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Abstract 

Rhomboid protease genes have been found in the majority of sequenced genomes. Rhomboid 

proteins control various cellular mechanisms such as cellular development, quorum-sensing, immune 

system evasion, and mitochondrial membrane remodelling. Although there are no verified rhomboid-

mediated mechanisms within plants, the emerging situation appears to be complex. Investigations into an 

Arabidopsis At1g74130 knockout line in Chapter 2 revealed a novel phenotype for proteolytically 

inactive rhomboids. The phenotype 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 At1g74130 and Arabidopsis 

development. This study revealed evidence for alternative splicing, containing their own relative 

expression levels between young and mature leaf tissue, as well as in response to altered Tic40 

expression. Each variant contained a unique relative ability to interact with Tic40 (the only verified plant 

rhomboid substrate) using protein pull-down methods, and demonstrated an ability to alter Mgm1 (a yeast 

rhomboid substrate) cleavage ratios when expressed in yeast. Chapter 4 was designed to further 

investigate protein-protein 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 uncovered. Bacterial At1g74130 expression assays revealed decreased ɓ-

lactimase secretion. With limited active ɓ-lactimase protein, E. coli cells were observed to have increased 

sensitivity to ampicillin. Similarly, in S. cerevisiae cells, the expression of At1g74130 increased 

sensitivity to the fungicide Nystatin. The increased sensitivity within both bacterial and yeast cells were 

also observed through exogenously applied At1g74130 extract cocktails. Chapter 5 revealed that the 

Arabidopsis plastid rhomboid gene, At1g25290, also contains alternative splicing. The two transcripts 

that were discovered have altered relative expression in response to development and manipulated Tic40 

levels. The variant At1g25290 protein contains an introduced RVL motif. Chapter 6 was designed to 

survey model species databases in order to uncover evidence for alternative splicing within rhomboid 
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transcripts. This chapter suggests alternative splicing may serve a means to diversify the functions of 

rhomboid proteins. This thesis comprises the majority of known plant rhomboid-mediated processes. 
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Chapter 1: 

Literature Review and General Introduction 

 Proteins often represent flexible, responsive means for controlling cellular processes. When 

evolutionarily advantageous, a protein-based ñinventionò will generally arise in a wide range of species, if 

not all species. The simple modification of amino acids allows for unique combinations of structural 

properties to arise which in turn can change a proteinôs function dramatically. Changes to amino acids 

may occur at the level of single residues, as segments and domains, and in various combinations. 

Manipulations can occur at all stages, from the encoding genes to post-translation events. Such changes 

can also take place as part of pre-determined cellular mechanisms or transiently in response to signals. In 

many cases, manipulations 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 proteins. The classical proteases were considered to be water-soluble enzymes and 

function solely in hydrophilic environments. Water-soluble proteases have been implicated in a variety of 

important cellular activities, from house-keeping to signalling. Although most of the proteases being 

studied continue to be of the water-soluble type, recent research has uncovered new groups of membrane-

embedded proteases capable of conducting proteolysis within membranes. These membrane-embedded 

proteases have evolved transmembrane structures and catalytic domains that allow them to exist and 

function within the hydrophobic environment of membrane bilayers (Wolfe and Kopan 2004). Three such 

classes of membrane-embedded proteases have been discovered so far. The three classes are 

metalloproteases, aspartyl proteases, and rhomboid serine proteases. Even 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, neurogenesis, stress response, lipid metabolism, mitochondrial 

organization, host cell invasion, and protein transport. These membrane-embedded proteases function 

through a mechanism known as regulated intramembrane proteolysis (RIP). RIP is not limited to any type 
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of organism or species and is considered a ubiquitous phenomenon.  

 The latest entrants to the RIP phenomenon are the plant rhomboid serine proteases. Although a 

number of natural rhomboid protease substrates (hence their corresponding processes) have been revealed 

from insects to mammals, the situation in plants remains relatively unknown. The lack of knowledge in 

plants exists even though Arabidopsis and rice are predicted to encode the highest number of rhomboid 

protease genes, with at least 13 and 12, respectively (Lemberg and Freeman 2007). Plant rhomboid 

proteases and RIP will be reviewed using a comparative approach among other systems and what is 

known so far in plants (Figure 1.1). The assessment also includes brief comparisons of the other two 

classes of membrane-embedded proteases in plants, metallo- and aspartyl proteases. This exploration in 

turn is used to create a framework for future studies in plant systems. For complete or specialized reviews 

of non-plant intramembrane proteases, we refer the readers to the many excellent detailed reviews 

recently published by various pioneering investigators. This forms the context for reviewing recent work 

on plant rhomboid proteases.  

1.1 Classical Soluble Proteases and Their Activities 

 Protease research is a relatively mature discipline because of the early recognition of the roles 

played by water-soluble proteases in development and human diseases (see review by Freeman 2009). 

Regulating protein turnover is one of the most common proteolytic functions used to maintain efficiency 

throughout cells. Numerous human diseases are believed to be a result of mis-folded 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 

water-soluble proteases, there are also proteases with specialized functions that go beyond degradation 

and turnover (reviewed in Muntz 2007). These other specialized roles are usually associated with specific 

proteases and their activities are often restricted by unique physical localizations within cells, for instance 

as part of a multi-subunit 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 intramembrane 

proteolysis. The data used were derived from the various studies reviewed. The observations are categorized vertically under the three classes of 

intramembrane proteases reviewed and sorted horizontally by compartment. Ultimately, the observations are sorted as a comparison between non-

plant and plants systems. The use of question marks denotes unknowns or possibilities
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reported are: protein folding, cellular development and differentiation, programmed cell death, parasitic 

invasion of host cells, and blood clotting (reviewed in Freeman 2008; Huesgen et al. 2005). 

 Protease-encoding gene families occupy a significant portion of any organismôs genome and 

plants are no exception (Rawlings et al. 2008). Plant proteases play important roles in many cellular 

functions (Garcia-Lorenzo et al. 2006). The classical areas of plant protease research were focused on the 

breakdown of seed storage proteins, protein recycling during leaf senescence, and nitrogen reallocation to 

reproductive organs. More recent foci include developmental processes and hormone signalling (Vierstra 

2003). Many of the protease-dependent processes in plants mirror those described in non-plant systems. 

There are at least seven types of proteases involved in the various proteolytic activities (aspartic, cysteine, 

glutamic, metallo, serine, threonine, and an unknown group) (Rawlings et al. 2008). Even the relatively 

small genome of Arabidopsis thaliana appears to possess 657 identified putative peptidases and 157 non-

peptidase genes. These constitute about 3% of the total proteome of Arabidopsis (as reported in the 

MEROPS database, release 8.4 (http://merops.sanger.ac.uk/)). Despite the information available from 

non-plant organisms, only a small number of the Arabidopsis protease genes have known roles and 

known natural substrates. Furthermore each protease gene family is predicted to possess members with 

similar and/or overlapping abilities, making target identification difficult (Garcia-Lorenzo et al. 2006). 

This observation is supported by studies of mutant Arabidopsis lines, where no ñvisibleò phenotype was 

often reported for knockouts of single protease-encoding genes (Garcia-Lorenzo et 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 proteins in a membranous environment. Since peptide bond cleavage is defined strictly as a 

hydrolytic event, such membrane-based proteases were considered controversial. These proteases were 

physically anchored to or embedded in membranes in a polytopic manner, were generally considered non-

soluble, and appeared to perform intramembrane proteolysis (see reviews by Brown et al. 2000; Freeman 
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2008; Landman and Kim 2004). Cleavage was observed frequently to occur in the transmembrane 

domains of the target substrates. Three classes of intramembrane proteases fall under this new category 

termed I-CliPs for Intramembrane Cleaving Proteases. The three classes of I-CliPs so far characterized 

are metalloproteases, aspartyl proteases, and rhomboid serine proteases. Even though there are no known 

evolutionary links between the three classes of intramembrane proteases, there are shared physical and 

functional characteristics. Transmembrane helices are essential features of these proteases. In addition to 

embedding and structuring the 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 helical substrates to 

enhance the susceptibility of particular peptide bonds to hydrolysis. The specific targets for I-CLiPs are 

also membrane-anchored proteins and their cleavage often results in the release of segments or ligands. 

Many of the roles known for I-CLiPs involve releasing a peptide to cause an effect and to change the role 

of the remaining protein segment in the membrane. Specific examples are discussed and cited in the 

following sections. 

 Technically, one would speculate that the identification of natural substrates to be relatively less 

challenging for I-CLiPs than for water-soluble proteases because the locations of I-CLiP targets would be 

in membranes. Membrane proteins would be expected to be part of a smaller set of proteins within a 

proteome. However, unlike the substrates of water-soluble proteases, the cleavage sites for natural I-CLiP 

substrates are often cryptic, sometimes promiscuous, specific to a particular substrate, and dependent on 

structural interactions between protein and membrane. Further challenges arise when working with I-

CliPs since these proteases often require membrane components (namely lipids) to work optimally with 

their substrates. Therefore, the identification of a natural substrate for any particular I-CLiP represents a 

significant advancement in our knowledge. 

1.3 Intramembrane Proteolysis as a Specialized Regulatory Mechanism 

 Unlike many of the classical water-soluble proteases, I-CliP discoveries were often linked to 
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specific regulatory mechanisms, hence the name Regulated Intramembrane Proteolysis, or RIP for short. 

RIP consists of two interesting features: 1) cleavage of a membrane-embedded 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 unique ways. The structural 

adaptations of I-CLiPs allow the proteases themselves to reside within lipid bilayers where interactions 

with membrane-spanning substrate proteins take place (Clarke et al, 2004; Wang and Ha 2007).  

 The various RIP mechanisms characterized to date have been dominated by examples from a 

wide range of non-plant systems. These mechanisms are often part of specialized regulatory pathways 

working in a variety of cellular processes, from gene expression to cellular differentiation. Even though 

RIP mechanisms have been discovered from bacteria to humans, our knowledge of RIP in plants remains 

arguably the lowest (Lemberg and Freeman 2007). This is especially the case for plant rhomboid serine 

proteases. To explore the potential significance of RIP and rhomboid serine proteases in plants, we first 

investigate the hallmark features of each class of I-CliPs/RIP using the pioneering non-plant examples 

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

1.4 Metalloproteases and Regulated Intramembrane Proteolysis 

 Metalloproteases, or site-2 proteases (S2P), were amongst the first intramembrane proteases 

shown to cause the release of ligands from membrane-bound proteins (Martin et al. 2008; Weihofen and 

Martoglio 2003). Site-2 proteases are often dependent on another prior cleavage event facilitated by site-1 

proteases before interacting and cleaving their substrates, hence the term site-2 proteases. 

Metalloproteases are generally found to interact and cleave type-2 membrane proteins (Brown et al. 

2000). Although metalloproteases are classified as intramembrane proteases, their catalytic domains are 

not always completely embedded within the lipid bilayer. Depending on where the specific catalytic site 

is located, the recognition and cleavage of peptide bonds has been shown to occur within or near the 

membrane bilayer (Brown et al. 2000). 

 Based on sequence similarities, eukaryotes, bacteria and archaea all possess S2P proteases. Even 
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though metalloproteases are a large, diverse group of enzymes, these proteases do contain some highly-

conserved domains. The general structure of metalloproteases consists of four transmembrane regions and 

a metal-binding motif. These domains contribute to functional structures that match the membrane 

environments encountered by the various proteases. Although different sub-classes of metalloproteases 

exhibit unique functional domains, all S2P proteases possess conserved catalytic residues. The catalytic 

sites contain Zn
2+

 binding residues (HEXXH) essential for functionality (Adam and Clarke 2002). The 

roles and functions of metalloproteases are best exemplified using two well-characterized, examples. The 

first example is a stress response mechanism in mammalian endoplasmic reticulum and the second 

example is a mechanism involved in generating signals for regulating nuclear genes that control sterol and 

fatty acid biosynthesis. 

 Unfolded or mis-folded proteins within the endoplasmic reticulum (ER) are perceived as stressors 

and will activate the ER stress response pathway. Metalloproteases play an important role in the ER stress 

response by cleaving the ER membrane-embedded transcription factor ATF6 (Wolfe 2009). ATF6 is 

classified as a type-2 membrane protein with a cytosol-facing N-terminus. The N-terminal domain of 

ATF6 is cleaved by S2P and released from the membrane into the cytoplasm to act as a bZIP transcription 

factor. The S2P event occurs only after the S1P cleavage step. The S2P-released transcription factor in 

turn controls the expression of ER chaperones (BiP/GRP78) and other associated protein factors. The 

expression of ER chaperones leads to increased protein-folding capabilities within the ER thereby 

reducing stress generated by unfolded proteins (Brown et al. 2000; Kinch et al. 2006). In the same vein, 

metalloproteases could also be 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 turn-over (Adam and Clarke 2002; Sinvany-Villalobo et al. 2004). As a 

whole, the intramembrane proteolytic mechanism for ATF6 itself appears to be regulated by intracellular 

protein transport, pre-cleavage, and compartmentalization.  

 The regulation of fatty acid and cholesterol biosynthesis appears to utilize 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 membrane-tethered sterol regulatory element-binding protein 

(known as SREBP) needs to be released by S2P (Brown et al. 2000). Like ATF6, the S2P-released 

segment is also a transcription factor. The S2P cleavage site of SREBP is located three amino acids within 

the transmembrane domain, just below the surface of the membrane. Like other S2P cleavage events, 

SREBP must first undergo pre-cleavage by a membrane-tethered S1P protease in order for S2P to work 

(Brown et al. 2000). SREBP is initially inserted into the ER membrane as a type-2 protein with a luminal 

loop between two transmembrane domains. The role of S1P is to cleave within the luminal loop. S1P 

cleavage will only occur when cholesterol levels are low. Since S1P is differentially compartmentalized 

in post-ER compartments, S1P and S2P cleavages can only occur if SREBP is transported to the post-ER 

compartments. The transport of SREBP to the post-ER compartments is controlled by the chaperone 

SCAP. SCAP in turn is regulated by cholesterol levels. Transport of SREBP to post-ER compartments by 

SCAP occurs only if cholesterol levels are low, thereby regulating the cleavage of SREBP by S1P and 

S2P (Brown et al. 2000; Kinch et al. 2006). Overall, the SREBP intramembrane proteolytic mechanism 

appears to be regulated by several means: intracellular protein transport, differential 

compartmentalization, pre-cleavage, 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 systems. Like the ER counterparts, 

S2P-like proteases are also employed in the cleavage of membrane-tethered transcription factors. In 

Bacillus subtilis, the S2P-like protease SpoIVFB cleaves the membrane-tethered protein pro-ů
 k
 to release 

its transcription factor. The released transcription factor activates genes for sporulation during nutrient 

deprivation (Stragier and Losick 1996). At present, SpoIVFB appears to be functional without prior S1P 

cleavage and is inhibited by BofA and SpoIVFA. This inhibition is released by the proteolysis of 

SpoIVFA (Zhou and Kroos 2005; Campo and Rudner 2006). Therefore, it appears that SpoIVFA and/or 

BofA substituted to some degree the role played by S1P where interaction and cleavage occurs. In this 

particular case, the intramembrane proteolytic mechanism could be regulated by interacting factors that 

may alter structural aspects, accessibility, and assembly of the substrate in the membrane. 
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 Similarly in Escherichia coli, another S2P-like protease YaeL (or also known as RseP) is 

involved in the management of cell growth and cell division through the cleavage of RseA. RseA is 

believed to be a protein that responds to extra-cytoplasmic stress (Kanehara et al. 2001). In order for 

YaeL (RseP) to work on RseA, RseA requires pre-cleavage by DegS before incorporation into the 

membrane (Alba et 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, playing a 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 plants. Both pathways utilize ER 

membrane-bound proteins by releasing bZIP transcription factors (AtbZIP60 and AtbZIP28). 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 involve metalloproteases or the like. On the whole, the ER phenomenon in plants appears to 

mirror that the mammalian ER system.  

 Metalloproteases have also been reported for other plant compartments as well. Although their 

target substrates are presently unknown, two S2P-like proteases have been identified as being part of the 

plastidial membrane system. The organellar Egy1 protease appears to be important for plastid 

development (Chen et al. 2005). Like other metalloproteases, Egy1 appears to be a membrane protein 

with eight transmembrane domains. Egy1 is involved in the accumulation of chlorophyll a/b-binding 

proteins and thylakoid grana formation. Interestingly, Egy1 also appears to play another role in ethylene-

dependent gravitropism. Such roles are likely to be in the form of signalling factors, which is not unlike 

the non-plant systems. 

 Another plastidial metalloprotease, called AraSP (At2g32480), was found to play a Egy1-like role 

in plant development (Bolter et al. 2006). AraSP is an Egy1-related protease and is located in the inner 

envelope membrane. Mutant Arabidopsis plants with non-functional AraSP (homozygous plants) were 

determined to be lethal. Heterozygous lines displayed slow growth and developmental defects. Antisense 
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plants exhibited growth retardation that were likely caused by changes in plastid development, 

unstructured thylakoids, and decreased amounts of chlorophyll a/b binding proteins (Bolter et al. 2006). 

Like Egy1, 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 (Garcia-Lorenzo et al. 2006). Such proteases may 

instead possess chaperone activities where interactions with ñtarget substratesò alone may result in 

structural changes that regulate cellular activities (Estelle 2001). For example, four of the sixteen FtsH-

related sequences in Arabidopsis lack zinc-binding motifs (Garcia-Lorenzo et al. 2006). These four FtsH-

related genes are active and appear to display chaperone-like activities. This type of activity is arguably 

very similar to that observed in action between bacterial SpoIVIB and SpoIVIA. The other twelve FtsH-

related genes appear to exist as paralogous pairs that reside within the same cellular locations. Such 

patterns of co-localization suggest that some metalloproteases work co-operatively within similar 

pathways or possess overlapping functions (Garcia-Lorenzo et al. 2006). This pairing feature again 

mirrors the bacterial SpoIVIB/SpoIVIA situation. 

 Although the best-characterized metalloproteases are from non-plants systems, the data so far 

indicate that plant metalloproteases are utilized in a similar manner. In plants, the metalloproteases so far 

studied are involved 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 metalloproteases. In other cases, there are 

no functional similarities between metalloproteases and aspartyl proteases. However, in contrast to 

metalloproteases, aspartyl proteases are considered S1Ps rather than S2Ps. Currently, there are two classes 

of aspartyl proteases, presenilins (PSEN) and signal peptide peptidases (SPP) (Martoglio and Golde 

2003). PSENs and SPPs are both embedded in membranes with nine transmembrane domains. The 

catalytic sites of both protease classes utilize two aspartate residues located in similar active-site motifs. 
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PSENs operate as parts of multi-subunit complexes such as Ὓïsecretases and SPPs function as individual 

entities (Golde et al. 2009). The cleavage targets are generally type-2 membrane proteins for SPPs and 

type-1 for PSENs (Selkoe and Kopan 2003). The general difference in membrane protein preference, 

type-1 versus type-2, is primarily due to the opposite orientations of SPPs and PSENs in the membranes. 

Based on bioinformatic studies, numerous aspartyl intramembrane proteases and the like have been found 

across a wide range of organisms. In the case of PSENs, PSEN-like proteins appear to be conserved in all 

kingdoms (Kinch et al. 2006). Although PSEN-like proteins are found in a wide range of species, the 

PSENs appear to possess little functional 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 PSENs. 

 Most of the currently studied SPPs appear to be localized to the ER system. The dominant roles 

reported for SPPs are signalling and signal peptide degradation. Like metalloproteases, there is a group of 

SPPs that require pre-cleavage of substrates before SPP cleavage (Brown et al. 2000). 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 peptides. Examples of signalling peptides generated by SPPs are 

best exemplified by the generation of epitopes from the class I major histocompatibility complex and the 

processing of hepatitis C virus polyproteins. The first example is part of the immune surveillance 

mechanism in humans and the second example relates to the mechanism of viral maturation.  There are 

also SPP-like proteases such as SSPL2a and SPPL3b which target tumor necrosis factor-a, FAS ligand, 

and the dementia-associated Bri2. The intramembrane proteolytic mechanisms involving SPPs thus 

possess the capacity to be influenced by events such as processing, translocation, and membrane 

integration. 

 Due to the involvement of PSENs in human health, our knowledge of these proteases is more 

complete than SPPs or other intramembrane proteases. The prime example is the PSEN involved in 

Alzheimerôs disease (Xia and Wolfe 2003). In this example, PSEN consists of two subunits, N-terminal 

and C-terminal components (Selkoe and Kopan 2003). This PSEN becomes biologically active only when 
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these two subunits form a complex, since the catalytic domain actually forms at the interface of the two 

components (Tandon and Fraser 2002). Additional enzymatic and regulatory features become functional 

upon further assembly of PSENs into a larger multi-subunit complex (Tandon and Fraser 2002; Wolfe 

and Kopan 2004). In addition to the complex, alternative splicing represents another level of controlling 

PSEN activity (Selkoe and Kopan 2003). The deletion of certain exons has been linked to a potential 

cause of Alzheimerôs disease. Excluding certain exons from the final PSEN product 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 cells thereby disrupting cellular functions (Selkoe and Kopan 2003; Strooper 

and Annaert 2001). The cleavage products released from APP by PSEN (gïsecretase) are called Aɓ 

peptides. The Aɓ peptides can only be generated by PSEN after the N-terminal extracellular domain of 

APP is released by ɓïsecretase. PSEN generates the peptides by cleaving the remaining APP stub at two 

different sites (maybe more) within the plane of the lipid bilayer. This particular RIP mechanism appears 

to be relatively complex. The PSEN-based mechanism is likely regulated in a number of ways such as 

processing, structural modifications, protein translocation, complex assembly and maturation, and gene 

expression. 

 PSENs are also involved with key signalling mechanisms. The peptide-generating mechanisms 

used for the various signalling pathways are similar to that described for Alzheimerôs disease. One 

example is the Notch signalling pathway in Drosophila (reviewed in Wolfe and Kopan 2004). Notch is a 

growth factor in Drosophila. Notch exists as a 300 kDa membrane-bound precursor prior to being 

released as a transcription factor. Ligand-activated cleavage of the Notch receptor is required for 

signalling to occur. The 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 Brown et al. 2000; Wolfe and Kopan 

2004). 

 The physical structure and organization of PSENs appear to be followed in plants as well, such as 
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in Arabidopsis and rice. Even the early land plant or moss, Physomitrella patens, contains all four of the 

components required for the formation of a ɔ-secretase complex (Khandelwal et al. 2007) although P. 

patens lacks the mammalian substrates Notch, Erb44, and APP. The removal of this presenilin through 

knock-outs resulted in phenotypes attributable to cytoskeleton defects. Vesicle transport along the 

cytoskeleton appeared to be compromised and in turn affected tip growth. The movement of chloroplasts 

to the cell tips was also affected, indicating that organelle movement along microtubules was perturbed as 

well. Such perturbations alter chloroplast re-distribution when responding to light, the cycling membranes 

and vesicles, and cell wall deposition. The resulting plants appear to be abnormally long and straight. In 

this particular example, presenilins were hypothesized to play the role of scaffolding proteins that regulate 

the interaction of membrane receptors and the downstream proteins responsible for directing the 

movement of vesicles. Most of the effects observed could be related to activities linked to membrane-

associated proteins of organelles and vesicles. 

 Although relatively little is known about plant intramembrane aspartyl proteases, evidence for 

their broad functional presence is emerging (Han et al. 2009; Tamura et al. 2008). Based on bioinformatic 

studies, the Arabidopsis genome appears to possess at least six different genes encoding SPP-like 

proteases. Three of them, AtSPP, AtSPP1, and AtSPP2, appear to be expressed in meristematic tissues. 

Like the human version of SSP, the corresponding AtSPP protein is localized to the ER system as well. 

However, their roles and targets remain unknown (Tamura et al. 2008). AtSPP (or At2g03120) expression 

was found to be highest in emerging leaves, roots and floral tissues and deletion of AtSPP appears to be 

lethal (Han et al.2009). Heterozygous lines showed impairments in germination rate, male gametophyte 

development and pollen maturation (Han et al. 2009). This suggests roles in signalling and development. 

1.6 Rhomboid Serine Proteases and Regulated Intramembrane Proteolysis 

 Rhomboid serine proteases represent the latest and largest family of discovered intramembrane 

proteases. With the exception of a few bacterial species, all genomes to date contain genes encoding 

rhomboid-like proteases (Koonin et al. 2003). Bacterial species that lack rhomboid protease genes have 
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undergone substantial genome reductions which likely resulted in the lost of such genes (Freeman 2008). 

Otherwise, there appears to be a high level of functional conservation in all kingdoms (Brown et al. 2000; 

Lohi et al. 2004; Urban et al. 2002b). The high level of functional conservation observed for rhomboid 

proteases suggests that these proteins also control many processes using similar RIP mechanisms.  

 Rhomboid proteases are not believed to be evolutionarily related to intramembrane metallo- and 

aspartyl proteases. They share the general physical attributes seen in metallo- and aspartyl proteases 

(reviewed in Freeman 2004). Rhomboid proteases consist of six or seven transmembrane domains 

surrounding the serine dyad of the catalytic site (Akiyama and Maegawa 2007; Maegawa et al. 2005). 

The rhomboid proteases characterized so far do not require pre-cleavage prior to substrate recognition and 

interaction. Also, unlike many proteases that require specific cofactors to cleave properly, rhomboid 

proteases do not require cofactors or other proteins to carry out their work (see reviews by Freeman 2009; 

Lieberman and Wolfe 2007). Rhomboid serine proteases are also flexible with respect to substrate 

structure. Both type-1 and type-2 membrane proteins have been reported as substrates of rhomboid 

proteases (Tsruya et al. 2007). All of the details describing this class of intramembrane proteases are so 

far derived from non-plant systems.  

 The Drosophila rhomboid protease, Rhomboid-1, is considered the founding member of this class 

of intramembrane proteases (reviewed in Urban 2006). Rhomboid-1 is responsible for generating 

intercellular signals during development. This specific signalling pathway involves the epidermal growth 

factor receptor (EGFR) and the generation of its activating ligand from the membrane-spanning protein 

Spitz. Spitz is one of the natural substrates of Rhomboid-1. The EGFR-activating ligand is generated by 

cleaving Spitz to release its extracellular domain, the active ligand. The active ligand is then free to 

communicate with target cells (Freeman 2009; Urban et al. 2002a). Spitz is produced as a membrane-

bound precursor in the ER and remains there awaiting transport to the Golgi. Translocation occurs when a 

chaperone termed Star interacts with the Spitz precursor to facilitate movement into the Golgi apparatus 

where Rhomboid-1 is physically localized (Tsruya et al. 2007). When Spitz interacts with Rhomboid-1, 

cleavage within the transmembrane 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 2003). The Rhomboid-1 RIP 

mechanism is thus regulated through protein translocation, compartmentalization, and gene expression 

(Tsruya et al. 2007). 

 Mitochondrial rhomboid proteases were first discovered to be part of an organellar RIP 

phenomenon in Saccharomyces cerevisiae. The yeast mitochondrial rhomboid protease, Rbd1, resides in 

the inner membrane. Rbd1 controls mitochondrial membrane fusion and fission through its substrates 

cytochrome c peroxidase (Ccp1) and dynamin-like GTPase (Mgm1) (Freeman 2008; Maegawa and 

Akiyama 2005). Of the two substrates, Mgm1 is considered the more important substrate in terms of 

mitochondrial RIP. Cleavage 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 short, cleaved form is released into the intermembrane 

space (Urban 2006). The system depends on both cleaved and non-cleaved Mgm1 proteins in order to 

permit membrane fusion. The cleavage process is influenced by ATPase motor proteins, a component of 

the mitochondrial protein transport machinery (Herlan et al. 2004). The ATPase motor pulls Mgm1 

further within the lipid bilayer allowing Rbd1 to gain access to a hydrophobic cleavage domain. Low 

levels of ATP could lead to dysfunctional mitochondria and prevent membrane fusion to other functional 

mitochondria (Urban 2006). The Rbd1 RIP mechanism thus appears to be regulated through protein 

translocation-related events, structural modifications, compartmentalization, and respiratory status. 

 Yeast Rbd1 also has an orthologue in mammalian systems known as PARL (for Presenilin 

Associated Rhomboid-Like). PARL is localized to the inner mitochondrial membrane. Although the 

cellular functions of PARL are not fully characterized, Rbd1 can rescue mouse knockout strains of PARL 

(Cipolat et al. 2006; McQuibban et al. 2003). Although PARL mutations do not alter membrane fusion 

and fission as seen in yeast cells, there are observed effects on cristae morphology (Kmiec-Wisniewska et 

al. 2008). Changes in the sealing of cristae junctions appear to regulate cytochrome c release and 

apoptosis. The effects on cristae structure may be related to the processing or cleavage of OPA1 by PARL 

(Cipolat et al. 2006). OPA1 is the mammalian ortholog of yeast Mgm1. PARL has also been linked to 
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other substrates, Omi/HtrA2, Pink kinase, and Parkin (in Drosophila and mammals) (Chao et al. 2008; 

Whitworth et al. 2008). These substrates are cleaved by PARL and released into the mitochondrial 

intermembrane space. Mutations affecting this cleavage have been associated with mitochondrial defects 

in Parkinsonôs disease.  

 The rhomboid protease-based RIP mechanisms in bacteria are equally sophisticated. The 

rhomboid protease in Providencia stuartii is called AarA and has been shown to regulate quorum-sensing 

among cells. This communication event is important since the peptides released activate numerous genes, 

including those for antibiotic resistance (Stevenson et al. 2007). AarA cleaves TatA, a subunit of the 

twin-arginine translocase. TatA is responsible for exporting fully-folded proteins as well as inserting 

proteins into the cell membrane (Stevenson et al. 2007). TatA possesses one transmembrane domain and 

forms the physical channel of the protein translocation apparatus (Stevenson et al. 2007). What makes 

TatA interesting is its N-terminal extension which prevents peptide translocation through the channel. It is 

only through the removal of this extension by AarA that peptide translocation be promoted (Freeman 

2008). P. stuartii represents the first example where RIP is used to manipulate protein translocation 

processes (Freeman 2008). Mechanisms similar to AarA/TatA have been shown to exist in other bacterial 

species (e.g., Natronomonas pharaonis, Bacteroides fragilis, and Leptospira interrogans) (Stevenson et 

al. 2007). 

 Rhomboid serine proteases are also utilized by protozoan parasites, such as Toxoplasma gondii 

and Plasmodium falciparum, to invade their host cells (Lemberg and Freeman 2007). The role of 

rhomboid proteases during invasion is focused on cleavage and release of cell-surface adhesin proteins 

(MIC2, MIC6, MIC8, 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 defence system 

(Brossier et 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). The design of the host cell invasion mechanisms utilized by parasites appears to be 

similar to those designed for quorum-sensing in various strains of bacteria. 
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1.7 Plant Rhomboid Serine Proteases and Regulated Intramembrane Proteolysis 

 Plants possess the largest number of genes encoding rhomboid-like proteases. Arabidopsis 

possesses at least thirteen to fifteen different rhomboid encoding genes and rice contains at least twelve 

(Lemberg and Freeman 2007). Humans and mice each possess only five, and yeast has two paralogous 

(Freeman 2008). There are likely to be RIP mechanisms evolutionarily related to the ones described so far 

in non-plant systems, but also novel RIP possibilities awaiting discovery (Urban 2006). Although most of 

the Arabidopsis rhomboid proteases are predicted or localized in the ER, there are plastidial and 

mitochondrial forms as well (Kanaoka et al. 2007; Koonin et al. 2003). Microarray data indicate that all 

of the predicted rhomboid protease-like genes in Arabidopsis are transcribed (Kanaoka et al. 2007). Some 

of the putative rhomboid protease genes are transcribed at relatively abundant levels in all tissues 

examined and some appear to be more tissue-specific. Protein characterization data exists for six of the 

predicted Arabidopsis rhomboid protease genes and includes forms located in plastids, mitochondria, and 

the ER-Golgi system (Kanaoka et al. 2005; Kmiec-Wisniewska et al. 2008). This pattern of cellular 

distribution is similar to non-plant systems.  

 Roles for plant rhomboid proteases have yet to be discovered. At least one plant rhomboid 

protease acts like Drosophila Rhomboid-1. AtRBL2 in A. thaliana is capable of working with Spitz and 

Keren, the two classical substrates of Drosophila Rhomboid-1 (Kanaoka et al. 2005). The expression of 

AtRBL2 in mammalian cells resulted in the cleavage and secretion of Spitz and Keren. This particular 

plant rhomboid protease behaved like Drosophila Rhomboid-1 despite being in a heterologous system. 

The natural plant substrates are likely to contain transmembrane features similar to that found in Spitz and 

Keren (Reich and Shilo 2002). Moreover, 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 protein translocation process may involve at least one 

rhomboid protease, directly or indirectly (Freeman 2008; Karakasis et al. 2007). Using yeast 

mitochondria as an assay system, Karakasis and co-workers 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 (Karakasis et al. 2007). A comparison between the hydropathy profiles of other known rhomboid 

substrates and Tic40 indicates that Tic40 could possess the required substrate features. Like its known 

Drosophila substrates, Tic40 also possesses a similar transmembrane structure with helix-destabilizing 

residues. This transmembrane domain of Tic40 is located in a different location relative to the C- or N-

terminus (when compared to Spitz, Keren, and Gurken). Furthermore, the plastidial rhomboid protease is 

predicted to be in the same place as most of Tic40 proteins, namely the inner envelope membrane. Thus 

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 the Tic40-rhomboid protease 

relationship.  

 Tic40 is a co-chaperone and is part of the inner envelope translocon. The inner envelope 

translocon is where some of the regulatory mechanisms for protein transport reside, including activities 

related to ATP status (Chou et al., 2003). There are thus many possible aspects of the plastid protein 

transport process in which RIP could play roles. Tic40 itself possesses a number of properties that may be 

due to the work of rhomboid proteases. Tic40 appears to be capable of maintaining small natural 

populations of proteins in different configurations in the envelope, some with different relative molecular 

sizes (Karakasis et al. 2007; Ko et al. 2005). A similar mechanism has already been described for the 

AarA/TatA component of the protein transport machinery in P. stuartii (Stevenson et al. 2007). In the P. 

stuartii mechanism, the rhomboid protease AarA cleaves the N-terminus of TatA to promote protein 

transport and thus regulate the transport process. 

 In the other report, Kmiec-Wisniewska and coworkers used GFP transient expression assays to 

show that two of the five predicted organellar rhomboid proteases from Arabidopsis, AtRBL11 

(At5g25752) and AtRBL12 (At1g18600), were targeted to plastids and mitochondria, respectively. 

Despite the ability 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 substrates. The Arabidopsis mitochondrial rhomboid protease was unable to recognize/cleave the 

two identified yeast substrates, cytochrome c peroxidase (Ccp1) or dynamin-like GTPase (Mgm1). This 
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outcome is different from the results obtained with the human orthologue. The human orthologue was 

able to complement the same mutant yeast cells by restoring cleavage activities (Kmiec-Wisniewska et 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 mitochondrial rhomboid protease Rbd1. The 

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 to the ones reported for the non-plant systems. 

Although the plant rhomboid proteases operate mechanistically in the same way as the non-plant systems, 

many of the substrates are likely to be plant-specific. Likewise, the types of cellular processes utilizing 

any of the intramembrane proteases will likely be more plant-specific in many cases; some may even be 

observed for the first time in any system. Therefore, despite the limited examples in plants (Knopf et al. 

2012; Thompson et al. 2012), another way for discovering RIP processes in plants would be to look for 

regulatory-type cellular events or substrates that may possibly engage RIP and rhomboid proteases (or I-

CLiPs in general). A survey of such plant cell processes turned up a number of examples that may involve 

RIP and intramembrane proteases. We will focus on a few examples. These examples fall under three 

major activities in plant cells: photosynthesis, stress, and signalling. 

 For the process of photosynthesis, there are at least three different examples where RIP and 

rhomboid proteases may play roles with one possible RIP activity involving FtsH chloroplast 

metalloproteases. There are twelve different genes in Arabidopsis that encode FtsH proteases (Adam and 

Clarke 2002; Sinvay-Villalobo et al. 2004). GFP localizations have indicated that nine of the 12 FtsH 

proteases reside in the chloroplasts, while the other three are localized to mitochondria (Sakamoto et al. 

2003). Some of the plastidial FtsH proteases are located in thylakoids and are believed to play a dominant 

role in regulating the repair cycles of photodamaged thylakoidal proteins such as those involved with 

photosystem II. Interestingly, four of the FtsH members lack zinc-binding motifs and act as chaperones 

instead (Adam et al. 2001). A similar situation appears to exist in the family of iRhoms, non-catalytic 

rhomboid proteases (Lemberg and Freeman 2007) with proposed roles as chaperones. The FtsH proteases 
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without catalytic potential may thus act like iRhoms. Therefore, in addition to FtsH proteases, 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 

proposition since other membrane-associated proteases appear to play roles in addition to FtsH, for 

instance Deg proteases (Huesgen et al. 2005). Exposure of plants to intense photoinhibitory light often 

results in damage to the photosystem proteins, which in turn leads to oxidative damage and possibly cell 

death. To minimize the negative effects of high light exposure, membrane-associated proteases catalyze 

the controlled degradation of light-harvesting complexes within photosystem II (Adam 2004). The class 

of membrane-tethered serine proteases responsible are known as DegP (Adam 2004; Garcia-Lorenzo et 

al. 2006). Of the 13 Deg genes in Arabidopsis, four (Deg1, 2, 5, and 8) are localized in chloroplasts 

(Garcia-Lorenzo et al. 2006). Deg2 is a stromal-facing membrane-embedded thylakoid protein (Adam 

and Clarke 2002; Sinvany-Villalobo et al. 2004). These proteases are essential for the control of damage 

caused by photoinhibition. The Deg subfamily has also been associated with cellular development, 

senescence, and stress response pathways in plants and cyanobacteria (Garcia-Lorenzo et al. 2006). 

 Exposure of D. salina to 48 h of high light resulted in the increased expression of genes involved 

in photoprotection and photosystem II repair, such as anti-oxidant genes (Fe-Sod and Apx), Cbr (a light-

harvesting chlorophyll-binding-protein homolog), and Clp proteases (ATP-dependent proteases) (Clarke 

et al. 2004; Park et al. 2006). When exposed to photo-damaging light, algal cells respond by lowering 

chlorophyll levels and decreasing the physical size of the photosynthetic antenna. The assumption is that 

proteolytic mechanisms are utilized to restructure directly or indirectly the many thylakoid membrane 

proteins involved in the photosystems. Interestingly, one of the ESTs associated in photoinhibitory stress 

encodes a rhomboid protease, thus implying a role in the photoprotective process (Park et al. 2006). 

 Rhomboid proteases appear to play roles in the stress pathways of other plant cell compartments 

as well, such as the unfolded protein response in the endoplasmic reticulum. The floury-2 mutation gives 

rise to a 24 kDa Ŭ-zein storage protein with a defective transport signal. The defective signal allows the 
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mutated protein to stay anchored in the ER and the post-ER compartments. This resulting stress triggers 

chaperones and RIP into action to sustain ER functionality (Tajima et al. 2008). 

 There is a plethora of membrane-associated transcription factors in plants. Therefore, it is likely 

that plants will use RIP to control the release of membrane-bound transcription factors. Genome-wide 

analyses have so far shown that around 10%, or an estimated 150, of the Arabidopsis transcription factors 

are membrane-associated, and many are thus likely controlled through RIP mechanisms (Seo et al.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 plants: 1) Activation of the ER stress response by the AtbZIP60 factor; 2) Activation of factors by 

NTM1 to inhibit cell growth; 3) Triggering a late-flowering 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 of I-CliPs and RIP mechanisms reviewed here, it is clear that RIP is an 

important molecular mechanism capable of working in different cells, in different cell compartments, and 

in a broad range of cellular processes. It is also clear that the three classes of intramembrane proteases 

operate across a wide range of species. RIP is not used only in developmental events but in processes 

ranging from lipid metabolism to membrane remodelling to stress (Bolter et al. 2006; Itzhaki et al. 1998; 

Kuroda and Maliga 2003). Such processes frequently appear mechanistically unrelated to each other 

because RIP is often combined with other cellular mechanisms and buried in sophisticated regulatory 

schemes. In fact one common characteristic noticeable with RIP is its ñsubtletyò and its frequent fine-

tuning role in the various cellular processes. These characteristics alone make the search for I-CLiP 

substrates an even more technically challenging endeavour. However, I am convinced that the search 

strategy devised and used, the identification of a putative substrate is a considerable advancement in 

intramembrane protease research. 

 Like the metallo- and aspartyl proteases, rhomboid proteases exist as a relatively large family 
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with members predicted to work in different cellular compartments. The involvement of organellar 

rhomboid proteases with Tic40 may appear unusual (Karakasis et al. 2007), but upon closer comparison 

with the role of a P. stuartii  rhomboid protease AarA suggests that the Tic40-rhomboid protease 

relationship may be mirroring the mechanism used to regulate bacterial protein secretion. From this 

perspective, the Tic40-rhomboid protease appears to be a possible mechanism in plastid protein transport. 

Therefore, more work is needed to identify other possible substrates and their links to processes utilizing 

plant rhomboid proteases. We believe that much can be revealed simply with information concerning 

location, expression characteristics, 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 preliminary in nature at the 

early phase of the work. Localization work for some of the plant rhomboid proteases is currently 

underway in various labs and partial data have been reported to date. As commented on in an opinion 

piece by Whalenôs group, further supporting details are required to confirm the location(s) of each 

protease (Millar et 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 rhomboid protease. Further 

localization within a predicted site is equally important for the substrate hunt. For example, is a particular 

organellar rhomboid protease in the outer envelope or the inner envelope of the plastid, or both?  Such 

details should help formulate sets of possible substrate candidates, especially when combined with 

topology analyses of candidate substrates accessible to a particular rhomboid protease. This type of data 

would become even more useful when combined with expression studies. 

 Investigating knockout Arabidopsis lines will  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 clues in roles 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 At5g25752. This 

fundamental work will set the groundwork for potential functions, 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 considered fundamental, would also reveal clues as to what stages 

or situations a particular rhomboid protease is most likely to be active in the plant. This information 

would again help formulate sets of candidate substrates that are likely active during such special stages or 

situations. For example, are there developmentally-important membrane proteins that may require the 

intervention of rhomboid proteases during a special period of activity or stress? Recently-reported 

expression profiles provide evidence that rhomboid proteases fluctuate during the development of a plant. 

Seedlings and cotyledons appear to exhibit increases to levels of metalloprotease (Bolter et al. 2006) and 

rhomboid proteases (Sedivy-Haley et al., 2011). Development-based increases in metalloproteases are 

believed to be required for proper chloroplast biogenesis. Therefore, along the same line of reasoning, 

increases in rhomboid protease expression may be required for similar events during plant development. 

Additional to expression profiles, investigating the potential of alternative splicing may reveal fine-tuning 

potential in rhomboid protease-mediated functions. Alterations to functional motifs would introduce the 

potential to alter enzymatic activities within specific tissues and/or at unique developmental stages. 

 Candidate substrates could also be tested and identified using in vitro or heterologous approaches 

such as using enzyme extracts from bacterial expression systems, bacterial co-expression protein pull-

downs, and in vivo yeast mitochondria. Candidate substrates to test could be selected based on the above 

localization and/or expression data, or through other predictive tools. The testing of candidate substrates 

would be useful even if the assay system used is not reflective of their natural contexts. Substrate testing 

may involve introducing the substrate to the resident rhomboid protease to search for cleavage activity 

and/or an introduced foreign rhomboid protease. For instance, plant rhomboid protease can be introduced 

into yeast cells and then used in turn to test cleavage activities of the subsequently-introduced test 

substrates or native yeast substrates. 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 issue. It is not well established as to 
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whether natural plant substrates are recognized in the same way by plant versus non-plant rhomboid 

proteases. Since there are structural details available for the traditional founding substrates and for the 

non-plant 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 (conceivably for both 

recognized and unrecognized substrates). Bacterial co-expression protein pull-downs would also serve as 

a potential tool in understanding the rhomboid-substrate recognition and interaction relationship. This 

would help identify new substrates, perhaps even using a bioinformatics approach afterwards. While 

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

compare altered substrate interactions. 

 Focusing on both the rhomboid protein itself and 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 membrane 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 rhomboid 

proteases in general. To help paint a wider picture of rhomboid proteaseôs potential, there is need to 

elucidate the spectrum of cellular processes utilizing rhomboid proteases, especially in plants. Expression 

based analyses and protein-protein interactions must be utilized in order to link a potential function to 

plant rhomboids. With our focus on the Arabidopsis plastid 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 assess potential 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 rhomboid protein, 

assessing how it interacts with known substrates may uncover a novel regulatory role for rhomboid 
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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 understand molecular roles throughout development, and how 

the rhomboid proteins interact with known substrates 

1.9 Objectives 

 The objective of this thesis is to characterize Arabidopsis plastid rhomboid protein genes at the 

molecular level. Following successful investigations of At1g74130 and At1g25290, this thesis will 

comprise of the majority of known data involving plant-mediated rhomboid protein processes. To 

successfully understand the molecular bases of these genes, this thesis has been divided into five distinct 

data chapters. All studies were designed to investigate the foundational properties of Arabidopsis plastid 

rhomboid-proteins. 

1.9.1 Chapter 2 

 The purpose of this chapter was to link rhomboid gene knockouts to any potential developmental 

defects within Arabidopsis. We predict that three organellar rhomboid genes are developmentally 

regulated at the transcript level. The focus of this chapter will be an Arabidopsis At1g74130 knockout 

line. Linking At1g74130 to a developmental phenotype was the main goal for 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 proteolytically inactive rhomboid 

homologue, this work will also provide evidence for unique rhomboid functions. Strategies will include 

looking at tissue specific expression-based analyses, qualitative protein level comparisons, and 

microscopy to visualize any potential cellular phenotype. 

1.9.2 Chapter 3 

 As evidence from chapter 2 revealed the possibility of alternative splicing within the transcript 

population of At1g74130, chapter 3 was designed to further investigate this phenomenon. Investigating 

alternative splicing associated with the At1g74130 transcript population will utilize RT-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, protein-level analyses will be 

utilized in order to verify unique proteins are generated. Assays will include protein gel and 

immunoblotting, substrate co-expression pull-down assays, and yeast heterologous assays to investigate 

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 3. With evidence that At1g74130 protein variants interact with Tic40 and 

Mgm1 differently. Chapter 4 was designed to further provide support for the ability of At1g74130 

variants to interact with known substrates. Preliminary evidence generated during chapter 3 hinted at 

increased lethality to bacteria when expressing At1g74130 proteins in higher ampicillin concentrations. 

Assessing how the variant proteins impact survival from transgenic lines and through exogenous 

approaches will further demonstrate an ability to interact with unknown mechanisms and alter cell 

survival. 

1.9.2 Chapter 5 

 In Chapter 2, evidence was gathered suggesting alternative splicing was present within three 

rhomboid gene populations (At1g74130, At1g18600, and At1g25290). Chapter 5 will investigate another 

Arabidopsis plastid gene, At1g25290 in order verify alternative splicing events. At1g25290 transcript 

populations were assessed in an exon-to-exon 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 evidence that each protein has unque properties. Interactions with Tic40 will be assessed as a 

natural plant rhomboid substrate. Assays will include protein gel and immunoblotting, substrate co-

expression pull-down assays, and yeast heterologous assays to investigate unique interactions with other 

rhomboid substrates. 
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1.9.2 Chapter 6 

 Collecting evidence of alternative splicing in two of the four Arabidopsis plastid rhomboid genes 

suggests there may be a means to diversify rhomboid functionality. Chapter 6 is designed to survey 

genome databases for evidence of global alternative splicing events within rhomboid genes. Assessing 

evidence of alternative splicing, and assigning it a location relative to the peptide will assist in 

highlighting potential means to diversify rhomboid protein functions. Utilizing 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
1
 

2.1 Abstract:  

 The list of cellular processes involving rhomboid serine proteases and regulated intramembrane 

proteolysis (RIP) is growing, diverse, and spans different species. The latest 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 is limited. 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 proteins under 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 tissues assessed, e.g., At1g74130 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 germination and growth. 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 particular At1g74130, may take part in growth and development. 

___________________________ 

1
This chapter has been published as a co-authored manuscript: Sedivy-Haley K, Powles J, Newcomb W, 

Ko K (2011) Molecular characterization of organellar rhomboid proteins in Arabidopsis. 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 are present in a range 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 to collectively 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 pathway in Drosophila melanogaster, 

intercellular quorum-sensing in the bacterium Providencia stuartii, and mitochondrial membrane 

remodeling in Saccharomyces cerevisiae. In D. melanogaster, Rhomboid-1 plays a regulatory role in the 

epidermal growth factor signaling pathway by controlling the cleavage of the receptor ligands Spitz, 

Keren, and Gurken (Urban et al. 2001). Ligand cleavage releases a soluble factor from the membrane that 

acts on the next part of the signaling pathway. The P. stuartii rhomboid protease, AarA, plays a role in 

intercellular quorum sensing (Gallio et al. 2002; Stevenson et al. 2007). Protein transport across the cell 

membrane appears to be enhanced by AarA cleavage of TatA at the N-terminus, a subunit of the twin 

arginine translocon (Stevenson et al. 2007). In S. cerevisiae, the organellar rhomboid protease, Rbd1, is 

involved in the control of mitochondrial membrane remodeling (McQuibban et al. 2003).  

 A subgroup of catalytically inactive proteins related to rhomboid proteases was recently identified 

through enhanced genomic analysis (Lemberg and Freeman 2007). This subgroup of inactive rhomboid-

like proteins can be further subcategorized into iRhoms (inactive rhomboids) and a small collection of 

less-related inactive homologues (Lemberg and Freeman 2007). These inactive rhomboid-like 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 rhomboid-like 

proteins have been observed to play regulatory roles. The human rhomboid homologue 

p100hRho/RHBDF1(iRhom1) interacts with transforming grow factor-a-like ligands (Nakagawa et al. 
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2005), is needed for epithelial cancer cell survival (Yan et al. 2008), and participates in G protein-coupled 

receptor-mediated transactivation of epidermal growth factor receptor growth signals in head and 

squamous cancer cells (Zou et al. 2009). More recently, Drosophila Rhomboid-5/iRhom was found to 

regulate intercellular signaling by preventing the cleavage of rhomboid substrates through the 

endoplasmic reticulum quality control mechanism (Zettl et al. 2011). 

 The latest entrants to the RIP phenomenon are the plant rhomboid serine proteases and related 

proteins. Although a number of natural rhomboid protease substrates (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 though Arabidopsis and rice are 

predicted to date to possess 12 and 13 rhomboid protease-encoding genes, respectively (Koonin et al. 

2003; Tripathi and Sowdhamini 2006). Many of the rhomboid protease-encoding genes uncovered in 

plants appear to be transcriptionally active as well (Koonin et al. 2003; Kanaoka et al. 2005). The 

locations of at least six different plant rhomboid proteases or rhomboid protease-like proteins are believed 

to be plastidial and (or) mitochondrial (Koonin et al. 2003).  

 Functional similarity between nonplant and plant rhomboid proteases was demonstrated using the 

Arabidopsis rhomboid protease AtRBL2 (At1g63120). AtRBL2 was found to cleave Spitz and Keren in 

heterologous mammalian cell co-transfection experiments (Kanaoka et al. 2005). The cleaving of 

nonplant substrates by AtRBL2 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 point to the Golgi apparatus as 

the predicted site of function for AtRBL2 (Kanaoka et al. 2005). The reported evidence indicates that 

AtRBL2 is produced, transported, and assembled correctly by mammalian cells like an endogenous 

counterpart. The reverse transcriptionïPCR (RTïPCR) patterns for AtRBL2 and AtRBL1 (another related 

rhomboid protease) indicate that both genes are likely expressed at fairly similar levels throughout the 

plant (Kanaoka et al. 2005). 

 The localization data for two other plant rhomboid proteases are available. AtRBL11 
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(At5g25752) and AtRBL12 (At1g18600) are targeted to plastids and mitochondria, respectively (Kmiec-

Wisniewska et al. 2008). Although AtRBL12 is a plant mitochondrial rhomboid protease, it was not 

capable of cleaving in yeast mitochondria the natural substrates of Rbd1, cytochrome c peroxidase (Ccp1) 

and dynamin-like GTPase (Mgm1). In contrast, PARL, the human mitochondrial rhomboid protease, was 

capable of restoring cleavage of Ccp1 and Mgm1 in Rbd1-deficient yeast (Kmiec-Wisniewska et 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 interactions between 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 discovery.  Like the 

nonplant systems, there are also inactive forms (Lemberg and Freeman 2007) predicted for Arabidopsis. 

Four inactive homologues have been identified: At1g74130, At1g74140, At5g38510, and KOMPEITO 

(Lemberg and Freeman 2007). All four Arabidopsis homologues are predicted to be catalytically inactive 

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) (Lemberg and Freeman 2007; Tripathi and Sowdhamini 

2006). Both At1g74130 and At1g74140 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 as TargetP (Emanuelsson et 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 glycerol-supplemented media and partially restored the pattern of Tic40 bands in 

yeast mitochondria (Karakasis et al. 2007). Tic40 is a plastid translocon component and is a potential 

substrate of the yeast mitochondrial PARL rhomboid protease, Rbd1/Pcp1. The limited nature of 

At1g74130ôs ability to rescue rbd1æ may 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 knowledge, there are 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 rhomboid proteins 

and on using the data acquired to gain insights into their roles. The three organellar rhomboid proteins 

selected for study here were At1g18600 (mitochondrial as confirmed by Kmiec-Wisniewska et al. 2008), 

At1g25290 (ranked as plastidial by TargetP), and At1g74130 (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, molecular, cellular, and 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 contained T-DNA disruptions in At1g74130, At1g25290, and 

At1g18600, respectively (Alonso et al. 2003). The parental control or wild-type Arabidopsis line was 

CS60000. All four Arabidopsis plant lines were acquired from the Arabidopsis Biological Resource 

Center (Ohio State University). 

 Plants were propagated in growth chambers set at 21 °C, 70% humidity, and a lighting level of 

150ï200 ɛmolĿm
ï2

·s
ï1

. These conditions were based on the information provided through the Arabidopsis 

Biological Resource Center Web site (http://abrc.osu.edu). A 16 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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2.3.2 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 (One-Step RTïPCR and Fast-Cycling 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 analyzed by RTïPCR. All tissue 

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 sample, RTïPCR assays were carried out 

with different total RNA preparations, when possible, and at least three times per preparation. All 

generated RTïPCR products were combined and analyzed semiquantitatively by densitometry, 

normalized to actin, and compared as relative arbitrary units. For comparison, steady-state actin transcript 

profiles were generated simultaneously with the same templates used in the experimental reactions. The 

One Step RTïPCR cycling steps recommended in the manufacturerôs manual were employed without 

modifications. All RTïPCR reactions were conducted using 20 ng of total RNA and 30 cycles of 

amplification. The temperature range used for annealing was from 55 to 65 °C. The transcript-specific 

primers used are shown in the supplementary material (Fig. S1.1). The following primer pairs were used 

in the RTïPCR experiments to assay the indicated transcripts: At1g74130ïF/At1g74130-R; At1g18600ï

F/At1g18600-R; At1g25290ïF/At1 g 25290-R; and Actin-FïActin-R. 

 Genomic DNA was prepared for the indicated plants and analyzed by PCR. We employed exactly 

the cycling steps recommended in the manufacturerôs manual that accompanied the Qiagen Fast-Cycling 

PCR kit. All reactions were performed with 300 ng of genomic DNA per 20 ɛL reaction and amplified 

through 30 cycles. The annealing temperature used was 65 °C. The contiguous gene-specific or T-DNA 

insertion-specific primers used are shown in the supplementary material (Fig. S1.1). The following primer 

pairs were used for the genomic DNA PCR assays: TDNA-RïAt1g74130-R (for detecting gene-specific 
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T-DNA insertion sites) and At1g74130-FïAt1g74130-R (for detecting contiguous gene-specific 

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 preparations were digested with HindIII 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 were probed with 

radiolabeled neomycin phosphotransferase II coding sequences (NPTII), washed at high stringency, and 

subjected to autoradiography using intensifying screens and X-ray film. The NPTII coding sequence was 

contained in the ~600 bp HindIIIïPstI DNA probe (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 1989). Chloroplasts were 

prepared from 15-day-old soil-grown Arabidopsis plants or 10-day-old soil-grown pea shoots as 

described previously (Aronsson and Jarvis 2002; Fitzpatrick and Keegstra 2001). Pea chloroplast 

envelope subfractions were prepared according to Keegstra and Yousif (1986). All extracts and samples 

were quantified and normalized using Bradford protein assays before use. 

2.3.5 Protein gel and immunoblotting procedures 

 For comparative studies, equal amounts of samples, typically representing 0.5 ɛg total protein, 

were loaded per lane in the one-dimensional 12% (m/v) SDSïpolyacrylamide gels. The protocols used for 

one-dimensional protein gel electrophoresis and immunoblotting were based on the applications reported 

by Laemmli (1970) and Towbin et al. (1979), respectively. For pH 3ï10 two-dimensional gels, we 

followed the procedures and recipes accompanying the Biorad 2D Minigel System (BioRad Inc., 

Hercules, Calif., USA). The SDSïpolyacrylamide gels used for the second dimension were 12% (m/v). 
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Immunoreactive 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. Representative 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 recombinant full-length rhomboid proteins 

(At1g74130; accession No. NM_106073) in the same manner as reported recently by Powles et al. 

(2011). Further details concerning the establishment of these antibodies are presented in the 

supplementary material (see supplementary notes and the accompanying Fig. S1.2). Briefly, the 

recombinant proteins were generated in bacteria (JM109(DE3)) and purified using the His-tagging system 

of pET20b (EMD Biosciences (Novagen products), San Diego, Calif., USA) and affinity chromatography 

(nickel-NTA resin purchased from Qiagen, Mississauga, 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 

preimmune 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 performed to determine the linearity of band signals for the 

antibodies used and the proteins being assessed. Like the anti-rhomboid proteases antibodies, the 

antibodies against PsbO (33 kDa oxygen-evolving enhancer subunit of photosystem II) and Com70 (70 

kDa heat shock protein associated with the outer envelope) were made as part of previous studies in a 

similar manner using recombinant proteins produced in bacteria (Ko et al. 1990, 1992). 

2.3.6 Analysis of plant growth and development 

 For the germination study, At1g74130 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 conditions. Three 
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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 from different 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 above. 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 used to calculate an 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 trials (n = 3) and analyzed for statistical significance. In the leaf chlorophyll assays, 

chlorophyll determinations were performed as reported by Porra et al. (1989) using leaves taken from the 

third or fourth pair from the top. The plants used were 16ï18 days 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). Briefly, tissues were fixed for 4 h at room 

temperature in a solution of 2.5% (v/v) glutaraldehyde, 0.25 mol·L
ï1

 potassium 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 

postfixed in 1% (m/v) osmium tetroxide (made in water) for 1ï2 h. 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 dehydration step took 15ï20 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 a 1 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 CanemcoïMarivac (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 study was a Hitachi H-7000. 

2.4 Results: 

2.4.1 Expression analysis of different tissues and developmental stages in Arabidopsis 

 The results generated by the various Arabidopsis microarray studies or from different databases 

indicate that the three organellar rhomboid proteins being studied here display similar expression patterns. 

Examples of such patterns can be generated using various Web-based programs or resources, such as 

Genevestigator (Zimmerman et al. 2004; https://www.genevestigator.com/gv/index.jsp) or TAIR 

(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 similar to that 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 steady-state transcript level using RTïPCR. Our 

main objective at the transcript level was to assess qualitatively tissue-specific 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 RTïPCR results provided another set of evidence that the steady-state 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 steady-state transcript levels revealed by RTïPCR were 
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found to be low relative to actin, At1g25290, and At1g18600. The main RTïPCR products generated by 

our primer strategies were approximately 500 bp in length for actin, At1g25290, and At1g18600 and 1100 

bp for At1g74130. There were other less abundant RTïPCR products generated with the rhomboid 

protein transcripts. All RTïPCR products were used and counted in the assessment. The lighter RTïPCR 

bands were believed to be products of alternative splicing that fluctuate with plant growth and 

development. The alternative splicing aspect is currently being elucidated and will be reported separately 

in an upcoming study (K. Sedivy-Haley, J. Powles, and K. Ko, unpublished data). For At1g25290 and 

At1g18600, there were general trends of steady-state transcript 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 At1g74130, steady-state 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 the RTïPCR experiments (Fig. 2.1B). The aim was to look for tissue-

specific patterns and changes during plant growth that parallel the observed RTïPCR trends. Changes to 

steady-state rhomboid protein levels were observed during the development of siliques and flowers and in 

expanding leaves. Although the protein levels differ between tissues, some of the patterns displayed at the 

steady-state protein level appear to be reflective of the general trends displayed at the steady-state 

transcript level. Tissues collected from parts designated 10 and 11 (expanding flowers and buds) 

displayed higher steady-state protein levels than slightly older tissues collected from part 8 (open flowers) 

(Fig. 2.1B). Similarly, higher steady-state protein levels were observed in siliques with actively 

developing seeds (parts 1ï3) versus younger siliques (parts 4ï6) (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 species, Pisum sativum óLittle 

Marvelô and Brassica napus óQuantumô (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: Steady-state expression patterns of organellar rhomboid proteins during silique and 

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

tissues. Only the relevant parts of the gels are shown. In each of the RTïPCR panels, lanes 1ï4 represent 

results for actin, At1g25290, At1g74130, and At1g18600, respectively. The major RTïPCR products are 

approximately 500 bp in length for actin, At1g25290, and At1g18600 and 1100 bp for At1g74130. All 

RTïPCR products, major and minor, were assessed and compared. Details are provided in the Materials 

and methods. The comparative data are 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 numbered tissue in the right photo. 

Lanes 1ï8 represent various stages of silique development, from maturing siliques (part numbered as 1) to 

siliques emerging from flowers (part numbered as 8). Lanes 9ï11 represent various stages of flower 

development, from opened flowers (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 stages of plastid biogenesis. 
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2.4.2 Expression analysis of leaf growth and expansion in Arabidopsis 

 We next analyzed in the same manner as above the expression of the three rhomboid proteins in 

young versus mature Arabidopsis leaves. In leaves, the RT-PCR profiles of At1g25290 and At1g74130 

displayed higher steady-state 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 based on band area and intensity. 

 The At1g25290 and At1g74130 pattern of expression at the steady-state transcript level was also 

observed at the protein level using isolated Arabidopsis chloroplasts of young and mature leaves (Fig. 

2.2B). With respect to leaf growth, rhomboid protein levels appear to decrease from a young, expanding 

leaf to a mature leaf. In contrast, the 33 kDa oxygen-evolving enhancer subunit of photosystem II, PsbO, 

appears to be more abundant as the plastids establish photosynthetic capacity during leaf 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 species, P. sativum óLittle Marvelô and B. 

napus óQuantumô (Fig. 2.S3), providing more evidence that rhomboid protein levels change during leaf 

growth and development.  

2.4.3 Phenotypic assessment of Arabidopsis mutants 

 We next analyzed corresponding homozygous mutant lines of Arabidopsis, 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 with T-DNA insertions in exons was also limited for assessment. The three 

selected mutant lines were SALK_142411c, CS859829, and SALK_043088C. The lines contain T-DNA 

disruptions in At1g74130, At1g25290, and At1g18600, respectively (Alonso et al. 2003). The parental 

control or wild-type Arabidopsis line was CS60000. 

 The T-DNA insertion site in the At1g25290 mutant line was located close to the C-terminus and 
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Figure 2.2: Steady-state expression patterns of organellar rhomboid proteins during leaf growth 

and expansion. (A) RTïPCR patterns are shown for actin and the three organellar rhomboid proteins 

(At1g25290, At1g74130, and At1g18600). 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 mature, fully 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 same samples were probed with anti-PsbO and -Com70 

and designated accordingly. A protease assessment using chloroplast samples is included in the bottom-

right immunoblot. Chloroplast samples were subjected to detergent (0.1% Triton X-100) in the absence 

(labeled 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 brightness. 
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continued to produce nearly full-length transcripts as predicted, and this was confirmed by RTïPCR (Fig. 

2.3A). As expected, the At1g25290 mutant line behaved phenotypically like the control or wildtype 

counterpart, CS60000 (data not shown). The At1g18600 mutant line was confirmed by RTïPCR 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 

At1g74130 mutant line gave rise to phenotypic results. The RTïPCR results confirm that the At1g74130 

mutant plants are no longer making At1g74130 transcripts (Fig. 2.3A). 

 The status of the At1g74130 mutant line was further confirmed at the DNA level by genomic 

DNA analysis (employing genomic PCR and genomic DNA blots), i.e., successful ñknockoutò of the 

intended gene by a single T-DNA insertion (Figs. 2.3Bï2.3C). The DNA-based results, from PCR 

products (Fig. 2.3B) and DNA blots (Fig. 2.3C), are in agreement with the details disclosed on the TAIR 

Web site (present as a single T-DNA insertion and homozygous with respect to the inheritance of the 

DNA hybridization band pattern between generations of plants). The T-DNA insertion site was confirmed 

using overlapping pairs of primers, the gene-specific primer pair, At1g74130-FïAt1g74130-R, and the T-

DNA insertion-specific primer pair, TDNA-RïAt1g74130-R (Fig. 2.3B). 

 The lack of At1g74130 expression in the mutant was further assessed at the steady-state protein 

level using a combination of one- and two-dimensional gels (Fig. 3D). In the one-dimensional gel 

immunoblot, the rhomboid protein level appears to be only slightly lower in the At1g74130 mutant than 

in the control (after normalization with the internal reference, PsbO). This was expected, since At1g74130 

steady-state 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 abundance, the one-

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 two-dimensional gels to help assess the same At1g74130 mutant samples (Fig.  
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Figure 2.3: Molecular assessment of Arabidopsis mutant plants. (A) RTïPCR results are shown for 

control and for the indicated mutant Arabidopsis plants. The lines used are marked accordingly in sets. 

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 used is indicated at the top of the gel as control or At1g74130. The 

overlapping pairs of primers used in lanes 1 and 3 were designed for detecting T-DNA insertion in the 

At1g74130 coding sequence (using the overlapping T-DNA insertion-specific primer pair TDNA-R and 

At1g74130-R). The primers used in lanes 2 and 4 were designed for detecting the contiguous gene 

sequence being interrupted by the T-DNA insertion (using the overlapping gene-specific primer pair 

At1g74130-F and At1g74130-R). Details are provided in the Materials and methods. (C) Genomic DNA 

blot results for the At1g74130 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 HindIII 

DNA band complementary to the NPTII DNA probe is indicated. (D) Immunoblotting analysis of the 

At1g74130 Arabidopsis mutant using one- and two-dimensional gels. The two sets of immunoblots are 

labeled accordingly. Only relevant parts of the immunoblot images are shown. For the one-dimensional 

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 rhomboid proteins and PsbO (designated accordingly). For the two-dimensional 

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 from mature, expanded 

leaves of At1g74130 mutant plants (designated accordingly). A control experiment is shown for purified 

recombinant At1g74130 proteins (labeled accordingly). The spot missing in the At1g74130 mutant plant 

is circled and indicated with an arrow. The two-dimensional gel images were adjusted for contrast and 

brightness. The images also required a slight gamma adjustment to replicate the X-ray results correctly 

(no material change to the images).  
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2.3D). The two-dimensional gel immunoblots indicate that the sample from the At1g74130 mutant lacks a 

spot next to the main rhomboid protein spot. The At1g74130 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, At1g74130 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 recombinant At1g74130 proteins were also assessed and 

shown as a distinct spot in Fig. 2.3D. 

 Upon molecular confirmation, the At1g74130 mutant and control plants were propagated together 

under the same conditions and assessed for phenotypic changes (Figs. 2.4ï2.6). Photographs of control 

(CS60000) and At1g74130 plants grown for 16 days after sowing are shown in Fig. 2.4A. Using the 

trends observed at the steady-state transcript level as guidance, the assessments selected were 

germination, growth pattern of leaves, chlorophyll content, and cross-sections of leaves and cells. The 

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 differences in germination 

were statistically significant between control and mutant for the 3 successive days tested. Leaf 

development was measured as a size ratio between different-aged leaves 15 days after germination (ratio 

between leaves 4 and 6, and ratio between leaves 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 for potential leaf expansion 

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 ratios were 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 early in growth, 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 At1g74130 mutant (n = 10). This phenotype was evident only in nontransplanted seedlings. The 

added stress of transplantation 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 same between the At1g74130 mutant and the control 

plants when transplantation occurred (data not shown). 

 The observed early delay in At1g74130 leaf expansion appeared to be accompanied by a 

difference in green coloration that was detectable by a visual inspection. We therefore 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 was approximately 20%ï30% 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 changes in chloroplast 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 cell cross-sections (Figs. 

2.5 and 2.6). The stage of organelle development appeared to be less advanced in the At1g74130 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 chloroplasts in young, 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, rounder 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 extent when the leaves 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 during 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 the Arabidopsis At1g74130 mutant plants. (A) Representative photos of CS60000 (control, 

wild type) and At1g74130 plants taken 16 days after sowing. (B) Changes in germination between control 

and At1g74130 are shown. The level of germination is represented as a percentage. The differences were 

statistically significant (n = 3; single-factor ANOVA; day 2, F = 4.76, p = 0.094; day 3, F = 23.14, p = 

0.0085; day 4, F = 59.64, p = 0.0015). (C) Changes to leaf growth or expansion are shown. The results 

were derived from three independent trials (n = 3) and represented as ratios between the indicated leaves 

(between leaves 4 and 6 or between leaves 4 and 7). The differences were statistically significant (n = 3; 

single-factor ANOVA; between leaves 4 and 6, F= 111.52, p = 0.0004; between leaves 4 and 7, F= 

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 significant (n = 5, single-factor ANOVA; F = 15.00, p = 0.0047). 




































































































































































































































































































































































