a t i o n  d a t e ,  a n d  c i t a t i o n  i n f o r m a t i o n  c a n  b e  f o u n d  
a t  w w w . p i a n t p h y s i o i . o r g /  c g i /  d o i /  1 0 . 1 1 0 4 /  p p . 0 1 0 7 7 7 .

c G M P  b i n d i n g  a n d  l i g h t  r e g u l a t i o n ,  b u t  t h e i r  f u n c ­
t io n  in E T R l  is u n k n o w n  ( A r a v i n d  a n d  P o n t in g ,  
1997).

T h e  C - t e r m in a i  h a l f  o f  E T R l  is l ike ly  t o  b e  i n v o lv e d  
in  s igna l  o u t p u t .  T h is  p o r t i o n  o f  t h e  p r o t e i n  c o n ta in s  
r e g io n s  w i t h  h o m o l o g y  t o  H is  k i n a s e s  a n d  t h e  r e ­
c e iv e r  d o m a i n s  o f  r e s p o n s e  r e g u l a t o r s  ( C h a n g  e t  al., 
1993). T h e s e  r e p r e s e n t  s i g n a l i n g  e l e m e n t s  o r ig in a l ly  
i d e n t i f i e d  in  bac te r ia l  s ig n a l  t r a n s d u c t i o n  s y s t e m s  
( P a rk in s o n ,  1993), b u t  w h i c h  a r e  n o w  k n o w n  t o  be  
p r e s e n t  in p l a n t s  a n d  f u n g i  a s  w e l l  (Scha l le r ,  2000).  In 
m a n y  o f  t h e s e  s ig n a l  t r a n s d u c t i o n  s y s t e m s ,  t h e  H is  
k i n a s e  d o m a i n  a u t o p h o s p h o r y l a t e s  a t  a  c o n s e r v e d  
H i s  r e s i d u e  in r e s p o n s e  t o  a n  e n v i r o n m e n t a l  s t i m u ­
lus .  T h is  p h o s p h a t e  is t h e n  t r a n s f e r r e d  t o  a c o n s e r v e d  
A s p  r e s i d u e  w i t h i n  t h e  r e c e iv e r  d o m a i n  o f  t h e  r e ­
s p o n s e  r e g u la to r .  P h o s p h o r y l a t i o n  o f  t h e  r e s p o n s e  
r e g u l a t o r  m o d u l a t e s  its a b i l i ty  t o  m e d i a t e  d o w n ­
s t r e a m  s i g n a l i n g  in  t h e  p a t h w a y .  S o m e  b ac te r ia l  H is  
k in a s e s  a l s o  c o n ta in  a p h o s p h a t a s e  a c t iv i ty  t h a t  wil l  
d e p h o s p h o r y l a t e  t h e  r e s p o n s e  r e g u l a t o r .  H i s  k in a s e  
ac t iv i ty  h a s  b e e n  d e m o n s t r a t e d  fo r  E T R l  ( G a m b l e  e t  
al., 1998), b u t  t h e  r o l e  o f  t h i s  a c t iv i ty  in e t h y l e n e  
s ig n a l  t r a n s d u c t i o n  h a s  n o t  b e e n  d e t e r m i n e d .  In a d ­
d i t i o n ,  E T R l  h a s  b e e n  s h o w n  t o  i n t e r a c t  t h r o u g h  b o th  
its H i s  k i n a s e  a n d  r e c e iv e r  d o m a i n s  w i t h  C T R l  
(C la rk  e t  al., 1998), a d o w n s t r e a m  e l e m e n t  o f  t h e  
e t h y l e n e  s ig n a l  t r a n s d u c t i o n  p a t h w a y  (K ie b e r  e t  al., 
1993). C T R l  is r e l a t e d  t o t h e R a f - t y p e S e r / T h r  p r o t e in  
k in a s e s  f ro m  m a m m a l s ,  i n d i c a t i n g  t h a t  e t h y l e n e  s ig ­
nal t r a n s d u c t i o n  c o u l d  f e e d  i n t o  a M A P  k i n a s e  c a s ­
c a d e ,  w i t h  C T R l  r e p r e s e n t i n g  a  M A P K K K  (K ieb e r  e t  
al., 1993). E T R l  c o u l d  p o t e n t i a l l y  r e g u l a t e  ac t iv i ty  o f  
C T R l  t h r o u g h  e n z y m a t i c  o r  a l lo s t e r i c  m e c h a n i s m s .
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Mutational Analysis of the  Ethylene Receptor ETRl

T h e  o th e r  f o u r  m e m b e r s  o f  t h e  A r a b i d o p s i s  e t h y l ­
e n e  r e c e p to r  f a m i ly  a r e  s im i la r  in  o v e ra l l  s t r u c t u r e  to  
E T R l ,  w i t h  t h e  g r e a t e s t  level  o f  a m i n o  a c id  c o n s e r ­
v a t io n  b e in g  f o u n d  in  t h e  e t h y l e n e - b i n d i n g  d o m a i n s  
( C h a n g  a n d  S h o c k e y ,  1999). H o w e v e r ,  s o m e  d i f f e r ­
e n c e s  a m o n g  f a m i ly  m e m b e r s  a r e  n o t a b l e .  In  p a r t i c ­
u la r ,  ETR2, ERS2, a n d  E IN 4  c o n ta in  d i v e r g e d  H is  
k in a s e  d o m a i n s  a n d  lack  r e s i d u e s  c o n s i d e r e d  e s s e n ­
tial  for  H is  k i n a s e  a c t iv i ty  ( C h a n g  a n d  S h o c k e y ,  
1999). T w o  o f  t h e  p r o t e i n s  (ER Sl a n d  ERS2) lack a 
r e c e iv e r  d o m a i n  a t  t h e  C t e r m i n u s  ( C h a n g  a n d  
S h o c k e y ,  1999).  T o  d i r e c t l y  a s s e s s  t h e  ro l e  o f  t h e  
e t h y l e n e  r e c e p to r  f a m i ly  in e t h y l e n e  p e r c e p t i o n ,  loss-  
o f - f u n c t io n  m u t a t i o n s  h a v e  b e e n  i s o la te d  in  f o u r  of  
t h e  f iv e  g e n e  m e m b e r s  o f  t h e  f a m i ly  (H u a  a n d  M e y ­
e r o w i t z ,  1998). S in g le  lo s s -o f - fu n c t io n  m u t a t i o n s  
h a v e  l i t t le  o r  n o  e f fe c t  u p o n  e t h y l e n e  s igna l  t r a n s d u c ­
t io n .  H o w e v e r ,  in  c o m b i n a t i o n ,  t h e  m u t a n t s  s h o w  
c o n s t i t u t i v e  e t h y l e n e  r e s p o n s e s .  T h is  effec t  is m o s t  
p r o n o u n c e d  in  t r i p l e  a n d  q u a d r u p l e  lo s s -o f - fu n c t io n  
m u t a t i o n s  (H u a  a n d  M e y e r o w i t z ,  1998). T h e s e  r e s u l t s  
i n d i c a t e  t h a t  t h e r e  is f u n c t io n a l  r e d u n d a n c y  a m o n g  
t h e  r e c e p to r  f a m i ly  m e m b e r s .  In  a d d i t i o n ,  b e c a u s e  
e l i m i n a t i o n  o f  r e c e p t o r s  a c t iv a t e s  e t h y l e n e  r e s p o n s e s ,  
t h e s e  r e s u l t s  s u p p o r t  a m o d e l  in  w h i c h  t h e  r e c e p to r s  
r e p r e s s  t h e  e t h y l e n e  r e s p o n s e s  in  t h e  a b s e n c e  o f  e t h ­
y le n e .  A c c o r d i n g  t o  t h i s  m o d e l ,  b i n d i n g  o f  e th y l e n e  
in a c t iv a t e s  r e c e p to r  s ig n a l in g ,  t h e r e b y  r e l i e v in g  t h e  
r e p r e s s i o n  o n  t h e  e t h y l e n e  p a t h w a y .

D o m i n a n t  e t h y l e n e - i n s e n s i t i v e  m u t a t i o n s  o f  t h e  r e ­
c e p to r s  h a v e  b e e n  id e n t i f i e d  t h a t  a p p a r e n t l y  lock  t h e  
r e c e p to r  in to  a s i g n a l i n g  s t a te  su c h  t h a t  it  r e p r e s s e s  
e t h y l e n e  r e s p o n s e s  w h e t h e r  t h e  p l a n t s  a r e  g r o w n  in 
t h e  p r e s e n c e  o r  a b s e n c e  o f  e th y le n e .  D o m i n a n t  e t h ­
y l e n e  i n s e n s i t i v i ty  c a n  b e  c o n f e r r e d  by  m u t a t i o n s  in 
t h e  r e c e p to r  t h a t  d i s r u p t  e t h y l e n e  b i n d i n g  o r  t h a t  
u n c o u p l e  e t h y l e n e  b i n d i n g  f r o m  s ig n a l  o u t p u t  (Hall  
e t  al., 1999).  T h e  d o m i n a n t  etr1-1 m u t a t i o n  a r i se s  
f ro m  t h e  c h a n g e  o f  a s i n g l e  a m i n o  a c id  (C y s6 5 T y r)  
a n d  h a s  b e e n  s h o w n  to  e l i m i n a t e  b i n d i n g  o f  t h e  
c o p p e r  c o fa c to r  a n d  c o n s e q u e n t l y  p r e v e n t s  e th y l e n e  
b i n d i n g  t o  t h e  r e c e p to r  (Scha l le r  a n d  Bleecker ,  1995; 
R o d r i g u e z  e t  al .,  1999). A m u t a t i o n  w i t h i n  t h e  
e t h y l e n e - b i n d i n g  s i t e  o f  a n y  o n e  o f  t h e  f iv e  r e c e p to r  
i s o fo rm s  c a n  r e s u l t  in d o m i n a n t  e t h y l e n e  i n s e n s i t i v ­
ity ( C h a n g  e t a l . ,  1993; H u a  e t a l . ,  1995, 1998; Sakai  e t  
al. , 1998). T h e  e f fe c t  o f  d o m i n a n t  e th y l e n e - i n s e n s i t i v e  
m u t a t i o n s  is n o t  l im i te d  to  A r a b i d o p s i s  (W i lk in s o n  e t  
al. , 1997). T h e  A r a b i d o p s i s  etr1-1 m u t a n t  can  c o n fe r  
d o m i n a n t  e t h y l e n e  i n s e n s i t i v i ty  in  t r a n s g e n i c  t o m a t o  
(Lycopersicon esculentum; W i l k i n s o n  e t  al., 1997), a 
g e n e t i c  b a c k g r o u n d  in w h i c h  t o m a t o  w o u l d  b e  e x ­
p r e s s in g  its o w n  f a m i ly  o f  a t  l e a s t  f i v e  e t h y l e n e  r e ­
c e p to r s  ( T ie m a n  a n d  Klee, 1999). S im i la r ly ,  i n t r o d u c ­
t i o n  o f  m u t a n t  t o m a t o  e t h y l e n e  r e c e p to r s  in to  
A r a b i d o p s i s  a l s o  c o n fe r s  d o m i n a n t  e t h y l e n e  i n s e n s i ­
t iv i ty  ( T ie m a n  a n d  K lee ,  1999). In th is  s t u d y ,  w e  u se d  
t h e  m u t a n t  r e c e p t o r  etr1-1 as  a to o l  t o  e x a m i n e  e t h ­
y l e n e  s ig n a l  t r a n s d u c t i o n  in A r a b i d o p s i s ,  s t u d i e s  fa-

P l a n t  P h y s i o l .  V o l .  1 2 8 ,  2 0 0 2

c i l i t a te d  by t h e  d o m i n a n t  n a t u r e  of  t h i s  m u t a t i o n .  W e  
f o c u s e d  o n  t h e  ro le  t h a t  t h e  H is k i n a s e  d o m a i n  p la y s  
in m e d i a t i n g  t h e  e f fe c ts  o f t h e e t r 1 - 1  m u t a n t  r e c e p to r .  
O u r  r e s u l t s  le n d  i n s i g h t  in to  t h e  m e c h a n i s m  o f  d o m ­
in a n c e  o f  t h e  etr1-1 m u t a t i o n  a n d  a l s o  in to  t h e  g e n e ra l  
m e c h a n i s m  of  e t h y l e n e  s ig n a l  t r a n s d u c t i o n .

RESULTS

A G 2 Box M uta tion  E lim ina tes  His K inase  
Activity of th e  E thy lene  Receptor  ETR 1

T h e  E T R l  p r o t e i n  h a s  a  m o d u l a r  s t r u c t u r e ,  w i th  
H is  k i n a s e  a n d  r e c e iv e r  d o m a i n s  lo c a te d  in  t h e  
C - t e r m in a l  h a l f  o f  t h e  p r o t e i n  (Fig. 1A). T h e  H is  
k i n a s e  d o m a i n  c o n t a i n s  c o n s e r v e d  r e s i d u e s  c o n s i d ­
e r e d  e s se n t ia l  for  e n z y m a t i c  a c t iv i ty  b a s e d  o n  t h e  
w e l l - c h a r a c t e r i z e d  H i s  k in a s e s  o f  b a c t e r i a  (Stock e t  
al., 1995). T h e s e  i n c l u d e  a H is r e s i d u e  t h a t  s e rv e s  as  
t h e  p r e s u m p t i v e  s i t e  o f  a u t o p h o s p h o r y l a t i o n  a n d  a 
c a t a ly t i c  d o m a i n  w i t h  t w o  r e g i o n s  o f  c o n s e r v e d  Gly  
r e s i d u e s  r e f e r r e d  t o  a s  t h e  G1 a n d  G 2  b oxes .  T o
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F i g u r e  1 .  S t r u c t u r e  o f  E T R l  a n d  c o n s t r u c t s  u s e d  f o r  e x p e r i m e n t a l  
a n a l y s i s .  T h e  h y d r o p h o b i c  e t h y l e n e - s e n s i n g  d o m a i n ,  t h e  G A P  d o ­
m a i n ,  t h e  H i s  k i n a s e  d o m a i n ,  a n d  t h e  r e c e i v e r  d o m a i n  a r e  i n d i c a t e d .  
H  I n d i c a t e s  H i s - 3 5 3  a n d  D  i n d i c a t e s  A s p - 6 5 9 ,  t h e  p u t a t i v e  p h o s p h o r ­
y l a t i o n  s i t e s .  G 1  a n d  G 2  I n d i c a t e  p o s i t i o n s  o f  t h e  G 1  a n d  G 2  b o x e s  
w i t h i n  t h e  k i n a s e  d o m a i n .  A ,  D o m a i n s  o f  t h e  f u l l - l e n g t h  E T R l  p r o ­
t e i n .  P o s i t i o n s  o f  r e g i o n s  u s e d  t o  g e n e r a t e  t h e  a n t i - E T R l ( 1 6 5 - 4 0 0 )  
a n d  a n t i - E T R  1 ( 4 0 1 - 7 3 8 }  a n t i b o d i e s  a r e  i n d i c a t e d .  B, V e r s i o n s  o f  
E T R l  e x p r e s s e d  a s  g l u t a t h i o n e  S - t r a n s f e r a s e  ( G S T )  f u s i o n s  i n  y e a s t .  C ,  
V e r s i o n s  o f  E T R l  e x p r e s s e d  a s  t r a n s g e n e s  i n  A r a b i d o p s i s .

1 4 2 9

1 0 4
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a n a l y z e  H i s  k i n a s e  a c t iv i ty  o f  E T R l ,  w e  t r a n s g e n i -  
ca l ly  e x p r e s s e d  s o l u b l e  p o r t i o n s  o f  t h e  p r o t e i n  as  
f u s io n s  w i t h  GST (Fig. IB) in  y e a s t  (Saccharomyces 
cerevisiae; G a m b l e  e t  al., 1998). A s  s h o w n  in F ig u r e  2, 
t h e  p u r i f i e d  G ST-ETR 1 f u s i o n  e x h ib i t s  a u t o p h o s ­
p h o r y l a t io n  a c t iv i ty .  T h e  i n c o r p o r a t e d  p h o s p h a t e  is 
r e s i s t a n t  t o  a lka l i  t r e a t m e n t ,  b u t  is s e n s i t i v e  t o  ac id  
t r e a t m e n t ,  c o n s i s t e n t  w i t h  p h o s p h o r y l a t i o n  o f  a H is  
r e s i d u e  (Fig. 2; D u c lo s  e t  al., 1991). W e  h a v e  s h o w n  
p r e v i o u s l y  t h a t  a u t o p h o s p h o r y l a t i o n  can  b e  a b o l ­
i s h e d  by m u t a t i o n s  t h a t  e l i m i n a t e  e i th e r  t h e  p r e ­
s u m p t i v e  s i t e  o f  a u t o p h o s p h o r y l a t i o n  (H is-353)  or 
r e s i d u e s  w i t h i n  t h e  G 1 b o x  o f  t h e  c a ta ly t i c  d o m a i n  of  
E T R l  ( G a m b l e  e t  al., 1998). M u t a t i o n  o f  t h e  G 2  box  is 
a l s o  p r e d i c t e d  t o  a b o l i s h  H is  k i n a s e  a c t iv i ty  b e c a u s e  
it  c o n ta in s  c o n s e r v e d  r e s i d u e s  im p l i c a t e d  in A T P  
b i n d i n g  (B i lw es  e t  al., 1998).  W e  o b s e r v e d  n o  p h o s ­
p h o r y l a t io n  in a GST-ETR 1 f u s i o n  c o n t a i n i n g  a m u ­
t a t e d  G 2 box  (G545A a n d  G 547A ) ,  d e m o n s t r a t i n g  t h e  
n e c e s s i ty  o f  t h e  G 2  b o x  fo r  H is k i n a s e  ac t iv i ty  (Fig.  2). 
W e s t e r n - b l o t  a n a ly s i s  w a s  p e r f o r m e d  t o  c o n f i rm  
e q u i v a l e n t  p r o t e i n  l o a d in g .

E f f e c t  o f  a  G 2  B o x  M u t a t i o n  i n  t h e  E t h y l e n e  
R e c e p t o r  o n  t h e  S e e d l i n g  G r o w t h  R e s p o n s e

T o  s t u d y  t h e  In v i v o  e f fec ts  o f  m u t a t i o n s  in  t h e  
E T R l  e t h y l e n e  r e c e p to r ,  w e  to o k  a d v a n t a g e  o f  t h e  
e t h y l e n e - i n d u c e d  " t r i p l e  r e s p o n s e "  in  s e e d l in g s  
( K n ig h t  e t  ai., 1910).  E th y l e n e  h a s  a  p r o n o u n c e d  e f­
f e c t  u p o n  w i l d - t y p e  s e e d l i n g s  g r o w n  in t h e  d a r k .  A s  
s h o w n  in F i g u r e  3A, t h e  t r i p l e  r e s p o n s e  o f  A r a b i d o p ­
sis  s e e d l in g s  t o  e t h y l e n e  is c h a r a c t e r i z e d  by  a n  i n h i ­
b i t io n  o f  h y p o c o ty l  a n d  r o o t  e lo n g a t io n ,  a n  e x a g g e r ­
a t e d  ap ica l  h o o k ,  a n d  a t h i c k e n i n g  o f  t h e  h y p o c o ty l  
(B leecker  e t  al ., 1988; G u z m a n  a n d  Ecker ,  1990). T h e  
etr1-1 e t h y l e n e - i n s e n s i t i v e  m u t a n t  o f  A r a b i d o p s i s  
lack s  t h e  t r i p l e  r e s p o n s e  a n d  i n s t e a d  h a s  t h e  e l o n ­
g a t e d  h y p o c o ty l  a n d  c h a r a c t e r i s t i c  e t io l a t e d  m o r ­
p h o l o g y  o f  a n  a i r - g r o w n  s e e d l i n g  (Fig. 3A; B leecker  
e t  al., 1988).

T o  e x a m i n e  t h e  f u n c t i o n  o f  E T R l  a n d  etr1-1 as  
t r a n s g e n e s  in p l a n t a ,  7 .3 -kb  g e n o m i c  f r a g m e n t s  c o n ­
t a i n i n g  p r o m o t e r  a n d  c o d i n g  r e g io n s  w e r e  c lo n e d

A WT 6tr1-1 etr1-7

In vitro NaOH HCI Ab
WT G2 WT G2 WT G2 WT G2

F i g u r e  2 .  In  v i t r o  p h o s p h o r y l a t i o n  o f  E T R l .  A  w i l d - t y p e  ( W T )  a n d  
G 2 - b o x  m u t a n t  v e r s i o n  ( G 2 )  o f  t h e  f u s i o n - p r o t e i n  G S T - E T R l  w e r e  
e x a m i n e d  f o r  t h e  a b i l i t y  t o  a u t o p h o s p h o r y l a t e .  A f f i n i t y - p u r i f i e d  
p r o t e i n s  w e r e  i n c u b a t e d  w i t h  ^ ^ P - A T P ,  s u b j e c t e d  t o  S D S - P A G E ,  
th e n  t ra n s fe r r e d  to  n y lo n  m e m b r a n e  (In v itro ). P ro te in s  w e r e  th e n  
s e q u e n t i a l l y  t r e a t e d  w i t h  a l k a l i  ( N a O H )  a n d  a c i d  ( H C I ) .  I n c o r p o ­
r a t e d  p h o s p h a t e  w a s  v i s u a l i z e d  a f t e r  e a c h  t r e a t m e n t  b y  a u t o r a d i o g ­
r a p h y .  F i n a l l y ,  p r o t e i n  w a s  v i s u a l i z e d  b y  w e s t e r n  b l o t  u s i n g  t h e  
a n t i - E T R 1 ( 4 0 1 - 7 3 8 )  a n t i b o d y .

1 4 3 0
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T r a n s g e n i c  L i n e s  (etr1-7  b a c k g r o u n d )
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T r a n s g e n i c  L i n e s  ( e t r f - 7  b a c k g r o u n d )
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F i g u r e s .  E f f e c t  o f  m u t a n t  E T R l  r e c e p t o r s  u p o n  t h e  t r i p l e  r e s p o n s e  o f  
d a r k - g r o w n  s e e d l i n g s .  P h e n o t y p e s  o f  4 - d - o l d  s e e d l i n g s  g r o w n  In  3 5  

L L '  e t h y l e n e  a r e  s h o w n .  R e p r e s e n t a t i v e  s e e d l i n g s  f r o m  t h r e e  
I n d e p e n d e n t  l i n e s  f o r  e a c h  t r a n s g e n e  a r e  s h o w n .  T h e  l e v e l  o f  I m m u -  
n o d e t e c t a b l e  f u l l - l e n g t h  r e c e p t o r  f o r  e a c h  o f  t h e  p l a n t  l i n e s  w a s  
d e t e r m i n e d  b y  w e s t e r n - b l o t  a n a l y s i s  u s i n g  t h e  a n t l - E T R 1 ( 4 0 1 - 7 3 8 )  
a n t i b o d y .  A,  R e s p o n s e  o f  w i l d  t y p e  ( W T ) ,  t h e  e t h y l e n e - l n s e n s l t i v e  
m u t a n t  e t r l  - 1 ,  a n d  t h e  l o s s - o f - f u n c t l o n  m u t a n t  e t r l  - 7  t o  e t h y l e n e .  B, 
E t h y l e n e  r e s p o n s e  o f  t h e  w i l d - t y p e  A r a b i d o p s i s  t r a n s f o r m e d  w i t h  
E T R I ,  E T R K G 2 ) ,  e t r l - 1 ,  a n d  e t r l - 1 ( G 2 ) .  C ,  E t h y l e n e  r e s p o n s e  o f  t h e  
l o s s - o f - f u n c t l o n  e t r l - 7  l i n e  t r a n s f o r m e d  w i t h  E T R I ,  E T R I  ( G 2 ) ,  e t r l  - 1 ,  
a n d  e t r 1 - 1 ( G 2 ) .

in to  p l a n t  t r a n s f o r m a t i o n  v e c t o r s  a n d  u s e d  t o  t r a n s ­
f o r m  A r a b i d o p s i s .  T r a n s g e n i c  s e e d l i n g s  w e r e  in i ­
t ia l ly  id e n t i f i e d  o n  t h e  b a s i s  o f  k a n a m y c i n  r e s i s t a n c e  
(kan '') , a n d  t h e  s u b s e q u e n t  g e n e r a t i o n  w a s  s c o re d  for
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Mutational Analysis of the  Ethylene Receptor ETRI

e t h y l e n e  s e n s i t i v i t y  b a s e d  o n  t h e  t r i p i e  r e s p o n s e .  
T r a n s f o r m a t i o n  o f  w i l d - t y p e  p l a n t s  w i t h  t h e  et r l -1  
g e n o m i c  c lo n e  y i e l d e d  e t h y l e n e - i n s e n s i t i v e  p l a n t s  
w i t h  h ig h  f r e q u e n c y  ( T a b le  I; Fig. 3B). In  c o n t r a s t ,  all 
o f  t h e  p l a n t s  t r a n s f o r m e d  w i t h  a w i l d - t y p e  ETRI 
g e n o m i c  f r a g m e n t  d i s p l a y e d  t h e  n o r m a l  t r i p l e  r e ­
s p o n s e  t o  e t h y l e n e  ( T a b le  I; Fig. 3B). T h e  e x p r e s s io n  
level o f  ETR I  p r o t e i n  in  t r a n s g e n i c  p l a n t s  w a s  d e t e r ­
m i n e d  by  p e r f o r m i n g  w e s t e r n - b i o t  a n a ly s i s  o n  m e m ­
b r a n e s  i s o l a t e d  f r o m  e t io l a t e d  s e e d l in g s  (Fig. 3B). 
B o th  t h e  E TR I  a n d  e t r l -1  t r a n s g e n i c  l ines  h a d  h ig h e r  
lev e ls  o f  t h e  i m m u n o d e t e c t a b l e  p r o t e in  w h e n  c o m ­
p a r e d  w i t h  t h e  level  in  w i l d - t y p e  s e e d l in g s ;  t h i s  is 
c o n s i s t e n t  w i t h  e x p r e s s i o n  o f  t h e  t r a n s g e n e .  T h e  
a m o u n t  o f  i m m u n o d e t e c t a b l e  p r o t e in  w a s  s im i la r  in 
b o th  t h e  ETR I  a n d  e tr l -1  t r a n s g e n i c  lines;  th e r e fo r e ,  
a n  i n c r e a s e d  level  o f  e x p r e s s i o n  c a n n o t  a c c o u n t  for  
t h e  e t h y l e n e  i n s e n s i t i v i ty  o b s e r v e d  in  t h e  e t r l -1  t r a n s ­
g e n i c  lines.

T h e  w i l d - t y p e  a n d  e t r l -1  g e n o m i c  f r a g m e n t s  w e r e  
m u t a t e d  t o  e l i m i n a t e  r e s i d u e s  o f  t h e  G 2  box  (Fig. 1C). 
T h e  G 2  b o x  w a s  c h o s e n  fo r  m u t a t i o n  b e c a u s e  it  e l im ­
in a te s  H is  k i n a s e  a c t iv i ty  o f  ETRI (Fig. 2). in  a d d i ­
t io n ,  m u t a t i o n  o f  t h e  G 2 box  s h o u l d  e l i m i n a t e  a n y  
p o te n t i a l  p h o s p h a t a s e  a c t iv i ty  o f  t h e  p r o t e in  (Y ang  
a n d  in o u y e ,  1993), a n  a d d i t i o n a l  e n z y m a t i c  ac t iv i ty  
f o u n d  in  s o m e  b a c te r ia l  H i s  k in a s e s .  W i l d - t y p e  p l a n t s  
t r a n s f o r m e d  w i t h  etr1-1(G2) y i e l d e d  e th y le n e -  
i n s e n s i t i v e  s e e d l i n g s  w i t h  h ig h  f r e q u e n c y ,  b u t  all 
w l l d - t y p e  p l a n t s  t r a n s f o r m e d  w i t h  ETR1(G2) d i s ­
p l a y e d  t h e  t r i p l e  r e s p o n s e  t o  e t h y l e n e  (T a b le  I; Fig. 
3B). I m m u n o d e t e c t a b l e  E TR I  p r o t e in  in t h e E T R 1 ( G 2 )  
a n d  etr1-1(G2) t r a n s g e n i c  l in es  d e m o n s t r a t e d  s im i la r  
v a r i a b i l i t y  in  t h e i r  e x p r e s s i o n  leve ls ,  a n d  w e r e  a b o v e  
t h e  level o f  E T R I  in w i l d - t y p e  s e e d l in g s .  T h u s ,  t h e  
e t h y l e n e  i n s e n s i t i v e  p h e n o t y p e  p r o d u c e d  by  etr l -1  
d o e s  n o t  r e q u i r e  e n z y m a t i c  ac t iv i ty  o f  t h e  H is k in a s e  
d o m a i n .  E th y l e n e  in s e n s i t i v i ty  is d o m i n a n t  b e c a u s e  
t h e  g e n e t i c  b a c k g r o u n d  c o n ta in s  w i l d - t y p e  E T R I .

T o  e x a m i n e  t h e  e f fe c t  o f  t h e  t r a n s g e n e s  in a  b a c k ­
g r o u n d  t h a t  ia c k e d  E T R I ,  w e  t r a n s f o r m e d  t h e  s a m e  
c o n s t ru c t s  in to  t h e  e t r l - 7  g e n e t i c  b a c k g r o u n d .  T h e  
e t r l - 7  m u t a n t  is a  l o s s -o f - fu n c t io n  a l le le  o f  E T R I  t h a t  
a r i se s  f ro m  a s to p  c o d o n  a t  T r p 7 4  ( H u a  a n d  M e y e r ­
o w i tz ,  1998). D a r k - g r o w n  s e e d l in g s  o f  e t r l - 7  a r e  r e ­
s p o n s i v e  t o  e th y l e n e  (Fig. 3A) a n d  d o  n o t  m a k e  a n y  
i m m u n o d e t e c t a b l e  ETR I  p r o t e in  (Fig.  3C). T h e  e t h y l ­
e n e  r e s p o n s iv e n e s s  o f  t h e  e t r l - 7  m u t a n t  is m e d i a t e d  by 
t h e  r e m a i n i n g  fo u r  m e m b e r s  o f  t h e  e t h y l e n e  r e c e p to r  
f a m i ly .  R e su l t s  f r o m  t h e  e x p r e s s io n  o f  t r a n s g e n e s  in 
t h e  e t r l - 7  b a c k g r o u n d  w e r e  s im i la r  t o  t h o s e  o b t a in e d  
w i t h  t h e  w i l d - ty p e  b a c k g r o u n d  (T a b le  I; Fig. 3). Both 
e t r l -1  a n d  etr1-1(G2) c o n f e r r e d  e t h y l e n e  in se n s i t iv i ty  
u p o n  t r a n s g e n i c  e t r l - 7  s e e d l in g s .  C o n t ro l  l ines t r a n s ­
f o r m e d  w i th  ETRI o r  ETR1(G2) w e r e  r e s p o n s i v e  to  
e th y le n e .  T h e  levels  o f  i m m u n o d e t e c t a b l e  ETR I  p r o ­
te in  c o r r e s p o n d  t o  e x p r e s s io n  f r o m  t h e  t r a n s g e n e  b e ­
c a u s e  o f  t h e  a b s e n c e  o f  e n d o g e n o u s  ETR 1 p r o t e in  (Fig. 
3C). T h u s ,  k in a s e  a c t iv i ty  is n o t  r e q u i r e d  for  t h e  e th ­
y l e n e  in se n s i t iv i ty  c o n f e r r e d  by  e t r l -1  in a g e n e t ic  
b a c k g r o u n d  t h a t  lacks  w l l d - t y p e  E TR I.

E f f e c t  o f  a  T r u n c a t e d  R e c e p t o r  o n  t h e  S e e d l i n g  
G r o w t h  R e s p o n s e

T o  f u r t h e r  a s s e s s  t h e  r o l e  o f  t h e  C - t e r m in a l  h a l f  o f  
E T R I  in  e t h y l e n e  r e s p o n s e s ,  w e  g e n e r a t e d  t r u n c a t e d  
v e r s i o n s  o f  t h e  r e c e p t o r  t h a t  l a c k e d  t h e  H i s  k in a s e  
a n d  re c e iv e r  d o m a i n s .  T r u n c a t e d  v e r s i o n s  o f  t h e  r e ­
c e p to r  w e r e  c o d e d  fo r  in  t h e  7 .3 -k b  g e n o m i c  f r a g ­
m e n t s  by  m u t a t i o n  o f  M e t3 5 0  t o  a s t o p  c o d o n  (Fig. 1). 
A l t h o u g h  n o n s e n s e - m e d i a t e d  d e c a y  o f  m R N A s  c o n ­
t a i n i n g  p r e m a t u r e  s t o p  c o d o n s  h a s  b e e n  d e m o n ­
s t r a t e d  t o  o c c u r  in  p l a n t s  ( v a n  H o o f  a n d  G r e e n ,  1996), 
w e  h a v e  o b s e r v e d  t h a t  m e s s a g e  is still p r o d u c e d  f ro m  
t h e  ET R I  lo s s -o f - fu n c t io n  m u t a t i o n s  t h a t  c o n t a i n  p r e ­
m a t u r e  s t o p  c o d o n s  (X. Q u  a n d  G .E . S ch a l le r ,  u n p u b ­
l i sh e d  d a t a ) .  T h u s ,  by  t h e  i n t r o d u c t i o n  o f  s t o p

T a b l e  1. E t h y l e n e  s e n s i t i v i t y  o f  t r a n s g e n i c  l i n e s
T r a n s g e n i c :  l i n e s  w e r e  i n i t i a l l y  i d e n t i f i e d  o n  t h e  b a s i s  o f  k a n ^  S e e d s  f r o m  t h e  s u b s e q u e n t  g e n e r a t i o n  

o f  e a c h  l i n e  w e r e  t h e n  s c r e e n e d  f o r  t h e  p r e s e n c e  o f  e t h y l e n e - i n s e n s i t i v e  s e e d l i n g s  u s i n g  t h e  t r i p l e ­
r e s p o n s e  a s s a y .

T r a n s g e n e B a c k g r ou n d kan*  ̂ Lines Ethy lene -  
l n sen s l t iv e  Lines

Ethy lene -  
I n sen s i t iv e  Lines

E T R I W T 1 0 0

%

0
E T R K G 2 ) W T 1 2 0 0
E T R K 1 - 3 4 9 ) W T 1 6 0 0
e t r l - 1 W T 1 4 1 3 9 3
e t r l - l ( G 2 ) W T 1 0 1 0 1 0 0
e t r l - 1 ( 1 - 3 4 9 ) W T 1 2 1 0 8 3
E T R I e t r l - 7 1 2 0 0
E T R K G 2 ) e t r l - 7 1 3 0 0
ETR 1 ( 1 - 3 4 9 ) e t r l - 7 2 2 0 0
e t r l - 1 e t r l  - 7 1 7 1 3 7 6
e t r 1 - 1 ( G 2 ) e t r l - 7 2 0 1 5 7 5
e t r l - 1 ( 1 - 3 4 9 ) e t r l - 7 1 6 7 4 4
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c o d o n s ,  t r u n c a t e d  v e r s i o n s  o f  ET R I  c a n  th e o re t i c a l ly  
b e  p r o d u c e d  t h a t  p r e s e r v e  d o w n s t r e a m  n o n - c o d i n g  
d e t e r m i n a n t s  o f  e x p r e s s io n .  M u t a n t  v e r s io n s  o f  t h e  
r e c e p to r  w e r e  c l o n e d  in to  a  p l a n t  t r a n s f o r m a t i o n  v e c ­
to r  a n d  u s e d  t o  t r a n s f o r m  A r a b i d o p s i s .

Transgenic Lines (WT background)
ETR 1(1-349) eW-1(1-349)

Transgenic Lines (WT background) 
WT ETRI (1-349) etr1-1(1-349~

(1-349)

B Transgenic U'nes {elrh?  background)
ETR1(1~349) etr1-1(1-349)

Transgenic tin e s  background)
WT 0trf~7 E T R 1 { i5 9 ) ^1-1(1.349)'

F t

(1-349)

F i g u r e  4 .  E f f e c t  o f  t h e  E T R l ( l - 3 4 9 )  a n d  e t r 1 - l ( 1 - 3 4 9 )  m u t a n t  r e ­
c e p t o r s  u p o n  t h e  t r i p l e  r e s p o n s e .  T h e  E T R 1 ( 1 - 3 4 9 )  a n d  e t r 1 - 1 ( 1 -  
3 4 9 )  t r a n s g e n e s  w e r e  t r a n s f o r m e d  I n t o  e i t h e r  w i l d - t y p e  A r a b i d o p s i s  
(A) o r  I n t o  t h e  l o s s - o f - f u n c t l o n  e t r l - 7  l i n e  (B).  R e p r e s e n t a t i v e  s e e d ­
l i n g s  f r o m  t h r e e  I n d e p e n d e n t  l i n e s  f o r  e a c h  t r a n s g e n e  a r e  s h o w n  
a f t e r  4  d  g r o w t h  I n  3 5  L L  ̂ e t h y l e n e .  T h e  l e v e l  o f  I m m u n o d e ­
t e c t a b l e  f u l l - l e n g t h  r e c e p t o r  (FL) f o r  e a c h  o f  t h e  p l a n t  l i n e s  w a s  
d e t e r m i n e d  b y  w e s t e r n - b l o t  a n a l y s i s  u s i n g  t h e  a n t l - E T R 1 ( 4 0 1 - 7 3 8 )  
a n t i b o d y  w i t h  1 0  g  p r o t e i n .  T h e  l e v e l  o f  I m m u n o d e t e c t a b l e  p r o ­
t e i n  f o r  t h e  t r u n c a t e d  r e c e p t o r s  ( 1 - 3 4 9 )  w a s  d e t e r m i n e d  u s i n g  t h e  
a n t i - E T R I  ( 1 6 5 - 4 0 0 )  a n t i b o d y .

1 4 3 2

A s s h o w n  in T a b le  I a n d  F ig u re  4A, w i l d - t y p e  p la n t s  
t r a n s f o r m e d  w i th  e t r1 -1(1-349)  y i e ld e d  e th y le n e -  
l n s e n s l t iv e  s e e d l in g s  a t  h ig h  f r e q u e n c y .  In c o n t r a s t ,  all 
w l l d - t y p e  p l a n t s  t r a n s f o r m e d  w i t h  t h e  c o n t ro l  
ETR 1(1-349)  w e r e  s e n s i t i v e  t o  e t h y l e n e .  A n  i m m u n o ­
d e t e c t a b l e  p r o t e i n  w a s  r e c o g n i z e d  by  a n  a n t i b o d y  
g e n e r a t e d  a g a i n s t  a m i n o  a c id s  165 t h r o u g h  400  of  
E T R I  (Fig. 4A) in t h e  t r a n s g e n i c  l in es  a t  a  m o le c u la r  
m a s s  c o n s i s t e n t  w i t h  t h a t  o f  a t r u n c a t e d  r e c e p to r .  A s  
e x p e c t e d ,  w e  still o b s e r v e d  t h e  f u l l - l e n g th  ET R I  r e ­
c e p to r  e n d o g e n o u s  t o  t h e  w i l d - t y p e  l in e  in to  w h i c h  
t h e  t r a n s g e n e s  w e r e  t r a n s f o r m e d  (Fig. 4A ).  T h e  leve ls  
o f  f u l l - l e n g th  ETR I  d e t e c t e d  In t h e  t r a n s g e n i c  l ines  
w e r e  s im i la r  t o  t h o s e  f o u n d  in t h e  c o n t ro l  w i l d - t y p e  
l ine,  i n d i c a t i n g  t h a t  e x p r e s s i o n  o f  t h e  t r u n c a t e d  r e ­
c e p to r  d id  n o t  a f fe c t  e x p r e s s i o n  o f  t h e  n a t i v e  fu l l-  
l e n g th  r e c e p to r .  B a se d  o n  t h e s e  r e s u l t s ,  w e  c o n c l u d e d  
t h a t  a t r u n c a t e d  v e r s i o n  o f  t h e  e t r l - 1  m u t a n t  r e c e p to r  
l a c k in g  t h e  FI is k i n a s e  a n d  r e c e iv e r  d o m a i n s  w a s  still 
c a p a b l e  o f  c o n f e r r i n g  d o m i n a n t  e t h y l e n e  in se n s i t i v i ty  
u p o n  w i l d - t y p e  p l a n t s .

E TR 1(1 -349)  a n d  e t r1 -1 (1 -3 4 9 )  w e r e  a l s o  t r a n s ­
f o r m e d  i n to  t h e  e t r l - 7  g e n e t i c  b a c k g r o u n d  o f  A r a b i ­
d o p s i s  s o  a s  t o  o b s e r v e  t h e i r  e f fe c ts  o n  a  p l a n t  t h a t  
lack s  E T R I .  E th y l e n e  in s e n s i t i v i ty  w a s  o b s e r v e d  in 
p l a n t s  t r a n s f o r m e d  w i t h  e t r1 -1 (1 -3 4 9 ) ,  b u t  n o t  in 
p l a n t s  t r a n s f o r m e d  w i t h  t h e  c o n t ro l  ETR 1(1-349)  (Ta- 
b le  I; Fig. 4 8 ) .  W e s t e r n - b l o t  a n a l y s i s  c o n f i r m e d  t h a t  
t h e  t r a n s g e n i c  e t r l - 7  l in es  l a c k e d  t h e  f u l l - l e n g th  ETRI 
r e c e p to r  b u t  e x p r e s s e d  a t r u n c a t e d  v e r s i o n  o f  t h e  
r e c e p to r .

Q u a n t i t a t i v e  A n a l y s i s  o f  t h e  S e e d l i n g  G r o w t h  
R e s p o n s e  t o  E t h y l e n e

T o  g a in  m o r e  i n f o r m a t i o n  a b o u t  t h e  e t h y l e n e  i n ­
se n s i t i v i t y  c o n f e r r e d  by t h e  t r a n s g e n e s ,  w e  p e r ­
f o r m e d  a q u a n t i t a t i v e  a n a ly s i s .  W e  p r i m a r i l y  f o c u s e d  
o n  t h e  t r a n s g e n i c  e t r l - 7  l in es  b e c a u s e ,  l a c k in g  t h e  
n a t i v e  ET R I  r e c e p to r ,  t h e  level  o f  p r o t e i n  e x p r e s s i o n  
f r o m  t h e  t r a n s g e n e  c a n  b e  i m m u n o l o g ic a l l y  d e t e r ­
m i n e d .  Q u a n t i t a t i v e  a n a l y s i s  o f  e t h y l e n e  r e s p o n s e s  
w a s  p e r f o r m e d  w i t h  t r a n s g e n i c  l in es  t h a t  s e g r e g a t e d  
fo r  k a n '  a s  s i n g l e  loci , u s i n g  h o m o z y g o u s  s e e d  o b ­
t a i n e d  f r o m  p la n t s  a l l o w e d  t o  s e l f -p o l l in a te .  For  e ach  
t r a n s g e n e ,  t w o  i n d e p e n d e n t  t r a n s g e n i c  l in es  w e r e  
c h a r a c t e r i z e d  t h a t  h a d  b e e n  s c o re d  a s  e t h y l e n e  i n s e n ­
s i t i v e  b a s e d  o n  t h e i r  lack  o f  a t r i p l e - r e s p o n s e  p h e n o ­
ty p e .  S e e d l in g s  w e r e  g r o w n  in t h e  d a r k  in e t h y l e n e  
c o n c e n t r a t i o n s  r a n g i n g  f r o m  0  t o  1,000 L L a n d  
h y p o c o ty l  l e n g t h s  m e a s u r e d  a f t e r  4  d  g r o w t h .  T r a n s ­
g e n ic  l in es  c o n t a i n i n g  d i f f e r e n t  v e r s i o n s  o f  e t r l -1  
w e r e  c o m p a r e d  w i t h  c o n t r o l  u n t r a n s f o r m e d  l ines.

A s  s h o w n  in  F i g u r e  5, A t h r o u g h  D, t w o  i n d e p e n ­
d e n t  t r a n s g e n i c  e t r l - 7  l i n e s  c o n t a i n i n g  t h e  e t r l - 1  a n d  
etr l -1  (G2) t r a n s g e n e s  s h o w e d  n o  r e s p o n s i v e n e s s  to  
e t h y l e n e  e v e n  a t  t h e  h i g h e s t  e t h y l e n e  c o n c e n t r a t i o n  
t e s te d  (1,000 L L ') . In c o n t r a s t ,  t w o  I n d e p e n d e n t  
t r a n s g e n i c  e t r l - 7  l in es  c o n t a i n i n g  t h e  e t r1 -1(1-349)
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F i g u r e  5 .  E t h y l e n e  d o s e  r e s p o n s e  c u r v e s  o f  h y p o c o t y l  g r o w t h  f o r  
e t r l - 1  m u t a n t s .  D o s e  r e s p o n s e  c u r v e s  f r o m  t w o  I n d e p e n d e n t  t r a n s ­
g e n i c  l i n e s  ( b l a c k  c i r c l e s ,  T G )  f o r  e a c h  t r a n s g e n e  a r e  s h o w n .  R e s u l t s  
a r e  s h o w n  f o r  e t r l - 1  (A a n d  B) , e t r l - l ( G 2 )  (C a n d  D ) ,  a n d  e t r l - 1 ( 1 -  
3 4 9 )  (E a n d  F) i n  t h e  e t r l - 7  b a c k g r o u n d .  R e s u l t s  a r e  a l s o  s h o w n  f o r  
e t r l - 1  ( 1 - 3 4 9 )  I n  a  w i l d - t y p e  b a c k g r o u n d  (G a n d  H ) .  F o r  c o m p a r i s o n ,  
e t h y l e n e  d o s e  r e s p o n s e  c u r v e s  a r e  s h o w n  f o r  c o n t r o l  w l l d - t y p e  ( b l a c k  
s q u a r e )  a n d  e t r l - 7  ( b l a c k  t r i a n g l e )  h y p o c o t y l s .  V a l u e s  r e p r e s e n t  t h e  
m e a n s  s o  o f  2 5  m e a s u r e m e n t s .  N D ,  N o  d e t e c t a b l e  e t h y l e n e .

t r a n s g e n e  d i d  s h o w  s o m e  r e s p o n s i v e n e s s  t o  e t h y l e n e  
(Fig. 5, E a n d  F). In l in e  1 o f  e t r1 -1 ( l -3 4 9 ) ,  h y p o c o ty l  
l e n g th  d e c r e a s e d  f r o m  9.6 t o  5.7 m m .  In l in e  2 of  
e tr1 -1 (1 -349) ,  h y p o c o ty l  l e n g th  d e c r e a s e d  f ro m  10.5 
t o  7.0 m m .  In t h e  c o n t ro l  u n t r a n s f o r m e d  e t r l - 7  line, 
h y p o c o ty l  l e n g th  d e c r e a s e d  f ro m  9.7 t o  1.8 m m .  T h u s ,  
l in e  1 h a d  a m a x i m u m  e t h y l e n e  r e s p o n s e  o f  49% a n d  
l i n e  2 h a d  a m a x i m u m  e t h y l e n e  r e s p o n s e  o f  44% 
c o m p a r e d  w i t h  t h e  c o n t ro l .  T h e  p a r t ia l  e t h y l e n e  r e ­
s p o n s i v e n e s s  o f  t h e  e tr1 -1 (1 -349)  t r a n s g e n i c  l ines 
d o e s  n o t  r e s u l t  f r o m  a s h i f t  In e t h y l e n e  se n s i t iv i ty  
b e c a u s e  t h e  s e e d l i n g s  s h o w e d  n o  s ig n i f i c a n t  c h a n g e  
in  h y p o c o ty l  l e n g t h  f r o m  1 to  1 ,000 L L ' e t h y le n e .  
In  c o n t r a s t  t o  w h a t  w e  o b s e r v e d  In t h e  e t r l - 7  back -
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g r o u n d ,  t w o  w i l d - t y p e  l in es  t r a n s f o r m e d  w i t h  e t r l -  
1(1-349)  t r a n s g e n e  s h o w e d  n o  r e s p o n s i v e n e s s  t o  e t h ­
y l e n e  o v e r  all  e t h y l e n e  c o n c e n t r a t i o n s  t e s te d  (Fig.  5, 
G a n d  H).

W este rn-B lo t  A na lys is  of  T ra n s g e n ic  Lines

W e  p e r f o r m e d  w e s t e r n - b l o t  a n a l y s i s  t o  g a in  i n f o r ­
m a t i o n  o n  e x p r e s s i o n  o f  t h e  t r a n s g e n e s  a t  t h e  p r o t e in  
level .  W e s t e r n - b l o t  a n a l y s i s  w a s  p e r f o r m e d  o n  m e m ­
b r a n e s  i s o l a t e d  f r o m  t h e  s a m e  t r a n s g e n i c  l ines  u s e d  
fo r  t h e  q u a n t i t a t i v e  s e e d l i n g  g r o w t h  r e s p o n s e  a s sa y .  
T h e  fu l l - l e n g th  r e c e p t o r  m i g r a t e d  a t  a m o le c u la r  
m a s s  o f  77 kD in t h e  p r e s e n c e  o f  r e d u c i n g  a g e n t ,  
c o n s i s t e n t  w i t h  t h e  p r e d i c t e d  m o l e c u l a r  m a s s  o f  82 
k D ,  a n d  w a s  r e c o g n i z e d  by  b o th  t h e  a n t i -E T R 1 (1 6 5 -  
400) a n d  t h e  an t i -ET R  1(401-738)  a n t i b o d i e s  (Fig.  6A). 
A s  e x p e c t e d ,  f u l l - l e n g th  r e c e p t o r  w a s  d e t e c t e d  in t h e  
w i l d - t y p e  a n d  e t r l -1  b a c k g r o u n d s ,  b u t  n o t  in t h e  
e t r l - 7  b a c k g r o u n d .  In a d d i t i o n ,  f u l l - l e n g th  r e c e p to r  
w a s  d e t e c t e d  in t h e  e t r l - 7  b a c k g r o u n d  w h e n  e t r l -1  
a n d  e t r1 -1 (G 2)  w e r e  t r a n s g e n i c a l l y  e x p r e s s e d .  A n a l ­
y s is  w i t h  t h e  an t i -ET R  1(401-738)  a n t i b o d y  c o n f i rm s
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F l g u r e 6 .  W e s t e r n - b l o t a n a l y s i s  o f t r a n s g e n i c  l i n e s  c o n t a i n i n g  m u t a n t  
v e r s i o n s  o f  e t r l - 1 .  M e m b r a n e  f r a c t i o n s  f r o m  e t i o l a t e d  A r a b i d o p s i s  
s e e d l i n g s  w e r e  I n c u b a t e d  i n  t h e  p r e s e n c e  (A) o r  a b s e n c e  (B) o f  1 0 0  
m M  d i t h l o t h r e l t o l  ( D T I )  f o r  1 h  a t  3 7 ® C .  P r o t e i n  (5 g)  w a s  s u b j e c t e d  
t o  S D S - P A G E  a n d  t h e n  a n a l y z e d  b y  w e s t e r n  b l o t  u s i n g  t h e  a n t i -  
E T R I  ( 1 6 5 - 4 0 0 )  a n d  a n t i - E T R I ( 4 0 1 - 7 3 8 )  a n t i b o d i e s .  A ,  E x p r e s s i o n  
l e v e l s  o f  w l l d - t y p e  a n d  m u t a n t  v e r s i o n s  o f  E T R I  i n  d i f f e r e n t  g e n e t i c  
b a c k g r o u n d s .  I n  t h e  p r e s e n c e  o f  d i e  r e d u c i n g  a g e n t  D T T ,  t h e  f u l l -  
l e n g t h  r e c e p t o r  m i g r a t e s  a s  a  7 7 - k D  m o n o m e r  a n d  t h e  t r u n c a t e d  
e t r l -1 ( 1 - 3 4 9 )  r e c e p t o r  m i g r a t e s  a s  a  3 6 - k D  m o n o m e r .  B, D i s u l f i d e -  
l i n k e d  d i m e r s  f o r m e d  b y  e t r l - 1 ( 1 - 3 4 9 )  e x p r e s s e d  In  w i l d - t y p e  a n d  
e t r l - 7  b a c k g r o u n d s .  P o s i t i o n s  o f  t h e  6 8 - k D  e t r l - 1 ( 1 - 3 4 9 )  h o -  
m o d l m e r  a n d  o f  t h e  p u t a t i v e  1 0 7 - k D  e t r 1 - 1 ( l - 3 4 9 ) : E T R l  d i m e r  a r e  
I n d i c a t e d .
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t h a t  n o  d e t e c t a b l e  f u l l - l e n g th  r e c e p to r  is p r e s e n t  in 
t h e  e t r l - 7  b a c k g r o u n d  l in e  w h e n  e x p r e s s i n g  t h e  t r u n ­
c a te d  e t r1 -1 (1 -3 4 9 )  r e c e p to r .  I t  s h o u l d  b e  n o t e d  t h a t  
t h e  an t i -ET R  1(165-400)  a n t i b o d y ,  b u t  n o t  t h e  a n t i -  
ET R 1(401-738)  a n t i b o d y ,  d e t e c t s  a m i n o r  p r o t e in  m i ­
g r a t i n g  a t  s l ig h t ly  l o w e r  m o l e c u l a r  m a s s  t h a n  t h e  
77-kD fu l l - l e n g th  r e c e p t o r  w h e n  e t r l -1  (1-349)  is e x ­
p r e s s e d  in  t h e  e t r l - 7  b a c k g r o u n d .  H o w e v e r ,  a s  d i s ­
c u s s e d  b e lo w ,  t h i s  p r o t e i n  is c o i n c i d e n t  w i t h  t h e  
68-kD  d i s u l f i d e - l i n k e d  d i m e r  o f  e t r1 -1 (1 -3 4 9 ) ,  a n d  
t h u s  a p p a r e n t l y  r e p r e s e n t s  r e s id u a l  p r o t e i n  t h a t  has  
n o t  b e e n  c o m p l e t e l y  r e d u c e d .  T h e  t r u n c a t e d  e th y l e n e  
r e c e p to r  e t r1 -1 (1 -3 4 9 )  m i g r a t e d  a t  a m o le c u la r  m a s s  
o f  36 kD in t h e  p r e s e n c e  o f  r e d u c i n g  a g e n t ,  c o n s i s t e n t  
w i t h  t h e  p r e d i c t e d  m o l e c u l a r  m a s s  o f  40  kD (Fig.  6A). 
T h e  t r u n c a t e d  e t h y l e n e  r e c e p to r  w a s  r e c o g n iz e d  by 
t h e  an t i -ET R  1(165-400)  a n t i b o d y  b u t  n o t  by t h e  a n t i -  
E T R K 4 0 1 -7 3 8 )  a n t i b o d y .

D i f fe r e n c e s  in p r o t e i n  e x p r e s s i o n  leve ls  w o u l d  r e p ­
r e s e n t  a t r iv ia l  e x p l a n a t i o n  fo r  t h e  d i f f e r e n c e s  in t h e  
e f fe c t iv e n e s s  o f  t h e  v a r i o u s  m u t a n t  f o r m s  o f  e t r l - 1  a t  
c o n f e r r in g  d o m i n a n t  e t h y l e n e  i n s e n s i t iv i ty .  H o w ­
e v e r ,  t h e  g r e a t e r  e f f e c t iv e n e s s  o f  e t r l -1  a n d  et r1 -1(G 2)  
c o m p a r e d  w i t h  e t r l - 1  (1 -349)  in t h e  e t r l - 7  b a c k ­
g r o u n d  d i d  n o t  c o r r e l a t e  w i t h  h i g h e r  lev e ls  o f  e x p r e s ­
s ion .  For  e x a m p l e ,  l in e  2 o f  e t r l -1  (G2) h a s  a  lo w e r  
level  o f  e x p r e s s i o n  t h a n  e i th e r  o f  t h e  e t r l -1  (1-349) 
l ines .  T h e s e  r e s u l t s  a r e  i n d i c a t i v e  t h a t  t h e  C - te r m in a l  
h a l f  of  t h e  p r o t e in ,  b u t  n o t  n e c e s s a r i ly  e n z y m a t i c  
a c t iv i ty ,  is r e q u i r e d  fo r  m a x im a l  e f fe c t iv e n e s s  o f  t h e  
e t r l - 1  m u t a n t .  In a d d i t i o n ,  t h e  g r e a t e r  e f fe c t iv e n e s s  
o f  e t r l -1  (1 -349)  in t h e  w i l d - t y p e  b a c k g r o u n d  c o m ­
p a r e d  w i t h  its e f fe c t iv e n e s s  in t h e  e t r l - 7  b a c k g r o u n d  
d id  n o t  c o r r e l a t e  w i t h  h i g h e r  leve ls  o f  e x p r e s s io n  in 
t h e  w l l d - t y p e  b a c k g r o u n d .  For  e x a m p le ,  t h e  h i g h e s t  
level o f  e t r1 -1 (1 -3 4 9 )  w a s  f o u n d  in l in e  2 in t h e  e t r l - 7  
b a c k g r o u n d .  T h e s e  r e s u l t s  a r e  s u g g e s t i v e  t h a t  t h e  
e f f e c t iv e n e s s  o f  e t r1 -1 (1 -3 4 9 )  is g r e a t e r  in t h e  p r e s ­
e n c e  o f  a f u l l - l e n g th  w i l d - t y p e  ET R I  r e c e p to r ,  p o t e n ­
t ia l ly  i n d i c a t i n g  s o m e  f o rm  o f  in t e r a c t i o n  b e t w e e n  
t h e  tw o .

T h e  e t h y l e n e  r e c e p to r  ET R I  h a s  b e e n  d e m o n s t r a t e d  
t o  f o rm  a  d i s u l f i d e - l i n k e d  d i m e r ,  m e d i a t e d  by  C y s -4  
a n d  C ys -6 ,  t h a t  h a s  a n  a p p a r e n t  m o l e c u l a r  m a s s  o f  
147 kD w h e n  a n a l y z e d  by  S D S -P A G E  (Scha l le r  e t a l . ,  
1995). T o  a s s e s s  w h e t h e r  t h e  t r u n c a t e d  e t r l -1  r e c e p to r  
w a s  still c a p a b l e  o f  d i m e r i z in g ,  w e  r a n  S D S -P A G E  in 
t h e  a b s e n c e  o f  r e d u c i n g  a g e n t  t o  p r e s e r v e  d i s u l f i d e  
l i n k a g e s  (Fig. 68) .  W h e n  v i s u a l i z e d  w i t h  a n t i -  
ETR 1(165-400) ,  a  s p e c i e s  w i t h  a n  a p p a r e n t  m o le c u la r  
m a s s  o f  68  kD w a s  o b s e r v e d  in b o th  w i l d - t y p e  a n d  
e t r l - 7  b a c k g r o u n d s .  T h is  o x id i z e d  sp e c ie s  is a p p r o x ­
im a te ly  t w i c e  t h e  m a s s  o f  t h e  36-kD  e t r l -1  (1-349) 
m o n o m e r  a n d  is n o t  r e c o g n i z e d  by  t h e  a n t i -  
E T R 1(401-738)  a n t i b o d y ,  c o n s i s t e n t  w i t h  t h e  sp e c ie s  
r e p r e s e n t i n g  a d i s u l f i d e - l i n k e d  d i m e r  o f  t h e  t r u n ­
c a te d  r e c e p to r .  I t  is i n t e r e s t i n g  t h a t  a s e c o n d  m a jo r  
i m m u n o d e t e c t a b l e  s p e c ie s  o f  107 kD w a s  o b s e r v e d  in 
t h e  w i l d - t y p e  b a c k g r o u n d ,  b u t  w a s  a b s e n t  f r o m  t h e

1 4 3 4

e t r l - 7  b a c k g r o u n d .  T h e  sp e c i e s  o f  107 kD is o f  a 
m o l e c u l a r  m a s s  c o n s i s t e n t  w i t h  t h a t  o f  a h e t e r o d i m e r  
b e t w e e n  e t r1 -1 (1 -3 4 9 )  a n d  t h e  n a t i v e  w i l d - t y p e  
E T R I .  T h e  p r e s e n c e  o f  t h e  n a t i v e  E T R I  a t  t h i s  m o le c ­
u l a r  m a s s  w a s  c o n f i r m e d  by  w e s t e r n  b lo t  w i t h  a n t i -  
E T R 1(401-738) ,  a n  a n t i b o d y  c a p a b l e  o f  r e c o g n i z i n g  
t h e  n a t i v e  f u l l - l e n g th  p r o t e i n  b u t  n o t  t h e  t r u n c a t e d  
e t r l - 1  p ro t e in .

D I S C U S S I O N

G e n e t i c  a n a ly s i s  s u p p o r t s  t h e  m o d e l  s h o w n  in F ig ­
u r e  7, w h e r e b y  e t h y l e n e  r e c e p t o r s  a c t iv e ly  r e p r e s s  
e t h y l e n e  r e s p o n s e s  in  t h e  a i r  (Fig. 7A; H u a  a n d  M e y ­
e r o w i t z ,  1998; B leecker ,  1999).  In t h e  p r e s e n c e  o f  e t h ­
y le n e ,  w i l d - t y p e  r e c e p t o r s  s w i t c h  to  a s i g n a l in g -  
i n a c t i v e  s t a t e  t h a t  a l l o w s  fo r  i n d u c t i o n  o f  e t h y l e n e  
r e s p o n s e s  (Fig. 78) .  A I t h o u g h  H is k i n a s e  ac t iv i ty  h a s  
b e e n  d e m o n s t r a t e d  fo r  t h e  e t h y l e n e  r e c e p to r  E TRI 
( G a m b l e  e t  al., 1998), t h e  ro l e  o f  t h i s  a c t iv i ty  in s ig ­
n a l i n g  is u n k n o w n .  S i m p l e  m u t a t i o n a l  a n a ly s i s  to  
u n c o v e r  t h e  f u n c t i o n  o f  t h e  H i s  k i n a s e  d o m a i n  is 
c o n f o u n d e d  by t h e  p r e s e n c e  o f  o th e r  n o n m u t a n t  
m e m b e r s  o f  t h e  r e c e p t o r  f a m i ly .  L o s s - o f - fu n c t io n  
m u t a t i o n s  in  i n d i v i d u a l  m e m b e r s  o f  t h e  r e c e p to r  
f a m i ly  h a v e  m i n im a l  e f fe c t  u p o n  t h e  a b i l i ty  o f  A ra -

AIR ETHYLENE
4 ^ 1  1 ^ #

[Ca; OR

R e p r e s s
Ethylene

Responses

A

R e p r e s s
Ethylene

R e s p o n s e s
c

R e p r e s s  
E t h y l e n e  E t h y l e n e

R e s p o n s e s  R e s p o n s e s
0  E

F i g u r e  7 .  M o d e l s  f o r  s i g n a l i n g  b y  w l l d - t y p e  a n d  m u t a n t  v e r s i o n s  o f  
t h e  e t h y l e n e  r e c e p t o r  E T R I . T h e  e t h y l e n e  r e c e p t o r  E T R I  c o n t a i n s  o n e  
e t h y i e n e - b l n d l n g  s i t e  p e r  h o m o - d i m e r ,  w i t h  e t h y l e n e  b i n d i n g  m e d i ­
a t e d  b y  a  s i n g l e  c o p p e r  I o n  ( C u )  p r e s e n t  i n  t h e  e t h y l e n e  b i n d i n g  s i t e .  
In  a i r ,  r e c e p t o r s  a c t i v e l y  r e p r e s s  e t h y l e n e  r e s p o n s e s  (A).  In  e t h y l e n e ,  
r e c e p t o r s  a r e  i n a c t i v a t e d ,  t h e r e b y  r e l i e v i n g  r e p r e s s i o n  o f  t h e  e t h y l e n e  
r e s p o n s e  p a t h w a y  (B). T h e  e t r l - 1  m u t a t i o n  ( i n d i c a t e d  b y  a  w h i t e  
c i r c l e )  e l i m i n a t e s  b i n d i n g  o f  t h e  n e c e s s a r y  c o p p e r  c o f a c t o r  s o  t h a t  t h e  
r e c e p t o r  r e p r e s s e s  e t h y l e n e  r e s p o n s e s  e v e n  i n  t h e  p r e s e n c e  o f  e t h y l ­
e n e  (C) .  A  t r u n c a t e d  e t r l  -1 (1 - 3 4 9 )  r e c e p t o r  i s  s t i l l  a b l e  t o  r e p r e s s  t h e  
e t h y l e n e  r e s p o n s e s .  T h i s  c o u l d  a r i s e  b e c a u s e  o f  i n n a t e  s i g n a l i n g  
a c t i v i t y  o f  t h e  e t r l - 1 ( 1 - 3 4 9 )  r e c e p t o r  (D ) .  A l t e r n a t i v e l y ,  e t r l - 1 ( 1 -  
3 4 9 )  c o u l d  " c o n v e r t "  a  f u l l - l e n g t h  w l l d - t y p e  r e c e p t o r  t o  a  e t h y l e n e -  
i n s e n s i t i v e  s i g n a l i n g  s t a t e  (E). A  d i m e r  b e t w e e n  t h e  t r u n c a t e d  e t r l -  
1 ( 1 - 3 4 9 )  r e c e p t o r  a n d  a  f u l l - l e n g t h  w i l d - t y p e  E T R I  r e c e p t o r  d o e s  n o t  
b i n d  e t h y l e n e  a n d  c o n s e q u e n t l y  t h e  E T R I  p o r t i o n  o f  t h e  d i m e r  
r e p r e s s e s  e t h y l e n e  r e s p o n s e s .
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b i d o p s i s  t o  r e s p o n d  t o  e t h y l e n e  ( H u a  a n d  M e y e r o ­
w i t z ,  1998). W e  f o u n d  t h a t  a G 2  b o x  m u t a t i o n  a n d  a 
t r u n c a t i o n  o f  ETR I  h a d  n o  a p p a r e n t  ef fec t  o n  t h e  
a b i l i ty  o f  t h e  p i a n t t o  r e s p o n d  t o  e th y l e n e .  H o w e v e r ,  
e t h y l e n e  r e s p o n s e s  c o u ld  still b e  m e d i a t e d  by a n ­
o th e r  m e m b e r  o f  t h e  r e c e p to r  f a m i ly ,  s u c h  as  E R S l ,  
w h i c h  c o n t a i n s  a H i s  k i n a s e  d o m a i n  w i t h  all t h e  
c o n s e r v e d  r e s i d u e s  r e q u i r e d  fo r  ac t iv i ty  ( H u a  e t  ai., 
1995).

T h e  p r o b i e m s  i n h e r e n t  in m u t a t i o n a l  a n a ly s i s  o f  a 
g e n e  f a m i ly  c a n  b e  c i r c u m v e n t e d  in p a r t  by  u s e  of  
g a in - o f - f u n c t io n  m u t a t i o n s  su c h  as e t r l -1 .  T h e  e t r l -1  
m u t a n t  r e c e p t o r  o f  A r a b i d o p s i s  is a p p a r e n t l y  lo c k e d  
in to  t h e  s i g n a l i n g  s t a t e  t h a t  it  h a s  in  t h e  a b s e n c e  o f  
e th y le n e .  T h is  s t a t e  a r i s e s  a s  a c o n s e q u e n c e  o f  t h e  
m u t a n t  r e c e p t o r ' s  in a b i l i ty  t o  b in d  e th y ie n e ,  s o  t h a t  it 
r e p r e s s e s  e t h y l e n e  r e s p o n s e s  e v e n  in t h e  p r e s e n c e  of  
e t h y i e n e  (Fig. 7C; S c h a l ie r  a n d  B leecker ,  1995). Be­
c a u s e  e t r l - 1  r e m a i n s  lo c k e d  in  its a c t iv e  s t a te  in  t h e  
p r e s e n c e  o f  e th y le n e ,  w h e n  o t h e r  m e m b e r s  o f  t h e  
r e c e p to r  f a m i ly  a r e  s i g n a l i n g  in a c t iv e ,  m u t a t i o n a l  
a n a ly s i s  o f  e t r l - 1  can  l e n d  i n s i g h t  in to  t h e  r e q u i r e ­
m e n t s  fo r  s i g n a l i n g  by t h e  r e c e p to r .  O u r  f o c u s  in  th is  
s e t  o f  e x p e r i m e n t s  h a s  b e e n  o n  e t r l - 1  a n d  t h e  ro le  of  
t h e  H is  k i n a s e  d o m a i n  in  s ig n a i in g .

O u r  d a t a  i n d i c a t e  t h a t  e n z y m a t i c  a c t iv i ty  is n o t  
r e q u i r e d  fo r  t h e  e t h y l e n e  in s e n s i t i v i ty  c o n f e r r e d  by 
t h e  m u t a n t  e t r l - 1  r e c e p to r .  W e  f o u n d  t h a t  a n  e t r l -1  
m u t a n t  t h a t  c o n t a i n s  a  G 2  box  m u t a t i o n  w a s  a s  e f­
f e c t iv e  a s  e t r l - 1  i t se i f  in c o n f e r r i n g  e t h y l e n e  i n s e n s i ­
t iv i ty .  A s  d e m o n s t r a t e d  in t h i s  r e p o r t ,  t h e  G 2 -b o x  
m u t a t i o n  e l im in a t e s  H is  k in a s e  ac t iv i ty  in E T R I ;  th is  
m u t a t i o n  is a l s o  p r e d i c t e d  t o  e l i m i n a t e  a n y  p o t e n ­
tial p h o s p h a t a s e  ac t iv i ty  o f  t h e  p r o t e i n  (Y an g  a n d  
in o u y e ,  1993). I t  h a s  b e e n  r e p o r t e d  p r e v i o u s l y  t h a t  
e t r l - 1  is still a b l e  t o  c o n fe r  d o m i n a n t  e t h y l e n e  i n s e n ­
s i t iv i ty  w h e n  t h e  H is  a n d  A s p  r e s i d u e s  p r e d i c t e d  to  
s e r v e  as  p h o s p h o r y l a t i o n  s i te s  a r e  m u t a t e d  ( C h a n g  
a n d  M e y e r o w i t z ,  1995). T h e s e  d a t a  a r e  c o n s i s t e n t  
w i t h  t h e  f i n d i n g  t h a t  e th y l e n e - i n s e n s i t i v e  m u t a n t s  
c a n  b e  g e n e r a t e d  in  t h e  e t h y l e n e  r e c e p to r s  ETR2, 
ERS2, a n d  E IN 4, all o f  w h i c h  c o n ta in  d i v e r g e d  H is  
k in a s e  d o m a i n s  p r e d i c t e d  t o  lack H is k in a s e  ac t iv i ty  
( H u a  e t  al., 1998; S aka i  e t  al., 1998). In a d d i t i o n ,  a 
t o m a t o  e t h y l e n e  r e c e p to r  w i t h  d i v e r g e d  k in a s e  d o ­
m a i n  a p p e a r s  a b l e  t o  f u n c t io n a l ly  c o m p e n s a t e  fo r  a n  
e t h y l e n e  r e c e p to r  c o n t a i n i n g  a c o n s e r v e d  k in a s e  d o ­
m a i n  ( T ie m a n  e t  al., 2000).

W e  a l s o  f o u n d  t h a t  e t h y l e n e  in se n s i t i v i ty  c o u ld  b e  
c o n f e r r e d  by  t h e  t r u n c a t e d  e t r1 -1 (1 -3 4 9 )  r e c e p to r  t h a t  
l ack s  t h e  C - t e r m in a l  h a l f  o f  t h e  p r o t e i n  c o n t a i n i n g  t h e  
H is  k i n a s e  d o m a i n .  T h e  t r u n c a t e d  e t r1 -1 (1 -3 4 9 )  r e ­
c e p to r  c o n f e r r e d  c o m p l e t e  d o m i n a n t  e t h y l e n e  i n s e n ­
s i t iv i ty  u p o n  w i l d - t y p e  s e e d l in g s .  H o w e v e r ,  e t r1 -1 (1 -  
349) d i d  n o t  c o n fe r  e t h y l e n e  In se n s i t iv i ty  as  
e f fe c t iv e ly  a s  f u l l - l e n g th  v e r s i o n s  o f  e t r l - 1 ,  w h e n  a n ­
a ly z e d  in t h e  e t r l - 7  g e n e t i c  b a c k g r o u n d  t h a t  lacks  
E T R I .  D o s e  r e s p o n s e  c u r v e s  In d i c a t e  t h a t  t h e  e t h y l ­
e n e  r e s p o n s i v e n e s s  o f  t h e s e  s e e d l i n g s  w a s  r e d u c e d .
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r a t h e r  t h a n  t h e  se n s i t i v i t y  o f  t h e  s e e d l i n g s  t o  e t h y i e n e  
s h i f t e d  s u c h  t h a t  h i g h e r  le v e is  o f  e t h y l e n e  w e r e  r e ­
q u i r e d  t o  i n i t i a t e  t h e  r e s p o n s e .  P a r t ia i  e t h y l e n e  i n s e n ­
s i t iv i ty  w i t h  a s im i la r  r e s p o n s e  t o  e t h y l e n e  t r e a t m e n t  
h a s  b e e n  o b s e r v e d  in g e n e  d o s a g e  e x p e r i m e n t s  in 
w h i c h  t h e  r a t io  o f  w i l d - t y p e  t o  m u t a n t  e t r l -1  g e n e s  
w a s  in c r e a s e d  by u s e  o f  a t r i p i o i d  b a c k g r o u n d  (Hall  
e t  al., 1999).  P ar t ia l  e t h y l e n e  i n s e n s i t i v i ty  h a s  a l s o  
s o m e t i m e s  b e e n  o b s e r v e d  w h e n  f u i l - l e n g t h  e t r l -1  is 
e x p r e s s e d  a s  a t r a n s g e n e  in a  w i l d - t y p e  b a c k g r o u n d ,  
p r e s u m a b l y  b e c a u s e  o f  lo w  e x p r e s s i o n  o f  t h e  t r a n s ­
g e n e  ( C h a n g  e t  al., 1993).

U s e  o f  t h e  e t r l - 7  b a c k g r o u n d  a l l o w e d  u s  t o  d i r e c t ly  
c o m p a r e  p r o t e in  e x p r e s s i o n  le v e ls  f r o m  t h e  v a r i o u s  
t r a n s g e n e s  e n c o d i n g  f u i l - i e n g t h  a n d  t r u n c a t e d  r e c e p ­
to r s .  T h e  d e c r e a s e d  e f f e c t iv e n e s s  o f  e t r1 -1 (1 -3 4 9 )  in 
t h e  e t r l - 7  b a c k g r o u n d  d i d  n o t  c o r r e i a t e  w i t h  a r e ­
d u c e d  p r o t e i n  level  c o m p a r e d  w i t h  t h e  fu l l - i e n g th  
v e r s i o n s  o f  e t r l - 1 .  T h u s ,  o u r  a n a l y s i s  o f  t h e  t r u n c a t e d  
r e c e p to r  s u p p o r t s  a r o le  f o r  t h e  C - t e r m in a l  h a l f  o f  
e t r l - 1  in t h e  ab i i i ty  t o  c o n f e r  e t h y l e n e  i n s e n s i t iv i ty .  
T h e  ro l e  o f  t h e  C - t e r m in a l  h a l f  f o r  e t h y l e n e  i n s e n s i ­
t iv i ty  c o u id  b e  in  s ig n a l  o u t p u t ,  p o t e n t i a l l y  fo r  i n t e r ­
a c t io n s  w i t h  d o w n s t r e a m  s i g n a l i n g  f a c to r s  s u c h  as 
C T R l  (K ie b e r  e t  al ., 1993; C la r k  e t  al .,  1998) b e c a u s e  
w e  f o u n d  n o  e v i d e n c e  t h a t  H i s  k i n a s e  a c t iv i ty  w a s  
r e q u i r e d  fo r  e t h y l e n e  in s e n s i t i v i ty .  A l t e r n a t i v e l y ,  t h e  
C - t e r m in a l  h a l f  c o u l d  b e  i m p o r t a n t  fo r  p r o p e r  f o l d in g  
o f  t h e  p ro t e in ;  in  s u c h  cases ,  t h e  p r o t e i n  leve ls  for  
e t r1 -1 (1 -3 4 9 )  d e t e r m i n e d  b y  w e s t e r n - b l o t  a n a ly s i s  
m a y  n o t  a c c u r a t e ly  r e f l e c t  t h e  level  o f  f u n c t io n a l  
p ro t e in .

It is s u r p r i s i n g  t h a t  a l t h o u g h  t h e  C - t e r m in a l  h a l f  of  
e t r l -1  in c r e a s e d  t h e  a b i i i ty  o f  e t r l - 1  t o  c o n fe r  e t h y i ­
e n e  in se n s i t i v i ty  u n d e r  s o m e  c o n d i t i o n s ,  it  w a s  n o t  
e s se n t i a l  t o  th i s  a b i l i ty .  T h u s ,  t h e  t r u n c a t e d  v e r s i o n  o f  
e t r l - 1  is a b l e  to  st i l l  m e d i a t e  t h e  a c t i v e  r e p r e s s i o n  o f  
e t h y l e n e  r e s p o n s e s .  O n e  e x p l a n a t i o n  fo r  t h i s  ab i l i ty  
w o u i d  b e  t h a t  t h e  e t r l - 1  (1 -349)  r e c e p t o r  is d i r e c t ly  
c a p a b l e  o f  s ig n a l  o u t p u t  (Fig. 7D), p o t e n t i a l l y  
t h r o u g h  its G A F  d o m a i n  ( A r a v i n d  a n d  P o n t in g ,
1997), t h e  f u n c t i o n  o f  w h i c h  h a s  n o t  b e e n  d e t e r m i n e d  
fo r  t h e  e t h y l e n e  r e c e p to r s .  A l t e r n a t i v e l y ,  t h e  e t r  1-1(1-  
349) r e c e p t o r  m i g h t  b e  i n c a p a b i e  o f  s ig n a l  o u t p u t  
itself , b u t  b e  a b le  t o  " c o n v e r t "  o t h e r  w i l d - t y p e  r e c e p ­
to r s  t o  a n  e t h y l e n e - i n s e n s i t i v e  s i g n a l i n g  s t a te  (Fig. 
7E). O n e  m e t h o d  by  w h i c h  s u c h  c o n v e r s i o n  c o u id  
o c c u r  is s u g g e s t e d  by  o u r  e v i d e n c e  t h a t  e t r1 -1 (1 -3 4 9 )  
c a n  f o rm  a  d i s u i f i d e - l i n k e d  d i m e r  w i t h  w i i d - t y p e  
E T R I .  S t u d i e s  by R o d r i g u e z  e t a l .  (1999) s u p p o r t  t h e  
e x i s te n c e  o f  a s in g ie  e t h y l e n e - b i n d i n g  s i te  p e r  ETRI 
d i m e r .  A s  a c o n s e q u e n c e ,  a d i m e r  o f  e t r1 -1 (1 -3 4 9 )  
a n d  ET R I  w o u l d  l ike ly  r e s u l t  in n e i th e r  p o l y p e p t i d e  
b e in g  a b l e  t o  b in d  e t h y l e n e  b e c a u s e  o f  t h e  m u t a t i o n
w i t h i n  t h e  s h a r e d  e t h y l e n e - b i n d i n g  d o m a i n  ( F i g .  7 E ) .  
T h e  ETR I  p o r t i o n  o f  a n  e t r1 -1 (1 -3 4 9 ) :E T R  1 d i m e r  
t h u s  w o u l d  r e m a i n  in a  s i g n a l i n g - a c t i v e  s t a t e  a n d  stiii 
r e p r e s s  e t h y l e n e  r e s p o n s e s  in t h e  p r e s e n c e  o f  e t h y l ­
e n e .  O u r  f i n d in g  t h a t  t h e  t r u n c a t e d  e t r1 -1 (1 -3 4 9 )  re-

1 4 3 5

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gamble et al.

c e p to r  a p p e a r e d  t o  b e  m o r e  e f fe c t iv e  a t  c o n f e r r in g  
e t h y l e n e  i n s e n s i t i v i ty  w h e n  a n a l y z e d  in  a g e n e t i c  
b a c k g r o u n d  t h a t  still h a d  a f u l l - i e n g th  w i i d - t y p e  
ETRI r e c e p t o r  is s u g g e s t i v e  t h a t  i n t e r a c t io n s  b e t w e e n  
e t r1 -1 (1 -3 4 9 )  a n d  w i l d - t y p e  E TR I  m a y  b e  o f  p h y s i o ­
logical  r e le v a n c e .

D i m e r i z a t i o n  o f  e t r  1-1 (1 -349)  w i t h  E TR I  r e p r e s e n t s  
a m e c h a n i s m  by  w h i c h  ET R I  c o u id  b e  c o n v e r t e d  to  
a n  e t h y l e n e - i n s e n s i t i v e  s i g n a i i n g  s ta te .  W h e t h e r  e t r l -  
1(1-349)  is c a p a b l e  o f  c o n v e r t i n g  o th e r  m e m b e r s  of  
t h e  e t h y l e n e  r e c e p to r  f a m i ly  b e s id e s  E T R I  t o  a n  
e t h y l e n e - i n s e n s i t i v e  s i g n a l i n g  s t a t e  r e m a i n s  a n  o p e n  
q u e s t io n .  In  t h e  e t r l - 7  b a c k g r o u n d ,  e t r1 -1 (1 -349)  p r e ­
d o m i n a n t l y  f o r m e d  d i s u l f i d e - l i n k e d  h o m o d i m e r s ,  
e v e n  t h o u g h  f o u r  n o n - E T R I  m e m b e r s  o f  t h e  A r a b i ­
d o p s i s  e t h y l e n e  r e c e p to r  f a m i ly  w e r e  p r e s e n t .  H o w ­
ev e r ,  d i f f e r e n t  m e m b e r s  o f  t h e  e t h y l e n e  r e c e p to r  f a m ­
ily c o u ld  p o te n t i a l l y  i n t e r a c t  t h r o u g h  n o n - c o v a i e n t  
a s s o c ia t io n s .  In b a c te r i a .  H is  k in a s e s  a n d  t h e  r e la te d  
c h e m o r e c e p t o r s  f o rm  n o n - c o v a le n t ly  l i n k e d  d i m e r s  
t h a t  a r e  i m p o r t a n t  in s ig n a l  p r o p a g a t i o n  (P a n  e t  ai., 
1993; P a r k i n s o n ,  1993).  In a d d i t i o n ,  b ac te r ia l  c h e m o ­
r e c e p to r s  a r e  h y p o t h e s i z e d  t o  p r o p a g a t e  s ig n a ls  
t h r o u g h  n o n c o v a l e n t  a s s o c i a t i o n s  w i t h  n e i g h b o r i n g  
r e c e p to r s  a s  l a r g e  m u l t i m e r i c  c o m p l e x e s  (Bray  e t  al.,
1998). T h e  d i s c o v e ry  f ro m  cry s ta l  s t r u c t u r e  t h a t  t h e  
r e c e iv e r  d o m a i n s  o f  ETR I  f o r m  n o n - c o v a ie n t ly  
l in k e d  d i m e r s  is i n d i c a t i v e  t h a t  n o n c o v a l e n t  a s s o c i a ­
t i o n s  b e t w e e n  e t h y l e n e  r e c e p to r s  m a y  p la y  a n  i m p o r ­
t a n t  r o l e i n  s i g n a l i n g  ( M u l i e r - D i e c k m a n n  e t a l . ,  1999).

M A T E R I A L S  A N D  M E T H O D S  

E x p r e s s i o n  i n  Y e a s t  ( S a c c h a r o m y c e s  c e r e v i s i a e )

F o r  e x p r e s s i o n  o f  G S T  f u s i o n s  i n  y e a s t ,  t h e  v e c t o r  
p E G ( K T )  w a s  u s e d  ( M i t c h e l l  e t  a i . ,  1 9 9 3 ) .  T h i s  v e c t o r  c o n ­
t a i n s  t h e  G S T  d o m a i n  u n d e r  c o n t r o l  o f  a  G a i - i n d u c i b i e  
p r o m o t e r  a n d  a l l o w s  f o r  u r a c i l  s e l e c t i o n  i n  y e a s t .  T h e  G S T  
f u s i o n s  w e r e  d e s i g n e d  t o  e x p r e s s  t h a t  p o r t i o n  o f  E T R I  
c o r r e s p o n d i n g  t o  a m i n o  a c i d s  1 6 4  t h r o u g h  7 3 8  ( G a m b l e  e t  
a l . ,  1 9 9 8 ) .  S i t e - d i r e c t e d  m u t a t i o n  o f  E T R I  w a s  p e r f o r m e d  
u s i n g  t h e  A l t e r e d  S i t e s  M u t a g e n e s i s  S y s t e m  ( P r o m e g a ,  
M a d i s o n ,  W I )  a c c o r d i n g  t o  t h e  m a n u f a c t u r e r  a n d  c o n ­
f i r m e d  b y  s e q u e n c i n g .  T h e  G 2 - b o x  m u t a t i o n  c o d e d  f o r  a  
c o n v e r s i o n  o f  G l y - 5 4 5  ( G G G )  t o  A l a  ( G C G )  a n d  a  c o n v e r ­
s i o n  o f  G l y - 5 4 7  ( G G C )  t o  A l a  ( G C C ) .  T r a n s f o r m a t i o n  o f  
y e a s t ,  i s o l a t i o n  o f  G S T  f u s i o n  p r o t e i n s ,  a n d  I n  v i t r o  a n a l y s i s  
o f  H i s  k i n a s e  a c t i v i t y  w a s  p e r f o r m e d  a s  p r e v i o u s l y  d e ­
s c r i b e d  ( G a m b l e  e t  a l . ,  1 9 9 8 ) .  U p o n  r e q u e s t ,  t h e s e  c o n ­
s t r u c t s  a n d  a l l  n o v e l  m a t e r i a l s  d e s c r i b e d  i n  t h i s  p u b l i c a t i o n  
w i l l  b e  m a d e  a v a i l a b l e  i n  a  t i m e l y  m a n n e r  f o r  n o n c o m m e r ­
c i a l  r e s e a r c h  p u r p o s e s .

E x p r e s s i o n  i n  A r a b i d o p s i s

F o r  e x p r e s s i o n  o f  E T R  1 i n  A r a b i d o p s i s ,  a  7 . 3 - k b  g e n o m i c  
c l o n e  c o n t a i n i n g  p r o m o t e r ,  c o d i n g ,  a n d  d o w n s t r e a m  s e ­
q u e n c e  ( C h a n g  e t  a l . ,  1 9 9 3 )  w a s  l i g a t e d  i n t o  t h e  B a m H  I a n d  
S a i l  s i t e s  o f  t h e  b i n a r y  v e c t o r  p B I N 1 9  ( B e v a n ,  1 9 8 4 )  a s
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p r e v i o u s l y  d e s c r i b e d  ( H a l l  e t  a l . ,  1 9 9 9 ) .  F o r  e x p r e s s i o n  o f  
e t r l - 1 ,  a  7 . 3 - k b  g e n o m i c  c l o n e  w i t h  B a m H  I l i n k e r s  ( C h a n g  e t  
a l . ,  1 9 9 3 )  w a s  l i g a t e d  i n t o  p B I N 1 9 .  F o r  c o n s t r u c t i o n  o f  
s i t e - d i r e c t e d  m u t a t i o n s ,  t h e  E T R I  a n d  e t r l - 1  g e n o m i c  
c l o n e s  w e r e  s u b c l o n e d  i n t o  p A  L T E R I I  a n d  m u t a t i o n s  m a d e  
u s i n g  t h e  A l t e r e d  S i t e s  M u t a g e n e s i s  S y s t e m  ( P r o m e g a ) .  T o  
p r o d u c e  t r u n c a t e d  v e r s i o n s  o f  t h e  r e c e p t o r ,  s i t e - d i r e c t e d  
m u t a t i o n s  w e r e  I n t r o d u c e d  t h a t  c o n v e r t e d  t h e  c o d o n  
f o r  M e t - 3 5 0  ( A T G )  I n t o  a  S t o p  c o d o n  ( T A G ) .  S i t e - d i r e c t e d  
m u t a n t s  w e r e  c o n f i r m e d  b y  s e q u e n c i n g ,  e x c i s e d  f r o m  t h e  
p A L T E R I I  v e c t o r ,  a n d  s u b c l o n e d  i n t o  p B I N  1 9 .

C o n s t r u c t s  i n  t h e  p B I N 1 9  v e c t o r  w e r e  i n t r o d u c e d  i n t o  
A g r o b a c t e r i u m  t u m e f a c i e n s  s t r a i n  G V 3 1 0 1  a n d  u s e d  t o  t r a n s ­
f o r m  A r a b i d o p s i s  e c o t y p e  C o l u m b i a  b y  t h e  d i p p i n g  
m e t h o d  ( B e n t  a n d  C l o u g h ,  1 9 9 8 ) .  S e e d s  w e r e  p l a t e d  o n t o  
a g a r  p l a t e s ,  a n d  t r a n s f o r m e d  p l a n t s  s e l e c t e d  b a s e d  o n  k a n '  
( 5 0  g  m l  ' ) .  P l a n t s  w e r e  a l l o w e d  t o  s e l f - p o l l i n a t e  a n d  
h o m o z y g o u s  l i n e s  I d e n t i f i e d  I n  s u b s e q u e n t  g e n e r a t i o n s .  
A r a b i d o p s i s  p l a n t s  w e r e  g r o w n  I n  a  3 : 1  ( v / v )  m i x t u r e  o f  
M e t r o m i x  3 6 0 ( S c o t t s - S i e r r a  H o r t i c u l t u r a l  P r o d u c t s ,  M a r y s ­
v i l l e ,  O H )  t o  p e r l i t e ,  a n d  w a t e r e d  w i t h  1 0 %  ( v / v )  H o a g l a n d  
s o l u t i o n .  P l a n t s  w e r e  m a i n t a i n e d  i n  a n  e n v i r o n m e n t a l  
g r o w t h  c h a m b e r  a t  2 2 ° C  w i t h  a n  1 8 - h  d a y l e n g t h .

P C R  w a s  u s e d  t o  c o n f i r m  t h e  p r e s e n c e  o f  t h e  G 2  m u t a ­
t i o n  i n  t h e  e t r 1 - 1 ( G 2 )  t r a n s g e n i c  l i n e  ( e t r l - 7  b a c k g r o u n d ) .  
S e e d l i n g  t i s s u e  w a s  a l k a l i  t r e a t e d  a n d  P C R  p e r f o r m e d  a s  
d e s c r i b e d  ( K l i m y u k  e t a l . ,  1 9 9 3 )  u s i n g  P f u  D N A  p o l y m e r a s e  
( S t r a t a g e n e ,  L a  J o l l a ,  C A ) .  A m p l i f i c a t i o n  w a s  p e r f o r m e d  u s ­
i n g  5  p r i m e r  A T G C T C A T G A T C T G T C T A C G C T A C G  a n d  3  
p r i m e r  T T A C C C T C C A T C A G A T T C A C A A A C C .  T h e  P C R  
p r o d u c t  w a s  c l o n e d  I n t o  t h e  v e c t o r  p s t B l u e - 1  a c c o r d i n g  t o  
t h e  m a n u f a c t u r e r  ( N o v a g e n ,  M a d i s o n ,  W I ) ,  a n d  t h e  r e g i o n  
e n c o d i n g  t h e  G 2  b o x  s e q u e n c e d .

S e e d l i n g  G r o w t h  R e s p o n s e  A s s a y s

T o  e x a m i n e  t h e  t r i p l e  r e s p o n s e  o f  s e e d l i n g s  t o  e t h y l e n e  
( C h e n  a n d  B l e e c k e r ,  1 9 9 5 ;  H a l l  e t  a l . ,  1 9 9 9 ) ,  s e e d s  w e r e  
p l a t e d  o n  p e t r l  d i s h e s  c o n t a i n i n g  o n e - h a l f - s t r e n g t h  M u -  
r a s h i g e  a n d  S k o o g  b a s a l  m e d i a  w i t h  G a m b o r g ' s  v i t a m i n s  
( S i g m a ,  S t .  L o u i s )  a n d  0 . 8 %  ( w / v )  a g a r .  A m i n o e t h y l v i n y l -  
G l y  ( 5  m )  w a s  i n c l u d e d  I n  t h e  g r o w t h  m e d i a  t o  I n h i b i t  
e t h y l e n e  b i o s y n t h e s i s  b y  t h e  s e e d l i n g s .  P l a t e s  w e r e  p l a c e d  
a t  4 ° C  i n  t h e  d a r k  f o r  2  d  t o  h e l p  c o o r d i n a t e  s e e d  g e r m i ­
n a t i o n ,  a n d  t h e n  p l a c e d  a t  2 2 ° C  u n d e r  f l u o r e s c e n t  l i g h t  f o r  
8  h .  P l a t e s  w e r e t h e n  p l a c e d  i n  4 - L  c o n t a i n e r s  a n d  s e e d l i n g s  
g r o w n  i n  t h e  d a r k .  F o r  t h e  e x p e r i m e n t s  s h o w n  i n  F i g u r e s  3  
a n d  4 ,  f l o w - t h r o u g h  c o n t a i n e r s  w e r e  u s e d  w i t h  a n  e t h y l e n e  
c o n c e n t r a t i o n  o f  3 5  L L ' .  F o r  t h e  e x p e r i m e n t  s h o w n  i n  
F i g u r e  5 ,  e t h y l e n e  w a s  a d d e d  t o  s e a l e d  c o n t a i n e r s  a t  t h e  
d e s i r e d  c o n c e n t r a t i o n .  S e e d l i n g s  w e r e  e x a m i n e d  a f t e r  4  d ,  
t i m e  0  c o r r e s p o n d i n g  t o  w h e n  t h e  p l a t e s  w e r e  r e m o v e d  
f r o m  4 ° C  a n d  b r o u g h t  t o  2 2 ° C .  T o  m e a s u r e  h y p o c o t y l  
l e n g t h ,  s e e d l i n g s  w e r e  g r o w n  o n  v e r t i c a l l y  o r i e n t e d  p l a t e s .  
S e e d l i n g s  o n  t h e  p l a t e s  w e r e  s c a n n e d  u s i n g  P h o t o s h o p  
( A d o b e S y s t e m s ,  M o u n t a i n  V i e w ,  C A )  a n d  a  L a C l e  s c a n n e r ,  
a n d  m e a s u r e m e n t s  m a d e  u s i n g  N I H  I m a g e  ( v e r s i o n  1 . 6 0 ,  
N a t i o n a l  I n s t i t u t e s  o f  H e a l t h ,  B e t h e s d a ,  M D ) .

P l a n t  P h y s i o l .  V o l .  1 2 8 ,  2 0 0 2
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M e m b r a n e  P r o t e i n  i s o l a t i o n

F o r  i s o i a t i o n  o f  A r a b i d o p s i s  m e m b r a n e s ,  4 - d - o i d  e t i o -  
i a t e d  s e e d i i n g s  (1  g )  w e r e  h o m o g e n i z e d  a t  4 ° C  I n  e x t r a c t i o n  
b u f f e r  ( 5 0  m m  I r i s ,  p H  8 . 0 ;  1 5 0  m m  N a C i ;  1 0  m m  E D T A ;  
a n d  2 0 % [ v / v ]  g i y c e r o i )  c o n t a i n i n g  1 m m  p h e n y i m e t h y i s u i -  
f o n y i  f i u o r i d e ,  1 0  g  m l  i e u p e p t i n ,  a n d  1 g  m L  '  
p e p s t a t i n  a s  p r o t e a s e  i n h i b i t o r s .  T h e  h o m o g e n a t e  w a s  
s t r a i n e d  t h r o u g h  M i r a c i o t h  ( C a i b i o c h e m - N o v a b l o c h e m ,  
S a n  D i e g o )  a n d  c e n t r i f u g e d  a t  8 , 0 0 0 g  f o r  1 5  m i n .  T h e  s u ­
p e r n a t a n t  w a s  c e n t r i f u g e d  a t  1 0 0 , 0 0 0 g  f o r  3 0  m i n ,  a n d  t h e  
m e m b r a n e  p e i i e t  r e s u s p e n d e d  i n  1 0  m m T r l s ,  p H  7 . 5 ;  1 5 0  
m m  N a C i ;  1 m m  E D T A ;  a n d  1 0 %  ( v / v )  g i y c e r o i  w i t h  p r o ­
t e a s e  i n h i b i t o r s .  P r o t e i n  c o n c e n t r a t i o n  w a s  d e t e r m i n e d  b y  a  
m o d i f i c a t i o n  o f  t h e  L o w r y  m e t h o d ,  i n  w h i c h  m e m b r a n e  
p r o t e i n s  w e r e  e x t r a c t e d  w i t h  0 . 4 %  ( w / v )  d e o x y c h o l a t e  
( S c h a i i e r  a n d  D e W i t t ,  1 9 9 5 ) .  B o v i n e  s e r u m  a i b u m i n  w a s  
u s e d  a s  t h e  p r o t e i n  s t a n d a r d .

W e s t e r n - B i o t  A n a i y s i s

P r o t e i n s  w e r e  r e s u s p e n d e d  i n  S D S /  P A G E  l o a d i n g  b u f f e r  
i n  t h e  a b s e n c e  o r  p r e s e n c e  o f  1 0 0  m m  D T T  ( S c h a i i e r  e t  a i . ,  
1 9 9 5 ) .  T h e  r e d u c t a n t  D T T  w a s  l e f t  o u t  o f  t h e  l o a d i n g  b u f f e r  
w h e n  i t  w a s  d e s i r e d  t o  p r e s e r v e  t h e  d i s u i f i d e - i i n k e d  d i m e r  
o f  E T R I  ( S c h a i i e r  e t  a i . ,  1 9 9 5 ) .  M e m b r a n e  p r o t e i n s  w e r e  
t r e a t e d  a t  3 7 ° C  f o r  1 h  a n d  t h e n  f r a c t i o n a t e d  b y  S D S - P A G E  
o n  e i t h e r  8 %  o r  1 0 %  ( w /  v )  p o l y a c r y l a m i d e  g e l s  ( L a e m m l i ,  
1 9 7 0 ) .  A f t e r  e l e c t r o p h o r e s i s ,  p r o t e i n s  w e r e e i e c t r o b i o t t e d  t o  
i m m o b i i o n  n y l o n  m e m b r a n e  ( M i i i i p o r e ,  B e d f o r d ,  M A ) .  
T w o  a n t i b o d i e s  w e r e  u s e d  f o r  w e s t e r n - b i o t  a n a i y s i s .  O n e  
a n t i b o d y ,  t e r m e d  a n t i - E T R  1 ( 4 0 1 - 7 3 8 ) ,  w a s  g e n e r a t e d  
a g a i n s t  a m i n o  a c i d s  4 0 1  t h r o u g h  7 3 8  o f  E T R I  ( S c h a i i e r  e t  
a i . ,  1 9 9 5 ) ,  a n d  w a s  u s e d  t o  i d e n t i f y  v e r s i o n s  o f  E T R I  t h a t  
c o n t a i n e d  t h e  H i s  k i n a s e  d o m a i n .  A  s e c o n d  a n t i b o d y ,  
t e r m e d  a n t i - E T R  1 ( 1 6 5 - 4 0 0 ) ,  w a s  g e n e r a t e d  a g a i n s t  a m i n o  
a c i d s  1 6 5  t h r o u g h  4 0 0  o f  E T R I  ( S c h a i i e r  e t  a i . ,  1 9 9 5 ) ,  a n d  
w a s  u s e d  t o  i d e n t i f y  t r u n c a t e d  v e r s i o n s  o f  E T R  1 t h a t  i a c k e d  
t h e  H i s  k i n a s e  d o m a i n .  T h e  a n t i - E T R  1 ( 1 6 5 - 4 0 0 )  a n t i b o d y  
r e c o g n i z e s  t h e  d i m e r i c  f o r m  o f  E T R I  p r e f e r e n t i a l l y  o v e r  t h e  
m o n o m e r i c  f o r m  ( S c h a i i e r  e t  a i . ,  1 9 9 5 )  s o ,  u n l e s s  i n d i c a t e d  
o t h e r w i s e ,  a n a i y s i s  w i t h  t h e  a n t i - E T R  1 ( 1 6 5 - 4 0 0 )  a n t i b o d y  
w a s  p e r f o r m e d  o n  p r o t e i n s  t h a t  w e r e  n o t  t r e a t e d  w i t h  D T T .  
i m m u n o d e c o r a t e d  p r o t e i n s  w e r e  v i s u a l i z e d  b y  e n h a n c e d  
c h e m i l u m i n e s c e n c e  d e t e c t i o n  a c c o r d i n g  t o  t h e  m a n u f a c ­
t u r e r  ( P i e r c e  C h e m i c a l ,  R o c k f o r d ,  I L ) .

F o r  t h e  r e s u l t s  s h o w n  i n  F i g u r e  6 ,  t h e  p o l y c l o n a l  a n t i -  
E T R  1 ( 1 6 5 - 4 0 0 )  s e r u m  w a s  a f f i n i t y  p u r i f i e d .  T h i s  w a s  d o n e  
t o  r e m o v e  a n t i b o d i e s  t h a t  c r o s s - r e a c t e d  w i t h  A r a b i d o p s i s  
p o l y p e p t i d e s  o f  s i m i l a r  m o l e c u l a r  m a s s  t o  t h e  r e d u c e d  
f o r m s  o f  t h e  f u i i - i e n g t h  a n d  t r u n c a t e d  r e c e p t o r s .  T h e  a n t i -  
E T R 1 ( 1 6 5 - 4 0 0 )  s e r u m  w a s  d e p l e t e d  o f  a n t i b o d i e s  t h a t  
c r o s s - r e a c t  w i t h  G S T  b y  p a s s i n g  t h r o u g h  a  c o l u m n  o f  
A f f i g e i - 1 0  c r o s s - i i n k e d  t o  G S T .  T h e  s e r u m  w a s  t h e n  a f f i n i t y  
p u r i f i e d  w i t h  A f f i g e l - 1 0  c o l u m n s  c r o s s - i i n k e d  t o  G S T -  
E T R  1 ( 1 6 5 - 4 0 0 )  ( S c h a i i e r  e t  a i . ,  1 9 9 5 ) .  A n t i b o d i e s  w e r e  
e l u t e d  w i t h  1 0 0  m m  G i y ,  p H  2 . 5 ,  n e u t r a l i z e d  w i t h  1 m  T r i s ,  
p H  8 . 0 ,  a n d  d i a i y z e d  a g a i n s t  p h o s p h a t e - b u f f e r e d  s a l i n e .  
C r o s s - i i n k i n g  t o  A f f i g e l - 1 0  w a s  p e r f o r m e d  a c c o r d i n g  t o  t h e  
m a n u f a c t u r e r  ( B i o - R a d  L a b o r a t o r i e s ,  H e r c u l e s ,  C A ) .

P l a n t  P h y s i o l .  V o l .  1 2 8 ,  2 0 0 2

A C K N O W L E D G M E N T S

W e  t h a n k  E s t e l l e  H  r a b a k  a n d  J o h n  C o i i i n s  f o r  c r i t i c a l  
r e a d i n g  o f  t h e  m a n u s c r i p t  b e f o r e  p u b l i c a t i o n .

R e c e i v e d  A u g u s t  2 3 ,  2 0 0 1 ;  r e t u r n e d  f o r  r e v i s i o n  N o v e m b e r  
1 6 ,  2 0 0 1 ;  a c c e p t e d  J a n u a r y  1 1 ,  2 0 0 2 .

L I T E R A T U R E  C I T E D

A b e l e s  F B ,  M  o r g a n  P W ,  S a l t v e i t  M  E J r  ( 1 9 9 2 )  E t h y i e n e  i n  
P l a n t  B i o l o g y ,  E d  2 .  A c a d e m i c  P r e s s ,  S a n  D i e g o  

A r a v i n d  L ,  P o n t i n g  C P  ( 1 9 9 7 )  T h e  G A F  d o m a i n ;  a n  e v o l u ­
t i o n a r y  l i n k  b e t w e e n  d i v e r s e  p h o t o t r a n s d u c i n g  p r o t e i n s .  
T r e n d s  B i o c h e m  S c i  2 2 :  4 5 8 - 4 5 9  

B e n t  A F ,  C l o u g h  S J  ( 1 9 9 8 )  A g r o b a c t e r i u m  g e r m - i i n e  t r a n s ­
f o r m a t i o n :  t r a n s f o r m a t i o n  o f  A r a b i d o p s i s  w i t h o u t  t i s s u e  
c u l t u r e ,  i n  S B  G e i v i n ,  R A  S c h i i p e r o u t ,  e d s .  P l a n t  M o l e c ­
u l a r  B i o l o g y  M a n u a l ,  E d  2 .  K i u w e r  A c a d e m i c  P u b l i s h e r s ,  
D o r d r e c h t ,  T h e  N e t h e r l a n d s ,  p p  1 - 1 4  

B e v a n  M  ( 1 9 8 4 )  B i n a r y  A g r o b a a e r i u m  v e c t o r s  f o r  p l a n t  
t r a n s f o r m a t i o n .  N u c l e i c  A c i d s  R e s  1 2 ;  8 7 1 1 - 8 7 2 1  

B i l w e s  A M ,  A l e x  L A ,  C r a n e  B R ,  S i m o n  M i  ( 1 9 9 8 )  S t r u c ­
t u r e  o f  C h e A ,  a  s i g n a l - t r a n s d u c i n g  h i s t i d i n e  k i n a s e .  C e i l  
9 6 ;  1 3 1 - 1 4 1

B l e e c k e r  A B  ( 1 9 9 9 )  E t h y l e n e  p e r c e p t i o n  a n d  s i g n a i i n g ;  a n  
e v o l u t i o n a r y  p e r s p e c t i v e .  T r e n d s  P l a n t  S c i  4 ;  2 6 9 - 2 7 4  

B l e e c k e r  A B ,  E s t e l l e  M A ,  S o m e r v i l l e  C ,  K e n d e  H  ( 1 9 8 8 )  
I n s e n s i t i v i t y  t o  e t h y i e n e  c o n f e r r e d  b y  a  d o m i n a n t  m u t a ­
t i o n  i n  A r a b ' d o p s i s  t h a l i a n a .  S c i e n c e  2 4 1 ;  1 0 8 6 - 1 0 8 9  

B r a y  D ,  L e v i n  M D ,  M o r t o n - F i r t h  C J  ( 1 9 9 8 )  R e c e p t o r  c l u s ­
t e r i n g  a s  a  c e l l u l a r  m e c h a n i s m  t o  c o n t r o l  s e n s i t i v i t y .  
N a t u r e  3 9 3 ;  8 5 - 8 8  

C h a n g  C ,  K w o k  S F ,  B l e e c k e r  A B ,  M e y e r o w i t z  E M  ( 1 9 9 3 )  
A r a b i d o p s i s  e t h y l e n e  r e s p o n s e  g e n e  E T R I ;  S i m i l a r i t y  o f  
p r o d u c t  t o  t w o - c o m p o n e n t  r e g u l a t o r s .  S c i e n c e  2 6 2 ;  
5 3 9 - 5 4 4

C h a n g  C ,  M e y e r o w i t z  E M  ( 1 9 9 5 )  T h e  e t h y i e n e  h o r m o n e  
r e s p o n s e  i n  A r a b i d o p s i s ;  a  e u k a r y o t i c  t w o  c o m p o n e n t  
s i g n a i i n g  s y s t e m .  P r o c  N a t l  A c a d  S c i  U S A  9 2 ;  4 1 2 9 - 4 1 3 3  

C h a n g  C ,  S h o c k e y  J A  ( 1 9 9 9 )  T h e  e t h y l e n e - r e s p o n s e  p a t h ­
w a y ;  s i g n a l  p e r c e p t i o n  t o  g e n e  r e g u l a t i o n .  C u r r  O p i n  
P l a n t  B i o l  2 ;  3 5 2 - 3 5 8  

C h e n  Q G ,  B l e e c k e r  A B  ( 1 9 9 5 )  A n a i y s i s  o f  e t h y i e n e  s i g n a l  
t r a n s d u c t i o n  k i n e t i c s  a s s o c i a t e d  w i t h  s e e d i i n g - g r o w t h  
r e s p o n s e s  a n d  c h i t i n a s e  i n d u c t i o n  i n  w i i d - t y p e  a n d  m u ­
t a n t  A r a b i d o p s i s .  P l a n t  P h y s i o l  1 0 8 ;  5 9 7 - 6 0 7  

C l a r k  K L ,  L a r s e n  P B ,  W a n g  X ,  C h a n g  C  ( 1 9 9 8 )  A s s o c i a t i o n  
o f  t h e  A r a b i d o p s i s  C T R l  R a f - i i k e  k i n a s e  w i t h  t h e  E T R I  
a n d  E R S l  e t h y l e n e  r e c e p t o r s .  P r o c  N a t l  A c a d  S c i  U S A  9 5 ;  
5 4 0 1 - 5 4 0 6

D u c i o s  B ,  M a r c a n d i e r  5 ,  C o z z o n e  A J  ( 1 9 9 1 )  C h e m i c a l  
p r o p e r t i e s  a n d  s e p a r a t i o n  o f  p h o s p h o a m i n o  a c i d s  b y  
t h i n - i a y e r  c h r o m a t o g r a p h y  a n d / o r  e l e c t r o p h o r e s i s .  
M e t h o d s  E n z y m o i  2 0 1 ;  1 0 - 2 1  

G a m b l e  R L ,  C o o n f i e l d  M L ,  S c h a i i e r  G E  ( 1 9 9 8 )  H i s t i d i n e  
k i n a s e  a c t i v i t y  o f  t h e  E T R I  e t h y i e n e  r e c e p t o r  f r o m  A r a ­
b i d o p s i s .  P r o c  N a t l  A c a d  S c i  U S A  9 5 ;  7 8 2 5 - 7 8 2 9  

G u z m a n  P ,  E c k e r  J R  ( 1 9 9 0 )  E x p l o i t i n g  t h e  t r i p l e  r e s p o n s e  
o f  A r a b i d o p s i s  t o  i d e n t i f y  e t h y l e n e - r e l a t e d  m u t a n t s .  
P l a n t  C e i l  2 ;  5 1 3 - 5 2 3

1 4 3 7
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H a l l  A E ,  C h e n  Q G ,  F i n d e l l  J L ,  S c h a l l e r  G E ,  B l e e c k e r  A B  
( 1 9 9 9 )  T h e  r e l a t i o n s h i p  b e t w e e n  e t h y l e n e  b i n d i n g  a n d  
d o m i n a n t  i n s e n s i t i v i t y  c o n f e r r e d  b y  m u t a n t  f o r m s  o f  t h e  
E T R I  e t h y l e n e  r e c e p t o r .  P l a n t  P h y s i o l  1 2 1 :  2 9 1 - 2 9 9  

H u a J ,  C h a n g  C ,  S u n  Q ,  M e y e r o w i t z  E M  ( 1 9 9 5 )  E t h y l e n e  
s e n s i t i v i t y  c o n f e r r e d  b y  A r a b i d o p s i s  E R S  g e n e .  S c i e n c e  
2 6 9 :  1 7 1 2 - 1 7 1 4  

H u a J ,  M e y e r o w i t z  E M  ( 1 9 9 8 )  E t h y l e n e  r e s p o n s e s  a r e  n e g ­
a t i v e l y  r e g u l a t e d  b y  a  r e c e p t o r  g e n e  f a m i l y  I n  A r a b i d o p s i s  
t h a l i a n a .  C e l l  9 4 :  2 6 1 - 2 7 1  

H u a  J ,  S a k a i  H ,  N o u r i z a d e h  S ,  C h e n  Q G ,  B l e e c k e r  A B ,  
E c k e r  J R ,  M e y e r o w i t z  E M  ( 1 9 9 8 )  E I N 4  a n d  E R S 2  a r e  
m e m b e r s  o f  t h e  p u t a t i v e  e t h y l e n e  r e c e p t o r  f a m i l y  i n  
A r a b i d o p s i s .  P l a n t  C e l l  1 0 :  1 3 2 1 - 1 3 3 2  

K i e b e r  J J ,  R o t h e n b e r g  M ,  R o m a n  G ,  F e l d m a n  K A ,  E c k e r  
J R  ( 1 9 9 3 )  C T R l ,  a  n e g a t i v e  r e g u l a t o r  o f  t h e  e t h y l e n e  
r e s p o n s e  p a t h w a y  i n  A r a b i d o p s i s ,  e n c o d e s  a  m e m b e r  o f  
t h e  R a f  f a m i l y  o f  p r o t e i n  k i n a s e s .  C e l l  7 2 :  4 2 7 - 4 4 1  

K l i m y u k  V I ,  C a r r o l l  B J ,  T h o m a s  C M ,  J o n e s  J D G  ( 1 9 9 3 )  
A l k a l i  t r e a t m e n t  f o r  t h e  r a p i d  p r e p a r a t i o n  o f  p l a n t  m a ­
t e r i a l  f o r  r e l i a b l e  P C R  a n a l y s i s .  P l a n t  J  3 :  4 9 3 - 4 9 4  

K n i g h t  L I ,  R o s e  R C ,  C r o c k e r  W  ( 1 9 1 0 )  E f f e c t s  o f  v a r i o u s  
g a s e s  a n d  v a p o r s  u p o n  e t i o l a t e d  s e e d l i n g s  o f  t h e  s w e e t  
p e a .  S c i e n c e  3 1 :  6 3 S - 6 3 6  

L a e m m l i  U K  ( 1 9 7 0 )  C l e a v a g e  o f  s t r u c t u r a l  p r o t e i n s  d u r i n g  
t h e  a s s e m b l y  o f  t h e  h e a d  o f  b a c t e r i o p h a g e  T 4 .  N a t u r e  
2 2 7 :  6 8 0 - 6 8 5

M i t c h e l l  D A ,  M a r s h a l l  T K ,  D e s c h e n e s  R J  ( 1 9 9 3 )  V e c t o r s  
f o r  i n d u c i b l e  o v e r e x p r e s s i o n  o f  g l u t a t h i o n e  S - t r a n s f e r a s e  
f u s i o n  p r o t e i n s  i n  y e a s t .  Y e a s t  9 :  7 1 5 - 7 2 3  

M u l i e r - D i e c k m a n n  H J ,  G r a n t z  A A ,  K i m  S H  ( 1 9 9 9 )  T h e  
s t r u c t u r e  o f  t h e  s i g n a l  r e c e i v e r  d o m a i n  o f  t h e  A r a b i d o p s i s  
t h a l i a n a  e t h y l e n e  r e c e p t o r  E T R I .  S t r u c t  F o l d  D e s  7 :  
1 5 4 7 - 1 5 5 6

P a n  S Q ,  C h a r l e s  T ,  J i n  5 ,  W u  Z - L ,  N e s t e r  E W  ( 1 9 9 3 )  
P r e f o r m e d  d i m e r i c  s t a t e  o f  t h e  s e n s o r  p r o t e i n  V i r A  i s  
i n v o l v e d  i n  p l a n t - A g r o b a c t e r i u m  s i g n a l  t r a n s d u c t i o n .  
P r o c  N a t l  A c a d  S c i  U S A  9 0 :  9 9 3 9 - 9 9 4 3  

P a r k i n s o n  J S  ( 1 9 9 3 )  S i g n a l  t r a n s d u c t i o n  s c h e m e s  o f  b a c t e ­
r i a .  C e l l  7 3 :  8 5 7 - 8 7 1  

R o d r i g u e z  F I ,  E s c h  J J ,  H a l l  A E ,  B i n d e r  B M ,  S c h a l l e r  G E ,  
B l e e c k e r  A B  ( 1 9 9 9 )  A  c o p p e r  c o f a c t o r  f o r  t h e  e t h y l e n e  
r e c e p t o r  E T R I  f r o m  A r a b i d o p s i s .  S c i e n c e  2 8 3 :  9 9 6 - 9 9 8

S a k a i  H , H u a J ,  C h e n Q G , C h a n g C , M  e d r a n o  L J ,  B l e e c k e r  
A B ,  M e y e r o w i t z  E M  ( 1 9 9 8 )  E T R 2  i s  a n  E T R I - l i k e  g e n e  
i n v o l v e d  I n  e t h y l e n e  s i g n a l i n g  i n  A r a b i d o p s i s .  P r o c  N a t l  
A c a d  S c i  U S A  9 5 :  5 8 1 2 - 5 8 1 7  

S c h a l l e r  G E  ( 2 0 0 0 )  H i s t i d l n e  k i n a s e s  a n d  t h e  r o l e  o f  t w o -  
c o m p o n e n t  s y s t e m s  i n  p l a n t s .  A d v  B o t  R e s  3 2 :  1 0 9 - 1 4 8  

S c h a l l e r  G E ,  B l e e c k e r  A B  ( 1 9 9 5 )  E t h y l e n e - b i n d i n g  s i t e s  
g e n e r a t e d  i n  y e a s t  e x p r e s s i n g  t h e  A r a b i d o p s i s  E T R I  
g e n e .  S c i e n c e  2 7 0 :  1 8 0 9 - 1 8 1 1  

S c h a l l e r  G  E ,  D e W i t t  N  D  ( 1 9 9 5 )  A n a l y s i s  o f  t h e  H  - A T P a s e  
a n d  o t h e r  p r o t e i n s  o f  t h e  A r a b i d o p s i s  p l a s m a  m e m b r a n e .  
M e t h o d s  C e l l  B i o l  5 0 :  1 2 9 - 1 4 8  

S c h a l l e r  G E ,  L a d d  A N ,  L a n a h a n  M B ,  S p a n b a u e r  J M ,  
B l e e c k e r  A B  ( 1 9 9 5 )  T h e  e t h y l e n e  r e s p o n s e  m e d i a t o r  
E T R I  f r o m  A r a b i d o p s i s  f o r m s  a  d i s u l f i d e - l i n k e d  d i m e r .  
J  B i o l  C h e m  2 7 0 :  1 2 5 2 6 - 1 2 5 3 0  

S t o c k  J B ,  S u r e t t e  M G ,  L e v i t  M ,  P a r k  P  ( 1 9 9 5 )  T w o -  
c o m p o n e n t  s i g n a l  t r a n s d u c t i o n  s y s t e m s :  s t r u c t u r e -  
f u n c t i o n  r e l a t i o n s h i p s  a n d  m e c h a n i s m s  o f  c a t a l y s i s .  I n  J A  
H  o c h ,  T J  S l l h a v y ,  e d s ,  T w o - C o m p o n e n t  S i g n a l  T r a n s d u c ­
t i o n .  A m e r i c a n  S o c i e t y  f o r  M i c r o b i o l o g y ,  W a s h i n g t o n ,  
D C ,  p p  2 5 - 5 1

T i e m a n  D  M , K  l e e  H  J  ( 1 9 9 9 )  D i f f e r e n t i a l  e x p r e s s i o n  o f  t w o  
n o v e l  m e m b e r s  o f  t h e  t o m a t o  e t h y l e n e - r e c e p t o r  f a m i l y .  
P l a n t  P h y s i o l  1 2 0 :  1 6 5 - 1 7 2  

T i e m a n  D M ,  T a y l o r  M G ,  C i a r d i  J A ,  K l e e  H J  ( 2 0 0 0 )  T h e  
t o m a t o  e t h y l e n e  r e c e p t o r s  N R  a n d  L e E T R 4  a r e  n e g a t i v e  
r e g u l a t o r s  o f  e t h y l e n e  r e s p o n s e  a n d  e x h i b i t  f u n c t i o n a l  
c o m p e n s a t i o n  w i t h i n  a  m u l t i g e n e  f a m i l y .  P r o c  N a t l  A c a d  
S c i  U S A  9 7 :  5 6 6 3 - 5 6 6 8  

v a n  H o o f  A ,  G r e e n  P J  ( 1 9 9 6 )  P r e m a t u r e  n o n s e n s e  c o d o n s  
d e c r e a s e  t h e  s t a b i l i t y  o f  p h y t o h e m a g g l u t i n i n  m R N A  i n  a  
p o s i t i o n - d e p e n d e n t  m a n n e r .  P l a n t  J  1 0 :  4 1 5 - 4 2 4  

W i l k i n s o n  J Q ,  L a n a h a n  M B ,  C l a r k  D G ,  B l e e c k e r  A B ,  
C h a n g  C ,  M e y e r o w i t z  E M ,  K l e e  H J  ( 1 9 9 7 )  A  d o m i n a n t  
m u t a n t  r e c e p t o r  f r o m  A r a b i d o p s i s  c o n f e r s  e t h y l e n e  i n s e n ­
s i t i v i t y  i n  h e t e r o l o g o u s  p l a n t s .  N a t u r e  B i o t e c h n o l  1 5 :  
4 4 4 - 4 4 7

Y a n g  Y ,  I n o u y e  M  ( 1 9 9 3 )  R e q u i r e m e n t  o f  b o t h  k i n a s e  a n d  
p h o s p h a t a s e  a c t i v i t i e s  o f  a n  E .  c o l i  r e c e p t o r  ( T a z i )  f o r  
l i g a n d - d e p e n d e n t  s i g n a l  t r a n s d u c t i o n .  J  M o l  B i o l  2 3 1 :  
3 3 5 - 3 4 2

1 4 3 8 P l a n t  P h y s i o l .  V o l .  1 2 8 ,  2 0 0 2
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APPENDIX 2

Effect of E thy lene  Pathway M u ta t io n s  upon Expression of 
the E thy lene Receptor ETR1 from  Arabidopsis^

X u e - C h u  Z h a o ^  X i a n g  Q u ^  D e n n i s  E. M a t h e w s ,  a n d  G .  E r ic  S c h a l l e r *

D e p a r t m e n t s  o f  B io c h e m is t ry  a n d  M o le c u la r  B io logy  (X.-C.Z., X.Q.,  G.E.S.)  a n d  P l a n t  B io lo g y  (D .E.M .),  
U n iv e r s i t y  o f  N e w  H a m p s h i r e ,  D u r h a m ,  N e w  H a m p s h i r e  03824

T h e  e t h y l e n e  r e c e p t o r  f a m i l y  o f  A r a b i d o p s i s  c o n s i s t s  o f  f i v e  m e m b e r s ,  o n e  o f  t h e s e  b e i n g  E T R l .  T h e  e f f e c t  o f  e t h y l e n e  
p a t h w a y  m u t a t i o n s  u p o n  e x p r e s s i o n  o f  E T R l  w a s  e x a m i n e d .  F o r  t h i s  p u r p o s e ,  E T R l  l e v e l s  w e r e  q u a n t i f i e d  I n  m u t a n t  
b a c k g r o u n d s  c o n t a i n i n g  r e c e p t o r  l o s s - o f - f u n c t l o n  m u t a t i o n s ,  e t h y l e n e - l n s e n s l t l v e  m u t a t i o n s ,  a n d  c o n s t i t u t i v e  e t h y l e n e  
r e s p o n s e  m u t a t i o n s .  E t h y l e n e - l n s e n s l t l v e  m u t a t i o n s  o f  E T R 1 r e s u l t e d  I n  a  p o s t t r a n s c r l p t l o n a l  I n c r e a s e  I n  l e v e l s  o f  t h e  m u t a n t  
r e c e p t o r .  T r e a t m e n t  o f  s e e d l i n g s  w i t h  s i l v e r ,  w h i c h  l e a d s  t o  e t h y l e n e  I n s e n s i t i v i t y ,  a l s o  r e s u l t e d  I n  a n  I n c r e a s e  I n  l e v e l s  o f  
E T R l .  L o s s - o f - f u n c t i o n  m u t a t i o n s  o f  E T R l  r e s u l t e d  I n  b o t h  t r a n s c r i p t i o n a l  a n d  p o s t t r a n s c r l p t l o n a l  c h a n g e s  I n  l e v e l s  o f  t h e  
r e c e p t o r .  M o s t  o t h e r  e t h y l e n e  p a t h w a y  m u t a t i o n s .  I n c l u d i n g  a  n e w l y  I s o l a t e d  T - D N A  I n s e r t i o n  m u t a t i o n  i n  t h e  g e n e  
e n c o d i n g  t h e  e t h y l e n e  r e c e p t o r  E R S 1 ,  h a d  r e l a t i v e l y  m i n o r  e f f e c t s  u p o n  t h e  e x p r e s s i o n  o f  E T R l .  O u r  r e s u l t s  I n d i c a t e  t h a t  
m u t a t i o n s  I n  E T R l  c a n  a f f e c t  e x p r e s s i o n  a t  t h e  p o s t t r a n s c r l p t l o n a l  l e v e l ,  a n d  s u g g e s t  t h a t  t h e s e  p o s t t r a n s c r l p t l o n a l  c h a n g e s  
m a y  c o n t r i b u t e  t o  t h e  p h e n o t y p e s  o b s e r v e d  I n  t h e  m u t a n t s .  O u r  r e s u l t s  a l s o  r e f i n e  t h e  m o d e l  o n  h o w  m u t a t i o n s  I n  e t h y l e n e  
r e c e p t o r s  a r e  a b l e  t o  c o n f e r  d o m i n a n t  e t h y l e n e  I n s e n s i t i v i t y  u p o n  p l a n t s .

E th y l e n e  ( C j H J  is a s i m p l e  g a s e o u s  h y d r o c a r b o n  
t h a t  h a s  p r o f o u n d  e f fe c ts  u p o n  p l a n t  g r o w t h  a n d  
d e v e l o p m e n t .  E th y l e n e  r e g u l a t e s  s e e d  g e r m i n a t io n ,  
s e e d l i n g  g r o w t h ,  lea f  a n d  p e ta l  a b s c i s s io n ,  o r g a n  s e ­
n e s c e n c e ,  r i p e n i n g ,  s t r e s s  r e s p o n s e s ,  a n d  p a t h o g e n  
r e s p o n s e s  ( M a t t o o  a n d  S u t t le ,  1991; A b e le s  e t  al.,
1992). A n  i m p o r t a n t  c o n t r i b u t i o n  t o  o u r  u n d e r s t a n d ­
in g  o f  e t h y l e n e  s ig n a l  t r a n s d u c t i o n  h a s  c o m e f r o m  t h e  
id e n t i f i c a t io n  o f  m u t a n t s  in A r a b i d o p s i s  w i t h  a l t e r e d  
e t h y l e n e  s e n s i t i v i t y  ( C h a n g  a n d  S h o c k e y ,  1999; 
S t e p a n o v a  a n d  E ck e r ,  2000). T h e s e  m u t a t i o n s  fall in to  
t w o  m a in  c lasses :  (a) m u t a t i o n s  t h a t  r e n d e r  a p l a n t  
i n s e n s i t i v e  t o  e t h y l e n e ,  a n d  (b) m u t a t i o n s  t h a t  r e s u l t  
in a c o n s t i t u t i v e  e t h y l e n e  r e s p o n s e .  C h a r a c t e r i z a t i o n  
o f  A r a b i d o p s i s  m u t a n t s  h a s  led  t o  t h e  i d e n t i f i c a t io n  
o f  e t h y l e n e  r e c e p t o r s  a n d  a d d i t i o n a l  c o m p o n e n t s  in 
t h e  e t h y l e n e  s ig n a l  t r a n s d u c t i o n  p a t h w a y .

T h e  e t h y l e n e  r e c e p t o r  f a m i ly  o f  A r a b i d o p s i s  c o n ­
t a i n s  f iv e  m e m b e r s  (E T R l ,  ETR2, ERS1, ERS2, a n d  
E iN 4 ;  S cha l le r ,  2000; C h a n g  a n d  S ta d le r ,  2001),  w i t h  
e t h y l e n e  b i n d i n g  c o n f i r m e d  for  E T R l  a n d  ERS1 
(Sc h a l le r  a n d  B leecker ,  1995; R o d r i g u e z  e t  al., 1999; 
H a l l  e t  al., 2000).  T h e  r e c e p to r s  c o n ta in  t h r e e  N -  
t e r m in a l  t r a n s m e m b r a n e  d o m a i n s  t h a t  e n c o m p a s s  t h e  
e t h y le n e - b in d in g  s i te  (Schaller  a n d  Bleecker,  1995; R o ­
d r i g u e z  e t  al., 1999). T h e  b in d i n g  s i te  c o n ta in s  a c op -

'  T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  
( g r a n t  n o s .  M C B - 9 9 8 2 5 1 0  a n d  D B I - 9 9 7 5 9 0 8  t o  G . E . S . ) .  T h i s  Is 
s c i e n t i f i c  c o n t r i b u t i o n  n o .  2 , 1 3 8  f r o m  t h e  N  e w  H a m p s h i r e  A g r i c u l ­
t u r a l  E x p e r i m e n t  S t a t i o n .

^ T h e s e  a u t h o r s  c o n t r i b u t e d  e q u a l l y  t o  t h e  p a p e r .
• C o r r e s p o n d i n g  a u t h o r ;  e - m a i l  e g s @ c l s u n l x . u n h . e d u ; f a x  6 0 3 -  

8 6 2 - 4 0 1 3 .
A r t i c l e ,  p u b l i c a t i o n  d a t e ,  a n d  c i t a t i o n  I n f o r m a t i o n  c a n  b e  f o u n d  

a t  w w w . p l a n t p h y s i o l . o r g / c g l / d o l /  1 0 . 1 1 0 4 /  p p . 0 1 1 6 3 5 .

p er  co fac to r  t h a t  is r e q u i r e d  fo r  t h e  h ig h -a f f in i ty  e t h ­
y l e n e  b in d i n g  t h a t  r e c e p to r s  d i s p l a y  (R o d r ig u e z  e t  al., 
1999). In t h e  C - te rm in a l  half,  t h e  r e c e p to r s  c o n ta in  
r e g io n s  w i t h  s im i la r i ty  t o  H i s  k in a s e s  a n d ,  in s o m e  
cases,  t h e  r e ce iv e r  d o m a i n s  o f  r e s p o n s e  r e g u la to r s  
(Schaller,  2000; C h a n g  a n d  S ta d le r ,  2001),  s ig n a l in g  
e l e m e n t s  o r ig in a l ly  i d e n t i f i e d  a s  p a r t s  o f  bac te r ia l  t w o -  
c o m p o n e n t  s y s t e m s  ( P a rk in s o n ,  1993; S cha l le r ,  2000). 
H is  k in a s e  ac t iv i ty  h a s  b e e n  c o n f i rm e d  in  v i t ro  for  
ETR 1 ( G a m b le  e t  a!., 1998), b u t  t h e  ro le  o f  th is  ac t iv i ty  
in s igna l  o u t p u t  is still u n c l e a r  ( G a m b l e  e t  al., 2002).

M u t a t i o n s  in t h e  e t h y l e n e  r e c e p t o r s  c a n  r e s u l t  in 
e t h y l e n e  in se n s i t i v i ty  o r  c o n s t i t u t i v e  e t h y l e n e  r e ­
s p o n s e s ,  d e p e n d e n t  o n  t h e  n a t u r e  o f  t h e  m u t a t i o n .  
E th y l e n e  in s e n s i t i v i ty  c a n  r e s u l t  f r o m  s i n g l e  a m i n o  
ac id  c h a n g e s  w i t h i n  t h e  r e g io n  o f  t h e  r e c e p to r  in ­
v o l v e d  in  e t h y l e n e  b i n d i n g  ( C h a n g  e t  al. , 1993; H u a  e t  
al., 1995, 1998; Saka i  e t  ai ., 1998).  E v id e n c e  i n d i c a t e s  
t h a t  t h e s e  g a in - o f - f u n c t io n  m u t a t i o n s  e i t h e r  d i s r u p t  
e t h y l e n e  b i n d i n g  or  u n c o u p l e  e t h y l e n e  b i n d i n g  f ro m  
s ig n a l  o u t p u t  (Sc h a l le r  a n d  B leecker ,  1995; H a l l  e t  ai., 
1999; R o d r i g u e z  e t  al ., 1999).  For  e x a m p l e ,  t h e  etr1-1 
m u t a t i o n  a b o l i s h e s  t h e  a b i l i ty  o f  t h e  r e c e p to r  t o  c o ­
o r d i n a t e  t h e  c o p p e r  c o fa c to r ,  a n d  a s  a c o n s e q u e n c e ,  
e l im in a t e s  e t h y l e n e  b i n d i n g  ( R o d r i g u e z  e t  al., 1999). 
T h e  e t h y l e n e - i n s e n s i t i v e  m u t a t i o n s  a r e  d o m i n a n t  a n d  
a  s i n g l e  m u t a t i o n  i n  a n y  o n e  o f  t h e  f i v e  f a m i l y  m e m ­
b e r s  c a n  c o n fe r  e t h y l e n e  i n s e n s i t i v i ty  u p o n  t h e  p la n t .

L o s s -o f - f u n c t io n  m u t a t i o n s  h a v e  b e e n  id e n t i f i e d  in 
f o u r  o f  f i v e  m e m b e r s  o f  t h e  e t h y l e n e  r e c e p t o r  f a m i ly  
(H u a  a n d  M e y e r o w i t z ,  1998).  S in g l e  i o s s -o f - fu n c t io n  
m u t a t i o n s  h a v e  l i t t le  o r  n o  e f fe c t  u p o n  e t h y l e n e  s ig ­
nal t r a n s d u c t i o n .  H o w e v e r ,  in c o m b i n a t i o n  w i t h  t h e  
E T R l  l o s s -o f - fu n c t io n  m u t a t i o n ,  t h e  m u t a n t s  s h o w  
c o n s t i t u t i v e  e t h y l e n e  r e s p o n s e s  a n d  t h i s  e f fe c t  is m o s t

P l a n t  P h y s i o l o g y ,  D e c e m b e r  2 0 0 2 ,  V o l .  1 3 0 ,  p p .  1 9 8 3 - 1 9 9 1 ,  w w w . p l a n t p h y s i o l . o r g  ©  2 0 0 2  A m e r i c a n  S o c i e t y  o f  P l a n t  B i o l o g i s t s
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p r o n o u n c e d  in t r i p l e  a n d  q u a d r u p l e  lo ss -o f - fu n c t io n  
m u t a t i o n s  (H u a  a n d  M e y e r o w i t z ,  1998). T h e s e  r e s u l t s  
i n d i c a t e  t h a t  t h e r e  is f u n c t io n a l  o v e r l a p  a m o n g  t h e  
r e c e p to r  f a m i ly  m e m b e r s .  T h e s e  r e s u l t s  a l s o  in d i c a t e  
t h a t  t h e  r e c e p to r s  s e r v e  a s  n e g a t i v e  r e g u l a t o r s  o f  t h e  
e t h y l e n e  r e s p o n s e  p a t h w a y  b e c a u s e  e l im in a t io n  o f  
r e c e p to r s  a c t i v a t e s  e t h y l e n e  r e s p o n s e s .  A c c o r d i n g  to  
t h i s  m o d e l  fo r  n e g a t i v e  r e g u la t i o n ,  w i l d - t y p e  e t h y l ­
e n e  r e c e p to r s  a c t iv e ly  r e p r e s s  e t h y l e n e  r e s p o n s e s  in 
t h e  air .  In t h e  p r e s e n c e  o f  e th y l e n e ,  w i l d - t y p e  r e c e p ­
to r s  sw i t c h  t o  a  s i g n a l i n g  in a c t iv e  s t a te  t h a t  a l l o w s  for 
i n d u c t i o n  o f  e t h y i e n e  r e s p o n s e s .  E th y le n e - in s e n s i t i v e  
m u t a n t  r e c e p to r s ,  s u c h  as e tr1 -1 ,  a r e  a p p a r e n t l y  
lo c k e d  i n t o  t h e  s i g n a l i n g  s t a t e  t h a t  t h e y  h a v e  in air , 
s u c h  t h a t  t h e y  r e p r e s s  e t h y l e n e  r e s p o n s e s  e v e n  in t h e  
p r e s e n c e  o f  e t h y l e n e  (B leecker ,  1999).

A d d i t i o n a l  e l e m e n t s  i n v o l v e d  in  e t h y l e n e  s igna l  
t r a n s d u c t i o n  h a v e  a l s o  b e e n  id e n t i f i e d  by m u t a t i o n a l  
a n a ly s i s  in  A r a b i d o p s i s .  R A N I  is a  c o p p e r - t r a n s ­
p o r t i n g  A T P a s e  a p p a r e n t l y  r e q u i r e d  fo r  a d d i t i o n  o f  
t h e  c o p p e r  c o fa c to r  t o  t h e  e t h y l e n e  r e c e p to r s  
( H i r a y a m a  e t  al., 1999; W o e s t e  a n d  K ieber ,  2000). 
M u t a t i o n s  in R A N I  a l t e r  e t h y l e n e  s ig n a l  t r a n s d u c ­
t io n ,  a lo s s -o f - fu n c t io n  m u t a t i o n  r e s u l t i n g  in a c o n ­
s t i t u t i v e  e t h y l e n e  r e s p o n s e .  C T R 1,  E IN 2 ,  a n d  E IN 3  
a r e  all t h o u g h t  to  a c t  in  t h e  s a m e  p r i m a r y  r e s p o n s e  
p a t h w a y  a n d  a c t  d o w n s t r e a m  o f  t h e  e t h y l e n e  r e c e p ­
to r s .  CTR1 b e lo n g s  t o  t h e  R a f  f a m i ly  o f  p r o t e in  S e r /  
T h r  k in a s e s  t h a t  in i t i a t e  m i t o g e n - a c t i v a t e d  p r o t e in  
k in a s e  c a s c a d e s  in e u k a r y o t e s  (K ieber  e t  al .,  1993) 
a n d  h a s  b e e n  s h o w n  c a p a b l e  o f  p h y s ic a l  i n t e r a c t io n  
w i t h  t h e  e t h y l e n e  r e c e p t o r s  E T R l  a n d  ERS1 (C la rk  e t  
al., 1998). L o s s -o f - f u n c t io n  m u t a t i o n s  in CTR1 r e s u l t  
in c o n s t i t u t i v e  e t h y l e n e  r e s p o n s e s  (K ieb e r  e t  al., 
1993). E IN 2  is a n  In teg ra l  m e m b r a n e  p r o t e in  w i t h  
s im i la r i ty  t o  t h e  N r a m p  f a m i ly  o f  m e ta l  io n  t r a n s ­
p o r t e r s  ( A lo n s o  e t  al .,  1999). L o s s -o f - fu n c t io n  m u t a ­
t i o n s  in E IN 2  r e s u l t  In e t h y l e n e  i n s e n s i t iv i ty .  E IN 3  
b e lo n g s  t o  a  f a m i ly  o f  t r a n s c r i p t i o n  fa c to r s  t h a t  a r e  
d i r e c t ly  a c t i v a t e d  by  t h e  e t h y l e n e  s ig n a l  t r a n s d u c t i o n  
s y s t e m  a n d  a r e  r e q u i r e d  fo r  e t h y l e n e - d e p e n d e n t  g e n e  
i n d u c t i o n  ( C h a o  e t  al., 1997). L o s s -o f - fu n c t io n  m u t a ­
t i o n s  in E IN 3  r e n d e r  a p l a n t  e t h y l e n e  i n s e n s i t iv e .

H e r e ,  w e  a n a l y z e  t h e  e f fec t  o f  e t h y l e n e  p a t h w a y  
m u t a t i o n s  u p o n  e x p r e s s i o n  o f  t h e  e t h y l e n e  r e c e p to r  
E T R l .  T h is  a n a ly s i s  w a s  f a c i l i ta t e d  by  t h e  fo l lo w in g :  
(a) t h e  a v a i l a b i l i t y  o f  a n u m b e r  o f  m u t a t i o n s  w i t h i n  
t h e  r e c e p to r  i tself , t h e r e b y  p r o v i d i n g  i n d e p e n d e n t  
v e r i f i c a t io n  for  e f fec ts  o f  t h e s e  m u t a t i o n s ;  (b) t h e  
a v a i i a b i l i ty  o f  a n  a n t i b o d y  a g a i n s t  E T R l ,  t h e r e b y  a l ­
l o w i n g  fo r  a n a l y s i s  a t  t h e  p r o t e in  level ;  a n d  (c) a 
d e t e c t a b l e  basa l  level  o f  e x p r e s s i o n  for  E T R l ,  t h e r e b y  
a l l o w i n g  in c r e a s e s  a n d  d e c r e a s e s  in e x p r e s s io n  t o  b e  
d e t e r m i n e d .  O u r  r e s u l t s  l e n d  i n s i g h t  in to  h o w  e t h y l ­
e n e  r e c e p to r  m u t a t i o n s  a f fe c t  e x p r e s s i o n  a n d  in d i c a t e  
t h a t  m u t a t i o n s  w i t h i n  E T R l  c a n  r e s u l t  in p o s t t r a n -  
s c r ip t io n a l  c h a n g e s  in its o w n  e x p r e s s i o n  levei .  O u r  
r e s u l t s  a l s o  l e n d  i n s i g h t  in to  t h e  m e c h a n i s m  by
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w h i c h  m u t a t i o n s  w i t h i n  t h e  r e c e p t o r s  c a n  le a d  to  
d o m i n a n t  e t h y l e n e  in s e n s i t i v i ty .

R E S U L T S

E f f e c t  o f  E t h y l e n e  I n s e n s i t i v i t y  C o n f e r r i n g  
M u t a t i o n s  u p o n  E x p r e s s i o n  o f  E T R l

F o u r  d o m i n a n t  m u t a t i o n s  h a v e  b e e n  i s o la te d  in 
E T R l  t h a t  c o n fe r  e t h y l e n e  i n s e n s i t i v i ty  o n  p la n t s .  
T h e s e  m u t a t i o n s ,  d e s i g n a t e d  etr1-1 ,  e tr1-2, etr1-3, a n d  
etr1-4, all  r e s u l t  in s i n g l e  a m i n o  a c id  c h a n g e s  w i t h i n  
t h e  h y d r o p h o b i c  d o m a i n  o f  E T R l  t h a t  h a s  b e e n  i m ­
p l i c a t e d  in  e t h y l e n e  b i n d i n g  (Fig. 1A; C h a n g  e t  al.,
1993). T h e  etr1-1 , etr1-3, a n d  e tr1 -4  m u t a t i o n s  e i th e r  
r e d u c e  o r  e l i m i n a t e  e t h y l e n e  b i n d i n g  (H al l  e t  al.,
1999). T h e  etr1-2 m u t a t i o n  d o e s  n o t  d i s r u p t  e th y l e n e  
b in d i n g ,  b u t  a p p a r e n t l y  u n c o u p l e s  e t h y l e n e  b i n d i n g

Hyrfropfioblo GAF
Histidine
Kinase Receiver

X E
atr1-3 atri-4 H n -1  atr1-2 

(A31V) (I62F) (C66Y) (A102T)

B

ETRI-Ab
2 . 5  2 . 4  3 . 7  3 , 8  
2 . 3  2 . 0  2 . 8  2 . 9

E T R irm

ATPase-Ab

ETRI-Ab
E

E/A

ATPase-Ab

m

1 0 , 9

,v

B-TU8

e'4 a'
j{

1 ?.o o.« 0.8 1 0,7 0 5
1 2.0 0.7 0.6 1 0.7 0.5

F i g u r e  1 .  E f f e c t  o f  e t h y l e n e - i n s e n s i t i v e  m u t a t i o n s  u p o n  e x p r e s s i o n  o f  
E T R l .  A,  S t r u c t u r e  o f  E T R l  a n d  p o s i t i o n  o f  e t h y l e n e - i n s e n s i t i v e  m u ­
t a t i o n s .  T h e  h y d r o p h o b i c  e t h y i e n e - s e n s i n g  d o m a i n ,  t h e  G A F  d o m a i n ,  
t h e  H i s  k i n a s e  d o m a i n ,  a n d  t h e  r e c e i v e r  d o m a i n  a r e  i n d i c a t e d .  T h e  
l e t t e r s  H  a n d  D  i n d i c a t e  p u t a t i v e  p h o s p h o r y l a t i o n  s i t e s .  B ,  i m m u n o -  
b i o t  a n a l y s i s  o f  w i l d - t y p e  a n d  e t h y l e n e - i n s e n s i t i v e  m u t a n t s  o f  E T R l . 
E t i o l a t e d  s e e d l i n g s  w e r e  g r o w n  f o r  4  d ,  a n d  t h e  l e v e l  o f  i m m u n o d e -  
t e c t a b l e  f u l l - l e n g t h  r e c e p t o r  t h e n  d e t e r m i n e d  f r o m  1 0  g  o f  m e m ­
b r a n e  p r o t e i n s  u s i n g  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  E T R l .  E x p r e s s i o n  
l e v e l s  w e r e  q u a n t i f i e d  d e n s i t o m e t r i c a i l y  (E) a n d  a l s o  n o r m a l i z e d  
a g a i n s t  i m m u n o i o g i c a i i y  d e t e r m i n e d  l e v e l s  o f  t h e  H - A T P a s e  (E /A) a s  
a n  i n t e r n a l  c o n t r o l .  C ,  N o r t h e r n - b i o t  a n a l y s i s  o f  m R N A  o b t a i n e d  
f r o m  w i i d - t y p e  a n d  e t r l - 1  s e e d l i n g s .  B l o t s  w e r e  p r o b e d  w i t h  a n  E T R l  
p r o b e  a n d  a  - t u b u l i n  g e n e  p r o b e  a s  a n  i n t e r n a l  c o n t r o l .  T h e  n u m ­
b e r s  r e p r e s e n t  t h e  e x p r e s s i o n  l e v e i  o f  t h e  e t h y i e n e  r e c e p t o r  g e n e  a f t e r  
n o r m a l i z a t i o n  f o r  t h e  l e v e l  o f  - t u b u l i n  e x p r e s s i o n .  D ,  i m m u n o b i o t  
a n a l y s i s  o f  E T R l  l e v e l s  i n  a d d i t i o n a l  e t h y l e n e - i n s e n s i t i v e  m u t a n t  
b a c k g r o u n d s .
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f r o m  s igna l  o u t p u t  (H a l l  e t  a!., 1999). B a sed  o n  i m ­
m u n o b i o t  a n a ly s i s ,  t h e  p r o t e in  leve ls  o f  t h e  m u t a n t  
r e c e p to r s  e tr1 -1 ,  e tr1 -2 ,  e tr1 -3 ,  a n d  e t r1 -4  w e r e  all 
a p p r o x i m a t e l y  2- t o  3 -fo ld  h i g h e r  t h a n  t h a t  o f  t h e  
w i l d - t y p e  r e c e p t o r  E T R l  w h e n  a n a l y z e d  in  e t io la te d  
s e e d l in g s  (Fig.  IB). T o  d e t e r m i n e  if t h e  effec t  u p o n  
e x p r e s s i o n  o c c u r r e d  a t  t h e  t r a n s c r i p t i o n a l  o r  p o s t -  
t r a n s c r i p t i o n a l  level ,  t r a n s c r i p t  le v e ls  o f  t h e  r e c e p to r  
w e r e  d e t e r m i n e d  by  n o r t h e r n  b lo t  in  b o th  w i l d - t y p e  
a n d  etr1-1 b a c k g r o u n d s  (Fig.  1C). N o  d i f f e r e n c e  in 
t r a n s c r i p t  lev e ls  w a s  f o u n d  fo r  t h e  r e c e p to r  b e t w e e n  
w i ld  t y p e  a n d  etr1-1. F lo w e v e r ,  as  p r e v i o u s l y  o b ­
s e rv e d  (Fig. IB), w e  d id  f i n d  t h a t  t h e  etr1-1 p r o t e in  
w a s  p r e s e n t  a t  2 - fo ld  h ig h e r  le v e ls  t h a n  t h e  E T R l 
p r o t e in  w h e n  a n a l y z e d  by  i m m u n o b i o t  u s i n g  a p o r ­
t i o n  o f  t h e  s a m e  p l a n t  m a te r i a l  e x a m i n e d  by  n o r t h e r n  
b lo t  ( r e s u l t s  n o t  s h o w n ) .  T h u s ,  t h e  in c r e a s e  in e x p r e s ­
s io n  o f  e t h y l e n e - i n s e n s i t i v e  m u t a t i o n s  o f .ETRI o c c u r s  
a t  t h e  p o s t t r a n s c r i p t i o n a l  level.

T o  d e t e r m i n e  if in c r e a s e d  e x p re s s io n  o f  t h e  r e cep to r  
w a s  re s t r ic te d  t o  m u t a n t  les ions  in  E T R l  o r  w a s  a 
gen e ra l  f e a t u r e  of  e th y l e n e  in se n s i t iv i ty  in A r a b i d o p ­
sis, w e  e x a m i n e d  o th e r  e th y l e n e - in s e n s i t i v e  m u t a ­
t ions .  S e e d l in g s  w e r e  e x a m i n e d  t h a t  c o n ta in e d  d o m i ­
n a n t  e t h y l e n e - in s e n s i t i v e  m u t a t i o n s  in o th e r  e th y le n e  
re c e p to r s  (etr2-1 a n d  a n 4 -1 ) .  S e e d l in g s  w e r e  a ls o  e x ­
a m i n e d  t h a t  c o n ta in e d  e t h y l e n e - in s e n s i t i v e  m u ta t i o n s  
in t h e  d o w n s t r e a m  e th y l e n e  s ig n a l in g  c o m p o n e n t s  
E I N 2 a n d  EIN3. T h e  e x p r e s s io n  levei o f  E T R l b a s e d  on  
i m m u n o b i o t  In t h e s e  o th e r  m u t a n t  b a c k g r o u n d s  w a s  
c o m p a r a b l e  w i t h  or  less t h a n  t h a t  f o u n d  in t h e  w i ld -  
t y p e  b a c k g r o u n d  (Fig. ID ) .  T h u s ,  t h e  in c r e a se d  e x p r e s ­
s ion  o f  e t h y le n e - in s e n s i t i v e  m u t a n t s  of  E T R l is r e ­
s t r ic ted  t o  t h o s e  le s io n s  p r e s e n t  in E T R l itself , r a th e r  
t h a n  b e in g  a g e n e ra l  f e a t u r e  of  e th y le n e - in s e n s i t iv e  
m u ta t io n s .

S o m e  c h e m ic a l  c o m p o u n d s  a r e  a b l e  t o  i n d u c e  e t h ­
y l e n e  in se n s i t i v i ty  in p l a n t s  by  i n t e r a c t in g  w i t h  t h e  
e t h y l e n e  r e c e p to r s .  S i lver  is t h o u g h t  t o  r e p l a c e  t h e  
c o p p e r  c o fa c to r  p r e s e n t  in  t h e  e t h y l e n e - b i n d i n g  s i te  
o f  t h e  r e c e p to r .  R e c e p to r s  c o n t a i n i n g  s i lv e r  a r e  still 
a b l e  to  b in d  e t h y l e n e  b u t  t h e  b i n d i n g  s i t e  is a p p a r ­
e n t ly  p e r t u r b e d  s u c h  t h a t  e t h y l e n e  b i n d i n g  is u n c o u ­
p l e d  f ro m  s ig n a l  o u t p u t  ( R o d r i g u e z  e t  al., 1999). W e  
h y p o t h e s i z e d  t h a t  b i n d i n g  o f  s i lv e r  by a n  e th y l e n e  
r e c e p to r  m i g h t  m i m i c  t h e  e f fe c t  o f  a n  e th y le n e -  
i n s e n s i t i v e  m u t a t i o n  in t h a t  r e c e p to r ,  a n d  r e s u l t  in an  
in c r e a se d  e x p r e s s i o n  level  o f  t h e  r e c e p to r .  C o n s i s t e n t  
w i t h  th is  h y p o t h e s i s ,  w e  o b s e r v e d  t h a t  w i l d - t y p e  
s e e d l in g s  t r e a t e d  w i t h  10 g  m l  ' s i lv e r  n i t r a t e  h a d  
h ig h e r  le v e ls  o f  E T R l  t h a n  c o n t ro l  u n t r e a t e d  s e e d ­
l in g s  b a s e d  u p o n  i m m u n o b i o t  a n a ly s i s  (Fig. 2). T h e  
s t i m u l a t o r y  e f fe c t  o f  s i lv e r  u p o n  e x p r e s s i o n  w a s  l a c k ­
in g  w i t h  e t h y l e n e - i n s e n s i t i v e  m u t a t i o n s  o f  E T R l (Fig. 
2). T h is  s u p p o r t s  t h e  h y p o t h e s i s  t h a t  s i lv e r  m im ic s  
t h e  effec t  o f  t h e  e t h y l e n e - i n s e n s i t i v e  m u t a t i o n  b e ­
c a u s e  t h e r e  is n o  a d d i t i v e  e f fe c t  o f  s i lv e r  o n  e x p r e s ­
s io n  of  t h e  e t h y l e n e - i n s e n s i t i v e  m u t a n t s .
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F i g u r e  2 .  E f f e c t  o f  s i l v e r  t r e a t m e n t  u p o n  e x p r e s s i o n  o f  E T R l .  W i l d -  
t y p e  a n d  e t r l  m u t a n t  s e e d l i n g s  w e r e  g r o w n  i n  t h e  p r e s e n c e  o r  
a b s e n c e  o f  1 0  g  m l  '  s i l v e r  n i t r a t e  (A g) .  I m m u n o b i o t  a n a l y s i s  w a s  
t h e n  p e r f o r m e d  u s i n g  a n t i b o d i e s  d i r e c t e d  a g a i n s t  ETR1 a n d  t h e  H - 
A T P a s e  a s  a n  i n t e r n a l  c o n t r o l  o n  1 0  g  o f  m e m b r a n e  p r o t e i n .  E x ­
p r e s s i o n  l e v e l s  a r e  g i v e n  b a s e d  d i r e c t l y  u p o n  t h a t  d e t e r m i n e d  w i t h  
a n t i - E T R I  a n t i b o d y  (E) a n d  n o r m a l i z e d  a g a i n s t  t h e  A T P a s e  l e v e l s  
(E/A). F o r  e a c h  p l a n t  b a c k g r o u n d ,  e x p r e s s i o n  l e v e i  o f  t h e  r e c e p t o r  i n  
t h e  p r e s e n c e  o f  s i l v e r  i s  g i v e n  r e l a t i v e  t o  t h a t  o b s e r v e d  i n  t h e  a b s e n c e  
o f  s i l v e r .  R e s u l t s  f r o m  t w o  i n d e p e n d e n t  e x p e r i m e n t a l  t r e a t m e n t s  o f  
w i l d - t y p e  p l a n t s  w i t h  s i l v e r  a r e  s h o w n .

E f f e c t  o f  L o s s - o f - F u n c t i o n  M u t a t i o n s  i n  
E T R 1  u p o n  i t s  E x p r e s s i o n

T h e  m u t a t i o n s  etr1-5, etr1-6,  etr1-7, a n d  etr1-8 a r e  all 
lo s s -o f - fu n c t io n  m u t a t i o n s  in ETR1 ( H u a  a n d  M e y e r ­
o w i tz ,  1998). T h e  m u t a t i o n s  etr1-5, etr1-6, a n d  etr1-7 
w e r e  i so la te d  a s  i n t r a g e n ic  s u p p r e s s o r s  o f  t h e  e th y l e n e  
in se n s i t iv i ty  c o n f e r r e d  by  etr1-1, w h e r e a s  etr1-8 w a s  
i so la te d  as  a n  i n t r a g e n ic  s u p p r e s s o r  o f  etr1-2 (Fig. 3A). 
T h e  etr1-5, etr1-6, a n d  e tr1 -8  m u t a t i o n s  all i n t r o d u c e  
p r e m a t u r e  s t o p  c o d o n s  i n to  t h e  c o d i n g  s e q u e n c e .  T h e  
e tr1 -6  m u t a t i o n  o c c u r s  a t  a n  in t r o n  s p l i c e  s i t e  a n d  
r e t e n t io n  o f  t h a t  i n t r o n  w o u l d  i n t r o d u c e  a  p r e m a t u r e  
s to p  c o d o n .  All f o u r  m u t a n t s  s h o w  s im i l a r  e t h y l e n e  
r e s p o n s i v e n e s s  to  t h a t  o f  w i l d - t y p e  p l a n t s  ( H u a  a n d  
M e y e r o w i t z ,  1998). T o  d e t e r m i n e  w h e t h e r  t h e  m u t a ­
t i o n s  r e s u l t  in t h e  a b s e n c e  o f  t h e  r e c e p t o r  or  p r o d u c e  
a  t r u n c a t e d  r e c e p to r  i n c a p a b l e  o f  s ig n a l in g ,  w e  
a n a l y z e d  r e c e p to r  e x p r e s s i o n  by  i m m u n o b i o t .  T w o  
d i f f e r e n t  a n t ib o d ie s ,  a n t i - E T R I (165-400)  a n d  a n t i -  
ET R I  (401-738) ,  w e r e  u s e d  t h a t  a r e  t a r g e t e d  a g a i n s t  
d i f f e r e n t  r e g io n s  o f  t h e  r e c e p t o r  (Fig .  3A). In  in itia l 
e x p e r i m e n t s  u s i n g  r e c o m b i n a n t  f u s i o n  p r o t e i n s  e x ­
p r e s s e d  in b a c te r i a ,  w e  c o n f i r m e d  t h a t  b o th  a n t i b o d ­
ies r e c o g n i z e d  t h e  e t r1 -5  a n d  e t r1 -8  t r u n c a t i o n s  as 
e f f ic ien t ly  a s  f u l l - l e n g th  ETR1, a n d  t h a t  t h e y  w e r e  
i n c a p a b l e  o f  d e t e c t i n g  t h e  e t r1 -6  t r u n c a t i o n  ( re s u l t s  
n o t  s h o w n ) .  W h e n  A r a b i d o p s i s  m e m b r a n e s  w e r e  a n ­
a l y z e d  by i m m u n o b i o t ,  n o  f u l l - l e n g t h  p r o t e i n  w a s  
d e t e c t e d  fo r  a n y  o f  t h e  lo s s -o f - fu n c t io n  m u t a n t s  (Fig.  
38) .  In a d d i t i o n ,  w e  d i d  n o t  d e t e c t  a n y  i m m u n o r e a c -  
t i v e  b a n d s  t h a t  w o u l d  c o r r e s p o n d  t o  t h e  t r u n c a t e d  
r e c e p to r s .  N o t e  t h a t  t h e  a n t i - E T R I  (165-400)  a n t i b o d y  
d o e s  c r o s s - r e a c t  w i t h  a p r o t e i n  o f  68 kD , b u t  t h i s  is 
n o t  d e r i v e d  f ro m  ETR1. A t r u n c a t e d  p r o t e i n  fo r  e t r1 -5  
a n d  e t r l -8 w o u l d  b e  d e t e c t a b l e  w i t h  b o th  t h e  a n t i -  
E T R 1(165-400)  a n d  an t i -E T R  1(401-738)  a n t i b o d i e s .  
B a s e d  o n  a  c o n t r o l  d i l u t i o n  s e r i e s  o f  t h e  r e c e p t o r ,  t h e  
an t i -ET R  1(165-400)  a n t i b o d y  w a s  c a p a b l e  o f  d e t e c t ­
in g  a  p r o t e i n  e x p r e s s e d  a t  10% o f  t h e  level f o u n d  w i t h  
t h e  w i l d - t y p e  r e c e p t o r  ETR1 o r  5% o f  t h e  level f o u n d  
w i t h  e t r1 -1 .  T h e  a n t i -E T R 1 (4 0 1 -7 3 8 )  a n t i b o d y  is e v e n
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F i g u r e  3. E f f e c t  o f  l o s s - o f - f u n c t l o n  m u t a t i o n s  i n  ETR1 u p o n  i t s  e x ­
p r e s s i o n .  A,  P o s i t i o n s  o f  m u t a t i o n s  i n  E T R 1 .  T h e  p o s i t i o n s  o f  
e t h y l e n e - i n s e n s i t i v e  m u t a t i o n s  a r e  s h o w n  a b o v e  t h e  d i a g r a m  o f  
E T R l . T h e  p o s i t i o n s  o f  i n t r a g e n i c  s u p p r e s s o r s  o f  t h e s e  m u t a t i o n s  t h a t  
r e s u l t  i n  l o s s  o f  f u n c t i o n  a r e  s h o w n  b e l o w  t h e  d i a g r a m  o f  E T R 1 .  
P o s i t i o n s  o f  r e g i o n s  u s e d  t o  g e n e r a t e  t h e  a n t i - E T R 1 ( 1 6 5 - 4 0 0 )  a n d  
a n t i - E T R l ( 4 0 1 - 7 3 8 )  a n t i b o d i e s  a r e  a l s o  i n d i c a t e d .  B, i m m u n o b i o t  
a n a l y s i s  o f  E T R l  i n  d i f f e r e n t  i o s s - o f - f u n c t i o n  b a c k g r o u n d s .  M e m ­
b r a n e  f r a c t i o n s  ( 1 0  g)  f r o m  e t i o l a t e d  A r a b i d o p s i s  s e e d l i n g s  w e r e  
a n a l y z e d  b y  i m m u n o b i o t  u s i n g  t h e  a n t i - E T R 1 ( 1 6 5 - 4 0 0 )  a n d  a n t i -  
E T R K 4 0 1 - 7 3 8 )  a n t i b o d i e s .  T h e  m i g r a t i o n  p o s i t i o n  o f  E T R l  a n d  p r e ­
d i c t e d  m i g r a t i o n  p o s i t i o n s  o f  t h e  e t r l - 5 ,  e t r l - 6 ,  a n d  e t r l - 8  t r u n c a t e d  
r e c e p t o r s  a r e  i n d i c a t e d  o n  t h e  l e f t .  M i g r a t i o n  p o s i t i o n s  o f  m o l e c u l a r  
m a s s  m a r k e r s  a r e  i n d i c a t e d  o n  t h e  r i g h t  i n  k i i o d a i t o n s .  C ,  T r a n s c r i p t  
l e v e l s  o f  E TR1 i n  d i f f e r e n t  i o s s - o f - f u n c t i o n  b a c k g r o u n d s .  B l o t s  o f  
m R N A  w e r e  p r o b e d  w i t h  a n  E T R l  p r o b e  a n d  a  - t u b u l i n  g e n e  p r o b e  
a s  a n  i n t e r n a l  c o n t r o l .  T h e  n u m b e r s  r e p r e s e n t  t h e  e x p r e s s i o n  l e v e l  o f  
t h e  e t h y i e n e  r e c e p t o r  g e n e  a f t e r  n o r m a l i z a t i o n  f o r  t h e  l e v e l  o f  

- t u b u l i n  g e n e  e x p r e s s i o n .

m o r e  s e n s i t i v e  a n d  is c a p a b i e  o f  d e t e c t i n g  p r o t e in s  
w i t h  a t  l e a s t  2 - fo ld  h i g h e r  se n s i t i v i t y  t h a n  t h a t  o f  t h e  
an t i -E T R 1 (1 6 5 -4 0 0 )  a n t i b o d y .

T h e  lack  o f  d e t e c t a b l e  p r o t e i n  fo r  t h e  etr1-5 a n d  
e tr1 -8  lo s s -o f - fu n c t io n  m u t a n t s  c o u ld  b e  b e c a u s e  o f  
i n s ta b i l i ty  o f  t h e  t r u n c a t e d  p r o t e i n  o r  o f  t h e  m R N A .  
T o  d i f f e r e n t i a t e  b e t w e e n  t h e s e  p o ss ib i l i t ie s ,  w e  p e r ­
f o r m e d  n o r t h e r n - b l o t  a n a ly s i s .  T r a n s c r ip t s  w e r e  d e ­
te c te d  fo r  all t h e  l o s s -o f - fu n c t io n  m u t a t i o n s  in E T R l
(F ig .  3 C ) . T h e  t r a n s c r i p t  f o r  e t r 1 -6  is  s l i g h t l y  la r g e r  
t h a n  t h e  o th e r  t r a n s c r i p t s ,  a s  p r e d i c t e d ,  b e c a u s e  of  
t h e  p r e s e n c e  o f  a n  u n s p l i c e d  in t ro n .  C o m p a r e d  w i t h  
w i ld  ty p e ,  t h e  m R N A  le v e ls  o f  e tr1-5  a n d  e tr1 -8  w e r e  
r e d u c e d  a p p r o x i m a t e l y  2- o r  4 - fo ld ,  r e s p e c t iv e ly ,
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w h e r e a s  t h e  m R N A  level  o f  e t r1 -6  w a s  in c r e a s e d  
a b o u t  3 -fo ld .  T h e  r e d u c t i o n  in  m R N A  le v e ls  o f  et r1-5  
a n d  e t r1 -8  is s i g n i f i c a n t  b u t  n o t  s u f f i c i e n t  t o  e x p la in  
t h e  iack  o f  d e t e c t a b l e  p r o t e i n ,  i n d i c a t i n g  t h a t  p o s t ­
t r a n s c r i p t i o n a l  m e c h a n i s m s  m a y  a l s o  p la y  a ro le  in 
r e d u c i n g  t h e  lev e ls  o f  t h e  t r u n c a t e d  p r o t e in s .

Effect  of Loss-of-Function M u ta t io n s  in O th e r  E thy lene  
Receptors  u p o n  Expression of  ETR1

L oss  o f  o n e  m e m b e r  in  a g e n e  f a m i ly  c a n  s o m e ­
t i m e s  le a d  to  f u n c t io n a l  c o m p e n s a t i o n ,  w h e r e b y  e x ­
p r e s s i o n  o f  a n o t h e r  m e m b e r  o f  t h e  s a m e  g e n e  fa m i ly  
is i n d u c e d  to  c o m p e n s a t e  fo r  a c t iv i ty  o f  t h e  m i s s in g  
f a m i ly  m e m b e r  (B e ra rd  e t  al., 1997; M u l l i g a n  e t  al., 
1998; M i n k o f f  e t  al ., 1999). A n  i n t r i g u i n g  s e t  o f  e x ­
p e r i m e n t s  s u g g e s t s  t h a t  f u n c t io n a l  c o m p e n s a t i o n  o c ­
c u r s  w i t h i n  t h e  e t h y l e n e  r e c e p to r  f a m i ly  o f  t o m a t o  
( T ie m a n  e t  al ., 2000). T h e r e f o r e ,  w e  e x a m i n e d  t h e  
A r a b i d o p s i s  e t h y l e n e  r e c e p t o r  ETR1 t o  d e t e r m i n e  if 
its e x p r e s s i o n  w a s  a f f e c te d  by  lo s s -o f - fu n c t io n  m u t a ­
t i o n s  in o th e r  e t h y l e n e  r e c e p t o r  f a m i ly  m e m b e r s .  
A n a ly s i s  w a s  p e r f o r m e d  o n  s i n g l e  l o s s -o f - fu n c t io n  
m u t a n t s  (e tr2-3 a n d  ein4-4),  a d o u b l e  m u t a n t  (etr2-3; 
ein4-4),  a n d  a  t r i p l e  m u t a n t  (etr2-3;ein4-4;ers2-3; H u a  
a n d  M e y e r o w i t z ,  1998). T h e  s i n g l e  m u t a n t s  h a v e  l i t t le  
e f fe c t  u p o n  g r o w t h  o f  e t i o l a t e d  A r a b i d o p s i s  s e e d ­
l ings ,  b u t  s e e d l i n g s  c o n t a i n i n g  t h e  d o u b l e  a n d  t r i p l e  
m u t a n t  d e m o n s t r a t e  p a r t i a l  i n d u c t i o n  o f  t h e  t r i p l e ­
r e s p o n s e  p h e n o t y p e ,  c o n s i s t e n t  w i t h  lo ss  o f  r e c e p to r s  
a c t i v a t i n g  t h e  e t h y l e n e  r e s p o n s e  p a t h w a y  (Fig.  4; 
H u a  a n d  M e y e r o w i t z ,  1998).  T h e  e x p r e s s i o n  level  o f  
ETR 1 p r o t e i n  in t h e s e  m u t a n t  b a c k g r o u n d s  w a s  c o m ­
p a r a b l e  w i t h  t h a t  f o u n d  in t h e  w i l d - t y p e  b a c k g r o u n d  
(Fig. 4), i n d i c a t i n g  t h a t  ETR1 d i d  n o t  f u n c t io n a l ly  
c o m p e n s a t e  fo r  t h e  lo ss  o f  t h e s e  o t h e r  m e m b e r s  o f  t h e  
r e c e p to r  f a m i ly .

T h e  e th y l e n e  r e c e p to r  ERS1 is m o r e  c lose ly  re la te d  
a t  t h e  s e q u e n c e  level t o  ETR1 t h a n  a r e  t h e  o th e r  e th ­
y l e n e  r e c e p to r s  o f  A r a b i d o p s i s  ( C h a n g  a n d  S tad le r ,  
2001), b u t  n o  lo s s -o f - fu n c t io n  m u t a t i o n s  h a v e  b een  
a v a i l a b l e  for  ERS1 ( H u a  a n d  M e y e r o w i t z ,  1998) W e  
i so la te d  a T -D N A  in s e r t i o n  in ERS1 by u s e  o f  a  PC R - 
b a s e d  s t r a te g y ,  a n d  d e t e r m i n e d  by  s e q u e n c i n g  f ro m  
t h e  l e f t -b o rd e r  j u n c t io n  t h a t  t h e  T -D N A  w a s  in s e r te d  
i n to  t h e  5 - u n t r a n s l a t e d  r e g io n  o f  ERS1 (Fig. 5A). 
S e q u e n c e  a t  t h e  T -D N A  ju n c t i o n  w i t h  ERS1 w a s  A T A -  
A C G C T C G G A T C A A T C A  ta c tc g a (a ta t t c a a t tg ta a a tg g c t ) ,  
w i t h  c a p i t a l s  in d i c a t i n g  ERS1 s e q u e n c e  a n d  p a r e n t h e ­
ses in d i c a t in g  T -D N A  left  b o r d e r  s e q u e n c e .  W e  n a m e d  
th i s  m u t a n t  a l le le  ers1-2 t o  d i f f e r e n t i a t e  it  f r o m  t h e  
p r e v i o u s l y  c h a r a c t e r i z e d  e t h y l e n e - i n s e n s i t i v e  ers1-1 
m u t a t i o n  ( H u a  e t  al., 1995). T h e  r e s p o n s i v e n e s s  to  
e t h y l e n e  o f  p l a n t s  h o m o z y g o u s  fo r  t h e  ers1-2 m u t a ­
t i o n  w a s  s im i l a r  t o  t h a t  o f  w i l d - t y p e  p la n t s  (F ig .  S B ).  
H o w e v e r ,  a d o u b l e  m u t a n t  o f  ers1-2  w i t h  t h e  etr1-7 
io s s -o f - fu n c t io n  m u t a n t  d i s p l a y e d  a s t r o n g  e t h y l e n e  
r e s p o n s e  p h e n o t y p e  w h e n  g r o w n  in t h e  a b s e n c e  of  
e t h y l e n e  (Fig. 5C). D a r k - g r o w n  ers1-2;e tr1-7  s e e d l i n g s
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Length (mm) 10.8 9.5 9.6 6.3 6.0 
(1.3) (1.5) (0.8) (1.3) (0.7)

ETR1

E
E/A

ATPase

1 1.0 1.0 1.1 1.0
1 1.0 1.0 1.0 1.0

F i g u r e  4 .  E f f e c t  o f  l o s s - o f - f u n c t i o n  m u t a t i o n s  i n  E T R 2 ,  E I N 4 ,  a n d  E RS2 
u p o n  e x p r e s s i o n  o f  E T R 1 .  T h e  p h e n o t y p e s  o f  4 - d - o l d  d a r k - g r o w n  
s e e d l i n g s  c o n t a i n i n g  s i n g l e ,  d o u b l e ,  a n d  t r i p l e  m u t a n t  c o m b i n a t i o n s  o f  
e t r 2 - 3 ,  e i n 4 - 4 ,  a n d  e r s 2 - 3  a r e  s h o w n .  T h e  m e a n  h y p o c o t y l  l e n g t h  is 
g i v e n  i n  m i l l i m e t e r s  b a s e d  o n  m e a s u r e m e n t  o f  a t  l e a s t  2 5  s e e d l i n g s  
w i t h  t h e  SD i n  p a r e n t h e s e s .  I m m u n o b i o t  a n a l y s i s  w a s  p e r f o r m e d  u s i n g  
a n t i b o d i e s  d i r e c t e d  a g a i n s t  ETR1 a n d  t h e  H - A T P a s e  a s  a n  I n t e r n a l  
c o n t r o l  o n  1 0  g  o f  m e m b r a n e  p r o t e i n .  E x p r e s s i o n  l e v e l s  a r e  g i v e n  
b a s e d  d i r e c t l y  u p o n  t h a t  d e t e r m i n e d  w i t h  a n t i - E T R I  a n t i b o d y  (E) a n d  
n o r m a l i z e d  a g a i n s t  t h e  A T P a s e  l e v e l s  (E/A).

d i s p l a y e d  a t r i p l e - r e s p o n s e  p h e n o t y p e  in t h e  air .  
L ig h t - g r o w n  ers1-2;etr1-7  p l a n t s  w e r e  d w a r f e d  w i th  
c o m p a c t  a n d  e p i n a s t i c  l e a v e s  in t h e  a i r  a n d  d i e d  
w i t h o u t  b o l t in g .  N o r t h e r n - b l o t  a n a ly s i s  i n d i c a t e d  a 
s u b s t a n t i a l  r e d u c t i o n  in m R N A  leve ls  o f  e r s l - 2  c o m ­
p a r e d  w i t h  t h a t  f o u n d  in w i l d  ty p e ,  b u t  lo w  leve ls  o f  
t r a n s c r i p t  w e r e  d e t e c t e d  (Fig. 5D). T h e  s ig n i f i c a n t  
r e d u c t i o n  o f  ERS1 t r a n s c r i p t  lev e ls  in t h e  ers1-2 m u ­
t a n t  w o u l d  c o n t r i b u t e  t o  t h e  s t r o n g  m u t a n t  p h e n o ­
t y p e  o b s e r v e d  w h e n  t h e  ers1-2 m u t a n t  is c o m b i n e d  
w i t h  t h e  etr1-7  m u t a n t .  T h e  lack o f  a m u t a n t  p h e n o ­
t y p e  in t h e  ers1-2 m u t a n t  by  i tse l f  c o u ld  p o te n t i a l l y  be  
e x p la in e d  by  f u n c t io n a l  c o m p e n s a t i o n ,  ETR1 b e in g  a 
p o s s ib l e  c a n d i d a t e  b e c a u s e  o f  its s e q u e n c e  s im i la r i ty .  
H o w e v e r ,  t h e  e x p r e s s i o n  o f  ETR1 in t h e  ers1-2 m u t a n t  
b a c k g r o u n d  w a s  c o m p a r a b l e  w i t h  t h a t  f o u n d  in t h e  
w i l d - t y p e  b a c k g r o u n d  a t  b o th  t h e  m R N A  a n d  p r o t e in  
leve ls  (Fig. 5, D a n d  E), i n d i c a t i n g  t h a t  f u n c t io n a l  
c o m p e n s a t i o n  w a s  n o t  b e c a u s e  o f  c h a n g e s  in  ETR1 
e x p r e s s io n .

E f f e c t  o f  m u t a t i o n s  i n  R A N I  a n d  C T R 1  u p o n  
E x p r e s s i o n  o f  E T R  1

R A N I  is a  c o p p e r - t r a n s p o r t i n g  A T P a s e  im p l i c a t e d  
in  t h e  d e l iv e r y  o f  t h e  c o p p e r  c o fa c to r  t o  t h e  e t h y l e n e  
r e c e p to r s  (FI i r a y a m a  e t  al., 1999; W o e s t e  a n d  K ieber ,
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2000).  T h e  ra n l -1  a n d  ran 1 -2  m u t a t i o n s  c a u s e  s in g le  
a m i n o  a c id  c h a n g e s  in  t h e  R A N I  p r o t e i n  a n d  a r e  
t h o u g h t  t o  a l te r  r a t h e r  t h a n  e l i m i n a t e  f u n c t io n  
(FI i r a y a m a  e t  al., 1999). P l a n t s  c o n t a i n i n g  t h e s e  m u ­
t a t i o n s  d e m o n s t r a t e  a n  i n d u c t i o n  o f  e t h y l e n e  r e ­
s p o n s e s  w h e n  t r e a t e d  w i t h  t r a n s - c y c l o o c t e n e ,  n o r ­
m a l ly  a n  a n t a g o n i s t  o f  e t h y l e n e  r e s p o n s e s ,  b u t  h a v e  
n o  o th e r  d i s c e r n i b l e  e f fe c t  u p o n  g r o w t h  (FI i r a y a m a  e t

B

M l  T-DNA 1

hmm
I

Air C2H4
W T ers f -2  W T ers t -2

■ ■

T G A

D
WT ersf-a

ERS1
1.00 0.19

ETR1

1.00 0.85

[1*TU8

6.99 7.04 2.85  2.82  
(0.97K0.76) (0.52)(0.33)

Dark Light W Ters1-2

ETR1

E  1 1.0
E/A  1 0.8

ATPase |'ii" " 'li]

7.13  2.38
( 0 . 5 6 K 0 . 4 0 )

F i g u r e  5 .  A n a l y s i s  o f  t h e  T - D N A  I n s e r t l o n a l  m u t a n t  e r s l - 2 .  A,  L o c a ­
t i o n  o f  T - D N A  i n s e r t i o n  I n  t h e  E R S l  g e n e .  B l a c k  b a r s  a n d  w h i t e  b a r s  
r e p r e s e n t  t r a n s l a t e d  a n d  u n t r a n s l a t e d  r e g i o n s  o f  t h e  E R S l  f a n s c r i p t ,  
r e s p e c t i v e l y .  B, P h e n o t y p e  o f  3 . 5 - d - o l d  d a r k - g r o w n  s e e d l i n g s  c o n ­
t a i n i n g  t h e  e r s l - 2  m u t a t i o n  g r o w n  I n  a i r  o r  e t h y l e n e  ( 5 0  L L ’ ). 
M e a n  h y p o c o t y l  l e n g t h s  a r e  g i v e n  i n  m i l l i m e t e r s  w i t h  s o  In  p a r e n ­
t h e s e s .  C ,  P h e n o t y p e  o f  t h e  e r s l  - 2 ; e t r l  - 7  d o u b l e  m u t a n t  a s  c o m p a r e d  
w i t h  s e e d l i n g s  w i t h  w i l d - t y p e  p h e n o t y p e  s e g r e g a t i n g  f r o m  t h e  s a m e  
p o p u l a t i o n .  S e e d l i n g s  w e r e  g r o w n  i n  d a r k  f o r  3 . 5  d  o r  i n  t h e  l i g h t  f o r  
4  w e e k s .  T h e  e r s l - 2 ; e t r l - 7  d o u b l e  m u t a n t  i s  o n  t h e  r i g h t  i n  e a c h  
p a n e l ,  a n d  a  2 - f o l d  e n l a r g e m e n t  is  a l s o  i n s e t  t o  r e v e a l  d e t a i l s  o f  t h e  
l i g h t - g r o w n  s e e d l i n g .  D ,  N o r t h e r n - b l o t  a n a l y s i s  o f  E R S l  a n d  E T R l  
e x p r e s s i o n  i n  t h e  e r s l  - 2  m u t a n t  l i n e  p e r f o r m e d  u s i n g  2 5  g  o f  t o t a l  
R N A .  T h e  n u m b e r s  r e p r e s e n t  t h e  e x p r e s s i o n  l e v e l  o f  t h e  e t h y l e n e  
r e c e p t o r  g e n e s  a f t e r  n o r m a l i z a t i o n  f o r  t h e  l e v e l  o f  - t u b u l i n  e x p r e s ­
s i o n .  E, E f f e c t  o f  t h e  e r s l - 2  m u t a t i o n  u p o n  e x p r e s s i o n  o f  E T R l  i n  
e t i o l a t e d  s e e d l i n g s .  I m m u n o b i o t  a n a l y s i s  w a s  p e r f o r m e d  u s i n g  a n t i ­
b o d i e s  d i r e c t e d  a g a i n s t  E T R l  a n d  t h e  H - A T P a s e  a s  a n  I n t e r n a l  
c o n t r o l  o n  1 5  g  o f  m e m b r a n e  p r o t e i n .  E x p r e s s i o n  l e v e l s  a r e  g i v e n  
b a s e d  d i r e c t l y  u p o n  t h a t  d e t e r m i n e d  w i t h  a n t i - E T R I  a n t i b o d y  (E) a n d  
n o r m a l i z e d  a g a i n s t  t h e  A T P a s e  l e v e l s  (E/A).
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\  %
B

ETR1
E 11.01.0 

BA 1 1 .0 1 . 0

ATPase

EJ
1 0.9 
1 0.9

1 1.9
1 1.9

F i g u r e s ,  E f f e c t  o f  m u t a t i o n s  i n  R A N  1 a n d C T R l  u p o n  e x p r e s s i o n  o f  
E T R 1 . I m m u n o b i o t  a n a l y s i s  w a s  p e r f o r m e d  u s i n g  a n t i b o d i e s  d i r e c t e d  
a g a i n s t  E T R l  a n d  t h e  FI - A T P a s e  a s  a n  i n t e r n a l  c o n t r o l .  E x p r e s s i o n  
l e v e l s  a r e  g i v e n  b a s e d  d i r e c t l y  u p o n  t h a t  d e t e r m i n e d  w i t h  a n t i - E T R I  
a n t i b o d y  (E) a n d  n o r m a l i z e d  a g a i n s t  t h e  A T P a s e  l e v e l s  (E/A).  A,  E f f e c t  
o f  r a n i  m u t a t i o n s  o n  e x p r e s s i o n  o f  E T R 1 .  F o r  r a n 1 - l  a n d  r a n 1 - 2 ,  
e t i o l a t e d  s e e d l i n g s  w e r e  e x a m i n e d ;  f o r  r a n i - 3 ,  l e a v e s  o f  4 - w e e k - o l d  
p l a n t s  w e r e  e x a m i n e d .  B ,  E f f e c t  o f  t h e  C t r l - 2  m u t a t i o n  u p o n  e x p r e s ­
s i o n  o f  ETR1 i n  e t i o l a t e d  s e e d l i n g s .

al., 1999). B o th  ran1-1 a n d  ran 1 -2  s e e d l i n g s  e x p r e s s e d  
ETR1 a t  le v e ls  s im i la r  t o  w i l d - t y p e  s e e d l i n g s  (Fig. 
6A). T h e  lo s s -o f - fu n c t io n  m u t a t i o n  ran1-3  r e s u l t s  in 
c o n s t i t u t i v e  a c t iv a t i o n  o f  t h e  e t h y l e n e  r e s p o n s e  p a t h ­
w a y .  B e c a u s e  ran1 -3  p l a n t s  p r o d u c e  l e a v e s  b u t  d i e  
w i t h o u t  b o l t i n g  ( W o e s t e  a n d  K ieb e r ,  2000),  w e  i d e n ­
t i f ied  h o m o z y g o u s  ran1 -3  p l a n t s  b a s e d  o n  p h e n o t y p e  
f ro m  a s e g r e g a t i n g  p o p u l a t i o n  o f  4 - w e e k - o id  p l a n t s  
g r o w n  in t h e  l ig h t .  W e  o b s e r v e d  n o  d i f f e r e n c e  in 
ETR1 le v e is  in ran1 -3  p i a n t s  c o m p a r e d  w i t h  w i ld -  
t y p e  p l a n t s  or  m e m b e r s  o f  t h e  s e g r e g a t i n g  p o p u l a ­
t io n  t h a t  l a c k e d  t h e  ran1 -3  p h e n o t y p e  (Fig.  6A). L oss-  
o f - f u n c t io n  m u t a t i o n s  in t h e  S e r / T h r  k i n a s e  CTR1 
a l s o  r e s u l t  in c o n s t i t u t i v e  e t h y l e n e  r e s p o n s e s .  W e  
ty p ic a l ly  o b s e r v e d  a b o u t  a 2 - fo ld  in c r e a s e  in lev e ls  of  
ETR1 in t h e  c t r1 -2  m u t a n t  b a c k g r o u n d  r e la t iv e  t o  
w i ld  t y p e  (Fig. 6B). T h is  c o u ld  a r i s e  b e c a u s e  o f  a low  
level  of  e t h y l e n e  i n d u c ib i l i t y  for  t h e  ETR1 t r a n s c r i p t  
( H u a  e t  al., 1998) o r  b e  a n  i n d i r e c t  ef fec t  o f  t h e  
p h e n o t y p i c  d i f f e r e n c e s  b e t w e e n  c tr1 -2  a n d  w i l d - t y p e  
p l a n t s  (K ieb e r  e t  ai., 1993).

D I S C U S S I O N

E x p re s s io n  o f  t h e  e t h y l e n e  r e c e p to r  ETR1 w a s  s e n ­
s i t i v e  t o  m u t a t i o n s  w i t h i n  its o w n  c o d i n g  s e q u e n c e .  
B oth  g a in - o f - f u n c t io n  m u t a t i o n s  a n d  lo ss -o f - fu n c t io n  
m u t a t i o n s  a f fe c te d  e x p r e s s i o n  o f  ETR1 a t  t h e  p o s t ­
t r a n s c r i p t i o n a l  level  a n d ,  a s  d i s c u s s e d  b e lo w ,  t h e s e  
p o s t t r a n s c r i p t i o n a l  c h a n g e s  c o u ld  c o n t r i b u t e  t o  t h e  
p h e n o t y p e s  o b s e r v e d  in t h e  m u t a n t s .  E x p re s s io n  o f  
ETR1 w a s  a f fe c te d  t o  o n ly  a l im i te d  e x t e n t  by m u t a ­
t i o n s  in o th e r  p a t h w a y  c o m p o n e n t s .  For  in s ta n c e ,  
l o s s -o f - fu n c t io n  m u t a t i o n s  in  o th e r  m e m b e r s  o f  t h e  
e t h y i e n e  r e c e p to r  f a m i ly  h a d  l i t t le  e f fec t  u p o n  e x p r e s ­
s i o n  o f  ETR 1, i n d i c a t i n g  t h a t  ETR 1 d o e s  n o t  f u n c t i o n -  
a l iy  c o m p e n s a t e  fo r  t h e  lo ss  o f  t h e s e  r e c e p t o r s  by  a n  
in c r e a s e  in its o w n  e x p r e s s io n .

E x p re s s io n  a n a l y s i s  o f  e t h y l e n e  p a t h w a y  m u t a t i o n s  
r e f in e s  t h e  m o d e l  s h o w n  in F i g u r e  7 o n  h o w  e th y l e n e

in se n s i t i v i ty  is c o n f e r r e d  by m u t a n t  f o r m s  of  ETR1. 
E ach  o f  t h e  f o u r  e t h y l e n e - i n s e n s i t i v e  m u t a t i o n s  of  
ETR1 r e s u l t s  in  i n c r e a s e d  p r o t e i n  le v e ls  o f  t h e  r e c e p ­
to r ,  a p p a r e n t l y  t h r o u g h  a  p o s t t r a n s c r i p t i o n a l  m e c h a ­
n i sm .  T h e  e f fe c t  u p o n  r e c e p t o r  e x p r e s s i o n  c a n  be  
p h e n o c o p i e d  a t  t h e  m o l e c u l a r  level  by  t r e a t m e n t  o f  
p l a n t s  w i t h  s i lve r ,  w h i c h  is a l s o  c a p a b l e  o f  g e n e r a t i n g  
e t h y l e n e  i n s e n s i t i v i ty  in  p i a n t s .  B o th  t h e  e th y le n e -  
i n s e n s i t i v e  m u t a t i o n s  (H a l l  e t  al., 1999) a n d  s i lve r  
(R o d r i g u e z  e t  al., 1999) a r e  t h o u g h t  t o  p e r t u r b  t h e  
e t h y l e n e - b i n d i n g  s i t e  (Fig. 7), a n d  t h u s  e t h y l e n e  p e r ­
c e p t io n  m a y  p la y  a  r o le  in  r e g u l a t i n g  e x p r e s s i o n  of  
t h e  r e c e p to r .  T h e  e t h y l e n e - i n s e n s i t i v e  f o r m s  o f  t h e  
r e c e p to r  c o u id  p o te n t i a l l y  h a v e  a s l o w e r  r a t e  o f  t u r n ­
o v e r  t h a n  t h e  w i l d - t y p e  r e c e p t o r s  b e c a u s e  t u r n o v e r  
o f  a n im a l  h o r m o n e  r e c e p t o r s  is c o m m o n l y  r e g u l a t e d  
by  l i g a n d  b i n d i n g  (W iley ,  1992). In  s u c h  a case ,  e n ­
d o g e n o u s  e t h y l e n e  le v e l s  w i t h i n  t h e  p l a n t  w o u l d  
h a v e  t o  b e  s u f f i c ie n t  t o  r e s u l t  in  d i f f e r in g  r a te s  o f  
t u r n o v e r  fo r  t h e  w i l d - t y p e  a n d  m u t a n t  r e c e p to r s .

W T e l r 1 - 1 W T
+ A g

W T
- C u

AIR

s -c
R«8pcms«Si

i  1  1  1
Sen® Bftytfine

F i g u r e  7 .  A  m o d e l  f o r  s i g n a l i n g  b y  w i l d - t y p e  a n d  m u t a n t  v e r s i o n s  o f  
t h e  e t h y i e n e  r e c e p t o r  E T R 1 . T h e  e t h y l e n e  r e c e p t o r  E T R l  c o n t a i n s  o n e  
e t h y l e n e - b i n d i n g  s i t e  p e r  h o m o d i m e r ,  w i t h  e t h y l e n e  b i n d i n g  m e d i ­
a t e d  b y  a  s i n g l e  c o p p e r  i o n  ( C u )  p r e s e n t  i n  t h e  e t h y l e n e - b i n d i n g  s i t e .  
In  a i r ,  w i i d - t y p e  ( W T )  r e c e p t o r s  a c t i v e l y  r e p r e s s  e t h y l e n e  r e s p o n s e s .  
In  e t h y l e n e ,  w i l d - t y p e  r e c e p t o r s  a r e  i n a c t i v a t e d ,  t h e r e b y  r e l i e v i n g  
r e p r e s s i o n  o f  t h e  e t h y l e n e  r e s p o n s e  p a t h w a y .  T h e  e t r l - 1  m u t a t i o n  
( i n d i c a t e d  b y  a  w h i t e  c i r c l e )  e l i m i n a t e s  b i n d i n g  o f  t h e  c o p p e r  c o f a c ­
t o r  a n d  l o c k s  t h e  r e c e p t o r  I n t o  a  c o n f o r m a t i o n  s u c h  t h a t  t h e  r e c e p t o r  
r e p r e s s e s  e t h y l e n e  r e s p o n s e s  e v e n  In  t h e  p r e s e n c e  o f  e t h y l e n e .  T h e  
r e p l a c e m e n t  o f  t h e  c o p p e r  c o f a c t o r  b y  s i l v e r  ( W T  A g )  a l s o  s e r v e s  t o  
l o c k  t h e  r e c e p t o r  i n t o  a  c o n f o r m a t i o n  s u c h  t h a t  i t  c o n t i n u o u s l y  
r e p r e s s e s  e t h y l e n e  r e s p o n s e s .  In  c o n t r a s t ,  e l i m i n a t i o n  o f  t h e  c o p p e r  
c o f a c t o r  ( W T - C u )  r e s u l t s  i n  t h e  r e c e p t o r  a d a p t i n g  a n  i n a c t i v e  c o n f o r ­
m a t i o n  i n  a i r  a n d  e t h y l e n e .
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T h e  d i s c o v e ry  t h a t  e t h y l e n e - l n s e n s l t l v e  m u t a n t s  of  
E T R l  h a v e  a h i g h e r  e x p r e s s i o n  level  t h a n  w i l d - t y p e  
r e c e p to r s  h e l p s  r e s o l v e  a n  a p p a r e n t  p a r a d o x  in o u r  
u n d e r s t a n d i n g  o f  s i g n a l i n g  by e t h y l e n e  r e c e p to r s  
( H u a  a n d  M e y e r o w i t z ,  1998; B leecker ,  1999; C h a n g  
a n d  S ta d le r ,  2001). A n  e t h y l e n e - l n s e n s l t l v e  m u t a t i o n  
In o n e  m e m b e r  o f  t h e  f i v e - m e m b e r  e t h y l e n e  r e c e p to r  
f a m i ly  Is s u f f i c i e n t  t o  c o n fe r  e t h y l e n e  In se n s i t iv i ty ,  
s u g g e s t i n g  t h a t  s i g n a l i n g  by o n e  f a m i ly  m e m b e r  Is 
e n o u g h  t o  r e p r e s s  e t h y l e n e  r e s p o n s e s .  O n  t h e  o th e r  
h a n d ,  l o s s -o f - fu n c t lo n  m u t a t i o n s  In t h r e e  r e c e p to r s  
s i m u l t a n e o u s l y  a r e  s u f f i c i e n t  t o  I n d u c e  e t h y l e n e  r e ­
s p o n s e s  ( H u a  a n d  M e y e r o w i t z ,  1998),  a s i t u a t i o n  u n ­
d e r  w h i c h  t w o  f a m i ly  m e m b e r s  w o u l d  still t h e o r e t i ­
ca l ly  b e  s i g n a l i n g  t o  r e p r e s s  e t h y l e n e  r e s p o n s e s .  O u r  
d a t a  I n d i c a t e  t h a t  t h e  s ig n a l  o u t p u t  by a n  e th y le n e -  
l n s e n s l t l v e  r e c e p t o r  m u t a n t  Is n o t  e q u i v a l e n t  t o  t h a t  
o f  a w i l d - t y p e  r e c e p to r  b e c a u s e  o f  t h e  d i f f e r e n c e  In 
e x p r e s s i o n  leve ls .  T h e  In c re a s e  In e x p r e s s i o n  o f  t h e  
e th y le n e - ln s e n s l t l v e  m u t a n t s  o f  ETR1 w o u l d  r e s u l t  In 
a n  in c r e a s e  In s igna l  o u t p u t  a n d  t h e  ab i l i ty  t o  r e p re s s  
e th y le n e  r e s p o n s e s .  O th e r  m e c h a n i s m s  m a y  a l s o  In­
c r e a s e  s igna l  o u t p u t  o f  t h e  e th y le n e - ln s e n s l t l v e  m u ­
t a n t  r e c e p to r s ,  su c h  a s  th e i r  p o s tu l a t e d  ab i l i ty  t o  c o n ­
v e r t  w i l d - ty p e  r e c e p to r s  t o  a n  e th y l e n e - ln s e n s l t lv e  
s ig n a l in g  s t a te  v ia  h e t e r o m e r i c  I n te ra c t io n s  ( C h a n g  
a n d  S tad le r ,  2001; G a m b l e  e t  al., 2002).

A n a ly s i s  o f  ETR1 e x p r e s s i o n  In t h e  ran1-3  b a c k ­
g r o u n d  f u r t h e r  c la r i f ie s  t h e  m e c h a n i s m  by w h ic h  
m u t a t i o n s  In e t h y l e n e  r e c e p t o r s  c o n fe r  e t h y l e n e  i n ­
se n s i t iv i ty .  T h e  ran1 -3  m u t a n t  e l im in a t e s  a c o p p e r  
t r a n s p o r t e r  r e q u i r e d  fo r  d e l iv e r y  o f  t h e  c o p p e r  c o fa c ­
to r  t o  t h e  e t h y l e n e  r e c e p t o r s  ( H i r a y a m a  e t  al., 1999; 
W o e s t e  a n d  K ieb e r ,  2000). P l a n t s  c o n t a i n i n g  t h e  
ran1 -3  m u t a t i o n  d i s p l a y  a c o n s t i t u t l v e ly  a c t iv e  e t h y l ­
e n e  r e s p o n s e  ( W o e s t e  a n d  K ie b e r ,  2000). I n t e r e s t ­
i n g ly ,  m u t a t i o n s  l ik e  e t r l -1  t h a t  p r o d u c e  a  r e c e p to r  
u n a b l e  t o  b in d  t h e  c o p p e r  c o fa c to r  r e s u l t  In t h e  o p ­
p o s i t e  p h e n o t y p e :  e t h y l e n e  In s e n s i t iv i ty  (R o d r ig u e z  
e t  al., 1999).  T h i s  d i f f e r e n c e  In p h e n o t y p e s  c o u ld  b e  
b e c a u s e  of: (a) d e s t a b i l i z a t io n  o f  t h e  e t h y l e n e  r e c e p ­
to r s  In t h e  ran1 -3  b a c k g r o u n d ,  o r  (b) f u n c t io n a l  d i f ­
f e re n c e s  b e t w e e n  r e c e p t o r s  l a c k in g  c o p p e r  a n d  t h e  
e t h y l e n e - l n s e n s l t l v e  r e c e p to r  m u t a t i o n s .  O u r  d a t a  
s u p p o r t  t h e  s e c o n d  h y p o t h e s i s .  ETR1 p r o t e i n  w a s  
d e t e c t e d  in  t h e  ran1 -3  b a c k g r o u n d  a t  s im i la r  le v e ls  to  
t h a t  f o u n d  In t h e  w i l d - t y p e  b a c k g r o u n d  In d i c a t i n g  
t h a t ,  a l t h o u g h  t h e  r e c e p to r  Is p r e s e n t  a n d  l a c k in g  t h e  
c o p p e r  c o fa c to r .  It d o e s  n o t  c o n fe r  e t h y l e n e  I n s e n s i ­
t iv i ty .  P r e s u m a b l y ,  p r o t e i n  le v e ls  o f  t h e  o th e r  m e m ­
b e rs  of  t h e  e t h y l e n e  r e c e p to r  f a m i ly  a r e  s im i la r ly  
u n a f f e c t e d .  T h u s ,  w i l d - t y p e  e t h y l e n e  r e c e p to r s  l a c k ­
in g  t h e  c o p p e r  c o fa c to r  h a v e  a l o s s -o f - fu n c t lo n  p h e ­
n o t y p e  (I.e. t h e  ran1 -3  m u t a t i o n  p r o d u c e s  t h e  s a m e  
c o n s t i t u t i v e  e t h y l e n e  r e s p o n s e  p h e n o t y p e  f o u n d  In 
p l a n t  l ines  c o n t a i n i n g  m u l t i p l e  lo s s -o f - fu n c t lo n  m u ­
t a t i o n s  In t h e  e t h y l e n e  re c e p to r s ) .  W i l d - t y p e  r e c e p ­
to r s  l a c k in g  t h e  c o p p e r  c o fa c to r  m a y  a d o p t  a 
s i g n a l l n g - l n a c t l v e  c o n f o r m a t i o n  s im i la r  t o  t h e  c o n fo r -
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m a t l o n  o f  w i l d - t y p e  r e c e p t o r s  t h a t  h a v e  e th y l e n e  
b o u n d  (Fig.  7). In  c o n t r a s t ,  t h e  a m i n o  a c id  c h a n g e s  
t h a t  r e s u l t  f r o m  m u t a t i o n s  l ik e  e t r l -1  (C ys-65 -T yr)  
r e s u l t  In a  g a in  of  f u n c t i o n  b e c a u s e  t h e y  p r e v e n t  n o t  
o n ly  c o p p e r  b i n d i n g  b u t  a l s o  lock  t h e  r e c e p to r  In to  a 
s ig n a l l n g - a c t l v e  c o n f o r m a t i o n  s u c h  as  It h a s  in air 
(Fig. 7). T h e  p r o p o s a l  t h a t  r e c e p t o r s  In t h e  ran1-3  
b a c k g r o u n d  a r e  n o t  e q u i v a l e n t  t o  r e c e p t o r s  c o n t a i n ­
in g  e t h y l e n e - l n s e n s l t l v e  m u t a t i o n s  Is c o n s i s t e n t  w i t h  
t h e  f i n d i n g  t h a t  t h e  e t h y l e n e - l n s e n s l t l v e  e tr1-3  m u ­
t a n t  can  s u p p r e s s  t h e  ran 1 -3  c o n s t i t u t i v e  e t h y l e n e  
p h e n o t y p e  ( W o e s t e  a n d  K ie b e r ,  2000). T h e  f i n d in g  
t h a t  ETR1 Is still p r e s e n t  in t h e  ran 1 -3  b a c k g r o u n d  
a l s o  ra ise s  t h e  p o s s ib i l i ty  t h a t  n o t  all m u t a t i o n s  t h a t  
e l i m i n a t e  e t h y l e n e  b i n d i n g  w i l l ,  a s  a c o n s e q u e n c e ,  
c o n fe r  e t h y l e n e  I n s e n s i t iv i ty .

T h e  lo s s -o f - fu n c t lo n  m u t a n t s  e tr1-5, etr1-6, etr1-7, 
a n d  e tr1 -8  w e r e  I s o la te d  a s  i n t r a g e n i c  s u p p r e s s o r s  of  
t h e  e t h y l e n e  I n s e n s i t iv i ty  c o n f e r r e d  by e i t h e r  e t r l -1  or  
etr1-2, a n d  a r e  p r e d i c t e d  t o  r e s u l t  In p r e m a t u r e  t e r ­
m i n a t i o n  o f  t h e  e n c o d e d  p r o t e i n  ( H u a  a n d  M e y e r o ­
w i t z ,  1998). H o w e v e r ,  w e  h a v e  f o u n d  t h a t  a  t r u n ­
c a te d  v e r s i o n  o f  e t r l - 1  c o n t a i n i n g  t h e  f i r s t  349  a m i n o  
a c id s  Is stil l c a p a b l e  o f  c o n f e r r i n g  e t h y l e n e  I n s e n s i ­
t iv i ty  w h e n  t r a n s f o r m e d  In to  A r a b i d o p s i s  ( G a m b l e  e t  
al., 2002).  T h is  r a i s e s  t h e  q u e s t i o n  a s  t o  w h y  no  
e t h y l e n e  I n s e n s i t iv i ty  Is o b s e r v e d  w i t h  t h e  lo ss -of-  
f u n c t l o n  m u t a n t s .  In p a r t i c u l a r  w i t h  etr1-5  a n d  etr1-8, 
w h i c h  a r e  p r e d i c t e d  t o  c o d e  fo r  r e c e p t o r s  c o n t a i n i n g  
562 a m i n o  ac ids .  O u r  d a t a  I n d i c a t e  t h a t  t h e  lo ss -of-  
f u n c t l o n  m u t a n t s  m a y  r e d u c e  e x p r e s s i o n  a t  t h e  t r a n ­
sc r ip t i o n a l  a n d  p o s t t r a n s c r l p t l o n a l  leve ls .  T ra n s c r ip t ,  
b u t  n o  p r o t e in ,  w a s  d e t e c t e d  fo r  e a c h  o f  t h e  ETR1 
lo s s -o f - fu n c t lo n  m u t a n t s .  E x a m in a t i o n  o f  e tr1-5  a n d  
e tr1-8  I n d ic a t e d  a  r e d u c t i o n  t o  43%  a n d  23%, r e ­
s p e c t iv e ly ,  o f  w i l d - t y p e  m R N A  leve ls .  T h is  r e d u c t i o n  
In e x p r e s s i o n  c o u ld  b e  b e c a u s e  o f  m e c h a n i s m s  for  
m R N A  s u r v e i l l a n c e  s u c h  as  n o n s e n s e - m e d i a t e d  d e ­
cay  w h e r e b y  m R N A s  c o n t a i n i n g  p r e m a t u r e  s to p  
c o d o n s  a r e  t a r g e t e d  fo r  d e g r a d a t i o n  (v a n  H o o f  a n d  
G r e e n ,  1996).  H o w e v e r ,  t h e  r e d u c t i o n  In m R N A  e x ­
p r e s s i o n  lev e ls  o f  e t r1 -5  a n d  e tr1 -8  Is p r o b a b l y  n o t  
s u f f i c ie n t  t o  r e d u c e  p r o t e i n  le v e ls  b e lo w  d e t e c t io n  
l im i ts  fo r  t h e  a n t i b o d i e s .  T h u s ,  t h e  r e s u l t s  o b t a in e d  
w i t h  t h e  lo s s -o f - fu n c t lo n  m u t a t i o n s  s u g g e s t  t h a t  p r e ­
m a t u r e  t e r m i n a t i o n  o f  t h e  p r o t e i n  m a y  le a d  t o  a n  
a b s e n c e  o f  r e c e p to r  r a t h e r  t h a n  a t r u n c a t e d  r e c e p to r ,  
p r e s u m a b l y  b e c a u s e  o f  I n s ta b i l i ty  o f  t h e  t r u n c a t e d  
p ro t e in .  T h e  g e n e t i c  sc r e e n  fo r  I n t r a g e n i c  s u p p r e s s o r s  
m a y  h a v e  f a v o r e d  t h e  I s o la t io n  o f  d e s t a b i l i z i n g  
m u t a t i o n s .

T o  f a c i l i ta t e  o u r  a n a l y s i s  o f  e t h y l e n e  p a t h w a y  m u ­
t a t io n s ,  w e  I so la ted  a T -D N A  In s e r t i o n  m u t a t i o n  In 
t h e  ERS1 g e n e  th a t ,  b a s e d  o n  n o r t h e r n - b l o t  a n a ly s i s ,  
s u b s t a n t i a l l y  r e d u c e s  e x p r e s s i o n  o f  E R S I .  A s  h a s  
b e e n  f o u n d  In t h e  a n a l y s i s  o f  lo s s -o f - fu n c t lo n  g e n e s  
In o th e r  e t h y l e n e  r e c e p to r s ,  t h e  e r s l - 2  m u t a n t  by I tself  
h a d  l i t t le  e f fe c t  u p o n  e t h y l e n e  r e s p o n s e s  In t h e  m u ­
t a n t  s e e d l in g s .  H o w e v e r ,  a  d o u b l e  m u t a n t  o f  e r s l -2
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a n d  e tr1-7  e x h ib i t e d  a  c o n s t i t u t i v e  e t h y l e n e  r e s p o n s e .  
T h e  p h e n o t y p e  o b s e r v e d  w i t h  t h e  ers1-2;etr1-7 d o u b l e  
m u t a n t  w a s  c o m p a r a b l e  w i t h  t h a t  p r e v i o u s l y  r e ­
p o r t e d  fo r  a n  e t r1 ;e t r2 ;an 4 ;e r s2  q u a d r u p l e  loss-of-  
f u n c t io n  m u t a n t  ( H u a  a n d  M e y e r o w i t z ,  1998). T h e s e  
d a t a  s u g g e s t  t h a t  ETR1 a n d  ERSI p l a y  m o r e  p r e d o m ­
i n a n t  ro les  in  t h e  r e g u l a t i o n  o f  e t h y l e n e  s ig n a l in g  
t h a n  t h e  o t h e r  t h r e e  m e m b e r s  o f  t h e  e t h y l e n e  r e c e p ­
to r  f a m i ly .  T h e  r e l a t i v e  i m p o r t a n c e  o f  ETR 1 a n d  ERSI 
c o u ld  b e  b e c a u s e  o f  t h e  p r e s e n c e  o f  H is k in a s e  a c t i v ­
ity ( G a m b l e  e t  al., 1998), t h e  ab i l i ty  t o  i n t e r a c t  w i th  
t h e  d o w n s t r e a m  s i g n a l i n g  c o m p o n e n t  CTR1 (C la rk  et  
al., 1998), o r  p o s s ib ly  h i g h e r  e x p r e s s i o n  le v e is  c o m ­
p a r e d  w i t h  t h o s e  o f  t h e  o th e r  e t h y l e n e  r e c e p to r s .

In s u m m a r y ,  t h e  r e s u l t s  d e s c r i b e d  h e r e  c la r i fy  t h e  
m o d e  o f  a c t i o n  o f  e t h y l e n e  p a t h w a y  m u t a t i o n s  p r e ­
v io u s ly  id e n t i f i e d  in A r a b i d o p s i s .  M u t a t i o n s  in  t h e  
e t h y l e n e  r e c e p to r  ETR1 a f fe c te d  e x p r e s s i o n  o f  t h e  
r e c e p to r  a t  t h e  p o s t t r a n s c r i p t i o n a i  level .  S im i la r  m u ­
t a t i o n s  c o n f e r r i n g  e t h y i e n e  in s e n s i t i v i ty  a n d  i n t r a ­
g e n i c  s u p p r e s s o r  m u t a t i o n s  t h a t  r e s u l t  in  p r e m a t u r e  
s t o p  c o d o n s  h a v e  b e e n  id e n t i f i e d  in  o th e r  m e m b e r s  o f  
t h e  e t h y l e n e  r e c e p to r  f a m i ly  o f  A r a b i d o p s i s  ( H u a  e t  
al., 1995, 1998; H u a  a n d  M e y e r o w i t z ,  1998; Sakai  e t  
al., 1998). T h u s ,  t h e  m e c h a n i s m s  d e s c r ib e d  h e r e  m a y  
b e  a p p l i c a b l e  t o  o t h e r  e t h y l e n e  r e c e p t o r s  b e s id e s  
ETR1.

M A T E R I A L S  A N D  M E T H O D S  

P l a n t  M a t e r i a l  a n d  G r o w t h  C o n d i t i o n s

A rabidopsis m utan ts in th e  ecotype C olum bia w ere  used for all experi­
m ents except those  involv ing  the  ersl-2  m utant, w hich w as In the  ecotype 
W assilew skija. The ERSI T-DNA insertion  allele (ersl-2) w as isolated from 
th e  60,480 kanam ycin -resistan t T -D N A -tagged A rabidopsis lines of the  Uni­
versity  of W isconsin K nockout A rab idopsis facility (h t tp : / /w w w . 
b io tech .w isc .edu /A rab idopsis). The m u tan t w as identified w ith  a PCR 
prim er for th e  T-DNA left border (CATTTTATAATAACGCTGCGGA- 
CATCTAC) and  an ERSI-speclfic p rim er (CAGAGAGTTCTGTCACTCCT- 
GGAA ATGGT). Plants contain ing  the  w ild -ty p e  ERSI gene w ere  identified 
by use  of PCR w ith  th e  above ERSI p rim er and  a second ERSI-specific 
p rim er (CACAACCGCGCAAGAGACTTTAGCAATAGT). The ersl-2;etrl-7  
d o u b le  m u tan t w as identified  by crossing p lants hom ozygous for th e  single 
m utations and  subsequen t PCR-based geno typ ing  of Fj progeny according 
to  H ua and M eyerow itz (1998). U pon request, th e  ersl-2  m u tan t and  all 
novel m aterials described  In this publication  will be m ade availab le  In a 
tim ely m anner for noncom m ercial research purposes.

Unless indicated  o therw ise , seedlings w ere  grow n  on 0.8% (w /v )  agar 
p lates of one-half-strength  M urash ige and Skoog basal m edium  (pH 5.65) 
w ith  G am borg 's  v itam ins (M urashige and Skoog m edia. Sigma, St. Louis). 
Seeds w ere  stra tified  for 2 d a t 4®C before grow th  at 22°C. Seeds w ere 
exposed  to  light for 12 h, then  incubated  In th e  dark. Seedlings w ere 
typically  exam ined after 4 d, w ith  tim e  0 co rrespond ing  to  w hen the  plates 
w ere rem oved from  4®C and  b ro u g h t to  22°C. For e thy lene treatm ent, 
seedlings w ere  grow n in sealed cham bers in the  presence of 50 L L ’ 
e thyiene. M easurem ents of hypocotyl length w ere  perform ed as described 
by G am ble et al. (2002). For analysis of the  ran l-3  m utant, seedlings from  a 
segregating  popu lation  w ere  grow n for 4 w eeks u nder an 8-h light cycle to 
allow  for m axim al rosette  dev e lo p m en t before harvest. H o m ozygous ran l-3  
seedlings w ere  identified based on their readily  d istingu ishab le  constitu tive  
e thy lene  response ph en o ty p e  (W oeste and  Kieber, 2000).

A n t i b o d i e s

T he anti-ETRl(401-738) an tibody w as p rep a red  ag a in st a g lu ta th ione  
S -transferase (GST) fusion  pro tein  w ith  am ino  acids 401 to  738 of ETRl
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(Schaller et al., 1995) and w as used  for detection  of ETRl In all cases except 
w h ere  ind icated  in Figure 3. The serum  w as d ep le ted  of an tibod ies th at 
cross-react w ith  GST by passing  th ro u g h  a co lum n of Afflgel-10 (Bio-Rad 
Laboratories, Hercules, CA) cross-linked  to  GST. T he an tibody  w as affinity 
purified  by b ind ing  to  an Affigel co lum n cross-linked toGST-ETRl(401-738) 
(Schaller et al., 1995), then  e lu ted  w ith  0.1 m Gly (pH 2.5). T he anti- 
ETR1(l65-400) an tibody used  for F igure  3 w as p rep a red  against a GST 
fusion  pro te in  w ith  am ino acids 165 to  400 of ETR 1 (Schaller et al., 1995) and 
w as affinity p urified  as described  (G am ble et al., 2002). T he anti-(H - 
ATPase) an tibody  (DeW itt e t al., 1996) used  as an in ternal loading  control 
w as p ro v id ed  by Dr. M ichael Sussm an (U niversity  of W isconsin, M adison).

P r o t e i n  I s o l a t i o n  a n d  i m m u n o b i o t  A n a l y s i s

For isolation of A rab idopsis m em branes, p lan t m aterial w as h o m o g e  
nized a t 4®C in extraction buffer (50 m m  T ris [pH 8.51, 150 mm N aCI, 10 mm 
EDTA, and  20% [v /v ] glycerol) con tain ing  1 mm phenylm ethylsu lfonyl 
fluoride, 1 g mL ' pepstatin , 10 g  mL ’ ap ro tin in , and  10 g mL ' 
leupep tin  as p ro tease  inhib itors. The ho m o g en ate  w as s tra ined  th ro u g h  
M iracloth (Calbiochem-N ovobiochem , San Diego) and centrifuged  a t 8,000g 
for 15 m in. T he su p e rn a tan t w as cen trifuged  a t 100,000g for 30 min, and  the  
m em brane  pelle t w as resu sp en d ed  in 10 m m  T ris (pH 7.5), 150 mm N aCI, 1 
mm EDTA, and 10% (v /v )  glycerol w ith  p ro tease  inhib itors. Protein con­
centration  w as determ ined  by a m odification  of th e  Low ry assay (Lowry et 
al., 1951) in w hich  sam ples w ere  trea ted  w ith  0.4% (w /v )  sodium  deoxy- 
cholate  (Schaller and  DeW itt, 1995). Bovine serum  a lbum in  w as used  as a 
s tan d ard  for pro tein  assays.

For im m unobio t analysis, m em branes w ere  m ixed w ith  SDS-PAGE lo ad ­
ing buffer and incubated  a t 37®C for 1 h. Pro teins w ere  fractionated  by 
SDS-PAGE using  8% (w /v )  p o lyacry lam ide  gels (Laem m li, 1970). After 
electrophoresis, pro teins w e re  e ither sta ined  w ith  C oom assle Blue or elec­
tro tran sferred  to  tm m obilon  nylon m em brane  (M illipore, Bedford, MA). 
Im m unob lo tting  w as perfo rm ed  by using  anti-ETR 1(165-400), anti- 
ETR 1(401-738), or anti-(H -ATPase) polyclonal an tibod ies. Im m unodeco- 
rated  pro teins w ere  v isualized  by enhanced  chem ilum inescence detection 
according to  th e  m anufacturer (Pierce Chem ical, Rockford, IL). D ensitom et- 
ric analysis w as perform ed by using  th e  NIH Im age p rogram  (h ttp :/ /  
rsb .in fo .n ih .gov /n ih -lm age) after f irst scann ing  th e  exposed  film  and  then  
cap tu rin g  th e  im ages w ith P ho toshop  (A dobe System s, San Jose, CA). T he 
rela tive  expression level for ETRl w as quan tified  by com parison  to  a d ilu ­
tion  series of ETRl.

N o r t h e r n - B l o t  A n a l y s i s

Total RNA w as extracted from  A rab idopsis tissu e  according  to  the 
m ethod of C arpen ter and  Sim on (1998). For Figures 1 and 3, RNA was 
isolated from  etio lated  seedlings; an d  for F igure 5, RNA w as isolated from  
15-d-old leaf t issue  of p lan ts grow n in liqu id  cu ltu re  as described  by C hang 
et al. (1992). mRNA w as iso la ted  from  total RNA using  the  PolyATract 
mRNA isolation system  (Prom ega, M adison, W l). For n orthern -b lo t an a ly ­
sis, RNA w as separa ted  on 1% (w / v) agarose  gels using  th e  N o rthernM ax- 
Gly kit (Am bion, A ustin , TX) according  to  th e  m an u fac tu re r's  instructions. 
RNA w as tran sferred  to nylon m em brane  by th e  capillary m ethod and  fixed 
by UV cross-linking. H ybrid izations w e re  perfo rm ed  using  buffers supplied  
w ith  the  N orthernM ax-G ly kit. S ing le-stranded  ON A an tisense  probes w ere  
m ad e  using  p rim ers designed  to  anneal at th e  3 end of the  selected genes. 
Radiolabeled probes w ere m ad e  and  th e  b lot s tr ip p ed  betw een h y brid iza­
tions by using  the  Strip-EZ PCR kit (A m bion) according  to  th e  m an u fac tu r­
e r's  in structions. R adioactivity w as im aged and  q u an tita ted  by phosphor 
im aging  w ith  a M olecular Im ager FX (Bio-Rad Laboratories), u sing  accom ­
panying  Q uan tity  O ne softw are.
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