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Abstract

Rhomboid proteasgene have been found in the majority of sequergsr@bmesRhomboid
protdns control various cellular mechanisms such as cellular development, geensing, immune
system evasigrand mitochondrial melrane remodellingAlthoughthere are no verified rhombaeid
mediated mechanisms withghants, the emerging situation appears to be compiegstigations into an
ArabidopsisAt1g74130 knockout line in Chapter 2 revealed a novel phenotype for proteolytically
inactive rhomboids. Thehenotype displayed lower chlorophyll content, under developed chloroplasts,
and plants containing one less leaf throughout development. In chapter 3, the expression levels were
initially investigated in order to understand the relationship with Atlg74h8®@rabidopsis
developmentThis study revealed evidence for alternative splicing, coimgtheir own relative
expression levels between young and mature leaf tissue, as well as in response to altered Tic40
expression. Each variant contained a uniqlagive ability to interact with Tic4Qthe only verified plant
rhomboid substrata)sing protein putdown methods, and demonstrated an ability to alter Mgm1 (a yeast
rhomboid substrate) cleavage ratios when expressed in yeast. Chapter 4 was desighed to fu
investigate protenprotein interactions between At1g74130 and known substrates. While investigating the
ability of variant proteins to interact with Tic40 and Mgm1, an apparent physiological role within
bacterial and yeast cells was uncoveisatteial Atlg74130expression assays revealed deadas
lactimase secretiofi t h | i mi-lacéndasgarateinjE.vcali cefis were observed to hawvereased
sensitivity to ampicillinSimilarly, in S. cerevisiaeells, the expression of At1g74130 ieased
sensitivity to the fungicide Nystatiithe increased sensitivity within both bacterial and yeast cells were
also observed through exogenously applied Atlg74130 extract cocktails. Chapter 5 revealed that the
Arabidopsisplastid rhomboid gene, Atlg2529alsocontains alternative splicing he two transcripts
that were discoveregave altered relative expression in response to development and manipulated Tic40
levels. The variant At1g25290 protein contains an introduced RVL rt#pter 6 was designéal

surveymodel speciedatabasein order to uncoveevidence foalternative splicingvithin rhomboid



transcriptsThis chapter suggests alternative splicing may serve a means to diversify the functions of

rhomboid proteins. This thesis comprises th¢onity of known plant rhomboignediated processes.
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Chapter 1:
Literature Review and General Introduction

Proteins often represent flexible, responsive means for controlling cellular prot¥hses
evolutionarily advantageous, aproim s ed #fAi nventi ono will generally &
not all speciesThesimple modification of amino acids allows for unigue combinations of structural
properties to arise which i n t u.rChangestmamnhmagidsge a pr
may occur at the level of single residues, as segments and domaimsyariduis combinations
Manipulations can occur at all stages, from the encoding genes twgrestation eventssuch changes
can also take place as part ofpetermined cellular mechanisms or transiently in response to signals
many cases, maniptians allow a protein to assume different roles, either in the same context or in
another environment

Proteases constitute a key group of enzymes that possess the ability to manipulate and regulate
the function of other protein¥he classical protease&re considered to be watswluble enzymes and
function solely in hydrophili@nvironmentsWatersoluble proteases have been implicated in a variety of
important cellular activities, from hougeeping to signallingAlthough most of the proteases being
studied continue to be of the wasamluble type, recent research has uncovered new groups of membrane
embedded proteases capable of conducting proteolysis within memfraess membranembedded
proteases have evolved transmembrane structures andicataigains that allow them to exist and
function within the hydrophobic environment of membrane bilayers (Wolfe and Kopan Z802@ such
classes of membrarambedded proteases have been discovered.Sthfathree classes are
metalloproteases, aspdrproteases, and rhomboid serine proted®esn though the work of these
proteases appears to be limited to membranes, they still control a diverse range of biological processes
such as development, haematopoiesis, heurogenesis, stress response glijgiismeimitochondrial
organization, host cell invasion, and protein transfidrése membrarembedded proteasésction

through a mechanism known as regulated intramembrane proteolysisKRFR not limited to any type



of organism or species anddsnsidered a ubiquitous phenomenon

The latest entrants to the RIP phenomenon are the plant rhomboid serine prAtéeasesh a
number of natural rhomboid protease substrates (hence their corresponding processes) have been revealed
from insects to mamats, the situation in plants remains relatively unknoWre lack of knowledge in
plants exists even thoudtrabidopsisand rice are predicted to encode the highest number of rhomboid
protease genes, with at least 13 and 12, respectivetigiderg and Freeam 2007. Plant rhomboid
proteases and RIP will be reviewed using a comparative approamigother systems and what is
known so far in plants (Figure 1.DIhe assessment also includes brief comparisons of the other two
classes of membrarembedded progses in plants, metalland aspartyl proteasekhis exploration in
turn is used to create a framework for future studies in plant systemsomplete or specialized reviews
of nonplant intramembrane proteases, we refer the readers to the many ¢xietiidad reviews
recently published by various pioneering investigatbiés forms the context for reviewing recent work

on plant rhomboid proteases

1.1 Classical Soluble Proteases and Their Activities

Protease research is a relatively matiiseipline because of the early recognition of the roles
played by watesoluble proteases in development and human diseases (see review by Freeman 2009)
Regulatingprotein turnover is one of the most common proteofytinctionsused to maintain efficiary
throughout cellsNumerous human diseases are believdzbmresult of midolded or damaged protein
build-up. Proteases selectively degrade damaged proteins such as those arising through development or
stress (reviewed in Schaller 2004).

Although quality control of proteins is believed to be the most common role played by the many
watersoluble proteases, there are also proteases with specialized functions that go beyond degradation
and turnover (reviewed in Muntz 200These other specialized relare usually associated wipecific
proteases and their activities are often restricted by unique physical localizations within cells, for instance

as part of a muksubunit complex or compartmentalization. Examples of specialized roles that have been
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Figure 1.1: A schematic representation of currently known intramembrane proteases and activities related to regulated intramerane
proteolysis The data used were derived from the various studies revidliedlservations are categorized vertically under the three classes of
intramembrane proteases reviewed and sorted horizontally by compatiitiemdtely, the observations are sorted as a comparison between non

plant and plants systeriBhe use of question markienotes unknowns or possibilities



reported are: protein folding, cellular development and differentiation, programmed cell death, parasitic
invasion of host cells, and blood clotting (reviewed in Freeman 2008; Huetsgeg005).

Proteaseencodingge e f ami | i es occupy a significant port.i
plants are no exception (Rawlingsal 2008) Plant proteases play important roles in many cellular
functions (Garcid_orenzoet al. 2006) The classical areas of plant protesssearch were focused on the
breakdown of seed storage proteins, protein recycling during leaf senescence, and nitrogen reallocation to
reproductive organ$lore recent foci include developmental processes and hormone signalling (Vierstra
2003) Many of tte proteas@lependenprocesses in plants mirror those described inplant systems
There are at least seven types of proteases involved in the various proteolytic activities (aspartic, cysteine,
glutamic, metallo, serine, threonine, and an unknown grRgwlingset al 2008) Even the relatively
small genome af\rabidopsis thalianappears to possess 657 identified putative peptidases and 157 non
peptidase@enesTheseconstitute about 3% of the total proteomedcdbidopsig(as reported in the
MEROPSdatabase, release §http://merops.sanger.ac.uk/Pespite the information available from
non-plant organisms, only a smallimberof the Arabidopsisprotease genes have known roles and
known natural substrateéSurthermoresach protease gene familypiedicted to possess members with
similar and/or overlapping abilities, making target identification difficult (Gatoenzoet al 2006).
This observation is supported by studies of mufaabidopsid i nes, where no Avisible

often repored for knockouts of single proteasecoding genes (Garelarenzoet al 2006)

1.2 Membrane-anchored Proteases and Their Specialized Roles

Over the past decade or so, a novel category of proteases was discovered to possess an ability to
cleave proteingn a membranous environmefince peptide bond cleavaigadefined strictly as a
hydrolytic event, such membrahased proteases were considered controvet$iake proteases were
physically anchored to or embedded in membranes in a polytopic mannegemerally considered non

soluble, and appeared to perform intramembrane proteolysis (see reviews byeBadhv2900;Freeman
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2008; Landman and Kim 20Q4Jleavage was observed frequently to occur in the transmembrane
domains of the target substrat€hree classes of intramembrane proteéasésinder this new category
termed ICIiPs for Intramembrane Cleaving Protea3d® three classes ofdliPs so far characterized
are metalloproteases, aspartyl proteases, and rhomboid serine préteesdboud there are no known
evolutionary links between the three classes of intramembrane proteasesre shargahysical and
functional characteristicyransmembrane helices are essential features of these proteasigktion to
embedding and structugrthe proteases in membranes, the transmembrane helices create hydrophilic
active sites to function within hydrophobic environments (Akiyama and Maegawa 2007; Wolfe and
Kopan 2004)I-CLiPs are also capable of bending or unwinding their specific helibatrsies to
enhance the susceptibility of particular peptide bonds to hydrolysesspecific targets forCLiPs are
also membrananchored proteins and their cleavage often results in the release of segments or ligands
Many of the roles known forCLiPsinvolve releasing geptideto cause an effect and to change the role
of the remaining protein segment in the membr&pecific examples are discussed and cited in the
following sections.

Technically, one would speculate that the identification ainadsubstrates to be relatively less
challenging for {CLiPs than for watesoluble proteases because the locationsGifiP targets would be
in membranedMembrane proteins would be expected to be part of a smaller set of proteins within a
proteomeHowever, unlike the substrates of waseiuble proteases, the cleavage sites for nat@CaiP
substrates are often cryptic, sometimes promiscuous, specific to a particular substrate, and dependent on
structural interactions between protein and membifaméher challenges arise when working with |
CliPs since these proteases often require membrane components (namely lipids) to work optimally with
their substrated herefore, the identification of a natural substrate for any partic@aiR represents a

significant advancement in our knowledge.

1.3 Intramembrane Proteolysis as a Specialized Regulatory Mechanism

Unlike many of the classical wateoluble proteases;GliP discoveries were often linked to



specific regulatory mechanisms, hence the name Regulastramembrane Proteolysis, or RIP for short
RIP consists of two interesting features: 1) cleavage of a memenainedded substrate protein with the
concomitant release of a soluble segment/ligand to exert its regulatory role (reviewed in Urban and
Freeman 2002) and 2) the cleavage process itself may be regulated in various uniqUénavagrsictural
adaptations of-CLiPs allow the proteases themselves to reside within lipid bilayers where interactions
with membranespanning substrate proteins takagel (Clarkeet al, 2004; Wang and Ha 20Q7)

The various RIP mechanisms characterized to date have been dominated by examples from a
wide range of noplant systemsThese mechanisms are often part of specialized regulatory pathways
working in a variety bcellular processes, from gene expression to cellular differenti&i@n though
RIP mechanisms have been discovered from bacteria to humans, our knowledge of RIP in plants remains
arguably the lowest (Lemberg and Freeman 20017} is especially thease for plant rhomboid serine
proteasesTlo explore the potential significance of RIP and rhomboid serine proteases in plants, we first
investigate the hallmark features of each class@iRs/RIP using the pioneering nplant examples

(Rio et al 2007) This will be followed by investigations into known plant examples.

1.4 Metalloproteases and Regulated Intramembrane Proteolysis

Metalloproteases, or si&proteases (S2P), were amongst the first intramembrane proteases
shown to cause the release of ligands from memHranad proteins (Martiet al 2008; Weihofen and
Martoglio 2003) Site-2 proteases are often dependent on angitier cleavage event facilitated by site
proteases before interacting and cleaving their substrates, hence the t@rpraieases
Metalloproteases are generally found to interact and cleav&tymembrane proteins (Brovet al.
2000). Although metlloproteases are classified as intramembrane proteases, their catalytic domains are
not always completely embedded within the lipid bilayEpending on where the specific catalytic site
is located, the recognition and cleavage of peptide bonds hashmen to occur within or near the
membrane bilayer (Browet al 2000).

Based on sequence similarities, eukaryotes, bacteria and archaea all possess S2P proteases. Even



though metalloproteases are a large, diverse group of enzymes, these proteasesmndspoauatighly
conserved domain$he general structure of metalloproteases consists of four transmembrane regions and
a metalbinding motif These domains contribute to functional structures that match the membrane
environments encountered by the varipusteasesAlthough different suktlasses of metalloproteases
exhibit unique functional domains, all S2P proteases possess conserved catalytic residues. The catalytic
sites contain Zfi binding residues (HEXXH) essential for functionality (Adam and Cl20@2) The
roles and functions of metalloproteases are best exemplified using twohaedicterizedexamplesThe
first example is a stress response mechanism in mammalian endoplasmic reticulum and the second
example is a mechanism involved in genegasignals for regulating nuclear genes that control sterol and
fatty acid biosynthesis

Unfolded or misfolded proteins within the endoplasmic reticulum (ER) are perceived as stressors
and will activate the ER stress response pathiMayalloproteases pyaan important role in the ER stress
response by cleaving the ER membrangbedded transcription factor ATF6 (Wolfe 2009). ATF6 is
classified as a typ2 membrane protein with a cytodakcing Nterminus The Nterminal domain of
ATF6 is cleaved by S2P amdleased from the membrane into the cytoplasm to act as a bZIP transcription
factor. The S2P event occurs only after the S1P cleavage®ie2Preleased transcription factor in
turn controls the expression of ER chaperones (BiP/GRP78) and otheasxbpodtein factordhe
expression of ER chaperones leads to increased pfotding capabilities within the ER thereby
reducing stress generated by unfolded proteins (Bedvah 2000; Kinchet al. 2006).In the same vein,
metalloproteases could albe considered as playing roles in controlling the quality of membrane proteins
in other situations, such as the removal of damaged organellar membrane proteins or the degradation of
membrane proteins targeted for tmver (Adam and Clarke 2002; Sinva¥yilalobo et al. 2004) As a
whole, the intramembrane proteolytic mechanism for ATF6 itself appears to be regulated by intracellular
protein transport, preleavage, and compartmentalization

The regulation of fatty acid and cholesterol biosynthesis appealtilize a RIP mechanism
based on the one underlying the ER stress response pathway. To activate the genes involved in the
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synthesis of fatty acids and sterols, the membtatiered sterol regulatory elemdsinding protein
(known as SREBP) needslie released by S2P (Browhal. 2000) Like ATF6, the S2Released
segment is also a transcription factbine S2P cleavage site of SREBP is located three amino acids within
the transmembrane domain, just below the surface of the membilether S2Rleavage events,
SREBP must first undergo podeavage by a membratethered S1P protease in order for S2P to work
(Brownet al. 2000) SREBP is initially inserted into the ER membrane as a-2ypmtein with a luminal
loop between two transmembrane damar he role of S1P is to cleave within the luminal loSgP
cleavage will only occur when cholesterol levels are Bince S1P is differentially compartmentalized
in postER compartments, S1P and S2P cleavages can only occur if SREBP is transpibetgub$tER
compartmentsThe transport of SREBP to the p&R compartments is controlled by the chaperone
SCAP SCAP in turn is regulated by cholesterol lev@lansport of SREBP to peER compartments by
SCAP occurs only if cholesterol levels are |daereby regulating the cleavage of SREBP by S1P and
S2P (Browret al. 2000; Kinchet al. 2006) Overall, the SREBP intramembrane proteolytic mechanism
appears to be regulated by several means: intracellular protein transport, differential
compartmentalizon, precleavage, and structural modifications

Although the two founding RIP mechanisms highlighted above are based in the ER system, the
same mechanistic design has also been adapted for use in bacterial. 4ykéethe ER counterparts,
S2Rlike praeases are also employed in the cleavage of membetrered transcription factods
Bacillus subtilis the S2Rike protease SpolVFB cleaves the membraikered protein prd* to release
its transcription factofThe released transcription factotigates genes for sporulation during nutrient
deprivation (Stragier and Losick 1998} present, SpolVFB appears to foectionalwithout prior S1P
cleavage and is inhibited by BofA and SpolV.His inhibition is released by the proteolysis of
SpolVFA (Zhou and Kroos 2005; Campo and Rudner 2006¢refore, it appears that SpolVFA and/or
BofA substituted to some degree the role played by S1P where interaction and cleavagindbisirs
particular case, the intramembrane proteolytic mechanism couldllatexl by interacting factors that
may alter structural aspects, accessibility, and assembly of the substrate in the membrane.
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Similarly in Escherichia colianother S2#ike protease YaelL (or also known as RseP) is
involved in the management of cell grit and cell division through the cleavage of RsR8eA is
believed to be a protein that responds to esytaplasmic stress (Kanehagtal 2001) In order for
YaelL (RseP) to work on RseA, RseA requires@eavage by DegS before incorporation inte th
membrane (Alba&t al 2002) Therefore, this intramembrane proteolytic mechanism appears to be
regulated by processing and transport events.

The intramembrane proteolytic mechanisms highlighted thus far appear to be conserved in plants
as well, playinga key role in the ER stress or unfolded protein response (UPR) (Urade 2007; Urade
2009) So far, there are two such signalling pathways discovered in [diottspathways utilize ER
membranébound proteins by releasing bZIP transcription factors (AtbZHRDAtbZIP28) The bZIP
transcription factors are released by intramembrane proteolysis to regulate the UPR genes (Urade 2007;
Urade 2009)Although the specific proteases responsible have yet to be identified, the speculation is that
it is likely to invdve metalloproteases or the liken the whole, the ER phenomenon in plants appears to
mirror that the mammalian ER system.

Metalloproteases have also been reported for other plant compartments Asthaelgh their
target substrates are presently unkn, two S2Hike proteases have been identified as being part of the
plastidial membrane systeifihe organellar Egyl protease appears to be important for plastid
development (Cheat al 2005) Like other metalloproteases, Egyl appears to be a membiaeapr
with eight transmembrane domailgylis involved in the accumulation of chlorophglib-binding
proteins and thylakoid grana formatidnterestingly, Egyl also appears to play another role in ethylene
dependent gravitropisrsuch roles are likelto be in the form of signalling factors, which is not unlike
the nonplant systems.

Another plastidial metalloprotease, called AraSP (At2g32480), was found to play dikegydle
in plant development (Boltest al. 2006) AraSP is an Egytelated protese and is located in the inner
envelope membran#&utant Arabidopsisplants with noAunctional AraSP (homozygous plants) were
determined to be lethdeterozygous lines displayed slow growth and developmental defatisense
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plants exhibited growth tardation that were likely caused by changes in plastid development,
unstructured thylakoids, and decreased amounts of chlor@ghylinding proteins (Bolteet al. 2006)
Like Egyl, the target substrate is currently unknown and awaits discovery

A global analysis of predicted metalloproteases resulted in the interesting observation that some
metalloproteases appear to lack catalytic potential (Gaar@nzoet al 2006) Such proteases may
instead possess chaper onet arcgeatvistubesst rwahteersed ianltocerrea
structural changes that regulate cellular activities (Estelle 2604 example, four of the sixteen FtsH
related sequences Arabidopsidack zinebinding motifs (Garcid.orenzoet al. 2006). These four FtsH
related genes are active and appear to display chapdikenactivities This type of activity is arguably
very similar to that observed in action between bacterial SpolVIB and SpoVi\other twelve FtsH
related genes appear to exispasalogougpairs thareside within the same cellular locatioB8sich
patterns of cdocalization suggest that some metalloproteases wedpeaatively within similar
pathways or possess overlapping functions (Gdreianzoet al 2006) This pairing feature again
mirrors he bacterial SpolVIB/SpolVIA situation

Although the bestharacterized metalloproteases are fromplamts systems, the data so far
indicate that plant metalloproteases are utilizealsimilar mannerin plants, the metalloproteases so far
studied arenvolved either in the creation of transcription or signalling factors by cleavage or interact like

chaperones

1.5 Aspartyl Proteases and Regulated Intramembrane Proteolysis

Aspartyl proteases share similar mechanistic features as metalloprdieates cases, there are
no functional similarities between metalloproteases and aspartyl protdases/er, in contrast to
metalloproteases, aspartyl proteases are consi@éfegather thar52Ps Currently, there are two classes
of aspartyl proteasepresenilins (PSEN) and signal peptide peptidases (SPP) (Martoglio and Golde
2003) PSENs and SPPs are both embedded in membranes with nine transmembrane Toeains

catalytic sites of both protease classes utilize two aspartate residues located imsiiviaite motifs
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PSENSs operate as parts of multibunit complexes such aésecretases and SPiaactionas individual
entities (Goldeet al 2009) The cleavage targets are generally t{2pmembrane proteins for SPPs and
type-1 for PSENs (Selkoe ari6bpan 2003)The general difference in membrane protein preference,
type-1 versus type, is primarily due to the opposite orientations of SPPs and PSENSs in the membranes
Based on bioinformatic studies, numerous aspartyl intramembrane proteases &edidneelibeen found
across a wide range of organistimsthe case of PSENs, PSHike proteins appear to be conservedll
kingdoms(Kinch et al. 2006) Although PSENike proteins are found in a wide range of species, the
PSENSs appear to possess littiadtional conservation (Selkoe and Kopan 2003; Tandon and Fraser
2002) At present, only relatively few substrates have been identified for the many potential aspartyl
intramembrane proteases, SPPs or PSENSs.

Most of the currently studied SPPs appear tlwbalized to the ER systefihe dominant roles
reported for SPPs are signalling and signal peptide degradatiermetalloproteases, there is a group of
SPPs that require preavage of substrates before SPP cleavage (Bevain2000) Some SPPs have
been found responsible for the generation of peptide fragments to allow release from the membrane for
further degradation or to form signalling peptidesamples of signalling peptides generated by SPPs are
best exemplified by the generation of epitofsem the class | major histocompatibility complex and the
processing of hepatitis C virus polyproteiiibe first example is part of the immune surveillance
mechanism in humans and the second example relates to the mechanism of viral maflirat@are
also SPHike proteases such as SSPL2a and SPRItBth targetumor necrosis factea, FAS ligand,
and the dementiassociated BriZThe intramembrane proteolytic mechanisms involving SPPs thus
possess the capacity to be influenced by events such a&sgiray; translocation, and membrane
integration.

Due to the involvement of PSENSs in human health, our knowledge of these proteases is
completethan SPPs or other intramembrane proteddesprime example is the PSEN involved in
Al z hei me rXbasanddNolfe 2GD3).dn this example, PSEN consists of two subunter,iNnal

and Gterminal components (Selkoe and Kopan 2008)s PSEN becomes biologically active only when
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these two subunits form a complex, since the catalytic domain actually dothesinterface of the two
components (Tandon and Fraser 2082ditional enzymatic and regulatory features become functional
upon further assembly of PSENSs into a larger raubunit complex (Tandon and Fraser 2002; Wolfe

and Kopan 2004)n addition b the complex, alternative splicing represents another level of controlling
PSEN activity (Selkoe and Kopan 200Bhe deletion of certain exons has been linked to a potential
cause of Al z.lExludnggerfam exdns Bomdhe fnal PSpMduct can actually increase
enzymatic activity (Selkoe and Kopan 2003; Strooper and Annaert 2001). The increased cleavage and
release of the hydrophobic amyloid precursor (APP) domains are believed to create spontaneous
aggregations within neural cellsareby disrupting cellular functions (Selkoe and Kopan 2003; Strooper
and Annaert 2001 he cleavage products released from APP by P$Ed¢¢retase) are calléd
peptidesThe Ab peptides can only be generated by PSEN after tteyiNinal extracelluladomain of

APP i s r édeaaasdeSEN hegerafes the peptides by cleaving the remaining APP stub at two
different sites (maybe more) within the plane of the lipid bilayhis particular RIP mechanism appears

to be relatively complexrhe PSENbasd mechanism is likely regulated in a number of ways such as
processing, structural modifications, protein translocation, complex assembly and maturation, and gene
expression.

PSENSs are also involved with key signalling mechanidrne peptidegeneratingnechanisms
used for the various signalling pathwaQne are si mi
example is the Notch signalling pathwayDrosophila(reviewed in Wolfe and Kopan 2004Notch is a
growth factor inDrosophila.Notch exists aa 300kDa membrandound precursor prior to being
released as a transcription factagandactivated cleavage of the Notch receptor is required for
signalling to occurThe association of Notch with adjacent cell surface proteins (Delta) results in
conformational changes that allow cleavage by PSENS, thereby releasing the cytosolic transcription factor
responsible for regulating cellular development (see reviews by Bebaln2000; Wolfe and Kopan
2004)

The physical structure and organization of PSENpear to be followed in plants as well, such as
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in Arabidopsisand rice Even the early land plant or mogd)ysomitrella patengontains all four of the
components r equi r e decretase compliekhahdelwalatal 2007)althoaghP. a 2
patendacks the mammalian substrates Notch, Erb44, and AREremoval othis presenilin through
knock-outs resulted in phenotypes attributable to cytoskeleton defexgicle transport along the
cytoskeleton appeared to be compromised and ireftented tip growthThe movement of chloroplasts
to thecell tips was also affected, indicating that organelle movement along microtubules was perturbed as
well. Such perturbations alter chloroplastdistribution when responding to light, the cyclingmiganes
and vesicles, and cell wall depositidine resulting plants appear to be abnormally long and stringht
this particular example, presenilins were hypothesized to play the role of scaffolding proteins that regulate
the interaction of membrane eggtors and the downstream proteins responsible for directing the
movement of vesicledlost of the effects observed could be related to activities linked to merbrane
associated proteins of organelles and vesicles.

Although relatively little is known aboylant intramembrane aspartyl proteases, evidence for
their broadfunctional presence is emerging (Hatral 2009; Tamurat al 2008) Based on bioinformatic
studies, thé\rabidopsisgenome appears to possess at least six different genes encodiliigeSPP
proteasesThree of them, AtSPP, AtSPP1, and AtSPP2, appear to be expressed in meristematic tissues
Like the human version of SSP, the corresponding AtSPP pisteitalized to the ER system as well
However, their roles and targets remain unknowm{iaet al. 2008) AtSPP (or At2g03120) expression
was found to be highest in emerging leaves, roots and floral tisadegeletion of AtSPP appears to be
lethal(Hanet al.2009) Heterozygous lines showed impairments in germination rate, male gametophyte

development and pollen maturation (Hgtral. 2009) This suggestsoles in signalling and development

1.6 Rhomboid Serine Proteases and Regulated Intramembrane Proteolysis
Rhomboid serine proteases represent the latest and largest fadiigaferedntramembrane
proteasesWith the exception of a few bacterial speciesgatiomedo date contain genes encoding

rhomboidlike proteases (Kooniat al. 2003) Bacterial species that lack rhomboid protease genes have
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undergone substantial genome reductions which likely resulted in the lost afeseFreeman 2008)
Otherwise, there appears to be a high level of functional conseruatdirkingdoms(Brown et al. 2000;
Lohi et al 2004; Urbaret al. 2002b) The high level of functional conservation observedrftsmboid
proteases suggests that these proteins also control many processes using similar RIP mechanisms
Rhomboid proteases are not believed to be evolutionarily related to intramembrane- mwethllo
aspatyl proteasesTheyshare the general physical attributes seen in metailb aspartyl proteases
(reviewed in Freeman 2004/homboid proteases consist of six or seven transmembrane domains
surroundinghe serine dyad of the catalytic site (Akiyama araklfawa 2007; Maegavea al. 2005)
The rhomboid proteases characterized so far do not requitdepreage prior to substrate recognition and
interaction. Also, unlike many proteases that require specific cofactors to cleave properly, rhomboid
proteases dnot require cofactors or other proteins to carry out their work (see reviews by Freeman 2009;
Lieberman and Wolfe 200.//Rhomboid serine proteases are also flexible with respect to substrate
structure Both typel and type2 membrane proteins have beepated as substrates of rhomboid
proteases (Tsruyet al. 2007) All of the details describing this class of intramembrane proteases are so
far derived from nofplant systems
TheDrosophilarhomboid protease, Rhombeld is considered the founding memioé this class
of intramembrane proteases (reviewed in Urban 2B&)mboidl is responsible for generating
intercellular signals during developmenhis specific signalling pathway involves the epidermal growth
factor receptor (EGFR) and the generatibits activating ligand from the membraspanning protein
Spitz Spitz is one of the natural substrates of Rhomfioithe EGFRactivating ligand is generated by
cleaving Spitz to release its extracellular domain, the active liJdredactive ligand ithen free to
communicate withargetcells (Freeman 2009; Urbaat al. 2002a) Spitz is produced as a membrane
bound precursor in the ER and remains there awaiting transport to theTeatglocation occurs when a
chaperone termed Star interacts with the Spitz precursor to facilitate movement into the Golgi apparatus
where Rhomboid. is physically localized (Tsruyet al 2007). When Spitz interacts with Rhombaid
cleavage within the &ainsmembrane domain liberates the soluble segment which is released into the EGFR
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pathway (see reviews by Huppert and Kopan 2001; Weihofen and Kopan 2e@&homboiel RIP
mechanism is thus regulated through protein translocation, compartmentalizadigiene expression
(Tsruyaet al. 2007).

Mitochondrial rhomboid proteases were first discovered to be part of an organellar RIP
phenomenon isaccharomyces cerevisidée yeast mitochondrial rhomboid protease, Rbd1l, resides in
the inner membran®bd1 cantrols mitochondrial membrane fusion and fission throitglsubstrates
cytochrome c peroxidase (Ccpl) and dynalikiea GTPase (MgmljFreeman 2008; Maegawa and
Akiyama 2005) Of the two substrates, Mgm1 is considered the more important substrate infterms
mitochondrial RIPCleavage of Mgm1 appears to control mitochondrial membrane remodelling (Freeman
2008; Urban 2006 Mgm1 exists as two isoforms when functional Rbd1 is present. The long, uncleaved
isoform is anchored to the inner membrane and the,stieaved form is released into the intermembrane
space (Urban 2006 he system depends on both cleaved andcteswved Mgm1 proteins in order to
permit membrane fusiohe cleavage process is influenced by ATPase npotdeins a component of
the mitachondrial protein transport machinery (Her&tral 2004) The ATPase motor pulls Mgm1
further within the lipid bilayer allowing Rbd1 to gain access to a hydrophobic cleavage dbawain
levels of ATP could lead to dysfunctional mitochondria and prevenmilmane fusion to other functional
mitochondria (Urban 2006). The Rbd1 RIP mechanism thus appears to be regulated through protein
translocatiorrelated events, structural modifications, compartmentalization, and respiratory status.

Yeast Rbd1 also has arthologuein mammalian systems known as PARL (Roesenilin
AssociatedRhomboidLike). PARL is localized to the inner mitochondrial membrahiéhough the
cellular functions of PARL are not fully characterized, Rbd1 can rescue mouse knockout straiR& of P
(Cipolatet al. 2006; McQuibbaret al 2003) Although PARL mutations do not alter membrane fusion
and fission as seen in yeast cells, there are observed effects on cristae morphology\(ismexskaet
al. 2008) Changes in the sealing of cristaagtions appear to regulate cytochrome c release and
apoptosisThe effects on cristae structure may be related to the processing or cleavage of OPA1 by PARL
(Cipolatet al. 2006) OPAL1 is the mammalian ortholog of yeast MgiRARL has also been linked to
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other substrates, Omi/HtrA2, Pink kinase, and Parki(msophilaand mammals) (Chaet al 2008;
Whitworth et al 2008) These substrates are cleaved by PARL and released into the mitochondrial
intermembrane spacklutations affecting this cleavage haween associated with mitochondrial defects
in Parkinsonés disease

The rhomboid proteadeased RIP mechanisms in bacteria are equally sophistiddted
rhomboid protease iRrovidencia stuartiis called AarA and has been shown to regulate quemsing
amongcells. This communication event is important since the peptides released activate numerous genes,
including those for antibiotic resistance (Stevensioal 2007). AarA cleaves TatA, a subunit of the
twin-arginine translocasé&atA is responsiblér exporting fullyfolded proteins as well as inserting
proteins into the cell membrane (Stevensbal 2007) TatA possesses one transmembrane domain and
forms the physical channel of the protein translocation apparatus (Stee¢é®007). What mies
TatA interesting is its Merminal extensiomhich prevents peptide translocation through the chatirisl
only through the removal of this extension by Adhatpeptide translocation be promoted (Freeman
2008) P. stuartiirepresents the first exaobe where RIP is used to manipulate protein translocation
processes (Freeman 2008echanisms similar to AarA/TatA have been shown to exist in other bacterial
species (e.gNatronomonas pharaoniBacteroides fragilisandLeptospira interrogans(Stevesonet
al. 2007).

Rhomboid serine proteases are also utilized by protozoan parasites, $ogb@asma gondii
andPlasmodium falciparuntp invade their host cells (Lemberg and Freeman 200i8 role of
rhomboid proteases during invasion is focusedleavage and release of egllrface adhesin proteins
(MIC2, MIC6, MICS8, and MIC12)Cleavage of the adhesins is required for invasion or else the parasites
would remain attached to the host cell, and provide recognizable epitopes for the host defemce syst
(Brossieret al.2005) There are multiple rhomboid protease genes in these parasites that are believed to
be involved in parasite development through other RIP mechanisms (Freeman 2008; Lemberg and
Freeman 2007)r'he design of the host cell invasionchanisms utilized by parasites appears to be
similar to those designed for quortgansing in various strains of bacteria
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1.7 Plant Rhomboid Serine Proteases and Regulated Intramembrane Proteolysis

Plants possess thargest number of genes encoding rhamklike proteasesArabidopsis
possesses at least thirteen to fifteen different rhomboid encoding genes and rice contains at least twelve
(Lemberg and Freeman 200Humans and mice each possess only five, and yeast hasutalogous
(Freeman 2008)Iherearelikely to be RIP mechanisms evolutionarily related to the ones described so far
in nonplant systems, but also novel RIP possibilities awaiting discovery (Urban. 200@ugh most of
the Arabidopsisrhomboid proteases are predicted or localinetie ER, there are plastidial and
mitochondrial forms as well (Kanaoka al 2007; Kooniret al. 2003) Microarray data indicate that all
of the predicted rhomboid proteaiee genes irArabidopsisare transcribed (Kanaole al. 2007) Some
of the puative rhomboid protease genes are transcribed at relatively abundant levels in all tissues
examined and some appear to be more tispaeific Protein characterizatiamata exists for six of the
predictedArabidopsisrhomboid protease genes and incluidems located in plastids, mitochondria, and
the ERGolgi system (Kanaoket al 2005; KmieeWisniewskaet al. 2008) This pattern of cellular
distributionis similar tonon-plant systems.

Roles for plant rhomboid proteases have yet to be discawstéehst one plant rhomboid
protease acts likBrosophilaRhomboidl. AtRBL2 in A. thalianais capable of working with Spitz and
Keren, the two classical substrateobsophilaRhomboidl (Kanaokeet al 2005) The expression of
AtRBL2 in mammalian cells sulted in the cleavage and secretion of Spitz and K&réa particular
plant rhomboid protease behaved ImsophilaRhomboidl despite being in a heterologous system
The natural plant substrates are likely to contain transmembrane features sithdafaand in Spitz and
Keren (Reich and Shilo 20Q2)loreover, these cleavage results point to the fact that AtRBL2 is
produced, transported, and assembled correctly by mammalian cells as if AtRBL2

There is now early evidence that the plastid proteinsiocation process may involve at least one
rhomboid protease, directly or indirectly (Freeman 2008; Karakasis2007) Using yeast
mitochondria as an assay system, Karakasis amngbdeers showed that the Tic40 component of the
plastid protein transport machinery could be associated with the activities of an organellar rhomboid
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protease (Karakaset al 2007) A comparisam between the hydropathy profiles of other known rhomboid
substrates and Tic40 indicates that Tic40 could possess the required substrate lfdagutseknown
Drosophilasubstrates, Tic40 also possesses a similar transmembrane structure witlestddikzing
residuesThis transmembrane domain of Tic40 is located in a different location relative te théNC
terminus (when compared to Spitz, Keren, and Gurken). Furthermore, the plastidial rhomboid protease is
predicted to be in the same place astrmb3ic40 proteins, namely the inner envelope membranes
Tic40 and plastidial rhomboid proteases are physically assessible to each other for interactions to occur
The data reported to date, however, are not sufficient to establish therfidesdboidprotease
relationship

Tic40 is a cechaperone and is part of the inner envelope transldd¢minner envelope
translocon is where some of the regulatory mechanisms for protein transport reside, including activities
related to ATP status (Chat al., 2003). There are thus many possible aspects of the plastid protein
transport process in which RIP could play rolEs40 itself possesses a number of properties that may be
due to the work of rhomboid proteas€ix40 appears to be capable of maintainimgk natural
populations of proteins in different configurations in the envelope, some with different relative molecular
sizes (Karakasist al. 2007; Koet al 2005) A similar mechanism has already been described for the
AarA/TatA component of the protetransport machinery iR. stuartii(Stevensoret al. 2007) In theP.
stuartii mechanism, the rhomboid protease AarA cleaves ttermNinus of TatA to promote protein
transport and thus regulate the transport process.

In the other report, Kmie@&isniewska and coworkers used GFP transiexjiressiorassays to
show that two of the five predicted organellar rhomboid proteasesArabidopsis AtRBL11
(At5g25752) and AtRBL12 (At1g18600), were targeted to plastids and mitochondria, respectively
Despite thability to incorporate into plant mitochondria, the expression of At1g18600 in yeast cells
without a functional copy of the mitochondrial rhomboid protease failed to restore cleavage of the known
yeast substrate$he Arabidopsismitochondrial rhomboid ptease was unable to recognize/cleave the
two identified yeast substrates, cytochrome c peroxidase (Ccpl) or dyieer@iT Pase (Mgm1)This
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outcome is different from the results obtained with the human orthol®égeehuman orthologue was
able to complem# the same mutant yeast cells by restoring cleavage activities (Kviigmiewskaet al.
2008) These findings thus suggest that plant mitochondrial rhomboid proteases are likely to focus on
substrates different from the ones reported for the yeast raitddal rhomboid protease Rhdllhe
identity of the plant mitochondrial targets await discovery

Collectively, the evidence to date indicates that the whole family of plant rhomboid proteases is
likely to be active and utilized in mechanisms similar ®dhes reported for the nphant systems
Although the plant rhomboid proteases operate mechanistically in the same way asglamingystems,
many of the substrates are likely to be piseecific Likewise, the types of cellular processes utilizing
any of the intramembrane proteases will likely be more pdaetific in many cases; some may even be
observed for the first time in any systehmerefore, despite tHamited examplesn plants(Knopf et al
2012; Thompsoet al 2012) another way fodiscovering RIP processes in plants would be to look for
regulatorytype cellular events or substrates that may possibly engage RIP and rhomboid proteases (or |
CLiPs in general)A survey of such plant cell processes turned up a number of examples ytiavohze
RIP and intramembrane proteasé& will focus on a few exampleShese examples fall under three
major activities in plant cells: photosynthesis, stress, and signalling

For the process of photosynthesis, there are at least three differeplearere RIP and
rhomboid proteasasayplay roleswith one possible RIP activity involvirigtsH chloroplast
metalloproteased here are twelve different genesArabidopsisthat encode FtsH proteases (Adam and
Clarke 2002; Sinvayillalobo et al. 2004) GFPlocalizationshaveindicatel that nine of thel2 FtsH
proteases reside in the chloroplasts, while the other three are localized to mitochondria (Setkalmoto
2003) Some of the plastidial FtsH proteases are located in thylakoids and are baipisgda dominant
role in regulating the repair cycles of photodamaged thylakoidal proteins such as those involved with
photosystem llinterestingly, four of the FtsH members lack zbinding motifs and act as chaperones
instead (Adanet al 2001) A similar situation appears to exist in the family of iRhoms,-natalytic
rhomboid proteases (Lemberg and Freeman 2007) with proposed roles as chapbeehtsH proteases
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without catalytic potential may thus act like iRhomberefore, in addition to Ftsproteases, rhomboid
proteases (or iRhoms) may also play roles in the process of regulating the repair cycle of photosynthetic
proteins in the thylakoid membranes

The additional involvement of rhomboid proteases in photosynthesis is not an unlikely
propogtion since other membraressociated proteases appear to play inlagdition toFtsH, for
instanceDeg proteases (Huesgenal 2005) Exposure of plants to intense photoinhibitory light often
results in damage to the photosystem proteins, whichimngads to oxidative damage and possibly cell
death To minimize the negative effects of high light exposure, memksiageciated proteases catalyze
the controlled degradation of lightarvesting complexes within photosystem Il (Adam 2004 class
of membraneethered serine proteases responsible are known as DegP (Adam 2004} Gardaet
al. 2006).0f the13 Deg genes irabidopsisfour (Degl, 2, 5, and)&re localized in chloroplasts
(GarciaLorenzoet al. 2006) Deg? is a stromdiacing membranembedded thylakoid protein (Adam
and Clarke 2002; Sinvar¥illalobo et al 2004) These proteases are essential for the control of damage
caused by photoinhibitiohe Deg subfamily has also been associated with cetlalaglopment,
senescence, and stress response pathways in plants and cyanobacterib ¢eaziet al 2006).

Exposure oD. salinato 48 h of high light resulted in the increased expression of genes involved
in photoprotection and photosystem Il repairch as antbxidant genesHe-SodandApx), Cbr (a light
harvesting chlorophylbinding-protein homolog), and Clp proteases (Adépendent proteases) (Clarke
et al 2004; Parlet al. 2006) When exposed to phettamaging light, algal cells respond byvkering
chlorophyll levels and decreasing the physical size of the photosynthetic afflear@ssumption is that
proteolytic mechanisms are utilized to restructure directly or indirectly the many thylakoid membrane
proteins involved in the photosysterm#erestingly, one of the ESEssociated iphotoinhibitory stress
encodes a rhomboid protease, thus implying a role in the photoprotective process 8P2006).

Rhomboid proteases appear to play roles in the stress pathways of other plant cethoemtpa
as well, such as the unfolded protein response in the endoplasmic retiCbkifoury-2 mutation gives
ri se t o -zeinsbrage prbiain with a defective transport sigitaé defective signal allows the
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mutated protein to stay anchoredlie ER and the po&R compartmentd his resulting stress triggers
chaperones and RIP into action to sustain ER functionality (T &trak2008).

There is a plethora of membraassociated transcription factors in plaftserefore, it idikely
that gants will use RIP to control the release of membiamend transcription factor&enomewide
analyses have so far shown that around 10%, or an estimated 150Acthiuwpsisranscription factors
are membranassociated, and many are thus likely calied through RIP mechanisms (Setcal 2008)
The release of some of the signalling factors will likely require the work of rhomboid proteases
Currently, there at least four known cases where RIP and unknown proteases are involved with signalling
in plarts: 1) Activation of the ER stress response by the AtbZIP60 factor; 2) Activation of factors by
NTM1 to inhibit cell growth; 3) Triggering a laftowering phenotype by NTL8; and 4) The involvement

of AtbZIP17 in salt stress response

1.8 Future Directions and Questions for Plant Rhomboid Protease Research

From the selection ofCliPs and RIP mechanisms reviewed here, it is clear that RIP is an
important molecular mechanism capable of working in different cells, in different cell compartamehts,
in a broad range of cellular procesdess also clear that the three classes of intramembrane proteases
operateacross a wide range of speciB#P is not used only in developmental events but in processes
ranging from lipid metabolism to membrarmaodelling to stress (Boltet al. 2006; ltzhakiet al. 1998;
Kuroda and Maliga 2003puch processes frequently appear mechanistically unrelated to each other
because RIP is often combined with other cellular mechanisms and buried in sophisticatéatyegula
schemess n fact one common characteristic not-iceabl e
tuning role in the various cellular processHsese characteristics alone make the searchGhiP?
substrates an even more technically challempgimdeavourHowever, | am convinced thtte search
strategy devised and used, the identification of a putative substrate is a considerable advancement in
intramembrane protease research

Like the metalleand aspartyl proteases, rhomboid proteases &kistrelatively large family
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with members predicted to work in different cellular compartmdrtts involvement of organellar

rhomboid proteases with Tic40 may appear unu@d{eiakasiset al 2007) but upon closer comparison

with the role ofa P. stuarti rhomboidprotease AarA suggests that the Tich®mboid protease

relationship may be mirroring the mechanism used to regulate bacterial protein seferetiothis

perspective, the Tic4homboid protease appears to @oasiblemechanism in plastidrptein transport
Therefore, more work is needed to identify other possible substrates and their links to processes utilizing
plant rhomboid proteased/e believe that much can be revealed simply with information concerning
location, expression charactdids, and cleavage activities of the various plant rhomboid proteases.

Elucidating the physical location of all plant rhomboid protease members is an important step in
discovering roles for these proteases, even if the localization data are only prglimimature at the
early phase of the workocalization work for some of the plant rhomboid proteases is currently
underway in various labs and partial data have been reported t&slatenmented on inraopinion
pi ece by Whal en 0 dingdatailsiane required to tohfient thedoaapiom(s) of each
protease (Millaet al. 2009) As part of the localization endeavor, the finer details of location need to be
considered since such results provide clues to the roles played by each rhomeagkpnather
localization within a predicted site is equally important for the substrateFamgxample, is a particular
organellar rhomboid protease in the outer envelope or the inner envelope of the plastid, or both? Such
details should helformulate sets of possible substrate candidates, especially when combined with
topology analyses of candidate substrates accessible to a particular rhomboid.prbiedgee of data
would become even more useful when combined with expression studies.

Investigating knockouArabidopsidineswill assist in discovering a role of rhomboid proteins.
Assessing germination assays, growth and development comparisons, and observing differences in
cellular development or organellar structure should provide giustes of rhomboids. Due to the
discovery of Tic40 being the first plant rhomboid substrate, focusing on the plastid rhomboid genes will
be prioritized. The list of candidates includes At1g25290, At1g74130, At1g74140, and At5gPhig52.
fundamental wdt will set the groundwork for potentiédnctions, roles, and substrate interactions. From
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this study, expression analyses should be completed in order to link transcript levels with function and
cellular development.

Expression analysis, although consatefundamental, would also reveal clues as to what stages
or situations a particular rhomboid protease is most likely to be active in theTianinformation
would again help formulate sets of candidate substrates that are likely active duringesialrs&mes or
situations For example, are there developmentaihyportant membrane proteins that may require the
intervention of rhomboid proteases during a special period of activity or stress? Rezgoittgd
expression profiles provide evidencetthaomboid proteases fluctuate during the development of a plant
Seedlings and cotyledons appear to exhibit increases to levels of metalloprotease{Bbk&06) and
rhomboid protease$éedivyHaleyet al, 201). Developmenbased increases in midg@roteases are
believed to be required for proper chloroplast biogen&hisrefore, along the same line of reasoning,
increases in rhomboid protease expression may be required for similar events during plant development.
Additional to expression profite investigating the potential of alternative splicing may revealtfineng
potential in rhomboid proteaseediated functions. Alterations to functional motifs would introduce the
potential to alter enzymatic activities within specific tissues andionigtie developmental stages.

Candidate substrates could also be tested and identifiedinsiiigp or heterologous approaches
such as using enzyme extracts from bacterial expression sybsmtesjal ceexpression protein pull
downs, andn vivoyeastmitochondria Candidate substrates to test could be selected based on the above
localization and/or expression data, or through other predictive Tdwsesting of candidate substrates
would be useful even if the assay system used is not reflectikieiohtatural contextSubstrate testing
may involve introducing the substrate to the resident rhomboid protease to search for cleavage activity
and/or an introduced foreign rhomboid prote&s® instance, plant rhomboid protease can be introduced
into yeast cells and then used in turn to test cleavage activities of the subseqierdiyced test
substratesr native yeast substrate€such approaches are quite useful because of the universal nature of
rhomboid proteases, and are thus appropriate to use

Substrate recognition and specificity in plants is another key.itkss@ot well established as to
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whether natural plant substrates are recognized in the same way by plant veqgasindromboid
proteasesSince there are structural details avalgafor the traditional founding substrates and for the

nonplant rhomboid proteases, it could be possible to use the above assay approaches to test combinations
of engineered plant substrates and rhomboid proteases for the cleavage activities (coriceivatbly

recognized and unrecognized substratagterial ceexpression protein putiowns would also serve as

a potential tool in understanding the rhombsidbstrate recognition and interaction relationships

would help identify new substratgsrhaps even using a bioinformatics approach afterwérdie

assessing expressional data, if alternative splicing is present, all variants should be tested in order to
comparealtered substrate interactions.

Focusing on both the rhomboid protein itseitl how they interact with substrates may reveal
novel regulatory functions. Proteolytically inactive rhomboid proteins have been demonstrated to play
regulatory roles throughout the ER. Due to the high number of proteolytically inactive rhomboids within
plastids (two out of four), novel rhomboid functions have likely evolved. The potential of alternative
splicing adds to this complexity, with the potential to alter localization, functional capabilities in terms of
interacting with substrates or other meanr® bough proteins, and perhaps may introduce a means to
create prtoeolytically inactive or active proteins.

The focus on plant substrate identity is important at this stage, not just for plants but for rhromboid
proteases in generdlo help paintawidgp i ct ure of rhomboid proteaseo6s
elucidate the spectrum of cellular processes utilizing rhomboid proteases, especially ifEpfartsion
based analyses and protgirotein interactions must be utilized in order to link a ptigé function to
plant rhomboids. With our focus on tAgabidopsisplastid rhomboids, this thesis was designed to begin
investigations into each gene individually. At1g74130 was the first investigated, since a knockout line
was obtained in order to assgmtatial phenotypes. Linking any phenotypes to developmental
dependent expression and to elevated levels of Tic40 from transgenic lines, a putative function may be
uncovered. Furthermore, since At1g74130 is considered a proteolytically inactive rhqmatein,
assessing how it interacts with known substratag uncover a novel regulatory role for rhromboid
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proteins.Similar studies will be completed with other plastid rhomboid genes, such as At1g25290. The
outcome of such studies will allow us to uretand molecular roles throughout development, and how

the rhomboid proteins interact with known substrates

1.9 Objectives

The objective of this thesis is to charactedzabidopsisplastid rhomboid protein genasthe
molecular levelFollowing successt investigations of At1g74130 and At1g25290, this thesis will
comprise of the majority of known datavolving plantmediated rhomboid protein processes. To
successfully understand the molecular bases of these genes, this thesis has been dividedistitative
data chapterdll studies were designed to investigate the foundational propertfambidopsisplastid

rhomboidproteins.

1.9.1 Chapter 2

The purpose of this chapter was to link rhomlgede knockouts any potentiatlevelopmerdl
defects withinArabidopsis We predict thathree organellar rhomboid genes are developmentally
regulated at the transcript level. The focus of this chapter wihdeabidopsisAt1g74130knockout
line. Linking At1g74130 to a developmental phenotype thasmain goafor chapter 2. Successfully
linking a rhomboid protein to a potential molecular mechanism will represent the first documented plant
process. Additionally, due to At1g74130 being classified as a protadlytinactive rhomboid
homologue, the work will also provide evidence for unique rhomboid functi@stegies will include
looking at tissue specific expressibased analyses, qualitative protein level comparisons, and

microscopy to visualize amyotential cellulaphenotype.

1.9.2 Chapte 3
As evidence from chapter 2 revealed the possibility of alternative splicing within the transcript
population of At1g7413G;hapter 3 was designed to further investigate this phenomienvestigating

alternative splicing associated with the Atlg74fradscript population will utilize R‘PCR in an exon
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to-exon approach. Whole transcript sequencing will be utilized in order to verify the presence of
alternative splicing events. Any and all unique transcripts will be analyzed in developmental tissues and
in response to altered Tic40 expression. With verified alternative splicing, ptelranalyses will be
utilized in order to verify unique proteins are generated. Assays will include protein gel and
immunoblotting, substrate eexpression puldown asays, and yeast heterologous assays to igetst

unique interactions with other rhomboid substrates.

1.9.2 Chapter 4

Verified alternative splicing within the At1g74130 transcript population was shown to generate
unique proteins in chapter B/ith eviderce that Atlg74130 protein variantderact with Tic40 and
Mgma1 differently Chapter 4 was designed to further provide support for the ability of Atlg74130
variants to interact with known substrates. Preliminary evidence generated during chapter 3 hinted at
increased lethality to bacteria when expressing At1g74130 proteins im higpeillin concentrations.
Assessing how the variant proteins impact survival from transgenic lines and through exogenous
approaches will further demonstrateahility to interact with unknown mechanisms and alter cell

survival.

1.9.2 Chapter 5

In Chaper 2, evidence was gathered suggesting alternative splicing was present within three
rhomboid gene populations (At1g74130, At1g18600, and Atl1g2528@pter 5 will investigate another
Arabidopsisplastid gene, At1g25290 in ordeerify alternative spligig events At1g25290 transcript
populations were assessed in an edmaxon approach. Whole transcript populations will be sequenced
in order to provide the evidence of alternative splicing. Any alternative proteins will be assessed in order
to provide eidence that each protein has unque properties. Interactions with Tic40 will be assessed as a
natural plant rhomboid substratessays will include protein gel and immunoblotting, substrate co
expression putlown assays, and yeast heterologous assaysdsigate unique interactions with other

rhomboid substrates.
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1.9.2 Chapter 6

Collecting evidence of alternative splicing in two of the fAuabidopsisplastid rhomboid genes
suggests there may be a means to diversify rhomboid functionality. Chaptirstgised to survey
genome databases for evidence of global alternative splicing events within rhomboid genes. Assessing
evidence of alternative splicing, and assigning it a locattative to the peptideill assist in
highlighting potential means towdirsify rhomboid protein functiongltilizing protein modelling
prediction software, chapter 6 can highlight the potential implications of alternative splicing within the

family of rhomboid proteins.
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Chapter 2:
Molecular Characterization of Organellar Rhomboid Proteins in Arabidopsis
2.1 Abstract

The list of cellular processes involving rhomboid serine proteases and regulated intramembrane
proteolysis (RIP) is growing, diverse, and spans different spétiedatest entrants to the RIP
phenomenon are the plant rhomboid proteases. Although natural rhomboid protease substrates and their
corresponding processes have been identified from insects to mammals, the current knowledge on plant
rhomboid proteases igited. This study was thus aimed at revealing further details about the roles of
three Arabidopsis organellar rhomboid proteases and like proteins. Globally, the patterns revealed at the
transcript level suggest that the three Arabidopsis rhomboid psateder study are linked partly to
growth and development. Further evidence for a linkage to growth and development was obtained for the
organellar rhomboid protein, At1g74130. This link was most evident during the early growth phases of
the various tissigeassessed, e.g., Atlg74130 expression was greater in young, expanding leaves than in
mature leaves. This expression pattern appears to correlate with the responses of the Arabidopsis
At1g74130 mutant, where there were observable delays in germinatignoavtti. These delays appear
to be associated with the early stages of plastid development and can be observed as changes at the
cellular level and at the level of chlorophyll content. The data reported here suggest that organellar

rhomboid proteins, in ptcular At1g74130, may take part in growth and development.

This chapter has been published as-authored manuscript: Sedivyaley K, Powles J, Newcomb W,
Ko K (2011) Molecular characterization of organellar rhomboid preteiArabidopsis Botany 89: 873
885.
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2.2 Introduction:

Rhomboid serine proteases are frequently observed to play regulatory roles in different cellular
processes that are not limited to a particular species or closely related species, but arie premege of
organisms. The regulatory roles of rhomboid proteases are often based on the cleavage of specific
substrate targets located in membranes. These cleavage phenomena have been discovered in prokaryotic
and eukaryotic cells and are referred teabively as regulated intramembrane proteolysis (RIP) (Brown
et al. 2000; Urban 2006, 2009; Freeman 2008; Wolfe 2009). Examples of regulatory roles played by
rhomboid proteases include the epidermal growth factor signaling pathwagsaphila melanogasr,
intercellular quorunsensing in the bacteriuRrovidencia stuartiiand mitochondrial membrane
remodeling inSaccharomyces cerevisida D. melanogasterRhomboidl plays a regulatory role in the
epidermal growth factor signaling pathway by contngjlthe cleavage of the receptor ligands Spitz,

Keren, and Gurken (Urbaat al. 2001). Ligand cleavage releases a soluble factor from the membrane that
acts on the next part of the signaling pathway. Fhstuartiirhomboid protease, AarA, plays a role in
intercellular quorum sensing (Galli al 2002; Stevensoet al. 2007). Protein transport across the cell
membrane appears to be enhanced by AarA cleavage of TatA ateénmiNus, a subunit of the twin

arginine translocon (Stevensehal 2007). InS.cerevisiaethe organellar rhomboid protease, Rbd1, is
involved in the control of mitochondrial membrane remodeling (McQuilebah 2003).

A subgroup of catalytically inactive proteins related to rhomboid proteases was recently identified
through enhaced genomic analysis (Lemberg and Freeman 2007). This subgroup of inactive rahomboid
like proteins can be further subcategorized into iRhoms (inactive rhomboids) and a small collection of
lessrelated inactive homologues (Lemberg and Freeman 2007). Tieesivé rhomboidike proteins
lack the essential catalytic residues utilized by rhomboid proteases known to be active in cleaving
substrates (Lemberg and Freeman 2007). Despite being catalytically inactive, these rtigmboid
proteins have been observedplay regulatory roles. The human rhomboid homologue

p100hRho/RHBDF1(iRhom1l) interacts with transforming grow faatlike ligands (Nakagawat al.
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2005), is needed for epithelial cancer cell survival (¥gal 2008), and participates in G prot&oupled
receptormediated transactivation of epidermal growth factor receptor growth signals in head and
squamous cancer cells (Zetial. 2009). More recentprosophilaRhomboid5/iRhom was found to
regulate intercellular signaling by preventing the clgavaf rhomboid substrates through the
endoplasmic reticulum quality control mechanism (Zeitel 2011).

The latest entrants to the RIP phenomenon are the plant rhomboid serine proteases and related
proteins. Although a number of natural rhomboid pregesubstrates (and their corresponding processes)
have been revealed from insects to mammals, the situation in plants remains relatively unknown. This
lack of knowledge regarding plant rhomboid proteases exists even tAcalgidopsisand rice are
predictel to date to possess 12 and 13 rhomboid protesading genes, respectively (Kooeiral.

2003; Tripathi and Sowdhamini 2006). Many of the rhomboid proteaseding genes uncovered in
plants appear to be transcriptionally active as well (Koehid. 2003; Kanaokat al 2005). The
locations of at least six different plant rhomboid proteases or rhomboid prikeagmteins are believed
to be plastidial and (or) mitochondrial (Koorghal 2003).

Functional similarity between nonplant and plaramiboid proteases was demonstrated using the
Arabidopsisthomboid protease AtRBL2 (At1g63120). AtRBL2 was found to cleave Spitz and Keren in
heterologous mammalian cell-t@nsfection experiments (Kanaodéial 2005). The cleaving of
nonplant substrateyylAtRBL2 suggests that natural plant substrates are likely to contain similar
structural features and that plant rhomboid proteases work in a manner similar to the established
rhomboid proteases. The immunofluorescence localization data reported pbantXolgi apparatus as
the predicted site of function for AtRBL2 (Kanaadizal. 2005). The reported evidence indicates that
AtRBL2 is produced, transported, and assembled correctly by mammalian cells like an endogenous
counterpart. The reverse transcriptiBCR (RT PCR) patterns for AtRBL2 and AtRBL1 (another related
rhomboid protease) indicate that both genes are likely expressed at fairly similar levels throughout the
plant (Kanaokaet al. 2005).

The localization data for two other plant rhomboid proteases are available. AtRBL11
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(At59g25752) and AtRBL12 (At1g18600) are targeted to plastids and mitochondria, respectively-(Kmiec
Wisniewskaet al 2008). Although AtRBL12 is a plant mitochondrial rhonabprotease, it was not
capable of cleaving in yeast mitochondria the natural substrates of Rbd1, cytochrome ¢ peroxidase (Ccpl)
and dynamidike GTPase (Mgml). In contrast, PARL, the human mitochondrial rhomboid protease, was
capable of restoring cleavagéCcpl and Mgm1l in Rbddeficient yeast (KmiedVisniewskaet al.
2008). This behavior suggests that AtRBL12 is likely focused on specific substrates different from the
ones reported for yeast mitochondrial Rbd1. It is also possible that the interaetioren plant
mitochondrial rhomboid proteases and yeast substrates may be sufficiently different to result in apparent
inactivity. At present, the identities of the plant mitochondrial targets await discovelike the
nonplant systems, there are alsaciive forms (Lemberg and Freeman 2007) predicteArabidopsis
Four inactive homologues have been identified: Atlg74130, Atlg74140, At5g38510, and KOMPEITO
(Lemberg and Freeman 2007). All forabidopsishomologues are predicted to be catalyticalpctive
because of mutated core residues (Lemberg and Freeman 2007). At1g74130 and At1g74140 are believed
to be more recent mutations of active rhomboid proteases and are presumably derived from At1g18600
(AtRBL12 or At PARL of the PARL subgroup) (LembengcaFreeman 2007; Tripathi and Sowdhamini
2006). Both Atlg74130 and Atlg74140 have yet to be found in other plants with sequenced genomes
(Lemberg and Freeman 2007). The locations of these two homologues are predicted to be chloroplastic by
programs such a@gargetP (Emanuelssat al. 2007). In the case of the At1g74130, it was reported by
Karakasis and coworkers that this rhomboid protease homologue exhibited a limited ability to rescue the
yeast rbd1D mutant in glycersbpplemented media and partiallytoged the pattern of Tic40 bands in
yeast mitochondria (Karakass al 2007). Tic40 is a plastid translocon component and is a potential
substrate of the yeast mitochondrial PARL rhomboid protease, Rbd1/Pcpl. The limited nature of
Atlg7413@s ability torescuerbdlaemay partly reflect the inactive status assigned in the genomic
analysis study of Lemberg and Freeman (2007).

The current information on plant rhomboid proteases is restricted to the studies and resources
discussed above. To our knowledgeré¢hare a limited amount of data concerning other molecular
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aspects of plant organellar rhomboid proteases and like proteins. This study is thus focused on
assessments that provide more molecular insights into a selection of plant organellar rhombogl protei

and on using the data acquired to gain insights into their roles. The three organellar rhromboid proteins
selected for study here were Atlg18600 (mitochondrial as confirmed by Kifigmiewskaet al. 2008),
At1g25290 (ranked as plastidial by TargetP)] anlg74130 (ranked as plastidial by TargetP and

predicted to be inactive by Lemberg and Freeman 2007). After a general characterization of the three
organellar rhomboid proteins, the data obtained in the various subsequent experiments provided evidence
that at least one of the organellar rhomboid proteins studied displays a link to growth and plastid
development. This link was most evident during the early growth phases of the tissues examined and was

observed at the three levels assessed, moleculatacedind whole plant.
2.3 Materials and methods

2.3.1 Plant material and propagation in growth chambers

The three mutant lines used in this study were SALK 142411c, CS859829, and SALK_043088C.
These lines were homozygous and contain€NR disruptionsin At1g74130, At1g25290, and
At1g18600, respectively (Alonset al. 2003). The parental control or witdpe Arabidopsidine was
CS60000. All fourArabidopsisplant lines were acquired from tBeabidopsisBiological Resource
Center (Ohio State Universjty

Plants were propagated in growth chambers set at 21 °C, 70% humidity, and a lighting level of
1502 0 0 ¢ rhe'l Thase conditions were based on the information provided througiahilopsis
Biological Resource Center Web site (http://abrc.os).edld6 h light : 8 h dark photoperiod
(fluorescent and incandescent lighting) was used for all experiments. Seeds were sown and stratified for 3
days before being transferred to the growth chambers. The plants were watered daily and fertilized

weekly.
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2.32 PCR procedures

Nucleic acids used in the PCR assays (total RNA or genomic DNA) were extracted using Qiagen
kits (RNeasy and DNeasy kits, Qiagen, Hilden, Germany). Analyses of RNA and genomic DNA were
also conducted using Qiagen PCR kits (tep RTPCR and FasCycling PCR kits, Qiagen). Genomic
DNA preparations were treated with RNase before use. Total RNA was prepared using a DNase treatment
step (DNase kit, Qiagen).

Total RNA was extracted from the indicated tissue set and analyzedilBBORT All issue
samples were harvested during the light period between 1100 and 1300 h to minimize circadian effects on
transcription. For each type of tissue or developmental RNA sampi& &R assays were carried out
with different total RNA preparations, when pitge, and at least three times per preparation. All
generated RITPCR products were combined and analyzed semiquantitatively by densitometry,
normalized to actin, and compared as relative arbitrary units. For comparison;sstgadyctin transcript
profiles were generated simultaneously with the same templates used in the experimental reactions. The
One Step RTPCR cycling steps recommended in the manufadsireanual were employed without
modifications. All RT PCR reactions were conducted using 20 nigtal RNA and 30 cycles of
amplification. The temperature range used for annealing was from 55 to 65 °C. The trapsoifjt
primers used are shown in the supplementary material (Fig. S1.1). The following primer pairs were used
in the RT PCR experimets to assay the indicated transcripts: Atlg74F2at1g741306R; At1g18600
F/At1g186006R; At1g25290F/Atl g 25296R; and ActinFi Actin-R.

Genomic DNA was prepared for the indicated plants and analyzed by PCR. We employed exactly
the cycling steps recommesdlin the manufacturé manual that accompanied the Qiagen-Egsling
PCR kit. AIlI reactions were performed with 300 ng
through 30 cycles. The annealing temperature used was 65 °C. The contiguesisegin®r T-DNA
insertionspecific primers used are shown in the supplementary material (Fig. S1.1). The following primer

pairs were used for the genomic DNA PCR assays: TIRNAt1g74130R (for detecting genspecific
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T-DNA insertion sites) and Atlg74138 Atlg74130R (for detecting contiguous gespecific

sequences).

2.3.3 Genomic DNA gel analysis and blot hybridization procedures

Genomic DNA blot analysis was carried out as described by Southern (1975) and Sambrook and
Russell (2001). Genomic DNA prepacats were digested with Hindlll and separated by electrophoresis
using 0.8% (m/v) agarose gels. The resulting gels were then transferred to appropriately sized
nitrocellulose sheets and subjected to blot hybridization analyses. Genomic DNA blots wedengtiobe
radiolabeled neomycin phosphotransferase Il coding sequences (NPTII), washed at high stringency, and
subjected to autoradiography using intensifying screens amag XIm. The NPTII coding sequence was

contained in the600 bp Hindlli Pstl DNA proke (Pridmore 1987).

2.3.4 Protein extraction and subfractionation procedures

Total cellular protein extracts were prepared from the various indicated tissues by grinding fresh
samples in prechilled extraction buffer as previously described (Plaxton £388joplasts were
prepared from lflay-old soiltgrown Arabidopsisplants or 18day-old soikgrown pea shoots as
described previously (Aronsson and Jarvis 2002; Fitzpatrick and Keegstra 2001). Pea chloroplast
envelope subfractions were prepared accordirgtnstra and Yousif (1986). All extracts and samples

were gquantified and normalized using Bradford protein assays before use.

2.3.5 Protein gel and immunoblotting procedures

For comparative studies, equal a notal prdten, of s amp
were loaded per lane in the edienensional 12% (m/v) SDPolyacrylamide gels. The protocols used for
onedimensional protein gel electrophoresis and immunoblotting were based on the applications reported
by Laemmli (1970) and Towbiet al. (1979), respectively. For pH 30 twodimensional gels, we
followed the procedures and recipes accompanying the Biorad 2D Minigel System (BioRad Inc.,

Hercules, Calif., USA). The SD$olyacrylamide gels used for the second dimension were 12% (m/v).
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Immunaeactive bands were scanned, quantitated by densitometry, normalized, and compared relative to
appropriate internal references when applicable. All immunoblots were repeated at least three times
within each experiment and with independent experiments eReptative results are shown in the
different figures. Scans were conducted for each replicate using nonsaturated versions of the results
presented.

The antibodies used were generated against recombinaterfgth rhomboid proteins
(Atlg74130; accessioNo. NM_106073) in the same manner as reported recently by Petveles
(2011). Further details concerning the establishment of these antibodies are presented in the
supplementary material (see supplementary notes and the accompanying Fig. S1.2)tHgriefly
recombinant proteins were generated in bacteria (JM109(DE3)) and purified using-tagditig system
of pET20b (EMD Biosciences (Novagen products), San Diego, Calif., USA) and affinity chromatography
(nickeFNTA resin purchased from Qiagen, Misgisga, Ont., Canada). Only the antibodies collected
after the first immunization cycle were used in this study. The rabbit polyclonal antibodies used were
likely immunoreactive to other rhomboid protein forms, independent of synthesis source. The rabbit
preémmune serum was also assessed by immunoblotting as one type of control assay to establish the anti
rhomboid protein antibodies. The 1:1000 dilution of antibodies used was established by titration and
linearity assays. Control experiments were performatttermine the linearity of band signals for the
antibodies used and the proteins being assessed. Like tlib@nboid proteases antibodies, the
antibodies against PsbO (33 kDa oxygolving enhancer subunit of photosystem Il) and Com70 (70
kDa heat sbck protein associated with the outer envelope) were made as part of previous studies in a

similar manner using recombinant proteins produced in bacteriat(&01990, 1992).

2.3.6 Analysis of plant growth and development
For the germination study, AgZ4130 seeds were plated onto wet, sterile filter papers, subjected
to stratification, and tabulated for emergence using digital photography. The seeds were placed in the

same growth chambers used to propagate the above plants, i.e., same growth coFfdiiens
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independent trials were performed using a total of 1342 seeds for the control plant and 1427 seeds for the
mutant At1g74130 plant. Seeds generated at the same time were used for each trial. The trials were
carried out using seeds collected frorfiedient batches over a period of 3 months. The level of

germination is represented as a percentage and analyzed statistically.

For the leaf growth or expansion study, the plants were propagated at low density using the same
growth conditions described alm Changes to leaf growth or expansion were documented as differences
between the lengths of leaves 4 and 6 or between leaves 4 and 7. The differences are represented as ratios,
i.e., leaf 4/leaf 6 or leaf 4/leaf 7. The leaf length measurements usdduiateaan individual ratio, leaf
4/leaf 6 or leaf 4/leaf7, were derived from the same plant. The ratios from different plants were then
averaged. The ratio values are set arbitrarily to a maximum of one. The results were derived from three
independent tals (n = 3) and analyzed for statistical significarieehe leaf chlorophyll assays,
chlorophyll determinations were performed as reported by Rbak(1989) using leaves taken from the
third or fourth pair from the top. The plants used weiiel8&lags old after sowing and were propagated
in the same manner as described above. The results were derived from five independent trials (n = 5) and
triplicate readings of each trial. The values represent micrograms of chlorophyll extracted per milligram

of fresh mass and were analyzed for statistical significance.

2.3.7 Transmission electron microscopy procedures

Transmission electron microscopy was carried out using frequently described methods of
chemical fixation, mostly adapted from Karnovsky (1965). Bri¢issues were fixed for 4 h at room
temperature in a solution of 2.5% (v/v) glutaraldehyde, 0.25 rfigddtassium phosphate, pH 6.8. The
fixed tissues were washed with three changes of phosphate buffer (pH 6.8) over a 30 min period and then
postfixedin 1% (m/v) osmium tetroxide (made in water) fé21h. These tissues were again washed after
postfixation over a 30 min period with three changes of phosphate buffer and followed by dehydration
with acetone from 10% to 100% in 10% increments. Each deiyalistep took 1620 min, with the final

stage consisting of three changes of 100% acetone. The fixed, dehydrated tissues were then prepared for
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embedding using a solution of 1:1 acetone and propylene oxide. Several changes of this solution occurred
over al h period, and the solution was finally replaced with 100% propylene oxide. The 100% propylene
oxide was changed three times over a 30 min period before embedding the tissues. The embedding kit
used, Araldite 502 Resin, was purchased from Canigt@dvac (Montreal, Queb., Canada). The

embedding protocol used was provided by the manufacturer of the kit. Thin sections were prepared on
copper mesh grids and stained with uranyl acetate and lead citrate. The transmission electron microscope

used for our studwas a Hitachi Hr000.

2.4 Results

2.4.1 Expression analysis of different tissues and developmental stages in Arabidopsis

The results generated by the variduabidopsismicroarray studies or from different databases
indicate that the three organellanrhboid proteins being studied here display similar expression patterns.
Examples of such patterns can be generated using varioubd¥etl programs or resources, such as
Genevestigator (Zimmermagt al. 2004; https://www.genevestigator.com/gv/index.jspy AR
(http://www.arabidopsis.org/). For example, with Genevestigator, the highest transcript levels appear to
be in the early stages of plant growth, such as in seedlings, and are lower in more mature tissues. The
Genevestigator patterns appear similahtd reported on TAIR.

Using the microarray or database mining results as guidance, we first investigated the expression
patterns of the three organellar rhomboid proteins at the sttamdytranscript level using RPCR. Our
main objective at the traaspt level was to assess qualitatively tisspecific expression patterns and
changes during plant development and growth. These data would then be used to guide the assessments
employed in the latter part of this study.

Our RTi PCR results provided ariwr set of evidence that the steatigte transcript profiles of
the three organellar rhomboid proteins change between tissue type and with the stage of growth or

development (Fig. 2.1A). Overall, the At1g74130 stestdye transcript levels revealed byi®PCR were
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found to be low relative to actin, At1g25290, and At1g18600. The maifPRR products generated by

our primer strategies were approximately 500 bp in length for actin, At1g25290, and At1g18600 and 1100
bp for At1lg74130. There were other less atamt RT PCR products generated with the rhomboid

protein transcripts. All RTPCR products were used and counted in the assessment. The ligHe&RRT
bands were believed to be products of alternative splicing that fluctuate with plant growth and
developmen The alternative splicing aspect is currently being elucidated and will be reported separately
in an upcoming study (K. Sedintaley, J. Powles, and K. Ko, unpublished data). For At1g25290 and
At1g18600, there were general trends of stestete transcpit levels being increased in young expanding
tissues, e.g., young expanding siliques with developing seeds (stage 3) or young developing flower buds
(stage 6) (Fig. 2.1A). For Atlg74130, steadgte transcript levels were increased in expanding flowers
(stage 5) and emerging siliques (stage 4) (Fig. 2.1A).

We next used our rhomboid protein antibodies to qualitatively assess overall rhomboid protein
levels in the same tissues studied in thé RTR experiments (Fig. 2.1B). The aim was to look for tissue
speific patterns and changes during plant growth that parallel the observ&CRTirends. Changes to
steadystate rhomboid protein levels were observed during the development of siliques and flowers and in
expanding leaves. Although the protein levels diffetween tissues, some of the patterns displayed at the
steadystate protein level appear to be reflective of the general trends displayed at thetsteEady
transcript level. Tissues collected from parts designated 10 and 11 (expanding flowers and buds)
displayed higher steaeitate protein levels than slightly older tissues collected from part 8 (open flowers)
(Fig. 2.1B). Similarly, higher steaestate protein levels were observed in siliques with actively
developing seeds (parts3) versus youngerlgjues (parts ¥6) (Fig. 2.1B). The higher protein levels
were presumably reflective of seed expansion and filling.

Similar rhomboid protein patterns were observed in two other plant speisies) sativundLittle
MarvelbandBrassica napusQuantund(Fig. S2.3). These results provide another set of evidence that

rhomboid protein levels change between tissues and developmental stages.
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Figure 2.1: Steadystate expression patterns of organellar rhomboid proteins during silique and

flower development.(A) The corresponding RPCR patterns are shown for each set of indicated

tissues. Only the relevant parts of the gels are shown. In each of tRE€RTpanels, lanes 4 represent

results for actin, At1g25290, At1g74130, and At1g18600, respectivelyn@jee RT PCR products are
approximately 500 bp in length for actin, At1g25290, and At1g18600 and 1100 bp for At1g74130. All

RTi PCR products, major and minor, were assessed and compared. Details are provided in the Materials
and methods. The comparativealate tabulated as relative arbitrary units and included in the figure. (B)
Immunoblot analysis of rhomboid proteins extracted from developing siliques and flowers. The samples
assessed in the numbered lanes of the protein blot correspond to the nuisfeead the right photo.

Lanes 18 represent various stages of silique development, from maturing siliques (part numbered as 1) to
siliques emerging from flowers (part numbered as 8). Lan&s @present various stages of flower
development, from opendidwers (part numbered as 9) to unopened flower buds (part numbered as 11).
The same samples or blots were also assessed using antibodies against Com70, a protein residing in the

plastid envelope. Com70 changes only slightly between different stagestaf plagenesis.
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2.4.2 Expression analysis of leaf growth and expansion Arabidopsis

We next analyzed in the same manner as above the expression of the three rhomboid proteins in
young versus maturkrabidopsideaves. In leaves, the RACR profilesof At1g25290 and At1g74130
displayed higher steaeitate transcript levels in young, expanding leaves relative to mature leaves (Fig.
2.2A). The At1g18600 transcript levels were similar in both stages of leaf growth. The normalized
differences were basexh band area and intensity.

The At1g25290 and Atlg74130 pattern of expression at the st¢at@ytranscript level was also
observed at the protein level using isolaedbidopsischloroplasts of young and mature leaves (Fig.
2.2B). With respect to legfrowth, rhomboid protein levels appear to decrease from a young, expanding
leaf to a mature leaf. In contrast, the 33 kDa oxygenlving enhancer subunit of photosystem II, PsbO,
appears to be more abundant as the plastids establish photosynthetiy capiacjtleaf maturation (Fig.
2.2B). The 70 kDa heat shock protein associated with the outer envelope, Com70, remains similar in
abundance between the two stages of leaf growth (Fig. 2.2B).

A similar pattern is also observed in two other plant speBiestivumd_ittle MarveldandB.
napus@Quantund(Fig. 2.S3), providing more evidence that rhomboid protein levels change during leaf

growth and development.

2.4.3 Phenotypic assessment Afabidopsismutants

We next analyzed corresponding homozygousamiutnes ofArabidopsis since there were no
recorded phenotypic data available on the TAIR Web resource at the time of this study. The number of
homozygous lines available witRDNA insertions in exons was also limited for assessment. The three
selectednutant lines were SALK_142411c, CS859829, and SALK_043088C. The lines co&A T
disruptions in At1g74130, At1g25290, and At1g18600, respectively (Alenab2003). The parental
control or wildtype Arabidopsidine was CS60000.

The T-DNA insertionsite in the At1g25290 mutant line was located close to tter@inus and
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RT-PCR analysis of young leaf versus mature leaf
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Figure 2.2: Steadystate expression patterns of organellar rhomboid proteins during leaf growth

Mock The

and expansion(A) RTi PCR patterns are shown for actin and the three organatlarboid proteins
(At1lg25290, Atlg74130, and Atlgl18600). Only the relevant parts of the gels are shown. The lanes shown
are from different parts of simultaneously run gels. In each panel, lane Y represents young, expanding
leaves and lane M represents matdully expanded leaves. Differences between young and mature
leaves were assessed and represented as relative units (n = 3, 1.8 for At1g25290; n =4, 1.6 for
At1g74130; n = 3, 1.0 for At1g18600). (B) Immunoblot analysis of rhomboid proteins in young,
expanding leaves and mature leaves. The lanes are marked as Y and M for young and mature leaves,
respectively. Total cell protein extracts were used in the top blots, and total chloroplast protein samples
were used in the bottom blot. In both cases, the sam@les were probed with aftsbO andCom70

and designated accordingly. A protease assessment using chloroplast samples is included in the bottom
right immunoblot. Chloroplast samples were subjected to detergent (0.1% T+1t00)%n the absence
(labekd as Mock) or presence of thermolysin for 30 min (labeled as The). Only the relevant parts of the
immunoblots are shown. The lanes shown are from different parts of simultaneously run gels and

immunoblots. The images were adjusted for contrast and beiggtn
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continued to produce nearly fu#ngth transcripts as predicted, and this was confirmed BYRR (Fig.
2.3A). As expected, the At1g25290 mutant line behaved phenotypically like the control or wildtype
counterpart, CS60000 (data not shown). The A860D mutant line was confirmed by RACR to lack
At1g18600 transcripts (Fig. 2.3A), but we were not able to clearly discern a phenotype for this mutant
line with our assessments at this point (data not shown). Of the three mutant lines analyzed, only the
Atlg74130 mutant line gave rise to phenotypic results. Thé’RR results confirm that the At1g74130
mutant plants are no longer making At1g74130 transcripts (Fig. 2.3A).

The status of the Atlg74130 mutant line was further confirmed at the DNA level bsigen
DNA analysis (employing genomic PCR and genomic DNA blots), i.e., succékstdkoud of the
intended gene by a singleONA insertion (Figs. 2.3B2.3C). The DNAbased results, from PCR
products (Fig. 2.3B) and DNA blots (Fig. 2.3C), aragneement with the details disclosed on the TAIR
Web site (present as a singldDNA insertion and homozygous with respect to the inheritance of the
DNA hybridization band pattern between generations of plants). IMEA insertion site was confirmed
usingoverlapping pairs of primers, the gesgecific primer pair, Atlg7413Bi Atlg74130R, and the T
DNA insertionspecific primer pair, TDNARI At1g74130R (Fig. 2.3B).

The lack of Atlg74130 expression in the mutant was further assessed at theststaggtein
level using a combination of onand twedimensional gels (Fig. 3D). In the cdemensional gel
immunoblot, the rhomboid protein level appears to be only slightly lower in the At1g74130 mutant than
in the control (after normalization with the intatmeference, PsbO). This was expected, since At1g74130
steadystate transcript levels were naturally low. Thus the At1g74130 mutation would have only a slight
impact on the overall rhomboid protein level. Although slightly lower in protein abundanamehe
dimensional result did not provide sufficient evidence that At1g74130 proteins were missing in the
mutant because the rhomboid proteins studied have the same gel migration pattern (all migrating at
approximately 32 kDa).

We next used twadimensional gls to help assess the same At1g74130 mutant samples (Fig.
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Figure 2.3: Molecular assessment of Arabidopsis mutant plant§A) RTi PCR results are shown for
control and for the indicated mutafitabidopsisplants. The lines used are marked accorglinmgkets.

Total RNA was extracted from mature leaves of two to four individual plants of each line and analyzed.
Details are provided in the Materials and methods. (B) Genomic PCR results for the At1g74130 mutant
plant are shown. The genomic DNA usechdicated at the top of the gel as control or At1g74130. The
overlapping pairs of primers used in lanes 1 and 3 were designed for deteDiidy ifisertion in the
At1g74130 coding sequence (using the overlappHNR insertionspecific primer pair TDNAR and
At1g74130R). The primers used in lanes 2 and 4 were designed for detecting the contiguous gene
sequence being interrupted by th®WNA insertion (using the overlapping gespecific primer pair
At1g74130F and Atl1g7413@R). Details are provided in tidaterials and methods. (C) Genomic DNA

blot results for the Atlg74130 mutant plant are shown. The genomic DNA used is indicated at

the top of the autoradiograph (control or At1g74130 mutant). The relative molecular size of the Hindlll
DNA band complementg to the NPTII DNA probe is indicated. (D) Immunoblotting analysis of the
Atlg74130 Arabidopsis mutant using ea@ad twedimensional gels. The two sets of immunoblots are
labeled accordingly. Only relevant parts of the immunoblot images are showne feorettimensional

gel analysis panel, chloroplast samples were derived from mature leaves of control plants (left lane, top
and bottom) and At1g74130 mutant plants (right lanes, top and bottom). The same samples were probed
with antibodies against rhombaidoteins and PsbO (designated accordingly). For thedimensional

gel analysis panel, resulting immunblot images are shown for chloroplast samples derived from both
young, expanding leaves and mature, expanded leaves of control plants, and fromexdaced

leaves of Atlg74130 mutant plants (designated accordingly). A control experiment is shown for purified
recombinant At1g74130 proteins (labeled accordingly). The spot missing in the Atlg74130 mutant plant
is circled and indicated with an arrow. Tie-dimensional gel images were adjusted for contrast and
brightness. The images also required a slight gamma adjustment to replicat@thee3ults correctly

(no material change to the images).
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2.3D). The twedimensional gel immunoblots indicate thia¢ sample from the Atlg74130 mutant lacks a
spot next to the main rhomboid protein spot. The Atlg74130 spot was present in the control sample. The
At1g74130 spot also appears to increase in abundance in young, expanding leaves, manifesting as larger,
elongated spot from the merging of two spots, Atlg74130 and the other rhomboid protein spot. This
particular observation appears to correlate with the immunoblotting pattern displayed by young versus
mature leaf chloroplasts in Fig. 2.2B. Purified recombirahty74130 proteins were also assessed and
shown as a distinct spot in Fig. 2.3D.

Upon molecular confirmation, the Atlg74130 mutant and control plants were propagated together
under the same conditions and assessed for phenotypic changes (F&i6).2Aotographs of control
(CS60000) and Atlg74130 plants grown for 16 days after sowing are shown in Fig. 2.4A. Using the
trends observed at the steatgte transcript level as guidance, the assessments selected were
germination, growth pattern of leaves|arbphyll content, and crossections of leaves and cellshe
At1g74130 mutant line appeared to be delayed in germination and early leaf development (Figs.2. 4B and
2.4C). Seeds were imbibed and stratified for 3 days before data collection. The diff@negeenination
were statistically significant between control and mutant for the 3 successive days tested. Leaf
development was measured as a size ratio between diffayedtieaves 15 days after germination (ratio
between leaves 4 and 6, and ratio lestwleaves 4 and 7). These leaves represented two different stages
in the middle of growth and were convenient for measuring size (length of leaf). The difference in the
lengths of leaves 4 and 6, or leaves 4 and 7, was thus selected as a proxy fat EatEakpansion
delays. Size ratios were developed using the lengths of leaves. Ratios were first calculated using the
lengths of leaves from the same individual plant and then averaged between different plants. The
differences in leaf expansion ratiogen determined to be statistically significant between control and
mutant leaves.

The mature At1g74130 plants look similar to the control plants at the fully mature stage, except
for the reduction of one leaf as a result of the delay experienced egrbwith, from germination to leaf
expansion and maturation. The control plants possessed 14 leaves at the start of bolting versus 13 leaves
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for the Atlg74130 mutant (n = 10). This phenotype was evident only in nontransplanted seedlings. The
added stress @fansplantation resulted in the same number of leaves between the control and At1g74130
mutant plants, causing the control plants to lose the extra one to two leaves at maturity. At this level of
assessment, the growth pattern appeared to be the samerbttevédt1g74130 mutant and the control

plants when transplantation occurred (data not shown).

The observed early delay in Atlg74130 leaf expansion appeared to be accompanied by a
difference in green coloration that was detectable by a visual inspatiotiherefore measured the
chlorophyll content of the same leaves. The delay in leaf expansion did appear to be correlated with lower
amounts of chlorophyll extracted from fully expanded leaves (Fig. 2.4D). In the At1g74130 mutant,
chlorophyll content waspgproximately 20%30% lower than in fully expanded leaves when compared
with the control plants. The different levels were found to be statistically significant between control and
mutant.

Since the difference in chlorophyll content may reflect changelslamoplast development, we
proceeded to analyze leaf tissues using transmission electron microscopy. Delays in chloroplast
development were observed in the transmission electron micrographs of leaf and cekctioss (Figs.

2.5 and 2.6). The stage ofganelle development appeared to be less advanced in the At1lg74130 mutant
line. The delay was most prominent in young, expanding leaves when compared with mature leaves of the
same plant. Relative to the control plant, the number of observable chltsaplgsung, expanding

leaves was frequently lower in many of the At1g74130 mutant leaf cells. In mature At1g74130 leaves,
plastid numbers appeared to catch up to the levels observed in the control. Further, the plastids were
generally smaller in size, rader in appearance, and frequently contained larger starch granules (Fig.
2.6). The larger starch granules are likely a function of delays in carbon mobilization during the early
stages of plastid biogenesis. These features disappeared to a large esttetfievbaves expanded and
entered the mature stages of leaf growth and development. In the control plants, the plastids were more
typical in shape, larger in size, and generally contained fewer and smaller starch granules (owing to
carbon mobilization dumg the early stages of plastid biogenesis).
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Figure 2.4: Phenotypic changes to germination, leaf expansion, and chlorophyll content were

assessed for thérabidopsisAt1lg74130 mutant plants.(A) Representative photos of CS60000 (control,
wild type) and At1g74130 plants taken d#ys after sowing. (B) Changes in germination between control
and Atlg74130 are shown. The level of germination is represented as a percentage. The differences were
statistically significant f = 3; singlefactor ANOVA; day 2F = 4.76,p = 0.094; day 3F = 23.14p =

0.0085; day 4F = 59.64,p = 0.0015). (C) Changes to leaf growth or expansion are shown. The results
were derived from three independent trials=(3) and represented as ratios between the indicated leaves
(between leaves 4 and 6 or between leaves 4 and 7). The differences were statistically sigr#igant (
singlefactor ANOVA,; between leaves 4 andF6; 111.52p = 0.0004; between leaves 4 andFZ,

89.35,p = 0.0006). Details concerning the derivation of the ratios are given in the Materials and methods.
(D) Changes in leaf chlorophyll content are shown. Details are given in the Materials and methods. The

different levels were statistically signiéiot (1 = 5, singlefactor ANOVA; F = 15.00,p = 0.0047).
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