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Chapter 1: Introduction

Historical Perspective
The simple hydrocarbon gas ethylene is a phytohormone that has profound
effects on many aspects of life. The first known recording of ethylene was by Dutch
chemists who synthetically produced the gas in 1794 [1]. Since that time, ethylene
has become the most produced organic compound in the world [2]. However, the
significance of this gas dates back to a much earlier time and is much broader than its
synthetic use in the thermoplastic industry [2].
In ancient Egypt workers slashed open sycomore fruits during the harvesting,
because the practice of wounding the fruit hastened the onset of ripening [3]. Early
Chinese farmers burned incense in closed rooms where their pear crops were stored to
stimulate ripening [4]. There is no evidence that either the Egyptians or the Chinese
understood the mechanisms underlying these techniques that triggered fruit ripening,
however, observations made in the late 1800’s and early 1900’s revealed that
ethylene was the likely stimulant in both cases. Likewise, it was not until ~1700
years after the last Oracle of Delphi, when geologists identified ethylene as the
probable gaseous vapor responsible for the hallucination of the Pythia, or oracle
women, leading to their ability to converse with Apollo and predict the future [5].
The hypohtesis is that ethylene escaped from a fissure in the Earth’s surface and
rising into the oracle’s chamber [5].
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In 1924 F. Denny evaluated the affects of multiple gasses such as car exhaust,
stove gas, and sweatshop atmosphere on fruit ripening. He concluded that ethylene
was the active ingredient in each of the tested gasses that triggered fruit ripening [6].
It had been documented even earlier (1901) by D. Neljubow that ethylene was the
responsible agent in illuminating gas, which had leaked out of a gas main, that
induced premature defoliation of the surrounding trees [7]. But ethylene was not
known to be an endogenously produced hormone until 1934 when Gane found that
apples could produce ethylene [8]. Thirty years later, McGlasson showed that
endogenous ethylene production increased upon fruit wounding [9], a plausible
explanation for why the Egyptians observed that cutting open the sycomore fruit
hastened ripening.
In addition to fruit ripening and senescence, ethylene has been associated with
many other plant developmental processes such as signaling for seed germination,
inhibiting cell expansion and division, and promoting flowering and petal abscission.
Besides wounding, abiotic and biotic stresses can trigger ethylene production in the
plant [10]. Each of these ethylene-related processes can affect a plant’s ability to
survive and reproduce. It is these attributes that make the study of ethylene
agronomically significant, because ethylene can impact processes that in turn impact
crop yield. With a growing world population, less available suitable land for growing
crops, and the increasing utilization of crops for non-food purposes, it is essential that
we understand the complex processes of a plant, such as ethylene perception and
signaling, if we are to achieve maximum crop yields in the future.
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The ethylene biosynthesis pathway was completed in 1979 after 13 years of
work by the biochemist Shang Fa Wang, when Wang and his graduate student,
Douglas Adams, in a race with other labs, discovered that the intermediate between
S-AdoMet and ethylene production in the plant was 1-Aminocyclopropane-1carboxlic acid (ACC) (www.universityofcalifornia.edu). In the plant, ethylene is
produced from the conversion of Ѕ-AdoMet into ACC by a large family of tightly
regulated ACC synthase genes. Once produced, ACC is immediately converted to
ethylene by ACC oxidase [11]. The ACC oxidase enzymes are believed to be
localized to the cytosol [12] and to convert ACC to ethylene as soon as ACC is
produced [13]. Ethylene is then perceived by a family of endomembrane receptors.
The relatively quick dissection of the essential components of the signal
transduction pathway, downstream of ethylene biosynthesis, was largely due to the
ease of genetic screens in the model plant Arabidopsis, a good model for molecular
genetics due to its short life cycle, small stature, and small genome. Arabidopsis
seedlings, when grown in the dark in the presence of exogenous ethylene, have a
distinct and well documented phenotype termed the “triple response phenotype,”
which consist of a shortened and thickened hypocotyl, shortened primary root with an
increased number of root hairs, and an exaggerated apical hook (Figure 1-1) [14].
Initial genetic screens led to the isolation of two classes of mutants: those that were
insensitive to exogenous ethylene and those that constitutively exhibited the triple
response, even in the absence of ethylene. Map-based cloning of the isolated mutants
resulted in the identification of many components of the pathway, like ETHYLENE
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RESPONSE1 (ETR1), the first plant hormone receptor (and ethylene receptor) to be
cloned [15].
Ethylene Signal Transduction
The Ethylene Receptors Negatively Regulate Ethylene Responses

ETR1 is one member of a family of five ethylene receptors in Arabidopsis.
This family can be further divided into two subfamilies. Subfamily I consists of
ETR1 and ERS1, and subfamily II consist of ETR2, ERS2, and EIN4 [16]. Gain-offunction mutations within any of the receptors render plants insensitive to ethylene.
Loss-of-function mutations in the subfamily 1 receptors confer ethylenehypersensitivity while subfamily II loss-of-function mutants behave similar to wild
type phenotypically (likely due to receptor redundancy). Combinatorial loss-offunction receptor mutants display a constitutive triple response phenotype in the
absence of ethylene [16]. Thus, the receptors are essential for repressing ethylene
responses and behave as negative regulators of ethylene responses: actively signaling
to repress ethylene responses in the absence of ethylene and turning off this signal
upon ethylene binding [15-17] (Figure 1-1).
Similar to other gasses such as nitric oxide and oxygen, ethylene requires a
transition metal cofactor to achieve high affinity binding to the receptors. In the case
of the ethylene receptors, a Cu2+ co-factor, delivered by the copper transporter RAN1
[18], is required for receptor function [19]. The receptors form homodimers through
disulfide linkage of two cysteine residues (Cys4 and Cys6 in ETR1) within their
amino-terminal transmembrane spanning region (which also functions to target the
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FIGURE 1-1
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Figure 1-1: Introduction to ethylene signaling. A. The triple response phenotype
exhibited by etiolated Arabidopsis seedlings when grown in the dark in the
presence of ethylene (right seedling) consists of a shortened and thickened
hypocotyl region, an exaggerated apical hook, and short roots with lateral root hair
proliferation. B. Arabidopsis has a family of five ethylene receptors which can
be further subdivided into two subfamilies. TM = transmembrane domain, GAF =
The GAF domain, CC= coiled coil domain, HK = histidine kinase domain, and
REC = receiver domain. The subfamily I receptors have the conserved motifs
required for proper histidine kinase activity (black bars on the histidine kinase
domain indicate the position of these motifs), while the subfamily II receptors lack
some or all of these motifs. C. The ethylene receptors, including ETR1, are
negative regulators of signaling and signal in the absence of ethylene (receptor on
the left) to repress downstream ethylene responses. Once ethylene binds (black
circle) to the receptor, the receptor stops signaling, allowing ethylene responses
(similar to the triple response seen in A, to be carried out.)
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receptors to the endomembrane systems [20, 21]. Homodimers are the functional unit
of the receptors, and each homodimer binds one molecule of Cu2+and one molecule of
ethylene within the amino-terminal transmembrane spanning pocket of the receptors
(Figure 1-2) [19, 20]. Interestingly, Cys to Ala mutations that disrupt these disulfide
linkages do not fully disrupt ETR1’s ability to signal, implying that there are
additional, unidentified non-covalent mechanism(s) that aid in homodimer formation
[22, 23]. The ethylene-binding region of the receptors is comprised of three
transmembrane domains in the subfamily I receptors and four in the subfamily II
receptors. (The significance of the fourth transmembrane domain of the subfamily II
receptors remains unknown.) In addition to binding ethylene and localizing the
receptors to the endomembranes, the transmembrane domains also function in turning
off receptor signal output once ethylene binds [24].
Adjacent to the receptor transmembrane domains is the GAF domain. GAF
domains (GAF standing for cGMP-regulated mammalian phosphodiesterases,
cyanobacterial adenyl cyclases, and a formate-hydrogen lyase transcriptional
activator) are a subset of a larger family of small-molecule-binding domains
(SMBD’s), present in over 1600 proteins, and found in all three known domains of
life [25]. GAF domains are commonly found in proteins involved in signal
transduction or transcriptional activation and can bind nucleotides or tetrapyrroles
like chlorophyll or phycobillins [25]. It is currently unknown whether the receptors’
GAF domains bind a small molecule or what that small molecule might be. One
function of the receptor GAF domains that was recently deduced is their role in the
non-covalent heteromeric interactions among receptors. Truncated ETR1 and ETR2
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receptors with only the GAF domain can physically associate with other receptors
[23, 26], suggesting that higher order, heteromeric receptor interactions may play a
role in transmitting the ethylene signal (in addition to receptor homodimers)
formation [22, 23].
Sequence analysis of the receptors reveals that they share similarity to
prokaryotic two-component systems which use histidine kinase activity as a signaling
mechanism. The GAF and coiled coil domains of each receptor link the aminoterminal input (ethylene binding domain) to a carboxy-terminal histidine kinase
domain [15]. While all five receptors have the histidine kinase-like domain, only the
subfamily 1 receptors, ETR1 and ERS1, have the five essential motifs for histidine
kinase activity and display histidine kinase activity in vitro (Figure 1-1)[27].
Extensive analysis of the subfamily I receptors’ histidine kinase domains reveals that
the histidine kinase activity is at least mostly dispensable for ethylene signal
transduction. However the subfamily I receptors are essential for proper
transmission, as the subfamily I double null mutant has severe phenotypic affects
including sterility [28]. Interestingly, three of the receptors, ETR1, ETR2, and EIN4
have a response regulator-like receiver domain fused to the carboxy-terminal of the
histidine kinase domain (Figure 1-1). In the prokaryotic counterparts, this domain is
the acceptor of the phosphate generated by the histidine kinase activity. The function
of this receiver domain in ethylene signaling also remains unclear.
Recently it was found that the Arabidopsis ETR2 receptor is degraded by an
ER-associated 26S Proteosome complex upon ethylene binding [29]. Two tomato
subfamily II receptors, ETR4 and ETR6 are also degraded upon ethylene binding
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[30]. Degradation of the receptors could perhaps be a mechanism for signal
transmission as receptor degradation (upon ethylene binding) should, in theory, lead
to the alleviation of downstream ethylene responses, although it is unknown which
receptors (or if all receptors) are targeted for degradation upon ethylene-binding. To
date there is no evidence supporting ETR1 receptor degradation through the 26S
Proteosome complex. ETR1 is a unique receptor in that it is the only receptor that
has been shown to localize to the Golgi as well as the endoplasmic reticulum [21].
(Currently there is no evidence that the other receptors localize to the Golgi.)
Additionally ETR1 is the only receptor known to require the novel, integral
membrane protein, RTE1, for proper function [31]. REVERSION-TO-ETHYLENE
SENSITIVITY1 was identified based on two rte1 alleles ability to suppress the
ethylene insensitivity conferred by the etr1-2 mutation [31]. RTE1’s function seems
to be specific to ETR1, as the rte1 alleles cannot suppress other receptor gain-offunction mutations that confer ethylene insensitivity [31]. Additionally, rte1 alleles
can only suppress a subset of etr1 ethylene-insensitive alleles [31], suggesting that
RTE1’s genetic interaction with ETR1 is very specific, possibly based on
confirmation of the ETR1 receptor. Little is known about RTE1’s role in negatively
repressing ethylene responses through ETR1 [17]. However, RTE1 expression is
ethylene-inducible, suggesting that it may function in a negative feedback loop acting
to reset the repression of the ethylene signal once ethylene has dissociated from the
ETR1 receptor.
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CTR1 is a Raf-like Kinase that Represses Ethylene Responses

Downstream of the receptors and RTE1 is another negative regulator of
ethylene signaling, the Raf-like serine/threonine kinase CTR1 [32]. CTR1 is a
putative mitogen-activated protein kinase kinase kinase (MAPKKK) with a 550
residue amino-terminal, non-catalytic region and a carboxy-terminal kinase domain.
The ctr1-1 loss-of-function allele, which disrupts CTR1 kinase activity in vitro, was
isolated in a genetic screen for mutants that display a constitutive ethylene response
[32]. Therefore, CTR1, similarly to the receptors, is a negative regulator of ethylene
signaling, and the CTR1 kinase activity is essential for repressing ethylene responses
[32, 33].
CTR1 homologs are found only in eukaryotes from plants to mammals.
Consequently a long standing question in the field is “how does a prokaryotic-like
receptor regulate a conserved eukaryotic kinase?” The histidine kinase domains of
the two subfamily I receptors physically associate with the amino-terminal region of
CTR1 [34, 35]. This physical association is essential as a missense point mutation in
the CTR1 amino-terminal region, ctr1-8, that does not affect CTR1 kinase activity in
vitro, disrupts association with the subfamily I receptors and confers a constitutive
ethylene response phenotype in planta [33] (Shockey, 2004 dissertation.) CTR1
peripherally associates with the ER, and immunoprecipitation studies indicate that
CTR1 is a member of the ETR1 receptor complex in planta [36]. To our knowledge
this is the only known example of a direct and essential interaction between a
prokaryotic-like two component system and a Raf-like kinase.
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The mechanisms by which CTR1 signaling is deactivated and activated
remain unknown, and most current hypotheses are based on the mammalian Raf
homologs. The Raf kinase is recruited to the plasma membrane where it associates
with the plasma-membrane bound Ras for activation. While experimental data
suggest that CTR1 is not translocated to/from the ER for activation/deactivation [36],
genetic data suggest that CTR1 directly interacts with the receptors for activation.
This interaction could be lost upon ethylene binding, mimicking the ctr1-8 mutation,
leading to CTR1 deactivation.
Another potential parallel between Raf and CTR1 may be a role of
phosphatidic acid (PA) in kinase regulation. One of the factors involved in Raf
translocation is its binding to PA [37]. PA is a phospholipid, and in plants, PA levels
increase rapidly in response to abiotic and biotic stresses [38]. Recently it was found
that the CTR1 kinase domain can bind to PA in vitro [39]. However, unlike in the
case of Raf, where PA binding aided in activation, PA binding to the CTR1 kinase
domain inhibited CTR1 in vitro kinase activity [39]. Genetic support for a model in
which PA can inactivate CTR1 is unavailable and will be difficult to obtain as PA is
synthesized by a large family of proteins and loss-of-function mutants may have
pleiotropic phenotypes, because of PA’s role in multiple pathways.
Another question that will be challenging to elucidate genetically is the
substrate of CTR1. Because CTR1 is a putative MAPKKK, one attractive hypothesis
is that CTR1 signals through a MAP kinase cascade. However there is minimal work
to support this hypothesis, and interestingly, all biochemical results to date suggest
that if CTR1 signals through a MAP kinase cascade, the cascade would be unique in
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that CTR1, the MAPKKK, would act to repress the MAPKK and MAPK instead of
activating them [40, 41].
EIN2, a Mysterious Protein, Promotes Ethylene Responses

The next-known downstream component from CTR1 is the positive regulator
EIN2. EIN2, a large integral membrane protein of 1294 residues, has twelve
transmembrane domains in the amino terminal region that share similarity to the
Nramp family of metal ion transporters (although metal transporting activity of EIN2
has not been detected). This is followed by a large (roughly 700 amino acid)
carboxy-terminal soluble region with a coiled coil domain but no other conserved
motifs [42]. Various point mutations in either the hydrophobic amino-terminal region
or in the carboxy-terminal of EIN2 render Arabidopsis seedlings completely
insensitive to ethylene [42]. Because of the complete ethylene-insensitivity in the
ein2 mutant background, many labs have utilized ein2 mutants to begin dissecting the
cross talk between ethylene and other signaling pathways. ein2 mutants are
hypersensitive to ABA [43] as well as glucose [44]. Interestingly ABA is required for
the ein2 mutant’s hypersensitive response to glucose [44]. The exact mechanisms of
EIN2 function within the ethylene signaling pathway, as well as any specific role
EIN2 may play in the other hormone pathway, remain unknown. Recently it was
shown that EIN2 is degraded rapidly by two F-box proteins, ETP1/ETP2 in the
absence of ethylene [45].
EIN3 and EIL1 Transcription Factors Are Regulated by the EBF1/2 F-Box Proteins

EIN3 and a class of EIN3-like positive transcription factors act downstream of
EIN2 and bind as homodimers to the “primary ethylene response element” (PERE)
12

FIGURE 1-2
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FIGURE 1-2: The Ethylene Signal Transduction Pathway. (Figure is
modified from Kendrick and Chang, 2008.) Ethylene is perceived at the
endomembranes by a family of receptors that share similarity to
prokaryotic two-component signaling systems. RTE1 and the copper
transporter RAN1 act at or upstream of the receptors. The receptors and
CTR1 signal to repress ethylene responses. Once ethylene binds to the
receptors the signal is inactivated, causing CTR1 to be inactivated,
allowing downstream ethylene responses to be carried out. EIN2 is a
positive regulator downstream of CTR1 and is thought to be required for
all ethylene responses, as loss-of-function mutations in EIN2 seem to
render Arabidopsis seedlings completely insensitive to ethylene. ETP1/2
are F-box proteins that target EIN2 for degradation in the absence of
ethylene. Downstream of EIN2, EIN3 and the EIL’s encode transcription
factors that activate ethylene responses. EIN3 and EIL1 are regulated by
two F-Box proteins, EBF1 and EBF2. EIN5/XRN4 encodes an
exoribonuclease that seems to negatively affect the transcription of EBF1
and EBF2.
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within the promoters of other transcription factors, such as the ETHYLENE
RESPONSE FACTOR’s (ERF’s), which in turn bind to GCC boxes in the promoters
of several pathogen response genes [46]. The EIN3 and EIL1 transcription factors are
tightly regulated by two F-box proteins, EBF1 and EBF2, which target the
transcription factors for degradation through the 26S Proteosome in the absence of
ethylene. EBF1/2 appear to have overlapping but non-redundant roles in targeting
EIN3 and EIL1 for degradation as the double ebf1 ebf2 mutant has a more severe,
additive ethylene response phenotype than either of the single mutants [47-49].
Additionally, kinetic analysis of the hypocotyl growth rate of ebf1 and ebf2 single
mutants reveals that the two F-box proteins act at different time points within the
signaling pathway. EBF1 acts to degrade EIN3/EIL1 prior to/at the onset of ethylene
responses, while EBF2 plays a larger role in degrading EIN3/EIL1 after the ethylene
responses have been activated [50], perhaps functioning to reset the repression of
ethylene responses. Such tight regulation of the EIN3 and EIL1 transcription factors,
which promote ethylene responses, may be critical for a sessile organism’s ability to
quickly respond to stresses.
Similarly to EIN2, there have been multiple studies investigating EIN3 as a
point of cross talk. These finding suggest that EIN3 may be a point of convergence
of at least the ethylene, glucose and light signaling pathways [51-53].
The Exoribonuclease EIN5 Promotes Ethylene Responses

EIN3 regulation might occur through the regulation of the EBF1/2 F-box
proteins themselves. EBF1/2 are indirectly regulated by ETHYLENEINSENSITIVE5, which is the previously characterized 5’!3’ exoribonuclease XRN4
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[54, 55]. EIN5/XRN4 is homologous to yeast 5’!3’ exoribonucleases Xrn1p and
Rat1p, which function in mRNA and rRNA degradation, respectively; however,
EIN5/XRN4 can only rescue the xrn1p mutant and not the rat1p [54]. Similar to
Xrn1p, EIN5 localizes sub-cellularly to the cytoplasm [55]. EBF1/2 transcripts,
which are ethylene-inducible, accumulate in the ein5/xrn4 background.
Consequently, EIN3 protein does not accumulate in the ein5/xrn4 background in the
presence of ethylene, leading to the ethylene-insensitive phenotype of the mutant
[54]. Similarly, many other ethylene-inducible transcripts are expressed at much
lower levels in the ein5 background relative to wild type [54, 55]. EIN5/XRN4 does
not appear to directly degrade EBF1/2 transcripts, because the half-life of EBF1/2
transcripts in the ein5 mutant background is the same as in the wild type [55].
Therefore, the accumulation of EBF1/2 mRNAs may be due to increased transcription
with EIN5/XRN4 promoting a repressor of EBF1/2 transcription.
The EER Genes Represent a Class of Potential Ethylene Signaling Components

One of the most recent classes of putative ethylene signaling components
identified is the group of ENHANCED ETHYLENE RESPONSE genes (EER’s),
identified through genetic screens for seedlings that exhibit enhanced triple response
phenotypes, relative to wild type [56-60]. The eer mutants are not constitutive
ethylene response mutants, so they act similarly to wild type in the absence of
ethylene, but respond more rapidly to increasing levels of exogenous ethylene.
EER1 encodes a PP2A phosphatase, which was found to associate with the CTR1
kinase domain in vitro [57] and could potentially function in activating CTR1, similar
to PP2A’s role in activating Raf-1 [57]. EER3 encodes a previously uncharacterized
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prohibitin [59]. In mammalian systems, prohibitin functions to form transcriptional
complexes [59]. EER4 encodes a transcription factor containing a C-terminal putative
TATA BOX BINDING FACTOR (TFIID)-interacting domain [58]. In yeast, TFIID
binds to the TATA box and initiates formation of the RNA Polymerase II complex
[59]. Christians and Larsen report that EER3 can directly interact with EER4 in the
yeast-two-hybrid assay. If EER3 and EER4 have conserved functions relative to
mammalian and yeast systems respectively, this interaction could be required for the
recruitment of transcriptional machinery for the expression of genes that will repress
ethylene responses. EER5 encodes a protein with a proteasome COP9 initiation
factor (PCI/PINT)-associated module (PAM) domain similar to those found in
components of the COP9 signalosome (CSN). EER5 protein analysis suggests that
EER5 interacts with the C-terminus of EIN2 and with the CSN, suggesting that EER5
functions between EIN2 and the modification or degradation of target proteins [60].

Ethylene Signaling in Other Plants and Organisms
Wang et al. tested for ethylene-binding in many plant species from the nonvascular moss Physcomitrella patens to the popular aquarium plants from the genus
Vallisneria to the Chinese evergreen Juniperus chinensis, and found that all plants
tested did bind ethylene [24]. While the sequence information for many of these
plant genomes lags, available data support the idea that the ethylene signaling
pathway, as observed in Arabidopsis, is highly conserved among plants. For instance,
an Arabidopsis etr1-1 transgene (which confers ethylene insensitivity in Arabidopsis)
renders tomato seedlings insensitive to ethylene and delays the onset of tomato
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ripening. The same etr1-1 mutation when transferred to petunias can delay the
abscission of flower petals [61]. Additionally, ethylene receptor homologs have been
identified in many plants including tomato, passion fruit, marsh dock, peaches, and
geraniums [62]. Downstream components such as CTR1, EIN2 and EIN3 homologs
have also been identified in other plants, further supporting conservation of the
ethylene signaling pathway [24, 35, 63]. Because ethylene was identified as a
phytohormone, it was of interest to determine what other organisms, outside of the
plant kingdom, have ethylene signaling activity. The most extensive sequence
analysis of non-plant species has been by searching for homologs to the ethylene
binding domain (EBD) of the ETR1 receptor. (Querying against the EBD and not full
length ETR1 avoids the retrieval of histidine kinases that are not specific to ethylene
binding.) This approach led to the identification of several EBD’s in cyanobacteria as
well as other eubacteria such as Proteobacteria [24]. Corresponding to the ethylene
binding data (except in the case of Chara), no EBD’s have been found in the available
metazoa, fungi or green algae genomes [24]. It has been shown that the
Synechocystis slr1212 EBD protein can bind ethylene [19], but it remains unclear
whether that binding has biological significance and whether there is an intact
ethylene signaling system in prokaryotes. Such a system would require a CTR1independent signaling pathway as CTR1 is not found in prokaryotes.
Cross-talk With Other Hormones
In recent years many exciting discoveries have been in made in the other
phytohormones, which had previously been lagging behind our understanding of the
ethylene signaling pathway due mostly to the lack of such a distinct and well
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documented phenotype (i.e. the triple response phenotype) to utilize for genetic
screens. For example, degradation of hormone-response repressors by the 26 S
Proteosome seems to be key for auxin, jasmonic acid (JA) as well as gibberrelic acid
(GA) signaling. The F-box protein TIR1 has been shown to be an auxin receptor [64,
65]. COI1 is an F-box protein that can bind JA and upon JA binding targets the
jasmonic acid repressor family, the JAZ proteins, for degradation via the 26 S
Proteosome [66]. Likewise the soluble GA receptor GID1 binds to the DELLA
proteins, which repress gibberellin responses, and targets them for degradation [67].
Abscisic acid (ABA) has a unique signaling system, and recently two putative ABA
receptors have been characterized. The H-subunit of Mg2+-protoporphyrin not only
plays a role in chlorophyll biosynthesis and plastid-to-nucleus retrograde, but can also
bind ABA and promotes ABA signaling [68]. The G-coupled protein, GCR2 is a
plasma membrane bound protein that can bind physiologically relevant levels of ABA
and may serve in an ABA-receptor capacity [69, 70]. The more we learn about the
signaling pathway of the different phytohormones, the clearer it becomes that these
pathways integrate into much more complex relationships than we can currently
understand, acting to antagonize each other under specific conditions while acting
synergistically under other conditions. As an example, ethylene and JA have been
found to synergistically act in pathogen attack but antagonize each other in apical
hook formation and in wound responses [71]. The cross-talk between JA and
ethylene can occur prior to ethylene biosynthesis as JA-ACC conjugates have been
found in plants and suggest that conjugation may provide a mechanism that regulates
availability of both substrates [71]. JA and ethylene cross-talk can also occur at
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downstream point within both pathways. Exogenous application of either JA or
ethylene induce the expression of the transcription factor ETHYLENE RESPONSE
FACTOR1 (ERF1), and application of both hormones has an additive effect on ERF1
expression which in turn leads to a subset of ethylene and jasmonic acid responses
[72].
ABA may also have multiple points of cross talk with ethylene signaling.
ABA can induce the expression of multiple ACC synthase genes [73]. However,
ethylene-insensitive mutants, such as the etr1-2 receptor mutant, are hypersensitive to
ABA, suggesting that ABA can also affect signaling downstream of ethylene
biosynthesis. The etr1-2 mutant seed accumulates more biological active ABA than
WT seeds and less inactive ABA conjugates [74]. These are only two examples of
how JA and ABA can influence the ethylene-signaling pathway at multiple points. A
complete understanding of how these tightly regulated hormone pathways integrate
into a larger network of all the hormones, leading to specific plant responses, remains
an inexplicable question.

Conclusions
Many of the components involved in ethylene signaling have been identified,
and through epistasis analysis have been placed into the ethylene signal transduction
pathway. This pathway has expanded from a linear model to a more complex,
intricate model with multiple points of regulation both by feedback mechanisms as
well as input from other hormones and signaling pathways. Genetic and biochemical
data suggest that there are additional components of the pathway yet to be identified.
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Additionally, the mechanisms that transmit the signal from one component to the
next, in particular from the receptors to CTR1, CTR1 to EIN2, and EIN2 to the
downstream components, remain unknown. The foundation of the pathway has been
established, and now by identifying additional components of the pathway through
new screens, utilizing new protein-protein interaction tools for in planta visualization,
and developing new genetic approaches to study the already known proteins of the
pathway, we will begin to fill in the gaps within our current understanding but likely
also expose larger and more complex questions about the pathway.

21

Chapter 2: AWE1is a Novel Protein That Functions in
Hypocotyl Elongation and Cell Expansion

Introduction
Multiple lines of evidence suggest that additional components of the ethylene signal
transduction pathway have yet to be elucidated. A receptor quadruple loss-offunction mutant (etr1 etr2 ers2 ein4) has a more severe phenotype than the
constitutive response mutant, ctr1, suggesting an unidentified CTR1-independent
pathway downstream of the receptors [16]. ctr1 mutants still respond to exogenous
ethylene [16], suggesting that disruption of CTR1 activity does not entirely disrupt
ethylene signaling. Finally, a pull-down experiment with Arabidopsis ETR1
yielded a large complex of proteins, including CTR1, the other ethylene receptors,
as well additional proteins not yet identified [36, 75](GE Schaller, personal
communication.)
Traditionally forward genetic screens have been used to identify components
of the ethylene signaling pathway. However, those screens became saturated over
time with more than 40 ethylene-insensitive ein2 alleles and 9 constitutive ethylene
responding ctr1 alleles being isolated [33, 42]. Therefore in order to elucidate
unidentified components using a genetics approach, we have employed new screens.
Using forward genetics our lab continues to identify potential components of the
pathway by screening for suppressors of the ETR1 receptor ethylene-insensitive
mutant etr1-2 (Appendix A). Additionally our lab took a reverse genetics approach,
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employing the yeast-two-hybrid assay, to screen for proteins that interact with the
ETR1 ethylene receptor. The soluble portion of the ethylene receptor ETR1 (residues
293-729) was screened against an Arabidopsis etiolated seedling cDNA library (~106
clones screened). Twenty-nine clones were identified as potential ETR1-interactors,
because they interacted with the ETR1 bait but not with the non-specific control bait,
human lamin.

Out of the twenty-nine clones isolated, ASSOCIATES-WITH-ETR1

(AWE1), was of special interest because in addition to a strong interaction with
ETR1, the AWE1-prey interacted with a small portion of CTR1(amino-terminal
residues 308 through 569), the next known downstream component in the ethylene
signal transduction pathway (Wen-ming Ding, Masters thesis). Investigation of the
AWE1 gene and protein product suggests that AWE1 functions in hypocotyl
elongation and cell expansion through both ethylene-dependent and ethyleneindependent processes.

Results
Cloning the AWE1 cDNA

For further AWE1 analysis and downstream sub-cloning purposes I wanted to
obtain the annotated full-length AWE1 coding sequence. The AWE1 clone isolated
from the yeast-two-hybrid screen was only a partial sequence, and there were no fulllength EST’s available when I began my studies. Previous attempts by others to clone
the annotated AWE1 full-length coding sequence were unsuccessful. Two sets of
primers designed to amplify the annotated full-length AWE1 coding sequence had
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resulted in products that carried mutations in the predicted ‘ATG’ start codon. In an
attempt to avoid this problem, I designed a primer twenty nucleotides upstream of the
predicted start codon and using RT-PCR was able to clone the AWE1 coding
sequence, as annotated by the TAIR website (www.arabidopsis.org), from wild-type
rosette leaves for downstream analyses, such as sub-cloning purposes.
AWE1 Encodes a Protein with Homologs in Cyanobacteria and Plants

AWE1 (At3g29185.1) is a single-copy gene in Arabidopsis that encodes a
protein of 396 amino acids. The primary amino acid sequence lacks any recognized,
conserved motifs (Figure 2-1a). The first forty-one residues of the encoded product
comprise a weakly predicted chloroplast transit peptide sequence (Figure 2-1a)
(ChloroP1.1)[76]. The AWE1 protein is predicted to be a soluble protein that
localizes sub-cellularly in the chloroplast, vacuole, and cytoplasm according to the
Bioarray Resource sub-cellular prediction program (www.bar.utoronto.ca) [77].
AWE1 has two predicted gene models; the first being At3g29185.1. The
second, At3g29185.2, is predicted to encode a 411 amino acid protein with a
transmembrane domain (Figure 2-1b). Currently there is no Arabidopsis EST data to
support the second gene model. The clone isolated from the initial yeast-two-hybrid
screen encoded the last 343 amino acids of At3g29185.1, and the cDNA that I cloned
from Arabidopsis rosette leaves also encodes the At3g29185.1 model.
Previously it was reported that AWE1 and the ethylene binding domain
(EBD) of ETR1 have homologs in cyanobacteria and other plants but not in protists,
fungi, or animals, suggesting that the protein-protein interaction might be highly
conserved (Shockey, dissertation 2004). I ran the blastP and tblastn programs
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FIGURE 2-1

Figure 2-1: AWE1 encodes a novel protein with no conserved motifs. A&B.
There are two predicted gene models for AWE1. At3g29185.1 encodes a protein
of 396 amino acids in length while the predicted At3g29185.2 protein is 411
amino acids in length and predicted to include an intron with a transmembrane
domain (TM). The underlined region in A (residues 1 to 42) is a predicted
chloroplast transit peptide sequence (ChloroP1.1).
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querying the At3g29185.1 amino acid sequence against the non-redundant protein
sequence database and the nucleotide collection database respectively, to identify
potential plant homologs in more recently sequenced genomes. I detected hits in
Lycopersicon esculentum (tomato) and Oryza sativa (rice) as previously reported.
Additionally, there were hits in the dicot Populus tricocharpa (California poplar), the
monocot Sorghum bicolor (sorghum), two mosses Physcomitrella patens and the club
moss Selaginella moellendorffii , and cyanobacteria Anabaena variabilis
(filamentous cyanobacteria), Synechocystis sp. PCC 6803 (marine cyanobacteria),
and Gloeobacter violaceus (rod-shaped cyanobacteria) (Table 2-I). Interestingly, all
of the hits detected have good e-value scores (Table 2-I, column 4), but lack roughly
the first 40 to 45 residues present in AWE1, roughly 20% of the AWE1 sequence
(Table 2-I, column 3). For example, the predicted Populus trichocarpa peptide
sequence spans from AWE1 residues 55 to 396 (Table 2-I column 3). I did not
identify any AWE1 homologous sequences (cut-off e-value of <1) in protists, yeast or
animals. Recent work by Wang et al. (2006) showed a similar pattern for the ETR1
EBD [24]. ETR1 EBD homologs were found in cyanobacteria and plants, but were
not identified in protists, yeast, or animals (cut-off e-value of <1)[24]. However
information on potential ETR1 EBD homologs in the above more recently sequenced
genomes had not been verified. I repeated the blast searches using the protein
sequence for the ETR1 EBD (residues 1-128 as defined by Wang et al. (2006)[24]
and specifically searched for hits in the above listed organisms. I found ETR1 EBD
homologous sequences in all of the organisms listed above (Table 2-I). Finally I ran
the tblastn program using the ETR1 EBD sequence as a query. As previously
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TABLE 2-I
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TABLE2-I: AWE1 and the ethylene-binding domain of ETR1 have
homologs in plants and cyanobacteria. The At3g29185.1 amino acid
sequence was queried using the blastP or tblastn programs (column
2) to identify candidate AWE1 homologs that had not previously
been reported (Shockey, dissertation 2004). Although the e-value
scores for each hit were good (column 4), none of the organisms
(column 1) had full length homologs of AWE1 (column 3). For
example, Populus trichocarpa (column 1) had a very good e-value
score of 2e-150 (column 4) but the Populus trichocarpa predicted
peptide sequence only stretched from AWE1 residues 55-396
(column 3). Most of the sequences resulting from blast shared
homology to the last ~80% of the AWE1 amino acid sequence. In the
case of Selaginella moelendorffii, I combined the sequences from all
four hits (spanning AWE1 residues 150-187, 190-238, 251-300, and
313-396, third column) and ran a blast protein-protein alignment
between AWE1 and the combined Selaginella moelendorffii
sequences to retrieve the e-value. The e-values of homologous
sequences to the ethylene binding domain of ETR1 (ETR1 residues
1-128) are shown in columns 5 and 6.
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reported, I found no ETR1 EBD homologs in animals, fungi, or protists (e-value <1).
This parallels the blast results for AWE1. Although the primary amino-acid sequence
yields no clues to function, a secondary structure prediction program PHYRE (Protein
Homology-analogY Recognition Engine) [78] predicts a lipocalin-like fold in the
carboxy-terminal 200 amino acids of AWE1 as the predicted secondary structure of
AWE1 aligns (with an e-value of 1.4e-21) to the solved crystal structure of a putative
lipocalin-like protein from Nostoc punctiforme pcc 73102. Lipocalins are generally
cytosolic or secreted, extracellular-localized proteins that are found in organisms
from prokaryotes to mammals and generally bind small, hydrophobic molecules [79].
Confirming the Protein-Protein Interactions In Planta

Next I wanted to confirm the ETR1-AWE1 and CTR1-AWE1 physical
interaction, observed in yeast, in plants. For this I cloned AWE1, ETR1, and CTR1
into split YFP vectors to test for protein-protein interactions in planta using
bimolecular fluorescence complementation analysis (BiFC). The split YFP system is
thoroughly described in Walter et al. (2004) [80]. The YFP (YELLOW
FLUORESENT PROTEIN) molecule is split into an amino-terminal half (nYFP)
which is fused to one protein of interest and a carboxy-terminal half (cYFP) which is
fused to a second protein of interest. If the two proteins interact in planta, then the
nYFP and cYFP will assemble into a complete YFP molecule which can be detected
by fluorescence microscopy. ETR1 and CTR1 were each cloned into the vector
carrying the nYFP (pSPYNE) and AWE1 into the vector carrying the cYFP tag
(pSPYCE) (Figure 2-2a). Each of the YFP constructs and the p19 (RNA silencing
suppressor) vectors were individually transformed into the Agrobacterium strain
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C85C1 and grown up in culture separately, because each vector carried a kanamycinresistance marker for selection of transformants. Then all three cultures (one carrying
the nYFP clone, one the cYFP clone, and the third carrying the p19 plasmid) were
resuspended together for infiltration into two-week old tobacco plants. (Tobacco was
used for this study instead of Arabidopsis due to the ease of infiltration into tobacco
leaves for this transient expression study. Additionally tobacco cells are larger than
Arabidopsis pavement cells, and therefore easier to view under the microscope.)
Four days after infiltration I detected yellow fluorescence above the background level
(background being either un-infiltrated leaves or leaves infiltrated with ETR1-nYFP
alone) in tobacco leaves infiltrated with ETR1-nYFP and AWE1-cYFP, indicative of
interaction. The frequency of the interaction was low as I observed signal above
background in ~33% of the leaves, 4 out of 12. The YFP pattern in the pavement
cells (Figures 2-2d and e) resembled over-expression of ETR1 in tobacco pavement
cells alone (Figures 2-2b and c). The fluorescence was more easily detected in
mesophyll cells in which the YFP pattern appeared as a diffuse network of yellow
(Figures 2-2j and k). Such a diffuse pattern might be expected of an endomembranelocalized protein, ETR1, and a cytosolic protein (potentially AWE1) [26]. For
comparison figure 2-2h and 2-2i show the interaction between two endomembrane
proteins, ETR1 and RTE1, which form a more defined net-like pattern expected of
endomembrane localized proteins [26]. Finally, a weak fluorescent signal above
background levels (Figures 2-2f and g) was detected for AWE1 and CTR1 (Figures 22l and m) in epidermal pavement cells, in a similar pattern as observed in the ETR1
and AWE1 analysis (Figures 2-2d and 2-2e.) The frequency of observation was low.
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FIGURE 2-2
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Figure 2-2: Confirming the AWE1-ETR1 and AWE1-CTR1 interactions in planta
using BiFC. A. Fusions used for testing the interactions. ETR1-GFP was used for the
localization of over-expressed ETR1 in tobacco. The nYFP and cYFP stand for the
amino-terminal and carboxy-terminal halves of YFP, which come together to form one
molecule of YFP if the two proteins interact. B-M. Confocal images of the abaxial
surface of tobacco leaves. B&C. Localization of ETR1-GFP in tobacco epidermal
pavement cells. The left panel representing the GFP signal and the right panel showing
bright field image (photos courtesy of Chunhai Dong.) The white line in C is the outline
of one pavement cell. D&E. White arrows point to yellow fluorescence detected in
tobacco pavement cells infiltrated with ETR1 and AWE1, suggesting ETR1-AWE1
protein-protein interaction (488 nm laser, intensity of 20%.) F&G. This yellowfluorescent pattern is not seen in tobacco plants infiltrated with ETR1-nFYP alone
(488nm laers, intensity of 23%). H&I. Yellow fluorescence detected in tobacco
mesophyll cells infiltrated with two endomembrane bound proteins, ETR1 and RTE1
(photos courtesy of Chunhai Dong). The pattern is tight and reticulate. J&K. Yellow
fluorescence detected in tobacco mesophyll cells infiltrated with one endomembranebound protein, ETR1, and AWE1 (488nm laser, intensity of 16%). The yellow pattern
in J is more diffuse than in H, which supports a membrane-protein interacting with a
cytosolic-localized protein. L&M. Weak yellow-fluorescent signals were detected
above background levels (white arrows) in the pavement cells of tobacco infiltrated with
AWE1 and CTR1 (488 nm laser, intensity 24%). The pattern was similar to the YFP
pattern seen in pavement cells testing ETR1 and AWE1 interaction (D&E).
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About 30% of the infiltrated leaves had detectable fluorescence. In this replicate, two
of the five leaves analyzed had detectable fluorescence. While I did detect a small
amount of chlorophyll auto-fluorescence through the YFP filter in the tobacco
infiltrated with ETR1-nYP alone (Figures 2-2f and g), I have not observed the distinct
YFP patterns observed in Figures 2-2d and e in the ETR1-nYFP alone, negative
control (five leaves analyzed).
awe1-1 Mutants are Impaired in Hypocotyl Elongation and Cell Expansion
The BiFC results suggest that AWE1 can interact with ETR1 and CTR1 in
planta. Because etr1 loss-of-function mutants are hypersensitive to ethylene and ctr1
loss-of-functions mutants display constitutive responses to ethylene, I tested awe1
loss-of-function mutants for enhanced ethylene responses to test for AWE1’s
involvement in ethylene signaling. I characterized an awe1 loss-of-function mutant
and AWE1 over-expression transgenic lines. awe1-1 is a SALK T-DNA insertion
line [81] carrying a T-DNA in the third intron of the AWE1 coding sequence (Figure
2-3a). awe1-2 is an Arabidopsis tilling line [82] that encodes an S269L amino acid
substitution in a conserved serine residue. awe1-3 is a second T-DNA insertion line
(SALK), with the T-DNA in the 3’UTR. The awe1-1 mutant line was used for initial
analysis, because the T-DNA insertion site made this line the most likely to have
reduced AWE1 expression.
RT-PCR analysis of RNA extracted from individual plants confirms that the
awe1-1 mutant is a loss-of-function allele with largely reduced levels of full length
AWE1 transcripts (Figure 2-3b).
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Figure 2-3: awe1-1 mutants are hypersensitive to ethylene. A. The awe1-1
mutation is a SALK-derived T-DNA insertion in the 3rd intron of the gene. B
RT-PCR (from RNA of 1, 3-week old rosette per sample) showing that
transcript levels are significantly reduced in the mutant background. (The
positions of AWE1 primers used for the RT-PCR are indicated in figure A by
black, half arrows). C&D. Dark-grown awe1-1 mutant seedlings have shorte
hypocotyls than wild-type seedlings when grown on the ethylene-precursor 1Amino-1-cyclopropane carboxylic acid (ACC), but the awe1-1 hypocotyls are
not as short as the hypocotyls of the ethylene-hypersensitive ethylene receptor
etr1-7 mutant. E. Hypocotyl lengths of dark-grown awe1-1 mutant seedlings
were also shorter than wild-type when grown in the presence of exogenous
ethylene in the ethylene dose response assay. F. awe1-1 and etr1-7 dark-grow
seedlings slightly respond to the ethylene biosynthesis inhibitor
aminoethoxyvinylglycine (AVG) as well as to silver, which blocks ethylene
binding by the receptors. Error bars on graphs represent standard error of the
mean (n>20 seedlings for each data point).
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awe1-1 mutant seedlings exhibited shortened hypocotyls when grown in the dark on
medium containing the ethylene precursor 1-amino-1-cyclopropane carboxylic acid
(ACC) (Figures 2-3c and d) or in the presence of exogenous ethylene (Figure 2-3e),
suggesting the awe1-1 mutant might be hypersensitive to ethylene. awe1-2 and
awe1-3 mutants responded similarly to wild- type in the dark-grown seedling assays
(Appendix b). This was not completely surprising as a single amino acid substitution
in awe1-2 may not be sufficient to disrupt AWE1 function, and the insertion of a TDNA in the 3’ UTR in awe1-3 might not affect AWE1 expression levels.
Consequently, the awe1-2 and awe1-3 mutants were not characterized further.
When the awe1-1 mutant seedlings were grown on medium containing the
ethylene biosynthesis inhibitor, aminoethoxyvinylglycine (AVG) [83] or on medium
containing silver (AgNO3), which inhibits ethylene binding by the receptor [19, 84],
the hypocotyl shortening was partially alleviated, similarly to the ethylene receptor
loss-of-function mutant etr1-7 (Figure 2-3f), implying that the awe1-1 hypocotyl
phenotype is at least partially due to impaired ethylene signaling.
Since ethylene is known to promote the senescence of plant tissue [85], I
tested whether the awe1-1 mutant had an enhanced or premature senescence response
to ethylene. I tested for the premature senescence of cotyledons and rosette leaves in
awe1-1 mutant plants relative to wild-type when grown in the presence of ~100 ppm
exogenous ethylene for three days. awe1-1 mutant cotyledons exhibited slight
yellowing relative to wild-type cotyledons, but not to the extent of a known ethylenehypersensitive mutant, etr1-7 (Appendix b). I did not observe obvious premature
senescence in the adult rosettes of the awe1-1 mutant relative to wild-type, unlike the

36

etr1-7 mutant which displayed premature senescence (Appendix b). This may
indicate that AWE1 functions in only a subset of ethylene responses, which does not
include senescence.
Although the awe1-1 rosettes do not display premature senescence in the
presence of ethylene, the mutant plants have smaller, more compact rosettes than
wild-type plants (Figures 2-4a and b). Ethylene is known to inhibit cell expansion,
and constitutive ethylene response mutants have small compact rosettes as a
consequence [32]. Bright-field images of the abaxial surface of Arabidopsis
awe1-1 leaves revealed that the pavement cells of the awe1-1 mutant are slightly
smaller than wild-type cells (Figure2-4c), and this may attribute, at least in part, for
the smaller rosettes observed in the awe1-1 mutants.
Next I wanted to verify that the above phenotypes are indeed a consequence
of the awe1 mutation and not the result of an independent T-DNA insertion in another
locus of the same T-DNA line. This was of concern, because I did not have a second
allele for awe1. Since there are currently no candidate awe1 knock-out lines
available, I took a second approach to verifying the awe1-1 phenotypes. I made an
AWE1 over-expression construct, which was able to rescue the mutant awe1-1
phenotypes in the four independent lines that I analyzed in the seedling triple (Figure
2-5a and 2-5b.) These results suggest that disruption of the awe1 locus in the awe1-1
background is causing the observed phenotypes.
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Figure 2-4: awe1-1 mutants have smaller rosettes than wild-type plants,
which may be a consequence of cell expansion. A&B. awe1-1 3-week old
rosettes have smaller, more compact rosettes than wild-type plants or the
ethylene-insensitive mutants etr1-1 and ein2-1 but not as severe as the
constitutive ethylene-response mutant ctr1-8. Over-expression of AWE1 in
the awe1-1 mutant background can rescue this phenotype as observed in the 3
independent awe1-1 lines over-expressing AWE1 (#5, #7, and #10) seen here.
C. Bright field images of the abaxial surface of the oldest leaf from each of the
rosettes in A, shows that the cells of the awe1-1 mutant rosettes are slightly
smaller than wild-type and etr1-1. The AWE1 over-expression line shown has
pavement cells that look similar to wild type. (The pavement cells of three
leaves were examined for each genotype. The white scale bar = 20µm.) (The
white line indicates the outline of one Arabidopsis pavement cell.)
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Over-expression of AWE1 Alleviates etr1-7 Hypocotyl Shortening
awe1-1 loss-of-function mutant seedlings had slightly shorter hypocotyls than
wild-type seedlings when grown in the presence of ethylene, so I wanted to test for
the converse, ethylene-insensitivity in AWE1 over-expression lines. I analyzed the
dark-grown seedlings of five wild-type lines over-expressing AWE1 when grown on
medium containing ACC or in the presence of exogenous ethylene (Figure 2-5c and
2-5d)(Appendix b). RT-PCR results for three of the lines (lines 1, 2, and 4) left me
unsure of whether AWE1 was being over-expressed (Appendix b), but RT-PCR for
lines six and line seven confirmed over-expression of AWE1 (Figure 2-5e). All five
independent wild-type transgenic lines displayed hypocotyl lengths similar to wildtype untransformed seedlings when grown in the dark in the presence of ethylene
(Figures 2-5c, d and Appendix b). However, over-expression of AWE1 in the
ethylene-hypersensitive etr1-7 mutant restored seedling hypocotyl lengths to nearly
wild-type (Figures 2-6a thru d). To further investigate the effectiveness of
35S::AWE1 in restoring the etr1 hypocotyl lengths to wild-type-like, I over-expressed
AWE1 in a triple receptor loss-of-function mutant lacking ETR1 (etr1 etr2 ein4) and a
double receptor loss-of-function mutant, etr2 ein4, with wild-type ETR1. Hypocotyl
lengths of the transgenic triple receptor mutant (etr1 etr2 ein4) lines carrying the
AWE1 over-expression construct were similar to the hypocotyl lengths of the etr2
ein4 double mutant when grown in the dark on ACC, suggesting that AWE1 overexpression can compensate for the loss of etr1 with regards to hypocotyl length
(Figure 2-7a). The hypocotyl lengths of etr2 ein4 double mutant seedlings overexpressing AWE1 were comparable to the hypocotyl lengths of the untransformed
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Figure 2-5: Over-expression of AWE1 rescues the hypocotyl shortening of
the awe1-1 mutant but does not confer ethylene insensitivity in the WT
background. A&B. Three independent awe1-1 transgenic lines carrying the
AWE1 over-expression construct respond to either ACC (A) or exogenous
ethylene (B) similar to wild-type. Error bars represent standard error of the
mean for n>19 T2 seedlings in panel A and n=10 T3 seedlings in panel B.
C&D. Hypocotyl lengths of two independent wild-type transgenic lines
over-expressing AWE1, grown in the dark, either on ACC (C, error bars
represent standard deviation of n>13 T2 seedlings) or in the presence of
exogenous ethylene (D, error bars represent standard deviation of n=8 T2
seedlings). E. RT-PCR showing that AWE1 is over-expressed in wild-type
transgenic lines 6 and line 7. Top panel is RT-PCR using AWE1-specific
primers while the bottom two panels are products using GADPH-specific
primers showing that all samples had similar levels of RNA.
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Figure 2-6: AWE1 over-expression can compensate for the loss of ETR1. A.
RT-PCR of etr1-7 transgenic lines over-expressing AWE1. The top panel is
RT-PCR product with AWE1-specific primers, and the lower panel is a βetatubulin control showing similar RNA starting levels in all samples. B.
Photograph of dark-grown etr1-7 seedlings over-expressing AWE1 when
grown on 1µM ACC. Lines 2 and 3 are longer than the etr1-7 untransformed
seedlings. C&D. Hypocotyl lengths of two independent etr1-7 transgenic
lines over-expressing AWE1 when grown in the dark, either on ACC (C, error
bars represent standard error of the mean for n>19 seedlings) or in the presence
of exogenous ethylene (D, error bars represent standard error of the mean for
n>24 seedlings).
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Figure 2-7: AWE1 over-expression can restore the hypocotyl lengths of
the etr1 etr2 ein4 triple mutant to etr2 ein4-like but has no affect on the
hypocotyls of the etr2 ein4 double mutant. A. Graph showing hypocotyl
lengths of three independent etr1 etr2 ein4 transgenic T3 lines overexpressing AWE1. The three lines behave similarly to the etr2 ein4
double mutants over increasing concentrations of ACC. (Error bars
represent standard error of the mean for n>24 T3 seedlings.) B-C.
Graphs showing hypocotyl lengths of transgenic etr2 ein4 lines overexpressing AWE1 when plated on (B, error bars represent standard error
of the mean for n>24 T3 seedlings) or ethylene (C, error bars represent
standard deviation of n=8 T3 seedlings.) D. RT-PCR verifying that
AWE1 is over-expressed in the transgenic lines. Top panel is RT-PCR
using AWE1 primers (35 cycles) and bottom panel is RT-PCR using
GADPH primers (30 cycles) as an RNA control.
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control etr2 ein4 double mutant seedlings when grown on medium containing ACC
(Figure 2-7b). Preliminary results suggest similar results when these seedlings are
grown in exogenous ethylene (Figure 2-7c). I used RT-PCR to verify the overexpression of AWE1 in both etr2 ein4 lines (Figure 2-7d).
awe1 Double Mutant Analysis
I next analyzed awe1 double mutants to determine where AWE1 may function
in the ethylene signaling pathway. I crossed the awe1-1 mutant to the ethylene
insensitive etr1-1 mutant. awe1-1 etr1-1 double mutant dark-grown seedlings were
insensitive to exogenous ethylene, behaving similarly to the etr1-1 single mutant
(Figure 2-8a). Interestingly, the awe1-1 etr1-1 double mutant rosettes were small and
chlorotic in color, similar to the awe1-1 single mutant (Figure 2-8b). At the same
time, I tested for awe1-1’s ability to suppress the ethylene-insensitivity conferred by
the ein2-1 mutation. Double awe1-1 ein2-1 mutant seedlings were ethyleneinsensitive, similar to the ein2-1 single mutant (Figure 2-8c). The awe1-1 ein2-1
double mutant rosettes looked similar to the awe1-1 single mutant (Figure 2-8d).
Because awe1-1 could not suppress the strong insensitivity of etr1-1 in the hypocotyl
seedling analysis, it suggests that the awe1-1 effects on hypocotyl elongation are
ethylene-independent, or that the loss of awe1 cannot compensate for the strong
ethylene-insensitive mutants etr1-1 and ein2-1, or potentially AWE1 could act
upstream of ETR1. The rosette phenotypes of both the awe1-1 etr1-1 and awe1-1
ein2-1 double mutants support an ethylene-independent function of AWE1 in
regulating cell expansion of rosette leaves. Analysis of awe1-1 etr1-7 and awe1-1
ctr1-3 double mutants will be useful in determining whether AWE1’s function is in
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FIGURE 2-8

Figure 2-8: The hypocotyl shortening of awe1-1 dark-grown seedlings is blocked
by the ethylene-insensitive etr1-1 and ein2-1 mutants. A&B. The awe1-1 etr1-1
double mutant dark-grown seedlings had long hypocotyls when grown on ACC,
similar to the etr1-1 single mutant. The awe1-1 etr1-1 seedlings were slightly
shorter than etr1-1 mutants alone when grown in the absence of ACC. The awe11 etr1-1 rosettes looked more similar to awe1-1 (B). C&D. The awe1-1 ein2-1
double mutant dark-grown seedlings behaved similarly to the ethylene-insensitive
ein2-1 mutant seedlings when grown on ACC. Error bars in A and B represent
standard deviation of n=10 seedlings.
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ethylene signaling. If the double mutants have additive effects, relative to the single
mutants, this will imply that AWE1 functions in an ETR1- and CTR1-independent
pathway.
Sub-cellular Localization of the AWE1 Protein
Based on localization prediction programs AWE1 may localize to the cytosol,
chloroplast, or vacuole (or all three). There seems to be a correlation between AWE1
and ETR1 both physically, based on yeast-two-hybrid and BiFC analysis, and
genetically, based on over-expression analysis; therefore, I hypothesized that AWE1
would localize peripherally to the ER where the ETR1 receptor and the CTR1 protein
are localized [21, 36]. To investigate the sub-cellular localization of AWE1 in detail,
I used a genomic AWE1 fragment consisting of the genomic portion of AWE1 (from
600 bases upstream of the ‘ATG’ start codon to the last codon prior to the AWE1
‘TGA’ stop codon, fused to a carboxy-terminal RFP tag, followed by ~250 bases of
the AWE1 3’UTR (Figure 2-9a). I tested for and observed rescue of the awe1-1
phenotypes with the PrAWE1::AWE1-RFP construct, suggesting that the construct is
functional (Figures 2-9b and c). In guard cells, I observed AWE1-RFP localization
(false-green) in the chloroplast as well as in what appears to be the cytoplasm
(Figures 2-9d and e). In pavement cells, I also observed RFPfluorescence (again false-green) in the chloroplast (red auto-fluorescence) (Figures 29f thru i) as well as a weak signal which may be cytosolic (Figures 2-9f and g).
Because AWE1 protein was found to sub-cellularly localize to the chloroplast and the
awe1-1 mutant rosettes were small and chlorotic, I next examined the chloroplasts of
awe1-1 mutant leaves. There were no observable differences in the number of
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Figure 2-9: Localization of AWE1. A. Expression of the AWE1 coding
sequence was driven by a native AWE1 promoter (600 bases upstream of the
AWE1 predicted ‘atg’ start site) and fused to a carboxy-terminal RFP tag
followed by AWE1 3’UTR. B&C. The AWE1-RFP transgene rescued the
awe1-1 mutant rosette and seedling phenotypes. D-H. Confocal images of the
abaxial surface of AWE1-RFP transformed awe1-1 Arabidopsis rosette leaves.
D. RFP (false green) channel and E. overlay of RFP channel, chlorophyll autofluorescence (red) and bright field channels of a leaf surface focusing on three
guard cells. Green signal was detected in the chloroplast (white arrows) and
additionally, more weakly detected in what may be the cytoplasm (white
arrowheads) of two guard cells, while no RFP-fluorescence (green) is detected in
the third guard cell (black arrow). F&G. Green signal was detected
surrounding and in the chloroplast (white arrowheads) of pavement cells as well
as weak signal detected in what appears to be the cytoplasm. punctate dots were
visible in some pavement cells suggesting that AWE1-RFP may also localize to
the golgi, although co-localization has yet to be shown. H&I. In some
pavement cells observed, the green signal does not appear in the entire
chloroplast but appears to surround the chlorophyll (white arrows), a pattern
similar to the membrane envelope of the chloroplasts [86].
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chloroplasts in the awe1-1 mutant compared to wild type when I looked at the
newest/youngest leaf of each plant (two plants per genotype); however, the
chloroplasts in the awe1-1 mutant appeared to be slightly larger than wild-type or
awe1-1 transgenic lines over-expressing AWE1 (Figure 2-10). I repeated this study
using the oldest leaf from the same group of plants, observing one leaf per plant and
three plants per genotype, but did not detect the same difference in chloroplasts size
between the awe1-1 mutant and other genotypes (Appendix b). Any AWE1 function
in chloroplasts development might correlate to the age, maturity of the leaf.
Discussion
AWE1 is a Novel Gene Found in Cyanobacteria and Plants
AWE1, a single-copy gene in Arabidopsis with homologs in other plants as
well as cyanobacteria, was identified in a yeast-two-hybrid screen for ETR1interacting proteins. Primary sequence analysis of the encoded AWE1 protein yields
no conserved motifs. The secondary structure prediction program, PHYRE, predicts
a lipocalin-like structure in the carboxy-terminal half of AWE1 based on the
similarity of the predicted secondary structure of AWE1 to the crystal structure of a
putative lipocalin from Nostoc punctiforme PCC 71302. I identified sequences from
the monocot Sorghum bicolor, the dicot Populus trichocarpa, the mosses
Physcomitrella patens and Selagineall moellendorffii, and the cyanobacteria
Anabaena variabilis, Gloebacter violaceus, and Synechocystis sp. PCC 6803 that are
similar to the AWE1 protein sequence (from AWE1 residues ~50 to 396), and the
secondary structure of the Oryza sativa, Physcomitrella patens, Selaginella

52

FIGURE 2-10

53

Figure 2-10: The awe1-1 mutant leaves have larger chloroplasts than
wild-type. Mesophyll cells of the same leaves used for Figure 3-5c were
analyzed with a 488nm laser to stimulate auto-fluorescence of the
chlorophyll. awe1-1 chloroplasts were larger than wild-type chloroplasts,
and this phenotype was rescued by the AWE1 over-expression construct
as seen in OxAWE1 line 7. The left images are chlorophyll autofluorescence, while the right images show bright field images of the
surface. The scale bar = 10µm. The white line in the etr1-1 bright field
image is the outline of one mesophyll cell.
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moellendorffii, Anabaena variabilis and Gloeobacter violaceus primary sequences all
predict a putative carboxy-terminal lipocalin-like motif [78]. (The Sorghum bicolor,
Populus trichocarpa, and Synechocystis sequences were not queried.) Lipocalins are
small proteins that have low sequence similarity (~21%) but a highly conserved
secondary structure consisting of eight anti-parallel β-sheets that fold onto each other,
forming a barrel that stores small molecules with low solubility or molecules that are
chemically sensitive such as retinoid, vitamins, steroids, fatty acids, or odorants for
transport [79]. Lipocalins are found in many organisms from prokaryotes to
mammals [79]. At present AWE1 homologs and homologs of the ethylene-binding
domain (EBD) of ETR1 have been identified in cyanobacteria and plants, but not in
green algae, fungi or animals [24]. This parallel between ETR1 and AWE1 is unlike
other known components of the ethylene signal transduction pathway known to
physically or genetically interact with ETR1, such as CTR1 [34] and RTE1 [31],
which both have homologs in eukaryotes, including mammals, but not in prokaryotes
[31, 32]. These data are consistent with the possibility that AWE1 and ETR1
physical association may have co-evolved as a highly conserved interaction.
Confirming the AWE1 Protein-Protein Interactions In Planta
To confirm the initial ETR1 and AWE1 protein-protein interactions observed
in yeast, as well as the CTR1 and AWE1 interactions, I utilized BiFC tools in
Nicotiana benthamiana to detect interactions between the full-length ETR1, CTR1,
and AWE1 proteins. (The yeast-two-hybrid assay used to test for the initial proteinprotein interactions was limited in that only the soluble portion of the ETR1 receptor
and a small portion of the CTR1 amino-terminal region (residues 308-569) could be
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used.) I observed fluorescent YFP signals above background levels, albeit with weak
intensity, implying that the capacity exists for AWE1-ETR1 and AWE1-CTR1
interactions to occur when expressed by their native promoters in Arabidopsis cells.
The weak intensity of the signal could correlate with the low frequency of the
infiltration or with unstable protein expression in this transient assay. Each of the
three vectors used for BiFC analysis (the nYFP-containing vector, the cYFPcontaining vector, and the p19 RNA silencing suppressor) have to enter the same cell
in order for the YFP halves to come together and be expressed. Because each of the
three vectors has kanamycin selection markers, all three vectors were transformed
separately into Agrobacterium cells. Consequently all three independent
Agrobacterium strains must infect the same tobacco cells for fluorescence to occur.
The BiFC fluorescence patterns appeared similar to the fluorescence localization
pattern of ETR1-GFP when over-expressed in tobacco pavement cells. The intensity
of the YFP signal when testing for ETR1 and AWE1 interaction was stronger in the
mesophyll cells. Additionally the YFP signal in the mesophyll cells appeared in a
pattern that was more diffuse than the reticulate pattern of YFP signal resulting from
the interaction between two endomembrane-localized proteins, ETR1 and RTE1.
This would be expected if the YFP signal is coming from an endomembrane-localized
protein, like ETR1, and a protein localized to the cytosol, potentially AWE1 [26].
This analysis complements the previous yeast-two-hybrid findings; however, the
BiFC system also has limitations. Arabidopsis proteins are being over-expressed in a
non-native system (tobacco), and there is likely a natural affinity of the nYFP and
cYFP halves for each other. Showing protein-protein interaction in Arabidopsis
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without over-expressing the proteins would be ideal. We do not have an antibody to
the AWE1 protein, which would be useful for detecting AWE1 in the ETR1-complex.
Ongoing research in our lab (in collaboration with labs at USDA) aims to identify the
proteins in the ETR1-complex and proteins that associate with CTR1 through
immunoprecipitation of each protein with its interacting partners, followed by mass
spectrometry analysis. If AWE1 associates with both ETR1 and CTR1 in
Arabidopsis, then AWE1 may be identified in this mass spectrometry approach. In
the future it would also be useful to test for AWE1’s physical interaction with other
histidine kinases to verify the specificity of AWE1 for ETR1. These results do not
rule out that AWE1 normally associates with a histidine kinase and is interacting with
ETR1, a histidine kinase, when its true interaction partner is not present.
AWE1 Functions in Hypocotyl Elongation and Cell Expansion
Based on the sequence analysis and the protein-protein interactions with
ETR1 and CTR1, I hypothesized that awe1 loss-of-function mutants would be
hypersensitive to ethylene, similar to etr1 null and ctr1 loss-of-function mutants.
awe1-1 dark grown-seedlings had shorter hypocotyls than wild-type seedlings when
grown on medium containing ACC or in the presence of exogenous ethylene. This is
similar to, although not as severe as, the etr1-7 loss-of-function mutant, which is
hypersensitive to ethylene. The hypocotyl shortening of both etr1-7 and awe1-1 was
slightly rescued when seedlings were grown on medium containing the ethylene
biosynthesis inhibitor AVG or on medium containing AgNO3 which blocks ethylene
binding by the receptors. The alleviation suggests that the hypocotyl shortening for
both mutants is in part due to ethylene-hypersensitivity. AWE1 expression in dark
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grown Arabidopsis seedlings is reduced by >1.5 fold when grown in the presence of
exogenous ethylene [45] supporting a role of AWE1 in ethylene-induced hypocotyl
growth. However, because neither the etr1-7 nor the awe1-1 recovered to complete
wild-type hypocotyl length when ethylene biosynthesis was blocked, the results
suggest that the shortened hypocotyl phenotype of both mutants may also be due to
impairments of an ethylene-independent pathway or that ethylene biosynthesis is not
completely blocked. To test whether the awe1 hypocotyl response observed is within
the ETR1 signaling pathway, it would be useful to analyze the awe1-1 etr1-7 double
loss-of-function mutant to see if there is an additive effect or if the effect is similar to
the more severe, etr1-7, single mutant.
In addition to shorter hypocotyls, awe1-1 rosettes were smaller and more
compact than wild-type plants, which is an effect observed in constitutive ethylene
response mutants most likely due to ethylene’s inhibition of cell expansion [32, 87].
Analysis of the size of pavement cells suggests that the awe1-1 smaller stature is due
to cell expansion defects, similar to the ctr1 constitutive response mutant.
Unlike the ctr1-8 constitutive response mutant, awe1-1 rosette leaves were
chlorotic (lighter in color) than wild-type plants. In Mandarin oranges, ethylene has
been documented as decreasing the number of chloroplasts by promoting
disintegration of the chloroplast’s inner membranes [88], yet ctr1 mutants do not have
chlorotic phenotypes. AWE1 might function in repression of ethylene-induced
chloroplast degradation in a manner that is independent of known ethylene signaling
components. Recent findings such as the sub-cellular localization of the ethylene
response factor-like protein, ERF15, in the chloroplast [89] and preliminary results
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from a collaboration between our lab and Dr. Zhiyong Wang’s lab (Carnegie Institute
for Science, Stanford, California) that the chloroplast-localized protein FIFTYFOUR-CHLOROPLASTS (FFC) [90] might be rapidly altered by ethylene (25minute ethylene treatment) suggests that there might be ethylene-related protein
modifications (through signaling) in the chloroplast during ethylene responses.
AWE1 Protein Sub-cellular Localization in the Chloroplast
Correlating with the chlorosis of the awe1-1 mutant, I found that the AWE1
protein displayed sub-cellular localization mostly in the chloroplast with a small
fraction of the protein possibly localizing to the ER. ETR1 is known to localize to the
ER and Golgi membranes (with its histidine kinase and receiver domains in the
cytosol) but has not been found to localize to the chloroplast [21, 36].

While

most of the RFP fluorescence I observed was in the chloroplasts, a small portion did
appear outside of the chloroplasts, potentially ER. Interestingly multiple chloroplastspecific proteomic studies, utilizing tandem mass spectrometry, have not identified
AWE1 among proteins localized within the chloroplast envelope [91] or the entire
chloroplast [89]. This may suggest that AWE1 is not always localized in the
chloroplast or that the AWE1 protein is found in multiple organelles within the cell.
There are previously recorded examples of dual-targeting of proteins. FstZ, which
functions in chloroplast division has two functional splice forms, including one form
that lacks the chloroplast-target peptide sequence. Consequently FstZ is subcellularly localized to either the chloroplast or the cytoplasm depending on whether
the chloroplast-transit peptide sequence is spliced out or not [92]. Because I did
observe a small fraction of AWE1 protein outside of the chloroplast, dual-targeting of
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the AWE1 protein cannot be ruled out. Collectively the following information about
AWE1 - the homologous sequences identified in other organisms lack the chloroplast
transit peptide region, a partial AWE1 clone lacking the chloroplast transit peptide
sequence was initially isolated, and the annotated AWE1 ‘ATG’ start codon proved
difficult to clone - might indicate that there is a form of the AWE1 protein that is not
localized within the chloroplast. AWE1 has two methionine residues downstream of
the chloroplast-transit peptide sequence, at positions 43 and 57, which could serve as
potential alternative start codons for an AWE1 protein. Dual-targeting would help
explain the physical interaction observed between AWE1 and the ER/Golgi-bound
ETR1 receptor if this interaction is indeed occurring in Arabidopsis.
There are other possibilities as to the dual localization of the AWE1 protein.
AWE1 may not be an abundantly expressed protein in general or the AWE1-RFP
protein could be mis-localized due to the RFP tag. However, the AWE1-RFP
construct rescued the hypocotyl shortening and the rosette phenotypes of the awe1-1
mutant, implying that the AWE1-RFP fusion is likely functioning correctly. We used
the genomic AWE1 sequence consisting of ~600 bases upstream of the AWE1 ‘ATG’
start codon and including all exons and introns to the stop codon. In the future it
would be interesting to use the AWE1 cDNA sequence with the chloroplast-transit
peptide sequence fused to RFP and also the AWE1 cDNA starting with one of the two
“ATG” codons that are downstream of the chloroplast-transit peptide to determine if
the latter fusion (lacking the chloroplast-transit peptide sequence) can rescue the
awe1-1 mutant and if so, detect where the protein is expressed sub-cellularly in
Arabidopsis cells.
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Because most of the AWE1 protein localized to the chloroplast, and the awe1
mutant had a chlorotic phenotype, I examined the chloroplasts of the awe1-1 mutant
relative to wild type. While I could not detect abnormalities in the chloroplast shape,
I did see that the chloroplasts in the newest leaves of awe1-1 mutants were larger than
chloroplasts in the newest leaves of wild-type leaves, or awe1-1 transgenic plants
over-expressing AWE1. However I did not observe a difference in chloroplast size
when looking at the oldest, most mature leaves of the plants (Appendix b). A
decrease in chloroplasts would lead to a decrease in chlorophyll concentration and
likely the onset of chlorosis. The awe1-1 mutant leaves are chlorotic, which is unlike
ctr1 and etr1 loss-of-function mutants. This difference combined with the inability of
etr1-1 or ein2-1 to block the chlorotic phenotype of the awe1-1 mutant suggests that
the chlorotic phenotype is an ethylene-independent phenotype.
AWE1 Over-expression Effects are Observed in etr1 Mutants but not in Wild
Type
The sub-cellular localization of AWE1 protein, mostly to the chloroplast, led me
to question the biological significance of the ETR1 and AWE1 protein-protein
interactions observed in the BiFC analysis. However, when I analyzed transgenic
lines over-expressing AWE1, I observed a correlation between phenotype of
transgenic lines and lack of the ETR1 receptor, which could be a consequence of
direct interactions between AWE1 and ETR1. Transgenic wild-type plants overexpressing AWE1 looked identical to wild-type untransformed controls. However,
over-expression of AWE1 in the etr1-7 mutant restored the etr1-7 mutant seedling
hypocotyl lengths to near wild-type lengths. Additionally over-expression of AWE1
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in the etr1 etr2 ein4 triple mutant restored the hypocotyl lengths of the triple mutant
to the hypocotyl lengths of the etr2 ein4 double mutant, while over-expression in the
etr2 ein4 double mutant appeared to have no affect. These results indicate that AWE1
over-expression can compensate for the lack of ETR1 in hypocotyl growth. This is
very interesting considering that growing etr1-7 seedlings on an ethylenebiosynthesis inhibitor does not restore etr1-7 hypocotyl lengths to wild-type like, but
the over-expression of AWE1 does. It may suggest that AWE1 acts with ETR1 in an
ethylene-independent pathway. AWE1 was previously found to weakly interact with
the ERS1 receptor but not with the ETR2 receptor in the initial yeast-two-hybrid
analysis, providing preliminary support for the specificity of the AWE1 and ETR1
interaction (Shockey, 2004 dissertation). Another possibility is that the ETR1
receptor is required to inhibit AWE1 function in hypocotyls, and in the etr1 null
backgrounds, AWE1 does not stop functioning as it would in wild-type conditions.
Double Mutant Analysis Suggests AWE1 Function in Rosettes is EthyleneIndependent
awe1-1 etr1-1 and awe1-1 ein2-1 double mutant seedlings were insensitive when
grown in the dark in the presence of ethylene. This result suggests that AWE1 acts upstream
of ETR1 in hypocotyl elongation, or that the awe1-1 allele cannot suppress the strong
ethylene-insensitivity conferred by the etr1-1 mutation in hypocotyl elongation, or that
AWE1’s action is ethylene-independent and can be masked by ethylene-insensitive mutants.
Interestingly the awe1-1 etr1-1 and awe1-1 ein2-1 double mutant adult plants looked similar
to the awe1-1 single mutant. Collectively these results suggest that AWE1’s function in
hypocotyl elongation may be different than its function in rosettes. AWE1’s function in the
hypocotyl may be ethylene-dependent, because the awe1-1 mutation did not have an
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antagonistic effect on etr1-1 or ein2-1 hypocotyl length. Sub-cellular localization of the
AWE1 protein in hypocotyls might provide additional insight into a potential ethylenedependent role of AWE1 in ethylene signaling in hypocotyls.

Potential Functions of AWE1
A clearer understanding of AWE1’s role in hypocotyl elongation and cell
expansion might be obtained by having an awe1 allele that has complete loss of
AWE1 expression (a knock-out allele). Because I have yet to identify a second awe1
allele that yields the above mentioned phenotypes (or potentially even more severe
phenotypes) I am currently analyzing artificial microRNA lines, in which I designed
the artificial microRNA with specificity to the AWE1 transcript. The artificial
microRNA should, in theory, reduce AWE1 expression by targeting the AWE1
transcript for degradation [90]. If RT-PCR analysis reveals that these artificial
microRNA lines have reduced AWE1 expression, I will then analyze these lines for
defects in hypocotyl elongation and cell expansion.
Additionally, the possibility remains that in the plant, under normal growth
conditions, AWE1 may physically interact with a histidine kinase other than ETR1.
In the future, testing for physical interaction between AWE1 and other histidine
kinases, specifically any histidine kinases that are localized to the chloroplast, will be
useful to provide support or negate the hypothesis that AWE1 is non-specifically
interacting with ETR1. It still remains unclear whether the awe1-1 loss-of-function
and AWE1 over-expression phenotypes recorded here are due specifically to
impairments in ethylene signaling or not. Testing for additive effects of awe1-1 etr17 and awe1-1 ctr1-3 double mutants should help to clarify this point.
63

Possibly constructing an AWE1 clone that lacks the sequence encoding for the
chloroplast-transit peptide and testing for rescue of the awe1-1 seedling and rosette
phenotypes will inform us of whether AWE1 protein is dually targeted and whether
the targeting is dependent on the age of the plant. If the above-mentioned, truncated
AWE1 clone can rescue an awe1-1 mutant, then it would be interesting to determine
if the same truncated AWE1 can interact with the receptors, where it is localized subcellularly, and if it can, when over-expressed, compensate for the hypocotyl
shortening of the etr1-7 mutant.
If the chloroplast target peptide sequence is needed for proper AWE1 function,
and the AWE1-ETR1 interaction seems to be specific and real, then what would be
the function of the AWE1 and ETR1 interaction? It is speculated that some
chloroplast-targeted proteins require phosphorylation of the chloroplast transit peptide
sequence [94]. Perhaps the ETR1 histidine kinase activity could have a role in
phosphorylating AWE1. Adult etr1-7 transgenic plants carrying an ETR1 transgene,
mutated on the histidine residue, have chlorotic leaves and smaller rosettes than wildtype plants [95]. Cho and Yoo (2007) conclude that the mutated ETR1 histidine
kinase domain had a dominant negative effect on the other receptors, but it could
potentially be a dominant negative affect on AWE1. Additionally the AWE1-ETR1
physical interaction is lost when the putative ETR1-histidine kinase phosphate
acceptor residue is mutated from a D to an E, thought to mimic constitutive
phosphorylation of the site (Shockey, 2004 dissertation). These findings could imply

64

that there is a role of the ETR1 histidine kinase activity on AWE1 function, possibly
for proper sub-cellular targeting of the AWE1 protein.
In the future, confirming the interactions between ETR1 and AWE1 in
Arabidopsis with the native promoter driving expression of each, and the sub-cellular
localization of over-expressed AWE1 in the etr1-7 background would be useful to
provide support for or negate the idea of a specific AWE1 and ETR1 interaction.
If the FFC protein modification identified by Wang et al. through 2-D DIGE
analysis is determined to be real (based on replicate studies) (preliminary,
unpublished information), then testing for AWE1 interaction with FFC, and potential
localization patterns of FFC and AWE1 in the presence or absence of ethylene may
begin to build a backbone for an ethylene-regulated chloroplast signaling pathway.
Based on the findings reported here, AWE1 seems to have at least a genetic
interaction with ETR1 in hypocotyl growth, which may be through physical proteinprotein interaction. Because the awe1-1 mutation does not antaognize the ethyleneinsensitivity observed in etr1-1 or ein2-1 hypocotyls, awe1-1’s function in hypocotyl
elongation may be ethylene-dependent (see model figure 2-11.) The phenotype of
etr1 lines over-expressing AWE1 suggests that ETR1 is required for regulating AWE1
function in the presence of ethylene (see model figure 2-12.) Currently there is no
evidence to suggest that AWE1’s function in rosettes is ethylene-related. Because
etr1-1 and ein2-1 normally display delayed senescence in the presence of ethylene,
testing for senescence of the awe1-1 etr1-1 and awe1-1 ein2-1 may provide a link
between AWE1 and ethylene-related senescence or provide additional support for a
model in which AWE1’s function in adult plants is not directly ethylene related.
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FIGURE 2-11

Figure 2-11: Model of AWE1 function in hypocotyl elongation of dark grown
Arabidopsis seedlings. A. Genetic data suggest that AWE1 is a negative
regulator of ethylene responses in the hypocotyl and may act in conjunction with
ETR1 in repressing ethylene responses. B. AWE1 function in the hypocotyl
may require ETR1 for proper regulation in the presence of ethylene. C. If
AWE1 requires ETR1 for turning off function, then in the etr1-1 background,
AWE1 would always be functioning. D. awe1-1 etr1-1 double mutant analysis
suggest that AWE1 cannot compensate for the ethylene-insensitivity of etr1-1 in
hypocotyls, perhaps because etr1-1 is likely keeping all other receptors, along
with its own signaling “on” in order to repress ethylene responses.
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FIGURE 2-12
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Figure 2-12: Model of AWE1’s function based on the ability of over-expressed
AWE1 to compensate for a lack of ETR1 in hypocotyl lengths. A&B. Under
normal conditions, or when AWE1 is over-expressed in the wild-type
background, AWE1 is functioning to repress a subset of ethylene responses. C.
Once ethylene binds, the ETR1 receptor stops signaling and turns off the AWE1
signal (even in the over-expressed lines), possibly through protein-protein
interaction. Because over-expression of AWE1 does not confer ethyleneinsensitivity this model includes a limited or set quantity of the downstream
substrate or control point. In other words, AWE1’s activity is limited by the
next downstream control point. D&E. ETR1 and AWE1 act in concert on the
downstream control point. In D, no ETR1 protein is present to stop the AWE1
signal/function, therefore, even in the presence of ethylene, AWE1 is still
working to repress ethylene responses, but due to lack of ETR1, the repression of
the downstream control point is incomplete. In E, the additional copies of
AWE1 protein, due to over-expression, are all functioning even in the presence
of ethylene allowing for compensation of etr1 through repressing the ETR1specific responses. AWE1 over-expression brings the etr1-7 mutant to wild-type
like and not ethylene-insensitive possibly due to the limited quantity of the
downstream control point.
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Experimental Procedures
Sequence Analysis
blastP and tblastn searches were done at the NCBI Blast
(blast.ncbi.nlm.nih.gov/Blast.cgi) and the Joint Genome Institute
(www.jgi.doe.gov/genome-projects/) websites, using the At3g29185.1 amino acid
sequence, as predicted by The Arabidopsis Informational Resource (TAIR)
(www.arabidopsis.org), as the query sequence. The same amino acid sequence was
used in the PHYRE program (www.sbg.bio.ic.ac.uk/~phyre/) which predicts
secondary structures [78]. Finally the At3g29185.1 amino acid sequence was queried
in the ChloroP1.1 program to search for predicted chloroplast transit peptide
sequences [76].

Plant Growth Conditions and Measurements
The Arabidopsis thaliana Columbia ecotype (Col-0) was the wild-type strain used for
all experiments in this study. The awe1-1 SALK T-DNA line (SALK_030444) was
backcrossed once to Col-0 wild-type before analysis. For dark-grown seedling
response assays, Arabidopsis seeds were sterilized in a 50% bleach solution (with 10
µM Tween 20 (Fisher) added per 1 ml of sterilization solution) at room temperature
for five minutes, with gentle mixing, then spun down briefly in a microfuge, and
finally rinsed with water four times before being plated on Murashige and Shookg
(MS) (Sigma Aldrich) medium containing 0.9% agar. After plating, the seeds were
stratified at 4ûC for 3 days. Then the seeded plates were placed in light for five to six
hours, wrapped in foil, and grown in the dark at 20ûC for 3.5 days. For the triple
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response assay, seeds were germinated on MS media supplemented with ACC (Sigma
Aldrich), AVG (Sigma Aldrich), or AgNO3 (Sigma Aldrich) at the reported
concentrations or on MS plates grown in air-tight mason jars with exogenous ethylene
added through a rubber septum. Seedlings were removed from the MS medium for
photographs. The hypocotyl lengths were then measured from the digital
photographs using the ImageJ software. Adult Arabidopsis and Nicotiana
benthamiana were grown in soil at 16 hour light/8 hour dark cycles (fluorescent light)
at 20ûC. N. benthamiana plants were used two to three weeks after germination.
For genotyping purposes DNA was extracted from F3 pooled seedlings or
individual plants.

Primers flanking the T-DNA insertion site were used to detect

wild-type AWE1 with forward primer 5’-CTGTGTTTCTGCTTCAATGGG-3’ and
reverse primer: 5’-TCTAACCCTCTTTCCTCGAGG-3’. To detect the T-DNA
insertion (awe1-1) allele, the forward primer above and the SALK T-DNA primer
Lba 5’-TGGTTCACGTAGTGGGCCATCG-3’, which anneals to the T-DNA
sequence were used. For genotyping etr1-1 dCAPS primers [93] were used. The
forward primer was 5’-GCGATTGCGTATTTTTCGAT-3’ and the reverse primer
was 5’GTCCATAAGTTAATAAGATGAGTTGA-3’. The amplified etr1-1 PCR
fragment was digested with the NsiI restriction enzyme while the wild-type ETR1
fragment was not. Primers used for genotyping the ein2-1 allele were previously
described in Resnick et al. (2006).

RNA Extraction and cDNA Cloning

RNA was extracted from pooled seedlings or from rosette leaves in all assays using
the RNeasy RNA extraction kit (Qiagen). cDNA was synthesized with oligo(dT)
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primers using the iScript cDNA synthesis kit (BioRad). The primers used to amplify
the AWE1 cDNA from Arabidopsis RNA extracts were designed so that the sense
primer annealed twenty bases upstream of the annotated ‘ATG’ start site and carrying
a ClaI restriction site (underlined) in the 5’ end: 5’-ATCGATTCACTCACTCGCTC3’. The anti-sense primer annealed to the 3’ end of the predicted AWE1 coding
sequence and carried an XbaI restriction site (underlined): 5’AGATCTCTCACATTTTTGTCTCAG-3’. The cDNA was cloned into the pGEM-T
vector (Promega) for downstream use. For analysis of transcript levels in awe1 TDNA mutants the same primers flanking the T-DNA insertion site and used for
genotyping were also used for RT-PCR to check for transcript levels in the awe1-1
mutant. Additionally, primers annealing to the 3’-end of the AWE1 sequence
(amplifying a cDNA fragment from AWE1 nucleotides 905 to 1064) were used for
RT-PCR of over-expression lines. The sense primer was 5’GGAAAGGTCGTTCGGTAACA-3’ and the antisense was 5’TCCCAGTGCACATTTGTTGT-3’. Control primers used for RT-PCR were either
primers annealing to GADPH (At1g13440): 5’CAAGGAGGAATCTGAAGGCAAAATGA-3’ and 5’CAACCACACACAAACTCTCGCCG-3’, primers annealing to β-tubulin
(At5g23860): 5’-CGTGGATCACAGCAATACAGAGCC-3’ and 5’CCTCCTGCACTTCCACTTCGTCTTC-3’, or primers annealing to ACTIN3
(At3g53750) 5’-GTATGTGGCTATTCAGGCTG-3’ and 5’CTGGCGGTGCTTCTTCTCTG-3’.
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Plant Transformation Constructs

The AWE1 coding sequence was amplified (minus the AWE1 stop codon) with
primers carrying attB sites for cloning via homologous recombination into the
Gateway pDONR221 entry vector (Invitrogen) (the attB1 in the sense primer and
attB2 site in the antisense primer are underlined): sense 5’GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGGCTGCTGCTACTTCC3’ and antisense 5’GGGGACCACTTTGTACAAGAAAGCTGGGTCCATTTTTGTCTCAGTAAAAT
AAGT-3’. The AWE1 coding sequence was transferred from the pDONR221 (entry)
vector (Invitrogen) into various destination vectors such as the pB2GW7,0 (overexpression vector)(Plant Systems Biology) and the pSPYCE-35S (split YFP vector
used for BiFC analysis)[80]. Primers used to amplify CTR1 for cloning into the
nYFP vector pSPYNE-35s were (sense primer) 5’ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGGAAATGCCCGG
TAGAAG-3’ and (antisense) 5’TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTACAAATCCGAGC
GGTTGGGCG-3’. CTR1 was cloned into the entry pDONR221 vector (Invitrogen),
followed by subsequent cloning into the pSPYNE-35S split YFP vector [80]. ETR1
was previously cloned into the pDONR221 vector and available for recombination
into the pSPYNE-35S vector. Cloning of the AWE-RFP sub-cellular localization
constructs consisted of Gateway 3-piece cloning techniques (Invitrogen). AWE1RFP#7 primer and the above AWE1 antisense primer (carrying the attB2 site) were
used to amplify the genomic region starting about 700 base pairs upstream of the
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‘ATG’ start codon through the last codon prior to the AWE1 stop codon. The AWE1RFP#7 primer sequence is: 5’GGGGACAAGTTTGTACAAAAAAGCAGGCTCTTCTAGATCTAGTTGTTAAC
GA-3’. The fragment was amplified and cloned into the entry vector pDONRP4-P1R
(Invitrogen). Primers AWE1-RFP#3 and AWE1-RFP#4 were used to clone the
3’UTR about 250 bases downstream of the AWE1 stop codon. AWE1-RFP#3: 5’GGGGACAGCTTTCTTGTACAAAGTGGCCATGGCTGCTGCTACTTCCTTCC3’ and AWE1-RFP#4 : 5’GGGGACAACTTTGTATAATAAAGTTGGCGATTGATATGCAGTGAAG-3’.
This fragment was amplified and cloned into the entry vector pDONRP2R-P3.
Finally both entry clones along with RFP, which was previously cloned into the
pDONR221 entry vector, were collectively and directionally cloned (using the
specific recombination sites within each entry vector) into the destination vector
pDESTR4-R3 for transformation into Arabidopsis The DH5α e.coli strain was used
for subcloning. Agrobacterium strains used for plant transformations were either
GV3101 (for transformation into Arabidopsis) or C85C1 (for transformation into
Nicotiana benthamiana.) The floral dip method was used for transformation of the
AWE1-RFP construct into Arabidopsis awe1-1 plants [97]. Transformants were
selected with the herbicide Finale (active ingredient glufosinate) (Bayer). For
infiltration of Nicotiana bentamiana, the abaxial leaf surface of ~two week old plants
were infiltrated with the C85C1 Agrobacterium strain as described in Walter et al.
(2004). Each BiFC construct was independently transformed into C85C1, because all
vectors used for the experiment carried the kanamycin resistance marker NPTIII for
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selection in bacteria. Liquid cultures (5 mL) were started forty-eight hours prior to
infiltration for each agrobacterium being used as well as for the p19 helper plasmid.
After one day of incubation at 30ûC, 1 mL of each culture was transferred to a larger
aliquot, 50 mL LB (with the antibiotics kanamycin, rifampicin, tetracycline as well as
acetyosyringone, for stimulatation of the Agrobacterium vir genes ) and grown for
another 24 hours. Approximately 18 hours later, the cells were spun down and
resuspended altogether in a 10mL infiltration media consisting of 10mM MES,
10mM MgCl2, and 10µM Aceytosyringone. This solution was incubated at room
temperature, with gentle shaking, for six hours before infiltration. Using a syringe,
the abaxial leaf surfaces were infiltrated with the media carrying the Agrobacteria.

BiFC and Sub-cellular Localization Analysis

For BiFC analysis, the abaxial surfaces of infiltrated tobacco leaves were
observed seventy-two hours post infiltration using a Zeiss LSM 510 Confocal
Microscope with a 488nm Argon laser. For AWE1 sub-cellular localization studies,
abaxial leaf surfaces of ~two-week old stably transformed Arabidopsis lines were
analyzed using the same Zeiss microscope but with the 543 nm laser.
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Chapter 3: The Role of the CTR1 Amino-terminal Domain in
Ethylene Signaling

Introduction
CTR1, a serine/threonine protein kinase, is the next known downstream
component from the ethylene receptors, and actively represses ethylene responses
through kinase activity [32, 33]. The CTR1 protein is comprised of a 550 residue
amino-terminal region, thought to have a regulatory function, fused to a carboxyterminal kinase domain that shares 41% identity to the mammalian Raf kinases
(Figure 3-1) [32]. CTR1 is a putative MAPKKK, although a CTR1-mediated MAP
kinase cascade has yet to be elucidated. The CTR1 amino-terminal region physically
interacts with the histidine kinase domains of the two subfamily I receptors, ETR1
and ERS1 [34]. This interaction seems to be essential for repressing ethylene
responses. A specific point mutation, the only known missense mutation in the
amino-terminal region (ctr1-8, G354E), disrupts CTR1’s physical association with
the receptors both in yeast and in vivo, and the ctr1-8 mutant plant displays a
constitutive ethylene response phenotype [33](Shockey and Chang, unpublished).
There are additional ctr1 loss-of-function alleles that confer constitutive ethylene
responses in the plant. The ctr1-1 mutation, D694E, results in the loss of > 99.9% of
CTR1 kinase activity in vitro [33, 36] (Shockey and Chang, unpublished). The ctr1-3
mutation (R435stop) causes early truncation of the protein so that the carboxyterminal catalytic kinase domain is not translated [33]. Collectively, analysis of the

75

ctr1 alleles implies that CTR1 has a key, non-redundant role in repressing ethylene
responses.
Apart from the essential interaction of the CTR1 amino-terminal region with
the subfamily I receptors and the requirement of CTR1 kinase activity for repressing
ethylene responses, little else is understood about CTR1 function and regulation.
Extensive analysis of the ETR1 and ERS1 histidine kinase domains reveals
that the receptor histidine kinase activity is mostly dispensable for transmitting the
ethylene signal to CTR1 [98, 99]. Thus the receptors must activate and deactivate
CTR1 signaling through a different, unknown mechanism(s). The lack of interaction
between the subfamily I receptors and the CTR1-8 mutant protein suggests that
CTR1’s physical association with ETR1 and ERS1 receptors is essential for CTR1
activation. However, we do not know if this association is the only requirement for
CTR1 activation.
The CTR1 substrate also remains unknown; however, we speculate that the
substrate may associate with the ER, where CTR1 peripherally associates as a
component of the ETR1 receptor complex [36]. Because CTR1 is a putative MAP
kinase kinase kinase, many groups hypothesize that the CTR1 substrate is a MAP
kinase kinase. Ouaked et al. (2003) presented in vitro kinase data supporting the role
of a MAP kinase cascade in ethylene signal transduction, showing that the Medicago
MAP kinase kinase SIMKK and the MAP kinase SIMK both have increased kinase
activity in the presence of ACC [40]. Similarly, the Arabidopsis homolog of the
MAP kinase SIMK, MPK6, has increased kinase activity in a ctr1 mutant background
when compared to wild type [41]. Ouaked’s and Yoo’s separate findings both
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support a role for the Arabidopsis MAP kinase, MPK6, in promoting ethylene
responses [40, 41]. While Ouaked et al. (2003) draw the MPK6 and MAPKK’s
downstream of CTR1 (being repressed by CTR1 in the absence of ethylene), Yoo et
al. (2008) propose two separate MAP kinase cascades regulating downstream
responses: MPK6 in a cascade that promotes ethylene responses and CTR1 in a
separate pathway that represses downstream responses. However, confirming a
MAP kinase cascade, whether activated or repressed by CTR1, or acting in parallel to
CTR1, is challenging due to the high redundancy of MAP kinase kinases and MAP
kinases (10 and 23 respectively) in Arabidopsis [100].
Finally, an additional question about CTR1 signaling is whether or not CTR1
has any auto-regulation of its own kinase. The Raf kinases have an amino-terminal
region that auto-inhibits the Raf kinase activity through direct intramolecular
interactions between the two domains [101]. We also know that Raf associates with
the Ras GTPase for activation [102]. Once this interaction dissociates, the Raf
amino-terminal region is freed to interact and inhibit its own kinase activity [101].
Interestingly the crystal structure of the ETR1 receiver domain is similar to that of
Ras [103] thus making a parallel between the Ras-Raf interaction and ETR1-CTR1
interaction attractive. Additionally, in vitro data reveal that, similar to Raf, the CTR1
amino-terminal region physically associates with the CTR1 kinase domain
[59](Shockey and Chang, unpublished.) These findings and the loss of receptorCTR1 interaction in the ctr1-8 mutant background, led us to propose a model in
which the CTR1 amino- terminal region has two regulatory functions. One function
is to maintain the CTR1 interaction with the ETR1 and ERS1 receptors, which, based
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on ctr1-8 data seems to be essential for CTR1 kinase activity in the absence of the
ethylene ligand. The second proposed function for the CTR1 amino-terminal region
is autoinhibition of CTR1 kinase activity. We propose that, once the receptors bind
ethylene, the CTR1 <-> receptor interaction is lost. This may allow the now-freed
CTR1 amino-terminal region to autoinhibit CTR1 kinase activity through physical
interaction (Figure 3-1). I was interested in exploring this model in vivo. This led to
testing whether CTR1 must associate with the receptors to act on downstream
substrates, and to test this, I fused CTR1 to the transmembrane region of the ETR1
receptor, which should constitutively target CTR1 to the receptor complex. To test
for auto-inhibitory function of the CTR1 amino-terminal region on CTR1 kinase
activity I compared transgenic Arabidopsis lines carrying either a CTR1 truncated
construct (lacking the CTR1 amino-terminal region) to lines carrying a full-length
CTR1 construct.
Results
Over-expression of the CTR1 Kinase Domain is not Enough to Confer Ethylene
Insensitivity
We reasoned that by removing the CTR1 amino-terminal region and
expressing only the CTR1 kinase domain (CTR1 KD), would allow the CTR1 kinase
to be constitutively active, repressing ethylene responses and consequently render
transgenic seedlings insensitive to ethylene. To test for the potential auto-inhibitory
function of the CTR1 amino-terminal region, I expressed a truncated CTR1 protein,
consisting of the kinase domain, residues 550 to 821, and lacking the amino-terminal,
putative auto-inhibitory region, in wild-type Arabidopsis plants. I analyzed nine
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FIGURE 3-1

Figure 3-1: CTR1 is a negative regulator of ethylene responses. A. CTR1 is
an 821 amino acid protein comprised of a putative amino-terminal autoregulatory region from residues 1-550, and a carboxy terminal kinase
domain, residues 551-821. Three well characterized mutations are marked:
ctr1-8 is the only known missense mutation in the amino-terminal region,
ctr1-3 results in early truncation of the protein, ctr1-1 mutation disrupts
kinase activity. B. The ETR1 receptor and CTR1 work to repress ethylene
responses. ETR1 interacts with the CTR1 amino-terminal region, and we
speculate that this interaction is lost upon ethylene binding to the receptor,
allowing for a conformational change within CTR1, consequently causing
inhibition of CTR1 kinase activity.
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independent transgenic lines for seedling responses to exogenous ethylene (as well as
to ACC). Only two lines (lines 3 and 6) showed a consistent slight increase in
hypocotyl length relative to wild-type seedlings (data not shown). Because the native
CTR1 protein in the wild-type background could potentially inhibit or interfere with
the kinase activity of the over-expressed CTR1 KD, I transformed the fusion into the
ctr1-3 loss-of-function mutant. The 35S::CTR1KD transgene slightly alleviated the
constitutive triple response of the four homozygous independent transgenic ctr1-3
mutant lines analyzed although the seedlings never recovered to wild type lengths
(Figure 3-2b). Increasing the concentration of ACC in the medium had no visible
effects on the average hypocotyl length of the ctr1-3 transgenic lines. This is
different than the untransformed wild type and ctr1-3 controls and could be indicative
of a constitutively active CTR1 kinase in the ctr1-3 transgenic lines. However, the
phenotype was mild and transgenic ctr1 lines did not recover to wild-type-like.
One potential explanation for a lack of phenotype is that the truncated CTR1
KD protein may not localize near its substrate. This speculation was built upon
previous yeast-two-hybrid results which revealed that the CTR1 KD by itself cannot
interact directly with the ethylene receptors, ETR1 and ERS1 [34]. If the CTR1
substrate is at the ER, as we speculate, then the over-expressed CTR1 KD may
spatially be unable to act upon that substrate due to its own mislocalization.
Targeting the CTR1 KD to the Receptor Complex Confers Slight Increases in
Hypocotyl Length
To address this potential inability of the CTR1 KD to interact with its
substrate due to lack of CTR1 KD interaction with the ethylene receptors, I fused the

80

FIGURE 3-2

Figure 3-2: Expression of the CTR1 KD cannot cause ethylene insensitivity or
restore ctr1 loss-of-function mutant hypocotyl lengths to wild type. A. The
hypocotyls of etiolated Arabidopsis seedlings shorten in the presence of exogenous
ethylene (part of the triple response phenotype.) The yellow line represents the
hypocotyl length which was measured for each seedling. (The apical hook is not
included in the hypocotyl measurement.) B. Four independent, homozygous
transgenic ctr1-3 lines (empty triangles) harboring the CTR1 KD transgene had
longer hypocotyls than the untransformed ctr1-3 seedlings (black squares).
However the CTR1 KD transgene could not rescue the ctr1-3 transgenic lines to
wild type hypocotyl lengths (black circles).
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CTR1 KD to the transmembrane spanning region of the ETR1 receptor, which should
in theory target the CTR1 KD to the ETR1 receptor complex at the ER/Golgi. Two
truncated forms of the ETR1 ethylene receptor, both containing the ETR1
transmembrane spanning region, were used for the fusions (Figure 3-3). The first
ETR1 truncation, residues 1-106 (ETR11-106), contained only the ETR1 N-terminal
transmembrane domains, with no putative “linker region” between the final
transmembrane domain of ETR1 and the start codon of CTR1. Because, in theory,
this ETR1-CTR1 fusion might restrict any conformational movements of the
cytosolic, carboxy-terminal CTR1 fusion, I made a second ETR1 truncation, residues
1-349 (ETR11-349), consisting of the ETR1 transmembrane domains through the
cytsolic, coiled coil region, allowing for a putative “linker” region (ETR1 residues
107 to 349). (This ETR11-349 truncation was previously expressed in Arabidopsis, and
immunoblot analysis revealed that ETR11-349 localizes to the membrane extracts of
Arabidopsis tissue, similar to full length ETR1 [104]. Both ETR1 truncations were
fused to either the truncated CTR1 KD, or the full length CTR1 protein (CTR1FL)
(Figure 3-3a). I used the CTR1FL fusions as a control for comparison to the CTR1
KD fusions. In analysis of transgenic lines, any phenotype that I attribute to an overactive CTR1 KD should not be visible in transgenic lines carrying the CTR1FL
fusions, if the CTR1 amino-terminal region is an auto-inhibitor of the kinase.
Expression of all constructs was driven by the CaMV 35S promoter. (Cloning
procedures are summarized in Figure 3-7.) Initially, I transformed the ETR11-106CTR1FL and ETR11-349-CTR1FL transgenes into the ctr1-8 background, looking for
rescue of the ctr1 constitutive triple response phenotype by the full length CTR1
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fusion. (I initially tested for functionality of the transgene in the less severe ctr1-8
background instead of the stronger ctr1-3 mutant, because ctr1-8 plants are easier to
transform and produce more seeds than ctr1-3 plants.) Both transgenes containing
CTR1FL partially restored the triple responses of the constitutively responding ctr1-8
seedlings (Figure 3-3c and d). The ETR11-349-CTR1FL transgene restored the
hypocotyl lengths slightly more than the ETR11-106-CTR1FL transgene. Transgenic
lines carrying either transgene (ETR11-106-CTR1FL or ETR11-349-CTR1FL) responded
when ACC was added to the medium suggesting that the full length CTR1 was
functioning similarly to wild-type CTR1 (Figure 3-3c and d). Therefore these
transgenes (ETR11-106-CTR1FL and ETR11-349-CTR1FL) could serve as controls for
comparisons to constructs carrying only the CTR1 kinase domain: ETR11-106CTR1KD and ETR11-349-CTR1KD.
I transformed all four constructs: ETR11-106-CTR1KD, ETR11-106-CTR1FL,
ETR11-349-CTR1KD, and ETR11-349-CTR1FL into wild-type plants to determine if the
CTR1KD-fusion transgenes could confer ethylene insensitivity in Arabidopsis
seedlings. Since the ETR11-349-CTR1FL transgene functioned more closely to wild
type than the ETR11-106-CTR1FL transgene, I focused on those transgenic lines
harboring the ETR11-349-CTR1FL (as the control) in comparison to the lines carrying
the ETR11-349-CTR1KD fusion. I looked for ethylene-insensitivity in transgenic
seedlings grown on 5 µM ACC (a concentration of ACC at which I knew that the
ETR11-349-CTR1FL behaved similar to wild type CTR1 when expressed in the ctr1-8
background, Figure 3-3b and d). The five independent wild-type transgenic lines
harboring the ETR11-349-CTR1FL transgene displayed no ethylene-insensitivity while
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FIGURE 3-3
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Figure 3-3: Chimeric fusions used to target CTR1 to the receptor complex.
A. Four ETR1 truncations fused to CTR1 were constructed to localize CTR1 to
the receptor complex in plants: ETR11-106-CTR1FL, ETR11-106-CTR1KD, ETR11349

-CTR1FL, ETR11-349-CTR1KD. B. RT-PCR showing expression of ETR11-349-

CTR1FL in the ctr1-8 background. The 5’ primer was specific for ETR1 and the
3’ primer was an internal primer of CTR1, so the product should only be present in
transgenic lines and is not present in the ctr1-8 control. β-tubulin specific primers
were used as a control for the RT-PCR. C and 3D. The ETR11-106-CTR1FL and
ETR11-349-CTR1FL transgenes can partially restore the constitutive dark grown
triple response phenotype of the ctr1-8 mutant. 3C inset: All seedlings respond to
exogenous ACC, suggesting the transgene carrying the CTR1FL are functional.
3D: Error bars represent the standard deviation of 13<n<15 seedlings measured of
each genotype per treatment.
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the seven independent wild-type lines carrying the 35S::ETR11-349-CTR1KD were
insensitive to exogenous ethylene (Figure 3-4a and b, and data not shown).
Comparisons between those transgenic lines carrying the ETR11-349-CTR1FL and
those carrying the ETR11-349-CTR1KD imply that removal of the CTR1 aminoterminal region yields a constitutively active CTR1 kinase, providing in planta
support of our model that the CTR1 kinase is regulated by its amino-terminal region.
Additionally, comparisons between transgenic lines carrying the ETR11-349CTR1KD and those harboring the over-expressed CTR1KD alone, show that the
ETR11-349-CTR1KD transgene conferred a higher degree of ethylene-insensitivity
(Figure 3-4c), providing indirect support for a model in which the CTR1 substrate
localizes to the receptor-CTR1 complex at the ER/Golgi.
Over-expression of the CTR1 KD and CTR1 FL in ctr1-3 Suggests Additional
Components are Required for CTR1 Regulation
In order to eliminate the possibility that the wild type CTR1 interferes with
the phenotypes that I am attributing to the transgenes, I transformed the ETR11-349CTR1FL and ETR11-349-CTR1KD constructs into the ctr1-3 severe loss-of-function
mutant. Unlike in the wild-type transgenic lines, the ctr1-3 transgenic lines carrying
either the ETR11-349-CTR1FL construct or the ETR11-349-CTR1KD construct behaved
similarly (Figure 3-5a). Expression of either transgene slightly alleviated the
constitutive responses in the ctr1-3 background, but neither could restore the ctr1-3
mutant to wild type. This is unlike the ability of the ETR11-349-CTR1FL to restore the
ctr1-8 mutant to wild-type-like hypocotyl lengths and suggests that the ETR11-349CTR1FL cannot compensate for the more severe ethylene responses in the ctr1-3
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Figure 3-4: Over-expression of the targeted CTR1 KD confers partial
ethylene insensitivity. A. The ETR11-349-CTR1FL transgene had no affect on
hypocotyl growth of wild type seedlings. (Five independent transgenic lines
are represented by the checkered, gray bars. The non-transformed wild type
control is represented by the black bar.) B. Transgenic lines carrying the
ETR11-349-CTR1KD transgene had longer hypocotyls than the wild type
untransformed plants (black bar Figure 4: Over-expression of the targeted
CTR1 KD confers ethylene-insensitivity. C. Wild-type transgenic lines overexpressing the ETR11-349-CTR1KD had longer hypocotyls than those lines
over-expressing the CTR1 KD alone when grown in the presence of exogenous
ethylene. (Error bars for figures 3-4a-c represent standard deviation of n>14
seedlings measured for each data point.)
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Figure 3-5: The ETR11-349-CTR1FL and ETR11-349-CTR1KD transgenes partially
alleviate the constitutive response in the ctr1-3 mutant, but this alleviation is not
completely due to CTR1 auto-kinase activity. A. Comparison of four independent
homozygous ctr1-3 transgenic lines carrying the ETR11-349-CTR1FL transgene (dark
gray bars) compared to four independent homoyzgous ctr1-3 lines carrying the ETR11349

-CTR1KD transgene (light gray bars) and the ctr1-3 untransformed control (black

bar.) The two transgenes behave similarly in the ctr1-3 background, alleviating the
hypocotyl shortening in the mutant but responding to increasing concentrations of
ethylene. B. Comparisons of the ETR11-349-CTR1KD transgenic lines (light gray bars)
to lines carrying the ETR11-349-CTR1KD with a D694E mutation that should disrupt
transgene kinase activity (dark gray bars). The point mutation disrupts the transgenes
ability to confer hypocotyl elongation when grown in ACC- conditions [31].
However, the transgene still allows slight hypocotyl elongation relative to the ctr1-3
null, (black bar.) Error bars represent standard deviation of n>14 seedlings.
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mutant. However, the difference in hypocotyl lengths between the ctr1-3 transgenic
lines and the ctr1-3 untransformed control plants suggests that the CTR1 kinase in both
the ETR11-349-CTR1FL and ETR11-349-CTR1KD is active, even in the presence of
ACC.
To determine if the slight alleviation of hypocotyl length is due to CTR1
kinase activity, I transformed an ETR11-349-CTR1KD transgene carrying the ctr1-1
D694E mutation, which should disrupt >99.9% of the CTR1 kinase activity
[33](Shockey and Chang, unpublished) into the same ctr1-3 background. These
transgenic lines, although not as long as those lines carrying the ETR11-349-CTR1KD,
did have longer hypocotyls than the ctr1-3 untransformed seedlings (Figure 3-5b). This
suggests that while constitutive CTR1 kinase activity may be partially responsible for
the hypocotyl elongation observed, there are other unidentified mechanisms also
responsible for the partial alleviation of the constitutive phenotype in the ctr1-3
background.
Discussion
Most models of CTR1 regulation are based on our current understanding of
how the mammalian Raf kinases are regulated. Previous work in our lab showed that
the CTR1 amino-terminal region can directly interact with the CTR1 kinase domain
in vitro [59](Shockey and Chang unpublished), and this is similar to Raf [101].
Because this intramolecular interaction inhibits the Raf kinase activity, I tested for
potential auto-inhibitory effects of the CTR1 intramolecular interaction in vivo by
over-expressing the CTR1 kinase domain alone. I found that transgenic Arabidopsis
seedlings over-expressing the CTR1 KD alone responded similarly to the
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untransformed control seedlings when grown on medium containing ACC. This
result suggested that the initial model, in which expressing the CTR1 KD without the
CTR1 amino-terminal region, should confer ethylene-insensitivity, was incorrect or
incomplete (Figure 3-6a). There are several potential explanations for the lack of an
effect: the CTR1 amino-terminal region is not an auto-inhibitor of its own kinase, the
transgene may not have been expressed in any of the lines tested, or the CTR1 KD
alone cannot act upon its substrate in vivo. This latter possibility could result from a
lack-of-interaction between the CTR1 KD and the ethylene receptor complex. If the
CTR1 substrate is a part of the ethylene receptor complex, which is where CTR1
resides sub-cellularly [36], then the truncated CTR1 KD, which cannot interact with
the receptors [34], may be mis-localized relative to the wild-type CTR1 protein and
unable to interact with its substrate. In this scenario, I would not expect to see
ethylene-insensitivity in transgenic plants over-expressing the CTR1 KD, even if the
kinase was constitutively active.
To test this idea of CTR1 KD mislocalization relative to the ETR1 complex
and potentially the CTR1 substrate due to lack of the CTR1 amino-terminal region
(Figure 3-6b), I fused CTR1, either the KD or full-length CTR1 (CTR1 FL), to the
carboxy-terminal end of each of two ETR1 receptor truncations which included the
ETR1 transmembrane domains only (ETR11-106) or the ETR1 transmembrane
domains through the cytosolic GAF and coiled coil domains (ETR11-349). (If the
ETR1-CTR1 KD fusions conferred ethylene insensitivity in transgenic Arabidopsis
plants, and the ETR1-CTR1FL fusions did not, this would provide evidence for a role
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FIGURE 3-6

Figure 3-6: Removing the CTR1 amino-terminal region is not sufficient to
cause a constitutively active CTR1 kinase domain. A. The initial hypothesis
was that expressing the CTR1 kinase domain without the CTR1 aminoterminal region would cause ethylene-insensitivity if the amino-terminal region
served to auto-inhibit kinase activity. The work described here suggests that
the CTR1 amino-terminal region has additional or different roles, potentially in
CTR1 kinase activation, through interaction between the CTR1 amino-terminal
region and the ethylene receptor complex. This former model does not seem to
be complete (indicated by the red “X”). B. To test the necessity of the CTR1
kinase to interact with the ethylene receptor complex in order to act upon its
substrate, I targeted the kinase using the transmembrane portion of ETR1 and
looked for ethylene insensitivity.
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of the CTR1 amino-terminal region as an autoinhibitor of kinase activity. See model
in Figure 3-7).
Both the ETR11-106-CTR1FL and the ETR11-349-CTR1FL transgenes partially
rescued the triple response of ctr1-8 mutant seedlings, suggesting that the constructs
were partially functional. ctr1-8 lines carrying the ETR11-349-CTR1FL transgene
displayed longer hypocotyls than ctr1-8 lines carrying the ETR11-106-CTR1FL,
suggesting that the ETR11-349-CTR1FL transgene may more closely resemble wild
type CTR1 (potentially due to the putative “linker” region between the ETR1
transmembrane domains and the start codon of CTR1 FL in the ETR11-349-fusion.)
Therefore I chose to focus on those fusions containing the ETR1 1-349 truncation:
ETR11-349-CTR1FL and ETR11-349-CTR1KD.
In the wild-type background, the transgenic lines carrying the ETR11-349CTR1KD transgene had slightly longer hypocotyls than wild-type while transgenic
lines carrying the ETR11-349-CTR1 FL looked similar to wild-type. Assuming that the
CTR1 FL transgene was expressed, these results provide support of our hypothesis
that the CTR1 amino-terminal region is required for both inhibition of CTR1 kinase
activity and spatial localization of the CTR1 kinase relative to its substrate.
However, the data generated from these same transgenes in the ctr1-3 loss-offunction background suggest that additional proteins are likely required for CTR1
regulation. The ETR11-349-CTR1 KD slightly alleviated constitutive ethylene
responses in the ctr1-3 mutant (both in the absence and presence of ACC).
Transgenic lines carrying the ETR11-349-CTR1FL transgene behaved similarly,
suggesting that the alleviation cannot be attributed to the truncated CTR1 kinase in
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FIGURE 3-7

Figure 3-7: Testing a two-fold model, that the CTR1 kinase
substrate is localized to the ethylene receptor complex and that the
CTR1 amino-terminal region auto-inhibits kinase activity once
ethylene binds. A. Transgene targeting the CTR1 kinase domain to
the receptor complex. If the CTR1 substrate is present at the
receptor complex and the CTR1 amino-terminal region is an autoinhibitor of kinase activity, this trangene should render plants
ethylene-insensitive. B. A control transgene to test the significance
of the CTR1 amino-terminal region when CTR1 is targeted to the
receptor complex.
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the transgenic lines harboring the ETR11-349-CTR1 KD construct (or that any
constitutive CTR1 kinase activity due to a lack of CTR1 amino-terminal region is not
causing the phenotype.) Interestingly, the ETR11-349-CTR1 FL fusion could not
restore CTR1 function in the ctr1-3 mutant, unlike the partial-rescue of the lesssevere ctr1-8 mutant. (The CTR1-8 kinase can function in vitro [32].) None of the
ctr1-3 transgenic lines that I observed recovered to wild-type hypocotyl lengths;
however, all of the ctr1-3 transgenic lines had longer hypocotyls than the ctr1-3
untransformed mutant. The longer hypocotyls were not altered in the absence or
presence of ACC, and this may indicate that the transgenes are constitutively
signaling, to a degree, in the ctr1-3 background. If so, then both transgenes are
constitutively active (see model in Figure 3-8), which would provide support for a
model in which the CTR1 substrate is at the receptor complex and that CTR1 must
dissociate with the complex for deactivation.
To test whether the phenotypes were due to CTR1 kinase activity, I analyzed
transgenic ctr1-3 lines that carried the ETR1-CTR1FL fusion carrying the ctr1-1
mutation which should disrupt CTR1 kinase activity, ETR11-349-CTR1KD
(D694E)[33]. The transgenic ctr1-3 lines carrying this transgene also had subtle
restoration of the hypocotyls of the ctr1-3 mutant but not to the extent of the ctr1-3
transgenic lines carrying ETR11-349-CTR1KD and ETR11-349-CTR1FL.
These results suggest that the phenotypes I had initially attributed to a
constitutively active CTR1 kinase domain were not entirely due to CTR1 kinase
activity. However trans-phosphorylation of the ETR11-349-CTR1KD(D694E) could
also potentially lead to CTR1 signaling, and cannot be ruled out. Huang et al. (2003)
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FIGURE 3-8

Figure 3-8: The presence or absence of the CTR1 amino-terminal region in
the transgene does not alter the ethylene responses in the ctr1-3 background.
A. Model showing my original hypothesis that the CTR1FL transgene
would not be active when ethylene bound to the receptor. This model does
not seem to be entirely correct or complete (indicated by the red “X.”) B.
The actual results suggest that the CTR1 FL is active to the same extent of
the CTR1 KD transgene, shown in C. This result may indicate that once the
CTR1 kinase domain is recruited to the receptor complex, the CTR1 aminoterminal region’s function is complete and the CTR1 amino-terminal region
is not required for auto-inhibition of kinase. Alternatively the fusion of the
amino-terminal region to the ethylene receptor may disrupt the ability of the
CTR1 amino-terminal region to inhibit kinase activity.
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showed that there is a very low level (0.1%) of trans-activation of a CTR1-1 kinase
by a CTR1 wild-type kinase in vitro [33], and even if CTR1 activity is not present in
the ctr1-3 background, other MAPKKK’s may be active. ctr1-3 plants are very
stressed throughout their life cycles. Potentially signaling proteins (such as other
MAPKKK’s) could be activated in the ctr1-3 background that would not be activated
in the wild type background under normal environmental conditions. Collectively the
ability to trans-activate in vitro and the potential abnormal increased activation of
proteins in the ctr1-3 background might lead to trans-activation of the ETR11-349CTR1 (D694E) chimera by other MAPKKK’s in vivo. I did a blast search and found
that the CTR1 KD shares over 60% identity with at least 5 other Arabidopsis kinases,
including the MAPKKK’s EDR1 and MAP3K delta-1. Trans-phosphorylation could
explain the slight hypocotyl elongation seen in those ctr1-3 transgenic lines carrying
the mutated transgene.
Finally, why could the ETR11-349-CTR1FL transgene rescue the ctr1-8 mutant
but not the more severe ctr1-3 mutant? One possibility is that in the ctr1-8
background, the CTR1-8 protein is localized to the cytosol, unable to interact with the
receptors while the truncated CTR1-3 protein (residues 1-434), which lacks the kinase
domain (assuming that the protein product is produced in plants) has about 80% of
the CTR1 amino-terminal region which may still interact with the receptors. The
CTR1-3 protein might titrate out any interactions of the ETR11-349-CTR1FL with the
receptors or other regulatory components, potentially leading to mis-regulation of
CTR1 in the ETR11-349-CTR1 FL fusion.
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This work does not provide the concrete in vivo support of a model in which
the CTR1 amino-terminal region auto-inhibits CTR1 kinase activity. The lack of an
antibody against CTR1 makes it more challenging to interpret the data. An antibody
would have allowed me to determine protein levels in the plants and potentially detect
correlations between phenotype and protein levels. The slight alleviation of
constitutive ethylene responses suggest that the chimeras are being expressed at least
at very low levels. The data also suggest that additional components, besides
autoregulation, are required for CTR1 activation and regulation as over-expressing
the CTR1 kinase domain is not enough to confer ethylene-insensitivity. In vitro
analysis of Raf-1 activation suggests that the PP1 and PP2A phosphatases are
essential for dephosphorylating specific Raf-1 serine residues in order for Raf-1
activation to occur [105]. In Arabidopsis the eer1/rcn1 mutant, which encodes a
PP2A, was identified in a screen for enhanced ethylene response mutants [56, 57].
This suggests a role for PP2A in negatively regulating ethylene responses. The
Arabidopsis PP2A was found to associate with the CTR1 KD but not the CTR1
amino-terminal region in vitro [57]. Although the biological significance of this
interaction remains unknown, the interaction could serve to dephosphorylate specific
CTR1 KD residues required to activate the CTR1 kinase [57].
It remains unknown as to whether or not the receptors continuously interact
with the CTR1 amino-terminal region both in ethylene-bound and non-ethylene
bound conditions. We know that Raf assosciates with the Ras GTPase for activation.
Additionally and surprisingly the crystal structure of the ETR1 receiver domain is
similar to that of Ras [103] thus making a parallel between the Ras-Raf interaction
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and ETR1-CTR1 interaction more attractive. A potential hypothesis is that once the
receptors bind ethylene they lose the interaction with CTR1 (potentially through a
conformational change.) This would allow the CTR1 amino-terminal region to
interact and inhibit the CTR1 kinase activity, very similar to Raf regulation. I used
multiple systems to test for loss of ETR1 and CTR1 interaction in yeast and in plants
(see Appendix c). Unfortunately, the systems ended up being non-suitable, and the
answer to this question remains inconclusive. If ETR1 does lose interaction with
CTR1 upon ethylene binding, then there should be additional components that keep
CTR1 localized to the ER. (CTR1 has no known or predicted modification sites, such
as myristoylation, palmytoylation, etc.) Multiple 14-3-3 proteins have been identified
in cDNA library screens as CTR1-interactors in the yeast-two-hybrid assay [106].
Interestingly, 14-3-3 proteins are essential for activating Raf-1 kinase activity and
potentially essential for sequestering inactive Raf. 14-3-3 and Raf-1 form a complex
which is recruited to Ras for activation. Upon Ras/Raf-1 interaction, the 14-3-3
proteins are displaced. This displacement may be facilitated by membrane-bound
phosphatidylserine (PS). Once 14-3-3 is displaced from the complex, the Raf-1
protein is no longer protected from the serine phosphatases such as PP2A [101].
Perhaps these 14-3-3 proteins with putative binding sites in both the CTR1 aminoand carboxy- terminal regions are essential for CTR1 retention at the ER and CTR1
activation (or re-activation of CTR1 once ethylene responses have been carried out
(Figure 3-9)).
As new techniques are developed, such as the recently available split
luciferase reporter system for Arabidopsis [107], we will be able to more closely test
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FIGURE 3-9
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Figure 3-9: Model of CTR1 regulation. The CTR1 amino-terminal
region may function in inhibiting CTR1 kinase activity once ethylene
binds to the receptors; however, my work suggests that additional
components are needed for the activation and repression of CTR1 kinase
activity. PP2A proteins have been identified in the activation or reactivation of the CTR1 mammalian homolog Raf-1. The PP2A proteins
act on two specific serine residues, one in the amino-terminal region and
one in the kinase region of Raf-1 for Raf-1 activation. An Arabidopsis
PP2A, RCN1, was found to interact with the CTR1 kinase domain in
vitro [79]. 14-3-3 proteins are required for sequestering inactive Raf-1
and upon the proper signal the 14-3-3 proteins dissociate from Raf-1,
potentially exposing the serine residues for PP2A activity. Several 14-33 proteins have been identified in yeast-two-hybrid screens as potential
interactors with CTR1 [83], and the CTR1 sequence suggests a 14-3-3
binding site on the amino-terminal region and a 14-3- binding site on the
carboxy-terminal kinase domain. These PP2A and 14-3-3 proteins may
function in activation and deactivation of CTR1 kinase activity.
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for dynamic interactions between the receptors, CTR1, and other receptor-complex
components, advancing the model of CTR1 regulation and determining how similar
(or not) CTR1 regulation is compared to the regulation of Raf-1 and other
MAPKKK’s.
Experimental Procedures
Plant Strains, Growth Conditions, and Measurements
The Arabidopsis thaliana Columbia ecotype (Col-0) was used. Adult plants were
grown in soil at 16 hour light/8 hour dark days (fluorescent light) at 20ûC. Seedlings
were grown on Murashige and Skoog (MS) medium containing 0.9% agar. Seeds
were stratified for 3 days at 4ûC and then grown for 3.5 days in 24 hr dark.
For the triple response assay, seeds were germinated on MS supplemented with ACC
(Sigma Aldrich) at the reported concentrations. Hypocotyl lengths were measured by
removing seedlings from MS or MS + ACC plates with forceps and laying the
seedlings out on a black cloth alongside a ruler. All seedlings comprising each data
point were laid out together and photographed. Once all of the photos were taken, the
ImageJ software was used for measuring the hypocotyl region (from the bottom of the
hypocotyl region, just above where the root begins to the tip of the apical hook
(Figure 3-2a).

Plant Transformation Constructs
For expression of ETR1-CTR1 fusion proteins, both full length ETR1 cDNA and full
length CTR1 cDNA each previously cloned into the pGEM-T vector (Promega,
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Madison, WI) were used as template. The truncated ETR11-349 was amplified with the
following primers: 5’ primer-gaattcatggaagtctgcaattgtattgaaccg and 3’primer
aagcttgatatcggcacggattgctgtttctgc, which generated EcoRI and EcoRV-HindIII
restriction site respectively. CTR1 full length was amplified using 5’primer
gatatcatggaaatgcccggtaga and 3’ primer tctagattacaaatccgagcggttgg, and the CTR1
kinase region533-821 using 5‘ primer gatatcgcaaatagggaacttggac and the same 3’ primer
as CTR1 full length, generating EcoRV and XbaI sites, respectively. The ETR1
truncation was cloned into the pART7 vector [108] using EcoRI and HindIII
restriction digest. Using the EcoRV and XbaI restriction sites, the CTR1 fragment
(either full length or kinase domain) was cloned into the ETR11-349-pART7 vector.
The 35S:ETR11-349-CTR1 fragment was digested out of the pART7 plasmid using
NotI sites flanking the promoter and MCS and cloned into the pmlBart vector [108]
for transformation into agrobacterium strain GV3101. (See figure 3-10 for diagram
of cloning procedures). The Quick Change Site-direct Mutagenesis kit (Stratagene,
La Jolla, California) was used to introduce the ctr1-1 mutation into the fusions. The
mutagenic primer set used to generate the ctr1-1 mutation was 5’acagtcaaggtttgtgaatttggtctctcgcgattgaag and 3’cttcaatcgcgagagaccaaattcacaaaccttgactgt.
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FIGURE 3-10

105

Figure 3-10: Cloning scheme used for construction of the ETR1-CTR1 fusions. The
ETR1 and CTR1 cDNA templates used for the initial amplification were a gift from
Dr. Jason Shockey. In the ETR1CC-containing constructs, “CC” is short for “ETR1
coiled coil” region and represents ETR1 the cDNA coding for ETR1 residues 1-349.
In ETR1N-containing constructs (not shown) “N” is short for ETR1 N-terminal
region, encoding ETR1 residues 1-106. Both ETR1 truncations were amplified with
primers containing a 5’-EcoRI and 3’-HindIII restriction sites for digestion out of
pGEM-T and ligation into the pART7 vector, which contains the Cauliflower Mosaic
Virus (CaMV) 35S promoter. In addition, an EcoRV restriction site was added to the
3’ primer, between the ETR1 fragment and the HindIII site. Both CTR1 KD and
CTR1 FL (not shown) were amplified with primers containing EcoRV and XbaI
restriction sites. The CTR1 fragment was digested out of pGEM-T and ligated into
both the ETR1CC-pART7 vector and the ETR1N-pART7 vector (not shown). The
ETR1-pART7 vectors were linearized with the EcoRV enzyme (restriction site
contained within the ETR1 primer) and XbaI (restriction site within the pART7
MCS.) These four constructs were labeled as follows:
CKD-pART7 = ETR1CC(1-349)-CTR1KD-pART7
CFL-pART7 = ETR1CC(1-349)-CTR1FL-pART7
NKD-pART7 = ETR1N(1-106)-CTR1KD-pART7
NFL-pART7 = ETR1N(1-106)-CTR1FL-pART7
The constructs (including the CaMV 35S promoter) were then digested out of pART7
with NotI enzyme and ligated into the plant transformation vector, pmlBart.
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Chapter 4: Conclusions and Perspectives
When I began this work, the model was that the novel protein AWE1 was
involved in facilitating the interaction between ETR1 and CTR1, and that the CTR1
amino-terminal region auto-inhibits CTR1 kinase activity upon ethylene binding.
Instead of placing AWE1 in the ETR1 to CTR1 signal relay, my work may have
revealed a new trail in what is turning out to be quite a complex signaling pathway.
ETR1’s well-documented functions include signaling to CTR1 and the other
receptors and perceiving ethylene [17]. My investigation of AWE1 suggests that
ETR1 could possibly have a role in a chloroplast-specific pathway through its direct
interaction with the AWE1 protein, which localizes to the chloroplast and cytosol.
Homologs of AWE1 and the ethylene-binding domain of ETR1 are found in
cyanobacteria, mosses, and plants but have not been identified in green algae, which
could indicate an ancient and highly conserved interaction. The EBD-homolog in the
cyanobacteria Synechocystis has been shown to bind ethylene [24], and these results
open the possibility that there is a CTR1-independent ethylene signaling pathway in
cyanobacteria that includes AWE1 and ETR1. Such a putative pathway might have
been retained over time.
Alternatively, AWE1 may function in hypocotyl elongation and cell
expansion in an ethylene-independent manner. The awe1-1 mutant could not
suppress the ethylene-insensitive etr1-1 or ein2-1 long hypocotyls, and loss of awe1
did not result in ethylene-induced premature leaf senescence as observed in the
ethylene-hypersensitive mutant etr1-7. The results collectively suggest AWE1
functions through ethylene-dependent and ethylene-independent pathway.
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In the future, confirming the protein interactions between ETR1 and AWE1 in
Arabidopsis and analyzing the sub-cellular localization of over-expressed AWE1 in
the etr1-7 background might be useful to elucidate any potential role ETR1 may have
in the signaling of AWE1 (which is sub-cellularly localized to the chloroplasts).
Testing for protein-protein interactions between AWE1 and other histidine kinases
would also be useful in determining if the AWE1 and ETR1 interaction is specific or
a consequence of ETR1 being a histidine kinase.
Additionally, looking at ethylene-induced senescence of wild-type lines overexpressing AWE1, ETR1-AWE1 and CTR1-AWE1 interactions in Arabidopsis cells,
and AWE1 protein levels and sub-cellular localization in the presence or absence of
ethylene may help to clarify the role of AWE1 in ethylene signal transduction or a
lack of a role in ethylene signaling. If the FFC protein modification identified by
Wang et al.(2009) through 2-D DIGE analysis is determined to be real, then testing
for AWE1 interaction with FFC, FFC interaction with ETR1, and potential
localization patterns of FFC in the presence or absence of ethylene compared to
AWE1 sub-cellular localization may begin to build a backbone for an ethyleneregulated chloroplast signaling pathway.
Brief literature searches reveal that awe1 mutants may have a similar rosette
phenotype to that of the ffc mutant. FFC is part of the chloroplast signal recognition
particle that is recognized the FtsY receptor [109]. It will be interesting to determine
how ethylene may alter the FFC protein, possibly through AWE1. Alternatively,
AWE1 may have ethylene-independent functions in chloroplasts targeting, based on
the similar rosette phenotype of the awe1 and ffc mutants.
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AWE1 is likely not a component helping ETR1 to regulate CTR1; however,
there are likely additional proteins that aid in the regulation of CTR1. I investigated a
potential role of the CTR1 amino-terminal region in both CTR1’s sub-cellular
localization, through interaction with the ETR1 receptor, and in CTR1 kinase
regulation based on both the ability of the CTR1 amino-terminal region to associate
with the CTR1 kinase domain in vitro and models of the regulation of the CTR1homolog Raf-1. I found that additional proteins are likely required for CTR1
regulation in addition to the potential role of the CTR1 amino-terminal region. This
is not completely surprising as there seem to be many unidentified proteins in the
ETR1 complex (GE Schaller, personal communication), and many uncharacterized
ETR1- and CTR1-interactors have been isolated from yeast-two-hybrid screens
(Ding, 2004 thesis).
The PP2A protein phosphatase was isolated in a screen for mutants that
display enhanced ethylene sensitivity [57] and has been shown to interact with ETR1
and CTR1 in vitro. Various 14-3-3 proteins have been shown to interact with CTR1
in vivo. These proteins are good candidates for functioning in the regulation of
CTR1, as both phosphatases and 14-3-3 proteins have functions in regulating the
CTR1 kinase-homolog, Raf. Our lab is currently collaborating with a lab at USDA
to determine what proteins associate with CTR1 through CTR1 immunoprecipitation
followed by mass spectrometry analysis. This will hopefully shed some insight on
the additional proteins required for CTR1 regulation. Secondly, a split luciferase
system has been developed for monitoring changes in protein-protein interactions in
Arabidopsis [107]. This system will be useful for testing the dynamics of the
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interaction between the CTR1 amino-terminal region with the ETR1 receptor in
planta and add to or detract from a model in which the receptor and CTR1 dissociate
upon the receptor binding ethylene.
When my work began, the model was that the novel protein AWE1 was
required for helping the interaction between ETR1 and CTR1, and that the CTR1
amino-terminal region auto-inhibits CTR1 kinase activity upon ethylene binding.
Through this investigation my work has shown that AWE1’s function is likely not to
aid in regulation of CTR1, but that there are additional proteins required for CTR1
regulation. This work has opened more questions about ethylene signal transduction,
its potential roles in chloroplast development and what proteins are required for
proper regulation of CTR1. We are only beginning to learn how complicated ethylene
signal transduction truly is.
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Appendix A: Screening for Suppressors of etr1-2
Multiple lines of evidence suggest that there are additional, unidentified
components of the ethylene signal transduction pathway. However, traditional
genetic screens for both Arabidopsis ethylene-insensitive and constitutive ethylene
response mutants have been saturated. (Over 40 ein2 ethylene-insensitive mutant
alleles and 9 ctr1 constitutive ethylene response alleles have been identified to date
[33, 42].
Alternative genetic approaches must be used to identify additional, novel
components of the pathway. The ethylene receptor ETR1 is the receptor thought to
play the predominant role in ethylene signaling. Knocking out the ETR1 receptor
will yield a mutant plant that is hypersensitive to ethylene. An ers1 null is the only
other known receptor null to have a hypersensitive ethylene-response phenotype [28].
ETR1 and EIN4 are the only Arabidopsis receptors whose expression levels are not
induced by ethylene but have a constant low-level of expression [16]. We focused on
the ETR1 receptor, taking a forward genetics approach to screen for suppressors of
the ethylene-insensitive mutant, etr1-2. etr1-2 encodes an A102T amino acid
substitution, which impairs the ETR1 receptor’s ability to deactivate its signal once
ethylene binds and confers ethylene-insensitivity in the etr1-2 mutant plant [31]. We
chose the etr1-2 mutant over etr1-1, the first etr1 ethylene-insensitive allele isolated
[15], because etr1-2 responds slightly to exogenous ethylene; therefore, we could
screen for both enhancers and suppressors of the etr1-2 ethylene insensitivity. rte1
(reversion-to-ethylene sensitivity1) was the first mutant isolated from an etr1-2
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suppressor screen and found to encode a novel regulator of the ETR1 receptor rte1
[31].
In the screens for etr1-2 suppressors, we would focus on suppressors that
behaved similarly to wild type, responding to exogenous ethylene but not displaying
constitutive responses. Constitutive response screens have been saturated with ctr1
mutants and CTR1 acts downstream of ETR1 making it likely that any constitutive
response mutants isolated from the screen would be new ctr1 alleles. Because we
were interested in a wild-type-like phenotype, avoiding contamination of the seed
stock was extremely critical for this screen.
I grew up approximately 5,000 etr1-2 plants in an isolated green house in
order to accumulate a stock of etr1-2 seeds for mutagenesis while avoiding crosspollination from other Arabidopsis genotypes. This etr1-2 parental line carried a
recessive glabrous1 (glb1) mutant allele which inhibits trichome development on
rosette leaves [110] and would allow for the easy identification of any contaminating
seeds within the population. I collected the seeds from these M0 plants and
mutagenized approximately 10,000 (200 mg) of the M1 seeds with 0.2% ethyl
methanesulfonate (EMS). (See EMS mutagenesis protocol in Figure 1a.) EMS is an
alkylating agent that most commonly causes alkylation of guanine’s which makes
O6-ethylglycine, a molecule that can pair with thymine but not cytosine so after DNA
replication a G/C in the DNA is replaced with an A/T transition [111].
The 10,000 M1 mutagenized seeds were planted in 8 flats (approximately 125
seeds per pot) and grown in 20 hours light and 4 hours darkness. Between 50 and
60% of the seeds germinated as expected due to the creation of random lethal
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mutations in the seeds. Flat 8 was discarded because some of the plants had
trichomes (indicative of seed contamination.) The M2 seeds from each of the
remaining 7 flats were collected. (Each flat of seeds was collected separately and
labeled as batch 1, 2, 3, 4, 5, 6, and 7.) This system provided a more simplistic
version of the optimal assay, collecting and screening seeds from each of the ~5000
M1 plants individually, while at the same time allowing a degree of organization.
With this system, we could return to a particular batch of seeds if we lost a mutant
and needed to identify a sibling and if two mutants were allelic but from separate
batches, we knew that the mutants were the result of independent mutagenesis events.
To date, one etr1 intragenic suppressor, etr1-10, and four additional extragenic
suppressors have been isolated and mapped (or are currently being mapped.) None of
these four candidate suppressors are allelic to rte1 (personal communication), the first
suppressor identified from such a screen, suggesting that this screen is not saturated
and additional candidate suppressors may be isolated from these seed stocks.
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FIGURE A-1

Figure A-1: Obtaining a mutagenized etr1-2 seed stock to screen for suppressors
of the ethylene-insensitive etr1-2 mutant.
A. The EMS mutagenesis protocol (adapted from Z. Liu.) used to mutagenize a
population of etr1-2 seeds for a genetic screen to identify etr1-2 suppressors.
B. Growing up and collecting a mutagenized etr1-2 seed stock.
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Appendix B: Additional Characterization of AWE1

FIGURE B-1: Testing for Premature Senescence of
awe1-1

Figure B-1: Because the awe1-1 mutant had a rosette phenotype I tested for hypersenescence of the mutant plant when grown in the presence of exogenous ethylene.
awe1-1 seedlings were grown alongside etr1-7 and wild-type seedlings. Fourteen-da
old seedlings were treated with ~100 ppm ethylene, and three days later the cotyledon
were detached and photographed. Unlike etr1-7 which displayed complete senescenc
of the cotyledons as evident by the yellowing, chlorotic tissue, the awe1-1 mutants do
not appear to prematurely senesce (photos on the right). The same was observed of
adult plants treated with exogenous ethylene (photos on the left.)
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FIGURE B-2: awe1-2 and awe1-3 Seedling Dose
Response Analysis

Figure B-2: Seedling dose analysis of awe1-2 and awe1-3, both of which were
back-crossed once to wild type plants. A. awe1-2 mutant line, which is a tilling
line encoding an S269L amino acid change in a conserved serine residue,
responded similarly to wild type when grown in the dark in the presence of
ethylene. Error bars represent standard error of the mean for n>22 seedlings. B.
The awe1-3 mutant line, which is a SALK T-DNA insertion in the 3-‘ UTR of
AWE1, responded similarly to wild type when grown on medium containing
ACC. Error bars represent standard deviation for n = 15 seedlings.
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FIGURE B-3: Over-expression of AWE1 in Wild-type
Backgrounds

Figure B-3: Three independent T3 homozygous wild-type lines
over-expressing AWE1 were measured in a seedling dose response
assay over increasing concentrations of exogenous ethylene. The
transgenic lines did not appear to be ethylene-insensitive (have longer
hypocotyls than the wild-type, untransformed, line.) Multiple RTPCR’s of RNA extracted from single rosettes for lines 2 and 4
showed increased AWE1 transcript compared to the wild type.
However, I could not eliminate the “mystery” band in the ACTIN3
control, which may be a hybrid forming between genomic and cDNA
PCR products. Error bars represent standard deviation of n = 10
seedlings.
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FIGURE B-4: Chloroplasts Analysis of awe1-1 Mutant
Figure B-4: I analyzed the abaxial
surface of the most newly formed
leaves of awe1-1 mutants and observed
that the chloroplasts of the mutant
plants were slightly larger than wildtype or awe1-1 transgenic lines overexpressing AWE1. I then analyzed the
abaxial surface of the oldest leaf from
the same plants and observed that the
chloroplasts of these leaves were
similar in the awe1-1 and wild-type
backgrounds.
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Appendix C: Investigating the Nature of the ETR1-CTR1 Interactions
Our lab’s current working model of the interaction between the ethylene
receptor ETR1 and the protein kinase CTR1 is that once ETR1 binds ethylene, it loses
the interaction with CTR1 (possibly due to a conformational change) (Figure C-1.)
This allows CTR1 to stop signaling, potentially by freeing the CTR1 amino-terminal
region so that it can now associate with the CTR1 kinase domain (Figure C-1). There
are a couple of lines of evidence providing support for such a model. Unlike CTR1,
the CTR1-8 protein (G354E) cannot interact with the ETR1 ethylene receptor (Figure
C-1). CTR1-8 is sub-celluarly localized to the cytosol while wild-type CTR1
peripherally associates with the receptors at the endomembrane system [36].
Although the CTR1-8 protein displays serine/threonine kinase activity similar to
wild-type CTR1 in vitro, the ctr1-8 mutant plant displays constitutive ethylene
responses [33]. Also, the CTR1-8 amino-terminal region can associate with the
CTR1 kinase domain in vitro similar to the wild type CTR1 amino-terminal region
(Shockey and Chang unpublished.) The constitutive ethylene responses seen in the
ctr1-8 mutant are likely due to the protein’s inability to associate with the receptors,
and perhaps because the CTR1-8 amino-terminal region is free to constitutively
associate with the CTR1 kinase domain. This suggests a model in which the
receptors and CTR1 are dissociated when ethylene responses occur in the plant
(Figure C-1). Dissociation of the CTR1 amino-terminal region from the receptors
could allow the CTR1 amino-terminal to bind to the CTR1 kinase domain, inhibiting
kinase activity. The ability of the CTR1 amino-terminal and CTR1 kinase domain to

119

interact in vitro supports such a model. Finally, this model is similar to the model of
Raf kinase regulation in mammalian cells.
I wanted to test this proposed model that upon ethylene binding to the ETR1
receptor, the ETR1 and CTR1 physical interaction dissociates. Based on previous
studies, yeast seemed like a simple and quick system to use in order to test this model.
It was shown previously that the soluble portion of ETR1 can interact with the aminoterminal region of CTR1 in yeast [34] and that the full-length ETR1 receptor can bind
ethylene when expressed in yeast [20]. For this experiment I needed to express the
full length ETR1 receptor, because the transmembrane region of ETR1 is the
ethylene-binding domain and the soluble portion of ETR1 is the region that associates
with CTR1. I could not express full length ETR1 in the traditional yeast-two-hybrid
assay utilized by Clark et al. because the yeast-two-hybrid assay requires that proteinprotein interactions occur in the nucleus in order to activate the reporter [110] which
would mean expressing only the soluble portion of ETR1. Therefore I used the yeast
split ubiquitin assay which bypasses the nuclear-localization requirement of the yeasttwo-hybrid assay [110]. In this split ubiquitin assay if the bait and prey proteins
interact in yeast, the yeast cells will grow on drop out plates containing 5-‘FOA,
which is toxic if taken up by yeast cells. (See Figure C-2 for a description of the
system) [109].
To test the ETR1 and CTR1 interaction, I cloned ETR1 and CTR1 each into
the Gateway destination bait and prey vectors, pMKZ and pMyc-GWY-NubI
respectively (Figure C-3a). First I tested expression of each bait in the Sacchromyce
cereviseae strain JD53. If the bait, which is fused to URA3 is expressed, the
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transformed yeast will grow on media lacking uracil. Additionally, expression of the
bait is driven by the PMET promoter, which is repressed by increasing concentrations
of methionine. I wanted to find a concentration of methionine that would ensure
URA3 was being expressed without over-expressing the bait. Over-accumulation of
the bait protein relative to the prey can generate false negative results in the screen in
the following way: some bait proteins may have no prey-interaction partner. If the
URA3 reporter, fused to the carboxy-terminal of the bait and degraded upon bait and
prey interaction, remains in the cell because too many bait proteins are present, the
yeast cells would die when grown on 5’-FOA, resulting in false negative results. I
found that the yeast transformed with the bait plasmid would grow on media lacking
uracil and containing 100 µM methionine (Figure C-3b.) To test for protein-protein
interactions I used dropout plates that contained 100 µM methionine, 30 µM CuCl2
(the prey is driven by a Cu-inducible promoter), and 5-FOA. Surprisingly we did not
see the well-documented ETR1 and CTR1 interactions using this system. Therefore
we could not complete the assay. I tested ETR1 as the bait and the CTR1 aminoterminal region (residues 1-550) as the prey and vice versa. In addition, as another
positive control, I tested for ETR1-ETR1 interactions. None of the yeast grew well
on the selective media (Figures C-3c,d,e and data not shown). Other labs have
reported difficulties in expressing ETR1 in this system (personal communication).
Having clones that are known to interact in this system would have been useful to
ensure that I had set the system up correctly.
Therefore we decided to change approaches and use an in planta split YFP
technique in plant cells to test the hypothesis that ETR1 and CTR1 lose their
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association in the presence of ethylene. The YELLOW FLUORESCENT PROTEIN
(YFP) is split into carboxy-terminal and amino-terminal halves (cYFP and nYFP,
respectively) [80]. These halves are fused to the proteins of interest. If the proteins
interact in the plant, then the YFP halves come together and yellow fluorescence is
observed. Again using Invitrogen Gateway cloning, I cloned ETR1 into the
pSPYNE-35S vector in which the nYFP is fused to the carboxy-terminal of ETR1.
Similarly, I cloned CTR11-550 into the pSPYCE-35S vector in which the cYFP is fused
to the carboxy-terminal of CTR1 (Figure 3-4a). I transformed both of these
constructs and the p19 helper plasmid into the C85C1 agrobacterium strain. (Each
construct was transformed into the C85C1 strain independently, because all three
vectors confer Kanamycin resistance.) Then I infiltrated the abaxial surface of two
week old tobacco plants with all 3 transformed agrobacterium lines. (I used tobacco
plants instead of Arabidopsis for three reasons. Tobacco epidermal cells are larger
than Arabidopsis epidermal cells. When searching for individual epidermal cells
displaying yellow fluorescence I can scan tobacco leaf surfaces using a 10X
magnification while I need at least 40X magnification to look at Arabidopsis
individual epidermal cells. Secondly infiltration of tobacco leaves take less time and
requires no special equipment unlike the gene gun used for particle bombardment in
Arabidopsis, which is the technique used to transiently express proteins in
Arabidopsis plants. Finally, the tobacco plants stay intact, unlike making protoplasts
from Arabidopsis, the other way to transiently express proteins in Arabidopsis.) I
then looked for YFP expression three days later. A weak YFP signal was detected
above background levels (Figure C-4b, 4c). However it turns out that YFP is a stable
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protein that is not degraded easily once produced in plants. Therefore, we could not
test for dynamic interactions between ETR1 and CTR1 using this system. Recently
the split luciferase system has been developed and made available for use in
Arabidopsis [105]. This system might be the ideal system to test our model of ETR1
and CTR1 interaction in vivo. Visualization in the split luciferase system requires
constant presence of the substrate for activation, which is unique to the system and
potentially a useful tool for monitoring conditional protein-protein interactions in
planta.
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FIGURE C-1

Figure C-1: Model of CTR1 regulation. A. The ethylene receptors ETR1 and
ERS1 (not shown) interact with CTR1. In the absence of ethylene, the receptors
and CTR1 actively repress ethylene responses. B. The CTR1-8 protein cannot
interact with the ETR1 and ERS1 receptors and localizes to the cytosol. This
mutation interferes with the ability of CTR1 to repress downstream ethylene
responses, causing constitutive ethylene responses even in the absence of ethylene.
C. Our model of CTR1 regulation once ethylene binds to the receptors. I propose
that once the receptors bind ethylene they undergo a conformational change that
causes dissociation with CTR1. Furthermore we propose that dissociation with the
receptor would allow the CTR1 amino-terminal region to interact with the CTR1
kinase domain, inhibiting kinase activity.
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FIGURE C-2
(The split ubiquitin system modified from Reichel and Johnsson. [111])
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FIGURE C-3
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Figure C-3: Confirming ETR1 and CTR1 interaction in yeast. A. Full-length ETR1 and
CTR11-550 were cloned into the Gateway destination vectors, pMKZ (bait vector), and MycGwy-NubI (prey vector) using homologous recombination. ETR1 was previously cloned into
the Gateway entry vector pDONR221, and I cloned CTR1 (residues 1-550) into the pDONR221
entry vector using the Invitrogen BP clonase II enzyme and the following primers: 5’ primer –
acaagtttgtacaaaaaagcaggctctccaaccaccatggaaatgcccggtagaag and 3’ primer –
tccgccaccaccaaccactttgtacaagaaagctgggtacaaatccgagcggttggggc. The recombination site within
each primer that is essential for homologous recombination, attB1 and attB2 respectively, is
underlined. After cloning into the entry, pDONR221 vector, I used the Invitrogen LR clonase II
enzyme to clone each into the final (destination) vector, the pMKZ bait vector or the MycGWY-NubI prey vector. In the figure, the L/R homologous recombination sites are represented
by the black lines, one after the promoter and one prior to the carboxy terminal cUB/nUB
fusion. After obtaining these clones I transformed the bait constructs directly into the JD53
yeast strain using the 1-step yeast transformation protocol. B. To test expression of the bait
vectors in yeast I made dilutions of two-day old overnight yeast cultures (grown in SD-H liquid
media for selection of the bait plasmid), spotted 5 µL of each dilution on plates containing SDH, -U, + 100 µM Met (which reduces the expression of the bait) and tested for growth. All baits
grew, suggesting that the URA3-fusions were being expressed in the yeast. C. Unlike in other
systems, the ETR1 bait could not interact with ETR1 prey. I transformed the ETR1-nUB prey
vector into the JD53 yeast expressing the ETR1 bait and selected for transformants on SD –H –T
media. Then I screened for interaction on SD –H –T + FOA + Met plates. D and E.
Interactions between ETR1 and CTR1 were not above background levels (not shown). The
system could not be used for testing our model in Figure C-1.
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FIGURE C-4
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Figure C-4: ETR1 and CTR1 interact in vivo. A. ETR1 and CTR11-550 were cloned
into the pSPYNE-35S and pSPYCE35S Gateway destination vectors respectively,
using the gateway cloning system. The homologous recombination sites, between
the promoter and gene and between the gene and YFP fusions are indicated by black
lines. nYFP = the amino-terminal region of YFP and cYFP = the caboxy-terminal
region of YFP. B and C. The ETR1-pSPYNE35S and CTR11-550-pSPYCE35S
constructs, along with the p19 helper plasmid, were infilitrated in the leaves of 2
week old tobacco plants. The photos above, taken with the 10X objective lens, are
of abaxial leaf surfaces three days post infiltration. The left panel is the YFP
channel, and the right panel is overlay of the YFP channel, chlorophyll
autofluorescence channel (red), and bright field image. B. uninfiltrated leaf
showing background levels of yellow fluorescence. C. Tobacco leaves infiltrated
with ETR1-nFYP and CTR1-cYFP.
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