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ABSTRACT 

Of the organisms with sequenced genomes, plants appear to possess the most rhomboid 

protease-encoding genes. However, our knowledge of processes in plants that involve Regulated 

Intramembrane Proteolysis (RIP) and rhomboid proteases remains low.  As expressed recently 

by other researchers, finding a natural substrate for a rhomboid protease represents the biggest 

experimental challenge.  Using yeast mitochondria-based assays, a potential link between the 

plastid translocon component Tic40 and organellar rhomboid proteases was recently uncovered.  

In this particular link, rhomboid proteases appear capable of influencing the pattern of imported 

Tic40 in yeast mitochondria.  Tic40 may thus represent a natural plant target of organellar 

rhomboid proteases.  Here, we obtained further motif-oriented evidence supporting Tic40 as a 

natural plant rhomboid substrate.  A comparative analysis of sequences revealed that Tic40 may 

also possess similar TMD motifs found in the model substrate, Spitz.  Rhomboid proteases often 

require these motifs to cleave substrates within intramembrane environments. Using site-directed 

mutagenesis and yeast mitochondria assays, the impact of mutations occurring in the motifs 

ASISS, GV, QP, and GVGVG of Tic40 was assessed.  In terms of cleavage and changing the 

pattern of imported Tic40, some of the mutations showed decreased activities and a few showed 

enhancements.  More importantly, the overall observed pattern associated with select Tic40 

mutations resembled the characteristics reported for the model substrates.  In particular, 

mutations in the Tic40 GV motif produced similar results as that observed with Spitz, by 

drastically decreasing or increasing cleavage as a function of amino acid sequence. 
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CHAPTER 1: INTRODUCTION 

Regulated intramembrane proteolysis (RIP) is a widely occurring phenomenon with roles 

in a variety of cellular pathways, from development to stress response (Brown et al., 2000).  At 

present, known RIP mechanisms are represented by only a few examples in plants when 

compared to other non-plant organisms (Lemberg & Freeman, 2007).  Arguably, this current 

under-representation is probably due to the many complex molecular pathways unique to plants.  

Restricted to sessile lifestyles, plants require additional coping strategies for accommodating 

environmental stressors, stressors that are easily avoidable by mobile organisms.  The limited 

number of known RIP examples within plants is presently focused on roles in gene regulation 

and protein quality control (Estelle, 2001; Urade, 2007). 

Three classes of proteases (metallo-, aspartyl, and rhomboid serine proteases) are 

responsible for RIP mechanisms.  These proteins have been termed Intramembrane Cleaving 

Proteases (I-CliPs) and are known to exist within every kingdom of life (Bolter et al., 2006).  

Generally, these proteases carry out regulatory roles by cleaving target substrates in the 

environment of the membrane.  Although no apparent evolutionary associations exist between 

the three I-CliPs, functional and structural similarities are apparent.  The chemical composition 

of membranous environments limits I-CliPs to a set of required characteristics to allow 

proteolytic activity to take place.  Rhomboid proteases in particular have gained a great deal of 

interest as they represent the most recently discovered group of I-CliPs. 

Rhomboid proteases were first discovered in Drosophila melanogaster as part of the 

epidermal growth factor signalling pathway, cleaving the substrates Spitz, Keren and Gurken 

(Urban et al., 2001).  Cleavage causes the release of soluble products from secretory membranes 
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that in turn act downstream of the signalling pathway.  Rhomboid proteases have been well 

characterized in numerous systems, displaying a wide variety of regulatory roles.  In Providencia 

stuartii, AarA represents a rhomboid protease with a role in intercellular quorum-sensing (Gallio 

et al., 2002).  Cleavage of TatA (a subunit of the twine argentine translocon) releases an N-

terminal segment to permit passage of fully folded proteins across the cellular membrane (Gallio 

et al., 2002).  Saccharomyces cerevisiae utilizes Rbd1 (Rhomboid Protease-1) to control 

mitochondrial membrane remodelling (McQuibban et al., 2003).  Regardless of such well 

characterized non-plant systems, so far plants prove elusive as no known substrates have yet 

been documented. 

Bioinformatic investigations of Arabidopsis have uncovered numerous rhomboid 

protease-encoding genes, many of which have been shown to be transcriptionally active 

(Kanaoka et al., 2007; Koonin et al., 2003).  The locations of at least six rhomboid proteases 

have been predicted to be plastidial and/or mitochondrial (Koonin et al., 2004).  One particular 

plant rhomboid protease, AtRBL2 has been shown to share similarities to other established 

rhomboid proteases.  AtRBL2 successfully cleaves Spitz and Keren in heterologous mammalian 

co-transfected experiments (Kanoka et al., 2005).  Based on immunofluorescence localization 

patterns, the predicted site of function for AtRBL2 is within the Golgi apparatus (Kanoka et al., 

2005).  The ability of AtRBL2 to cleave non-plant substrates, suggests natural plant substrates 

are likely to contain similar transmembrane features (Reich and Shilo, 2002).  Moreover, this 

heterologous activity suggests that AtRBL2 is produced, transported and assembled correctly by 

mammalian cells as if AtRBL2 was endogenous. 

GFP transient assays successfully demonstrated that two plant rhomboid proteases, 

AtRBL11 (At5g25752) and AtRBL12 (At5g18600), are targeted to plastids and mitochondria, 



3 
 

respectively (Kmiec-Wisniewska et al., 2008).  Despite successful expression within yeast 

mitochondria, AtRBL12 does not have an ability to recognize or cleave cytochrome c peroxidase 

(Ccp1) or dynamin-like GTPase (Mgm1) – the natural substrates of the yeast mitochondrial 

rhomboid protease Rbd1.  The human mitochondrial rhomboid (PARL) has been shown to be 

effective in restoring cleavage in yeast cells lacking Rbd1, suggesting similar substrate 

characteristics as Ccp1 and Mgm1 (Kmiec-Wisniewska et al., 2008).  This evidence suggests 

plant mitochondrial rhomboid proteases are likely interacting with substrates different from the 

ones reported within yeast mitochondria.  The identification of plant mitochondrial rhomboid 

substrates still await discovery. 

Limited evidence suggests that the plastid translocon may involve at least one rhomboid 

protease, directly or indirectly (Karakasis et al., 2007).  Karakasis and co-workers used yeast 

mitochondria assays to show that the Tic40 component could be associated with activities of a 

plastidial rhomboid protease.  Comparisons of Tic40 hydropathy profiles with known substrates 

suggest that Tic40 may possess the required substrate features (see figure 1).  Tic40 also 

possesses similar transmembrane structures with the helix-destabilizing residues.  These residues 

are organized in a manner similar to that observed in the Drosophila and bacterial substrates.  

Additionally, the putative rhomboid protease in plastids is predicted to be located in the same 

place as Tic40, the inner envelope membrane.  Although Tic40 and plastidial rhomboid proteases 

are physically accessible to each other, the current reported data are not sufficient to establish the 

directness of this relationship. 

The purpose of this study focuses on establishing the physical link between Tic40’s 

transmembrane domain (TMD) sequences and rhomboid proteases.  Through comparative  
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Figure 1.  The hydropathy profile of Ricinus communis Tic40.  The x-axis represents 

the amino acid location within the sequence, while the y-axis represents the solubility 

of the residue represented.  The structure of Tic40 is represented below the 

hydropathy profile.  Tic40 structural predictions contain a TP region (transit peptide), 

TMD (transmembrane domain), TPR (tetratricopeptide repeats), and a J-Domain 

(heat-shock protein-interacting domain).  The predicted location of the TMD is 

between amino acids 114 and 134.  The amino acid sequence before and within the 

predicted TMD highlights the motifs believed to be essential for rhomboid protease 

interactions.  The motifs investigated (ASISS, GV, QP, and GVGVG) within this 

study are represented in bold and are underlined. 
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analyses of select TMD motifs, various mutations will be assessed for effects which resemble 

those reported from non-plant rhomboid substrates.  The three conserved motifs selected for 

assessment in yeast mitochondria-based assays are ASISS, GV, and QP (see figure 1).  The TMD 

motifs were selected due to similarities to substrates characterized from non-plant model 

systems, such as Drosophila (Rhomboid-1) (Urban &Freeman, 2003) and Escherichia coli 

(GlpG) (Aklyama & Maegawa, 2007).  Mutations within the motifs of these model substrates 

were shown to affect cleavage by rhomboid proteases.  Such motifs are highly conserved and 

utilized by diverse rhomboid proteases from a variety of organisms (Aklyama &Maegawa, 

2007), even when introduced to the TMD of non-substrate proteins (Urban, 2006).  The 

mutagenesis results obtained in this study suggests that the three TMD motifs of Tic40 are 

utilized in a manner resembling other rhomboid proteases.  An additional motif, GVGVG, was 

investigated due to potential structures within the intramembrane environment.  Although there 

are no studies referring to GVGVG as an essential motif, the mutagenesis results suggest 

potential recognition features. 
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CHAPTER 2: LITERATURE REVIEW 

Regulated Intramembrane Proteolysis 

 Regulated intramembrane proteolysis (RIP) represents a new twist on the conventional 

views of proteolysis and its regulatory roles in the cell.  Membrane-embedded proteases were 

considered controversial during the early days of their discovery since proteolysis was 

commonly believed to be purely a hydrolytic reaction that required a non-membranous context.  

The three classes of intramembrane proteases involved in RIP, called collectively as I-CliPs, 

have no obvious evolutionary ties to each other, yet these three classes of I-CliPs share 

functional and physical similarities.  Such convergence in function and structure may be 

reflective of the same lipid environment in which all three classes of I-CliPs operate.  Since the 

cleavage of peptide bonds is still dependent on the presence of water, intramembrane or not, 

transmembrane domains (TMDs) become an important functional feature of I-CliPs.  TMDs are 

not only essential for anchoring or embedding I-CliPs in the membrane but also to promote 

hydrophilic microenvironments where proteolysis can take place (Akiyama & Maegawa, 2007; 

Wolfe & Kopan, 2004).  Substrates of I-CliPs are thus also membrane-embedded and frequently 

release soluble segments upon cleavage.  The released soluble ligands then in turn act as 

downstream effectors.   The remaining membranous segments of the target substrates may also 

attain alternate functions. 

 Despite RIP examples being dominated by non-plant organisms, some plant mechanisms 

involving RIP have been identified.  In plants, RIP so far appears to be used in the ER stress 

response, plastid development, cytoskeleton organization, and pollen maturation (Bolter et al., 

2006; Han et al., 2009; Khandelwal et al., 2007; Urade, 2007; Urade, 2009).  Despite these 
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examples, there are many more processes to be discovered in plants.  Documenting any new RIP 

process is no simple feat, since regulatory pathways are complex and often mask the activities of 

RIP.  One may speculate that identifying I-CliP substrates would be a simple feat since substrates 

would be membrane-bound, but the cryptic nature of RIP itself and how RIP is involved make 

searching a daunting task.  

 

Rhomboid Protease-Mediated RIP in Non-Plant Systems 

Rhomboid proteases represent the newest discovered and largest group of I-CliPs to date.  

With the exception of specialized bacterial species which have undergone genome reductions, all 

organisms sequenced to date contain rhomboid-like proteases (Koonin et al., 2003).  Rhomboid 

proteases display exceptional levels of functional conservation across wide evolutionary 

distances, from bacteria to mammals to plants (Brown et al., 2000).  The conserved nature of 

rhomboid proteases suggests that the required regulatory roles are being controlled using similar 

RIP mechanisms.  Despite the conserved nature of rhomboid protease functionality, the role of 

rhomboid proteases in plants remains unknown relative to the non-plant systems. In order to 

enhance our ability to identify potential plant rhomboid protease-based RIP mechanisms, it 

would be useful to investigate non-plant systems and look for similar cellular processes where 

plants may also utilize rhomboid proteases. 

Rhomboid proteases were first discovered in Drosophila melanogaster as part of the 

epidermal growth factor receptor pathway.  In 2001, the growth factor receptor Spitz was 

discovered to undergo membrane-bound cleavage releasing a soluble ligand to regulate gene 

expression (Lee et al., 2001).  Spitz has become a model rhomboid protease substrate since 
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diverse rhomboid proteases (from bacteria, mammals and plants) will not only recognize, but 

also cleave it (Urban & Freeman, 2003).  This phenomenon supports the hypothesis that 

rhomboid protease substrates contain common features in the cleavage sequence located within 

the TMDs.  Mutagenesis studies involving Spitz and Keren (another Drosophila rhomboid 

substrate) provided more evidence that there are key structural features involved in the cleavage 

process.  Two TMD comprising of 7 amino acids in size (ASIAS and GA) was discovered to be 

absolutely essential to permit cleavage in Spitz-like substrates (Urban and Freeman, 2003). 

 Further evidence of conserved cleavage domains within the TMD was reported by 

Akiyama and Maegawa (2007).  Not only are there key structural motifs throughout the TMD, 

but the domains were also found to be position dependent.  Point mutations introduced to one or 

two key residues impaired or enhanced cleavage (Akiyama & Maegawa, 2007).  Structural 

predictions suggest that one of the key motifs involve helix destabilizing properties within lipid 

bilayers (Akiyama & Maegawa, 2007).  Such motifs generate a site of recognition and ability to 

unravel the α-helix exposing the peptide backbone (Akiyama & Maegawa, 2007).  Although this 

study involved model substrates designed for E. coli rhomboid proteases (GlpG), similar 

structural motifs were shown to exist within Spitz and Keren as well.  Since a variety of 

rhomboids from several organisms have the ability to recognize diverse substrates, any 

membrane-bound proteins which share common TMD properties may reflect possible 

involvement in RIP processes.  

 Organellar rhomboid proteases were discovered in S. cerevisiae and are believed to be 

localized in the inner membrane of mitochondria.  This particular rhomboid protease (Rbd1) has 

two known substrates, the more biologically significant one being Mgm1.  Mgm1 appears to be 

responsible for controlling mitochondrial membrane fusion and fission (Herlan et al., 2003).  
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Mitochondrial remodelling depends on a ratio between cleaved and non-cleaved forms of Mgm1 

(Urban, 2006).  Mgm1 is released into the intermembrane space when cleaved, while the 

uncleaved form remains anchored deep within the inner membrane.  Prior to cleavage, Mgm1 is 

pulled further into the inner membrane by an ATPase motor, exposing the TMD cleavage site to 

Rbd1 (Urban, 2006; Wolfe & Kopan, 2004).  It is believed that damaged mitochondria will not 

produce efficient amounts of ATP for the pulling step of the scheme.  This in turn prevents 

sufficient amounts of Mgm1 cleavage thereby impairing fusion with functional mitochondria 

(Herlan et al., 2004).  

 Another important RIP example was discovered to exist within many bacterial species 

and may represent another conserved family of rhomboid proteases.  P. stuartii utilizes the 

rhomboid protease AarA to assist in quorum-sensing between cells (Stevenson et al., 2007).  

AarA targets and cleaves an N-terminal segment on TatA, a subunit of the twin-arginine 

translocon.  This translocon transports fully-folded proteins across the cell membrane which has 

the potential to act as a genetic regulator between cells (Aklyama & Maegawa, 2007; Stevenson 

et al., 2007).  Prior to cleavage, the N-terminal segment successfully prevents translocation by 

blocking the passage of proteins.  AarA is particularly interesting as it controls translocation 

activity (Freeman, 2008; Stevenson et al., 2007). 

 

Rhomboid Proteases in Plants 

 The numerous conserved examples of non-plant RIP will prove essential in discovering 

novel RIP processes in plants.  The evidence of rhomboid-mediated RIP in plants is 

accumulating, especially when acknowledging the potential number of functional rhomboid 
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protease genes involved.  Arabidopsis contains at least thirteen genes and rice contains at least 

twelve, the greatest number observed in any organisms (Koonin et al., 2003).  It is unlikely that 

plants have maintained so many functional rhomboid protease genes and lack functional RIP 

mechanisms.  Uncovering RIP mechanisms in plants awaits discovery, but it appears to be a 

complicated endeavour due to overlapping and “moonlighting” responsibilities apparent with so 

many rhomboid proteases (Koonin et al., 2003; Kanaoka et al., 2007).  Since the evidence so far 

indicates that plant rhomboid proteases are likely active and functional, the next aspect to 

consider would be their possible involvement in known cellular processes in plants. 

Recently, the “universal” nature of rhomboid proteases and their substrates have been 

exploited as a strategy to identify potential mechanisms in plants that may involve rhomboid 

proteases and RIP.  The potential involvement of rhomboid proteases in cellular processes can be 

observed in two recently reported cases involving plastids and mitochondria.  The “universal” 

strategy helped identify Tic40 as the first possible natural plant substrate of rhomboid proteases.  

Recent evidence supports a link (directly or indirectly) with at least one rhomboid protease and a 

plastid protein translocation process (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 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 the known Drosophila substrates, Tic40 also possesses a similar 

transmembrane motif with hypothesized helix-destabilizing residues.  This TMD of Tic40 is 

located in a different location relative to the C- or N-terminus (when compared to Spitz, Keren, 

and Gurken), but in theory should have no effect on the cleavage mechanisms.  Furthermore, the 
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putative plastidial rhomboid protease is predicted to be in the same place as most of the Tic40 

proteins, namely within the inner envelope membrane.  Thus Tic40 and plastidial rhomboid 

proteases are physically accessible to each other.  The data reported to date, however, are not 

sufficient to establish the directness of the Tic40-rhomboid protease relationship.  The Tic40-

rhomboid protease link will require further experimentation. 

 The involvement of rhomboid proteases in the plastidial protein transport process is a 

likely functional possibility.  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 modulated through rhomboid protease 

function.  Tic40 appears to be capable of maintaining small natural populations of proteins in 

different configurations with different relative molecular sizes in the envelope (Karakasis et al., 

2007; Ko et al., 2005).  Tic40 also possesses modulating capabilities (Ko et al., 2005) that 

appear to react according to the requirements of protein transport.  It is therefore conceivable that 

such features of Tic40 are influenced by rhomboid proteases.  This speculation is further 

supported since such a mechanism has already been described for the AarA/TatA component of 

the protein transport machinery in P. stuartii (Stevenson et al., 2007). 

In another report, Kmiec-Wisniewska and coworkers used GFP transient 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, AtRBL12 in yeast cells 

failed to restore cleavage of Ccp1 or Mgm1 when functional Rbd1 copies were not present 
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(Kmiec-Wisniewska et al., 2008).  This outcome is different from the results obtained with the 

human orthologue, PARL which is able to complement the mutant yeast cells by restoring 

cleavage activities (Kmiec-Wisniewska et al. 2008).  These findings suggest that plant 

mitochondrial rhomboid proteases are likely focusing on different substrates from the ones 

reported for the yeast mitochondrial rhomboid protease Rbd1.  The identity of the plant 

mitochondrial targets await discovery. 

The link between Tic40 and rhomboid proteases should incorporate cellular/plastidial 

regulatory roles.  Plastids function primarily in the synthesis and storage of proteins, 

carbohydrates, and fats, and of course photosynthesis.  Stressors related to development and 

encountered from external stimuli generate fluxes in the cellular stores of energy and 

biosynthetic precursors.  Quick and flexible manipulations at the level of gene expression and 

post-translational modifications must occur to maintain optimal functional conditions.  Post 

translational modifications can generate alternate functions in enzymes.  Modifying plastid 

proteins are especially important in achieving flexibility as 90% of the plastid ancestral genome 

has integrated into the host cell’s nucleus (Bédard & Jarvis, 2005).  Post-translational 

transportation generates an ability to alter import efficiency.  This could generate an ability to 

selectively import a particular set of enzymes to fulfill any cellular requirements. 

 

Roles of the Plastid Translocon during Protein Trafficking 

 Fully understanding how the translocon functions depends upon understanding the 

structure of plastids.  Chloroplasts contain six separate compartments, isolated by three distinct 

membranes.  The outer and inner membranes separate plastids from the cell, while the thylakoid 
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membranes contain photosynthetic apparatus.  Three soluble compartments include the 

intermembrane space, the stroma and the thylakoid space.  Each compartment provides unique 

microenvironments physically separated from the other generating specialized chemical 

conditions to accommodate specific reactions and proteins (Soll, 2004).  Correctly targeting 

proteins within their designated compartment is essential to satisfy metabolic and developmental 

roles (Vothknecht & Soll, 2005).  Protein destinations must be recognized quickly and accurately 

in order to target them to the correct compartment.  Each level of the translocon establishes the 

flexibility required for such processes to permit correct plastid function. 

 

Translocon of the Outer Chloroplast membrane (TOC) 

Plastidial proteins are fully translated prior to transportation across the outer chloroplastic 

envelope.  The membrane embedded translocation complexes generate selective mechanisms and 

permit active import of plastid destined proteins.  The transport machinery responsible for 

trafficking proteins into plastids has been termed the TOC and TIC complex (Translocon of the 

Outer Chloroplast membrane and Translocon of the Inner Chloroplast membrane respectively).  

Each layer of import represents another unique site with regulatory potential.  The outer 

envelope provides broad recognition and processing of proteins destined to given plastid 

compartments (Jarvis & Robinson, 2004).  Post-translational modifications of import apparati 

may alter import efficiency and manipulate overall cellular productivity (Kovacheva et al., 

2005).  Due to the complex integrated roles of transport machinery, mutations to components can 

generate protein mistargeting, retarded development and possibly lethality (Chou et al., 2003; 

Kovacheva et al., 2005). 
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 The TOC complex comprises of five individual proteins named based upon their 

membrane location and molecular size (kDa).  As a whole the TOC complex is about 500 kDa in 

size (comprising of Toc75, Toc159, Toc34, Toc64, Toc12 and all appropriate homologs).  Each 

subunit is responsible for unique functions and interacts with others to effectively transport 

proteins across the outer membrane (Schleiff et al., 2003).  Proteins destined for plastid 

compartments are synthesized with a target sequence termed a transit peptide.  The recognition 

of this signal by a TOC receptor permits passage across the outer membrane (Chew & Whelan, 

2004).  Toc159, Toc34 and Toc75 form the heart of TOC, responsible for forming the receptor 

and channel (Jarvis & Soll, 2002).  Toc159 and Toc34 initially recognize and bind the transit 

peptide, where GTPase domains drive the import process (Kikuchi et al., 2006). 

Aside from the initial energy dependent binding of the transit peptide, there are limited 

regulatory roles associated with TOC complex import (Becker et al., 2004).  Toc75 forms a beta-

barrel structure within the outer membrane which tightly associates with the receptor (Toc159 

and Toc34).  Toc75 acts as a voltage-gated channel generating the force required to drive import 

(Baldwin & Inoue, 2006; Hinnah et al., 2002).  Voltage-gated channels limit translocation in a 

unidirectional manner to minimize secretion back into the cytosol (Nassoury & Morse, 2005).  

Although the transit peptide is now oriented correctly and has been pulled into the Toc complex, 

a mechanism is still required to complete passage across the outer membrane.  Toc64 forms a 

complex with Toc12 acting as a docking station for the attachment of Hsp70 (Kessler et al., 

2006).  This complex provides stability and guidance during precursor import and recognition by 

the TIC complex. 
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Translocon of the Inner Chloroplast membrane (TIC) 

 The TIC complex is responsible for transporting proteins across the inner membrane.  

Compared to the TOC complex, TIC represents a layer of flexibility through numerous 

regulatory roles during translocation.  There are more subunits compared to TOC, consisting of 

seven separate proteins (Tic110, Tic20, Tic22, Tic40, Tic55, Tic62, Tic32 and all appropriate 

homologs) (Kikuchi et al., 2006).  TIC requires high levels of ATP in order to fully transport 

precursors across the inner membrane (Jarvis & Robinson, 2004).  Tic110 was the initial protein 

discovered within the TIC complex as it is present in the highest concentrations and forms the 

physical channel (along with Tic20) (Chen et al., 2002; Inaba et al., 2003).  Tic110 and Tic20 

form a voltage-gated channel which contains chaperone docking sites assisting in maintaining 

the correct transit peptide conformation and orientation (Inaba et al., 2005; Kessler et al., 2006).  

 Co-immunoprecipitation experiments have shown that Tic62 directly interacts with 

Tic110, physically forming a portion of the channel or acting as structural support (Nassoury & 

Morse, 2005).  Tic62 also interacts with ferredoxin-NADP oxidoreductase, providing altered 

organellar redox states generating direct modulations in preprotein flux (Nassoury & Morse, 

2005).  Two other proteins have been hypothesized to alter preprotein flux through 

manipulations in the organellar redox state (Kessler & Schnell, 2006).  Tic55 assists with 

translocation through specifically altering diethylpyrocarbonate levels at the inner membrane 

(Caliebe et al., 1997).  Tic55 contains a Rieske iron-sulfate cluster, thus containing the ability to 

tightly associate metabolic rates within plastids and subsequently modulate the rate of protein 

import (Nassoury & Morse, 2005).  Tic32 demonstrates the ability to manipulate influx through 

interactions with Tic110 (Hormann et al., 2004).  Lethality, when Tic32 is “knocked out”, 

highlights the importance of translocation modifications during embryogenesis (Hormann et al., 



16 
 

2004).  It has been suggested that Tic32 assists in gating potentials of Tic110, acting as a redox-

sensing protein to help manipulate access for essential photosynthetic proteins (Hormann et al., 

2004).  Any severe phenotype attributed to the various regulatory proteins demonstrates the 

importance of modulations throughout translocation at various developmental stages.  Although 

not always lethal, deletions of Tic40 results in severely hindered growth and development. 

 

Tic40 

 Structurally, Tic40 is predicted to contain a large soluble domain extending into the 

stroma and anchored within the inner membrane by a single TMD.  Its role as a co-chaperone 

occurs through interactions with Tic110, Hsp93, and the incoming peptide (Kovacheva et al., 

2005).  A large soluble domain contains a putative tetratricopeptide repeat domain which 

promotes protein-protein interactions with Tic110 and the incoming precursor (Chou et al., 2003; 

Kovacheva et al., 2005).  Following this domain is a C-terminal domain sharing homologous 

features with mammalian co-chaperones Hsp70-interacting protein (Hip) and Hsp70/Hsp90-

organizing protein (Hop) (Frydman &Hohfeld, 1997; Hohfeld et al., 1995).  Once Tic40 binds to 

Tic110, a conformational change exposes this hydrophilic Hip/Hop domain on Tic40, recruiting 

Hsp93 to form a complex (Chen & Li, 2007).  The Tic40, Tic110, and Hsp93 generate an import 

motor complex at the stromal face of the TIC complex generating the pulling force necessary to 

complete precursor import (Bédard & Jarvis, 2005). 

 In order to provide necessary and efficient communication between the TOC and TIC 

complexes, translocon components must permit interactions between the two complexes.  Aside 

from the few proteins which remain within this soluble compartment, Tic40 again shows 
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flexibility and the ability to interact with both TOC and TIC through altered molecular sizes and 

membrane positioning (Ko et al., 2006).  Documented structural flexibility of Tic40 throughout 

plastid membranes coupled with the significant decrease of translocation in knockouts makes it 

tempting to speculate on the possible regulatory/modulating roles.  Developmental stages have 

also been shown to impact the expression levels and morphology of Tic40 within specific tissues 

(Karakasis et al., 2007; Ko et al., 2006).  The biggest question associated with Tic40 revolves 

around how the various forms are generated. 

All preliminary research involving Tic40 suggests numerous potential modulating roles 

during translocation.  Overall retarded growth resulting in smaller and paler individuals 

containing underdeveloped thylakoids results when no functional Tic40 copies are present (Chou 

et al., 2003).  Knockouts generate a reduction of approximately 60% in protein translocation 

(proteins secrete out of plastids).  This secretion of the various proteins required for proper 

thylakoid development and function are directly attributed to overall decreased cellular growth 

(Chou et al., 2003).  Decreased translocation to such a degree highlights the potential for Tic40 

to generate flexible yet effective manipulations in translocation (Ko et al., 2006).  Tic40 has the 

ability to acquire altered forms, in terms of stoichiometric profile, molecular size and position 

within plastid envelopes (Ko et al., 2006).  Genomic studies have demonstrated that Tic40 is 

represented by just one gene, so manipulations occur through post-translational modifications 

(Jackson-Constan & Keegstra, 2001).  Although speculative, overall Tic40 manipulations could 

generate constant flux in the interactions with other subunits and the incoming peptide 

effectively altering protein import (Jackson-Constan & Keegstra, 2001).  Since the various forms 

of Tic40 relate to developmental stages in select tissues, establishing rhomboid-mediated RIP 
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may generate the regulatory potential to alter cellular plastidial function (Karakasis et al., 2007; 

Ko et al., 2006).  
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CHAPTER 3: MATERIALS and METHODS 

Preparation and Mutation of Plasmids 

 Ricinus communis Tic40 constructs (accession number DQ473580) from developing 

castor seed cDNA was inserted into YEplac195 yeast E. coli shuttle vector.  Expression is 

controlled via an upstream alcohol dehydrogenase (ADH) promoter.  Studies by Akiyama and 

Maegawa (2007) and Urban and Freeman (2003) provided preliminary data for the recognition 

of potential rhomboid protease features on Tic40.  Oligonucleotide primers were designed to 

introduce point mutations within select TMD motifs (see Appendix I) through in vitro methods 

provided by the QuikChange® Multi Site Directed Mutagenesis Kit (Catalogue #200515).  Site-

directed mutagenesis protocols were supplied by Stratagene, using PCR parameters outlined in 

Table 1.  After the PCR, parental dsDNA was digested using the supplied restriction enzyme, 

DpnI.  An additional step was introduced prior to transformation in order to concentrate the DNA 

as follows:  37 μL sterile dH2O, 1 μL 5M NaCl, and 100 μL 100% ethanol was added to each 

reaction and precipitated overnight at -20°C.  Guidelines for heat-shock induced transformation 

of XL10-Gold ultracompetent cells were supplied with the kit.  Transformed cells were then 

plated on LB-Ampicillin agar plates (recipe in kit protocol) and grown overnight. 

 

Table 1: Cycling parameters used for mutagenesis outlined in the QuikChange® Multi Site Directed Mutagenesis Kit 

protocol.  

Segment Cycles Temperature Time 

1 1 95°C 1 minute 

2 30 95°C 1 minute 

55°C 1 minute 

65°C 2 minutes/kb plasmid length (~16 minutes) 
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A diagnostic mini-plasmid isolation protocol was used to confirm successful 

transformation of the desired plasmid (7.9 kb).  Following the diagnostic gel electrophoresis, 

cultures for large scale DNA isolations were grown.  Large scale PEG isolation protocol (ref. 

Promega p.14 Transcription Systems) was used for plasmid DNA isolations.  Optical density 

absorption readings (OD260) were used to calculate DNA concentrations.  Four independent 

duplications for each mutation were isolated and sent for sequencing (provided through Genome 

Quebec sequence services) to verify mutations. 

 

Yeast Transformation and Mitochondrial Isolation 

Verified mutated constructs were used to transform Saccharomyces cerevisiae cells using 

the heat-shock-chemical method.  Two strains were used to compare Tic40 cleavage: functional 

Rbd1 (rbd1+) and non-functional Rbd1 (rbd1-).  An additional strain was developed for control 

purposes knocking out both yeast rhomboid protease genes.  Transformed cells were selected 

using uracil synthase, grown on selective YC-U plates containing 2% (w/v) agar, 0.12% (w/v) 

yeast nitrogen base, 0.5% (w/v) AP (ammonium persulfate), 1.0% (w/v) succinic acid, 0.6% 

(w/v) sodium hydroxide, 0.192% (w/v) Sigma yeast synthetic drop-out media supplement 

without uracil, and 2% (w/v) glucose.  All colonies were collected using a flamed metal loop and 

grown in 3 mL liquid YC-U overnight.  A volume of 850 μL from the overnight culture was 

mixed with 150 μL sterile glycerol and stored at -80°C.  The remaining overnight culture was 

used for whole cell protein extraction. 

The remaining culture was centrifuged and the supernatant removed.  The resulting pellet 

was allowed to freeze for 10 min at -80°C.  A volume of 100 μL of prewarmed (60°C) cracking 
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buffer containing 5% SDS, 40 mM Tris-HCl pH 6.8, 0.1 mM EDTA pH 8.0, and 1% β-

mercaptoethanol was used to resuspend the frozen pellet.  The cell suspensions were transferred 

to new micro tubes containing ~100 μL glass beads (425 – 600 microns) and incubated at 70°C 

for 10 min.  The cells were lysed by vortexing them for 1 min, then centrifuged for 5 min at 16 

000 g.  25 μL of the supernatant was transferred to a new tube and mixed with 25 μL protein 

loading dye, containing protease inhibitors.  The samples were boiled for 5 min and analyzed 

using 12% SDS polyacrylamide gels and immunoblotted.  The nitrocellulose membranes were 

probed with anti Tic40 IgG to detect expression levels. 

The mitochondrial isolation protocol was derived from Daum et al. (1981).  Cultures 

having verified Tic40 expression were grown in 50 mL YC-U liquid media overnight at 30°C.  

Overnight cultures were then transferred into 1 L of YC-U and grown for 3 h at 30°C to mid-log 

phase, maximizing mitochondrial concentrations.  Each culture was transferred into 2 centrifuge 

bottles (2 x 500 mL) and centrifuged for 5 min at 4000g.  The pellets were resuspended in 100 

mL dH2O and combined prior to centrifuging again for 5 min at 4000g, generating a more 

compact pellet.  The wet weight of the pellet was measured to allocate appropriate suspension 

volumes.  The pellet was resuspended in 0.1 M Tris-SO4 pH 9.6, 10 mM DTT (dithiothreitol) 

solution to a ratio of 0.5 g wet weight/mL solution.  The mixture was then incubated at 30°C for 

15 min, followed by centrifugation for 5 min at 4000g.  The pellet was washed with buffer A 

(1.2 M sorbitol, 16 mM K2HPO4, 4 mM KH2PO4, pH 7.4) and centrifuged for 5 min at 4000g 

and the supernatant removed.  The pellet was then resuspended in Buffer A with zymolase (from 

Arthrobacter luteus – MP Biomedicals, LLC) to a concentration of 2.5 mg zymolase per gram 

yeast cells.  The solution was incubated at 30°C for 45 min with occasional shaking.  The 

resulting spheroplasts were collected by centrifugation for 5 min at 4350g.  The spheroplast 
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pellets were washed 2 times with Buffer A centrifuging for 5 min at 4350g to gain a greater 

purification of isolated spheroplasts. 

The remainder of the procedure was carried out at 4°C.  The spheroplast pellets were 

resuspended in buffer B (0.6 M sorbitol, 10 mM Tris-HCl pH 7.5) with 0.5 mM PMSF 

(phenylmethylsulfonyl fluoride) and 0.1% BSA (bovine serum albumin).  The final 

concentration of the resuspension was 0.30 g cells/mL and incubated on ice for 20 min.  The 

mixture was homogenized using a Dounce homogenizer and diluted with 1 volume buffer B with 

PMSF/BSA.  The homogenate was centrifuged for 5 min at 4000g and the supernatant removed 

and saved on ice.  The resulting pellet was diluted in buffer B with PMSF/BSA to a 

concentration of 0.5 g cells/mL and homogenized again.  The homogenate was diluted with 1 

volume buffer B with PMSF/BSA and centrifuged for 5 min at 4000g.  The supernatant was 

combined with the previous supernatant and centrifuged for 10 min at 10 000g.  The resulting 

supernatant from the homogenate was removed and the pellet resuspended in 10 mL buffer B 

(without PMSF/BSA).  The resulting mixture was centrifuged for 5 min at 4000g to remove any 

non-lysed cells.  The resulting supernatant was centrifuged for 10 min at 18 000g.  The pellet 

was washed 2 times with buffer B (without PMSF/BSA) and centrifuged for 10 min at 18 000g.  

The final pellet was resuspended in 400 μL buffer B (without PMSF/BSA) and stored at -80°C. 

 

Protease Treatments of Yeast Mitochondria 

Tic40 has demonstrated different localizations within the inner and outer plastid 

envelope, so protease treatments were used to compare any altered positions within the plastid 

envelopes due to mutations.  Three potential overall arrangements of Tic40 are possible within 
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envelopes, protruding beyond the outer membrane, protruding into the intermembrane space but 

not beyond the outer membrane, and remaining within the inner membrane and not protruding 

into the intermembrane space.  The first arrangement would allow exposure to both trypsin and 

thermolysin, while the second arrangement would only allow accessibility to trypsin, while the 

third arrangement would be protected against both proteases. 

Mitochondrial concentrations were measured using BioRad protein assay dye and the 

optical density absorption (OD595) to quantify the appropriate amount of mitochondria for each 

protease digestion.  Each protease reaction contained ~100 μg mitochondria, including a control 

(no protease), thermolysin treatment (1 h on ice), and trypsin treatment (30 min on ice).  The 

thermolysin treatment contained 1 μL of thermolysin (stock: 1 μg/μL in buffer B), while the 

trypsin treatment contained 10 μL trypsin (stock: 1 μg/μL in buffer B) in a total volume of 300 

μL per reaction.  The thermolysin reaction was stopped by adding 1 μL EDTA and 599 μL buffer 

B and the trypsin reaction was stopped by adding 300 μL buffer B with PMSF (3mM), 70 μL 

trypsin inhibitor (1 μg/μL in buffer B), and 230 μL buffer B.  All reactions were centrifuged for 

10 min at 18 000g.  The pellet was washed 2 times in 3 mL of buffer B (without PMSF/BSA).  

All pellets were resuspended in 50 μL buffer B and stored at -80°C. 

 

Rhomboid Isolation and Purification 

Bacterial cultures containing rhomboid constructs (AtRBL11, AtRBL12, Rbd1, and 

Rbd2) were grown overnight in 1 mL LB-Amp at 37°C.  Overnight cultures were then grown in 

50 mL Terrific Broth (1.2% (w/v) tryptone, 2.4% (w/v) yeast extract, 0.4% glycerol, 0.231% 
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(w/v) KH2PO4 (monobasic), 1.254% (w/v) K2HPO4 (monobasic)) for 2 h at 30°C.  Each 50 mL 

culture was inoculated with 100 µL (48 mg/mL) IPTG and incubated at 16°C overnight. 

Overnight cultures were centrifuged for 10 min at 8 500g, while nickel beads were 

centrifuged at 750 g for 2 min following by a wash in 1.5 mL Buffer E-A (50 mM Hepes-KOH 

pH 7.5, 1 mM MgCl2, 1 mM CaCl2, 10% glycerol, 30 mM Imidazole, 1% DDM (n-Dodecyl β-

D-maltoside), 0.05% CHS (Cholesteryl Hemisuccinate Tris salt), 500 mM NaCl) and mixed for 

5-10 min.  After the cultures were centrifuged, the supernatant was removed and the pellet 

resuspended in 5 mL Buffer D (50 mM Hepes-KOH pH 7.5, 200 mM NaCl, 1 mM MgCl2, 1 mM 

CaCl2, 10% glycerol, 5 mM Imidazole, 1X Protease Inhibitor, 1% DDM (n-Dodecyl β-D-

maltoside), 0.05% CHS (Cholesteryl Hemisuccinate Tris salt)).  Resuspended cultures were 

ruptured by running them through a French Press twice.  Beads were centrifuged again for 2 min 

at 750 g, washed and incubated in Buffer E-A for another 5-10 min.  After the cultures were 

lysed, they were centrifuged for 10 min at 1000g.  While spinning cultures, the beads were 

washed again in Buffer E-A.  The supernatant was then centrifuged for 15 min at 40 000g, while 

spinning down the beads for 2 min at 750 g and the buffer was then removed.  The supernatant 

from the lysed cells was removed and placed on the beads, and incubated on a shaker for 1 h at 

4°C.  The samples were then centrifuged for 2 min at 750 g and the supernatant removed.  The 

beads were then washed 5 times with 600 µL Buffer E-A.  All Buffer E-A was removed, and 

washed an additional 5 times with 600 µL Buffer E-B (50 mM Hepes-KOH pH 7.5, 200 mM 

NaCl, 1 mM MgCl2, 1 mM CaCl2, 10% glycerol, 30 mM Imidazole, 1% DDM (n-Dodecyl β-D-

maltoside), 0.05% CHS (Cholesteryl Hemisuccinate Tris salt)).  The samples were then eluted 

with 100 µL Buffer F (50 mM Hepes-KOH pH 7.5, 200 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 

10% glycerol, 400 mM Imidazole, 1% DDM (n-Dodecyl β-D-maltoside), 0.05% CHS 
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(Cholesteryl Hemisuccinate Tris salt)), centrifuged for 2 min at 750 g.  The supernatant was 

removed into 0.5 mL tubes and frozen in liquid nitrogen, then stored at -80°C. 

 

In Vitro Cleavage Assay 

Select mutations were cloned into pGEM11 vector and linearized with appropriate 

restriction enzymes.  In vitro transcription/translations (TNT T7 coupled Wheat germ extract 

system, catalogue # L4140) were carried out at 30°C for 90 min.  Each reaction of 25 µL, 

comprised 12.5 µL Wheat germ extract, 1 µL TNT buffer, 0.5 µL T7 Polymerase, 0.5 µL amino 

acids (minus methionine), 2 µL 
35

S-met, 0.5 µL RNAsin (40u/µL), 1 µL linear DNA (1 µg), and 

7 µL dH2O. 

All cleavage assays were carried out at 30°C for 2 h using AtRBL11, AtRBL12, Rbd1, 

Rbd2 and controls containing no rhomboid protease extracts.  Each reaction comprised of 5 µL 

rhomboid protease extract, 12.5 µL cleavage buffer (50 mM Hepes-KOH pH7.5, 10% glycerol, 

50 mM Na-EDTA) and 2.5 µL translation product.  The control contained 17.5 µL cleavage 

buffer and 2.5 µL translation product.  Proteins were concentrated by adding 2 µL trichloroacetic 

acid and precipitating on ice for 30 min.  The samples were then centrifuged for 10 min at 8000 

g, washed with 80% acetone and centrifuged again for an additional 3 min at 8000 g.  A volume 

of 5 µL protein loading dye was added, and all samples were boiled for 3 min and stored at -

80°C.  The samples were analyzed using 11% or 12% SDS polyacrylamide gels. 
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Protein Quantification 

All mitochondrial isolations were assessed for protein concentrations using the Bradford 

protein assay dye system.  A volume of 1 μL of a mitochondrial isolate was added to 799 μL 

dH2O and 200 μL BioRad protein assay dye.  A blank comprising of 800 μL dH2O and 200 μL 

BioRad protein assay dye was prepared as a reference point.  All samples were mixed and 

allowed to incubate for 20 min at room temperature (~21°C).  The optical density absorption 

(OD595) was measured and all samples normalized to equal concentrations.  The final 

concentrations were diluted to ~2 μg/μL (1 μL being equal to an OD595 of 0.133) with dH2O and 

standard denaturing protein-loading dye, boiled for 5 min and stored at -80°C. 

 

SDS Polyacrylamide Gel Electrophoresis (SDS PAGE) and Immunoblotting 

All mitochondrial samples (protease treatments and isolations) and in vitro samples were 

separated using standard protein gels.  Prior to loading, all samples were centrifuged at 8000g for 

5 min in a microfuge.  A 12% resolving gel (12% (w/v) polyacrylamide, 0.375 M Tris-HCl pH 

8.8, 0.001% SDS, 0.05 M ammonium persulfate (AP), and 0.0005% (v/v) tetramethylenediamine 

(TEMED)) was prepared and allowed to polymerize for a minimum of 1 h.  For in vitro samples, 

both 11% and 12% resolving gels were utilized.  After the resolving gel was polymerized, a 5% 

stacking gel (5% (w/v) polyacrylamide, 0.12 M Tris-HCl pH 6.8, 0.13 M AP, 0.001% (w/v) 

SDS, and 0.0013% (v/v) TEMED) was prepared and allowed to polymerize for a minimum of 30 

min.  All gels were electrophoresed with an applied voltage of 150V in Laemmli running buffer 

(0.05 M Tris, 0.4 M glycine, and 0.1% (w/v) SDS) for 1 h at room temperature (~21°C). 
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The mitochondrial samples were then electroblotted onto nitrocellulose membrane using 

20% (v/v) methanol-Laemmli transfer buffer at an applied voltage of 50V for 90 min at 4°C.  

Following the transfer, the nitrocellulose membranes were incubated in blotto (2% (w/v) dried 

Carnation milk powder, 50 mM Tris-HCl pH8.0, 150 mM NaCl) for one h at room temperature 

(~21°C).  The membranes were then exposed to primary antibodies (IgG) against Tic40, Arg8, or 

mtHsp70 (Arg8 and mtHsp70 used as controls for protein concentrations) overnight at 4°C.  

Antibodies specific for Tic40, mtHsp70, and Arg8 were raised in rabbits.  Prior to antibody 

usage, previous work (Karakasis et al., 2007) used titration assays to determine antibody 

concentrations.  Following the overnight incubation, the membranes were washed in TBS 

solution (50 mM Tris-HCl pH8.0, 150 mM NaCl) for 10 min, followed by a 10 min wash in TBS 

plus 0.1% Igepal (Sigma), then again with another 10 min wash in TBS.  The membranes were 

then incubated with goat anti-rabbit secondary antibodies containing a linked horseradish 

peroxidise (PerkinElmer) (diluted 1:3750 in blotto) for one h at room temperature (~21°C).  

After the incubation, the membranes were washed three times in TBS with 0.1% (v/v) Igepal 

(Sigma) for 10 min.  The secondary antibodies were detected using a PerkinElmer Life Science 

Western Lighting Chemiluminescence Reagent kit and exposed to Kodak X-Omat x-ray films for 

up to several min. 

All in vitro 11% SDS polyacrylamide gels were run for 40 min and 12% SDS 

polyacrylamide gels for 60 min (until loading dye ran off the gel).  The gels were transferred into 

fix (40% methanol, 10% acetic acid) and incubated for 1 h on a shaker at room temperature 

(~21°C).  The fix was removed and gels were incubated in EN
3
HANCE (PerkinElmer cat # 

6NE9701) for 1 h.  All EN
3
HANCE was removed and the gels were incubated in 1% glycerol for 
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30 min.  The gels were then dried for 2 h (60°C) and exposed to Kodak X-Omat x-ray films at -

80°C for 5 to 7 days. 

 

Statistical Analysis 

All immunoblots were analyzed by densitometry using Scion Densitometry Software 

(Scion Corporation).  Band intensities were analyzed by measuring the intensities of the top 48 

and bottom 42 kDa bands.  Ratios between the bottom 42 kDa bands to the top 48 kDa bands 

were used to quantify the difference of Rbd1 cleavage/interaction generated through the various 

mutations.  The ratio value corresponds to how much darker/more intense the bottom 42 kDa 

band is compared to the top 48 kDa band.  A total of three blots were analyzed for each mutation 

and averaged.  Select mutations which generated big alterations compared to wild-type 

underwent 3 separate mitochondrial isolations.  Each band on each individual blots were 

measured three times. 
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CHAPTER 4: RESULTS 

Comparative Analysis of TMD Sequences 

The establishment of Tic40 as a natural rhomboid protease substrate in plants requires 

comparative analysis with founding substrates, their defining structures, and to test if such 

structures contribute to proteolytic cleavage the same way for Tic40.  A number of previous 

studies provided key evidence of TMD motifs that appear to play important structural roles with 

respect to proteolytic action within intramembrane contexts.  These motifs generally fall into two 

types of roles.  The first role relates to helix-destabilizations, a feature that helps expose peptide 

bonds.  The second role is linked to the formation of a hydrophilic microenvironment needed for 

proteolysis by bringing water molecules to the site of cleavage (Akiyama & Maegawa, 2007; 

Urban & Freeman, 2003).  Due to the challenges of enzymatic activity within a hydrophobic 

intramembrane environment, rhomboid protease substrates have evolved these types of motifs to 

permit proteolysis.  Membrane-anchored proteins lacking such motifs contain rigid α-helices 

spanning the membrane which are uncleavable since rhomboid proteases are unlikely to be able 

to access the peptide bonds.  Three Tic40 motifs have been discovered to share similar features 

with well-documented substrates.  Forms of ASISS, GV, and QP have all been demonstrated to 

form key structures promoting effective RIP in Spitz-like substrates.  Similar motifs are not only 

present in the TMD of Tic40, but they are arranged similarly.  Another Tic40 motif investigated 

was GVGVG, as it may represent an important feature of the Tic40 TMD. 

All Spitz-like substrates (Spitz, Keren, and the group of MIC proteins) contain ASISS 

and GV like motifs in the form of a 7 residue motif (see figure 2).  Although Tic40 contains  
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Figure 2. Tic40 sequence comparison with known rhomboid protease substrates.  Comparing 

the TMD motifs from Spitz (QP), Spitz (WT), Keren, MIC2, MIC6, and MIC12 with Tic40 

demonstrate the common features shared.  The motifs which demonstrate important recognition 

features are boxed.  Spitz (QP) represents the mutated Spitz TMD used by Akiyama and 

Maegawa (2007), while Spitz (WT) represents the wild-type Spitz TMD.  The alignment 

between Spitz, Keren, MIC2, MIC6, and MIC12 TMDs was adapted from Urban and Freeman 

(2003).  Adapted from Urban and Freeman, 2003. 
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additional amino acids between ASISS and GV, the two motifs appear in the same overall order.  

When present in the TMD, QP was recognized to enhance cleavage of model proteins containing 

Sptiz TMDs, while decreases in cleavage occurred when removed from the second lactose 

permease TMD (Akiyama & Maegawa, 2007).  Tic40 also contains a QP motif downstream from 

GV, located at the same position as mutated Spitz TMDs, where it was noted to increase 

cleavage (Akiyama & Maegawa, 2007).  Tic40 appears to contain the overall required structures 

and the motifs as defined in other founding rhomboid protease substrates.  If mutations within 

these Tic40 motifs give rise to comparable effects observed with the founding substrates, then 

the establishment of Tic40 as a natural rhomboid protease substrate in plants becomes stronger.    

 Analysis of Tic40 Expression in Whole Yeast Cell Extracts 

Transformed yeast cells were selected by growing in uracil drop-out media.  Whole cell 

extracts were prepared and analyzed using 12% SDS polyacrylamide gels and immunoblotting 

(see Appendix II).  Assessment and usage optimization of the anti-Tic40 antibodies were 

established in previous reports (e.g., Karakasis et al. 2007).  These protein blots were used to 

determine expression levels of Tic40.  Stable yeast lines exhibiting the highest expression levels 

were selected for further analysis.  The expression of Tic40 did not impede the growth of yeast, 

control or rbd1- mutant.  The rbd1- strains had slower growth patterns.  The slower behaviour is 

a function of the rbd1- mutation. 

 Assessing the Distribution Patterns of the Mitochondrial Tic40 Bands 

All isolated mitochondrial samples were assessed using 12% SDS PAGE and 

immunoblotting with anti Tic40 IgG.  The resulting bands detected had relative molecular 

masses of 48, 44, and 42 kDa.  Densitometry was used to quantitate changes in the relative levels 
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of the protein bands (namely the 42 and 48 kDa bands as the key indicator of impact).  

Differences in the observed band patterns were assessed for each mutation and represented as a 

ratio of the 42 kDa band to 48 kDa band.  Since rbd1- based strains have almost no cleavage 

activity, the majority of Tic40 was present as the 48 kDa band.   Thus, the 42 kDa band observed 

in the control-based strains occur mostly due to the activity of Rbd1.  For the non-mutated Tic40 

cleavage pattern, a ratio of 11.0±0.6 was generated (the bottom 42 kDa band is 11.0±0.6 times 

more intense than the top 48 kDa band).  Expressing Tic40 in rbd1- and rbd2- strains generated 

lower levels of Tic40 44 and 42 kDa forms compared to the rbd1- strains (see appendix III).  The 

middle 44 kDa band was not assessed as it could not be accurately resolved for analyses.  

Additionally the 44 kDa band showed the least amount of change between mutations and was not 

used as an indicator in the analysis.  All such analyses were carried out in triplicate as multiple 

independent immunoblots and/or independent isolations. 

Comparisons between Single Motif Mutations 

 A total of 21 mutations are grouped under the single motif comparison, incorporating all 

4 motifs (see figure 3).  The first motif, ASISS, displayed a total of 3 important mutations.  

These mutations, I88M, A86G/S87C, and A86G/S89T, are marked with asterisks and 

demonstrate the greatest impact to band ratios within ASISS.  The values represented by these 

mutations are less than half, or greater than twice the value of unaltered Tic40 when considering 

the standard deviation.  Although other mutations generated ratios different from wild-type,  
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Figure 3.  A comparison of mutated Tic40 constructs involving one of four motifs.  Mutated 

Tic40 is expressed in S. cerevisiae mitochondria within rbd1+ and rbd1- strains to detect 

interactions with Rbd1. 

 

A.  Immunoblots of Tic40 after isolation of yeast mitochondria.  All blots for rbd1+ (+)and 

rbd1- (-) yeast strains are displayed.  Proteins were separated through 12% SDS-PAGE, and 

probed with anti-Tic40 IgG.  Molecular marker is displayed on the right of the blots. 

 

B.  The amino acid sequences of Tic40 TMD and corresponding point mutations.  Mutation 

names represent the original amino acid followed by the location, the new amino acid.  All 

mutations are highlighted with red text and underline.  Cleavage is measured as a ratio of the 42 

kDa band to the 48 kDa band (value represents the intensity of the 42 kDa band relative to the 

48 kDa band) with standard deviation.  Asterisks are used to signify mutations which generated 

ratios half or twice as much as wild-type Tic40 cleavage. 
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I88M, A86G/S87C, and A86G/S89T generated the greatest impact to Rbd1 interactions with 

Tic40 (3.7±0.8, 27.6±4.9, and 3.4±0.8, respectively). 

 The GV motif is believed to form the basis of Spitz-like cleavage, commonly observed in 

many of the founding rhomboid protease substrates.  A total of 4 mutations were introduced in 

the GV motif on Tic40 (see figure 3).  Three of the four mutations are marked with an asterisk as 

they generated the greatest effect on Tic40 band ratios compared to every other mutation 

investigated.  G98A, V99A, and V99G produced band ratios of 3.7±0.6, 30.8±3.9, and 0.8±0.2, 

respectively.  Interestingly the mutation G98A/V99A which removed the motif did not result in a 

band ratio (7.3±2.6) that was different when compared to the single mutations. 

 A total of 3 mutations were introduced into the QP motif.  Q102H/P103A produced a 

ratio which was less than half of unaltered Tic40 ratio, with a value of 4.9±0.8.  Another 

interesting observation was noticed with this mutation; the middle 44 kDa band matched the 

intensity of the bottom 42 kDa band.  All other mutations showed dissimilar band intensities 

between the 44 and 42 kDa forms. 

 The final motif investigated was GVGVG, where a total of 4 mutations were introduced 

(see figure 3).  The only mutation which was not marked by an asterisk was G121A, whereas the 

other 3 mutations generated decreased ratios compared to wild-type.  V122L, G123A, and V124I 

all generated lower ratios with values of 2.1±0.3, 3.5±0.4, and 3.5±1.3, respectively.  

Pair-wise Comparisons between Single Mutations Located in Different Motifs 

 A total of 13 mutations were introduced between the ASISS motif and GV, QP, and 

GVGVG motifs (see figure 4).  The first set of comparisons includes single mutations within 

both the ASISS and GV motifs.  All 5 of these mutations were marked with asterisks, signifying 
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important mutations as they greatly differed from wild-type.  A86G/G98A, A86G/V99A, 

S87C/V99A, I88M/G98A, and I88M/V99A all generated lower ratios compared to unaltered 

Tic40, where S87C/V99A affected the intensity of the middle 44 kDa band as observed with 

Q102H/P103A (see figure 4). 

 ASISS and QP are the second pair of motifs compared which both contain single 

mutations.  All mutations between these two motifs generate lower band ratios relative to wild-

type with the exception of S87C/P103A which generated a ratio greater or equal to the wild-type 

ratio (see figure 4).  Two mutations generated ratios which diverged enough from wild-type to be 

significant.  A86G/P103A and I88M/Q102H produced Tic40 ratios of 2.0±0.2 and 4.0±0.4, 

respectively. 

 The final combination grouped within this section was ASISS and GVGVG.  All 3 

mutations which were introduced between these two motifs generated lower ratios compared to 

wild-type, but only one was significant (see figure 4), A86G/G121A produced ratios of 4.0±0.4.   

 

Pair-wise Comparisons between Three or More Mutations Located in Different Motifs 

This category involved 8 mutations between ASISS/QP and GV/QP (see figure 5).  All 

mutations between ASISS and QP were significant.  A86G/Q102H/P103A, 

S87C/Q102H/P103A, and S90G/Q102H/P103A all produced ratios less than half of what is  
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Figure 4.  Pair-wise comparisons between single mutations located in different motifs.  Mutated 

Tic40 is expressed in S. cerevisiae mitochondria within rbd1+ and rbd1- strains to detect 

interactions with Rbd1. 

 

A.  Immunoblots of Tic40 after isolation of yeast mitochondria.  All blots for rbd1+ (+) and 

rbd1- (-) yeast strains are displayed.  Proteins were separated through 12% SDS-PAGE, and 

probed with anti-Tic40 IgG.  Molecular marker is displayed on the right of the blots. 

 

B.  The amino acid sequences of Tic40 TMD and corresponding point mutations.  Mutation 

names represent the original amino acid followed by the location, the new amino acid.  All 

mutations are highlighted with red text and underline.  Cleavage is measured as a ratio of the 42 

kDa band to the 48 kDa band (value represents the intensity of the 42 kDa band relative to the 

48 kDa band) with standard deviation.  Asterisks are used to signify mutations which generated 

ratios half or twice as much as wild-type Tic40 cleavage. 
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Figure 5.  Pair-wise comparisons between three or more mutations located in different motifs.  

Mutated Tic40 is expressed in S. cerevisiae mitochondria within rbd1+ and rbd1- strains to 

detect interactions with Rbd1. 

 

A.  Immunoblots of Tic40 after isolation of yeast mitochondria.  All blots for rbd1+ (+) and 

rbd1- (-) yeast strains are displayed.  Proteins were separated through 12% SDS-PAGE, and 

probed with anti-Tic40 IgG.  Molecular marker is displayed on the right of the blots. 

 

B.  The amino acid sequences of Tic40 TMD and corresponding point mutations.  Mutation 

names represent the original amino acid followed by the location, the new amino acid.  All 

mutations are highlighted with red text and underline.  Cleavage is measured as a ratio of the 42 

kDa band to the 48 kDa band (value represents the intensity of the 42 kDa band relative to the 

48 kDa band) with standard deviation.  Asterisks are used to signify mutations which generated 

ratios half or twice as much as wild-type Tic40 cleavage. 
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observed with the wild-type ratio (2.0±0.6, 2.7±0.1, and 2.3±0.5, respectively – see figure 5). 

 All mutations made that included GV and QP motifs produced ratios which were smaller 

than the wild-type ratio, but not all were significant.  Regardless, 3 out of 5 produced ratios were 

less than half of the wild-type ratio.  G98A/Q102H/P103A, V99A/Q102H/P103A, and 

G98A/V99A/Q102H/P103A were significant, generating ratios of 3.0±0.5, 2.3±0.4, and 2.6±0.5, 

respectively (see figure 5). 

 All blots were additionally probed with anti mtHsp70 and/or Arg8 IgGs as further 

controls.  These blots were used to assist in equalizing protein sample loadings and to assess the 

status of mitochondrial functionality, e.g., normal protein import activities (see Appendix IV).  

Additional exposure to mtHsp70 and Arg8 antibodies were used to verify Tic40 expression 

and/or mitochondrial isolations.  If no bands were detected with anti Tic40 antibodies, mtHsp70 

and Arg8 were used to assess if mitochondrial isolations were successful. 

Mutations which did not generate great differences in the Tic40 band ratio may also serve 

as controls.  Such mutations demonstrate that specific motifs are required for rhomboid protease 

recognition and proteolytic activity.  Additionally, the introduction of mutations within non-

motif specific regions is not necessary to assess the overall consequences of such mutations.  

  

Protease Treatments of Select Mitochondrial Isolations 

To assess whether there were other changes that may result in alterations to sensitivity to 

proteases as a consequence of the mutations, we conducted post-isolation treatments of 

mitochondria with externally-added proteases.  Thermolysin and trypsin treatments did not 
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generate altered Tic40 bands between mutations (see figure 6).  Protease treatments have been 

used in previous experiments (Karakasis, et al., 2007) to detect if Tic40 migrated in or out of the 

inner and outer membrane.  The various mutations did not generate large structural alterations to 

Tic40, thus not causing Tic40 to float up or down through the envelopes, and potentially expose 

parts of proteins to soluble proteases. 

Also, post-isolation treatment of mitochondria with externally-applied proteases 

represents control experiments to assess whether the patterns observed were due to non-specific 

proteolytic activity.  The protease treatment results suggest that the observed Tico40 protein 

bands were mainly a function of the mutation and the yeast mitochondrial rhomboid proteases.   

In Vitro Analysis 

 In vitro cleavage assays demonstrate that rhomboid proteases have the ability to directly 

interact and cleave Tic40 (see figure 7) albeit inefficiently when compared to other studied 

rhomboid proteases.  Both plastidial and yeast mitochondrial rhomboid proteases exhibit activity.    

In vitro cleavage appears to match the overall trends observed with in vivo cleavage.   
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Figure 6.  Protease treatments for select mitochondrial isolations.  Mitochondrial isolations 

were treated with thermolysin and trypsin from rbd1+ strains.  The first lane for all samples 

represents the control (no proteases), the second lane represents thermolysin treatments, and the 

third lane represents trypsin treatments.  Each gel represents a sample of mutations, where A 

represents the immunoblot for G98A/V99A/Q102H/P103A, B represents the immunoblot for 

S87C/G121A, C represents the immunoblot for Q102H/P103A, and D represents the 

immunoblot for G98A/Q102H/P103A.  The molecular mass of the bands is represented on the 

right side of the blots. 
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Figure 7.  In vitro cleavage of Tic40 by AtRBL11, AtRBL12, Rbd1, and Rbd2 rhomboid 

proteases.  The white squares highlight the alterations in Tic40 band ratios due to rhomboid 

protease cleavage.  AtRBL12 and Rbd2 were used as controls as they do not cleave Tic40.  A) 

Represents unaltered Tic40.  Lane 1 is a control with no rhomboid protease, lane 2 is the 

AtRBL11 treatment of Tic40, and lane 3 is the AtRBL12 treatment of Tic40.  All lanes 

represent the same mutations for gels B, C, D, and E.  Lane 1 is S87C/P103A, lane 2 is 

Q102H/P103A, lane 3 is G98A/V99A/Q102H, lane 4 is I88M/G121A, lane 5 is G98A/V99A, 

lane 6 is S87C/G121A, and lane 7 is V99G.  B) Represents the seven mutations of Tic40 and 

the effects of cleavage by AtRBL11.  C) Represents the seven mutations of Tic40 with no 

rhomboid proteases.  D) Represents the seven mutations of Tic40 and the effects of cleavage by 

Rbd1.  E) Represents the seven mutations of Tic40 and the effects of cleavage by Rbd2. 
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CHAPTER 5: DISCUSSION 

 Rhomboid proteases are a widely represented group of intramembrane proteases 

controlling a variety of regulatory factors, but are currently undefined in plants.  The unique 

level of functional conservation has generated great interest in rhomboid proteases, leading to the 

discovery of various roles for controlling cellular processes in species from bacteria to mammals 

(Brown et al., 2000).  Research focused on understanding what structural properties define 

substrates from non-substrate membrane bound proteins has uncovered unique motifs within the 

TMD.  As the first classified substrate, Spitz has helped generate large amounts of data that can 

be exploited as strategies for identifying new RIP mechanisms in other species (Urban & 

Freeman, 2003).  Such information has already been used to successfully uncover promising 

evidence for the first potential plant substrate, and for further investigations.  If Tic40 TMD 

mutations resemble founding studies, support for the first discovered plant rhomboid protease 

substrate would be further established. 

Early evidence presented by Karakasis and colleagues (2007) suggested that Tic40 may 

represent the first documented plant rhomboid protease substrate.  Tic40 contains the overall 

required features commonly associated with Spitz-like substrates, while possessing potential 

regulating/modulating roles (Karakasis et al., 2007).  Regardless of such substrate 

characteristics, further investigations are required in order to establish a functional link with 

rhomboid proteases.  Comparing TMD motifs on Tic40 which share common features with 

classical substrates presented in various studies will provide valuable evidence required to 

establish this link.  TMD mutations within the ASISS, GV, and QP motifs should correlate with 

the previous key studies, directly providing evidence of rhomboid protease activity on Tic40. 
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TMD Comparative Analysis 

 Extensive mapping of the recognition or interaction sites located within the TMD motifs 

of Spitz provided the basis of this project.  Mutational studies of Spitz discovered an essential 

seven amino acid motif (ASIASGA) near the top of the TMD (Urban & Freeman, 2003).  Most 

membrane-anchored proteins contain rigid α-helices spanning the lipid bilayer, whereas Spitz 

and Spitz-like substrates contain local disruptions or sites of relaxed helices within the TMD.  

Motifs such as GA have been known to directly generate such disruptions (Liu &Deber, 1998), 

but have only been recently credited for promoting RIP activity (Urban & Freeman, 2003).  

Since rhomboid proteases are believed to gain access to peptide bonds through relaxed sites on 

helices, these common motifs are believed to be required for proteolytic activity (Urban & 

Freeman, 2003).  The universal nature of helix-destabilizing motifs was further demonstrated 

when introduced near the top of a TMD for non-substrate membrane anchored proteins, 

successfully generating cleavable products (Akiyama & Maegawa, 2007).  The discovery of 

Tic40 TMD motifs resembling those of known substrates provides promising evidence for 

rhomboid protease activity.  If Tic40 is indeed a substrate, mutating these motifs will alter 

interactions with rhomboid proteases and subsequently manipulate the overall band patterns 

observed on SDS PAGE immunoblots. 

 RIP in Toxoplasma gondii was discovered using TMD comparative strategies, validating 

such experimental strategies.  Urban and Freeman (2003) compared Spitz TMD features with a 

group of MIC proteins, which are essential surface adhesins responsible for completing the 

protozoan parasite`s lifecycle (Soldati et al., 2001).  Cleavage of the adhesins is necessary for 
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host cell invasion or else the parasites would remain attached to the host cell, thus successfully 

providing recognizable epitopes for host defense systems (Brossier et al., 2005).  Similar 7 

residue motifs (AGGVIGG) were located within MIC TMDs (Urban & Freeman, 2003).  Urban 

and Freeman (2003) further constructed model proteins comprising of MIC TMDs to 

demonstrate RIP activity.  These proteins were expressed in cell lines containing Drosophila 

(Rhomboid-1), human (RHDBL-2), and Providencia (AarA) rhomboid proteases, all of which 

successfully cleaved MIC2, MIC6, and MIC12 TMDs (Urban & Freeman, 2003).   

 ASISS represents the first motif on Tic40 and it shares features with Spitz-like (Spitz, 

Keren, MIC2, MIC6, and MIC12) TMD recognition factors (Urban &Freeman, 2003).  The first 

three residues, ASI, have been hypothesized to promote the entry of water molecules within the 

active site on rhomboid proteases (Urban & Freeman, 2003).  Since Tic40 ASISS mutations 

generated reduced band ratios (greater 48 kDa band intensity ratio compared to wild-type), it 

appears that Rbd1 interacts with this motif similar to Spitz RIP.  Urban and Freeman (2003) 

discovered that there is a cryptic effect associated with rhomboid protease activity, 

demonstrating some ASIAS Spitz mutations enhanced cleavage, whereas others decreased 

cleavage.  Similar observations occur with Tic40, where mutating the first three residues (ASI) 

generated greater alterations on Tic40 cleavage when compared to mutating the final two serine 

residues. 

 GV represents another conserved Tic40 motif associated with Spitz-like substrates.  

Although Tic40 has additional residues between ASISS and GV, the overall order and 

arrangement of these two motifs appear to represent the ASIASGA Spitz motif.  GV appears to 

represent the helix destabilizing motif found in other substrates (GA or GG).  In vitro cleavage of 

Spitz-like substrates has demonstrated significant alterations when GA was mutated, in some 
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cases completely preventing any proteolytic activity (Akiyama & Maegawa, 2007; Urban & 

Freeman, 2003).  Due to the apparent essential nature of helix destabilizing motifs, mutations in 

GV are predicted to generate large differences to Tic40 band ratios. 

 Two mutations, V99G and V99A, generated the greatest alterations in Tic40 band 

distributions compared to any other tested mutations.  This alone is highly suggestive that Tic40 

is indeed a rhomboid protease substrate.  Converting Spitz GA to GG was hypothesized and 

demonstrated to significantly increase in vitro cleavage of model proteins due to the increased 

helix destabilizing properties (Urban &Freeman, 2003).  Mutating the Tic40 GV motif to GG 

and GA should generate interesting results due to the apparent essential nature of these motifs 

highlighted with previous studies.  Increased helix destabilizing properties generated by GG is 

probable with Tic40, as cleavage appears enhanced resulting in greater 42 kDa band intensity 

compared to unaltered Tic40 (30.8±3.9 versus 11.0±0.6 respectively).  Regardless of such 

suggestive results, additional information and mutations should be assessed to further establish 

the link between Tic40 and Rbd1. 

 Another Tic40 motif has been suggested to act as a helix-destabilizing motif for known 

substrates.  Akiyama and Maegawa utilized the second TMD of lactose permease, a known 

rhomboid protease substrate, to characterize recognition sites.  QP was recognized to enhance in 

vitro cleavage of model proteins made from the second TMD of lactose permease (Akiyama & 

Maegawa, 2007).  QP does not appear essential for proteolytic cleavage by bacterial rhomboid 

protease GlpG.  It instead appears to enhance overall cleavage of both lactose permease and 

Spitz TMDs by GlpG (Akiyama & Maegawa, 2007).  Akiyama and Maegawa (2007) also 

demonstrated the essential position dependent recognition of helix-destabilizing motifs and its 

relevance to the site of cleavage.  Through the introduction of additional amino acids, cleavage 
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decreased when QP was located on a different side of the α-helix from the cleavage site 

(Akiyama & Maegawa, 2007).  Introducing QP within Spitz downstream of ASIASGA was the 

only way to generate efficient proteolysis by GlpG, increasing cleavage by 26.4±1.5% (Akiyama 

& Maegawa, 2007).  Interestingly, QP is located downstream of GV within the TMD of Tic40, 

potentially acting in a way observed with Sptiz. 

 Since QP has been shown to not represent an essential motif, mutations within this site 

were not expected to generate substantial alterations to Rbd1 activity relative to the GV 

mutations.  As predicted, QP mutations generated overall decreased band ratios, but did not 

generate the outcomes observed with GV.  Q102H/P103A resulted in greatest overall decrease in 

Rbd1 activity, supporting results observed with published data (Akiyama & Maegawa, 2007).  

When QP was completely removed from lactose permease TMD, cleavage was greatly impacted, 

but not completely abolished (Akiyama & Maegawa, 2007). 

 GVGVG represents the final TMD motif investigated for Tic40.  No literature is 

presently available supporting any recognition associations with GVGVG-like motifs.  

Investigations into these residues were pursued due to the overall potential conformations 

possible within the lipid bilayer.  With the exception of G121A, all mutations generated 

decreased Tic40 band ratios compared to wild-type.  GVGVG may create a helix break, but such 

speculations should be further investigated. 

 Due to the impact on Tic40 band ratios by the select motif mutations, the evidence so far 

supports Tic40 as a plant rhomboid protease substrate.  Whether Rbd1 is interacting with Tic40 

directly or indirectly is the next question to be answered.  Most rhomboid proteases have been 

shown to directly interact and cleave their substrates without prior processing or the requirement 
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of cofactors (Urban & Wolfe, 2005).  The successful proteolysis of Tic40 from preliminary in 

vitro cleavage assays show rhomboid proteases interact and cleave Tic40 directly.  Similar 

patterns in cleaved Tic40 bands from in vitro assays as observed from in vivo assays provide 

further evidence that Tic40 is likely a plant rhomboid protease substrate.   

 Relatively low levels of cleavage occur when investigating in vitro proteolytic potential, 

due to the apparent decreased functional activity of organellar rhomboid proteases.  Any study to 

date which involves in vitro rhomboid protease cleavage utilizes non-organellar rhomboid 

proteases, so any unique requirements important for activity has yet to be quantified.  This alone 

may prove responsible for the apparent lack of optimal cleavage on Tic40 in vitro.  All 

parameters used during Tic40 in vitro cleavage assays were based on previous studies.  Since 

Tic40 and the rhomboid proteases were purified, any other types of interactions, such as other 

protein-protein or protein-plastid membrane interactions which may be essential, would not be 

included.  Tic40 is a component of the plastid translocon machinery where numerous protein 

interactions are likely to dictate the overall structure and interactions with rhomboid proteases.  

Such interactions could be static and/or transient in nature.  Additionally, the lipid/fat additives 

used in the established in vitro cleavage protocol may not fully resemble plastid membrane 

envelopes.  This could potentially lower the efficiency of rhomboid protease cleavage in vitro. 

 Regardless of apparent low levels of activity occurring with in vitro analyses, preliminary 

results obtained suggest a more direct interaction with rhomboid proteases.  Including both 

AtRBL12 and Rbd2 provide additional controls, as they do not cleave Tic40 or Spitz-like 

substrates (Kmiec-Wisniewska et al., 2008).  Since AtRBL12 was unable to cleave both Tic40 

and Spitz-like substrates, similar features are likely to be present in the TMD region. 
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Future Directions 

The heterogeneous nature of Tic40 was observed in terms of relative abundance, apparent 

position in membrane envelopes, and relative molecular mass (Ko et al., 2005).  Establishing 

Tic40 as the first documented plant rhomboid protease substrate was the primary goal of this 

study.  Demonstrating Rbd1’s ability to interact and cleave Tic40 in vivo and in vitro has 

confirmed that Tic40 possesses similar recognition motifs as other better known substrates.  

Further investigations into the activity between plant rhomboid proteases and Tic40 are of 

priority in future studies.  Limited information was obtained with the in vitro cleavage assays in 

that one plastid rhomboid protease exhibited Tic40 cleavage activity.  Due to the complex nature 

of protein-protein interactions within translocon complexes, cleavage efficiency was relatively 

low when compared to other reported work.  Optimizing plastid rhomboid protease activity in 

vitro should be investigated in order to generate efficient proteolytic activity.  Varying detergent 

concentrations or incorporating membranes may provide a more favourable reaction. 

It is important to further investigate the interactions of Tic40 with plant rhomboid 

proteases.  Utilizing the mutated Tic40 constructs and the in vivo cleavage with plant rhomboids 

using yeast mitochondria assays should be prioritized.  AtRBL11 and AtRBL12 have been 

previously demonstrated to express within yeast cells, so using similar techniques from this study 

could be applied.  Expressing plant rhomboid proteases in yeast cells in association with mutated 

Tic40 should demonstrate similar results with yeast Rbd1. 
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Appendix I.  List of primers used for in vitro mutagenesis.  The name of each primer 

signifies the original amino acid, location within the sequence, and the new amino 

acid.  The sequence highlights the mutation introduced within the nucleotide 

sequence highlighted in red underline, and any previous mutations in black bold and 

underlined.  The TMD motifs are underlined in the original sequence.  The melting 

temperature of the primer is displayed. 
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Appendix II.  Whole cell expressions and extractions.  All whole yeast cell protein 

extractions were assessed using 12% SDS PAGE and immunoblotting, probing with 

anti Tic40 IgG.  A) Represents rbd1- A86G/S87C (lane 1-4), rbd1+ A86G/S87C 

(lane 5-8), and rbd1+ G121A (lane 9-12).  B) Represents rbd1- G121A (lane 1-2), 

rbd1- S87C (lane 3-6), and rbd1- V99G (lane 7-10).  C) Represents rbd1+ S87C 

(lane 1-4) and rbd1+ S87C/I88M (lane 5-8). 
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Appendix III.  Immunoblots of rbd1- and the double rbd- strains expressing unaltered 

Tic40.  Both A and B represent rbd1- strains, while C and D represent the double 

rbd- strains.  A and C are both A86G/P103A, while B and D are both I88M/V99A.  

While the rbd1- strain still has some residual 44 and 42 kDa bands, the double rbd- 

strain has reduced 44 and 42 kDa bands.  Exposures for all mitochondrial samples 

were the same after incubating with anti Tic40 IgG. 
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Appendix IV.  Western blots probed with anti Tic40, mtHsp70, and Arg8 IgGs.  The 

whole blots are shown to demonstrate the purity of the mitochondrial isolations and 

antibodies.  Incubating the nitrocellulose membranes with anti mtHsp70 and Arg8 

IgG served as protein concentration controls and to demonstrate normal 

mitochondrial functions.  All blots contain the same series of samples for the various 

mutations.  Lane 1 is Q102H, lane 2 is P103A, lane 3 is A86G, lane 4 is I88M, lane 5 

is G98A, lane 6 is V99A, and lane 7 is S87C.  A) Represents mitochondrial samples 

probed with anti Tic40 IgG.  B) Represents mitochondrial samples probed with anti 

mtHsp70 IgG.  C) Represents mitochondrial samples probed with anti Arg8.  The 

S87C mutation for the rbd1- strain was not included as the protein concentration was 

too little.  Blots A and B represent the same mitochondrial samples, whereas blot C is 

different samples representing the same mutations. 
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