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The plant hormone ethylene plays a vital role gutating plant growth and
development as well as plant defense to bioticadmdtic stresses during the entire
life of the plant. In Arabidopsis, ethylene is pEwed by a family of five receptors,
one of which is ETR1. The Arabidop$tEVERSION-TO-ETHYLENE
SENSITIVITYIRTE) gene is a positive regulator BTR1 RTElencodes a novel
integral membrane protein that interacts with EHRihe Golgi apparatus and the
endoplasmic reticulum (ER). Genetic evidence inggahat RTE1 is required for the
formation of a functional ETR1 receptor, whereasdther ethylene receptors in
Arabidopsis do not require RTE1. But the molecut@chanism by which RTE1
specifically activates ETR1 remains unknown. | todkerent approaches to gain

insights into the molecular function of RTE1 and tiasis for the specificity for

activating ETR1.



In a library screen for RTE1-interacting proteirséng the yeast split-ubiquitin
assay, an ER-localized cytochrotreisoform (AtCb5-D) was identified. Cb5 is a
small hemoprotein that functions in oxidation/retituc reactions. Mutants of three
AtCb5isoforms show phenotypes in ethylene responséstaaimilar to those of the
rtel mutant, suggesting the functional parallel betw&&2b5 and RTEL in ethylene
signaling. Additional genetic analyses suggestAt@b5might act in the same
pathway aRR TEland thatAtCb5is specific toETR1like RTEL1 Moreover, using a
hemin-agarose affinity chromatography assay, | foinat RTE1 homologs are able
to bind heme in vitro, raising the possibility tfifE1 carries out redox with
cytochromeb5s. | also found that the specificity for regulgtiETR1 by RTE1L is
largely due to a unique proline (P9) conserved anfTR1 orthologs; introduction
of P9 into the Arabidopsis ERS1 ethylene receptas sufficient to convert ERS1
into an RTE1-dependent receptor. | propose thah&@interfere with the proper
folding of ETR1 EBD and formation of the ETR1 hormodr by affecting the
conserved disulfide bond-forming cysteines (C4, @Ghe ETR1 homodimer. Taken
together, our results suggest a model in which RT&dether with cytochromib,

promotes the active conformation of ETR1 througidative folding.
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Chaper 1 Introduction

Significance and history of ethylene research

Ethylene (GH,) is a simple gaseous hydrocarbon that has profetfedts upon
plant growth and development (Abeles et al., 198®)ylene plays important roles
throughout the life of the plant from the promotimirseed germination, root hair
formation through promotion/inhibition of floweringuit ripening, leaf and petal
abscission and organ senescence (Abeles et a2).l1@%ddition, ethylene plays a
dramatic part in plant defense responses. Planligketanimals, cannot evade biotic
and abiotic stresses by moving away from externallenges such as flooding,
drought, hypoxia, temperature changes, mechandstipathogen and insect attack
and herbivory. Hormones play key roles in sendimggé stresses and generating
appropriate responses. Ethylene can be inducezsponse to numerous external and
internal stimuli such as the stresses describedeafind the hormones cytokinin and
auxin (Argueso et al., 2007), and triggers adaptaponses to protect the plant.

Because ethylene regulates so many physiologiocagkegses in plants, it is
widely used in agriculture. For example, by coningl ethylene biosynthesis and
sensitivity, we can manipulate the time of frugening and flower fading, therefore
reduce postharvest spoilage which results in bigcalgural losses. In addition, some
ethylene releasing compounds such as Ethephoroammercially used as a plant
growth regulator in agriculture, such as to bresddsdormancy, promote bulbs

sprouting, synchronize flowering and fruit set ingapple, degreen citrus, induce



fruit thinning or fruit drop, promote the femaleer formation in cucumber, prevent
self-pollination and increase yield and so on (&kedt al., 1992). Because ethylene
can impact so many physiological processes, whid¢hrn impact crop yield, the
importance of ethylene studies has long been rézedn

Ethylene has been utilized for agricultural purpofee over a thousand years; it
is only recently that the mechanisms underlyingletre biosynthesis and signaling
have begun to be revealed. Ancient Egyptians kneunding of figs can hasten fruit
ripening (wounding induces the production of ethgle Ancient Chinese would burn
incense in closed room to promote ripening in pétfsylene is generated as a
byproduct of partial combustion of organic fueBuring the nineteenth century
when the illuminating gas was used for lightingtla street, it was found that the
plants near the pipelines were prone to have pramaenescence and abscission. It
was believed that some active components in caaingared the nearby plants. But
at that time, it was not known the effects were ttuethylene. In 1901, a Russian
scientist named Dimitry Neljubow firstly identifiexthylene as the active molecule
causing the effects. In 1934, R. Gane and otherodered that ethylene can be
produced by plants and thus classified ethylereetasrmone because of its broad
range of physiological effects on plants. Sincentlethylene was recognized as an
endogenous regulator of plant growth and developnael the use of ethylene to
manipulate the growth and development of agricaltarops started to be
investigated.

Ethylene biosynthesis in plants was understoodegdhan ethylene signaling.

In 1979, the ethylene biosynthesis pathway was ¢etegh by Shang Fa Yareg al



when they identified 1-aminocyclopropane-1 carbmxgtid (ACC) as an
intermediate in the conversion of methionine to/kethe (Adams and Yang, 1979).
The ethylene biosynthesis pathway is composedreéttelatively simple steps
(Kende, 1993). First, the amino acid L-methionim@denylated to forrg
adenosylmethionine (AdoMet) by AdoMet synthetasextiNAdoMet is converted
into 1-aminocyclopropane-1 carboxylic acid (ACC)alarge family of tightly
regulated ACC synthase (ACS) genes. In the fireggd, SACC is converted into
ethylene by ACC oxidase (ACO). The production of@&\(S the rate-limiting step.
Ethylene production is primarily controlled throutiie temporal and spatial
regulation of the rate-limiting enzyme ACS at tremstional and post-translational
levels (Argueso et al., 2007). Ethylene biosynthesstimulated by many factors,
including developmental stages, biotic and abistiesses and other plant hormones.
In the past two decades, outstanding progress é&aal tmade concerning the
identification of key components in the ethylergnsiling pathway. This largely
relied on genetic screens in the model systeabidopsis thalianaA simple, highly
ethylene-specific and readily distinguishable plgoe, the triple response, has
greatly facilitated the isolation of mutants thatvlé defects in ethylene signaling. The
triple response is a striking morphology that etietl seedlings exhibit in the dark
when treated with ethylene, which consists of thertening and thickening of the
hypocotyl, the reduced root elongation and the &rom of exaggerated apical hook
(Guzman and Ecker, 199(igure 1-1). The identified triple response mutants
largely fall into 3 categories: 1) ethylene insémeimutants which fail to display a

triple response under high ethylene doses; 2) itotigé ethylene response mutants



Air Ethylene

Figure 1-1 The Arabidopsis ethylene triple responsphenotype

Wild-type Arabidopsis seedlings were grown in dik4 days in the absence (left)
or presence (right) of ethylene gas. The etiolatsstling exhibits ‘triple response’ in
response to ethylene. The features of ethylenke trgsponse include the shortening
and thickening of the hypocotyl, the reduced rdohgation and the formation of

exaggerated apical hook.



which exhibit a triple response in the absenceloflene; 3) ethylene hypersensitive
mutants which show a triple response at a verydose of ethylene whereas the wild
type doesn’t. Besides the above standard tripjgorese mutant screens, there are
other mutant screen approaches leading to theifidation of new components
which cannot be discovered through standard trggponse screen. For example,
Hirayama et al. isolate@sponse to antagonigtan) mutant through screening for the
mutants that displayed ethylene responsive pheraippn exposure to an antagonist
of ethylene action (Hirayama et al., 1999). Anotlyeample is that, by screening for
the suppressors etrl-2ethylene insensitivity, a novel ethylene receptoRE
regulatorREVERSION-TO-ETHYLENE SENSITIVITIRTE] was discovered
(Resnick et al., 2006). Some representative trgg@onse mutants are givenliable

|. Epistatic analysis of these mutants and clonirtgegenes that the mutations
affect have resulted in a linear but probably inptete pathway from the ethylene
receptors at ER membrane to transcription of etledesponse genes in nucleus
(Figure 1-2). Homologs of Arabidopsis ethylene receptors, CT&i transcription
factors involved in activating ethylene responseegehave been identified in other
higher plant species such as rice, tomato, tobgsdams-Phillips et al., 2004; Goff
et al., 2002; Leclercq et al., 2002; Tieman anceKIE999; Tieman et al., 2000; Xie et
al., 2002; Yu et al., 2002; Zhang et al., 2001 m8adentified homologs in other
plant species can functionally complement the nutatf the corresponding
Arabidopsis homolog (Adams-Phillips et al., 200éclercq et al., 2002). The
existence of these homologs suggests that theesithgignaling pathway is

conserved in higher plants. Although the ethylegeading pathway has been largely



Table | Representative ethylene triple response ntants in Arabidopsis

Mutant

Gain- or loss-of-

Mutation Phenotype function

Identity

Reference

etr1-1

etr1-2

etr1-7

etr2-1

ers1-10

ctr1-1

ctr1-8

Missense C65Y Ethylene insensitive Gain-of-function

Missense A102T  Ethylene insensitive Gain-of-function

Nonsense Ethylene

W74stop hypersensitive Loss-of-function

Missense P66L Ethylene insensitive Gain-of-function

Missense . " . .
R320C Ethylene insensitive Gain-of-function
Missense Constitutive Loss-of-function
D1342E ethylene response

Constitutive

Missense G354E
ethylene response

Loss-of-function

Ethylene receptor

Ethylene receptor

Ethylene receptor

Ethylene receptor

Ethylene receptor

Raf-like kinase

Raf-like
kinase

(Bleecker et al., 1988;
Chang et al., 1993)

(Bleecker et al., 1988;
Chang et al., 1993)

(Hua and Meyerowitz,
1998)

(Sakai et al., 298)

(Alonso et al., 2003)

(Kieber et al., 193)

(Huang et al., 2003)




Gain- or loss-of-

Mutant ~ Mutation Phenotype ; . Identity Reference
unction
ein2-5 Frameshift Ethylene insensitive Loss-of-function Nramp-like protein  (Alonso et al., 1999)
: Nonsense . . , Transcription
ein3-1 W215stop Ethylene insensitive Loss-of-function factor (Chao et al., 1997)
ranl-3 Missense G759R CORSIE Loss-of-function Copper transporter (HTORSE EITE (e
ethylene response 2000)
. Constitutive . . (Kieber et al., 1993;
eto2-1 Frameshift ethylene response Gain-of-function ACC synthase 5 Vogel et al., 1998)
ein5-1 Frameshift Ethylene insensitive Loss-of-function el . (Olmedo et al., 2006)
exoribonuclease
rtel-1 Missense C161Y Ethylene . Loss-of-function Novel protein (Resnick et al., 208)
hypersensitive
rtel-2 Frameshift Ethylene ” Loss-of-function Novel protein (Resnick et al., 2006)
ypersensitive
Nonsense Ethylene , , .
rtel-3 W57stop hypersensitive Loss-of-function Novel protein (Resnick et al., 208)
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Figure 1-2 Current model of the ethylene-signalingpathway in Arabidopsis

The figure is modified from (Kendrick and Chang08) The ethylene molecule is
perceived at the endomembrane by a family of recsphat form disulfide linked
homodimers. Ethylene binding requires copper cofgatovided by RANL1 in the
Golgi membrane. The ETRL1 receptor depends on d neyelator RTEL for proper
function. In the absence of ethylene, ethyleneptxee repress downstream ethylene
responses through activation of CTR1, another nege¢gulator of ethylene

responses. Ethylene binding turned off receptaradigg, causing the inactivation of



CTR1, and thereby allowing downstream signalingrtaceed through EIN2, which
is a key positive regulator of ethylene respon$i2Hks negatively regulated in the
absence of ethylene by two F-box proteins ETPIi@uiyh the 26S proteasome-
dependent degradation pathway. Downstream of Ef2ranscription factors
EIN3/EIL, which activate a transcriptional cascadaucleus. Like EIN2, EIN3 and
EIL1 are targeted for degradation by two F-box @regt, EBF1/2 in the absence of
ethylene. Ethylene stabilizes EIN3 by eliminatingHs at both mRNA and protein
levels. EBFs mRNA degradation is mediated by an5EXRN4 exoribonuclease and
EBFs proteins are degraded through the 26S proteaseediated pathway in

response to ethylene.



established, there are still many unanswered aquestegarding to the mechanisms
underlying ethylene signaling and its regulatione Tuture directions will be

uncovering unknown new components, revealing haxcttmponents are regulated,
elucidating the biochemical mechanisms by whichettlene signal is transduced,

unraveling the crosstalk of ethylene’s with othgnaling pathways, etc.

The ethylene receptor family

Ethylene gas is readily permeable through theasellin Arabidopsis is
perceived by a family of five receptors (ETR1, ERBIN4, ETR2 and ERS2)
(Chang et al., 1993; Hua et al., 1995; Hua etl&B8; Sakai et al., 1998), which are
negative regulators of ethylene resporiigyre 1-3). In the absence of ethylene, the
ethylene receptor is in an active state, represtvgnstream ethylene responses. In
the presence of ethylene, the receptors are tuffieallowing ethylene responses to
occur. The five receptors have a high degree afeseze similarity and functional
redundancy. A loss-of-function mutant of any oneeptor gene gives a wild-type
phenotype except tredrl null mutant, which displays hypersensitivity thy@ene
(Cancel and Larsen, 2002). However, multiple ldsBsoction receptor mutants
show a constitutive ethylene response (Hua and Meytz, 1998; Qu et al., 2007).
On the other hand, dominant gain-of-function reseptutants exhibit ethylene
insensitivity (e.getrl-1andetrl-2). Based on their structure and function similarity
the ethylene receptors are divided into two sublfamiln Arabidopsis, subfamily |
receptors include ETR1 and ERS1 and subfamilydépéors consist of ETR2, ERS2

and EIN4. In Arabidopsis, subfamily | ethylene ngtoes are believed to play a
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Subfamily 1 Subfamily II

ETR1  ERS1 ETR2 EINA  ERS2

N
EBD (TM)

GAF

HK

RD

Figure 1-3 Basic structure of the Arabidopsis ethyne receptor family
Arabidopsis has a family of five ethylene receptehsch are classified into two
subfamilies based on their structure: subfamilgTR1 and ETRS1) and subfamily Il
(ETR2, EIN4, ERS2). Subfamily | and Il receptor¥&8& and 4 integral
transmembrane (TM) segments at N-terminus, resg@dgtiharboring the ethylene
binding domain (EBD). Following the EBD is a GAFmdain, a histidine kinase (HK)
domain, and a receiver domain (RD), which is abseBRS1/2. The conserved
histidine residue that is the site of in histidamgophosphorylation in the histidine
protein kinase family is indicated by a red ‘H’ ah@ conserved aspartate residue
that characterizes the two-component receiver domsahown by a red ‘D’. Only
subfamily | receptors possess all of the consemetifs (N, G1, F and G2) that are

required for histidine kinase activity.
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bigger role in ethylene signaling, since the losksaih subfamily | receptors mutant
has a more severe phenotype than loss of othgrtieambination mutants (Qu et
al., 2007).

Unlike many other receptor proteins, which are ligzed in the plasma
membrane (PM) or nucleus, the ethylene recept@dopninantly reside at the
endoplasmic reticulum (ER) membrane (Chen et @022Dong et al., 2008; Ma et
al., 2006; Zhong et al., 2008). However, therdilsmossibility of low levels or
transient receptors localization to other membisrstems. For example, Arabidopsis
ETR1 was observed at the Golgi apparatus by immatagthemistry (Dong et al.,
2008). Tobacco NTHK1, a subfamily Il ethylene rdoepvas reported to be
localized to the plasma membrane in protoplaste €Xial., 2003).

Ethylene receptors are composed of an N-termiaaktnembrane domain
containing the ethylene-binding site, followed bycduble domain that has weak
similarity to GAF domains @MP-regulated mammalian phosphodiesterases,
cyanobacteriahdenyl cyclases, andfarmate-hydrogen lyase transcriptional
activator), a predicted coiled-coil, and a C-terahisignaling output domain that has
similarity to the bacterial two component histidipretein kinase familyRigure 1-1).
The N-terminal transmembrane domain has three gsuibf | receptors) or four
(subfamily 1l receptors) membrane spanning segnmemdsa short amino terminal
fragment in the lumen. The ethylene binding donf&D) is the most conserved
portion of the ethylene receptors.

The receptors forms disulfide-linked homo-dimersaat conserved Cysteines

(Cys4 and Cys6 in ETR1), which are in the lumerhéler et al., 1995). Each
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receptor dimer encompasses one ethylene moleaudénbipocket at the
transmembrane domain. Ethylene binding is mediayeal molecule of copper that is
coordinated by two conserved amino acids (Cys65-8@9 in ETR1) within the
membrane (Rodriguez et al., 1999; Schaller anddBkze 1995). Alterations of these
copper binding ligands are sufficient to eliminatBylene binding (Rodriguez et al.,
1999). Copper is provided by RAN1, a P-type ATRasggper transporter homolog in
the Golgi membrane (Hirayama et al., 1999; Woestekieber, 2000)tan1 loss-of-
function mutants result in a constitutive ethyleegponse phenotype, suggesting all
the ethylene receptors are in an inactive statiedrabsence of copper. The
mechanism by which how ethylene binding shutsiafféthylene receptors has not
been elucidated yet. However, recent studies fenmfollowing model: ethylene
binding causes a conformational change in the EBain, which is presumably
propagated to the cytoplasmic transmitter domaiffiect a change in signaling
status (Wang et al., 2006). Interestingly, almdldtreown gain-of-function dominant
mutations encode an amino acid substitution irEfBB domain and confer ethylene
insensitivity regardless of ethylene binding abilSome of them abolish ethylene
binding, and therefore are insensitive to ethyl&mme.example, thetrl-1 mutation
causes the Cys65Tyr substitution and disruptsapeer binding that is essential for
ethylene binding. As a result, the mutant ETR1ekp¢or is probably locked to a
signaling state that cannot be turned off. HowewtTer gain-of-function mutations
can confer ethylene insensitivity without disrugtiethylene binding, suggesting that
they are crucial for transmitting conformationaanles to turn off receptor signaling.

An example is thetrl-2 mutation, which encodes an Alal02Thr conversion.

13



Following the EBD is a GAF domain, which is foumdghytochromes and
cGMP-specific phosphodiesterases where it is knimaind small molecules
(Charbonneau et al., 1990). The function of the GlARmain in ethylene signaling is
currently unknown. But recent studies suggestdahatof the GAF domain functions
may be to mediate non-covalent heteromeric intenastamong ethylene receptors
(Gao et al., 2008). Yeast two hybrid analysis destrated that the GAF domains of
ETR1 and ETR2 are sufficient for their associafiéao et al., 2008). Higher order
interactions between ethylene receptors not ontyaéx why single ethylene receptor
mutation can confer insensitivity despite the pneseof redundant wild-type family
members, but also provide a mechanism as to wmptan rapidly respond to
minute ethylene amounts: the ethylene signal cbaldmplified by associated
ethylene receptors.

The Carboxyl-terminal cytoplasmic portion of thbydéne receptors is the
signal output domain. It has the striking featuwethe bacterial two-component
systems which are used by bacteria to sense apdn@so the environmental
stimulus. The two components refer to a sensor oot and a response regulator
component (Stock et al., 2000; WurglerMurphy anto$S4997). In the two
component system, the signal is perceived by tha@terminal signal input domain
in a sensor protein and transmitted to the carbtedyhinal histidine protein kinase
(HPK) domain of the sensor protein where histidimase auto-phosphorylates on a
conserved histidine. This phosphate is then traresf¢o a conserved aspartate
residue in the receiver domain of the responselaggu The receiver domain

sometimes is covalently joined to a histidine kenasstead of existing as a separate
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response regulator protein. The ethylene recemoakoutput domain has a HPK-
like domain and a covalently attached responsdatgtlike receiver domain, which
are only found in ETR1, ETR2 and EIN4. Although fauthily | receptors contain the
conserved histidine protein kinase motifs neceskarthe histidine kinase activity
and ETR1 was shown to display histidine kinasevagtin vitro (Gamble et al.,

1998), the histidine kinase activity seems notl&y ja substantial role in ethylene
receptor signaling (Gamble et al., 2002; MoussagtteKlee, 2004; Wang et al.,
2003). The role of histidine kinase activity in@#ne receptor ETR1 has not been
understood yet, but it could be involved in therattion of ethylene signaling with
other signaling pathways which also use the twogmmment system such as cytokinin
and osmosensing (Inoue et al., 2001; Urao et 2991 The biochemical mechanism
by which ethylene receptors transduce the ethydegreal to the downstream
component CTR1 is still unknown. If phosphorylatiemot involved in the ethylene
receptor signaling, the allosteric regulation cdutdone of possible ethylene receptor
signaling mechanisms. Supporting evidence is ti@® Lis associated with ER
membrane in an ethylene receptor dependent mamAgabidopsis and physically
interacts with the signal output domain of ETR1,3Rand ETR2 receptors in vitro
(Cancel and Larsen, 2002; Clark et al., 1998; Gax.£2003).

Homologs of ethylene receptors identified in othgecies such as rice, tobacco,
tomato may have similar structure and functiorhase in Arabidopsis (Goff et al.,
2002; Tieman and Klee, 1999; Tieman et al., 2008;eXal., 2002; Yu et al., 2002;
Zhang et al., 2001). Tomato contains 6 ethyleneptxs: LeETR1-LeETR6. The

first three belong to subfamily | and receptors defistitute subfamily Il (Klee and

15



Tieman, 2002). LeETR3 also called Never ripe (Nrjhie only one that lacks the
receiver domain. In tomato, subfamily Il receptteETR4 and LeETRG6) play a
larger role in ethylene signaling (Kevany et al02; Klee, 2004). Introducing an
etrl-1 equivalent mutation intbeETR4andLeETR6cause strong ethylene
insensitivity in Arabidopsis, suggesting Tomatoy&he receptors may be
functionally similar to Arabidopsis ethylene reaast(Tieman and Klee, 1999).
Interestingly, proteins with EBD, GAF and HPK domarere also found in
cyanobacteri&ynechocystjsaising the possibility that the ethylene receto
plants is derived from the chloroplast, a cyanodrdait symbioniBleecker, 1999;
Mount and Chang, 2002; Rodriguez et al., 1999).

Recently it was found that some ethylene recemansbe regulated by protein
degradation. Arabidopsis ETR2 is targeted for degfian by a proteasome-
dependent pathway in response to ethylene (Chaln, @007). Similarly, in tomato,
ethylene induces LeETR4 and LeETRG6 to be rapidyyraided probably through the
26S proteasome-dependent pathway (Kevany et &7)20he decrease in certain
ethylene receptors induced by ethylene could be@hanism by which plants
propagate the ethylene signal, increase sensttizéti ethylene and modulate

ethylene responses at specific developmental stagktssues.

Downstream components of the ethylene signaling gawvay

The receptors repress ethylene responses throtigatemn of CTR1, a Raf-like
mitogen activated kinase kinase kinase (MAPKKK)dlber et al., 1993ktrl loss-

of-function mutants exhibit constitutive ethylemsponses, suggesting it is a negative
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regulator of the ethylene response (Kieber ett803). CTR1 is composed of an N-
terminal regulatory domain and a C-terminal setimebnine kinase domain. The N-
terminal domain of CTR1 is able to directly intdradth the cytoplasmic part of the
ethylene receptors, therefore bringing CTR1 to Efforane (Clark et al., 1998; Gao
et al., 2003). Mutations that eliminate the CTRdalsie activity such agrl-1and
mutations that disrupt the interaction of CTR1 wathylene receptors such@sl-8
result in a constitutive ethylene response, indigathat both the kinase activity and
the localization to ER through association withykthe receptors are required for
CTR1 to suppress ethylene responses (Huang 208B). The biochemical
mechanism by which how CTR1 is regulated by thglette receptor has not been
established yet. The current model is based opribiein kinase Raf. The CTR1 C-
terminal Ser/Thr kinase activity may be autoint@tiby the N-terminal regulatory
domain. In the absence of ethylene, the N-terndoatain of CTR1 associates with
ethylene receptor, therefore, the C-terminal kiredevity is not inhibited and can
repress downstream ethylene response. Ethylenengindght induce a presumed
conformational change of the N-terminal domain @R, which autoinhibit the C-
terminal kinase activity, relieving the represgiofvnstream ethylene response.
Another important unsolved question is whetherghgia MAPK module in ethylene
signaling pathway since CTRL1 is a putative MAPKHK\Woreover, thectrl loss-of-
function mutant still can respond to ethylene aasl & less severe phenotype than a
guadruple loss-of-function ethylene receptor mugkitia and Meyerowitz, 1998). So
other CTR1-like proteins are thought to exist. Heare the identity of the alternate

pathway bypassing CTR1 is unknown.
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The next component downstream of CTR1 is a homoltdlge Nramp
membrane protein, EIN2, a positive regulator ofghthway (Alonso et al., 1999).
EIN2 is a large integral membrane protein withslgmificant sequence similarity to
the Nramp family of metal ion transporters at Nrteus and a cytoplasmic portion
with unknown function at C terminus. However, ElldZot shown to bind or
transport any metal ion (Thomine et al., 2000). Elslbelieved to play a central role
in ethylene signaling becausm2 loss-of-function mutation results in complete
ethylene insensitivity. Ethylene response stresgéms to be proportional to the
EIN2 protein level which is regulated through tlegrhdation by a 26S proteasome-
dependent pathway mediated by SCF complex contataia F-box proteins ETP1
and ETP2 (Qiao et al., 2009). The basis of EIN®aadnh ethylene signaling remains
unknown. However, the latest mass spectrometryebpsseomic data revealed for
the first time that EIN2 may be phosphorylatedna &bsence of ethylene and
dephosphorylated upon ethylene treatment, suggestrossible mechanism that the
activity and/or stability of EIN2 could be moduldtby differential phosphorylation
(Chen et al., 2011b).

Based on genetic analysis, EIN3 and its homoldiy3#Hike (EIL) proteins are
the known components downstream of EIN2, whichaaeher positive regulator of
ethylene signaling pathway (Chao et al., 1983 encodes a transcription factor
that activates the transcription cascades in naclaiie EIN2, EIN3 and EIL1 are
also negatively regulated by two F-box proteinsFEBNd EBF2 which in the
absence of ethylene, ubiquinate EIN3 and EIL1 dtutistely, targeting them for

degradation (Guo and Ecker, 2003; Potuschak é2@03). Ethylene stabilizes EIN3
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by eliminating EBFs at both mRNA and protein lev&iBF1 and EBF2 mRNAs are
targeted for degradation by a 5'-3" exoribonucleasied EIN5 or XRN4 (Olmedo et
al., 2006; Potuschak et al., 2006). Lately, a nedifig revealed that EBF1 and EBF2
proteins are degraded through the 26S proteasordexteé pathway in response to
ethylene (An et al., 2010).

EIN3 directly binds to the promoter element of #weo transcription factor
ERF1 and activates it (Solano et al., 1998). ERRd<to the GCC-box which is
present in the promoters of many ethylene- andoggih-induced genes suchlesic
chitinaseandplant defensifPDF1.2 (Ohmetakagi and Shinshi, 1995; Solano et al.,
1998). ERF1 is a shared downstream component ndibylene and jasmonate (JA)
signaling pathways which synergistically reguldtte tlefense responses to pathogen
(Lorenzo et al., 2003). Recent studies revealedBER3/EIL is a key integration
node between ethylene and several other signadittyyays such as JA and iron
acquisition. JA positively regulates the transaooipal activity of EIN3/EIL1 by
removing the repressor JA-Zim domain (JAZ) protéiisu et al., 2011). The basic
helix-loop-helix (bHLH) transcription factor FER-KE FE DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR (FIT), which inducelset expression of iron
acquisition genes and plays a key role in ironailefit responses, is stabilized

through physical interaction with EIN3 (Lingam &t 2011).

RTE1, a novel regulator of the ethylene receptor ER1

In the past several years, the Chang lab lookeddditional components in the

ethylene signaling pathway by using various apgreacAnalysis of the functions of
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the new players might provide us with more cluesufaderstanding the ethylene
signaling pathway. A positive regulatoriTR1 REVERSION-TO-ETHYLENE
SENSITIVITYIRTEJ, was identified through screening fetrl1-2 ethylene
insensitivity suppressors (Resnick et al., 200654 0fRTE1function suppresses
etrl-2 ethylene insensitivity, probably due to a non-tismal ETR1-2 receptor in the
absence of RTEL. Moreover, tttel loss-of-function mutant phenotype resembles
theetrl-7 null mutant, and thetrl-7 rtel-2double mutant is indistinguishable from
theetrl-7single null mutant (Resnick et al., 2006). Theas@aduggest th&®TE1is
required for both wild-type ETR1 and ETR1-2 funot@nd that RTE1 and ETR1 are
in the same pathway. Wh&TELlis overexpressed, seedlings show a weak ethylene
insensitive phenotype in an ETR1 ethylene bindiogain (EBD) dependent manner
(Resnick et al., 2006; Zhou et al., 2007). Simylaal mutation causing ectopic
expression oGreen RipgGR), the tomato RTE1 homolog, results in a non-ripgni
phenotype in tomato due to the reduced ethylenmrssveness in fruit (Barry and
Giovannoni, 2006). These results indicate R&E1negatively regulates ethylene
response through positively regulating the ethylereptor ETR1 in both
Arabidopsis and Tomatd-{gure 1-4).

Further genetic studies on RTE1 suggested that RI Bdly required for ETR1
receptor function, not other ethylene receptors(iRdk et al., 2006). More
surprisingly, RTE1 is not required for all dominaitl ethylene insensitive
mutations for conferring ethylene insensitivityg(eetrl-1) (Resnick et al., 2008;
Resnick et al., 2006). Although the underlying bdsr RTE1-dependent and RTE1-

independent alleles remains unknowngall mutant alleles are thought to yield
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Figure 1-4 RTEL positively regulates the ethyleneaceptor ETR1

(A) The wild-type ETR1 receptor requires RTE1 $agnaling. When RTE1 (GR in
tomato) is overexpressed, it promotes ETR1 siggalhich strongly represses
ethylene response. Thus ethylene insensitivity ptyges are observed. For example,
dark-grown Arabidopsis seedlings lose the triplgpomse in the presence of ethylene,
which is provided by the ethylene precursor ACQ| emtomato, fruit ripening is
inhibited. (B) When RTEL1 is eliminated, ETR1 igpumed to be non-functional.
The lack of ETR1 renders plants hypersensitivahglene since the receptor
signaling strength is much reduced. On the low adsthylene provided by the
precursor ACC, the wild type does not display tifgdd response, butel-2andetrl-

7 null mutants do display the triple response. Adapsis dark-grown seedlings and
tomato fruit images are from (Resnick et al., 208&) (Barry and Giovannoni, 2006)

respectively.
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structural defects within the ETR1 ethylene bindilognain (EBD), which cause, to
varying degrees, an inability to switch the signgloutput domain off (Wang et al.,
2006). Thus, th&TEXdependence of certaatrl alleles, including wild-type ETR1,
suggests that RTE1 may affect ETR1 receptor siggalirough subtle modification
of the ethylene binding domain conformation. Tkigliso supported by in vivo
association of RTE1 and ETR1 and subcellular calipation of RTE1 and ETR1 in
both ER and Golgi (Dong et al., 2010; Dong et2008). In addition, it was
demonstrated th&®TE1does not affect ETR1 protein stability and subutat
localization (Rivarola and Chang, unpublished). RTBes not have any detectable
effect on ethylene binding, nor does RTEL1 itsefidbethylene (Michiels and Chang,
unpublished).

After map-based cloning of thiee1 mutation in Arabidopsis, tiRTE1gene was
found to encode a novel integral membrane protemnserved in plants, animals and
some protists (Resnick et al., 2006). But the keoaical function of RTE1 in any of
these organisms is unknown. There are no knowrtimad motifs found in the
RTE1 protein or in the orthologs in other speciédse only known RTEL action is
promoting ETR1 signaling in Arabidopsis. Intereghin animals also carry one copy
of RTE but do not have ethylene receptor homoltigs.speculated that RTE1 may
have some general function that is not limitedthylene. Elucidating the molecular
function of RTE1 will not only enhance our understimg of the ethylene signaling
pathway in plants, but will help to uncover the served function of RTE in other

organisms.
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Based on the previous study focusing on RTE1 ar@IET continued to
investigate the molecular function of RTE1 andlihsis of RTE1 specificity for the
ETR1 receptor to help understanding how ETR1 isleggd. The extensive genetic
tools provided by the ethylene-signaling pathwagiabidopsis may help to
elucidate the conserved function of RTEL in othrgaaisms. In this thesis, firstly, |
further provided supporting evidence for the pregig proposed hypothesis that
RTE1 may regulate ETR1 receptor signaling throutgrtng the ethylene binding
domain conformation of ETRXhapter 2). Secondly, | isolated and characterized an
RTE1-interacting protein, cytochronb®, which may provide an important clue for
understanding the molecular function of RTEhé&pter 3). Thirdly, | demonstrated
that RTE proteins may bind heme, suggesting thd& RDteins may be able to carry
out redox Chapter 4). Lastly, | investigated the underlying mechanisynwhich
ETR1 is distinct from other Arabidopsis ethylenegptors in terms of RTE
dependence, and a unique proline residue consenigdn ETR1 orthologs is
involved in the specificity of RTE1 for ETRChapter 5). All the above novel
findings lead us to a hypothesis that RTEL, togethin cytochromeb5, may
promote the active conformation of the ETR1 recefitiough oxidative protein

folding.
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Chaper 2 RTE1 may be involved in regulating the ETR1 EBD

conformation

Introduction

Previous genetic analyses implicated RRAE1lis a positive regulator of the
ETR1 receptor and that ETR1 is largely non-funcilan the absence of RTE1
(Resnick et al., 2006). Thetr1-7 null mutant displays the ethylene hypersensitigity
low dose of ethylene, probably because the lack@®ETR1 receptor, which is
responsible for the majority of ethylene signaliregjuces the receptor signaling
output considerably, rendering plants more serssttivethylene. Theel mutant also
has an enhanced ethylene-response phenotypertelylphenocopies thetrl-7 null
mutant (Resnick et al., 2006). Therefore, the ET&Eptor may be inactive in the
absence oRTE1(Resnick et al., 2006). The major question thaahinto address is
how RTE1 regulates ETRL1 receptor functi®T.Elis specific to certaietrl
dominant ethylene insensitive alleles (ResnicK.e808), indicating the possibility
thatRTE1affects the function of ETR1 at the protein lenagher than at the level of
DNA or transcriptionRTE1does not affect ETR1 sub-cellular localizationv@ola
and Chang, unpublished). ETR1 is not degradedeanéi-2 loss-of-function mutant
(Resnick et al., 2008). RTE1 does not have anyctiike effect on ethylene binding,
nor does RTEL1 itself bind ethylene (Michiels anca@dy unpublished). All these

results suggest a more subtle regulatory role &8 Rdn ETR1.
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A possible mechanism of RTE1 function is that RT&dy facilitate the correct
conformational switch in ETR1 needed for ETR1 sligrga Our lab’s previous
research results supported this hypothesis. A fogreeluate student in our lab, Jo
Resnick, testedel-Zs ability to suppress 13 dominant ethylene-indaresetrl
mutations that lie within the ETR1 ethylene-bind{d) domain (defined as
residues 1-128)Hgure 2-1). Theseetrl mutants confer varying degrees of ethylene
insensitivity and ethylene binding ability. Eaclkeld carries a mis-sense mutation
located in the ethylene-binding region of ETR1 anthought to confer a
conformational defect that causes the inabilitgwatch the signaling domain off
(Figure 2-1 A). Among them, some mutations abolish or nearlyisibb@r reduce
ethylene binding, whereas some retain the abdityihd ethylene but confer ethylene
insensitivity like theetrl-2 mutation (Wang et al., 2006). In the model for ETR
receptor signaling proposed by Waetcal.(2006), the ethylene binding (EB)
domain’s conserved function is to control the signrgadomain conformation, and
only subtle changes in steric structure are neéutethe transition between ETR1
signaling on and off states. Resnetkal revealed that loss &TE1function is able
to suppress many but not atrl dominant ethylene-insensitive mutations to varying
degreesKigure 2-1 B) (Resnick et al., 2008). In other words, scgtrd mutations
requireRTELin order to confer ethylene insensitivity, but soathers ar®TEE:
independent. Unfortunately, there is no correlatbRTE1-dependence with
ethylene-binding ability, strength of signalingtbe location of the mutation (Resnick
et al., 2008). Based on these results, it was pegpthaRTE1lpromotes the

formation of the correct ETR1 EBD conformation riegd for the ETR1 signaling

25



Ethylene binding Histidine
domaln GAF kinase Recelver
ETR1
1 128
| sy | I'.mA
p2sA | E38A e T94M ||IL105A
Y32A FG1A M104A
F58A A102T
T101A
B +ACC
OWT
~ 147 M rte1-2
E 124
E
< 10 A
g ¢
— 64
>
5 49
3
% 2_4&_‘7
T 0 A
0?"?"?"?'?"?'4\@‘?*&\‘?'?"?'
Xe) ) ) o) o) N O b‘ N b‘ » )
\.’5\'\ Qv ¥ ¢ & e g 0 < ,\'\Q r\& \&'\ \/\Q \'\Q
N4 \g
06\ (\o '\SL
Qo & &
Mutation

Figure 2-1 Effects ofetrl dominant mutant transgenes in the wild type andtel-2

The figure is taken from (Resnick et al.,

2008)) e three transmembrane regions

of the ETR1 ethylene-binding domain showing thatreé positions oétrl

mutations tested for suppression in e

-2background. Vertical lines indicate the
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approximate locations of the specified amino aaiokssitutions carried bgtrl
transgenes transformed into the wild-type ered-2to test for ethylene insensitivity
and suppression of ethylene insensitivity, respelsti In place of transgenes, the
etrl-1(C65Y) andetr1-2 (A102T) mutations were tested for suppressiongitie
etrl-1rtel-2andetrl-2 rtel-2double mutants respectively. (B) Measurements of
hypocotyl length conferred by the mutatitl transgenes in wild-type verstel-2
seedlings showing the degree of ethylene inseitgitimd suppression, respectively.

Hypocotyl lengths (meah SE for15-20 seedlings) were measured in representat

homozygous lines of 4-day-old dark-grown seedlimg20 uM ACC. Untransformed

seedlings are indicated as ‘no transgene’.
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“on” state. RTE1 might be required to stabilizeta®m mutant conformations, while
other conformations are stable enough without RTiEgseetrl alleles may
represent the various states of the ETR1 recegnakng procesRTE1might
promote the ETR1 “on” state by altering equilibrilbetween the various states at
points (A), (B) inFigure 2-2

Two other reports support the idea that RTE1 adfékterminal ETR1. Firstly,
both full-length ETR1 and the truncated ETR1 (res&l1-349, including the ethylene
binding domain within the membrane and soluble @&Rain) appear to physically
associate with RTE1(Dong et al., 2010). Secondlss bf theRTE1overexpression
phenotype in thetrl-7 null mutant is rescued by co-expression of a tedETR1
comprising residues 1-349 (Zhou et al., 2007), Wwisécthought to signal through
interaction with the ERS1 ethylene receptor (Xialet2006). These results suggest
that ETR1 (1-349) is the target of RTE1 action.

Therefore, for the question of how RTE1 regulat&€RIE signaling, the current
model is that RTEL is involved in regulating ETRBIEconformation to promote
ETR1 signaling. This chapter provides two additignaces of evidence to support
this hypothesis: cold temperature and silver coedtue thetel mutant phenotype in
ethylene response. These rescue experiments maygisome clues about the

function of the RTEL protein.
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Figure 2-2 Model for the promotion of ETR1 signalirg by RTE1

RTE1lacts on the ethylene-binding domain of ETR1 to mtanthe signaling 'on’ state.
The nascent non-functional ETR1 protein requiresatttion of RTE1 to allow
transition to the functional 'on’ state. The absarfdRTE1 causes ethylene
hypersensitivity, probably due to the non-functicB&R1 ethylene receptor. The
copper cofactor is also required by ethylene rewspb be functional. When ethylene
binds, there is presumably a conformational changiee ethylene binding domain,
which transmits the signal to the C-terminal sigrmabutput domain, turning

signaling off and resulting in the ethylene resgons
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Results

rtel can be partially rescued by low temperature

It is well established that temperature alters mamé fluidity, and that the
physical state of membrane lipids can directly@ftae activity of membrane
proteins (Los and Murata, 2004). Temperature disets protein conformation and
thermally induced changes in protein conformatiay mesult from the disruption of
the chemical bonds involved in the maintenanceratigin structure (Somero, 1978).
If RTElplays a role in conformational changes of the ETlésmembrane domain,
| speculated that ETR1 receptor signaling may bsiiee to membrane fluidity
change and/or thermally induced changes of the matimonds maintaining the
protein structure. Therefore, | testeel’s ability to suppress the ethylene
insensitivity conferred by 11 of the 81 dominant alleles in cold conditiofigure
2-3). At the optimal growth temperature (20°C), thesl -2 mutation suppressed the
ethylene insensitivity conferred by 7 of theetil dominant alleles, indicating that
the 7etrl dominant mutants require wild-typeTE1to confer ethylene insensitivity.
5 of the 7RTEXdependenétrl dominant alleles did not show any changes at 13°C
and 9°C. Interestingly, the suppression of 2 of ARTEXdependenétrl dominant
alleles (E38A and F58A) hyel-2was partially alleviated at 13 °C, and further
alleviated at 9 °C, indicating the tviRTEXdependengétrl dominant alleles (E38A
and F58A) are less dependentR®RE1to confer ethylene insensitivity when they are
grown in cold. In other words, thieel mutation was partially rescued by cold

temperature.
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Figure 2-3 Partial alleviation of thertel phenotype by cold temperature
Measurements of hypocotyl length conferred by tiiéamtetrl E38A, F58A and

Y32A transgenes in wild-type versus1-2 seedlings showing the degree of ethylene
insensitivity and suppression, respectively. Thebers above the columns represent
the percentage of the hypocotyl length of éhd transgene in theel-2 mutant

background of that in Col-0 background. Hypocogyldths (meatk SE for 30-40

seedlings) were measured in representative homasylges of 4-day-old dark-
grown seedlings in the presence of 20uM ACC in 28A@ 8-day-old dark-grown

seedlings in 13°C as well as 19-day-old dark-gree®dlings in 9°C.
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Silver can restore signaling of the non-functionaETR1 receptor in anrtel null

plant

To test whether ETR1 is present but cannot progerigtion inrtel-2 an
experiment was carried out to see if silver casueghe inactive ETR1 protein in
rtel-2 The rationale for this experiment is that the ETfRotein is absent in thedrl-

7 null mutant whereas it may be present but inadgtieertel1-2 null mutant. Silver
ions presumably bind to the ethylene receptordaoepof copper and lock them in a
signaling conformation that cannot be shut off ewgth ethylene (Binder et al., 2007,
Rodriguez et al., 1999). When seedlings were griovthe presence of a high ratio of
silver nitrate to ACC, which is readily converteddthylene in plants by ACC
oxidase, botletrl-7 andrte1l-2were insensitive to the ethylene provided by A@@ a
indistinguishable in ethylene response. Presumdtilyjs because the wild type
ethylene receptor family members in bethl-7 null andrte1-2null mutants were
locked ON by Ag(l) ions and the receptor signakvegs strong enough to repress all
the ethylene response (Resnick et al., 2006).18war ratio of Ag (1) to ACC, the
plants lacking ETR1 (e.@tr1-7) do not have enough signaling output to repress th
ethylene response, and as a result, exhibit trggponse, whereas the plants having
inactive ETR1 (e.gtel-2) have enough signaling output to repress the etyl
response since silver could restore the inactivRe EIb a signaling ON state.

Based on this hypothesis, a former graduate studentr lab, Maximo Rivarola
did initial test to look for the optimal ratio ofgX1l) to ACC to rescue the effect of the
rtel-2 mutation on ETR1 (Chang, 2008). We found thaipdetresponse phenotype

was elicited iretrl-7whereas not intel1-2in the presence of 100 uM ACC and 10
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UM silver nitrate Figure 2-4). rtel-2behaved just like the wild type, suggesting the
ETR1 receptor imtel-2 mutant was active just like in the wild type pEnthen there
is silver. In addition, the doubktr1-7 rtel-2null mutant phenocopied therl-7 null
mutant, placindETR1downstream oRTEL1(Figure 2-4). This result suggests that
silver can restore ETR1 signaling in @@l null andRTElacts upstream &&TR1

The result that silver rescues inactive ETR1 protiertel mutant supports that
RTE1 may play a role in promoting the active confation of ETR1 for signaling

since silver presumably acts on the EBD confornmatio

Discussion

The results presented here provide two more piecespporting evidence that RTE1
may be involved in regulating the conformationahmhes to promote ETR1 signaling.
Firstly, we showed that cold temperature convettelRTELtdependent ETR1
mutant (E38A and F58A) alleles to being ne&IyEXindependent. As described
above, the two alleles are presumed to be heldeiisignaling ON state with the help
of RTEL. This conformation cannot be maintainedhaitt RTE1 at the normal
temperature. But in the cold, the tetyl dominant alleles conferred ethylene
insensitivity in the absence of RTEL, indicatingttthe conformation required for
signaling ON could be achieved without RTE1. Thisult suggests that cold
temperature could do a similar job or cause theesaffiect as wild type RTE1 does.
It has been well known that protein conformatiod axembrane fluidity can be
affected by temperature. Cold temperature coulectly make ETR1 E38A and

F58A conformation held in a receptor signaling ‘stéte by causing the changes of
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Figure 2-4 Silver can restore ETR1 signaling in amtel null

Treatment with the ethylene-response inhibitoresilvitrate (AgNQ) at 10uM
dramatically alleviates the ethylene response (M®CC) in wild type and thetel
loss of function mutantiel1-2), but much less in agtrl null mutant étr1-7) and
etrl-7 rtel-2double mutant. (A) Representative four-day-old dgndwn seedlings
germinated on MS medium with 10uM silver nitrategp100uM ACC. (B) 16 — 26
seedlings were measured per genotype at each iconditd mean * standard error

are shown.
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chemical bonds in ETR1 transmembrane domains [t@mative explanation is that,
cold temperature could cause lower membrane fliyida that the more rigid
membrane prevents E38A and F58A receptors frontirshpifoward the OFF
signaling state in the absence of RTEL. Thus,daedhat RTE1 may function like a
molecular chaperone, facilitating the folding of BT, particularly the ethylene
binding domain. Alternatively, RTE1 may exert adinect effect on the ETR1 EBD
conformation by affecting the membrane environnvemére ETR1 EBD resides.

Secondly, silver can rescue the ethylene hypersemghenotype ofte1-2, but
notetrl-7, probably because silver restores ETR1 signahinteil-2 whereas there is
no ETR1 to act on in thetrl-7 null mutant. The finding that silver can convemAEL
to RTE1l-independent suggests that the conformatidime ethylene binding domain
is likely to be locked into a signaling ON statedilyer which overrides the need for
RTE1. Therefore, RTE1’s function may be relateth®ETR1 EBD conformation.
However, | have not ruled out the possibility tEatR1 is not totally nonfunctional in
thertel mutant. Perhaps a small population of ETR1 pretean still signal without
RTEL. In this case, silver might bind to the fuanal ETR1 proteins to signal
constitutively.

The two results provided in this chapter, togethi¢h previously reported
evidence, support the hypothesis that RTE1 aftbet€onformational switch
between active and inactive states of the ETR1pteceHowever, the question that
remains unanswered is how RTE1 regulates the ETBY1 édnformation. Does
RTE1 play a direct role in the folding of ETR1 EB®@,affect the conformation of

the ETR1 EBD indirectly, for example, through regirlg the membrane
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environment of the ETR1 receptor? The next chaptdrgontinue to address this

guestion.

Materials and Methods

Plant Materials and Growth Conditions

TheArabidopsis thalianaColumbia (Col-0) ecotype was used as the wild-type
strain in all experiments. All mutaetrl transgenes were kindly donated by Dr.
Anthony Bleecker’s lab, described in Wang et al0@&0 The plasmids carrying
individual etrl transgenes were transformed into Col-0 dadl-2 plants by the floral
dip method using\grobacterium tumefaciersgrain GV3101 as described in (Resnick
et al., 2008). The homozygous transgene T3 or €dsseere sown on Murashige
and Skoog (MS) medium containing 20 uM ACC. Follogva 3-day stratification at
4°C, the seeds were placed in light for six hoursthed grown in a light tight black
plexiglass box at 20 for 4 days, or at 18 for 8 days, or at @for 19 days.

For the silver rescue experiment, the wild tygtel-7, rtel-2andetrl-7 rtel-2
double mutants were sown on MS medium with 100pMCA(@d 10 M silver nitrate
and grown in the dark at Z0 for 4 days following a 3-day stratification at&nd a
six-hour incubation under light.

Seedlings were removed from the MS medium and glao#o a black cloth for
digital photography. The hypocotyl length was meaddrom the digital images

using ImageJ software (http://rsbweb.nih.gov/ij/).
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Genotyping Markers

Genotyping was carried out using either the PhiaatfDirect PCR kit
(Finnzymes) or after isolating total genomic DNAthg CTAB method (Dellaporta
et al., 1983).

Theetrl-7dCAPS primers (5-GCGATTGCGTATTTTTCGAT-3' and 5'-
GTGCATAAGTTAATAAGATGAGTTGATGCA-3") introduced amsil site in the
etrl-1site that is present etrl-7 but not in wild-type ETR1.

Thertel-2 CAPS primers (5-CCTGCTCGCTATCTCC-3' and 5'-
GATCGAAAGTTGAGG-3") amplified a DNA fragment theg cleaved by the
restriction enzymdinll, if the fragment is from the wild typeTE1allele, but not

fromrtel-2
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Chaper 3 Cytochrome b5 isoforms interact with and play a
similar role as RTEL in regulating ETR1 receptgnsiing

Introduction

In Chapter 2, | discussed the supporting evideacéhe model that RTE1 may
promote the active conformation of the ethylenalinig domain (EBD) of the ETR1
receptor required for ETR1 signaling. Next, | wahte understand the molecular
basis of the effects of RTE1 on ETR1. How does Ratct the conformation of the
ETR1 ethylene binding domain (EBD)? It has beertsia¢ed that RTEL may affect
ETR1 EBD conformation either in a direct way (egting as a molecular chaperone
involved in protein folding), or in an indirect wég.g. affecting the membrane
environment where ETR1 EBD reside). Since RTElnsl protein, no
implications can be obtained from the orthologsetimer species. To obtain possible
insight into the molecular function of RTEL, | laakfor RTE1 interacting proteins.
Exploring protein interactions not only extendomhation about known proteins but
also can help to identify functions of unknown pios. If the RTE1 interacting
protein candidate has known functions/functionahdms and is shown to be
involved in ethylene signaling, it could guide ogdissect the unknown molecular
function of RTEL.

There are many methods for detecting protein-pmatéeraction with different
sensitivity and specificity. The yeast two-hybrigbkay is one of the easiest
approaches, but does not allow for the detectidntefactions with membrane

spanning proteins. Since RTE1 contains membraaenspg domains, | screened for
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protein partners of RTE1 by using the yeast siittuitin assay, based on
reconstitution of the ubiquitin (Ub) protein halM&ub and Nub) in the cytosol
(Stagljar et al., 1998). Depending on the diffemeatdout of the interaction, there are
two split-ubiquitin-based approaches (the Ura3-taystem and the transcription-
based system}-{gure 3-1). | screened existing cDNA libraries using the ®Jmsed
system and the putative positives were retestetyube transcription-based system.
Before screening, the Chang lab had demonstragdité RTEL bait protein
localizes to yeast Golgi and ER membranes andtth@tterminus is cytosolic, as
required by the reporter protein (Liesch and Changublished). The subcellular
localization was indicated by the interaction besw®TE1 bait and particular yeast

membrane marker fused with wild-type Nub (ReicB8D5; Wittke et al., 1999).

Results

Isolation of putative RTEL interacting proteins

Using RTEL1 as bait, | screened two differArabidopsiscDNA libraries, one
made from 6-day old light/dark-grown seedlings (Byatems Biotech, Switzerland)
and the other from inflorescences (kindly providbgdProf. Imre Sommsich, Max-
Planck-Institut fur Zichtungsforschung, Kéln, Genyga The seedling cDNA library
yielded 30 putative positives (out of 3.9 ¥ Ddlonies), but unfortunately none were
confirmed when the plasmids were isolated and tede3 he inflorescence library
yielded 16 positives (out of 3.2 x 2Léolonies). Three were positive when retested

(Figure 3-2 A). Two of the clones carried the full length opeading frame of gene
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5-FOA 5-fluorouracil

B a b c

RTEL

ADE2 or HIS3 or LacZ

Figure 3-1 The yeast split-ubiquitin system

(A). The Ura3-based system. (a) Bait and Prey dantertact. The bait is RTEL in
this Study which is fused to the C-terminal halibiquitin (Cub) and URA3 protein
which converts the compound 5-fluoroorotic acid=BA) into the toxic product 5-
fluorouracil. As a result, yeast cells expresshgyRTE1-Cub-URA3 fusion protein
will die when plated on media containing 5-FOA. Trey is fused to the N-terminal
half of ubiquitin (Nub). (b) The interaction betweleait and prey results in the
reconstitution of split-ubiquitin. Split-ubiquitis immediately recognized by UBPs

which then cleave the polypeptide chain between @ubURAS, releasing the
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URAS protein. (c) The released URA3 protein is ablt and rapidly degraded by the
26S proteasome, leading to cells that can grow ediuim containing 5-FOA.

(B). The transcription-based system. (a) Bait ang Beenot interact. The bait is
RTEZ1 in this Study which is fused to the C-terminalf of ubiquitin (Cub) and the
artificial transcription factor LexA-VP16. The préy/fused to the N-terminal half of
ubiquitin (Nub). (b) The interaction between baitlgrey results in the reconstitution
of split-ubiquitin. Split-ubiquitin is immediatelecognized by UBPs which then
cleave the polypeptide chain between Cub and LelA#8/ (c) The LexA-VP16
transcription factor is released from the membiamet translocates to the nucleus
where it binds to the LexA regulated promoters activate the reporter genB®E2,
HIS3andLacZ The activation oADE2 andHIS3enables the yeast to grow on media
lacking adenine and histidine. The activatiomaaZ can be detected via

galactosidase assays.
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At1g48750, which is predicted to encode a non-$pd@id transfer protein (ns-
LTP). The third clone contained a 3’ fragment of &kt5g48810 gene encoding an
ER-localized cytochromb5 (Cb5) isoform called AtCb5-D. The isolated clone
encodes the C-terminal 38 amino acids (of the ®4idue protein) consisting of the
predicted transmembrane domain and a luminal petaon Eigure 3-2 B). The full
length AtCb5-D cDNA was also tested and confirmadits ability to interact with
RTEZ1. In a test for specificity, | found that baots-LTP and AtCb5-D were able to
interact with RTE1 and the RTE1 homolog (RTH), whahares 51% identity with
RTE1, but not with two bait versions of a caticarsporter, CHX20 (provided by Dr.

Heven Sze, University of Marylandyigure 3-3).

Analysis of the AtCb5 family: subcellular localizaton, membrane topology and

gene expression

Cytochrome b5 (Cb5) is conserved in plants, aninfaiggi and purple
phototrophic bacteria (Schenkman and Jansson, 2G03)is known to be a
ubiquitous hemoprotein that functions as an elediransfer protein (Schenkman and
Jansson, 2003). Cytochrome b5 is a tail-anchor@dl (fembrane protein that is
targeted posttranslationally to various organellée features of TA membrane
proteins include an N-terminal domain exposed ¢éodytosol, a single hydrophobic
segment located near the C-terminus and a shatrfiiftal tail region that protrudes
into the organelle lumen (Kutay et al., 1993).

Arabidopsis has five identified putative cytb5 @ohs (AtCb5-A, At1g26340;
AtCb5-B, At2g32720; AtCb5-C, At2g46650; AtCb5-D,5448810; AtCbh5-E,

At5g53560) with 40-70% identity and one Cytochranbelike protein (AtCb5LP,
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38 aa

Figure 3-2 Yeast split ubiquitin assay of proteinsnteracting with RTE1

(A). The full length RTE1 bait protein (fused with I§unteracts with prey clones R9
and R83 (both At1g48750) and R96 (At5g48810) (fused Nub) isolated from an
inflorescence cDNA library using the URAS3 reporsgstem (shown in Figure 3-1 A).
Interaction shown here uses the transcriptionadntep system in Obrdliket al (2004).
Cells were spotted onto agar medium from 10-folehkdilutions of liquid overnight

cultures, and then grown for 3 days. Medium lackiggtophan and leucine (-LW)
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selects for the Cub and Nub plasmids, respectiWiytein interactions are indicated
by growth on medium additionally lacking histidiaed adenine (-LWHA).
Methionine is used to control the level of the RTEdion, which is expressed under
a methionine repressible promotds).(Diagram of the positive prey clones. Two (R9
and R83) carried the full length open reading frarhgene At1g48750, which is
predicted to be a non-specific lipid transfer pio{@s-LTP). One (R96) contained a
3' fragment of the At5g48810 gene encoding an ERHped cytochromé5 isoform

called AtCb5-D. All are in frame with Nub.
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Figure 3-3 Interaction specificity of ns-LTP and ACb5-D

(A).Bait and prey constructs used for protein intéoacassay in the split-ubiquitin
yeast two-hybrid system. The expression of theraitein fused with C-terminal
ubiquitin and PLV transcriptional factor is driveg the pMet promoter which is
repressed by Methionine. Term marks the termin&adiG 'and ‘stop’ mark the start
and the stop codon in the expression cassettehE&qrey construct, pADH is the
ADH1 promoter and tADH marks the ADH1 terminatoubG represents the N-
terminal ubiquitin with an isoleucine at positiod tb glycine mutation which
abolishes the strong affinity between wildtype Nuia Cub in order to prevent their
spontaneous reassembly.3xHA tag is fused with tlag goding sequence at C-
terminus. ns-LTP and AtCb5-D interact with RTE1 &iH (B), but not with both
full length (FL) and C terminal tail (CT) of CHXZQ). Yeast cells containing
indicated bait and prey constructs were testethfar binding on the minimum
medium omitting Leucine (L), Trptophan (W), Histii (H),Adenine (A) and
supplemented with indicated concentration of Meathie (M). The results indicate

the growth of yeast after incubation at@dor 2 days on -LW plates or for 3 days on

-LWHAM plates.
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At1g60660) Figure 3-4). Comparison of the amino acids sequences ofivke f
Arabidopsis cytochrome b5 isoforms revealed they timve conserved features of
the Cb5 protein family: a predicted N terminal helneding domain containing a
conserved heme-binding motif ((HPGG-) and a C-teaniransmembrane domain
that anchors the protein to the ER or chloroplastniorane Figure 3-4). AtCb5LP
has a transmembrane domain at its N-termifigufe 3-4). AtCb5-D (At5g48810)
is localized to the ER membrane, whereas AtCb5-A¢26340) is localized to the
chloroplast envelope (Maggio et al., 2007). Theuseges of AtCb5-B, -C and -E
resemble those of Cb5-A, -B and -CAleurites fordii(tung tree). Hwang et al. have
shown the localization of tung Cb5-A,-B and -C ba ER membrane and tung tree
Cb5-D is localized to mitochondria both in vitrodaim vivo (Hwang et al., 2004).
Therefore, AtCb5-B, -C, and —E could be also |l@slito the ER membranEigure
3-5).

To analyze the expression patterns of AtCb5 geassdon microarray meta-
analysis, we used Genevestigator (http://www.gestgyator.com) (Zimmermann et
al., 2005). According to microarray dafstCb5-DandAtCb5-Eare highly expressed
throughout the plant during most stag&tCb5-AandAtCb5-Bare expressed at a
lower level in most organs at most stages of dgretnt. AtCb5-Cis expressed at a
lower level tharAtCb5-DandAtCb5-E but higher level thaAtCb5-AandAtCb5-B
in almost all organs throughout development wigieak in young flowersHjgure 3-
6). SinceAtCb5genes are expressed in almost all organs througiiatages of
development, they overlap wiiTElandETR1expression patterns previously

described (Dong et al., 2008; Hua et al., 1998; &wakzEcker, 1999).
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Figure 3-4 Comparison of Arabidopsis cytochrome b%Cb5)-A, B, C, D, E and
like protein polypeptide sequences

The alignment of Cb5 isoforms Arabidopsis thalianaising the CLUSTALW
algorithm (Chenna et al., 2003; Larkin et al., 200he following sequences are
shown: AtCh5-A (NP_173958.1), AtCb5-B (NP_18083141Ch5-C
(NP_182188.1), AtCb5-D (NP_199692.1), AtCb5-E (NGOP68.1) and AtCb5-like
protein (NP_176265.1). The box indicates conseherde-binding motif. The

predicted transmembrane domains are underlined.
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Figure 3-5 A phylogenetic tree of various Cb5 protas

The following sequences are shown: ArabidopsisahalCb5-A “AtCb5-A”
(NP_173958.1), Arabidopsis thaliana Ch5-B “AtCh5{BIP_180831.1), Arabidopsis
thaliana Cb5-C “AtCb5-C” (NP_182188.1), Arabidopiialiana Cb5-D “AtCb5-D”
(NP_199692.1), Arabidopsis thaliana Cb5-E “AtCb5¢(NP_200168.1), Aleurites

fordii Cb5-A “A.fordii_Cb5-A" (AAT84458.1), Aleuries fordii Cb5-B
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“A.fordii_Cb5-B” (AAT84459.1), Aleurites fordii Cb& “A.fordii_Cb5-C”
(AAT84460.1), Aleurites fordii Cb5-D “A.fordii_Cb®” (AAT84461.1), Bos taurus
“B.taurus” (NP_001157254.1), Gallus gallus “G.gallNP_001025752.1), Homo
sapiens “H.sapiens” (NP_085056.2), Homo sapiensdpiens” (NP_ 683725.1),
Nicotiana tabacum “N.tabacum” (CAA50575.1), Oryatisa
“O.sativa_0s05g0108800” (NP_001054434.1), Oryzaaat
“O.sativa_0s01g09715000” (NP_001045534.1), Orytraasa
“O.sativa_0s10g0518200” (NP_001065073.2), Populosdcarpa “P.trichocarpa”
(XP_002323982.1), Rattus norvegicus “R.norvegi¢dd® _071581.1), Ricinus
communis “R.communis” (XP_002521096.1), Sacchar@asyerevisiae
“S.cerevisiae” (NP_014288.1), Vitis vinifera “V.\fara” (XP_002265677.1). A
multi-sequence alignment of the above Cb5 protequences were generated using
CLUSTALW (Larkin et al., 2007). Then the alignmevas used to build the
phylogenetic tree usinglEGAversion 5 (Tamura et al., 2011). The phylogenetic
trees generated using neighbor-joining and UPGM&teking methods were
compared for assessing the reliability of the tr&wown is the phylogenetic tree
constructed using the neighbor-joining method. SQ® proteins have been shown
to localize in the endoplasmic reticulum membraed) in the chloroplast envelope
(green) or in the mitochondrial outer membranedpliiwang et al., 2004; Maggio

et al., 2007; Mitoma and Ito, 1992). The five Addysis Cb5 proteins are boxed.
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B Genes selected:

Arabidopsis thaliana
[—callus
—cell culture / primary cell
|—sperm cell
— protoplast
guard cell protoplast
mesophyll cell protoplast
—root cell
root phloem cell
Emot cortex cell
rootxylem cell
— root culture
—seedling
[—cotyledons
— hypocotyl
— radicle
—imbibed seed
‘—shoot apical meristem
—inflorescence
|—flower
I pistil
carpel
I_mry
—ovule
stigma
— petal
—sepal
—stamen
anther
—pollen
abscission zone
— pedicel
—silique
—replum
—seed
—embryo
—endosperm
micropylar endosperm
Eparipheral endosperm
chalazal endosperm
—testa (seed coat)
t general seed coat
chalazal seed coat
—suspensor
—stem
‘—developing meristemoid zone
—node
—shoot apex
— cauline leaf
[—rosette
—juvenile leaf
— adult leal
— petiole
—senescent leafl
— hypocotyl
xylem
cork
— leaf primordia
—stem
— axillary bud
— axillary shoot
'—shoot apex
—roots
—primary root
—root tip
‘“—meristematic zone
—elongation zone
— root hair zone
— endodermis
— endodermis+cortex
—epid. atrichoblasts
—stele
— pericycle
—lateral root
—roottip
“—root cap

@ At1926340 @AL2g32720 0 A2ga8650 W ASg48310 @ A5953560
A1Cb5-4 A1Cb5-B AtCb5-C AtCb5-D AtCh5-E
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Figure 3-6 Gene expression map dktCb5 family genes obtained using
Genevestigator

(A)Scatterplot map showing the levels of gene esgion throughout Arabidopsis
development. (B) Scatterplot map showing the legélgene expression in different
Arabidopsis tissues. The Meta Analyzer tool of Benevestigator software was

gueried with AGI codes of BtCb5genes.
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Protein-protein interaction between RTE1 and all the AtCb5 isoforms in yeast

Since AtCDb5 isoforms share a high degree of segusinailarity and 4 out of 5
isoforms could have the same localization with RBE# ETR1 (Dong et al., 2008),
it suggests that other AtCb5 isoforms besides AtDlxfuld also interact with RTEL.
| examined this possibility using the yeast sphteuitin assay. As shown irigure
3-7, all five AtCb5 isoforms interacted with RTE1. Ai&-B, -C and —E showed the
strongest interaction with RTE1, whereas AtCb5-A tiee weakest interaction with
RTE1L. LTP, the other putative RTE1-interacting pnotthat | isolated from the
library screen, did not show as strong an intesactvith RTE1 as AtCb5-B, -C and -

E.

etr1-2 ethylene insensitivity is partially dependent orAtCh5s

In order to investigate the biological relevancehaf interactions between
AtCb5s and RTEL, | examined whet#dCb5s play a role in ethylene signaling
similar toRTE1by analyzing their mutant phenotypes. | obtainedNA insertion
lines forAtCb5D (from GABI-KAT) andAtCb5B and € (from The Salk Institute).
Both atcb5-b(Salk_100161) andtcb5c (Salk_027748) carry a T-DNA in the third
exon of theAtCb5-BandAtCb5-Ccoding sequences, respectivafjglre 3-8 A).
atcb5-d(N376665) carries a T-DNA insertion in the secordreof theAtCb5-D
coding sequencd-jgure 3-8 A). An RT-PCR analysis aitcb5T-DNA insertion
mutants showed th&ttCb5-Btranscript levels are substantially decreasedredse
both full lengthAtCb5-Cand-D transcripts are eliminated although the transcript

fragments upstream of the T-DNA insertion are ptilsentfigure 3-8 B). This
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Cub

RTEI

RTEI

RTEI

RTEI

RTEI

RTEI

RTEI

Nub

AICH5-D

LTP

AICHS-B

ACh3-E

AChS-C

AIChS5-A

Vector

-LWHA + 2 uM Met LW

Figure 3-7 Yeast split ubiquitin assay of the integiction between RTE1 and

AtCb5 family proteins as well as LTP

The full length RTEL1 bait protein (fused with Cuibjeracts with prey clones AtCb5-

A (At1g26340), AtCb5-B (At2g32720), AtCb5-C (At2¢8E0), AtCb5-D

(At5g48810), AtCb5-E (At5g53560) and Lipid TransRyotein (LTP, At1g48750)

(fused with Nub). Schematic structure of both baitl prey protein are shown in

Figure 3-3 (A). Yeast cells were spotted onto agadium from 10-fold serial

dilutions of liquid overnight cultures, and therogn at 30C for 3 days. Medium

lacking leucine and tryptophan (-LW) selects fa&r @ub and Nub plasmids,
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respectively. Protein interactions are indicatedjimwth on medium additionally
lacking histidine and adenine (-LWHA). Methioninaswsed to control the level of
the RTEL fusion protein, which was expressed uadaethionine repressible

promoter.
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A T-DNA

AtCb5-B i
T-DNA
F1 R1 R2
> <« \/€
AtCh5-C — —
T-DNA
> <«
AtCb5-D 1
IS
K
0 5,\1 N 0\\,
B 5 ) S
& & ¥y«
0 A PR (O
D AP \f\« D’
Q& & oY & AICHS-DF1/R]1 wew v =
AtCh5-BF1/R1 s A1Cb5-CF1/R] e AtChH5-D F2/R2 ==
AtCb5-CF1/R2 = AtCb5-D F1/R2 ==
Actin 7 — .
Actin 7 S —— Actin 7 _———

Figure 3-8atch5-b, -c, -d T-DNA insertion mutants

(A). atchb5-bandatcb5-cmutations are a SALK-derived T-DNA insertion iret8®
exon of both genes. Ttetcb5-dmutation is a GABI-Kat-derived T-DNA insertion in
the 29 exon of the gene.

(B). RT-PCR showed that transcripts levels areiBggmtly reduced in all the 3
mutants background compared to Col-0 wild-type. RBMels ofActin 7are shown
as a loading control. The positionsAiCb5isoformsprimers used for the RT-PCR
are indicated in (A) by black, half arrows. The cBWas prepared from RNA of 1-2

3-week-old rosette leaves per sample.
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suggests that botitcb5-candatcb5-dare true loss-of-function alleles aattb5-bis
a partial loss-of-function allele.

All mutantatcb5-h -c andd alleles reduced the ethylene insensitivity exhibite
by etr1-2 This suppression is apparent in the seedlintetrgsponseRigure 3-9 A)
and in an ethylene dose-response analf&ggife 3-9 B). However, the hypocotyl
and root appear to be longer than the wild typeedrid2 rtel-3double mutant under
almost all concentrations of ethylene. In adwdts] -2 insensitive mutants are
resistant to the ethylene-induced senescencestisaen in wild-type plants exposed
to ethylene for 3 days. However, all mutatib5-h -c and-d alleles partially
suppressed thetrl-2 ethylene insensitivity in terms of ethylene-inddideaf
senescence, as the mutant lines exhibit signsabSenescence after 3-day exposure
to ethyleneltigure 3-9 C).

In order to confirm that thatcb5-dmutation partially suppresset1-2 ethylene
insensitivity, | complemented the suppressed plygaodf theetrl-2 atcb5-ddouble
mutant with both a 3.27 kb genomic DNA fragmentteanng theAtCb5-Dgene
(with native promoter) and aatCb5-DcDNA driven by the CaMV 35S promoter.
The genomic fragment encompassed a region of 1up&tream of the 5' UTR plus
the entire region oAtCb5-Dgene from the 5' UTR to the end of the 3'UTR.
Transformecetrl-2 atcb5-cseedlings expressing either tib5-Dgenomic DNA
or the cDNA transgenes exhibited ethylene insevisitsimilar to that seen iatrl-2

seedlingsigure 3-10.
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Figure 3-9atcb5 family mutant alleles suppres<trl-2 ethylene insensitivity to a
lesser degree compared with thetel-3 null mutant

(A). Analysis of 4-day-old dark-grown etiolatecesiings grown in the presence of
different doses of ethylene gas. Representativéliage of threeatch5suppressor
lines trl-2 atcb5-betrl-2 atcb5-andetrl-2 atcb5-9l are compared withtel
suppressor lineefrl-2 rtel-3, wild-type Col-0 and thetrl-2 ethylene insensitive
mutant. (B). Ethylene dose-response analysis obtoyl length of 4-day-old dark-
grown etiolated seedlings. About 20-30 seedlingseweeasured and mean *
standard error is shown per genotype at each {Gatcb5family mutant alleles
suppres®trl-2 ethylene insensitivity to some degree in termstbflene-induced
leaf senescence (observed as yellowing of the $awve-6-week-old plants treated

with or without 100 ppm ethylene for 3 days in akdairtight chamber.
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+10pM ACC +10pM ACC

Col-0 erwrl-2 etrl-2 etrl-2 Col-0 etrl-2 etrl-2 etrl-2
atch5-d  atcb5-d atch5-d  atch5-d
+ gA(Ch5-D + 358:41Ch3-D

Figure 3-10 Rescue of thetr1-2 atcb5-d mutant phenotype, using both arAtCbh5-

D genomic DNA fragment and anAtCb5-D cDNA driven by the CaMV 35S
promoter

(A) etrl-2 atcb5-dnutant phenotype is rescued by a wild-type 3.2@edmomic

DNA fragment ‘gAtCb5-D’, which incorporates the eatAtCb5-Dcoding region

and about 1.9k promoter region. @j1-2 atcb5-dnutant phenotype is also rescued
by anAtCb5-DcDNA driven by the CaMV 35S promoter. Seedlingsengrown on

MS medium containing 10 puM ACC for 4 days in dark.
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Altogether, these results suggest the#Eb5-B -C, and-D are patrtially required
by etr1-2to confer ethylene insensitivity in both seedlargl adult stages. LIKRTEL,

these cytochrome b5 genes could be negative regsilet ethylene response.

AtCb5-D overexpression confers a slight insensitivity totleylene

The AtCb5-DcDNA driven by CaMV 35S promoter was able to coenpént the
suppressed phenotype of #tel-2 atcb5-ddouble mutantRigure 3-10 B),
suggesting this AtCb5-D overexpression construd fuactional. When transformed
into wild-type plants, this same construct conféraeslight ethylene insensitivity
similar to the phenotype conferred by overexpressidlRTE1(Figure 3-11). RT-

PCR analysis of these transgene plants confirmedAtEb5-Dis over expressed in
these linesKigure 3-11 Q. Since the gain-ofAtCb5-Dfunction phenotype is
opposite that of the loss-of-function, these resate consistent withtCb5-Dbeing

a negative regulator of ethylene response.

atcb5-b/c double andatch5-b/d double mutants are hypersensitive to ethylene

Since theAtCb5isoforms share high degree of sequence simildahgre could
be functional redundancy among them. In fact | tbthrat allatcb5-h -c and d
single mutants display a similar ethylene respai@notype as the wild type. To
further examine their effect on ethylene signalingadeatcb5-b/cdouble and
atcb5-b/ddouble mutants. Unlike the single mutants, the bygpgd of both double
mutants was slightly shorter than the wild typ¢hi@ presence of a low dose of ACC
(0.5uM) Figure 3-12 A, B, but neither was as short as thesl-3 mutant. In addition,

like rtel-3andetrl-7, bothatcb5-b/candatcb5-b/ddisplayed a slightly shorter
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Figure 3-11 Overexpression oAtCb5-D confers weak ethylene insensitivity

(A). Representative four-day-old dark grown seggiliof wild type Col-0, aRTE1
overexpression transgenic line from Resnick e28106), and amtCb5-D
overexpression transgenic line (#5), germinatatiénpresence or absence of 1uM
ACC. (B). Measurements of hypocotyl length for vigioe (Col-0) seedlings either
untransformed or transformed wititCb5-Dover-expressioronstruct in the

presence or absence of 1uM ACC. The me8ik is shown for 15-27 seedlings
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measured for wild type (Col-0) and two independearisgenic lines (#5 and #16) at
MS and 1uM ACC. (C). RT-PCR showing t#gCb5-Dis over-expressed in wild-
type transgenic lines #5, #17 and #16. Top pareTiF?CR usincAtCb5-Dspecific
primers while the bottom panel is product usiin 7-specific primers showing that
all samples had similar levels of RNA. The RNA vpaspared from about 1-2 3-

week-old rosette leaves per sample.
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Figure 3-12 Loss of multipleAtCb5 isoforms function displays enhanced ethylene
sensitivity

(A) Comparison of four-day old dark grown Arabidgpseedlings grown on 0.5uM
ACC. rel-3 atcb5-b/cdouble andtcb5-c/ddouble mutant seedlings exhibit
enhanced ethylene sensitivity compared to the type andatcb5-h c, d single
mutants. (B) Measurement of hypocotyl length fa fibur-day old dark grown
seedlings of indicated genotypes grown on 0.5uM AT meanzSE is shown for
16-33 seedlings measured for each genotype at Md®.&pM ACC. (C) The
hypocotyl shortening atel-3 atcb5-b/cdouble anditcb5-c/ddouble mutant
seedlings in the absence of ACC is alleviated &gttnent with the ethylene
biosynthesis inhibitor 1-aminoethoxyvinylglycine(@&). The mean+SE is shown for

18-24 seedlings measured for each genotype at Md3@nM AVG.
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hypocotyl in the absence of ethylene than thahefwild type.rtel-3andetrl-7are
known to be shorter than the wild type in the absesf ethylene or ACC (Resnick et
al., 2006), due to an enhanced response to endogetiylene, since when grown in
the presence of the ethylene biosynthesis inhiikG, the hypocotyl shortening is
largely alleviated (Cancel and Larsen, 2002). Wéieb5-b/candatcb5-b/dwere
grown on 10uM AVG, hypocotyl shortening was allégcFigure 3-12 C)
suggesting thatcb5-b/candatcb5-b/ddouble mutants are also sensitive to some

extent to endogenously produced ethylene similaetb-3andetr1-7.

atch5-d is unable to suppress other ethylene insensitiveceptor mutants

Since theatcb5-dloss-of-function mutant can suppretel-2 ethylene
insensitivity, | next tested whether taeeb5-dloss-of-function mutant could suppress
other dominant ethylene insensitive receptor mstaftteers1-10andetr2-1 mutants
were chosen to represent the receptor subfamiig llledominant ethylene
insensitive allelesatcb5-dwas unable to suppress2-1since theetr2-1 atcb5-d
mutant retained the ethylene insensitivity undedases of ethylene just like the
etr2-1single mutan{Figure 3-13 A).Interestingly,atcb5-ddidn’t suppress thers1-

10 mutant either, which is one of the weakest ethyleeptor gain-of-function
alleles (Alonso et al., 2003figure 3-13 B. Therefore, it appears that the
suppression bgtcb5-dloss-of-function mutation is specific to ordyr1 receptor

dominant insensitive alleles, similar to tthel mutant.
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Figure 3-13atch5-d is unable to suppress other insensitive mutants

(A) atcb5-ddoes not suppress the insensitivityetr?-1, which is a gain-of-function
insensitive mutation in thETR2receptor gene. (Bjtcb5-ddoes not suppress the
insensitivity ofers1-1Q which is a weak gain-of-function insensitive niiga in the
ERS1receptor gene. For each graph, ethylene dosenss@malysis of hypocotyl
length of 4-day-old dark-grown etiolated seedlings performed. About 15-25

seedlings were measured and the meastandard error is shown per genotype at

each dose.
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atcb5-d can suppresstrl dominant ethylene insensitive alleles in a fashion

similar to that of rtel

Based on above results, we found ttab5loss-of-function mutants exhibited
phenotypes in ethylene responses that paralletthbthertel mutant. To further
evaluate whethektCb5 behave likd&RTE], | examined the ability of thatcb5-d
loss-of-function mutation to suppress additiogtal dominant ethylene insensitive
alleles. Resnickt al revealed that loss &TE1function is able to suppress many but
not alletrl dominant ethylene insensitive mutations, thoughltiochemical basis for
the specificity of suppression is unknown (Resmtkl. 2008). If AtCb5s associate
with and have a similar role as RTE1, thendteb5-dmutant should suppress the
same dominant mutants dsl. 1 tested this with five existingtrl mutant transgenes,
each carrying an amino acid substitution that waated througim vitro site-
directed mutagenesis and is known to confer dontietnylene insensitivity (Wang
et al., 2006); four (E38A, F58A, F61A, L64A) arepdadent orRTE1for ethylene
insensitivity, and one (T101A) RTEXindependent (Resnick et al., 2008; Wang et
al., 2006).

| crossedhtch5-dwith each of the fivetrl ethylene insensitive transgenic lines.
The progeny seedlings homozygous for aittb5-dand theetrl mutant transgene
were compared with seedlings of the correspondtrigmutant transgenic lines in
the presence and absence of 20 uM A&€h5-dwas able to partially suppress all
the four additionaRTE1dependent insensitivarl mutant transgene (p< 0.001) and
was unable to suppress tR&€Etindependent insensitivetrl mutant transgene

(T101A) (Figure 3-14) (Table 11). Thereforeatch5-dshares the same pattern of
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Figure 3-14 Effects ofatch5-d loss-of-function mutation onetr1 dominant

ethylene insensitive mutant transgenes

Measurements of hypocotyl length of the muttnt transgenes seedlings with or
without atcb5-dloss-of-function mutation in the presence (A) ahdence (B) of 20
MM ACC. asterisks indicate the significance diffeze in hypocotyl length between
theetrl mutant transgene with wild-typCb5-Dand the correspondiregrl
transgene witlatcb5-dloss-of-function mutation (p<0.001). Hypocotyl ¢gh of
four-day old dark-grown seedlings homozygous fthiegietrl transgenes only or
bothetrl transgene andtcb5-dmutation were measured. The mean + SE is shown

for 15-29 seedlings per genotype under 20uM AC®ISr
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Table Il Comparison of the ability of rtel-2 and atcb5-d to suppress a variety of
dominant etr1 mutant alleles

Mutation Suppressed byrtel ? 2 Suppressed byatch5-d ? (%) °

etr1-2 (A102T) Yes Yes (71.4%Y
E38A Yes Yes (82.8%}
F58A Yes Yes (88.8%§
F61A Yes Yes (75.6%§
L64A Yes Yes (65.9%§

T101A No No (99.5%)

®Results are from Resnick et al. (Resnick et alD820

PValues are the percentage hypocotyl lengtbtof mutant transgene crossed with
atcb5-dwith respect to that adtritransgene only on 20 uM ACC (Figure 3-14 A).
“The means of hypocotyl length effrl mutant transgenatcb5-ddouble
homozygotes anetrl mutant transgene in the wild type background opROACC

are significantly different (p< 0.001) (Figure 3-A%
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suppression oétrl dominant ethylene insensitive allelesi@d, suggestindA\tCb5

may have the same functionR$E1lin regulating the ETR1 receptor.

AtCb5 and RTEL1 could be in the same pathway

To examine the genetic relationship betwBarE1landAtCb5further, next |
wanted to assess whethitgl andatcb5have synergistic or additive effects on the
ethylene response when combingédl loss-of-function mutations revert the
insensitivity exhibited betrl-2to a phenotype comparable to that of the wild type
atcb5loss-of-function mutants also ma&e1-2shorter although not as short as the
wild type. | constructeeétrl-2 rtel-3 atcb5-driple mutant and compared its
phenotype to thetrl-2 rtel-3andetrl-2 atcb5-ddouble mutants. Thetrl-2 rtel-3
atcb5-dtriple mutant displayed the same phenotype astitie2 rtel-3double
mutant Figure 3-15 A), indicating that thete1-3 andatcb5-dloss-of-function
mutations do not have an additive or a synergedtect. Similarly, thetel-3 atcb5-d
double mutant has a phenotype in ethylene respgbasé the same as thel-3
single mutantKigure 3-15 B. In the ethylene dose response asatp5-d rtel-3
double mutant is indistinguishable with thel-3 mutant Figure 3-15 B). These
results are consistent with the possibility tRItE landAtCb5-Dact in the same
pathway.

As described before, both overexpressioRBE landAtCb5-Dexhibit a low
level of ethylene insensitivity. To test whetherBEITfunction is dependent &iCb5-
D, theatcb5-dloss-of-function mutant was transformed with RiEE1over-

expression transgene to see if the ethylene insatysphenotype conferred by over-
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Figure 3-15atch5-d loss-of-function mutation does not enhance the egtene
sensitivity conferred byrtel-2 mutation, suggestingAtCb5-D may act in the same
pathway asRTE1

(A) Ethylene dose-response of hypocotyl length-otes-old dark grown seedlings

indicates that thetr1-2 rte1-3 atcb5-driple mutant does not exhibit an enhanced
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phenotype in comparison &trl-2 rtel-3double ancktrl-2 atcb5-ddouble mutant.
The mean £ SE is shown for 13-30 seedlings pertgpaat each dose. (B) Ethylene
dose-response of hypocotyl length in 4-day-old dmdwn seedlings shows the
similarity of ethylene hypersensitivity mel-3 atcb5-ddouble mutant ande1-3
mutant, in contrast tatcb5-dmutant and the wild-type (Col-0). The mean + SE is

shown for 13-26 seedlings per genotype at each dose
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expressindRTELis blocked. 2 out of 2 independdRiTElover expression transgenic
lines showed no suppression by #teb5-dmutation Figure 3-16). Although the

two genes are likely in the same pathway, it it @ticlear whetheAtCb5acts
upstream oRTE1based on the current data. Sidd€b5-BandAtCb5-Calso affect
ethylene signaling, the possibility tHRTE1is an upstream regulator of several

downstreanAtCb5isoforms cannot be ruled out.

Discussion

In order to gain some possible insights to the mdé function of RTEL, |
carried out a screen for RTE1-interacting proteind isolated an ER-localized
cytochrome b5 (AtCb5-D) and an ns-LTP. BecauseltBNA insertion lines for
severalAtCb5family members were available, | performed detbdeidies on AtCb5
to investigate the role of AtCb5 in connection fbER function.

Firstly, the interactions of cytochrome b5 familpfeins with RTE1 were tested
in yeast. The interaction of AtCb5-D was also seéh the RTE1 homolog (RTH),
but not detected with two bait versions of a catramsporter CHX20, suggesting
AtCb5-D could interact with RTE family proteins gfecally. All the five
Arabidopsis cytochrome b5 isoforms interact withERTin yeast, but only AtCb5-B,
C, D, E interact with RTE1 under high stringenancg AtCb5-D is and AtCb5-B, C,
E are predicted to be localized in the ER membvamere RTE1 and ETR1 reside,
the protein interaction between RTE1 and AtCb5-BDCE in yeast could be

occurring in planta. The weak interaction betwe@&iik Rand chloroplast localized
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Figure 3-16 Theatch5-d loss-of-function mutation does not block the redusd
ethylene sensitivity conferred byRTE1 over-expression
(A) Representative etiolated seedlingsatb5-dand the wild-type (Col-0) either

untransformed (-) or transformed (+) wBBS: RTE1grown in the dark for 4 days in
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the presence or absence of 5uM ACC. (B) Measurenwéritypocotyl length for the
wild type (Col-0),atcb5-d the35S: RTEXransgene line in the wild-type background,
and two independent transgene lines (#1 and #33foemed with35S: RTE1

construct in thatcb5-dbackground, grown in the presence or absence MfA@C.

The mean £ SE is shown for 20-38 seedlings perfineach treatment.
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AtCb5-A could be due to the mislocalization of A&A in ER in yeast. Hwangtal.
found that the mitochondria localized Tudurites fordi) cytochrome b5 isoform
can stimulate the exclusively ER localized fattidatesaturase 2 (FAD2) activity in
yeast, suggesting it could be mislocalized to EReiast cells, which is probably due
to the different sorting mechanism of cytochromarbplant and yeast (Hwang et al.,
2004). The physical interaction in planta needsg@onfirmed by using Bimolecular
Fluorescence Complementation (BiFC) and co-immumpitation (Co-IP), which
are in progress.

To justify the biological relevance of these intgians, using the available T-
DNA insertion mutants foAtCb5-B C, D, | performed genetic analyses on the
phenotypes of these mutants in ethylene respomsgestingly, the results suggest
functional parallels of AtCb5 with RTE1 in ethylesignaling. Firstly, similar to
RTE1, both wild type ETR1 aretrl-2 partially depend on AtCb5 in order to be
functional. Due to functional redundancy among A@oforms, the singlatcb5-h
¢, d loss-of-function mutant does not revert the ethglensensitivity exhibited by
etrl-2to a phenotype comparable to that of the wild-typeel does, and itself does
not exhibit significant ethylene response phenatyfmvever, losing twatCb5
family members show enhanced ethylene sensitiaitigpugh not as hypersensitive
asrtel-3 Therefore, | could predict a more severe phereifyjosing moreAtCb5
family members. Secondly, overexpressioAtEb5-Ddisplays weak ethylene
insensitivity, just like over-expressifTEL The opposite phenotype between
overexpressing\tCb5and loss-ofAtCb5function confirms a negative role AfCb5

in ethylene signaling. ThirdAtCb5 show the same specificity for the ETR1
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receptor and certaietrl dominant mutant alleles &TEJ] suggestinghtCb5could
play a similar role aRTE1in regulating the ETR1 EBD conformation.

Sinceatcbh5mutants have phenotypes in ethylene responsepdhatel those of
thertel mutant, AtCb5andRTE1could be in the same pathway that regulates the
ETR1 receptor. Consistent with this speculatioa,dimultaneous loss of boRTE1
andAtCb5-Dhas no obvious additive or synergistic effect thrylene response
compared to single mutants. The order of actiorRfBE1 and AtCb5 remains unclear.
| favor a model in whiclAtCb5s act upstream &® TE1based on the finding that the
atcb5-dloss-of-function mutation cannot block the reduedtylene sensitivity
conferred by overexpressifjrEl although | cannot rule out thBTElis upstream
of AtCb5and RTEL can signal through other AtCb5 isoforrngmvone member is
gone, as AtCb5 family members function redundafthe coming lines 085S:
AtCb5-Dtransgene crossed with thie1-3mutant will help to understand the order
of action of AtCb5 and RTEL.

The genetic analysis é{tCb5places it in the ethylene signaling pathway. lyma
interact with RTE1 and play a similar roleR$E1in positively regulating the ETR1
receptor. The established function of cytochromendy provide insights into the
function of RTE1. Cytochrome b5 is known to sergen electron transfer protein in
a number of oxidation/reduction reactions in biatagjtissues, including fatty acid
desaturation (Shimakat.T et al., 1972), fatty atahgation (Keyes et al., 1979), fatty
acid hydroxylation (Kearns et al., 1991; SmithletE92), and cytochrome P450
monooxygenations (Hildebra.A and Estabroo.Rw, 19Iilthese reactions,

cytochrome b5 can accept an electron either fronr®DKA-cytochrome P450
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reductase or NADH- cytochrome b5 reductase andfeathem to a variety of
electron acceptor proteins such as cytochrome RiE&s@turase, hydroxylase,
monooxygenase and metmyoglobin and methemogloburctase (Jansson and
Schenkman, 1977; Schenkman and Jansson, 2003gyidarome P450
superfamily, another hemoprotein, is a large grafupixed function oxidases which
catalyze the oxidation of numerous molecules.

Since cytochrome b5 can carry out a variety of atxah/reduction reactions,
and redox modifies protein residues such as cys{€iys), thus affecting protein
structure and precisely regulating protein functidmypothesize that ETR1 receptor
function could be regulated through redox modifaad. It has been well known that
Cys residues can be modified by a variety of reblased, post-translational
modifications such as S-nitrosylation, sulphenid &rmation, generation of
disulphide bridges, S-glutathionylation and sulphacid and sulphonic acid
formation, which exerts distinct effects on protkinctions (Spadaro et al., 2010).
There are three conserved cysteines (C4, C6, Ciédihwhe ethylene binding
domain of the ethylene receptors which could bdadhget of redox modification.
RTE1 could be also involved in redox modificatidrite target protein ETR1 based
on the genetic suggestion that RTE1 may functionlaily as AtCb5. This would be
consistent with our hypothesis that RTE1 may plagi@ in conformational changes
of the ETR1 N-terminal transmembrane region thatileges the C-terminal signaling
output.

Another possibility is that cytochrome b5 couldegtfthe ER-residing ETR1

EBD conformation through changes in membrane flyjdvhich may be a result of
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the complex effects of cytochrome P450. It has lveelhestablished that cytochrome
b5 plays a role in lipid biosynthesis and metalmolisy transferring electrons to and
thus activating a variety of oxidases such as dess¢ and hydroxylase (Schenkman
and Jansson, 2003; Vergeres and Waskell, 1995abNotthe dependence of
membrane fluidity on the extent of unsaturatiofiadfy acids in membrane lipids is a
well characterized phenomenon. ETR1, as a memimantein, may be highly
sensitive to subtle membrane environmental chamgesmposition and fluidity.
What is compatible with this possibility is thatlso isolated a non-specific lipid
transfer protein (ns-LTP) (At1g48750) from cDNArkloy screening for putative
RTEL interacting proteins using yeast split-ubigquitssay. ns-LTPs are small,
soluble, basic proteins found in animals, plants microorganisms (Kader, 1996;
Wirtz, 1997). They are generally thought to be imed in lipid metabolism, but their
cellular roles are unknown (Lai et al., 2008; Wi®97). ns-LTP bind non-
specifically to the acyl chains of fatty acids arah transfer single phospholipids,
glycolipids, fatty acids and sterols between memésan vitro, thus altering
membrane lipid composition (Kader, 1996; Wirtz, 79 he functions of plant ns-
LTPs and their regulation are unknown. Arabidopsis about 23 LTP genes in 3
distinct subfamilies (Arondel et al., 2000). At1@88® is in a subfamily with two
other homologs. At1g48750 is expressed througheuplant during most stages.
The biological relevance of the interaction betwBaic1 and ns-LTP remains to be
uncovered.

| favor the hypothesis that cytochrome b5 may raguthe ETR1 EBD

conformation through redox modification becauss Wuld make possible the
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specificity ofAtCb5andRTE1for ETR1 receptor and certa@trl dominant mutant
alleles. Though the basis for the specificity i yet understood, conceivably there
could be a distinct feature in ETR1 EBD which al$oivto be the target of redox
modification. In contrast, the membrane environrakcihanges could affect all the
membrane residing proteins including other fouyketihe receptors which aRTE1
andAtCb5independent, since the five Arabidopsis ethyleoeptors form
heteromeric protein complexes and should residledrsame subcellular

compartment (Gao et al., 2008).

Materials and Methods

Plant Materials and Growth Conditions

The Arabidopsis thaliana&olumbia ecotype was used as the wild-type strain
all experiments. The AtCb5-D T-DNA line (GABI_328B)0was obtained from the
European Arabidopsis Stock Centre (NASC), whileAh@b5-B T-DNA line
(Salk_100161) and the AtCb5-C T-DNA line (Salk_028ywere requested from the
Arabidopsis Biological Resource Center (ABRC).

Plants were grown in soil under 16-hour light/8-hdark in a controlled
environment chambers under white fluorescent ligbt.all the seedling analyses,
seeds were sown on Murashige and Skoog (MS) medumaining 0.8% agar.

Following a 3-day stratification at@, the seeds were placed in light for five to six
hours and then grown in the dark at@®or 4 day. For the ethylene triple responses

assay, seeds were germinated either in the preséetieylene gas or on MS medium
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containing ACC (Sigma Aldrich) at the indicated centrations. The ethylene gas

(specialty gases of America, Toledo, OH) was igddhto the air-tight mason jars.
Seedlings were removed from the MS medium ont@ekitloth for

photographs. The hypocotyl length was measured thendigital photographs using

ImageJ software (http://rsbweb.nih.gov/ij/).

Mutant Genotyping

Genotyping was carried out using either the PhiaatfDirect PCR kit
(Finnzymes) or isolating total genomic DNA by th€AB method (Dellaporta et al.,
1983).

The following primers flanking the T-DNA insertiaites were used to detect
wild-type AtCb5s: AtCB5-D FP: 5'- TAGCTGTGTCAATATCACCCACAT-3,,
AtCb5-D RP: 5'-GTGCTGCTTAAGATGTCTCTGTGT-3'; AtCb5-BP: 5'-
CACACGACAACGTTTTGAATG-3', AtCb5-B RP: 5'-
TCAGAAGTGGATCTTCCCATG-3'; AtCb5-C FP: 5'-
AAACATAACGCGTGTGGTCTC-3', AtCb5-C RP: 5'-
TTTGTAAGTATGCCCTCACCC-3'. To detect the T-DNA insen alleles, the
reverse primer above and the SALK T-DNA primer LBa:
TGGTTCACGTAGTGGGCCATCG-3' or the GABI-KAT T-DNA pmer: 5'-
ACGGATCGTAATTTGTCGTTTTAT-3', which anneals to theONA sequence
were used.

For genotyping other mutants, cleaved amplified/parphic sequence (CAPS)
markers (Konieczny and Ausubel, 1993) or deriveghebd amplified polymorphic

sequence (dCAPS) markers (Neff et al., 1998) weeeluThetel-3allele was
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detected by CAPS primers 5-GGAGTTCCTATGATGGACCTGAA' and 5'-
GTAAGTAGCAATTATGAACCA-3'. The amplified DNA fragmetnis cleaved by
the restriction enzyme Alol if the fragment is frotal-3 but not from the wild-type
RTE1 allele. Theetr1-2 allele was detected by CAPs primers 5'-
CCGATTTCTTCATTGCGATT-3' and 5-ACCGTATACTCCACGGGATG and
the amplified DNA fragment is cleaved by the resiton enzyme HpyCHA4I1V if the
fragment is frometr1-2, but not from the wild-type ETR1 allele. Thes1-10dCAPS
primers 5-GTGGCCACATGTGCCAATTTTGGAAGAATCCATGCGAGGT and
5-TGATGGCATGCATCGGTGTCCTCATC-3' introduced a Sattk in the wild-
type ERS1 fragment but nets1-10 Theetr2-1dCAPS primers 5'-
AACTGCGAAGACGAAGGAAA-3 and 5'-
GGAACAACTCACGAAGTAAAGTAACTCACTA-3' introduced a Ddesite in the

mutantetr2-1fragment but not the wild-typeTR2fragment.

RNA Extraction and RT-PCR

RNA was extracted from pooled seedlings or fronettesleaves in all assays
using the RNeasy RNA extraction kit (Qiagen). cDINAs synthesized with oligo(dT)
primers using the iScript cDNA synthesis kit (BiaRraFor analysis of transcript
levels inatcb% T-DNA mutants, the following primers were used.

AtCb5-D F1: 5-ATGGGCGGAGACGGAAAAGTTTTCAC-3'

AtCb5-D R1: 5-GAACTTTGTCACATCATAAAC-3'

AtCb5-D F2: 5-GAGGTTATCTTGACTTCTACAG-3'

AtCb5-D R2: 5-TCAAGAAGAAGGAGCCTTGGTCTTAGTG-3'

AtCb5-B F1: 5- TTTCTTGAAGACCATCCAGGTG-3'
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AtCb5-B R1: 5-TTGGTGTAGATACGGATTCCG-3'

AtCDb5-C F1: 5-GGCGAATCTAATTTCGTTTCACG-3'

AtCb5-C R1: 5-TGGTCAACGTCACCGATACAG-3'

AtCb5-C R2: 5-CTACTTGTTGTTGTAGAATCTG-3'
Control primers used for RT-PCR were primers anngdb ACTIN7. ACT7 F: 5'-
GGAACTGGAATGGTGAAGGCTG3' and ACT7 R: 5™

CGATTGGATACTTCAGAGTGAGGA-3.

Transgene Constructs and Plant Transformation

AtCb5scoding sequences were amplified (plus or minustbp codon) from
the cDNA clones obtained from ABRC with primersrgarg attB sites for cloning
via homologous recombination into the Gateway pDQRRentry vector (Invitrogen)
(the attB in the sense primer and ait8ite in the antisense primer are underlined):
B1AtCb5-D For: 5'-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGCGGAGACGGAAAA

GTTTTCACCTT-3'
B2AtCb5-D Rev (+SC):
5.

GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGAAGAAGGAGCCTTG

GTCTTAGTG-3'
B2AtCb5-D Rev(-SC):
5.

GGGGACCACTTTGTACAAGAAAGCTGGGTCAGAAGAAGGAGCCTTGGTCT

TAGTGTAG-3'
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B1AtCb5-B For:

5'-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGAGACGAAGCAAAG

ATCTTCACTCT-3'
B2AtCb5-B Rev(-SC):
5.

GGGGACCACTTTGTACAAGAAAGCTGGGTCCCCTGATTTGGTGTAGATAC

GGATTCCG-3'
B2AtCb5-B Rev(+SC):
5'-

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACCCTGATTTGGTGTAGA

TACGGATTC-3'

B1AtCb5-C For:

5'-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGAATCTAATTTCGT

TTCACGATGT-3'
B2AtCb5-C Rev(-SC):
5.

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTTGTTGTTGTAGAATCTGA

GAGCGAAAG-3'

B2AtCb5-C Rev(+SC):
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5'-

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACTTGTTGTTGTAGAATC

TGAGAGCG-3'
The AtCb5 cDNA clones are:
GCO00075: At1g26340: AtCb5-A
U17257: At2g32720: AtCb5-B
G83412: At2g46650: AtCb5-C
U09651: At5g48810: AtCb5-D
G10548: At5g53560: AtCb5-E
The AtCb5-Dgenomic sequence was amplified from Arabidopsi©gea DNA
with primers B1gCytB5-D For5'-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGAAAGAGACCCAATT

GAGAGGTTCAC-3' and B2gCytB5-D Re\5'-

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTCAGTGTTTATCATTTTCTC

TTACCTG-3' and cloned into the Gateway pDONR22Iyewmector (Invitrogen).
AtCb5scoding sequences aAdCb5-Dgenomic sequence were transferred from
the pDONR221 (entry) vector (Invitrogen) into vargodestination vectors such as
pN3F6H (the over-expression vector) (Made by Drigiung Chen) and pBGW7
(binary vector allowing gene expression under th@rol of the native promoter).
The DH%x E.coli strain was used for subcloning. The agrtdgyaam strain
GV3101 was used for plant transformations by tbeafldip method(Clough and
Bent, 1998). Transformants were selected witreeithe herbicide Finale (active

ingredient glufosinate) (Bayer) or gentamycin (S&gm

90



All mutantetrl transgenes (in plasmid pPZP211) were kindly predidy the
laboratory of Anthony Bleecker (University of Wiswin, Madison, WI, USA). The
etrl mutant transgenes were transformed into the wpd by Dr. Jo Resnick
(Resnick et al., 2008gtrl mutant transgenes were crossed @&ittb5-dmutant and
F2 progeny was genotyped for homozygateh5-d F3 seeds were tested on MS

medium containing 50mg/lI kanamycin for the homozyggetrl transgene.

Yeast Split-ubiquitin System

In this study, two yeast split ubiquitin systemggdifferent reporter systems
were used. Plasmids, vectors, and yeast cells (JD%Be first system were kindly
provided by Prof. Nils Johnsson, Univ. of Muens#vIBE, Germany. The
Arabidopsis inflorescence cDNA library was kindippided by Prof. Imre
Sommsich, Max-Planck-Institut fur Zuchtungsforsopulkoln, Germany. In this
system, the bait plasmid pMet-KRTEEXCub-URA3-CYC1 and the prey plasmid
pCup-Nul-cDNA-CYC1 contain a His+ or Trp+ markegspectively. Ura3 in bait
plasmid is used as a reporter to demonstrate aragtion (Wittke et al., 1999). We
used this system to screen the Arabidopsis infteneses cDNA library for the RTE1
interacting proteins. In the other system, thdieidl transcription factor A-LexA-
VP16 (PLV) fused with Cub is released to activateA-driven reporter gené$lS3
andlacZin the nucleus upon bait and prey interaction @wig et al., 2003; Obrdlik
et al., 2004). The bait plasmid pMet-RTE1-Cub-Plevitinator and the prey plasmid
pADH-NubG-cDNA-3HA-terminator contain a Leu+ or Frpnarker, respectively.
The bait and prey plasmids as well as yeast stidihs AP4 and THY.AP5 were

kindly provided by Prof. Wolf B. Frommer, Carnedgstitution of Washington,
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Stanford, CA,USA. The cDNA library from 6-day oldht/dark-grown seedlings
(DualSystems Biotech, Switzerland) was screenedfagrotein interaction was
analyzed using the Frommer system.

The RTE1 coding sequence was amplified from a clkMdfe described in
(Resnick et al., 2006) with primers atRTE1 SplUbr:F'-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCACGTGGAAGAGGA

GTTCC-3' and atRTE1 SplUbi Rev: 5'-

GGGGACCACTTTGTACAAGAAAGCTGGGTCAGTAATTATGTTCTTAAAAC

AG-3' (the attB1 in the sense primer and attB2isitthe antisense primer are
underlined). The PCR product carrying attB sites wlaned via homologous
recombination into the Gateway pDONR221 entry ve@tovitrogen). The RTEL
coding sequence then was transferred from the pDE2MIRNtry vector into the yeast
split ubiquitin assay bait vectors. The AtCb5s ogdiegions without the stop codon
were transferred from the entry clones describéBlamt Transformation Constructs’
into the prey vector pADH-NubG-cDNA-3HA-terminatdihe CHX20 C-Tail and
CHX20 Full Length bait plasmids were kindly provitley Dr. Heven Sze lab.
Yeasts were maintained on enriched yeast extrgitbpe-dextrose (YPD) plates
or YPD liquid medium at 30°C. Solid and liquid dyatic complete (SC) media
comprised 0.17% yeast nitrogen base (YNB, USBialalgj 2% dextrose, 0.5%
(NH4)2S504, and amino acids omitting the indicateds For the activation of URA3
activity based system, the SC media was supplemevite 5-FOA (Fluoro-orotic

acid, USBiological).
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General protocols for yeast transformation andesgrg were performed as
described in "Methods in Yeast Genetics" (Burkalgt2000) and in "Current

Protocols in Molecular Biology" (Ausubel et al.,899.
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Chaper 4 RTE1 homologs are able to bind heme in vitro

Introduction

In the last chapter, | presented evidence thatcbytone b5 associates with and
acts in the same pathway as the novel regulatorlR@ [Bositively regulate the ETR1
receptor. | speculated that cytochrome b5 couldledg ETR1 function through
redox modification since cytochrome b5 is knowtbédnvolved in diverse
oxidation/reduction reactions. Cytochrome b5 camyocaut electron transfer reactions,
because the iron atom in the heme prosthetic gatiemates between a reduced
ferrous (F&") state and an oxidized ferric @pstate. The genetic analyses in
Chapter 3 indicate that cytochrome b5 could playalar role as RTEL in ethylene
signaling, raising the possibility that RTE1 mayd&o involved in
oxidation/reduction reactions. RTE1 could concelyabgulate the ETR1 EBD
conformation via oxidative folding since redox mfahitions in general are known to
affect protein structure and function (Spadard.e2810). Interestingly, the result
that human RTE1 binds heme in vitro was firstlyawered by Dr. Igbal Hamza'’s lab
when they used human RTE1 as a presumed negatit®lco testing CeHRG
proteins for the ability to bind heme (Rao and Hammnpublished). This is
consistent with our hypothesis that RTE1 might higneeability to carry out redox
reactions, since many proteins involved in red@ctiens are heme-binding proteins.

Analysis of the RTE1 amino acid sequence did negakany known heme

binding motifs. Investigation of other hemoproteinewever, has shown that heme-
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binding motifs are variable. Basically, there ave most common ligation motifs:
the 5-coordinate mono-histidine, as observed inglglmn and hemoglobin, and the
6-coordinate bis-histidine, as found in cytochranf®eedy and Gibney, 2004;
Tsiftsoglou et al., 2006). Overall, histidine, ®@ise, tyrosine, proline are known to
be critical for heme binding in different hemopiote For example, CXXCH is the
unique heme-binding motif for cytochrorméStevens et al., 2004; Thony-Meyer,
2000). His-Pro-Gly-Gly (HPGG) forms the core of timme-binding domain of
Cytb5 (Lederer, 1994). A dipeptide motif of cysteisnd proline (CP maotif ) is the
heme binding sequence within the heme responsitésnidRM) of a variety of
heme-regulated proteins (Zhang and Guarente, 19884, heme of cytd; is

bound by His-Tyr in the ferric state (Gordon ef 2003). RTE1 has conserved amino
acids such as histidine, cysteine, tyrosine, pephvhich could potentially be
involved in heme binding. The Arabidopsis RTE1 s¥me has 40.5% identity with
human RTE1 (hRTE1) over 156 amino acids, and 5¥tity to Arabidopsis RTH
(AtRTH) over 209 amino acids, suggesting that huR@i&1 and Arabidopsis RTH
may have a similar molecular function as ArabidsBTE1. To gain some insights
into the question whether RTE1 can carry out regaxtions, we investigated
whether RTE1 binds heme.

In addition, it is worth noting that GAF domainsilismall molecules such as
cyclic GMP and chromophores (which are synthesizad heme) (Aravind and
Ponting, 1997). The GAF domain is present in phytomes and ethylene receptors,
which are both derived from cyanobacterial two-comgnt receptors and related in

structure (Mount and Chang, 2002). GAF in phytooiee binds a tetrapyrrole
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chromophore, suggesting that ethylene receptor @##&ain could bind heme. The
GAF domains of the ethylene receptors have twoemes histidine residues (Hf8

and His%), which might be involved in heme binding.

Results

Human RTEL, RTE1-1 and Arabidopsis RTH bind heme invitro

To test the binding of hRTE1, AtRTE1 and AtRTH &nfe, expression
constructs fused with a Hemagglutinin (HA) epitegere transiently expressed in
HelLa cells and then hemin agarose affinity chrography was performed on cell
lysates. The affinity chromatography showed bindihgeme to a positive control,
CeHRG4, which is a newly identified heme transpoff®ajagopal et al., 2008), as
well as to hRTE1 and AtRTH-{gure 4-1). In contrast, essentially no binding was
observed for human ZIP4, an eight-transmembraneadominc transporter,
suggesting that the binding was not due to nongpéwidrophobic interactions
(Figure 4-1). Unfortunately, | was unable to test the abitiffAtRTE1 to bind heme,
because the expression of AtRTEL in HelLa cellstaadow to carry on the hemin
agarose affinity chromatography.

| next tested a mutated version of hRTEL to sedlven¢he mutation would
disrupt the heme binding ability of hRTERigure 4-1). rtel-1is a loss of function
mutation in Arabidopsis, which is a G-to-A missensgation that results in a Cys-
Tyr substitution at the conserved ¢3fgesiduertel-1was isolated from the genetic
screening for suppressors of the weak ethylenaagithee mutanetrl-2 The

corresponding mutation encoding the same Cys tesilystitution was introduced
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Figure 4-1hRTE1, hRTE1-1 and AtRTH proteins interact with heme in the
hemin-agarose pull down assay

Cell lysates from HeLa cells expressing the indiddtiA-tagged proteins were
incubated with hemin-agarose. Equivalent propostiohinput lysates (Input), the
supernatant after binding and before washing (Rlawugh), the final wash before
elution (Wash) and the eluates (Bound) were subjett SDS-PAGE followed by
immunoblotting with anti-HA antiseraC.elegandieme transporter CeHRG4 and
Human zinc transporter hZIP4 were used as positieenegative controls

respectively.
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into hRTEL by in vitro site-directed mutagenesid gested for heme binding ability.
hRTEL1 carrying thete1-1 mutation did not detectably affect the heme bigdibility
of hRTEL Figure 4-1). This result indicates that the conserved Cyshé¥ not be
required for heme binding in hRTE1 and suggeststh®ate1-1loss-of-function
phenotype caused by the C161Y substitution maypeatue to heme binding
disruption.

Since the GAF domain of ETR1 could conceivably Wiedne, | tried to test
whether Arabidopsis ETR1 protein can bind hemeoduohately, the hemin-agarose
affinity chromatography was unable to be perforfoedhe AtETR1 protein due to

its poor expression in the transfected HelLa cells.

Human RTEL, Arabidopsis RTE1 and Arabidopsis RTH fal to rescue the

growth of a heme-deficient yeast strain

Since hRTE1 and AtRTH bind heme in the above hexgarose pull-down
assay, we next tested whether they are able tegoaihheme using a heme-deficient
yeast rescue assay. Theml yeast strain lacks the gene encodirggminolevulinic
acid (ALA) synthase, which is the rate-limiting gnze in the heme biosynthesis
pathway (Crisp et al., 2003), and therefore reguare external heme source for
growth. CeHRG-1 is a heme importer (Rajagopal .eR808) and was used as a
positive control. In comparison to the empty vedontrol, the positive control
CeHRG-1 significantly increased the growththeinl yeast at {M heme, whereas
the expression of AtRTE1, AtRTH and hRTE1 showedlifflerence from the

negative controlKigure 4-2).
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Figure 4-2 RTE1, RTH and hRTE1 cannot rescue the giwth of hemlA yeast at
low heme concentrations

The DY1457hem! (6D) yeast strain transformed with indicated construes
spotted in 10-fold serial dilutions on syntheticrggete medium plates lacking uracil.
The heme transporter HRG-1 and the empty vectorgPEST52 were used as
controls. The plate containing glucose andM%-aminolevulinic acid (ALA) which
rescues thbeml defect, shows the amounts of cells plated. Plaitsdifferent
concentrations of heme were supplemented with @dR4ctose to induce expression
of the transformed genes. Yeast grown on the AL8itp@ control plate and a plate
with 5 uM heme displayed red pigment accumulation duertmgation in the ADE2

locus.
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Therefore, unlike CeHRG-1, AtRTE1 and AtRTH caningport heme into yeast

cells though they have in vitro heme binding aailit

Discussion

The above affinity chromatography results sugdest RTE family proteins
could be hemoproteins. However, it still remainknown whether RTE1 can bind
heme in vivo. It is possible that RTE1 binds sortteepporphyrins in plants like
chlorophylls, bilins, and corrins, since they areicturally similar. Therefore, a heme
specificity test and an in vivo heme binding test meeded. The C161Y substitution
caused by theel-1mutation didn’t disrupt the in vitro heme-bindiability of
hRTEL. There are two kinds of explanation for tileisult. One is that C161 is not the
residue responsible for heme binding. The otherietigat C161 can bind heme
because it has been known that tyrosine couldatgbheme. So it is necessary to
convert C161 to other amino acids that are knowrtabind heme and then test the
heme-binding ability of the mutant.

Although AtRTE1 and AtRTH failed to rescue the hededicient yeast strain,
this result cannot rule out the possibility thatBR@roteins could mediate intracellular
heme transport. Since RTEL1 is localized to the ERibrane, RTE1 may not be able
to mediate the heme uptake through plasma memin@meoutside of the yeast cell.
In addition, a western blot is needed to show tiiainability of AtRTE1, AtRTH
and hRTEL to rescue the heme-deficient yeast Sgaiat due to poor expression in

theheml yeast strain.
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If RTEL is truly a hemoprotein, what is the possitviolecular function of RTE1
as a hemoprotein? Is heme involved in regulatiegdhR1 receptor function?
Investigation of these questions will help to urstiend the molecular mechanisms by
which RTEL regulates ETR1.

What is heme and what kinds of biological rolessdioeme play? Heme is a
prosthetic group that consists of an iron atomaioed in the center of a large
heterocyclic organic ring called a porphyrin. Hemudpins have been shown to be
involved in diverse crucial biological functionsckuas oxygen transport (hemoglobin,
myoglobin), oxygen metabolism (oxidases, peroxidasatalases), electron transfer
(cytochromes), the circadian clock control (Rev-@xlmicro RNA processing
(DGCRS), transcription factors (HAPs) and biosyste@f some signal molecules
like NO (nitric oxide synthase), steroid hormonegdfoxylases), cyclic GMP
(guanylate cyclase) (Faller et al., 2007; Guarant& Mason, 1983; Ponka, 1999;
Tsiftsoglou et al., 2006; Yin et al., 2007). In #goh, since heme is hydrophobic and
cytotoxic, heme transporters (HRGs) are requirdainid heme and deliver heme to
subcellular destinations (Chen et al., 2011a; Rggabet al., 2008).

It is particularly interesting that RTE1 could plogly associate with another
hemoprotein AtCb5, which has a similar functiorethylene signaling. Since
cytochrome b5 is known to carry out electron transive propose that RTE1 may
also carry out redox reactions and there migheldex communication between
RTE1 and AtCDb5. It is unclear which protein is weatn in the pathway that
regulates ETR1 receptor function; for example, RT&Uld accept electrons from

AtCb5 or provide electrons to AtCb5. | favor thespibility that RTEL may act
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downstream of AtCb5 for several reasons. Firsgyd@scribed in Chapter 3, the weak
ethylene insensitivity conferred by overexpres$tig=1cannot be blocked by loss of
AtCb5-Dfunction. However, it is possible that loss of &t€b5 member function is
not sufficient to block RTE1 signaling since otfienctional redundant AtCb5
members are present. Therefore it is the key torksther the weak ethylene
insensitivity conferred by overexpressiAtCb5-Dis blocked by the loss &TE1
function. Secondly, it has been demonstrated tA&IRphysically associates with
ETR1 (Dong et al., 2010). Thus | speculate that E€Buld be the direct substrate of
RTE1. | don’'t know whether AtCb5 interacts with ETRi yeast and planta. | was
unable to test the interaction of AtCb5 and ETRthmyeast split-ub assay due to
non-functional ETR1 in yeast when fused with CuliNab. This could be tested in
planta using BiFC. Thirdly, it is easier to expléme specificity of RTE1 and AtCb5
for ETR1. | know AtCb5 transfers electrons to nuoner electron acceptor proteins
such as cytochrome P450 enzymes; therefore AtQbSetpulate various
oxidation/reduction reactions. If RTE1 were doweamm of AtCb5, RTE1 could be a
specific adaptor protein for redox of ETR1 by AtCbhbother words, RTE1 accepts
electrons from AtCb5 and specifically modifies ET&dectly or through regulating
certain oxidase/reductase which modifies ETR1.

It is also possible that AtCb5 and/or RTE1 are Ined in electron transfer
affecting the redox state of the copper cofactquired for ethylene binding by the
receptors and that the copper redox state affeceptor conformation. However, the
evidence showed that RTE1 function seems to bdataceto copper (Resnick et al.,

2008). Alternatively, RTE1 could deliver heme taaghrome b5, which exerts a
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redox effect on ETR1. Another speculation is th&ER may function to deliver

heme to the ETR1 receptor, which conceivably chindl heme.

Materials and Methods

Human Cell Culture and Transfection

HelLa cells were maintained in RPMhedium (GIBCO/BRL)supplemented
with 10% fetal bovine serum (FBS) and penicillidptomycin/glutamine and

cultured at 3T in a humidified incubator with 5% CO2. DNA consitsiwere

transiently transfected into Hela cells uskl/GENE 6 (Roche) for western blotting

and hemin-agarose affinity chromatography.

Construct Cloning

The AtRTH coding sequence was PCR-amplified fronexasting RTH cDNA
clone using primers carrying flankifigcaR1 andXbd restriction sites. The sequence
for the Hemagglutinin (HA) epitope tag was includedhe reverse primers to
generate HA-tagged proteins. The PCR product wsislifjated into the pGEM-T
vector (Promega). Following restriction digestiond&NA purification, the digested
DNA fragment was ligated into the pCDNA3.1 (+) Ae=ctor (Invitrogen).

For the hRTE1-1 clone (in pcDNA3.1(+) zeo), a GAtmutation was introduced
into pcDNA3.1(+)-hRTE1 clone(from caren) by in witsite-directed mutagenesis
using the OuikChange Il XL site-directed mutages&gi(Stratagene, La Jolla, CA).

The sequences of the mutagenic primers are hRTEG F:
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ctctgctgtgacaactaccactcgcacgtggce and hRTE1-1 MG R:
gccacgtgcgagtggtagttgtcacagcagag

The CeHRG4 and hZIP4 constructs (in vector pcDNAS. teo) were kindly
provided by the laboratory of Dr. Igbal Hamza (UWssity of Maryland, College

Park).

Hemin-agarose Pull-down Assays

Hemin-agarose pull-down assays were performed dicgpto the procedure as
described in Rajagopal et al. (2008). In briefsfacted HelLa cells were lysed with
rocking for 30 min in MS buffer (210 mM mannitol) M sucrose and 10 mM
HEPES, pH 7.4) in the presence of 2.5% proteasbitohcocktail (Sigma) in cold
room. The lysates were centrifuged at 104 f%r 5 min, and the post-nuclear
supernatants were quantified by Bradford assay-(&i). The same proportion of
proteins from each sample was subjected to SDS-Pa&tEHmmunoblotting with a
rabbit anti-HA antibody (Sigma). Chemiluminescemmages were captured with a
Fujifilm luminescent image analyzer LAS-4000. Themression of individual
proteins was quantified by measuring band intessitiith Multi Gauge software
(Version 3.1; Fuijifilm).

Next, the equivalent amount of target protein wasethwith untransfected Hela
cell lysates to obtain 5@@ of total protein for the binding reaction. Themgdes
were incubated with gentle rocking at room tempegafor 30 min in the presence of
300 nmol hemin-agarose (Sigma, Cat No.: H6390).bihding reaction mixture was
centrifuged at 800 X for 3 min, and the resulting agarose pellets weashed three

times with 1 ml of wash buffer (150 mM NaCl, 1 %P, and 50 mM Tris-HCI, pH
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8.0). The final pellets were incubated with Laemsalmple-loading buffer containing
100 mM DTT for 10 min at room temperature and theiling for 5 min to elute the
bound proteins.

Equivalent amounts of input protein, flow-throudgteabinding reaction, flow-
through after the final time wash and the elutemtgan were loaded on a 12 %
SDS/PAGE and immunoblotting with HA antibodies. Henin agarose assay on
hRTE1 and was done in three biological replicates@ hRTE1-1 and AtRTH was

done in two biological replicates.

Yeast Strains, Growth and Transformation

The heme-deficiers. cerevisiastrain, DY1457emM (6D), was provided by
the laboratory of Dr. Igbal Hamza (University of Miand, College Park). This
hem strain lacks the gene encodisx@minolevulinic acid (ALA) synthase, which
is the rate-limiting enzyme in the heme biosynth@sithway (Crisp et al.,
2003).Yeast were maintained on enriched yeast@xpeptone-dextrose (YPD)
plates or YPD liquid medium at 30°C. Solid and idjgynthetic complete (SC)
media comprised 0.17% yeast nitrogen base (YNB,ibI8gical), 2% dextrose,
0.5% (NH:)2SOs, and amino acids, as described in Sherman, 20@&1t&n, 2002).
The regular growth medium was supplemented withu®b68-aminolevulinic acid
(ALA).

RTE1, RTH, hRTEORFs were cloned into the vector pYES-DEST52
(Invitrogen) by Gateway cloningeHRG1in pYES-DEST52 was provided by the
laboratory of Dr. Igbal Hamza’s lab (University dfaryland, College Park). All of

these constructs were transformed imon4d yeast using polyethylene glycol and
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lithium acetate at 42°C for 20 min. Positive clomese isolated by plating the
transformants onto the SC medium minus uracil. 2@LA was supplemented in

the medium.

Yeast Heme Rescue Assay

Individual transformed yeast colonies were transféonto SC-Ura agar plates
containing 2% raffinose instead of glucose. Redidli#& was removed by growing
the transformants in SC-Ura liquid medium withowAAfor 16 h. Equal amount of
transformed yeast were spotted in 10-fold seriatidns onto growth assay plates
containing 4% galactose for gene induction ancedgifit concentrations of hemin

chloride or ALA. Yeast growth was analyzed aftesubation at 30°C for 3-5 days.
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Chaper 5 A unique proline (P9) conserved only in ETR1

orthologs is involved in the specificity of RTEIrfaTR1

Introduction

Previous genetic studies suggest that ETR1 isrtheathylene receptor
dependent on RTEL in Arabidopsis and RTEL is betigw act on the ethylene
binding domain (EBD) of ETR1 (Resnick et al., 20B&snick et al., 2006; Rivarola
et al., 2009; Zhou et al., 2007). However, the EBEhe most conserved region of
Arabidopsis ethylene receptors (Rodriguez et 809). It remained unknown how
the EBD of ETRL1 is distinct from other ethyleneagiors to specifically require
RTE1.

The current model of ethylene receptor signalintpat ethylene binding at the
transmembrane EBD causes EBD conformational chamgdesh are presumed to be
propagated to the cytoplasmic transmitter domaffeect the receptor signaling
status. The dominant missense mutations at margecoed amino acids within the
EBD of the ethylene receptors, which confer ethglersensitivity, have been
proposed to result in the various structural def@éthin EBD that inhibit the
conformational transition to shut off receptor sifyng (Wang et al., 2006).
Previously, it has been observed that such a dorhmatation identified in one
receptor could generally cause the same ethylesagitivity when it is carried by

another receptor at the corresponding positionekample, when a missense
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mutation encoded bstr1-4 which causes an lle to Phe substitution at res@f is
introduced into th&RS1andERS?2 gne, it confers dominant ethylene insensitivity
(Hua et al., 1995; Hua et al., 1998). This is evaa for transferring a dominant
mutation to the ethylene receptors of differencgse For example, the tobade®S
transgene carrying thdever-ripe(Nr) mutation identified in tomato results in
ethylene insensitivity in tobacco (Terajima et 2001). These facts suggest a
conserved mechanism of ethylene receptor signalimgng different species.
Interestingly, a former graduate student in our Mbximo Rivarola, revealed a
correlation of dominant missense mutation transiétawith RTEXdependence
(Rivarola et al., 2009). As described by Resnical €2008), the dominant missense
mutations within ETR1 EBD which confer ethylenednsitivity can be classified
into two categorieRTEXdependent anRTEZXindependent. Maximo found that
only thoseRTEZindependent dominant mutations in the ETR1 recegan be
transferred into the identical conserved positionsther Arabidopsis ethylene
receptors, whereas tiReITEXdependent ones fail to cause ethylene insengitiien
carried by another ethylene receptor, eg&81which is closest tE TR1(they share
75% amino acid identity in the EBD). Consistenthwthis finding, several existing
ethylene insensitive mutations in the four othéykene receptor genes were tested
and shown to be independentRFE1(Resnick et al., 2006; Rivarola et al., 2009).
Therefore, the ETRL1 receptor is distinct from otérylene receptors in terms of
RTEXdependence. As suggested in Chapter 3, AtCb5tadiy@IRTE1 interacting
protein in the same pathway as RTEL, also appedrs specific to the ETR1

receptor, not other receptors.
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Why does ETR1 uniquely requiRTE1to properly function®oes ETR1 have a
distinct signaling regulation mechanisi@ihiceRTEXdependenétrl mutations are
presumed to cause altered EBD conformations whaefe ldefects in switching
receptor signaling oflR TElis thought to maintain such an altered confornmatio
(Resnick et al., 2008). The specificity of RTE1 EBFRL1 is probably due to the
unique steric structure of the ETR1 EBD. In addifithe specificity of RTE1 is not
likely based on differences in expression pattefrethylene receptors (Rivarola et
al., 2009). To investigate the basis for this dipgty and reveal the structural and
functional differences between ETR1 and other rerspl sought to identify the
ETR1 residue(s) required fRTE1ldependence. Because such residue(s) could be
potential target sites for RTE1 action and this Mdwelp to not only understand the
molecular function of RTE1 and the structure-fuoitrelationship of the ETR1
receptor, but also predict other protein targetRDE1 homologs in other species.

Based on the high degree of conservation (75% itgeartd 83% similarity) over
the N terminal 128 amino acids (EBD) between Arapgis ETR1 and ERSL1, it is
surprising that the two ethylene receptors exlupposite dependence on RTE1:
ETR1 is RTE1 dependent, whereas ERS1 is RTE1-imdigpe. As shown ifigure
5-1, in this region of the polypeptide, a few residaes not conserved between ETR1
EBD and ERS1 EBD. A strategy of screening for #gdue(s) essential f{RTE1
dependence is to interchange each non-conserven awid between ETR1 and
ERS1 by means of in vitro site-directed mutagenasisanalyze which amino acid
substitution can convert ETR1 tara Etindependent receptor and/or ERS1 to a

RTEZXdependent receptor.
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Ethylene binding domain

1 10 20 30 40 50 62
ERS1 MESCDCFETHVNQODDLLVKYQYISDALIALAYFSIPLELIYFVQKSAFFPYKWVLMQFGAFI
ETR1 MEVCNCIEPQWPADELLMKYQYISDFFIAIAYFSIPLELIYFVKKSAVFPYRWVLVQFGAFI

]

83 70 80 90 100 110 124
ERS1] ILCGATHFINLWMFFMHSKAVAIVMTIAKVSCAVVSCATALMLVHIIPDLLSVKNRELFLKK
ETR1 VLCGATHLINLWTFTTHSRTVALVMTTAKVLTAVVSCATALMLVHIIPDLLSVKTRELFLKN

125128
ERS1 KADE
ETR1 KAAE

Figure 5-1 Comparison of amino acid sequences ofahArabidopsis ETR1 EBD
and ERS1 EBD

The N-terminal 128 amino acid residues of ETR1BR&1 are aligned with the
Vector NTI software (Invitrogen). The identical idises between ETR1 and ERS1
are highlighted in yellow. The amino acid at theifion 9 that is a threonine in ERS1

and a proline in ETR1 is pointed out by a red arrow
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In this chapter, | report that proline at positByrwhich is conserved only in

ETR1 orthologs, is largely responsible for the #pety of RTEL for ETR1.

Results

A unique proline (P9) is conserved only in ETR1 otiologs

It has been known that only ETR1 depends on RTHElttze other Arabidopsis
ethylene receptors are not. Therefore, to uncdwebasis of RTE1 specificity, |
sought to look for the residue(s) in ArabidopsidFH Tthat are absent in ERS1 and the
three other Arabidopsis ethylene receptors. Pr@imeETRL1 is one of such non-
conserved residues. Wang et(@D06) searched available sequence data for the
presence of genes containing the Ethylene Bindiogn&n (EBD)-like sequences in
a variety of organisms . Of 113 candidate EBD-ciointg genes uncovered by Wang
et al. (2006), we chose the 61 that are annotatiefsily |1 or subfamily Il ethylene
receptor homologs from various plant@ble Ill) to perform EBD sequences
alignment. Proline 9 (P9) in Arabidopsis ETR1 ie timly one residue that is almost
exclusively conserved in subfamily | ETR orthologet found in subfamily | ERS
and subfamily Il ethylene receptoiEdure 5-2), though there are three ethylene
receptors (OSERS, PaERS1 and PhaERS), which awfidd into subfamily | ERS
based on the gene structure, also contain th&igarg 5-2 B). The phylogenetic tree
of the 61 candidate ethylene receptors indicatastlie three subfamily | ERS-like
ERS ethylene receptors are closer to subfamilyR Efhylene receptorgigure 5-3),
suggesting that they may behave more like ETR1 BRS1. P9 sits close to two
cysteines (C4 and C6 in Arabidopsis ETR1), whigha@nserved among all 61

annotated ethylene receptors.
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Figure 5-2 Sequence alignments of EBDs from varioydants

(A)Amino acid sequences of the transmembrane regfisabfamily | ETR are
aligned. (B) Amino acid sequences of the transmanregion of subfamily | ERS
and AtETR1 are aligned. (C) Amino acid sequencabetransmembrane region of
subfamily Il ethylene receptors and AtETR1 areradidy All the alignments are
performed using the ClustalW tool (Larkin et abDpZ). The accession numbers of all
the protein sequences used for alignment are listédble Ill. The amino acid
residues of each protein are numbered at the iRgd.boxes indicate conserved
disulfide cysteines at the N-terminal end of ethgleeceptors. Green boxes indicate
amino acids residues at positions correspondinigeiqgoroline residue at the ninth
residue of AtETR1. Stars mark three subfamily | ER&ptors (Os_ERS, Pa_ERS1
and Pha_ERS) which possess the proline residuecatsin subfamily | ETR1

receptors.
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Figure 5-3 Phylogenic relationships of ethylene reptors from various plants
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The full length ethylene receptors sequences listd@ble Il are aligned and used to
generate a phylogenic tree using the neighborggiailgorithms of the ClustalW web
tool (Larkin et al., 2007). Stars indicate the ehseibfamily | ERS receptors (Os_ERS,
Pa_ERS1 and Pha_ERS) which possess the prolimieesonserved in subfamily |

ETR1 receptors.
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Proline 9 convertsERS1 (A102T) into an RTE1-dependent ethylene-insensitive

allele

The A102T étrl-2) substitution, which lies within the third precdidt
transmembrane domain of the ethylene binding donmiknown to confer dominant
ethylene insensitivity when present in the ETREpéor, and is dependent on RTE1
for ethylene insensitivity (Resnick et al., 2008)contrast, the A102T substitution,
when was introduced to the corresponding consguesdion in theERS1coding
sequence using in vitro site-directed mutagenésis,to cause ethylene insensitivity
(Rivarola et al., 2009). We proposed that the diifie effect of AL02T substitution on
ETR1 and ERSL1 is due to the unique intrinsic st&riecture of ETR1 EBD, which
may be maintained by RTE1. As described abovesRanique residue that can be
found only in ETR1 orthologs, not in other ethylereeptors. ERS1 possesses a
threonine at the corresponding position of ETR1iped® (Figure 5-1). To
investigate whether this unique P9 is responsiiméhfe distinction of ETR1 from
other ethylene receptors, by means of site-directethgenesis, | introduced P9 to
ERSIcarrying the A102T substitution and driven by tlagiveETR1promoter, to see
whether it can rendd&tRS1(A10T) transgenic plants ethylene insensiti#g(re 5-

4). The construct was stably transformed into wyldet (Col-0) plants. 13 out of 16
independent transgenic lines showed ethylene iitsatysto varying degrees. Four
representative lines are showrHigure 5-5. In contrast, all 17 independdbRS1
(A1027) transgene lines showed the same phenotype aslthgpe (Col-0). Since
the A102T substitution in ETR1 causesRifFEXdependent ethylene insensitivity, |

predicted that the ethylene insensitivity conferogdheERS1(A102T, T9P)
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ETRI1 promoter ETRI1 ERS1 cDNA ETR1 At1g66345.1
region (911bp) S5'UTR coding sequence 3'UTR (1010 bp)
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—i T ﬁ_
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Figure 5-4 Diagrams ofERS1 and ETR1 transgene constructs

(A) Diagram ofERS1transgenes carrying A102T mutation only or boti Bd
A102T mutations or all T9P, T12P and A102T mutati@RS1cDNA coding
sequence (light blue) is driven by th&R1native promoter region (black line) and
carries th&eTR15' UTR (green) which has an intron (blue line) 8hd TR (orange)
in the binary vector pPZP221. A small 5' portiortted gene that is situated
downstream oETR1in the chromosome (purple line) is also presemtaich
construct. (B) Diagram dETR1transgenes (Dong et al., 2008) carrying only the
A102T mutation or both P9T and A102T mutations. Ei&1cDNA coding
sequence (yellow) with a C-terminal 5 x myc tag ifahis driven by th&TR1native
promoter region (black line) and carries FHER15'UTR (green) which has an intron

(blue line) and 3' OCS terminator sequence (dafkirethe binary vector pMLBart.
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Figure 5-5Proline 9 convertsERSL (A102T) into an RTE1-dependent ethylene-
insensitive allele

The seedling triple-response assay shows the presgrabsence of ethylene
insensitivity conferred by ethylene recepdrR1andERS1transgenes carrying the
indicated amino acid substitutions in WT ug1-3background. The wild type
Arabidopsis transformed with tii€TR1andERS1transgene driven by the native

ETR1promoter (shown in Fig 5-4) carrying A102T suhgtdn display ethylene
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insensitivity and triple response respectively. €kigylene insensitivity conferred by
theETR1transgene carrying A102T substitution is suppresgesh crossed with
rtel-3 The wild type Arabidopsis transformed with 8RS1liransgene driven by the
nativeETR1promoter (shown in Fig 5-4) carrying both A102Tar9P substitutions
displays ethylene insensitivity, but triple respomghen crossed withie1-3. Four
independenERS1(A102T, T9P) transgenic lines in the wild type background @3,
#11 and #12) were shown, three of which (#3, #8) #fere crossed wittie1-3
respectively. (A) Shown are representative four-diaydark grown seedlings
homozygous in either the indicated transgene dr thw indicated transgene and
rtel-3loci in the presence of 1 uM ACC. (B) Measuremafitisypocotyl length for
the homozygous seedlings shown in (A) in the presemn absence of 1uM ACC. The

meant SE is shown for 18-32 seedlings measured for eanbtgpe at MS and 1uM

ACC.
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transgene is also dependentRFEL | crossed three representatt®S1(A102T,

TIP) transgenic lines with theel-3 null mutant to see whether the ethylene
insensitivity can be suppressedrbg/l-3 As | predictedrte1-3reverts the
insensitivity exhibited by all the thr&&RS1(A102T, T9P) transgenic lines to a
phenotype comparable to that of the wild typeggre 5-5). When | also transformed
theERS1(A102T, T9P) construct directly into theel-3mutant, | found that all 10
independent lines exhibited the ethylene triplpoase just like the wild type. These
results suggest that ERS1 (A102T) is convertedant@ TEXdependent ethylene
receptor by introducing P9.

In addition to P9, there is another proline (Ph2} is present in ETR1 but
absent in ERS1 throughout the EBD. To determinetidrd®12 plays a similar role
as P9, | introduced both P9 and P12 intoBRS1(A1027) transgene. My results
showed that introducing P12 does not enhanc&Tetdependent ethylene
insensitive phenotype conferred by tHIRS1(A102T, T9P) transgene line, indicating

that P12 does not play a role in RTE1 dependerata (@t shown).

Loss of proline 9 is not sufficient to converETR1 (A102T) into an ethylene

sensitive allele

Next, | wanted to test whether ETR1 (A102T) carcteverted into aRTEL:
independent ethylene receptor by replacing P%®dted the reciprocal substitution
(P9T) in theETR1coding sequence transgene carrying the A102T sutigti and
driven by theETR1promoter Figure 5-4). The construct was stably transformed into
both the wild type (Col-0) anetr1-7 null mutant. 9 out of 15 independent transgenic

lines in the wild type background and 14 out ofir&¥ependent transgenic lines in the
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etrl-7 null mutant background still exhibited ethylensensitivity when grown on
MS media containing ACGHgure 5-6). This result suggests that losing P9 is not

sufficient to convert the ETR1 (A102T) receptomatoethylene receptor like ERS1.

RTE1 could be involved in regulating ETR1 dimerizaton through affecting

disulfide bond formation cooperating with P9

The above results indicate that P9 is importanRfbE1dependence, but the
basis for this dependence remained unknown. Weogeapthat P9 might be involved
in the steric conformation of the ETR1 EBD, whielguires RTE1. Since P9
presumably lies close to the known inter-molecdlaulfide bond-forming cysteines
(C4, C6) in the ETR1 receptor homodimer (Schaltexl.e 1995), and we know that
disulfide bond formation can affect protein foldjignext wanted to investigate
whether ETR1 dimerization is affected in the abeadf@®RTEL | isolated the
microsomal protein fraction from existing ETR1-5xtityansgenic lines in thetrl-7
null mutant background and tke&1-7 rtel-2double null mutant background, which
were described in (Resnick et al., 2008). N-ethyd#maide (NEM) was used to
prevent free sulfhydryls from forming disulfide @ges in the process of protein
extraction. ETR1-5xmyc proteins were visualizedadWestern blot using an anti-
Myc antibody. In the presence of reducing reagbitl(), the band of predicted
ETR1-5xmyc monomer size was detected in botlethe 7 mutant and thetrl-7
rtel-2double mutantKigure 5-7). In the absence of reducing reagent (DTT), ETR1-
5xmyc was found to form homo-dimers in both mutdRtgure 5-7). However, a
small portion of monomer was observed in¢hd.-7 rtel-2double mutant, than in

theetrl-7 mutant, in the absence of reducing reagent (DFiQufe 5-7). The above
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WT etrl-7

-ACC

WT  rtel-3 etrl-2 etrl-2
rtel-3 (P9T) (P9T)

T-ETR1(A102T)

Figure 5-6 Loss of proline 9 is not sufficient to converETR1 (A102T) into an
RTEZ1-independent ethylene-sensitive allele

Representative four-day-old dark grown seedlingssformed with the indicated
transgene in the absence or presence of 1 uM A€EGhawnETR1transgenes
under the control of the natiNE€TR1promoter (shown in Fig 5-4) carrying either
A102T only or both A102T and P9T substitutions wieamsformed into the wild
type Arabidopsis and thetrl-7null mutant. Three independdaTR1(A102T P9Y)
transgenic lines in the wild type (#14, #7, #10¢wi-7 (#1, #3, #8) background are

shown.
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ETR1-myc

rtel-2
Col-0 etrl-7 etrl-7
DTT - + - + - +

150KDa «— ETR1-myc dimer

100KDa
<+«— ETR1-myc monomer

75KDa

<«— non-specific band

Figure 5-7 Disulfide-linked dimerization of ETR1 may be affected inrtel-2
Membrane fractions from 9 day-old Arabidopsis siegdl were incubated in the

absence (-) or presence (+) of 150 mM DTT for 1rrai87C. Protein was subjected

to 10% SDS-PAGE. ETR1-5x myc was detected by tiecamyc antibody. In the
absence of DTT, a small portion of ETR1-5x myc nmoeois seen in thetrl-7rtel-

2 mutant, but almost not seen in #tel-7 mutant. The ETR1-5x myc monomer is
visualized at approximately 80 kDa and the ETRI¥fy)c homo-dimer is detected at
about 150 KDa. Neither the ETR1-5x myc monomerhm@mo-dimer band can be
detected in the wild type lacking the ETR1-5x ngmsgene. A non-specific band of

lower molecular weight is detected in all sampled ased for the loading control.
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findings suggest that ETR1disulfide bonds at C4@6aould be partially disrupted

in the absence RTE1

The yeast split-ubiquitin assay of the interactiorof ERS1 (A102T, T9P) and

RTE1

Donget al (2010) found that RTE1 and ETR1 associate whenessed
transiently in tobacco cells using BiFC, whereagiy weak signal was detected for
ERS1 and RTEL1, suggesting that RTE1 may specijigatkract with ETR1.
Therefore, the specificity of RTEL for ETR1 migla thue to the specific interaction
of RTE1 with ETR1. Moreover, the above tests intdicaat the introduction of P9
converts ERS1 into @RTEXdependent ethylene receptor. To test the podyibiat
the specific interaction of RTE1 with the ethyleeeeptors depends on P9, | tried to
test the interaction of RTE1 with ERS1 (A102T) viutithout P9 as well as ETR1
(A102T) with/without P9 using the yeast split ubtquassay. However,
unfortunately, the Nub/Cub fused ERS1 and ETR1gmestappear to be non-
functional when expressed in yeast, since ERSIEARIL didn’t interact with

themselves in this assay, which are supposed hoil®-dimers.

Discussion

Our results show that the introduction of a prob@osition 9 of ERS1 A102T
confersRTEXdependent ethylene insensitivity to ERS1, sugggstn important role
of P9 in the specificity of RTE1 for ETR1. It ikédly that the molecular state of

ERS1 (A102T T9P) mimics that of ETR1 (A102T), whislRTE1dependent.
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Proline’s side chain has a distinctive cyclic staue, which gives proline an
exceptional conformational rigidity compared toestamino acids. Therefore P9
could be critical to form a distinct EBD conforn@tithat requires RTEL to properly
function. However, P9 seems to be essential, busuiticient, to render RTE1
dependence, since | found that the absence of @9 result in the complete loss
of RTE1-dependent ethylene insensitivity confetvgdheETR1(A1027) allele.
Another non-conserved proline (P12) does not apjoeae involved irRTE1
dependence. Thus, there might be residue(s) diharR12 cooperating with P9 to
build the unique EBD structure.

It is noteworthy that P9 sits close to two consdregsteines (C4 and C6), which
form two intermolecular disulfide bonds in the ddnge receptor dimers. Interestingly,
we observed a small portion of ETR1 monomer inrte& mutant in the absence of
the reducing reagent, suggesting the disulfideslioka small portion of ETR1 is
disrupted in the absence of RTEL1. The large prapodf the ETR1 receptor is still
present in the covalently linked dimer, but it aspible that the ETR1 dimer on the
western blot might not be the correctly formed difnecause ETRL1 is largely non-
functional, based on prior genetic analysegef. This result suggests that ttiel
mutation does not result in the loss of all ETRelization. However, it is still
likely that RTE1 has effects on the disulfide bosuoge we indeed observed a small
portion of monomerized ETR1 iel-2

How can a proline residue affect a protein’s striceetand function? | propose
several hypotheses here. There is a possible garathe role of some specific

proline in the folding of Superoxide Dismutase O[H) with that in the ETR1
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receptor function. In the process of activatiors@fD1, a copper cofactor and
oxidation are required for proper folding. Compawgth mammalian SOD1, which
doesn’t need a chaperone protein for maturatioasty®OD1 depends on Copper
Chaperone for SOD1 (CCS) to obtain copper anddoldectly. The specificity of
CCS on the yeast SOD1 homolog is largely due tgtasence of a proline (P144) at
the C-terminus of yeast SOD1 inhibiting the oxidatof a critical intramolecular
disulfide bond required for the active SOD1 confation (Carroll et al., 2004). The
conformation block by P144 is overcome by CCS (te#t al., 2009). Notably, we
found RTE1 dependent activation of ETR1 sharesuplecof similarities as the
activation of CCS dependent yeast SOD1. They lemhire copper and redox
regulation for correct structure and function. Tlheyh are distinct from other
homologs in terms of ‘chaperone’ dependence. Tlo#ly bave a unique proline near
the conserved cysteine(s) within the end regiothefprotein. In both proteins, the
unique proline is critical for the dependence @f thaperone protein. Therefore, it is
highly possible that RTE1 functions like CCS. Ptalgasimilar to P144 in yeast
SOD1, P9 in ETR1 may place a conformational ragtnoon the correct disulfide
bonds formation and/or lead to incorrect inter-/anthtra-molecular disulfide bonds
among C4, C6, C65 and C99, therefore resultingnarafunctional ETR1 EBD
conformation. The small portion of the monomer ETd®%erved in the western blot
may result from one kind of wrong disulfide bonB3.E1 may act as a molecular
chaperone, reducing the wrong disulfide bonds afidgthe correct disulfide bond
formation. Thos&kRTEtindependent ethylene receptors atrd mutant alleles could

form the functional conformation independently doi¢he lack of the structural
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restriction on those correct disulfide bonds by Hus they are independent of RTEL.
Previous studies showed ETR1 carrying substitutadr34 and C6 to Ala or Ser is
still a functional receptor, suggesting the intelecalar disulfide bonds are not
critical to ethylene receptor function (Chen et 2010; Xie et al., 2006). However,
the wrong disulfide bonds as a result of P9 coelgpdisonous. RTEL’s function
could be to avoid the poisonous disulfide bondss Tiodel is consistent with the
redox role of RTEL proposed in the previous chaptérs still unknown whether the
specificity of AtCb5 for ETR1 is also related to.P9

Alternatively, P9 could affect the specific inteian of ethylene receptors with
RTEL. The ETR1 receptor could interact with RTE&duese P9 causes a unique EBD
conformation required for RTE1 interaction, whert#asethylene receptors without
P9 could not interact with RTE1 due to lack of tieeessary conformation. The
introduction of P9 to ERS1 (A102T) could convettoita state which can be
recognized by RTE1 and interact with RTE1. An exkenfipr the role of proline in
the protein-protein interaction is the Rice GA goe GIBBERELLIN-
INSENSITIVE DWARF1 (GID1). The binding of GA to GIDinduces the formation
of the GID1-GA-DELLA protein complex (Murase et,&008; Ueguchi-Tanaka et
al., 2005). Wild type GID1 cannot interact with DIEA in the absence of GA.
However, replacing proline at the'™®gesidue in the loop region of GID1 to other
amino acids causes GA-independent interaction BXIGVith the rice DELLA
protein SLENDER RICEL1 (SLR1), probably becauseath&ence of proline places
GID1 (P99A) in a molecular state mimicking thatafd-type GID binding the GA

molecule (Yamamoto et al., 2010).
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Another speculation is that RTE1 may function gstigglprolyl isomerase
(PPTase), which catalyzes ttie-transisomerization of prolylpeptide bonds (Fischer
and Schmid, 1990). Proline residues have the urpgugerty of existing in bothis
andtransisomers. Therefore the backbone switch in thepepyide chain resulting
from the prolypedptide bonds isomerization affgntstein folding. Conceivably, the
spontaneous folding of ETR1 EBD may favor a peptiplyl bond configuration at
P9 that results in an inactive EBD conformationERTmay convert the peptidyl-

prolyl bond at P9 to a form required for the actB®D conformation.

Materials and Methods

Transgene Constructs and Plant Transformation

To introduce mutations into tHERSlandETR1transgene construct® vitro
site-directed mutagenesis was carried out usin@thikChange Il XL site-directed
mutagenesis kit (Stratagene, La Jolla, CA).HBS] the missense mutations
encoding T9P and the N12P were sequentially intedunto cERS1carrying the
A102T mutation (th&RS1coding sequence driven by tB&R1native promoter and
carrying theETR13' UTR in the binary vector pPZP221, (Rivarolalet2009)). For
ETRJ the missense mutation encoding P9T was introdudedciE TR1carrying the
A102T muationthe ETR1coding sequence driven by tB&R1native promoter and
carrying theOCS terminator in the binary vector pMLBart, Dorigk (2008)). All
mutations were verified by nucleotide sequencing.

The sequences of the mutagenic primers are asvillo
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ETR1 T9 For

5' GTCTGCAATTGTATTGAAACGCAATGGCCAGCG G 3

ETR1 T9 Rev

5' CCGCTGGCCATTGCGTTTCAATACAATTGCAGAC 3'

ERS1 P9 For

5' CATGCGAT TGTTTTGAGCCGCATGTGAATCAAGATGAT G 3
ERS1 P9 Rev

5' CATCATCTTGATTCACATGCGGCTCAAAACAATCGCATG 3
ERS1 P12 For

5' CGATTGTTTTGAGCCGCATGTGCCTCAAGATGATCTGTTAGTG 3'
ERS1 P12 Rev

5' CACTAACAGATCATCTTGAGGCACATGCGGCTCAAAACAATCG 3'

The mutated transgenes were transformed into wpd-plants anetrl-7
mutant plants by the floral dip infiltration meth@@lough and Bent, 1998) using
Agrobacterium tumefacierstérain GV3101. Transformed, pPlants were selected on
MS agar medium containing 90mg/L gentamycin for BRZ1 or were selected by
spraying soil-grown plants with Basta (0.1% FindleBayer Crop Science, Research
Triangle Park, NC) for pMLBart. For each transgel®20 independent transformed
lines were examined in the T2 generation for segjieg of ethylene insensitivity in
the triple-response assay. For each transgeneumre@aants were made of 25-35
seedlings for two homozygous T3 lines.

To create the mutated transgenes inrtbé-3background, T2 lines were

crossed with thete1-3 mutant and the F1 allowed to self-fertilize. le ttesulting &
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progeny, we identified plants that were homozygouste1-3(based on genotyping
as described in Resnick et al. (2006)) and thatezhat least one copy of the mutated
ERSlor ETR1transgene (based on the gentamycin or Basta neséstaarker). After
self-fertilization of these Andividuals, the segregating homozygous transgexie3
double was identified in the resulting progeny loa basis of homozygous resistance

to gentamycin or Basta.

Membrane protein isolation, SDS-PAGE and Western latting

The ETR1-5xMyc transgenic lines in eithedr-7 null mutant oretrl-7 rtel-2
double mutant background were described by Restiak (Resnick et al., 2008).
Membrane proteins isolation, SDS-PAGE and westkrnanalyses were performed
as described by Dong et al. (Dong et al., 2008gfByr to isolate membrane proteins,
9 day-old light grown seedlings were homogenizelbuid nitrogen and then the
extraction buffer (30mM Tris, pH 8.5, 150mM NaCinl EDTA and 20% v/v
glycerol) containing 1% protease inhibitor cock{&igma) , 10mM PMSF and
20mM NEM. The homogenate was strained through Note@and centrifuged at
8000g for 15min. Then the supernatant was cengdugg 1000009 for 1 hour. The
membrane pellet was resuspended in 10 mM Tris, .pH1B0 mM NaCl, 1 mM
EDTA, 10% v/v glycerol and 1% Triton X-100 with pease inhibitors and 20mM
NEM. Membrane proteins were mixed with 2x SDS logdbuffer with or without

150 mM DTT, incubated in 3Zfor 1 hour and then fractionated by SDS-PAGE on

an 10% wi/v polyacrylamide gel. After electrophosegiroteins were electroblotted to
a supported PVDF membrane (Bio-Rad). A 1:1000 iditubf the primary rabbit

polyclonal anti-myc antibody (Sigma) was used,dokd by a 1: 4000 dilution of the
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goat anti-rabbit HRP secondary antibody (Piercejnunodecorated proteins were
visualized by enhanced chemiluminescence deteasong the SuperSignal West

Femto maximum sensitivity kit (Pierce Chemical).
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Chaper 6 :Conclusions and perspectives

The goal of this thesis has been to address howadwel protein RTE1 regulates
ETR1 ethylene receptor signaling and investigagebidisis for the specificity of RTEL
for ETR1, in order to advance our understandinthefplant hormone ethylene
signaling pathway at the molecular level and prexadramework to understand the

general role of RTEL in other organisms.

Significance

This thesis adds a new player cytochrdsfento the ethylene signaling pathway,
advancing our understanding of the complexity bf/ktne signaling. Prior to this
work, we did not understand how RTE1 regulates EERD conformation and how
the specificity of RTEL for ETR1 is achieved. Tleler models regarding the
relationship between RTE1 and ETR1 were vague. fhileisis provides a possible
previously unknown mechanism for the regulatiothef ETR1 ethylene receptor.
The redox concept is introduced into the ethylegeading pathway for the first time.
This thesis also discovers the molecular basigh®difference between ETR1 and
ERS1, therefore providing us a better understandirige complex mechanism of
ethylene receptor signaling between family memHUdaraddition, this thesis suggests
an important novel relationship between cytochré@nd RTEL. Of a broader
significance, this connection advances our undedstg of the conserved function of

the RTE family in other organisms. Since animalsxdbpossess ethylene receptor
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homologs, the examination of the role of P9 inRi&1 dependence may help to

identify the targets of RTE1 action in animals.

A new hypothesis and the supporting evidence

The results in this thesis suggest several possibliels for the specific
regulation of ETR1 by RTEL. | favor that RTE1 cqulobether with AtCb5, play a
role in the oxidative folding of the ETR1 EBD, protimg the active conformation of
ETR1, since this model is the simplest and fitsredl current data. In the absence of
RTEL, the unique P9 in ETR1 conceivably placesrdarmational restriction on the
formation of the intermolecular disulfide bond<Cat and/or C6, leading to some
incorrect inter- and/or intra-molecular disulfidertals among the cysteine residues
within the EBD such as C4, C6, C65 and C99, therebylting in a mis-folded EBD
conformation that renders ETR1 inacti¥egure 6-1 A). In the presence of RTE1,
RTE1 may promote an active EBD conformation by owaring the conformation
block by P9 and facilitating the formation of therect disulfide bonds<gure 6-1
B). AtCb5 may act upstream of RTE1 and activate RIFEEdugh giving the redox
potential to RTE1Kigure 6-1 B).

| propose the above model based on the followindjrfigs in this thesis.

1) Thertel loss-of-function mutation can be partially rescbgdsilver ions and
cold temperature, which override the dependenealdftype ETR1 and certain
dominant ETR1 mutant alleles on RTEL1. These finglisigpport the hypothesis
proposed by Resnick et al. (2008) that RTE1 is @bbbinvolved in regulating the
conformational change of the ETR1 ethylene bindiamain to promote the ETR1

receptor signaling. The silver ions are assumediitace the copper cofactor and to
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Figure 6-1 Model of regulating the oxidative foldirg of the ETR1 EBD by RTE1
and AtCb5

(A) Inthe absence of RTE1 and/or cytochrome b5 (Cyti®)ine 9 (indicated as
a pentagon with “P”) in the ETR1 EBD may place afoomational restriction on the
nearby intermolecular disulfides formed at C4 a®do€CETR1 homo-dimers,
therefore leading to incorrect inter- and/or intralecular disulfide bonds formed
among C4, C6, C65 and C99, consequently resultimgmis-folded ETR1 EBD
which makes the ETR1 receptor non-functional. (BER interacts with ETR1 to
overcome the conformational block by proline 9 aldw oxidation of correct
disulfide bonds, thus forming a correctly foldedREITEBD that can be capable of
signaling. Cytb5 may act upstream of RTE1 and atiWRTE1 by providing the
redox potential to RTE1. The possibility that RT&cls upstream of cytb5 cannot be

ruled out.
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cause the EBD to be stuck in a conformational sketeinhibits the conformational
transition needed to shut ethylene receptor siggalff. Temperature also could
affect protein folding and stability and the etmgereceptor EBD conformation could
be sensitive to temperature change. Therefore, RTfHAction may be related to the
conformation of ETR1 EBD.

2) Cytochrome b5, which is well known as an electrangfer hemoprotein
involved in numerous oxidation/reduction reacticagpears to have functional
parallels with RTE1 in regulating ETR1 receptomsiling. An ER membrane-
localized Arabidopsis cytochrome b5 (AtCb5) isofddmwvas isolated from the screen
for RTE1-interacting proteins using the yeast ggiiquitin assay. The elaborate
genetic analyses on mutants of thA@€b5isoforms revealed that these mutants have
striking similarities withrtel in ethylene response defects and ethylene recajbte
specificity. In addition, genetic evidence showeat iAtCb5 and RTE1 might act in
the same pathway in regulating ETR1 signaling. SACb5 can carry out a variety
of redox reactions and RTE1 may function simila$yAtCb5, RTE1 might also be
involved in redox reactions based on genetic sugyes The ETR1 EBD
conformation could be regulated through redox modalifon by AtCb5 and RTEL1.

3) Interestingly, RTE1 homologs can bind heme in yitvhich supports the
above hypothesis that RTE1 may carry out redox M@b5. It is still unclear which
protein is upstream in the pathway that regulafER E But | favor the model in
which AtCb5s act upstream of RTE1 for a coupleeafsons. Firstly, thatcbh5-dloss-
of-function mutation cannot block the reduced ethgl sensitivity conferred by

overexpression of RTEL. This, however, does n& oult the possibility that RTE1
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can be upstream regulator of several downstreab®bdgbforms, since at least two
other cytb5 family members also affect ethylenaaligg. Secondly, RTE1
physically associates with ETR1, so | speculate TR 1 could be the direct target
of RTE1 action. Thirdly, cytb5 transfers electréasumerous electron acceptor
proteins such as the cytochrome P450 superfarhilg tegulating various redox
reactions, whereas RTE1 has only one known taEgéR1. Given this known
function of cytb5, it is conceivable that RTE1 guiseelectrons from Atcb5.

4) The specificity of RTE1 for ETR1 had been a mystnge the identification
of RTE1 The finding that a unique proline residue (P9argely responsible for the
specificity of RTEL for ETR1 has started to unlaleis mystery. Introducing P9 into
theRTEZXindependent receptor ERS1 is sufficient to conkento anRTEL
dependent receptor. Although why a proline reschremake ETR1 distinct from
other ethylene receptors remains unclear, the eatsen that a small portion of
ETR1 dimers are affected by thtel mutation and the striking similarity between
ETR1 activation by RTE1 and SODL1 activation by G&iSe the possibility that the
presence of P9 may affect disulfide bonds that beaynportant for functional
conformation of ETR1, just like the role of prolitd4 in the CCS dependent SOD1
homolog. This hypothesis fits the above model RIBE1 and AtCb5 may regulate
ETR1 EBD through redox modification, because realifects disulfide bonds. Since
P9 is only conserved in ETR1 orthologs, this sutggigt all ETR1 orthologs may
depend on RTEL.

Consistent with our theory that redox is importamtproper folding of ETR1,

Buesoet al(2007) reported that theatalase2cat? mutant, in which KO, is
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accumulated, displays ethylene insensitivity indiegs ethylene triple response. The
first 128 amino acids of ETR1 that are defined BOEnd C65 that is required for
the copper cofactor binding are required feOklsensing and/or signaling in,&,
induced stomatal closure (Desikan et al., 2005¢s€hresults suggest thai®4

sensing and/or signaling most likely involve oxidatof the cysteine 65 residue (as
well as the other conserved N-terminal cysteindsTiR1) and oxidation of ETR1
may promote it to be more functional, thus leadmgthylene insensitivity. Based on
this hypothesis, it will be interesting to test wier cat2 can rescue the nonfunctional
ETR1andETR1-2receptor in thetel null mutant. Since cytochrome b5 receives the
redox potential from either NAPDH-cytochrome P48&0Quctase or NADH-
cytochrome b5 reductase, we suspect that thesetesgs may be also involved in
AtCb5 and RTE1 dependent ETR1 signaling. A questiavhether mutants in these

reductases have similar ethylene phenotypes agthBandrtel mutants.

Questions, alternative models and future work

Although the above model is the simplest and fittha current data, there are
many questions remaining and several other pos&bitannot be ruled out. More
investigations about whether ETR1 is subject toréakwx modification by AtCb5 and
RTE1 are needed. For example, to test whetherahgecved Cys residues in ETR1
are subjected to redox regulation by RTE1, the xesatus of ETR1 in the presence
or absence of RTE1 can be examined by labelinglastichguishing between protein
sulfhydryls (reduced Cys residues) and disulfidesdjzed Cys residues). The
strategy of in vivo determination of the Cys redtatus can be used as described by

Despres et al. (2003). As | discussed in Chaptenghighly possible that AtCb5 and
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RTEL1 affect the conformation of the ETR1 EBD byréixg effects on the membrane
lipids. Cytochrome b5 is well known to play a radipid biosynthesis and
metabolism by transferring electrons to and thiivaiing a variety of oxidases like
fatty acid desaturase and hydroxylase (Schenkmadamsson, 2003; Vergeres and
Waskell, 1995). The ETR1 EBD conformation may lghhy sensitive to membrane
composition and fluidity. Notably, | isolated a rspecific lipid transfer protein (ns-
LTP) (At1g48750), which could affect membrane lipmmposition, from cDNA
library screening for putative RTEL interacting f@ios using the yeast split-ubiquitin
assay. In addition, cold temperature partially vescthertel mutation in twoetrl
dominant mutant allele€£B88AandF58A). Since cold temperature could cause lower
membrane fluidity, it is speculated that a rigidmi@ane environment may prevent
E38A and F58A receptors from switching towardsdfiestate independently of
RTEL. These results are consistent with the pdggithat RTE1, together with
AtCb5 and ns-LTP, affects ETR1 EBD conformatiorotigh exerting effects on the
membrane environment where the ETR1 EBD residesthn possibility is that the
copper cofactor that is required for ethylene bigdtould be the target of redox
regulation. The different redox states of coppey maféect ETR1 EBD conformation.
However, the evidence showed that RTE1 functiomsde be unrelated to copper
(Resnick et al., 2008).

It is still not known whether RTE1 can carry oulog reactions, although RTE1
may play a similar role as AtCb5 based on geneai#dyais and the finding that RTE1
binds heme in vitro. A couple of specific questioeed to be further investigated to

help us to evaluate whether RTE1 could carry oddxecommunication with AtCb5.
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For example, the physical interactions between A&CGdnd RTEL as well as AtCb5s
and ETRL1 in planta need to be tested using BiF@dthition, the same strategy
proposed for testing in vivo redox states of ETRbimlast paragraph can be applied
to measure in vivo redox status of Cys residud®Td 1 inatcb5mutants. Another
strategy to measure whether RTE1 can carry outxrextio test redox changes in the
rtel rth double mutant using redox sensitive GFP (roGFR.stM don’t know
whether AtCb5 acts upstream or downstream of RTiael clear genetic epistasis of
AtCb5andRTE1lneeds to be obtained by the test of whetheAtld5-Dover-
expression phenotype (reduced ethylene sensitivéy)be blocked by thi#el-3null
mutation.

Another question that needs to be validated is hdreRTE1 binds heme in vivo.
It is possible that RTEL binds some other porplsyninplants such as chlorophylls,
bilins and corrins that are structurally similat®me. A heme specificity test and an
in vivo heme binding test are needed. If RTE1 werly a hemoprotein, what is the
possible molecular function of RTE1 as a hemopn®&TE1 could be involved in
redox regulation of ETR1 together with AtCb5. Arertlspeculation is that RTE1
may provide AtCb5 with heme, which exerts a redifeot on ETR1, or deliver heme
to ETR1 (if ETR1 binds heme). To gain more insights the question of whether
AtCb5, RTE1 and ETR1 form a protein complex, tanagfimity purification (TAP)
tagging and mass spectrometry can be used tofig@nbiteins and compounds that
interact with RTE1 and ETRZ1. It will not only veyrifvhether cytochrome b5 interacts
with RTE1 and ETR1 and whether RTE1 binds hemealsat uncover unknown

protein posttranslational modification in RTE1 d&0R1 and identify proteins in the
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RTE1 and ETR1 complex not discovered through tlestybased screens. Our lab
has already generated TAP-tagged RTE1 and ETR4geae plants. Both constructs
have been shown to be able to rescue the corresgplods-of-function mutant
phenotype.

It is an exciting finding that proline at positi@nhconserved only in ETR1
orthologs, plays a role in the specificity of RT#6t ETR1. However, the underlying
mechanism still remains unclear. It is speculated P9 may cause a certain
conformation in the EBD that requires RTEL. Is ¢fieylene insensitivity conferred
by the introduction of P9 into tHERS1(A102T) transgene dependent on AtCb5s? If
so, it will not only provide another parallel beeveAtCb5 and RTE1, but also
suggest that P9 is related to redox. If P9 blobksformation of intermolecular
disulfide bonds at C4 and C6, thus leading to wrdisglfide bonds with other
cysteines (in the absence of RTEL), | predict ¢iatinating C4 and C6 would make
ETR1 and ETR1-2 independent of RTEL1 since the poiss disulfides would not be
formed.

In addition to the possible redox role of RTE1 adternative hypothesis is that
RTE1 might have a function similar to peptidylpldsomerase (PPlase), which
catalyzes theis-transisomerization of the peptidyl-prolyl bond (Schmi®93)
(Figure 6-2 A). The nascent prolyl peptide bond between E8 &ndf EETR1 might
not be in the correct conformation in the natiaestluring the folding of ETR1,
resulting in blockage of the correct disulfide bsraohd/or the formation of wrong
disulfide bonds in the absence of RTEig(re 6-2 B). Conceivably, RTE1 could

convert the incorrect prolyl isomer of P9 to thereot one and thereby indirectly
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Figure 6-2 Model of regulation of the ETR1 EBD thraugh peptidylprolyl
isomerization by RTE1

(A) The cis—trans isomerization reaction catalybgdPPlases. The illustration is
taken from (Wang and Heitman, 2005). P1 and PZatdithe amino acids on the
both side of the proline. (B) In the absence of RTie nascent prolyl peptide bond
between E8 and P9 of ETR1 may not be the correstas required for a functional
ETR1 EBD conformation, resulting in blockage of ttwerect disulfide bonds and/or

the formation of wrong disulfide bonds during tleédfng. RTE1 could isomerize the
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incorrect prolyl peptide bond at P9 to the cor@a and thereby indirectly promote
the formation of the correct disulfide bonds, cagghe folding of a functional ETR1

EBD.
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facilitate the formation of the correct disulfidertls Figure 6-2 B). Therefore, the
isomerization of the prolyl bond could help oxidatifolding of ETR1, similar to how
prolyl isomerase accelerates the oxidative foldihgeduced RNase T1, coupled with
formation of the disulfide bonds (Schonbrunner 8ctimid, 1992). Such a proposed
PPlase-like activity of RTE1 would be consistenttvthe model that RTEL is
involved in the oxidative folding of ETR1. | speaté that RTE1 may have either
redox ability or PPlase-like activity or both. Hoveg, there has been no evidence so
far for the speculation that RTE1 has PPlase-liketion, e.g. no sequence similarity
is found between RTE1 and PPlases. In additiorag&Plike function would not
explain all the findings, because P9 is criticaldot not sufficient for, complete
RTEldependence (i.e., the absence of P9 cannot daeisernplete loss RTEL
dependent ethylene insensitivity conferred by thi® E (A102T) allele and none of
the ERS1 (A102T, T9P) transgene lines exhibit ethglinsensitivity at the same
strength agtrl-2). Besides P9, there is only one another proliri)fhat is unique

to ETR1 (absent in ERS1) across the EBD. Howevgnasults showed that
introducing P12 does not enhance REEldependent ethylene insensitive
phenotype conferred by the ERS1 (A102T, T9P) tranedine, indicating that P12
does not play a role in RTE1 dependence. It is €oable that other residues
cooperating with P9 are responsible for RIEE1dependence. The next step will be
identifying such residues that are unique in ETRiother question is whether the
ethylene receptors that have conserved P9 in pthets are alsRTEXdependent,

including all ETR1 orthologs as well as OsERS, PEAERnd PhaERS.
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In the long term, although membrane proteins reroaallenging to crystallize,
the crystal structure of ETR1 EBD would finally gius a better understanding of the
mechanism by which how ETR1 EBD is regulated. Anialg the 3D structure and
where each amino acid resides within the strucespecially in the EBD, may shed
some light into questions such as how the variausidantetrl missense mutations
affect the receptor structure resulting in ethylersensitivity, how the proline 9
residue affects ETR1 EBD conformation, and how R&kd ETR1 interact.

Since my work suggests a possible connection bete®chrome b5 and RTE,
carrying out redox could be the conserved funcbbRTEL in other organisms.
Animals have no ethylene receptor homologs, statyets of RTEL in animals
remain to be discovered. The target proteins of Raé&ion in animals might also
have a key proline that affects the disulfides ingat for their proper conformation.
RTE1 might, together with cytb5, facilitate the @aiive folding of their target
proteins in animals. The relationship | discovdretiveen cytochrome b5 and RTE1
can now be investigated in animal systems.

Another interesting question is how RTE1 and ETBolved. Was the
original function of RTEL1 to activate ethylene rnetmes or did RTE1 have another
function that was co-opted by plant ethylene reme RTEL is highly conserved
throughout eukaryotes except fungi, and is abseptakaryotes (Klee, 2006).
Ethylene receptor sequences are found in plantshencdyanobacteri@ynechocystis
andAnabaenawhich suggests that eukaryotic ethylene recephang have evolved
from a plastid origin (Bleecker, 1999; Mount anda@g, 2002; Rodriguez et al.,

1999). The ethylene receptor appears to be moierdriban RTE1, due to its
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presence in cyanobacteria and RTE1’s absence kapmates Chlamydomonakas
one copy oRTE but no ethylene receptor genes. ®id&1geneand three ethylene
receptors genes can be foundarchantia(liverwort), the most distantly related
plant species for which there is a nearly compietgome sequence (personal
communication, Dr. John Bowman at Monash Univergitystralia). In
Physcomitrellamoss), there are tWRTEgenes and seven ethylene receptors genes
(PPETR1 PpETR7. SinceRTEL1is found in a wider range of organisms than the
ethylene receptor genes, most likelyerged separately from ethylene receptor genes
during the evolution of life, suggesting that time@stral RTE1 function is unlikely to
be related to ethylene. In some early ancestaraf plants, the ancestral ethylene
receptor and RTE1 were together in the same ongammsthat early ancestor, it is
unlikely that the ethylene receptor genes had dyréaplicated. It is possible that the
ETR1 receptor and RTE1 co-evolved together, padhé appearance of ethylene
receptor family members, and subsequently ETRlicated and evolved into other
ethylene receptors, some of which evolved to be fiem RTE1 dependence.
Alternatively, after there were already multipleydene receptors, RTEL either
evolved to activate certain ones, or certain etig/leeceptors evolved to become
dependent on RTEL. Based on my results from ch&pte® plays a substantial role
in the RTE1 dependence of ethylene receptorsnratbie question of whether the
ancestral ETR1 protein had the proline 9 or notoAgithe thredarchantia

ethylene receptor genes, one has the proline resioluesponding to P9 of
ArabidopsisETR1, one does not have it, and the third on@csear due to

unfinished gene assembly (personal communicationJdhn Bowman). In
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Physcomitrellaall PpETRs have the conserved proline residulkearcorresponding
position of proline 9 in Arabidopsis ETR1, with teeception of PpPETR2. The
PpETRs and MpETR with the conserved proline reserabdbidopsis subfamily |
ethylene receptors, whereas the PpETR and MpETiRoutithe conserved proline
resemble Arabidopsis subfamily Il ethylene recep{Bigure 6-3). Based on current
data, it is unknown whether P9 is gained or losimduthe evolution of ethylene
receptors, because we lack an organism that camigone ethylene receptor. One
possibility is that P9 was present originally ahdrt lost by some ethylene receptors.
If this is the case, P9 could have been lost ardent points B and DF{gure 6-3). |
speculate that the ancestral ethylene receptor®8auhd required RTE1 for
activation, and subsequently the ancestral ethyleceptor gene duplicated and
evolved into other ethylene receptors that lostiéa®ng evolution, thereby freeing
them from their dependence on RTEL. Interestirigsikanet al(2005) reported
that the Arabidopsis ethylene receptor ETR1 caniaiedhO, signaling in stomatal
guard cells. | speculate that the ethylene recdpidtl might have evolved with
RTEL1 to sense and respond to the redox signaloiffex ethylene receptors may
have lost the ability to mediate redox signals wukess of P9, and there was no
selection pressure to keep P9 in these ethylerpi@s to depend on RTEL. ETR1
still can mediate both ethylene signaling and resigraling; therefore P9 was
necessary to interact with RTEL. The alternateipiiég is that P9 arose in some of
the ancestral ethylene receptors, such as ateegeint point C and then lost P9

again at the divergent point Bigure 6-3). If this is the case, P9 might have been
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Figure 6-3 Phylogenic tree oMarchantia, Physcomitrella and Arabidopsis
ethylene receptors

Marchantiapolymorpha(Mp), Physcomitrella patens subsp. patéRp)and
Arabidopsis thaliangAt) ethylene receptors are compar€hde following sequences
are shown: AtETR1 (NP_176808); AtERS1 (NP_1816A6ETR2 (NP_188956);
AtERS2 (NP_171927); AtEIN4 (NP_187108)pETR1 KP_00175152)) PpETR2
(XP_00176949) PpETR3 KP_00176244F PpETR4 KP_00177205)) PpETR5
(XP_001756149 PpETR6 KP_001754898 PpETR6 KP_001774409 The
Marchantiagenome is unfinished and the thMarchantiaETR sequences are
provided byDr. John Bowman at Monash University, AustraRamulti-sequence
alignment of the above ethylene receptor protejluseces were generated using
MEGAVversion 5 (Tamura et al., 2011). Then the alignnaexs used to build the

phylogenetic tree using the maximum likelihood tisig method oMEGA version
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5 (Tamura et al., 2011). Some ethylene receptors tiee proline residue
corresponding to P9 of ETR1 (red), whereas someretthon’t have it (blue). It is
unclear whether MpETR3 have the proline residueesponding to P9 of ETR1

since the MpETR3 sequence is incomplete.
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accidentally gained and recognized by RTE1. SintEIRcan help these receptors
with P9 to be functional, they co-evolved togetagia functional unit. The answer
may become clearer once the genomes or transcrestoffCharophyta (green algae)
are available. Charophytes have an earlier commoestor with higher plants than
liverworts, and if the Charophytes have ethylerepsor genes, we will be able to

see whether they carry P9 or not.
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Appendices

Appendix A. The ethylene receptor GAF domains are capable of rdeating

higher-order heteromeric receptor interaction

Dr. G. Eric Schaller’'s lab (Dartmouth College) skealithere are heteromeric
interactions among Arabidopsis ethylene receptarsntributed to this work by
performing yeast two-hybrid analysis to determariech regions of the receptors
were capable of mediatifgeteromeric interactions, examining interactionsvieen
thesubfamily 1 receptor ETR1 and the subfamily 2 remeRTR2(Fig. A-1).
Constructs containing the entire soluble domaindadwking the N-terminal
transmembrane domains were tesied determined to interact based on two
different reportergHIS3 and LacZ). Similar results were also obtaingen we
examined interaction between the soluble domairiSTétland ERS2 (data not
shown). The soluble region of greatsstjuence similarity between the subfamily 1
and 2 receptors ihe GAF domain. GAF domains have been shown to atedi
cGMP binding and light regulation in some proteimgt, theirfunction in the ethylene
receptors is unknown (Aravind and Ponting, 1997¢.f/dundthrough the
examination of additional truncated versions ofEi&k1 and ETR2 receptors that the
GAF domain was sufficiertb mediate their interaction, although based on_ e
reporter analysis the strength of this interacti@s reducedompared with that
observed with the entire soluble domaRgy. A-1). Constructs were made by Dr.
Chi-kuang Wen, a previous postdoc in our lab. Téslt has been published (Gao et

al., 2008).
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Figure A-1 Yeast two-hybrid analysis of ethylene reeptor interactions
Structure of ETR1, ETR2, and constructs used fatyasrs. The hydrophobic ethylene
sensing domain (hydrophobic segments indicateloldogkandgray barg, the GAF

domain, the His kinase domain, and the receiveraiomre indicatedd andD
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indicate putative phosphorylation sites. The ETRA BTR2 full-length receptors
consist of 738 and 773 residues, respectivelyR&ults of yeast two-hybrid analysis.
The portions of the ethylene receptors fused viieh@NA binding domainB-

fusion) and transcriptional activation domai¥-fusior) are indicated. Cells were
spotted onto agar medium from 1/100 dilutions gdildl overnight cultures and
grown for 3 days. Medium lacking leucine and trygtan (LW) selects for the DB-
fusion and AD-fusion plasmids, respectively. Protateractions are shown by
growth on medium lacking histidinel{TW) and by the X-gal filter assala¢2). The
X-gal filter assay was performed on the same ogétréultures grown on -LW
medium, but spotted at a dilution of 1/1000, withiring shown after a 4-h, 22 °C
incubation. As a negative control, no activatiomeggorter genes was detected when

the ETR1 AD-fusions were tested with a lamin DBidns(data not shown).
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Appendix B. Isolate and clone a new suppressor @fr1-2: REVERSION TO

ETHYLENE-SENSITIVITY6 (RTEG6)

The rte6 mutation partially suppressesetr1-2 ethylene insensitivity

To uncover regulators of ethylene signaling, obrdarried out genetic screens
to search for suppressors of the dominant ethyilesensitive mutangtrl-2
reversion to ethylene-sensitivitye6) was one of the mutants isolated from such
suppressor screen. Dr. Chunhai Dong, a former posidour lab, performed some
early genetic analyses and revealed ttefi is a recessive, extragenic suppressor
mutant ofetr1-2 (data not shown). | did phenotypic analyses ofrtb@ mutant in
greater detail to verify the suppression. Tie® mutation only shows partial
suppression of thetr1-2allele in the ethylene triple response. By -2 rte6mutant
line exhibits a partial ethylene triple responséhim presence of ACC including the
shortening and thickening of hypocotyl, a slightvaiure of the apical hook and a
slight inhibition of the root elongatioifrigure B-1 A, B). ETHYLENE-RESPONSE-
FACTORI(ERFY)) is a positive regulator of downstream ethylemgmaling and
considered a marker gene of the ethylene resp@onsest whether ethylene signaling
in etrl-2 rte6is upregulated compared to the ethylene inseesitivtantetrl-2in
response to ethylene, | performed PT-PCR to examaen&er gen&RF1expression.
Consistent with the ethylene triple response phgrettheetrl-2 rte6mutant line
has an increased level BRF1mRNA compared to that ietr1-2, but does not have a
level as high as the wild type aatt1-2 rtel-3(Figure B-1 C). Theetrl-2 rte6
mutant was also tested for another ethylene phpepgdult leaf senescence. When

theetrl-2 rte6adult plants were treated with 100 ppm for fouysjdheir leaves
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Figure B-1 Ethylene responses adtr1-2 rte6

Analysis of 4-day-old dark-grown etiolated seedsiig the absence or presence of
100uM ACC. Representative seedlings of the wileet¢@ol-0),etrl-1, etrl-2 etrl-2
rtel-3andetrl-2 rte6were shown. (B) Measurements of hypocotyl length fo
etiolated seedlings of indicated genotypes showA)jnAbout 20-48 seedlings were
measured and mean + standard error is shown petygenat MS and 100uM ACC.

The values above the columns represent the pegentaeduced hypocotyl length
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on ACC relative to that on MS. (C) RT-PCR showihg ERF1(ETHYLENE-
RESPONSE-FACTOR#&xpression level of the indicated genotype. Tapgbis RT-
PCR using ERF1-specific primers while the bottomgbés product using Actin 7-
specific primers showing that all samples had simévels of RNA. The RNA was
prepared from 4-day-old etiolated seedlings growd@uM ACC. (D) Ethylene-
induced leaf senescence in ~6-week old plants evithithout 200pm ethylene for 4
days. Senescence is shown in the wild tygbe,-2 rtel-3 but not inetrl-1,etr1-2

andetrl-2 rte6
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almost did not senesce in contrast to the wild epeetrl-2 rtel-3(Figure B-1 D).
These results suggest th6 might affect ethylene signaling, but is probakdyireg
on downstream players of the ethylene signalingyay since it doesn’t show

suppression oftrl-2in all ethylene phenotypes.

Molecular cloning of the RTE6 gene

To uncover thé&kTE6product, | carried out map-based cloning to isothe
RTE6gene. Thete6 etrl-2mutant, which was generated in the Columbia (Col-0)
ecotype, was backcrossedetnl-2 twice and then crossed to eml mutant in the
Landsbergerecta(Ler) background. These crosses were done by forméd@odr.
Chunhai Dong, and | subsequently performed the based cloning of thRTE6
gene. Plants from the F2 population of this croseevgcreened for the triple response
phenotype on 100uM ACC, and the seedlings thatéxhie triple response were
isolated as the mapping population. All mappingwapon individuals had their
progeny’s triple response assayed to confirm tremptype in the parent. The
mapping population was genotyped throughout thdiflipsis genome using
markers designed from Monsanto’srlpolymorphism collection

(http://www.arabidopsis.org/browse/Cereon/indey.j3herte6 mutation was

roughly positioned around the centromere of chrames2. After identifying the
markers tightly linked tote6 in a mapping population of 580, the6 mutation was
found to lie within an approximate27 kb region aairby the bacterial artificial
chromosome (BAC) T10F53-{gure B-2). Sequencing the genes within this window
revealed a C to T nonsense mutation at nucleod@2 bf At2g13540, resulting in

the conversion of a glutamine at the #98sidue to a stop codoRigure B-2).
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Figure B-2 Map based cloning of thdRTE6 gene

Therte6 mutation was found to lie within a region of 27 BAC T10F5 using the
map-based cloning technique. Tite6 mutation is a C to T honsense mutation at
nucleotide 1492 of At2g13540, which is callkBH1 or AtCBP8(Q resulting in the
conversion of a glutamine at the f9@sidue to a stop codon. ABH1/AtCBP8O0 is
about 6kb, containing 18 exons (green boxes) andtiohs. The 5'and 3' UTR are
indicated in blue. In the lower portion of the figuthe BAC clones carrying the 120
kb region are shown. The genotyping markers usechépping thete6 mutation in
these BAC clones are labeled. Numbers below thetgpimg marker names are

number of recombinant chromosomes found out ohtlmber of chromosome tested.
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At2g13540, which is known a&BA Hypersensitive (ABH1), encodes the
Arabidopsis homolog of a nuclear mRNA cap bindingt@n CBP80 that forms a
heterodimeric complex with CBP20 and function indihg the mRNA cap structure
(Hugouvieux et al., 2001). Trebhlmutant shows ABA-hypersensitive seed
germination inhibition, stomatal closing and gueedl cytosolic calcium increases as
well as reduced wilting during drought (Hugouvieabal., 2001). To assess whether
RTEGis ABH1], | testedetr1-2 rte6for the ABA phenotype and compared it with the
existingabh1-1loss-of-function mutant. Botétrl-2 rte6andabhl-1exhibit
germination inhibition at low dose of ABA (0.5uMympared to the wild type and
etrl-2 (data not shown). Moreover, te&1-2 rte6adult plant is smaller than the wild
type and has a serrated leaf phenotype, whichaane s the phenotypes reported for
theabhl-1mutant in the adult stage (Hugouvieux et al., 2@@ata not shown). The
similarity in the ABA phenotype exhibited leyr1-2 rte6andabhlsuggests that the

rte6 mutation affects thABH1 gene.

Appendix C. Two proteins containing tetratricopeptide repeat (TPR) motifs

interact with ETR1 and ERS1

Background

A complete understanding of the ethylene recepgmasing mechanism could
be difficult to achieve if additional unknown commamts are involved. Although
most of the components in the ethylene signalirigvpay were isolated through
genetic screens, these screens appear to be sdtukatalternate pathway that

bypasses CTR1 is thought to exist, sincectnknull mutant can still respond further
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to ethylene (Larsen and Chang, 2001). In additioe subfamily | receptor null
mutant has severe defects not seen ircttienull, indicating that the receptors have
downstream targets besides CTR1. To date, themoakaown components acting
between ETR1 and CTR1 from genetic screens. We khat\protein-protein
interactions are an integral aspect of signal tteaason. Yeast two-hybrid assay has
been shown a powerful tool to probe protein-proteiaraction. Our lab screened for
potential ETR1 and ERS1 interacting proteins bygishe yeast-two hybrid assay,
thusAWE1 AWE2andAtTRP1were isolated. These proteins that potentiallgrantt
with the ethylene receptors could regulate thepteectivity, or even could anchor
the receptors and CTRL1 together, or bring CTRheéa¢ceptors or serve as a
scaffold for the receptors and CTR1 substrates.pFimeary objective of this project
is to determine whether the two proteins (AWE2 AtERP1) are involved in the
ethylene signaling pathway.

The tetratricopeptide repeat (TPR) is a degen&atemino acid sequence
identified in a wide variety of proteins, presemtandem arrays of 3—16 motifs,
which form scaffolds to mediate protein—proteirenactions and often the assembly
of multiprotein complexes. Individual TPR domaims aomposed of two anti-
parallel alpha helices separated by a turn. M@tiiiPR domains are often arranged to
form a large surface area available for ligand imgdDas et al., 1998). Within TPR-
containing proteins, the TPRs are usually arramgéandem arrays of 3—16 maotifs,
although individual, or blocks, of TPR motifs mag @ispersed throughout the

protein sequence. They are involved in cell cyelgutation, interaction with
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chaperones, transcription control, and protein aiéggion (Das et al., 1998; Goebl
and Yanagida, 1991).

A former graduate student in the Chang lab idesdithe gene At4g10840 in the
yeast two-hybrid assay by screening for ETR1 hiséidinase domain and receiver
domain (ETR1 HK+R) interacting proteins. We namis geneAssociates With
ETR1 2(AWE2J. AWE2has two splicing variant$-{gure C-1 A). AWE2.1encodes a
putative protein of 609 amino acids al@E2.2encodes a putative protein of 531
amino acids. AWE2.1 contains 9 tetratricopeptigeeeat (TPR) motifs from the
amino acid 140 to 549 and a novel N terminal seqeief 139aa. AWE2.2 has the
same N-terminal part of AWE2 and misses the C-teami8 amino acids of AWE2.1.
In the Arabidopsis genome, two other genes (At3GR7nd At1g27500) share the
highest sequence similarity to AWE2, with 55% idigréind 73% similarity over 571
amino acids and 57% identity and 75% similarityrdv&6 amino acids respectively.
AWE? orthologs are found in plants but not in arlsna

Another former student in the Chang lab identifedther protein containing
TPR motifs (Arabidopsis Tetratricopeptide Repeaitéin, AtTRP1) by screening for
interactions with the ERS1 histidine kinase domaithe yeast two-hybrid assay.
AtTRP1 is encoded by At4g30480 which has threesglivariants Figure C-1 B).
AtTRP1.lencodes a putative protein of 208 amino acid vesidvith a molecular
weight of 23KDaAtTRP1.2encodes a putative protein of 277 amino acidslvesi
with a molecular weight of 30.9KDAtTRP1.3encodes a putative protein of 161
amino acid residues with a molecular weight of KD8. The protein At4g30480.2

(AtTRP1) contains three TPR motifs from amino abid to 213AtTRP1is a single
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Figure C-1Both AWE2 and AtTRP1 have splicing variants

The AWE2gene has two predicted splicing variants (left), (#hereas thatTRP1
gene has three predicted splicing variants (I8ff) The corresponding putative
proteins with TPR motifs are indicated on the rigfite figure (B) is taken from (Lin

et al., 2009).
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copy gene in thArabidopsisgenome although a large number of genes encode
proteins containing TPR1 motifs. A phylogenetietemalysis using the full-length
protein sequences of 91 TPR genes from tfabilopsisgenome as entry indicated
AtTRP1 is distantly related to AWE2 (data not shpvBBlast search revealed a family
of highly conserved TPR1 homologs widely distrilalite eukaryotes, including
human, mouse, fly, tomatoes, maize, etc. The huirdRll sequence has 43%
identity and 63% similarity with AtTRP1 over 179 imm acids. AtTRP1 shares high
similarity to tomato SITPR1 with 72% similarity avihe entire sequence. However,
there are no mutant phenotypes documented or &naltstudies on these genes
except human TPR1. Both AWE2 and AtTRP1 are predith be soluble proteins.
Human TPR1 (also named TTC1, accession number: OBBIM), a 292-
amino-acid protein with three TPR motifs from amawd 116 to 222, interacts with
several @& proteins and Ha-Ras preferentially in its actieerf. Overexpression of
TPR1 promotes accumulation of active Ras. TPR1fauasd to compete with the
Ras-binding domain (RBD) of Raf-1 for binding t@thctive Ras, suggesting that it
may also compete with Ras GTPase-activating protieirs contributing to the
accumulation of GTP-bound Ras (Marty et al., 200B)R1 was also reported to be
involved in regulating Hsp70 dependent folding loémically denatured substrates.
Hsp40 and TPR1 are chaperone adaptors that inteithcthe amino terminal and
carboxy terminal domains of Hsp70, respectivelye Tdrnary complex of
Hsp70/Hsp40/TPR1 enhances Hsp70’s chaperonin ¢gpEspBpl, a negative

modulator of Hsp70, completely inhibited Hsp70-degent folding. However, the
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inhibitory effect of HspBp1l was reversed in thegamece of Hsp40 and TPR1 (Oh and

Song, 2003).

AWE?2 and AtTRP1may specifically interact with ETR1and ERS1 respectively

The yeast two-hybrid assay revealed that AWE?2 oteract with the ETR1
soluble domain and a portion of CTR1 (308-569),rmitwith the ERS1 HK domain
(Figure C-2 A, B). AWE2 could physically associate with ETR1pianta since a
positive BiFC signal was observed for ETR1 and AVMEAgrobacterium infiltrated
tobacco leaveg-{gure C-2 C). Preliminary results show that the product of one
AtTRP1splicing variant AtTRP1.2 interacts with the ERS1 HK domaiRigure C-3)
in the yeast two-hybrid assay. Lin et al. (200@)orted that SITPR1, the tomato
homolog of AtTRP1, interacts with the ethylene poes NR (which is an ortholog
of Arabidopsis ERS1) and LeETR1 in the yeast twbrltyand in vitro. Later they
reported that AtTRP1 interacted preferentially wMitabidopsis ERS1 in yeast two-
hybrid assays and the interaction of AtTRP1 and ER&s confirmed by co-
immunoprecipitation (Lin et al., 2009). These datalied that AWE?2 could
specifically interact with ETR1 while AtTRP1 mayesjfically interact with ERS1.
Since AWE?2 interacts with both ETR1 and CTR1, ityrba one of the components
of the protein complex involving ETR1 and CTR1, andy play a role in ethylene
signal transmission from ETR1 to CTRL1. | obtaineB-RNA insertion line for
AWEZ2(from the Salk instituteawe2(Salk_121703) carries a T-DNA in the second
exon of theAWE2coding sequence. An RT-PCR analysis ofahe2T-DNA
insertion mutant showed that tA§VE2transcript is eliminated. When tested on

different doses of ACC, it shows the same ethyj@mnotype as the wild type. Since
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Figure C-2 AWE?2 is able to interact with ETR1 and CTR1, but nd with ERS1

A truncated form of AWE2 (455-609) was isolatechasAD fusion protein from an
AD-cDNA library. Both full-length and truncated AV2Bwvere tested against various
truncations of ETR1, ERS1 and CTR1 (A). Interaci®imdicated by growth on
medium without histidine (-LWH) and LacZ activitgl@e cells) (B). AWE?2 is
expressed as an AD fusion using pACTII, while theeptors and CTR1 are
expressed as DB fusions using pLexA. Yeast two4bydssays were carried out in
yeast strain L40. Growth on medium containing disg (-LW) is included to
demonstrate loading of transformants. (C) BiFC aiigation of interaction of ETR1

with AWE?2 in Agrobacterium infiltrated tobacchlicotiana benthamiardeaves.
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Figure C-3 AtTRP1.2 interacts with ERS1 in the yeastwo-hybrid assay.

(A) Diagram of proteins encoded by three splicegforms of theAtTRPgene. (B)
The yeast two-hybrid assay of the interaction efl#RS1 HK domain with the three
AtTRP1 isoforms and CTR1 (53-463), which is usethaspositive control.
Interaction is indicated by LacZ activity (blue el Growth on medium without

leucine and tryptophan (-LW) is included to demaatstloading of transformants.
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AWEZ2has two close homologs in Arabidopsis, there mipghtunctional redundancy
amongAWE2homologs oAWE2may not the correct member that plays a role in
ethylene signaling. | may need to knock down addal homologs in order to detect
a phenotype. AtTRP1 may play a similar role with BRY but specific to ERS1. High
sequence similarity (63%) between AtTRP1 and huiR2R1 suggested that they
may possess similar function. It has been repdghatdhuman TPR1 interacts with
several @ proteins and Ras and competes with Raf-1 for Redirlg (Marty et al.,
2003). One speculation is that the interaction GffP1 with the ethylene receptors

may compete for ethylene receptor binding with CTR1
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