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ABSTRACT 
 

UNDERSTANDING THE PLANT ESCRT MACHINERY AND ITS ROLE IN 

TOMBUSVIRUS-INDUCED MITOCHONDRIAL MULTIVESICULAR BODY 

BIOGENESIS 

 

 

Lynn G.L. Richardson     Advisor:  

University of Guelph, 2012     Dr. Robert T. Mullen 

 

Carnation Italian ringspot virus (CIRV) is a positive-strand RNA virus that 

assembles its membrane-bound replication complexes at mitochondria in plant cells. This 

process is accompanied by extensive inward invagination of the mitochondrial outer 

membrane, leading to the formation of cytosol-filled spherules, wherein viral RNA 

synthesis occurs. The mechanism by which CIRV is able to induce spherule formation is 

unknown, however growing evidence suggests that the host-cell ESCRT (Endosomal 

Sorting Complex Required for Transport) machinery – a multi-protein complex normally 

involved in late endosome maturation – may be involved. ESCRT consists of ~30 soluble 

proteins that form sub-complexes assembled at the late endosomal surface, and function 

in multivesicular body (MVB) biogenesis. While ESCRT is relatively well characterized 

in yeasts and mammals, comparably little is known about ESCRT in plants. Hence, as an 

initial step towards understanding the potential role of ESCRT in CIRV replication, we 

examined the protein-protein interaction network, subcellular localization, and gene 

expression profiles of the Arabidopsis thaliana ESCRT components. Overall, the results 

from these studies suggest that ESCRT organization and function is relatively well 

conserved in plants compared to other eukaryotes. We also observed that ESCRT is 

important for CIRV replication, as expression of dominant-negative versions of several 

key ESCRT components reduced CIRV replication efficiency in plant cells. Moreover, 

the Arabidopsis ESCRT-I component, Vps23A is recruited from late endosomes to 

mitochondria in plant cells expressing the CIRV replicase protein, p36, and recruitment 

of Vps23A was shown to be mediated by sequences located at the N terminus of p36.  It 



was also shown that recruitment of Vp23A to mitochondria by p36 does not require the 

Ubiquitin E2 Variant domain of Vps23A, which is in contrast to recruitment of ESCRT 

by retroviruses during viral budding in mammalian cells. Taken together, these results 

support the hypothesis that CIRV recruits ESCRT by a novel mechanism in order to 

carry out its replication, a finding that may lend important insight to aspects of normal 

ESCRT function in plants. 
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Chapter 1 : General Introduction 

1.1 Positive-Strand RNA viruses replicate at membranous compartments derived 

from host cell organelles 

 All viruses rely on living cells in order to replicate their genome and complete 

their life cycle. Positive-strand RNA viruses [(+)RNA viruses] are unique, in that their 

RNA genome is relatively small and of sense polarity, which means they do not require 

localization to the nucleus in order to replicate. Several important human pathogens are 

(+)RNA viruses, including hepatitis C virus, West Nile virus, dengue virus, severe acute 

respiratory syndrome coronavirus, and poliovirus; and the majority of plant viruses also 

fall into this category (den Boon and Ahlquist, 2010; Laliberté & Sanfaçon, 2010; Nagy 

& Pogany, 2012).  Because of their small size, (+)RNA viruses strongly rely on host 

proteins, membranes, lipids and/or metabolites in order to replicate, complete their life 

cycle and effectively spread (Nagy & Pogany, 2012). All well-studied (+)RNA viruses 

are also known to replicate in association with host organelle membranes, typically 

resulting in transformation of these organelles into morphologically unique viral 

replication factories. The organelle from which these structures are derived depends on 

the virus and also the host, but in most cases manipulation of the organelle’s boundary 

membrane results in the formation of vesicle- or spherule-like structures that remain 

connected to the cytosol via a thin membranous neck (den Boon & Ahlquist, 2010; 

Laliberté & Sanfaçon, 2010). Sequestration of viral replication within these structures 

protects double-stranded RNA replication intermediates from degradation by host 

nucleases (Schwartz et al., 2002), and allows for coordination of viral genome 

replication, gene expression and packaging (den Boon & Ahlquist, 2010; Laliberté & 

Sanfaçon, 2010).  

While formation of highly complex viral replication factories are a common 

theme of well-studied (+)RNA viruses, the mechanism governing their formation and the 

host cell factors involved are only beginning to be uncovered (den Boon & Ahlquist, 

2010; Nagy & Pogany, 2012). As an example, Brome mosaic virus (BMV), a plant 

bromovirus, is one of the most well characterized viruses in terms of the organelle 

manipulations that occur following entry of the virus into the cell. In the case of BMV, 
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which replicates on the ER membrane in spherules formed through invagination of the 

ER membrane, viral protein 1a accumulates at the surface of the ER, recruits viral RNAs, 

and induces the formation of spherules in the absence of other viral proteins (Schwartz et 

al., 2002). Using immunogold electron microscopy, it was shown that each spherule 

contained only several viral RNAs, but ~200-400 molecules of protein 1a, which form a 

shell on the interior of each spherule (Schwartz et al., 2002). In yeast, BMV protein 1a 

interacts with host-cell reticulons – proteins involved in membrane shaping of the ER – 

and re-localizes them from peripheral ER tubules to the interior of virus-induced 

spherules (Diaz et al., 2010). In addition, deletion of all three yeast reticulons abolishes 

protein 1a-induced spherule formation (Diaz et al., 2010).  

 Tomato bushy stunt virus (TBSV), a (+)RNA plant tombusvirus, has also recently 

been suggested to use host-cell membrane-shaping proteins to facilitate formation of its 

viral replication complexes at peroxisomes (Barajas et al., 2009). TBSV, which also 

efficiently replicates in yeast (Nagy & Pogany, 2006), was the subject of a yeast genetic 

screen for host-cell factors important for viral replication (Panavas et al., 2005b; Jiang et 

al., 2006). These screens identified seven protein components of the ESCRT (Endosomal 

Sorting Complex Required for Transport) machinery, which are involved in several 

cellular processes in non-infected cells including late endosome/multivesicular body 

(MVB) maturation and abscission of the midbody during cytokinesis in mammalian cells, 

and budding of enveloped viruses from the plasma membrane of mammalian cells 

(Henne et al., 2011) – processes that rely on the intrinsic membrane-bending activity of 

the ESCRT machinery.  

It was also shown in plants that functional ESCRT is required for efficient 

replication of TBSV (Barajas et al., 2009); however, the mechanism of ESCRT 

recruitment to peroxisomes, and how the plant ESCRT machinery contributes to the 

formation of viral replication complexes at host organelles in tombusvirus-infected cells 

remains poorly understood.  

 

1.2 Tombusviruses 

 Tombusviruses are (+)RNA viruses belonging to the family Tombusviridae. 

Members of the Tombusvirus genus include Cucumber necrosis virus (CNV), Cymbidium 
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ringspot virus (CymRSV), Carnation italian ringspot virus (CIRV) and Tomato bushy 

stunt virus (TBSV), among others.  Tombusviruses naturally infect a variety of 

domesticated crops including tomato, pepper, eggplant, lettuce, spinach, tulip, apple, pear 

and carnations (Martelli et al., 1988), in addition to a range of plants commonly also used 

as experimental model species, including various tobacco species (Nicotiana sp.). 

Overall, the symptoms of tombusvirus infection are relatively mild and, depending on the 

type of tombusvirus and/or host plant, include chlorotic spots found on the leaf, stunted 

and bushy growth, as well as low fruit setting and smaller fruit size (Martelli et al., 1988). 

 Tombusviruses are mainly soil-borne pathogens that do not require a biological 

vector (Martelli et al., 1988). Despite the wide range of hosts they infect, the 

tombusviruses are not an economically important plant pathogen, due to the low 

efficiency of transmission and also because they do not easily spread between infected 

and uninfected plants. However, the tombusviruses have been extremely important for 

the study of (+)RNA viruses at the molecular level in general, and lend insight to the 

pathology of other (+)RNA viruses, including several important human pathogens 

(Yamamura and Scholthof, 2005; Nagy & Pogany, 2012).  

 

1.2.1 Tombusvirus genome organization and replication  

 The TBSV genome is comprised of a single molecule of RNA, approximately 4.8 

kb in length that encodes five open reading frames (ORFs 1-5; reviewed by White and 

Nagy, 2004) (Fig. 1-1A). The two ORFs proximal to the 5’ end of the genome encode the 

viral replicase proteins, p33 and p92, (in CIRV the equivalent proteins are p36 and p95, 

respectively; the number of each component represents its molecular weight in 

kilodaltons) (Martelli et al., 1988; White and Nagy, 2004). p92 and p95 are the RNA-

dependent RNA polymerases (RdRps), and are produced as a translational read-through 

of an amber (UAG) stop codon at the 3’end of the first ORF (encoding p33 or p36, for 

TBSV or CIRV, respectively) (White & Nagy, 2004). Immediately downstream of the 

p92 (and p95) ORF is the p41 ORF, which encodes the viral coat protein followed by p22 

and p19 ORFs, which are translated from overlapping, but distinct reading frames, and 

are involved in cell-to-cell movement and suppression of virus-induced gene silencing, 

respectively (White & Nagy, 2004).  
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 TBSV is the most well characterized tombusvirus in terms of replication and gene 

expression characteristics. Upon TBSV entry into the cell, p33 and p92 are directly 

translated from viral genomic RNA (White & Nagy, 2004). The translational read-

through of the p36 stop codon, resulting in translation of p92 is only approximately 5% 

efficient, therefore levels of p33 in the cell are approximately 20 fold that of p92 

(Scholthof et al., 1995). The order of expression of each of the viral proteins reflects the 

cytological progression of infection: First, rapid production of viral genomic RNA and 

subgenomic (sg) mRNA transcripts occurs mediated by the replicase proteins, followed 

by suppression of host cell defences and spreading of infection to surrounding cells 

mediated by p19 and p22, respectively, which are translated from sg mRNA2. Newly 

synthesized viral genomic RNAs are packaged within the capsid, which is icosahedral, 

and composed of 180 p41 coat protein molecules, which are translated from sg mRNA1 

(Russo et al., 1994). 

TBSV also produces a short defective interfering RNA (DI RNA), termed DI-72 

(Fig. 1-1B), which is derived from the viral genome and is comprised of several non-

contiguous RNA segments, and lacks coding regions (White and Nagy, 2004). DI-72 

accumulates under experimental conditions and has not been found during natural 

infection; however, it has been shown to interfere with viral infection by suppressing 

viral genome accumulation (White and Nagy, 2004). DI-72 is efficiently replicated when 

co-infected with TBSV, which makes it a convenient indicator of levels of viral 

replication under experimental conditions. 

 

1.2.2 Cytopathology of tombusvirus infection 

Depending on the tombusvirus, either peroxisomes or mitochondria serve as the 

site of replication (Martelli et al., 1988), leading to the formation of virus-induced 

multivesicular bodies (MVBs), named for their characteristic vesiculated appearance 

(Fig. 1-2) (Russo et al., 1983; Martelli and Russo, 1984; DiFranco et al., 1984). In the 

case of TBSV, formation of virus-induced peroxisomal MVBs (pMVBs) begins with 

extensive inward vesiculation of the peroxisomal boundary membrane that results in a 

ring of spherules at the periphery of the developing pMVB that remain connected to the 
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Figure 1-1. Organization of the TBSV genome, the prototypic member of the 

Tombusvirus genus 

A) Grey boxes represent the 5 ORFs of the genome, the numbers of each protein 

(p) represent their molecular weight in kDa. The replicase proteins p33 and p92 are 

translated directly from the genome; p92 is a readthrough of the amber stop codon of p33 

(indicated by a dashed line) and encodes the RNA-dependent RNA polymerase. Other 

proteins are translated from two sub-genomic (sg) mRNAs (sg mRNA1 and sg mRNA2). 

p41 is the coat protein, p22 the movement protein and p19 the suppressor of gene 

silencing.  B) DI-72 is represented below the TBSV genome. The genomic regions that 

comprise DI-72 are denoted I-IV, and their genomic origins are shown by dashed lines. 

Adapted from White and Nagy, 2004. 
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Figure 1-2. Tombusviruses induce extensive membrane rearrangements in plant 

cells 

A) A series of electron micrographs showing the progressive transformation of an 

individual peroxisome (panel 1) into a peroxisomal MVB (Panel 6) in a TBSV infected 

cell (reproduced with permission from Mullen & Gidda, 2009). B) A mitochondrion of a 

mock-infected cell (left) and an mMVB in a CIRV-infected cell (right) in a Chenopodium 

quinoa leaf rub-inoculated with CIRV (reproduced from McCartney, 2006). Solid 

arrowheads denote individual spherules inside an mMVB. CW, cell wall; M, 

mitochondrion; Cyt, cytosol; V, vacuole. Scale bar = 0.5 µm 
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cytosol by a thin membranous neck. Finally, the pMVB extends one or more vesiculated 

protrusions that engulf portions of the surrounding cytoplasm, resulting in a doughnut- or 

C-shaped organelle (Fig. 1-2A) (Martelli et al., 1988; Mullen et al., 2006; Mullen and 

Gidda, 2009; Laliberté & Sanfaçon, 2010). Peroxisomes within an infected cell also 

undergo a change in their intracellular distribution; pMVBs appear to coalesce in infected 

cells, while in uninfected cells, peroxisomes are equally distributed throughout the 

cytosol (Mullen & Gidda, 2009). In an analogous fashion, during CIRV infection, small 

spherical vesicles form at the periphery of mitochondria as a result of invagination of the 

mitochondrial outer membrane, resulting in the formation of mitochondrial MVBs 

(mMVBs) (Di Franco et al., 1984). Similar to in pMVBs, these spherules also appear to 

remain attached to the cytoplasm through a small membranous channel (Di Franco et al., 

1984; Martelli et al., 1988).  

Given that the p33 and p92, or p36 and p95 replicase proteins are targeted to 

peroxisomes or mitochondria, respectively, it has been suggested that the replicase 

proteins themselves are responsible for MVB biogenesis at these organelles. In support of 

this hypothesis, both the translation of the replicase proteins and virus-induced MVB 

formation occur at early stages of infection, and expression of CymRSV p33 or CIRV 

p36 alone induces proliferation of either peroxisomal or mitochondrial membranes 

(Navarro et al., 2004; Rubino et al., 2000; Rubino et al., 2001). Furthermore, 

characterization of MVBs induced by chimeric infectious hybrids of TBSV and CIRV 

demonstrated that the 5’ terminal region of the genome corresponding to ORFs 1 and 2 

dictate which organelle these structures arise from (Burgyan et al., 1996). Despite this 

evidence, the replicase proteins alone are not able to induce the formation of MVBs 

(Rubino et al., 2001; Navarro et al., 2004; McCartney et al., 2005; McCartney, 2006). 

 

1.2.3 The role of the replicase proteins in tombusvirus replication complex assembly 

The domain organization of the TBSV replicase proteins (which is shared by the 

equivalent CIRV replicase proteins) is shown in Fig. 1-3. Both p33 and p92 (or p36 and 

p95) have two predicted transmembrane domains (TMDs) that anchor them into the  



 

 

10 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3. Domain organization of TBSV p33 and p92 replicase proteins 
  A) shows the domain organization of p33 including the putative transmembrane 

domains (TMDs) and peroxisome/pER targeting signals (*) (McCartney et al., 2005). The 

domain organization of p92 is shown in B). Readthrough of the amber stop codon gives 

rise to p92. The peroxisome/pER targeting signals are inferred from those known for p33. 

The readthrough portion of p92 is shown in grey, and the RNA-depedent RNA 

polymerase (RdRp) and RdRp motifs (A,B,C,D,E) are shown. 
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peroxisomal or outer mitochondrial membrane, respectively (Scholthof et al., 1995; 

Rubino & Russo, 1998; Rubino et al., 2001; Weber-Lotfi et al., 2002; Navarro et al., 

2004; McCartney et al., 2005; Panavas et al., 2005a; Hwang et al., 2008). Their 

respective organelle targeting information is located within the N terminus of the 

replicase proteins, which includes both TMDs (Rubino and Russo, 1998; Weber-Lotfi et 

al., 2002; Navarro et al., 2004; McCartney et al., 2005; Hwang et al., 2008). Overall, the 

N-terminal region of p33 is much less conserved between TBSV and CIRV (i.e., only 

20% sequence identity) compared to the C- terminal regions of these proteins, which are 

over 90% identical (Fig. 1-4). Notably, the targeting signals within p33 are very similar 

to those found in peroxisomal membrane proteins (PMPs). For example, p33 possesses 

two membrane peroxisome-targeting signals (mPTSs), which consist of small clusters of 

basic amino acid residues adjacent to each of the two TMDs. These targeting signals 

were shown in yeast to be important for binding to the yeast PMP chaperone, Pex19p 

(Pathak et al., 2008). In addition, p33 has a non-prototypic mPTS consisting of 

positively-charged residues that are not adjacent to a TMD, and are important for 

targeting the protein from peroxisomes to the pER – a subdomain of the ER involved in 

peroxisome biogenesis (McCartney et al., 2005; Titorenko and Mullen, 2006). 

The mitochondrial targeting signal of p36 consists of both of its TMDs and the 

intervening loop region that is predicted to have the propensity to form an amphipathic 

alpha helix (Hwang et al., 2008). The overall hydrophobicity of both TMDs and the 

positive face of the putative alpha helix located within the intervening loop region, were 

both shown to be important determinants for targeting to mitochondria (Hwang et al., 

2008). Furthermore, p36 appears to use the same import machinery as host plant, outer 

mitochondrial membrane proteins, namely the translocase of the outer mitochondrial 

membrane (TOM) (Weber-Lotfi et al., 2002; Hwang et al., 2008).  

Although the RdRp activity is attributed to p92 and p95, viral replication is not 

supported in vivo in the absence of p33 or 36, in the case of CNV/TBSV or CIRV, 

respectively (Oster et al., 1998; Panaviene et al., 2003). The p33 replicase protein plays 

an accessory role in TBSV replication, recruiting genomic viral RNA to the replication 

complex, and also stabilizing the replication complex through its interactions with viral 
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Figure 1-4. Alignment of p33 and p36 amino acid sequences 

ClustalW was used to align the amino acid sequence of the TBSV p33 replicase 

protein (NCBI protein accession NP_062898), and the CIRV p36 replicase protein (NCBI 

protein accession CAA59477). The sequence identity of the N-terminal region including 

the primary sequence preceding and including the two TMDs (underlined) is ~20%, 

while the C-terminal portion, succeeding the second TMD shares ~90% sequence 

identity. Asterisks below amino acid residues represent residues identical in both p33 and 

p36, and a single dot or semi-colon below residues represent those that share similar 

physico-chemical properties. Predicted TMDs in both p33 and p36 are underlined 

(McCartney et al., 2005; Hwang et al., 2008). 
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p33  METIKR----------------MIWPKKEIFVGDFAIGVNR-TAPVDIFQLVCRVVLRYM 43 

p36  MEGLKAESTTTVGINCNFQQTVMTETGNKLMFGSLPSSLERPVAKRNYYRTLSDWILTYT 60 

     ** :*                 *  . ::::.*.:. .::* .*  : :: :.  :* *  

 

p33  RTGKIDCDSDSMTKFIVELLKTDCAAKWEWFMKRRQRGDYVIPLSIAAIPIIPLLSYATW 103 

p36  KTGKIEDTHDNAWSYVEDLVKTDFNAKYDWLAKRGVARDYRTAVGLAIIPGIPAIVANTR 120 

     :****:   *.  .:: :*:***  **::*: **    **  .:.:* ** ** :   *  

 

p33  VR---------AVSVRAFGNELS----FNVRVP----RPSVPKKGLLLRLAAGLAFRPIC 146 

P36  IVTGTCEVARVAVKLPKALNMLSRFTHASVKVPYFYPRVDMSARGMLIGLAAAAALVPIC 180 

     :          **.:    * **     .*:**    * .:. :*:*: ***. *: *** 

 

p33  ALAVYATLPREKLSVFKLRTEARAHMEDEREATDCLVVEPARELKGKDGEDLITGSRLTK 206 

P36  AGIAYATLPREKLSVFRLKSEVRVHMEDEKEATDLLLVEPARELKGKDGEDLLTGSRLTK 240 

     *  .************:*::*.*.*****:**** *:***************:******* 

 

p33  VIASTGTPRRRPYAAKIAQVARAKVGYLKNSPENRLIYQRVMIEIMDKDCVRYVDRDVIL 266 

P36  VNARAG-ARRRPYAAKIAQVARAKVGYLKNSPENRLIYQRVLIEIMDKDCVRYVDRDVIL 299 

     * * :* .*********************************:****************** 

 

p33  PLAIGCCFVYPDGVEESAALWGSQESLGVK 296 

p36  PLAIGCCFVYPDGVEESAALWGSQESLGVK 329 

     ****************************** 
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RNAs (Panaviene et al., 2003; Rajendran & Nagy, 2003) and other molecules of p33 and 

p92 (Rajendran & Nagy, 2004). The p33:p33/p92 interaction and RNA-binding motifs 

are located C-terminally to the TMDs, in the pre-read-through portion of p33, and are 

conserved in other tombusviruses, including CIRV (Rajendran & Nagy, 2003; Rajendran 

& Nagy, 2004). This function in replication complex stability parallels that of the BMV 

1a protein, which also binds viral RNAs, and the BMV RdRp protein 2a (Chen and 

Ahlquist, 2000; Chen et al., 2001).  

In addition to roles in viral RNA recruitment and replication complex 

stabilization, it has been shown using a yeast protoarray that p33 interacts with many 

host-cell proteins (Li et al., 2008). For example, 58 yeast proteins were identified that 

interact with p33 in either its N-terminal ~80 amino acid residues, or within the 

remainder of the protein (Li et al., 2008). Many of these proteins are of known function 

in yeast, and include protein chaperones, proteins involved in ubiquitination, factors 

involved in mRNA translation, and proteins involved in RNA processing and metabolism 

(Li et al., 2008). While several of these proteins were shown to negatively impact viral 

replication when overexpressed in yeast, there were several others that enhanced 

replication suggesting that the virus is able to take advantage of these factors to replicate 

(Li et al., 2008). For instance, this screen led to the identification of yeast Cdc34p, a 

ubiquitin-conjugating enzyme, as a component of the replicase complex critical for 

TBSV replicase activity (Li et al., 2008), and yeast translation elongation factor eEF1A, 

which has many functions including delivering aminoacyl-tRNAs to the ribosome during 

translation (Li et al., 2008. While protoarrays are limited to identification of relatively 

strong interactors, it is clear that the tombusvirus replicase proteins are capable of a large 

number of protein-protein interactions with host-cell proteins. Overall, these studies show 

that while p33 and p36 lack domains directly involved in viral RNA synthesis, they play 

accessory roles that are essential for viral replication, mainly through interaction with 

host-cell factors that allow for stabilization and overall organization of the replication 

complex.  
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1.3 The endocytic network and formation of endosomal multivesicular bodies 

 The endocytic pathway is comprised of a number of highly dynamic cellular 

compartments that exist as a continuum, and are involved in vesicle-mediated sorting and 

recycling of endocytic cargo, such as membrane-bound receptors, back to the plasma 

membrane, or to the lysosome/vacuole where they are degraded (Piper & Katzmann, 

2007; Woodman & Futter, 2008; Otegui & Spizter, 2008; Reyes et al., 2011). This 

general function is shared between animal and plant cells; however, endosomal 

compartments in plants appear to have acquired several distinct features in terms of their 

organization and morphology (Reyes et al., 2011).   

In mammalian cells, upon internalization mediated by clathrin-coated vesicles or 

lipid rafts at the plasma membrane, vesicles are sorted first to early endosomes, which 

serve as the first sorting site for plasma membrane proteins. Cargo may then be sorted to 

recycling endosomes, for transport back to the plasma membrane. Alternatively, 

lysosomal proteins or membrane proteins destined for degradation are sorted to late 

endosomes, or endosomal multivesicular bodies (MVBs), which are characterized by the 

presence of many intralumenal vesicles (ILVs) formed by extensive invagination of the 

endosomal limiting membrane. MVBs then go on to fuse with the lysosome, releasing the 

ILVs into the lysosomal lumen, where their contents are degraded (Piper & Katzmann, 

2007; Woodman & Futter; 2008).  

In plants, an equivalent, physically distinct early endosomal compartment does 

not appear to exist, however the trans-Golgi network (TGN), in addition to its function in 

sorting cargo from the biosynthetic pathway (Viotti et al., 2010; Reyes et al., 2011), has 

been proposed to replace the function of the early endosome, receiving endocytic vesicles 

from the plasma membrane, and acting as a source for the subsequent recycling of 

membrane-bound receptors back to the plasma membrane (Dettmer et al., 2006; Lam et 

al., 2007). Furthermore, in plants, MVBs appear to mature directly from the TGN 

(Scheuring et al., 2011), whereas in mammals, endocytic cargo is sorted to the MVB via 

clathrin-coated vesicles from the physically separated, early endosome (Huotari & 

Helenius, 2011). Despite these differences, in both animals and plants, endocytic proteins 

destined to be degraded are ubiquitinated and sorted into the ILVs of late 

endosomes/MVBs, which then fuse with the lysosome or vacuole in mammalian cells and 
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plant cells, respectively, where the vesicles and their contents are degraded (Piper & 

Katzmann, 2007; Woodman & Futter, 2008; Otegui & Spitzer, 2008; Reyes et al., 2011; 

Herberth et al., 2012). 

 

1.3.1 Late endosome/MVB maturation and the role of the ESCRT machinery 

In yeast and mammals, it is well established that ubiquitin serves as the signal for 

packaging of membrane-bound plasma membrane receptors into ILVs of MVBs, and 

their eventual degradation in the lysosome or vacuole (Piper & Katzmann, 2007; Reyes et 

al., 2011). Concentration of ubiquitinated cargo, invagination of the endosomal limiting 

membrane and final scission of ILVs is mediated by a group of soluble, cytosolic proteins 

that make up the ESCRT machinery (Piper & Katzmann, 2007; Woodman & Futter, 

2008). The mechanism of ESCRT assembly in yeast and mammals is well understood, 

and has been the subject of many recent reviews (Hurley & Hanson, 2010; Roxrud et al., 

2010; Peel et al., 2010; Henne et al., 2011, Rusten et al., 2011; Babst et al., 2011).  

ESCRT is organized into several sub-complexes (ESCRT-0, -I, -II, -III) that 

assemble and function in a spatially dependent, highly organized manner at the late 

endosomal membrane. Each sub-complex is composed of several Class E vacuolar 

protein sorting (Vps) proteins – soluble proteins named for their ability, when deleted in 

yeast cells, to induce an enlarged prevacuolar compartment unable to fuse with the 

vacuole in yeast knockout mutants (Table 1-1) (Banta et al., 1988; Raymond et al., 1992). 

These sub-complexes are stabilized through specific protein-protein interactions between 

individual components, and overall assembly of ESCRT on the surface of the late 

endosome requires specific protein-protein interaction between sub-complexes. Early 

studies investigating the assembly of ESCRT in yeast and mammals involved 

comprehensive pair-wise yeast two-hybrid assays, which gave an overall ESCRT 

interaction map, serving as a basis for more in depth studies of the mechanism of ESCRT 

assembly and function (von Schwedler et al., 2003; Bowers et al., 2004). A schematic 

diagram of the mammalian ESCRT sub-complexes and their subunits are shown in Fig. 

1-5A. Key steps of MVB biogenesis and ubiquitinated cargo sorting mediated by ESCRT 

include i) recognition of ubiquitinated cargo at the endosomal membrane, ii) assembly of 

ESCRT sub-complexes, iii) induction of positive-curvature of the late endosomal 
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membrane, iv) packaging of cargo into the forming membrane bud, and finally, v) 

scission of the endosomal membrane and release of the cargo-containing ILV into the 

lumen of the endosome (Fig. 1-5B) (Henne et al., 2011). Provided below is a brief 

summary of the ESCRT sub-complexes and their roles in these key steps. 

 

ESCRT-0 

In yeast and mammals, ESCRT-0 is the first ESCRT sub-complex to assemble at 

the late endosomal membrane, and consists of the Vps27/HseI complex and Hrs/STAM1 

complex in yeast and mammals, respectively (Henne et al., 2011). Vps27 and Hrs (Fig. 1-

5A) bind the late endosomal membrane-specific lipid phosphoinositide-3-phosphate 

(PI3P) via a FYVE (Fab1b, YOTB, Vac1p, EEA1) domain (Raiborg et al., 2002), and all 

yeast and mammalian ESCRT-0 proteins possess one or multiple ubiquitin-interacting 

motifs (UIMs) important for ubiquitinated cargo recognition and concentration at the 

endosomal membrane (Fig. 1-5A) (Mayers et al., 2011). In addition, ESCRT-0 

components bind clathrin, which is found in flat lattices at microdomains of the late 

endosome, and that are also enriched in ESCRT-0 and ubiquitinated cargo (Raiborg et al., 

2006).  

 

ESCRT-I 

The core of ESCRT-I is a multimeric unit consisting of Vps23 (referred to as 

Tsg101 in mammals), Vps28 and Vps37, and the more recently identified component in 

mammals, Mvb12 (Multivesicular body 12) (Fig. 1-5A). The crystal structure of yeast 

ESCRT-I reveals that it forms an elongated heterotetramer, with three subunits 

intertwined to form a coiled-coil with a globular head group (Kostelansky et al., 2006). 

ESCRT-0 recruits ESCRT-I to the late endosome via the N-terminal catalytically inactive 

ubiquitin E2 variant (UEV) domain of Vps23/Tsg101, which recognizes PTAP-like 

motifs in Vps27/Hrs and also binds ubiquitin (Katzmann et al., ubiquitin-binding motifs 

in components of ESCRT-0, as mentioned above (Fig. 1-5A) (Mayers et al., 2011). 2003; 

Kostelansky et al., 2006; Ren & Hurley, 2011). It is via the UEV domain of 

Vps23/Tsg101 that ESCRT-I contributes to ubiquitinated cargo recognition, together with  
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Table 1-1. ESCRT homologues in Arabidopsis thaliana 
aNomenclature of yeast (S. cerevisiae) and mammalian (human) ESCRT and 

ESCRT-associated proteins is based on those previously published (Hurley and Hanson, 

2010), including the Arabidopsis Tom1 proteins (Winter and Hauser, 2006). bArabidopsis 

ESCRT and ESCRT-associated proteins were identified previously using BLASTp 

analyses with amino acid sequences of known class E Vps proteins from yeasts and 

humans as queries (Mullen et al.., 2006; Spitzer et al.., 2006; Winter and Hauser, 2006), 

or using comparative genomic analyses of coding sequences (Leung et al.., 2008). 
cNomenclature of Arabidopsis ESCRT and ESCRT-associated proteins used in this study. 

Alternate nomenclature of selected Arabidopsis proteins indicated in brackets are based 

on Spitzer et al.. (2006), Haas et al.. (2007) and Shahriari et al.. (2010). dArabidopsis 

gene identifier (AGI) number represents the systematic designation given to each locus, 

gene, and its corresponding protein product(s) by the Arabidopsis Information Resource  

(TAIR) (http://www.arabidopsis.org).  
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Figure 1-5. The sub-complexes and subunits of the mammalian ESCRT machinery 

The schematic diagram in (A) illustrates the spatial organization of the ESCRT 

sub-complexes (ESCRT-0, -I, -II, and –III) and ubiquitinated cargo at the endosomal 

membrane, and highlights the specific protein-protein interactions within and between 

subcomplexes that lead to ESCRT assembly in mammals. Also shown is the disassembly 

of ESCRT-III mediated by the Vps4 complex. For simplicity, nomenclature for yeast and 

plant ESCRT components is used, with the exception of HRS, STAM, and TSG101. 

PI(3,5)P2, phosphatidylinositol-3,5-bisphosphate; DUBs, deubiquitinating enzymes. 

Adapted from Lobert & Stenmark (2011). (B) Shown is a schematic diagram illustrating 

the events involved in packaging ubiquitinated membrane-bound cargo into endosomal 

ILVs including aspects that involve I) endosomal membrane curvature, II) the temporal 

assembly and action of ESCRT sub-complexes and the Vps4-Vta1 complex, and III) 

cargo concentration, deubiquitination, and packaging within the budding ILV. Adapted 

from Henne et al. (2011). 
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ubiquitin-binding motifs in components of ESCRT-0, as mentioned above (Fig. 1-5A) 

(Mayers et al., 2011). 

 

ESCRT-II 

 ESCRT-II exists as a “Y”-shaped heterotetramer, and is comprised of one 

molecule of each of Vps36 and Vps22 (EAP45 and EAP30 in mammals, respectively) 

that form the stalk, and two molecules of Vps25 (EAP20) that form the arms of the “Y” 

(Hierro et al., 2004). EAP45 has a GLUE (GRAM-like ubiquitin-binding in EAP45) 

domain that binds PI3P and ubiquitin, contributing to cargo concentration together with 

ESCRT-0 and ESCRT-I (Fig. 1-5A). Also, the FYVE domains of ESCRT-0 components 

and the GLUE domain of EAP45 together contribute to the late endosomal membrane 

specificity of ESCRT assembly. In yeast, ESCRT-II binds to ESCRT-I through an 

interaction between the GLUE domain of Vps36 and the Vps28 subunit of ESCRT-I. In 

mammals, the domains involved in the yeast Vps36-Vps28 interaction are absent from 

EAP45, and the interaction between EAP45 and ESCRT-I is less well understood (Henne 

et al., 2011). It was recently shown using recombinant ESCRT-I and –II components 

added to giant unilamellar vesicles (GUVs) in vitro, that these two complexes are able to 

initiate bending of membranes at regions of concentrated ESCRT-0 and cargo proteins 

(Wollert & Hurley, 2010).   

 

ESCRT-III 

 ESCRT-III consists of four core subunits: Vps20, Snf7, Vps24, and Vps2 in yeast, 

and charged multivesicular body proteins (CHMPs) 6, 4, 3, and 2 (CHMP6, CHMP4, 

CHMP3 and CHMP 2) in mammals (Fig. 1-5A) (Babst et al., 2002). ESCRT-III 

components form long filaments comprised mainly of Snf7/CHMP4 subunits, and can 

weakly associate with membranes via electrostatic interactions. Monomers of ESCRT-III 

components exist in the cytosol in a closed state through autoinhibition via electrostatic 

interactions between their N and C termini (Shim et al., 2007; Zamborlini et al., 2006), 

and autoinhibition is relieved when Vps25 (an ESCRT-II component) binds to Vps20, 

which can also interact with the late endosomal membrane through an N-terminal 

myristoylation modification (Teo et al., 2004). Vps20 then recruits Snf7, leading to 
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homo-oligomerization of Snf7 subunits (Fig. 1-5A). The ESCRT adaptor protein Bro1 

(Alix in mammals) binds to Snf7/CHMP4 to stabilize ESCRT-III filaments and also plays 

a role in recruitment of deubiquitinating enzymes that are required for cargo 

deubiquitination prior to final scission of the ILV (Odorizzi et al.., 2003; Odorizzi, 2006). 

Vps24 recruits Vps2, which acts as a cap for ESCRT-III polymer assembly. 

Overexpression of CHMP4 in mammalian cells resulted in the formation of spiral-shaped 

arrays of CHMP4 filaments on membranes, which were able to induce membrane 

budding and the extension of membranous tubules (Hanson et al., 2008). Furthermore, 

using GUVs it was shown that ESCRT-III subunits alone are sufficient to bud and release 

ILVs (Wollert et al., 2009). These results suggest that ESCRT-III filaments are crucial to 

ILV budding and scission. 

  

Vps4 and associated regulators 

 Vps4 (SKD1 in mammals) is an AAA-ATPase that functions in ESCRT-III 

disassembly from the late endosomal membrane (Babst et al., 2011). The Vps4 core 

structure consists of a homo-dodecamer made from two hexameric rings, and is 

assembled on ESCRT-III filaments, mediated by multiple interactions with several 

ESCRT-III components (Fig. 1-5A) (Yeo et al., 2003; Nickerson et al., 2006; Obita et al., 

2007). There are multiple proteins that regulate the catalytic activity of Vps4, including 

Vta1, which binds the catalytic domain of Vps4 and promotes both Vps4 oligomerization 

and ATP hydrolysis (Azmi et al., 2006; Lottridge et al., 2006). The Vps4-Vta1 complex, 

like other known AAA-ATPase complexes, is thought to form a pore through which 

unfolded ESCRT-III subunits are threaded to facilitate ESCRT-III filament disassembly 

(Gonciarz et al., 2008). Did2 (CHMP1 in mammals) and Vps60 interact with Vta1 and 

enhance Vta1-mediated stimulation of Vps4 ATPase activity (Azmi et al., 2008). Ist1 acts 

as a negative regulator of Vps4 activity by inhibiting the assembly into its active 

oligomeric state (Dimaano et al., 2008). The regulation of Vps4 activity is complex, and 

is still not completely understood. However, single yeast mutants lacking specific 

regulators of Vps4 have shown that regulation of Vps4 activity is important for the size 

and number of ILVs (Nickerson et al., 2010). It was also suggested that Vps4 regulators 

function in a distinct spatiotemporal manner to fine-tune ESCRT-III disassembly, and 
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subsequent ILV formation (Nickerson et al., 2010). Fig. 1-5B shows a summary of the 

events that lead to packaging of ubiquitinated membrane-bound cargo into endosomal 

ILVs, including the general role of each ESCRT sub-complex in these events.  

 

1.3.2 Role of ESCRT in cytokinesis and viral budding from the plasma membrane 

 In addition to its role in MVB biogenesis, the ESCRT machinery also plays key 

roles in cytokinesis and retroviral budding in mammalian cells, which also involve 

membrane-curvature directed away from the cytosol (reviewed by Henne et al., 2011). 

During cytokinesis, Cep55 (centrosome protein of 55 kDa), a protein known to play a key 

role in the late stages of cytokinesis, first recruits Tsg101 and then Alix to the midbody 

(reviewed by Caballe & Martin-Serrano, 2011). An interaction between Cep55 and Alix 

facilitates recruitment of ESCRT-III, which is required for membrane abscission, 

demonstrated by cytokinetic defects upon expression of mutant versions of Alix where its 

CHMP4-binding site has been disrupted (Morita et al., 2007; Carlton et al., 2008). Recent 

studies using electron tomography and super-resolution microscopy have also shown that 

ESCRT-III subunits form two peripheral rings at the site of membrane constriction, and 

using electron tomography it was shown that filaments spiralling around the zone of 

constriction of a dividing cell co-localized with CHMP4 (Guizetti et al., 2011). The role 

of Tsg101 in cytokinesis is not as well understood as that of Alix. Using sophisticated 

microscopic techniques, it was recently shown that Tsg101 localizes in two distinct 

hollow rings located on either side of the midbody center, but are excluded from the 

interior of the midbody (Elia et al., 2011). The diameter of the Tsg101-containing rings 

suggest that they are part of the outermost layer of the proteinaceous component of the 

midbody, and are closely associated with the plasma membrane, consistent with a role in 

co-ordinating downstream ESCRT components (Elia et al., 2011). A role for ESCRT in 

cytokinesis also appears to be evolutionarily conserved, as evidenced by the finding that a 

member of the archaic Sulfolobus genus uses ESCRT-III and Vps4 orthologues for 

cytokinesis (Lindas et al., 2008), and a Vps25-like protein recruits ESCRT-III-like 

subunits to membranes in this organism (Samson et al., 2011). 

The ESCRT machinery also plays a role in budding of most enveloped viruses, 

HIV (Human Immunodeficiency Virus) being the most extensively studied (Martin-
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Serrano et al., 2001; Garrus et al., 2001; Demirov et al., 2002; Martin-Serrano & Neil, 

2011). In the case of HIV, the p6 protein, a product of the processing of the viral Gag 

poly-protein (p6Gag), possesses domains that function at late stages of infection (late 

domains) to recruit the ESCRT machinery to the plasma membrane, leading to budding 

of mature virions from the cell (Martin-Serrano et al., 2001; reviewed by Martin-Serrano 

& Neil, 2011). Late domain motifs that recruit ESCRT have been extensively studied, 

and essentially fall into two main categories: P(S/T)AP motifs that recruit Tsg101, and 

(L)YPXnL motifs that recruit Alix (Martin-Serrano & Neil, 2011). The P(S/T)AP motif is 

present in other retroviruses and filovirus proteins, and bind Tsg101 through the UEV 

domain. This interaction is thought to mimic that which occurs between Tsg101 and the 

ESCRT-0 component HRS (Im et al., 2010; Ren & Hurley, 2011). In addition to the HIV 

p6Gag protein, (L)YPXnL motifs are also present in other lentiviruses, including equine 

infectious anaemia virus (EIAV), and bind to the C-terminal region of Alix in its dimeric 

form (Lee et al., 2007). 

 The mechanisms of recruitment of downstream ESCRT components by Tsg101 

and Alix to the plasma membrane are not as clear. P(S/T)AP-dependent budding requires 

an intact ESCRT-I complex including Vps28, Vps37 and Mvb12; however, ESCRT-II is 

not required for viral budding (reviewed by Henne et al., 2011). Nonetheless, it has been 

suggested that Tsg101 is able to directly recruit the ESCRT-II components EAP30 and 

EAP45, which may then recruit ESCRT-III (von Schwedler et al., 2003). Alternatively, it 

has been suggested that Tsg101 may interact with Alix, which could subsequently recruit 

ESCRT-III through a direct interaction with CHMP4 (Martin-Serrano & Neil, 2011). 

However, it has also been shown that Alix is not required for P(S/T)AP-dependent 

budding (Martin-Serrano et al., 2003a; Langelier et al., 2006).  

In addition to the motifs mentioned above, an additional motif exists in a number 

of enveloped viruses – the PPXY motif. This motif functions in viral budding by 

recruiting NEDD4-like HECT ubiquitin ligases to sites of viral budding (Martin-Serrano 

et al., 2005). While ubiquitin ligase activity is known to be required for PPXY-dependent 

budding (Martin-Serrano et al., 2005), viral budding can occur in the absence of Gag 

ubiquitylation, and therefore the targets of ubiquitination by HECT ligases remain 

unclear (Zhadina et al., 2007).  
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For a number of enveloped viruses, multiple late domain motifs are employed to 

facilitate viral egress. For example, in HIV the Alix-binding site in p6Gag can substitute 

for the P(S/T)AP motif in cells overexpressing Alix (Fisher et al., 2007; Usami et al., 

2007). Similarly, Rous sarcoma virus relies on both PPXY and LYPSL motifs, and Ebola 

and HTLV-1 (Human T-lymphotropic virus) employ adjacent PPXY and P(S/T)AP 

motifs (Bieniasz, 2006). Overall, the acquisition of multiple late domain motifs by 

several viruses, which simultaneously engage the ESCRT machinery, highlights the 

evolutionary importance of ESCRT in viral budding.  

The role of ESCRT in endosomal MVB biogenesis, cytokinesis and viral budding 

demonstrates also the dynamic nature of the ESCRT machinery. A common theme 

among these processes is that the initial stages of ESCRT recruitment involve re-

localization of Vps23/Tsg101 and/or Bro1/Alix to cellular locations that are the site of 

ESCRT function, via interaction with process-specific adaptor proteins (Fig. 1-6). In the 

case of retroviral budding, the virus itself (i.e. the p6Gag protein of HIV) acts as an 

“adaptor protein” to mimic several of the naturally occurring interactions described above 

(Caballe & Martin-Serrano, 2011). 

 

1.4 The plant ESCRT machinery   

Most components of the ESCRT machinery are highly conserved over a diverse range of 

eukaryotes, and it has been suggested that in some form, ESCRT was present in the last 

common eukaryotic ancestor, and has since diversified (Leung et al., 2008; Field & 

Dacks, 2009). Putative Arabidopsis thaliana (Table 1-1) and rice (Oryza sativa) 

orthologues for nearly all Class E Vps proteins have been identified in silico (Mullen et 

al., 2006; Winter and Hauser, 2006, Leung et al., 2008), with the notable exception of 

ESCRT-0. A lack of ESCRT-0 is not, however, unique to plants; opisthokonts, which 

include humans, Drosophila, and S. cerevisiae are the only group to possess ESCRT-0 

components, suggesting that the majority of eukaryotes employ a different mechanism for 

ubiquitinated cargo recognition compared to that which has been elucidated for yeast and 

mammals (Leung et al., 2008). A proposed candidate for an alternative ESCRT-0 in 

plants is the Tom1-like family of proteins. In mammals, Tom1 and Tom1-like proteins 

bind ubiquitin, and are involved in protein sorting to MVBs from the TGN (Puertollano 



 

 

28 

& Bonifacino, 2004; Puertollano, 2005). In addition, these proteins have the ability to 

bind Tsg101 (Puertollano & Bonifacino, 2004; Mattera et al., 2004; Puertollano, 2005). 

Arabidopsis possesses an expanded family of Tom1 (Target of myb 1) proteins, and it has 

been noted that these proteins may function in the early events of ubiquitinated cargo 

recognition and recruitment of ESCRT-I (Winter & Hauser, 2006). Indeed, like 

mammalian and yeast Vps27/HseI and Hrs/STAM proteins, Arabidopsis Tom1 

homologues possess putative VHS and GAT domains, as well as a putative clathrin box 

(Winter and Hauser, 2006). It has yet to be determined experimentally whether these 

proteins are able to bind clathrin, ubiquitin and/or ESCRT-I components. However, in 

support of this hypothesis, the amoeba Dictyostelium discoideum also lacks ESCRT-0, 

but has a single Tom1 orthologue that interacts with ubiquitin, clathrin and Tsg101, and 

preferentially binds endosome-specific phosphoinositides (Blanc et al., 2009), which 

makes it a good candidate for MVB cargo recognition in this organism. 

Aside from identification of ESCRT genes in plant genomes, characterization of 

the ESCRT machinery in plants is limited to a few key components, compared to the 

breadth of information that exists in yeast and mammals. The first Arabidopsis ESCRT 

component experimentally verified to play a role in MVB biogenesis is the Vps23 

orthologue named ELC for the abnormal trichome development in the mutant (Spitzer et 

al., 2006). ELC has been shown to localize to endosomes, form a higher molecular 

weight complex containing Vps28 and Vps37 homologues, and bind ubiquitin in vitro 

(Spitzer et al., 2006).  

An Arabidopsis orhtologue of Vps4 (SKD1; suppressor of K+ transport growth 

defect 1) also localizes to endosomes, is essential for the formation of MVB ILVs, and 

plays an important role in vacuolar sorting (Haas et al., 2007; Shahriari et al., 2010). 

Furthermore, yeast-two-hybrid screens for Vps4-interacting proteins in Arabidopsis 

identified a Vta1 homologue that was shown to increase the ATPase activity of Vps4 in 

vitro (Haas et al., 2007), and using the yeast two-hybrid assay and bimolecular 

fluorescence complementation, Vps4 interacted with several putative ESCRT-III 

components and predicted Vps4 regulators (Shahriari et al., 2010).  

Two Chmp1 homologues have also been identified in Arabidopsis (Chmp1A and 

Chmp1B), and in vitro, Arabidopsis Chmp1A was shown to interact with Vps4 and Vta1  
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Figure 1-6. In mammals, ESCRT is assembled at various locations in the cell by 

recruitment of Tsg101 and/or Alix by process-specific adaptor proteins 

A schematic diagram showing ESCRT-dependent processes in the cell including 

MVB biogenesis, retroviral budding and cytokinesis. Process-specific adaptor proteins 

function to recruit Tsg101 and/or Alix to the site of ESCRT function, which recruit 

downstream ESCRT components to facilitate membrane scission. In the case of MVB 

biogenesis or cytokinesis, Hrs or Cep55 function as adaptor proteins, respectively. In the 

case of retroviral budding, viral proteins may act as adaptors to recruite Tsg101, Alix, or 

HECT ubiquitin (Ub) ligases. Adapted from Caballe & Martin-Serrano (2011). 
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(Spitzer et al., 2009), which is support for a role in regulation of Vps4 activity, as has 

been reported for yeast Did2 and mammalian Chmp1 homologues (Azmi et al., 2008). 

Interestingly, double Chmp1A/B mutants were shown to undergo abnormal embryo 

development due to defects in establishment of auxin gradients (Spitzer et al., 2009). This 

phenotype was found to be attributable to defects in the down-regulation of auxin 

transporters, suggesting that auxin transporters are cargo for ESCRT-dependent 

degradation (Spitzer et al., 2009). 

Recently, AMSH3, a deubiquitinating enzyme, was also identified in Arabidopsis 

that interacts with putative ESCRT-III components, and accumulates at Class E 

compartments induced by expression of a Vps4 dominant negative mutant (Katsiarimpa 

et al., 2012). The ESCRT-III component Chmp2B (Vps2.2) was also recently shown in 

Arabidopsis to bind to other ESCRT-III components using proteomic, yeast two hybrid 

and bimolecular fluorescence complementation analyses (Ibl et al., 2012). This proteomic 

analysis also identified dynamins and nucleic proteins, suggesting that Chmp2 may have 

nuclear functions unrelated to MVB biogenesis in plants (Ibl et al., 2012). 

Overall, the studies mentioned above have led to the characterization of only a 

limited number of the putative Arabidopsis ESCRT proteins listed in Table 1-1, and do 

not address the overall assembly and organization of the ESCRT machinery that is 

critical to its function. Furthermore, like the ESCRT machinery in mammals, some 

ESCRT components are represented by multiple homologues in Arabidopsis, suggesting 

that certain homologues may be associated with the ESCRT machinery under different 

circumstances, providing for an additional level of regulation (Tsang et al., 2006). 

Similarly, it is likely that species-specific differences in Arabidopsis will also exist with 

respect to organization and assembly of the ESCRT machinery. 

 

1.5 Objectives 

 The overall goal of this project is to investigate the role of ESCRT in formation of 

tombusvirus-induced MVBs. While putative plant homologues for virtually all ESCRT 

components have been identified in Arabidopsis (Mullen et al., 2006; Winter and Hauser, 

2006; Leung et al., 2008), only a few of these have been confirmed experimentally to be 

part of the ESCRT machinery (Spitzer et al., 2006; Haas et al., 2007; Spitzer et al., 2009; 
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Shahriari et al., 2010). Therefore, the first objective of this research is to contribute to our 

current understanding of the assembly and organization, as well as the functional 

conservation of the plant ESCRT machinery by investigating the protein-protein 

interactome of predicted Arabidopsis ESCRT components and their subcellular 

localization(s) in plant cells (Chapter 2). Secondly, given the presence of multiple 

homologues of many of the ESCRT proteins in plants, a meta-analysis of the expression 

profiles of the Arabidopsis ESCRT components was conducted to explore potential 

higher-level regulation of ESCRT in terms of tissue- and developmental program-specific 

expression of ESCRT (Chapter 3). Finally, using the information gained through those 

characterizations of the ESCRT machinery in Arabidopsis, the role of ESCRT in the 

formation of tombusvirus-induced MVBs in plant cells was investigated (Chapter 4). The 

overall implications of these results are discussed (Chapter 5), including how an 

understanding of the mechanistic differences between the yeast/mammalian and plant 

ESCRT machinery may provide information about the mechanism by which 

tombusviruses use ESCRT during replication complex assembly. Conversely, it will be 

discussed how the mechanism of ESCRT recruitment to mitochondria during CIRV 

infection may lend insight into general aspects of ESCRT function in non-infected cells, 

as is also discussed (Chapter 5).   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1A portion of Chapter 2 has been published in Front. Plant Sci. 2011. 2:20. Richardson LGL, Howard 

ASM, Khuu N, Gidda SK, McCartney A, Morphy BJ, and Mullen RT. Protein-protein interaction 

network and subcellular localization of the Arabidopsis thaliana ESCRT machinery. ASMH and NK 

contributed to the yeast two hybrid interactome, SKG and AM constructed several clones and BJM 

assisted with in vitro co-immunoprecipitations. 
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Chapter 2 : Protein-Protein Interaction Network and Subcellular 

Localization of the Arabidopsis thaliana ESCRT Machinery1 

2.1 Background 

In animal cells, plasma membrane proteins that are destined to be degraded are 

internalized via endocytosis and delivered through the endosomal pathway to the 

lysosome (Gruenberg and Stenmark, 2004). This sorting process is highly complex, 

involving the concentration of endocytosed membrane-bound, ubiquitinated cargo 

proteins within intralumenal vesicles (ILVs) of multivesicular bodies (MVBs), which 

result from maturation of early (and recycling) endosomes by the progressive 

invagination and scission of their boundary membranes. Once formed, MVBs eventually 

fuse with the lysosome where their contents, including the intralumenal vesicles, are 

degraded. 

The formation and scission of MVB ILVs is unique, because, unlike other vesicle 

budding events (e.g., those mediated by clathrin or the coat protein complexes), it is 

directed away from the cytosol. This process is mediated by a set of ~30 soluble proteins, 

collectively known as the Endosomal Sorting Complex Required for Transport (ESCRT), 

which, in a sophisticated hierarchical- and stoichiometric-dependent manner, are 

assembled at the endosomal membrane into several multi-protein sub-complexes, termed 

ESCRT-0, -I, -II, and –III (Chapter 1). ESCRT proteins have been since found in a wide 

range of evolutionarily diverse species, suggesting they perform a variety of conserved 

functions (Leung et al., 2008). Current working models of the molecular mechanisms 

underlying ESCRT function have come initially from yeast two-hybrid studies of the 

yeast and mammalian ESCRT interactomes, followed by a proliferation in the past few 

years of biochemical, genetic, structural, and biophysical studies aimed at characterizing
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the role of ESCRT during MVB protein-sorting in these organisms (described in Chapter 

1).  

In plants, the endosomal pathway is considered highly dynamic, but overall, is far 

less well understood compared to that of animals and yeasts. Nonetheless, several 

functional similarities exist, including roles in intracellular signaling and receptor down-

regulation (Müller et al., 2007; Otegui and Spitzer, 2008; Robinson et al., 2008; 

Schellmann and Pimpl, 2009). The plant endosomal pathway is also involved in a number 

of key plant-specific processes, including embryo differentiation and the regulation of 

auxin transport (Otegui and Spitzer, 2008). Plants, like yeasts and animals, also possess 

MVBs (also referred to as prevacuolar compartments; Mo et al., 2006) that facilitate 

ESCRT-mediated trafficking of ubiquitinated membrane proteins to the vacuole for 

degradation. However, the biogenetic relationship between MVBs and other 

compartments of the endosomal pathway in plant cells is not entirely clear. In plants, for 

instance, MVBs mature directly from the TGN (Sheuring et al., 2011). Moreover, 

multiple types of MVBs, as well as vacuoles appear to exist in plant cells, all of which 

may have different functions depending on the tissue or organ that they reside in and/or 

the developmental stage (Otegui and Spitzer, 2008). 

As listed in Table 1-1 (Chapter 1), homologues of all of the main ESCRT and 

ESCRT-associated proteins in yeasts and mammals, with the exception of those 

comprising ESCRT-0 (i.e., Vps27/HRS, HseI/STAM) and the ESCRT-I component 

Mvb12, exist in Arabidopsis thaliana (Mullen et al., 2006; Spitzer et al., 2006; Winter 

and Hauser, 2006; Leung et al., 2008). However, only a few of these proteins and/or their 

homologues in other plant species have been analyzed experimentally, and to varying 

degrees (Shen et al., 2003; Yang et al., 2004; Jou et al., 2006; Haas et al., 2007; Tian et 

al., 2007; Spitzer et al., 2009; Shahriari et al., 2010). While each of these studies has 

provided important functional insights to the plant ESCRT machinery, experimental data 

for the overall organization of ESCRT in plants compared to other organisms are lacking, 

and virtually non-existent for the putative components of ESCRT-II and ESCRT-III. 

Furthermore, like other non-opisthokonts (e.g., Dictyostelium, Chlamydomonas), plants 

lack an ESCRT-0 complex, but they possess a family of proteins homologous to the 

Tom1 proteins that in mammals, participate in ubiquitinated cargo sorting, bind ESCRT-
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I, and are thought to function in parallel with ESCRT-0 (Wang et al., 2010). Thus, plant 

Tom1 proteins have been proposed, but not tested experimentally, to function as a so-

called “alternate” ESCRT-0 complex during MVB biogenesis (Winter and Hauser, 2006; 

Leung et al., 2008). To address the paucity in our understanding of the plant ESCRT 

machinery, known and putative components of the Arabidopsis ESCRT machinery were 

examined, in terms of their protein–protein interaction network using yeast two-hybrid 

assays, and subcellular localization(s) in transiently transformed suspension-cultured 

tobacco cells. The results of these studies are discussed relative to the current working 

models of ESCRT’s role during MVB biogenesis in yeast and mammalian model 

systems, highlighting not only evolutionarily conserved aspects of the plant ESCRT 

machinery, but also unique features which may reflect the functional plasticity of ESCRT 

in plants. 

 

2.2 Materials and Methods 

2.2.1 Recombinant DNA Procedures and Plasmid Construction 

Molecular biology reagents were purchased either from New England BioLabs, 

Promega, Perkin Elmer Life Sciences Inc., Stratagene, or Invitrogen. Oligonucleotides 

were synthesized by Sigma-Aldrich or University of Guelph Laboratory Services. DNA 

was isolated and purified using reagents from Invitrogen. All DNA constructs were 

verified using dye-terminated cycle sequencing performed at the University of Guelph 

Genomics Facility. Mutagenesis was carried out using appropriate complementary 

forward and reverse mutagenic primers and the QuikChange site-directed mutagenesis kit 

according to the manufacturer’s instructions (Stratagene). 

cDNAs encoding full-length open reading frames (ORF) for various Arabidopsis 

ESCRT components listed in Table 1-1 were obtained from the Arabidopsis Biological 

Resource Center (Ohio State University) or RIKEN Bioresource Center and then, using 

PCR and the appropriate forward and reverse primers, were sub-cloned into one or more 

of the following plasmids: the yeast (two-hybrid) expression vectors pGADT7 and 

pGBKT7 (Clontech; distributed by BD Bioscience), consisting of sequences encoding (in 

pGADT7) the GAL4 activation domain (AD) and an hemagglutinin (HA)-epitope tag 

followed by a multiple cloning site (MCS), or (in pGBKT7) the GAL4 DNA-binding 
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domain (BD) and a Myc-epitope tag, followed by an MCS; pRLT2/Myc-MCS, a plant 

expression vector that includes the 35S cauliflower mosaic virus (CaMV) promoter and 

sequences encoding an initiation methionine and Myc-epitope tag, then an MCS 

(Shockey et al., 2006); pRTL2/HA-MCS, which is equivalent to pRTL2/Myc-MCS, 

except that it contains sequences encoding an HA epitope tag; pRTL2/GFP-MCS and 

pUC18/NheI-GFP, both of which contain the 35S CaMV promoter, but differ in that an 

MCS or unique NheI restriction site is either immediately 3′ or 5′ of the green fluorescent 

protein (GFP) ORF, respectively (Shockey et al., 2006; Clark et al., 2009). Alex Howard, 

Andrew McCartney and Satinder Gidda also contributed to building various ESCRT 

constructs used in this chapter. 

pUC18/GFP-Syp21 encodes GFP fused to the N terminus of the Arabidopsis 

membrane-bound Qa-SNARE (soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor) Syp21 (Syntaxin of plants 21; Ueda et al., 2001) and pBSIIKS+/GFP-

ARA7 encodes the Arabidopsis Rab5 (Rabenosyn-5)-related GTPase Ara7 fused to the C 

terminus of GFP (Uemura et al., 2004). pBSIIKS+/GFP-ARA7 was used for the 

construction of pRTL2/RFP-Ara7, whereby the Ara7 ORF was sub-cloned (via PCR) into 

pRTL2/RFP-MCS, containing the red fluorescent protein (RFP) ORF followed by an 

MCS (Shockey et al., 2006). pCam-YFP-Rab5/F2a (kindly provided by Dr. Marisa 

Otegui, University of Wisconsin) encodes the yellow fluorescent protein (YFP) fused to 

the N terminus of the Arabidopsis Rab5-related GTPase Rha1 (also referred to as 

RabF2a; Haas et al., 2007) and pMO4-AtSKD1[E232Q] (also provided by Dr. Marisa 

Otegui, University of Wisconsin) encodes GFP fused to the N terminus of a mutant 

version of Arabidopsis SKD1 (referred to hereafter as Vps4), whereby the glutamic 

amino acid residue at position 232 of Vps4 was replaced with a glutamine (Vps4E232Q), 

resulting in an ATP hydrolysis deficiency (Haas et al., 2007). 

 

2.2.2 Yeast Two-Hybrid and β-Galactosidase Assays 

Yeast two-hybrid and β-galactosidase (β-Gal) assays were performed by Alex 

Howard and Nicholas Khuu (Howard, 2008). The Clontech Matchmaker GAL4 Two-

Hybrid System 3 (BD Bioscience) was used according to the manufacturer’s instructions, 

with some modifications. Briefly, yeast cells (strain PJ69-4A) harboring pGADT7 (bait) 
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and/or pGBKT7 (prey) plasmids were cultured in duplicate in synthetic dextrose medium 

[2% (w/v) dextrose, 0.67% (w/v) yeast nitrogen base without amino acids, 2 g L−1 

synthetic mix of amino acid supplements, minus leucine, and tryptophan; SD-LT; 

Bufferad] and plated [at equal cell density (0.1 OD600)] on either SD-LT (low-stringency 

selection media), SD-LTHA (SD-LT medium that also lacked histidine and adenine; 

high-stringency selection media), or SD-LTHA plus 15 mM 3-amino-1,2,4-triazole (3-

AT), which is used to inhibit low levels of His3 activity, and thus, suppress background 

growth due to “autoactivation” of the HIS3 reporter gene. The relative growth rates of 

cells (compared to each other and to cells containing positive or negative control “bait” 

and “prey” plasmid pairs provided by Clontech) were assessed daily (up to 5 days) as 

either: no growth, weak, medium, or strong growth. Results of growth assays are based 

on three separate experiments performed using all of the respective genes (other than 

those that “autoactivated” in the presence of 3-AT) both as “bait” and “prey.” Activation 

of the lacZ reporter and determination of the resulting β-Gal activity in co-transformed 

yeast strains cultured in SD-LT was carried out using a Semi-quantitative β-Gal Assay kit 

(Pierce Protein Research Products) and a Molecular Devices Thermo Max microplate 

reader to detect β-gal product (o-nitrophenol) formation at OD660. β-Gal enzyme activity 

was calculated in Miller units (Miller, 1972) and based on the average activity of at least 

three replicates from three separate (yeast) co-transformations. To calculate Miller units, 

the following equation was used: 

 

β-Galactosidase Activity = (1000 x A420) ÷ (t x V x OD600) 

 

where, A420 = absorbance at 420 nm; t = time (in minutes) of incubation; V = volume of 

cells (mL) used in assay. 

 

2.2.3 Yeast Protein Extracts and Western Blot Analysis 

Protein lysates of yeast strains transformed individually with Arabidopsis ESCRT 

plasmids were prepared as described by O’Quin et al. (2009). Briefly, transformed yeast 

were grown overnight in SD-L or SD-T. The next day, 500 µl of overnight culture were 

used to inoculate 10 mL of SD-L or SD-T and incubated for 3.5 hr at 30 °C, 250 RPM. 
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Cells were washed with 1 mL of ice-cold sterile water, and the OD600 was measured, and 

cells diluted to 1 mL of 1.0 OD600.  Cells were lysed by addition of 150 µl of 7.5% β-

mercaptoethanol in 2M NaOH and incubated on ice for 15 min. To precipitate proteins, 

150 µl of 55% trichloroacetic acid was added, and samples were incubated on ice for 10 

min. Samples were centrifuged at 13,000 x g for 10 min, and the pellet containing 

precipitated protein was completely dissolved in 25 µl of 0.2 NaOH, 1% SDS and 

incubated for 10 min in a 37 °C water bath, vortexing every 2 min. Then, 85 µl of 

modified SDS-PAGE sample buffer [1x LDS sample buffer (Invitrogen), 8M urea, 50 

mM DTT] was added and samples were centrifuged 13,000 x g for 10 min prior to 

loading. Proteins were separated on 10% SDS-PAGE gels and stained with Coomassie 

blue R250 to verify approximately equal loading of total protein or, for Western blotting, 

proteins were transferred to nitrocellulose membranes using a semi-dry transfer cell (Bio-

Rad Laboratories). Membranes were probed with either rabbit α-Myc, rabbit α-HA 

(Bethyl Laboratories), or mouse α-HA (Covance) primary antibodies and goat α-rabbit or 

rabbit α-mouse secondary antibodies conjugated to peroxidase (Sigma). Proteins were 

immunodetected using the Western Lightning® Chemiluminescence Reagent Plus kit 

(Perkin Elmer) and membranes were exposed to Kodak X-OMAT Blue XB film and 

developed using a Konica Minolta SRX-101A film processor. 

 

2.2.4 In vitro Co-Immunoprecipitations 

Hemagglutinin- or Myc-tagged proteins were synthesized in vitro using the TNT 

T7 Coupled Reticulocyte Lysate System (Promega) according to the manufacturer’s 

protocol, with the corresponding pGADT7 or pGBKT7 Arabidopsis ESCRT plasmids 

serving as template DNA. In vitro co-immunoprecipitations were carried out essentially 

as described in the Clontech Matchmaker Co-IP kit user manual. Briefly, 10 µl each of 

the in vitro translated “bait” and “prey” proteins were incubated together at room 

temperature for 1 hr. Either 1 µg of rabbit α-HA (Bethyl Laboratories) or 10 µl of mouse 

α-Myc antibodies in hybridoma medium (clone 9E10; Princeton University Monoclonal 

Antibody Facility) were added and incubated for 1 hr to immunoprecipitate “bait” 

proteins.  Protein A-Sepharose beads (Sigma-Aldrich) were prepared by swelling in PBS 

for 45 min, washed 3 times with PBS, and were then added to the co-
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immunoprecipitation reaction and incubated for 1 hr to immunoprecipitate IgGs. 

Reactions were centrifuged at 2,000 x g to pellet the Protein A-beads, which were washed 

5 times with Co-IP buffer (20 mM Tris-HCl, 150 mM NaCl, 0.2% Triton X-100), and 

resuspended in 20 µl 2x SDS-PAGE sample buffer (0.35 M Tris base, 2% bromophenol 

blue, 5% SDS, 0.16M DTT, 7.5% glycerol) to elute co-immunoprecipitated proteins. 

SDS-PAGE and Western blotting were used to detect immunoprecipitated proteins with 

either mouse α-HA (Covance) or rabbit α-Myc (Bethyl Laboratories) primary antibodies, 

and rabbit α-mouse or goat α-rabbit secondary antibodies conjugated to peroxidase 

(Sigma), as described above. 

 

2.2.5 Biolistic Bombardment and Fluorescence Microscopy 

Tobacco [Nicotiana tabacum cv Bright-Yellow-2 (BY-2)] suspension cell cultures 

were maintained and prepared for biolistic bombardment as described previously 

(Lingard et al., 2008). Transient (co-)transformations were performed using 0.5–6 µg of 

plasmid DNA [determined empirically based on the relative strength of the 

(immuno)fluorescence signal due to expression levels of each plasmid-encoded protein 

construct] with a biolistic particle delivery system-1000/HE (Bio-Rad Laboratories). 

Bombarded cells were incubated for ∼4–8 h to allow for expression and sorting of the 

introduced gene product(s) and to reduce potential negative effects due to protein over-

expression. Cells were either viewed immediately or fixed in 4% (w/v) formaldehyde, 

followed by permeabilization with 0.01% (w/v) pectolyase Y-23 (Kyowa Chemical 

Products) and 0.3% (v/v) Triton X-100 (Sigma-Aldrich). Antibodies used for subsequent 

immunofluorescence staining of cells were as follows: mouse α-Myc antibodies; rabbit α-

Myc; rabbit α-HA; goat α-mouse and goat α-rabbit Alexa Fluor 488 IgGs, goat α-mouse 

and goat α-rabbit Cy5 (Cedar Lane Laboratories); and goat α-rabbit rhodamine red-X 

IgGs (Jackson ImmunoResearch Laboratories). 

Epifluorescent images of cells were acquired using an Axioscope 2 MOT 

epifluorescence microscope (Carl Zeiss Inc.) with a 63× Plan Apochromat oil-immersion 

objective. Image capture was performed using a Retiga 1300 CCD camera (Qimaging) 

and Openlab software (Improvision). Confocal laser-scanning microscopy (CLSM) was 

carried out using a Leica DM RBE microscope with a 63× Plan Apochromat oil-
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immersion objective, anTCS SP2 scanning head, and the TCS NT software. Fluorophore 

emissions were collected sequentially in double- and triple-labeling experiments; single-

labeling experiments showed no detectable crossover at the settings used for data 

collection. Other negative controls including omission of primary or secondary antibodies 

and mock transformations with vector (pRTL2) alone also yielded no detectable 

fluorescence. Confocal images were acquired as a z-series or single optical sections of 

representative cells were saved as 512 × 512-pixel digital images. Figure compositions 

and merged images were generated using Northern Eclipse software (Empix Imaging 

Inc.) and Adobe Photoshop CS or Illustrator CS2 (Adobe Systems). The co-localization 

of proteins in selected CLSM optical sections was quantified using the ImageJ plugin 

“Co-localization Finder” and methods based on those described previously by us (Gidda 

et al., 2011). In all experiments, at least 50 independently (co-)transformed cells were 

evaluated to determine subcellular localization(s) of transiently (co)expressed proteins, 

and all micrographs shown in the figures are representative images. Each biolistic 

experiment was replicated at least two times. 

 

2.3 Results and Discussion 

2.3.1 Arabidopsis ESCRT Protein Interaction Network 

DNA sequences encoding most of the known or putative Arabidopsis ESCRT 

proteins listed in Table 1-1 (Chapter 1) were cloned as both GAL4-AD and GAL4-DNA-

BD fusions, allowing for the detection of self-interactions and those interactions that may 

have otherwise been absent due to interference from either the AD or BD fusion tag. 

Each of the AD/BD-ESCRT fusions was also introduced individually into yeast to 

confirm that they were properly expressed (Fig. 2-1) and that they did not “auto-activate” 

the two-hybrid reporter gene system on their own. Interactions among Arabidopsis 

ESCRT proteins were then assessed in two ways. First, the relative growth rates of co-

transformed yeast were compared on selection media with or without 3-AT, and all 

positive interactions were then scored based on growth as either weak, medium, or 

strong; examples of which are shown in Fig. 2-2. Second, all positive interactions 

detected by growth assays were quantified using liquid β-Gal assays. Co-

immunoprecipitations with selected in vitro-synthesized Myc- or HA-epitope-tagged  
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Figure 2-1. Protein immunoblot analysis of yeast expressing individual AD- or BD- 

Arabidopsis ESCRT fusion proteins 

Yeast were transformed individually with plasmids encoding either (A) GAL4-

AD or (B) GAL4-BD ESCRT fusion proteins or the corresponding ‘empty’ AD or BD 

control plasmids, were cultured in non-selective media and then processed for SDS-

PAGE and Western blotting. Shown are representative immunoblots probed with either 

(A) α-HA antibodies, which recognize the HA epitope tag located between the GAL4 

AD moiety and ESCRT protein, or (B) α-Myc antibodies, which recognize the Myc 

epitope tag located between the GAL4- BD moiety and ESCRT protein. Note also in (A) 

a non-specific, ~80 kDa endogenous yeast polypeptide (marked with an asterisk) was 

immunodetected in protein blots probed with rabbit α-HA antibodies. Numerical values 

to the left of blots are the molecular masses (in kDa) of protein standards. 

 

 

 

 

 

 

 

 

 

 



 42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 43 

 

 

 

 

 

 

 

 

 

 

Figure 2-2. Representative yeast-two-hybrid assay plates showing the relative 

growth of selected AD- and BD- Arabidopsis ESCRT co-transformed yeast  

Yeast harbouring (co-transformed) either individual pairs of each of the positive 

two-hybrid-interacting AD- and BD-ESCRT fusion proteins (refer to shaded boxes in 

Figure 2) or the corresponding ‘empty’ AD or BD control plasmids (refer to the top two 

rows in Figure 2), were (replica) spotted onto agar plates containing either (B) low-

stringency selection media (SD-LT), (C) high-stringency selection media (SD-LTHA) 

without 3-AT, or (D) SD-LTHA with 3-AT, and incubated for 5 d at 30°C. Shown in (A) 

are the locations (drawn as circles) on the plates of each of the co-transformed yeast 

strains examined, as well as the specific combinations of AD- and BD-ESCRT (or 

‘empty’ vector’) plasmids they harbour (numbered 1-150).  
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ESCRT proteins (Fig. 2-3) were used to verify at least some of the results of the yeast 

two-hybrid assays. The low efficiency of in vitro translation for many of the ESCRT 

proteins precluded us from validating a large number of interactions using this method; 

however, the results from the yeast two-hybrid assays, as discussed below, revealed not 

only several new interactions for Arabidopsis ESCRT proteins, but also reconfirmed 

almost all of the interactions previously published for selected Arabidopsis ESCRT 

proteins using the same (yeast two-hybrid) or other [e.g., immunoprecipitations or 

biomolecular fluorescence complementation (BiFC)] interaction methods (summarized in 

Chapter 1, section 1.4), validating the reliability of this assay for mapping the 

Arabidopsis ESCRT interactome. 

At first glance of the ESCRT interaction network shown in Fig. 2-4, it is apparent 

that the hierarchy of protein-protein interactions is conserved in Arabidopsis. 

Specifically, ESCRT proteins interact mainly with other components of the same sub-

complex, and/or components of sub-complexes predicted to be spatially adjacent on the 

endosomal surface based on models of ESCRT assembly in other organisms. Upon more 

detailed dissection of these interactions, however, it is apparent that there are subtle 

differences in the individual interaction plants; however interactions between certain 

members of the Tom1-like family of proteins and ESCRT-I were observed. These and 

other features of the Arabidopsis protein interaction network are discussed in more detail 

below. 

 

ESCRT-I and Tom1 protein interaction network 

The ESCRT-I components Vps23A and Vps23B, displayed numerous interactions 

that reflect their conserved importance in ESCRT-I assembly (e.g., Vps23A/B-

Vps23A/B, Vps23A/B-Vps37A and Vps23A/B-Vps28A/B) and in the recruitment of 

ESCRT-II (e.g., Vps23A/B-Vps25, Vps23A/B-Vps22, and Vps23A/B-Vps36; Fig. 2-4) 

in Arabidopsis. However, we also observed interactions between various Arabidopsis 

ESCRT-I components and members of the Tom1 family of proteins. Specifically, 

Vps23A/B, Vps28A/B, and Vps37A all interacted with Tom1D, and Vps23B also 

interacted with Tom1A/F/_L/G (Fig. 2-4). The interaction between Vps23A/B and 

Tom1D was also confirmed using in vitro co-immunoprecipitations (co-IPs) (Fig. 2-3);  
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Figure 2-3. Co-immunoprecipitations of Arabidopsis ESCRT proteins in vitro  

Plasmids encoding selected AD- or BD-ESCRT fusion proteins (which included 

an HA or Myc epitope tag between the GAL4 AD or BD moieties, respectively, and the 

ESCRT protein) were transcribed and translated in vitro. Translation products for specific 

protein pairs (referred to as ‘prey’ and ‘bait’) or only the ‘prey’ proteins serving as 

negative controls were mixed and incubated with either α-Myc or α-HA antibodies [as 

indicated below each blot (IP)], followed by incubation with Protein A-Sepharose. 

Equivalent amounts of all co-immunoprecipitated protein fractions, as well an aliquot of 

in vitro synthesized ‘prey’ protein alone (refer to the first lane in each blot) were 

subjected to SDS-PAGE and Western blotting with either α-HA or α-Myc antibodies (as 

indicated to the left of each blot). Arrowheads at the right side of the blots indicate the 

migration positions of the specific immunodetected ‘prey’ proteins. The additional lower 

molecular mass proteins observed in most blots are IgGs carried over from the co-

immunoprecipitation reactions. Also shown (on the right) are compilations of blots of the 

individual HA- or Myc-tagged ‘bait’ proteins used as input for corresponding co-

immunoprecipitations reactions. 
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Figure 2-4. Matrix illustrating the Arabidopsis ESCRT interactome based on the 

yeast two-hybrid assay 

A) Plasmids encoding selected GAL4-AD and -BD Arabidopsis ESCRT fusion 

proteins (as well as the corresponding ‘empty’ AD and BD plasmids) were co-

transformed into yeast, then replica plated on either low- or high-stringency selection 

media with or without 3-AT. Those BD-ESCRT fusion constructs that were not further 

tested in yeast two-hybrid (growth) assays because they displayed growth when co-

expressed with the ‘empty’ AD plasmid (i.e., autoactivation) on selective media with or 

without 3-AT, are indicated with solid squares or circles, respectively. Shaded boxes 

represent the relative rates of yeast growth on high-stringency selection media (with 3-

AT) as either: strong (black), medium (dark grey), weak (light grey), or no growth 

(white). Also indicated in the matrix are the averages of the measured β-Gal activities for 

each positive-interacting protein pair, with the exception of those interactions in which 

yeast strains that harboured certain BD-ESCRT plasmids along with the ‘empty’ AD 

plasmid displayed growth (autoactivation) on low-selection media alone (indicated as 

‘nd’). Note that the relative growth rates of most yeast strains expressing a positive-

interacting protein pair are generally proportional to their calculated β-Gal activities. B) 

A schematic representation of interaction observed in A, where components are 

organized into predicted ESCRT subcomplexes. Interactions with ESCRT components 

that exist as multiple homologues are not differentiated in this diagram. Blue lines 

represent observed interactions that were expected based on the interactomes of yeast and 

mammals, red lines represent a lack of interaction where precedence for an interaction in 

yeast and mammals exists in the literature, and green lines represent interactions that 

appear to be unique to Arabidopsis ESCRT components. 
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however in contrast to the yeast two-hybrid data, Tom1A and C were not shown to 

interact with Vps23A or B using co-IPs (Fig. 2-3). The inability to detect interactions 

between the Vps23 homologues and Tom1A or C by co-immunoprecipitation may be due 

to the relative strength of the interactions - as shown in Fig. 2-4, interactions between 

Tom1D and Vps23A and B were detected as strong interactions with high β-Gal activity 

values relative to the equivalent interactions with Tom1A and Tom1C. network(s) of 

several Arabidopsis ESCRT proteins, compared to their orthologues in yeast and/or 

mammals. In addition, as previously discussed, a canonical ESCRT-0 does not exist in  

Despite this discrepancy, the observation that Tom1-like proteins interact 

specifically with ESCRT-I is consistent with the proposal that Tom1 proteins act as an 

alternate ESCRT-0 complex in plants (Winter and Hauser, 2006; Leung et al., 2008). As 

a precedent for this idea, Dictyostelium, which also lacks an ESCRT-0 complex, 

possesses a Tom1 homologue that binds to Dictyostelium Tsg101 (Blanc et al., 2009).  

The lack of interaction between other Tom1 proteins and Vps23A/B in this study 

(Fig 2-3 and 2-4) does not preclude an interaction in plant cells, given the general 

limitations of the yeast two-hybrid assay, such as BD-fusion-protein auto-activation (e.g., 

Tom1A/B/C/F/_L) or the absence of additional endogenous interacting proteins and/or 

membranes. Validation of these interactions using complementary experimental 

approaches is still required, and further work needed to clarify the role of Tom1 proteins 

in MVB cargo sorting in Arabidopsis. 

 

ESCRT-II interaction network 

In addition to interacting with components of ESCRT-I (discussed above), the 

putative Arabidopsis ESCRT-II components, Vps22 and Vps36, interacted with 

themselves and each other, as well as with the other (third) putative component of 

ESCRT-II, Vps25 (Fig. 2-4). Moreover, the binding of Vps36 and Vps25 was confirmed 

by co-immunoprecipitation (Fig. 2-3). These interactions reflect the core structure of 

ESCRT-II observed in yeasts and mammals, which consists of one molecule each of 

Vps22/Eap30 and Vps36/Eap45, each of which are bound to a molecule of Vps25/Eap20 

(Hierro et al., 2004).  

Consistent with the proposed spatial organization of ESCRT at the endosomal 
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surface, Vps25 and Vps36 also interacted with the putative ESCRT-III components 

Vps20A/B and Snf7A/B (Fig. 2-3 and 2-4) (Hurley and Hanson, 2010; Peel et al., 2010). 

In yeast and mammals, Vps25/Eap20 interacts with Vps20/Chmp6 of ESCRT-III, which 

subsequently binds to Snf7/Chmp4 and serves as an active nucleator for Snf7/Chmp4 

oligomerization. This leads to the final assembly steps of the ESCRT-III polymer 

complex, membrane scission and formation of an internal vesicle within the MVB.  

 

ESCRT-III interaction network 

As shown in Fig. 2-4, the putative Arabidopsis Snf7A and Snf7B proteins are 

capable of homotypic and heterotypic interactions (Fig.2-4), consistent with a conserved 

role for Snf7 oligomerization during ESCRT-III assembly in plants. However, we found 

that Snf7A/B and Vps20A/B, did not interact with the other two putative components of 

the Arabidopsis ESCRT-III complex, Vps24A and Chmp2B (Fig. 2-4). These results 

were somewhat unexpected given the reported binding behaviours and proposed roles of 

their counterparts in other organisms. For example, in yeast, Vps24 and Vps2 (the 

orthologue of mammalian and Arabidopsis Chmp2) interact to form a sub-complex that 

then binds to the Vps20-Snf7 sub-complex, yielding the core ESCRT-III complex 

(Hurley and Hanson, 2010; Peel et al., 2010). While the apparent lack of interaction 

between Arabidopsis Vps24A, as well as Chmp2B and other ESCRT-III components may 

again reflect, a general limitation of the yeast two-hybrid assay, it is also possible that it 

represents plant-specific differences in ESCRT-III assembly. 

 The ESCRT accessory protein Bro1/Alix has several interaction domains and in 

yeasts and mammals has been shown to interact with both Snf7 and Vps23, and their 

respective mammalian orthologues (reviewed by Odorizzi, 2006). In humans, Alix plays 

an important role in HIV budding by binding to the HIV p9 Gag protein to recruit Chmp4 

to sites of viral budding at the plasma membrane (Fujii et al., 2007). In Arabidopsis, only 

one Bro1/Alix orthologue was identified (Table 1-1) and its interaction network in the 

context of the overall ESCRT interactome is consistent with that of the yeast and 

mammalian orthologues. As shown in Fig. 2-4, Arabidopsis Bro1 interacts with both 

Vps23 homologues, as well as both Snf7 homologues. Bro1 also demonstrated the ability 

to dimerize, which in mammals, has been shown to be important for its interaction with 
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Chmp4 polymers (Pires et al., 2009). 

 

Vps4 and its associated regulators 

Following membrane scission, the disassembly of ESCRT-III in yeasts and 

mammals is mediated by the recruitment of the AAA-ATPase Vps4 and several of its 

regulatory factors, including IstI and Did2/Chmp1, to the endosomal membrane. 

Additional Vps4 regulatory factors are then also recruited, including Vps60 and 

Vta1/LIP5, both of which induce the assembly of Vps4 into an active oligomer and 

stimulate ATP hydrolysis (reviewed in Hurley and Hanson, 2010; Peel et al., 2010). 

While no interactions were observed in this study between any of the putative 

Arabidopsis ESCRT-III proteins and the Vps4 regulators Chmp1A or Vta1, between Vta1 

and the other putative Vps4 regulators, Vps60A/B, or, in contrast to the results recently 

reported by Shahriari et al.. (2010), between Vps4 and Snf7A/B, we did observe 

interactions between Vps24A and Vps60A/B, as well as between Chmp2B and Vps4 

(Fig. 2-4). Moreover, as reported previously using in vitro co-immunoprecipitations 

(Haas et al., 2007; Spitzer et al., 2009), yeast two-hybrid and/or BiFC assays (Shahriari et 

al., 2010), we observed interactions between Chmp1A and Vta1 with Vps4 (Fig. 2-3 and 

2-4). We also found that Vps4 interacted with Vps20A/B and Vps60A/B, similar to their 

reported interactions via BiFC (Shahriari et al., 2010), and Vps4 also displayed 

homotypic binding (Fig. 2-4), just as it does in other (non-plant) organisms (Shestakova 

et al., 2010). 

Taken together, the observed protein interaction network of predicted components 

of the ESCRT machinery in Arabidopsis further supports our conclusion that while 

generally conserved with respect to the equivalent interactions in yeasts and/or mammals, 

the Arabidopsis ESCRT machinery also possesses a number of unique differences that 

may reflect the functional plasticity of the plant ESCRT system overall. Indeed, given the 

number of different isoforms for several of the ESCRT subunits in Arabidopsis, and the 

highly complex nature of the endosomal system in plants compared to yeasts and 

mammals (Otegui and Spitzer, 2008; Robinson et al., 2008), it is not altogether surprising 

that these proteins, and perhaps other uncharacterized proteins interact and operate in 

additional and/or different ways in plants. 
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2.3.2 Subcellular Localization of Arabidopsis ESCRT proteins 

To further characterize the Arabidopsis ESCRT machinery, the subcellular 

localization of some of the known and putative ESCRT proteins was examined in tobacco 

BY-2 suspension-cultured cells, which serve as a well-known model system for studying 

protein targeting and organelle biogenesis in plant cells (Brandizzi et al., 2003; Miao and 

Jiang, 2007). Specific Arabidopsis ESCRT proteins were selected for subcellular 

localization experiments to complement the protein–protein interaction results from the 

yeast two-hybrid assays (Fig. 2-4), as well as to compare ESCRT-related functions and/or 

MVB targeting mechanisms of the Arabidopsis proteins to their homologues in yeasts 

and mammals. This allows for discussion of the Arabidopsis proteins in terms of the 

current, generalized working models for ESCRT. 

Epitope- or fluorescent protein-tagged versions of selected ESCRT proteins from 

Table 1-1, including one or more proteins from each of the ESCRT sub-complexes, as 

well as Vps4, or modified versions thereof, were expressed transiently (via biolistic 

bombardment) either individually or in combination in BY-2 cells. Their resulting 

subcellular localizations were then assessed by standard epifluorescence microscopy, 

along with that of the co-expressed MVB marker proteins, GFP-Syp21, consisting of 

GFP appended to the N terminus of the Arabidopsis membrane-bound Qa-SNARE, 

Syp21 (Uemura et al., 2004); Ara7, an Arabidopsis Rab5-related soluble GTPase (Lee et 

al., 2004; Ueda et al., 2004) fused at its N-terminus to RFP (RFP-Ara7); or YFP-Rha1, 

consisting of YFP fused to Rha1, another MVB-localized Arabidopsis Rab5-related 

GTPase (Lee et al., 2004). Confocal laser scanning microscopy (CLSM) was used 

specifically when greater spatial resolution was necessary in order to confirm protein co-

localization on a single optical plane or to view a novel MVB-related structure(s) in a 3-

dimensional distribution.  

 

Endosomal/MVB Marker protein localization in BY-2 cells  

Before examining the localization of ESCRT proteins in tobacco BY-2 cells, the 

targeting characteristics of the MVB marker proteins were first examined. As expected, 

GFP-Syp21 partially co-localized with co-expressed RFP-Ara7, while YFP-Rha1 
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partially co-localized with co-expressed RFP-Ara7 (Fig. 2-5A). The partial co-

localization between GFP-Syp21 and RFP-Ara7 was also verified by CLSM (Fig. 2-5B) 

and quantified based on the mean Pearson’s correlation coefficient r, which revealed a 

significant amount of fluorescence signal overlap (r = 0.67 ± 0.09; see Materials and 

Methods for details). Overall, these results match those from similar studies, which 

showed that Ara7/Rha1 and Syp21 are preferentially localized in at least two types of 

partially overlapping and structurally related MVB compartments in plant cells (Lee et 

al., 2004; Ueda et al., 2004; Foresti et al., 2010). It should also be noted that while the 

appearance (i.e., number, size, and distribution) of GFP-Syp21- or RFP-Ara7-labeled 

MVBs in BY-2 cells co-expressing ESCRT proteins often varied among cells, this 

variability has also been reported for other plant cell types and was expected given the 

highly dynamic nature of the plant endosomal system. In addition, over-expression of 

Syp21 has been previously shown to prevent fusion of MVBs with the vacuole, leading to 

accumulation of vacuole-destined proteins at MVBs, and resulting in the formation of 

enlarged MVBs (Foresti et al., 2006). Regardless, for the remainder of experiments 

described in this study, GFP-Syp21 was used as a marker for MVBs, since it represents 

one of the best characterized MVB marker proteins in terms of its trafficking and 

biological activities (Shirakawa et al., 2010; Uemura et al., 2010). We also attempted to 

control for any potential negative effects due to GFP-Syp21 over-expression (Foresti et 

al., 2006), or transient protein overexpression in general, by focusing on cells exhibiting 

relatively low or moderate levels of (immuno)fluorescence, as previously described (e.g., 

Ueda et al., 2004; Kato et al., 2010). In addition, all ESCRT or ESCRT-associated 

proteins examined in this study in terms of their localization in BY-2 cells, were 

expressed on their own to assess the effects of co-expression with GFP-Syp21 and/or 

other ESCRT proteins.  

 

Tom1 and ESCRT-I localization 

As shown in Fig. 2-6A, N-terminal Myc-epitope-tagged versions of various 

members of the Arabidopsis Tom1 protein family displayed either (for Tom1A and 

Tom1D) a diffuse cytosolic and small punctate fluorescence pattern or (for Tom1C and  
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Figure 2-5. Subcellular localization of the late endosomal markers, GFP-Syp21, 

YFP-Rha1, and RFP-Ara7  

BY-2 cells were either transiently (co-)transformed with (A) GFP-Syp21 and 

RFP-Ara7, or YFP-Rha1 and RFP-Ara7 and viewed with epifluorescence microscopy. 

Also shown is the corresponding differential interference contrast (DIC) image. In (B) 

BY-2 cells co-transformed with GFP-Syp21 and RFP-Ara7 were viewed using CLSM. 

Hatched boxes represent the portion of cells shown at higher magnification and 

colourized in the panels below. The yellow colour in the merged images indicates 

colocalization between co-expressed proteins; white arrowheads also indicate obvious 

protein colocalization, while the open arrowheads in indicate obvious non-colocalization. 

Bar = 10 µm. 
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Figure 2-6. Subcellular localization of Arabidopsis Tom1 proteins 

BY-2 cells were either transiently (co-)transformed with either (A) various Myc-

tagged Tom1 proteins and GFP-Syp21, (B) the same Myc-Tom1 proteins on their own, 

(C) Tom1A-Myc and GFP-Syp21, (D) GFP-Tom1A and RFP-Ara7, or (E) Myc-Tom1A 

and either the TGN marker, GFP-Syp52, or the vacuolar marker, PAP26-mCherry. Cells 

were then either formaldehyde-fixed and processed for immuno-epifluorescence 

microscopy, or cells (in [D] bottom row) were viewed living (i.e., non-fixed) using 

epifluorescence microscopy. Each micrograph is labelled at the top left with the name of 

the (co-)expressed protein construct. Also shown is the corresponding differential 

interference contrast (DIC) image. Hatched boxes (in A, C, D and E) represent the 

portion of cells shown at higher magnification and colourized in the panels below. The 

yellow colour in the merged images indicates colocalization between co-expressed 

proteins. Bar = 10 µm. 
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Tom1E) an exclusively cytosolic fluorescence pattern, all of which were distinct from the 

punctate/globular fluorescence pattern attributable to GFP-Syp21 in the same 

representative co-transformed BY-2 cell, suggesting that these Tom1 proteins do not 

localize at steady state to MVBs. Moreover, the punctate structures observed in Myc-

Tom1D-expressing cells did not colocalize with other endosomal pathway marker 

proteins, including the TGN marker GFP-Syp52 or the vacuolar marker PAP26-mCherry 

(Fig.2-6E). Further experiments demonstrated that the subcellular localization of each of 

the selected Tom1 proteins was not affected by their co-expression with GFP-Syp21, 

since similar localization results were observed when Myc-Tom1A/C/D/E were 

expressed on their own (Fig. 2-6B). Moreover, Tom1A-Myc (consisting of the Myc-

epitope appended to the C terminus of Tom1A) and GFP-Tom1A (consisting of GFP 

appended to the N terminus of Tom1A), similar to Myc-Tom1A, localized to both the 

cytosol and small punctae in formaldehyde-fixed or living BY-2 cells, which were co-

transformed with GFP-Syp21 or RFP-Ara7 (Fig. 2-6C and D). Collectively, these results 

indicate that the subcellular localization of the Tom1 proteins is not influenced by their 

appended epitope or fluorescent protein tags, or despite modest changes in endosome 

morphology due to formaldehyde fixation.  

Given that both Dictyostelium Tom1 and human Tom1L1 bind Tsg101 

(Yanagida-Ishizaki et al., 2008; Blanc et al., 2009) we tested further whether the 

Arabidopsis Tom1 proteins are redistributed to MVBs when co-expressed with Vps23A, 

using Tom1A and Tom1D as representatives of this group, as both proteins bound 

Vps23A and/or Vps23B in yeast two-hybrid assays (Fig. 2-4). As shown in Fig. 2-7, HA-

Vps23A partially colocalized with co-expressed GFP-Syp21 in MVBs in BY-2 cells (r = 

0.62 ± 0.13), as expected (Spitzer et al., 2006). Fig. 2-7 also shows that Myc-Tom1A 

partially localized to HA-Vps23A-containing structures (r = 0.59 ± 0.12) that, based on 

the co-localization of HA-Vps23A and GFP-Syp21, were presumed to be MVBs. By 

contrast, Myc-Tom1D co-expressed with HA-Vps23A was not redirected to HA-

Vps23A-containing MVBs (r = 0.22 ± 0.07), but rather remained localized in the cytosol 

and small punctae in these cells (Fig. 2-7), similar to when it is either expressed on its 

own or co-expressed with GFP-Syp21 (Fig. 2-6). Additionally, we showed that GFP-  
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Figure 2-7. Subcellular localization of Vps23A and co-expression of Tom1A and/or 

Tom1D with Vps23A or Vps23B 

BY-2 cells were co-transformed with the indicated gene constructs and then cells 

were processed, imaged and analyzed by CLSM. The yellow colour in the merged images 

indicates colocalization between co-expressed proteins; white arrowheads also indicate 

obvious protein colocalization. Bar = 10 µm.  
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Tom1A partially colocalized with Myc-Vps23B in co-transformed cells (Figure 2-7; r = 

0.61 ± 0.06), suggesting that Vps23A and Vps23B are equivalent in terms of their ability 

to recruit Tom1A to MVBs. 

That Tom1D, unlike Tom1A, is not recruited to MVBs upon co-expression of 

Vps23A/B was unexpected, given their high degree of sequence similarity and 

comparable domain organization (Winter and Hauser, 2006), as well as the ability of 

Tom1D to interact relatively strongly with ESCRT-I components in the yeast two-hybrid 

assay (Fig. 2-4). This may be due to differences in the relative amounts of these co-

expressed proteins and/or a lack of additional endogenous factors, for example specific 

cargo proteins not present and/or internalized under the conditions tested. Regardless, the 

co-localization of Tom1A and Vps23 observed in this study is consistent with the 

localization of Tom1-related proteins in other organisms (Yanagida-Ishizaki et al., 2008; 

Blanc et al., 2009). Additional studies of the Arabidopsis Tom1-related protein family, 

Vps23 homologues, and the multitude of other uncharacterized ubiquitin-binding proteins 

encoded in the Arabidopsis genome that may function in MVB protein cargo selection 

(Leung et al., 2008) are needed in order to better understand the potential role of an 

“alternate” ESCRT-0 complex in plants. This task will also need to take into 

consideration that the Tom1 family members display distinct organ/tissue expression 

patterns (Chapter 3, Fig. 3-1) and thus the subcellular localization of these proteins (as 

well as all the other ESCRT proteins examined in this study) should also be studied in 

planta. There is also a possibility that specific ubiquitinated MVB cargo proteins may 

serve to initiate the assembly of an ESCRT-0 complex. Notably, several candidates have 

been recently identified as plant ESCRT cargo proteins (Spitzer et al., 2009; Viotti et al., 

2010). 

In addition to Vps23A and Vps23B, the putative ESCRT-I complex in 

Arabidopsis also includes Vps28A/B and Vps37A/B (Table 1-1) and while we showed 

using yeast two-hybrid assays (Fig. 2-4) that Vps23A/B interacts with Vps28A/B and 

Vps37A, only Vps23A, Vps28B, and Vps37A have been shown elsewhere to form a 

complex in plant cells (Spitzer et al., 2006). Thus, to further investigate the interactions 

detected between ESCRT-I proteins, we examined the subcellular localization of the 

putative Vps28A and Vps28B proteins when expressed with or without Vps23A. As 
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shown in Fig. 2-8A, both Myc-tagged Vps28A and Vps28B localized exclusively to the 

cytosol in BY-2 cells co-expressing GFP-Syp21, similar to the cytosolic localization of 

ectopically expressed Vps28 proteins in other organisms (Bishop and Woodman, 2001). 

By contrast, co-expression of Myc-Vps28A or Myc-Vps28B with HA-Vps23A resulted 

in both sets of proteins being colocalized partially to the cytosol and also to the periphery 

of large, ring-like structures (Fig. 2-8B); shown also in Fig. 2-8B (bottom row) are three 

related CLSM 3D projection images illustrating the localization of Myc-Vps28A at the 

large, ring-like structures found in a Myc-Vps28A and HA-Vps23A co-transformed cell. 

While similar structures were not observed in cells co-expressing any of these proteins 

with GFP-Syp21 alone (Fig. 2-7A and 2-8A), these structures were readily observed in 

cells triple-transformed with Myc-Vps28A (or Myc-Vps28B), HA-Vps23A, and GFP-

Syp21, wherein all three proteins colocalized (Fig. 2-8C; results presented only for co-

expressed Myc-Vps28A-HA-Vps23-GFP-Syp21), indicating these structures are derived 

from MVBs.  

The re-localization of Vps28 to MVB-derived structures upon co-expression with 

Vps23A is consistent with its classification as a core ESCRT-I component. Furthermore, 

the formation of these structures is reminiscent of the aberrant MVB-related structures or 

so-called “class E compartments” formed in yeast or mammalian cells upon over-

expression or deletion of certain ESCRT components (or mutants versions thereof) that 

act in a dominant-negative fashion to disrupt normal ESCRT function (Roxrud et al., 

2010). While we do not know the high-resolution ultrastructure of the class E-like 

compartments in Vps23 and Vps28-co-transformed BY-2 cells (Fig. 2-8) or the molecular 

mechanism underlying their formation, the appearance of these unique structures, 

combined with the observation that Arabidopsis Vps23 and Vps28 interact directly (Fig. 

2-4; Spitzer et al., 2006) provides further evidence that these proteins function together in 

MVB biogenesis as predicted by yeast and mammalian models.  

 

ESCRT-II localization 

In yeast and mammals, ESCRT-II is recruited to the endosomal membrane by 

ESCRT-I, where it plays an essential role in the concentration of ubiquitinated cargo 
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Figure 2-8. Subcellular localization of Vps28A and Vps28B, and co-expression of 

Vps28A or Vps28B with Vps23A  

BY-2 cells were co-transformed the indicated gene constructs and then cells were 

processed, imaged and analyzed either by (A and B) epifluorescence microscopy or (B 

[bottom row] and C) CLSM. The yellow colour in the corresponding merged images 

indicates colocalization between co-expressed proteins; white arrowheads also indicate 

obvious protein colocalization in the large, ring-like MVB-related structures. Note that 

the CLSM images presented in (B [bottom row]) are three different rotations (i.e., left ~ -

15o, center, and right ~ +15o) obtained from the same 3D projection (full z-series) of 

immunostained Myc-Vps28A in an Myc-Vps28A and HA-Vps23A co-transformed cell. 

Also shown are the corresponding differential interference contrast (DIC) images. The 

CLSM images of the triple-transformed cell in (C) are single z-sections. Bar = 10 µm.  
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proteins and the recruitment of ESCRT-III (reviewed in Hurley and Hanson, 2010; Peel 

et al., 2010). As shown in Fig. 2-9A, HA-Vps36 localized in BY-2 cells to the plasma 

membrane and to numerous small punctae/globular or ring-like structures that 

occasionally co-localized with GFP-Syp21. Myc-Vps25, a second component of ESCRT-

II that interacts directly with Vps36 (Fig. 2-3 and 2-4) localized exclusively to the cytosol 

when co-expressed with GFP-Syp21 (Fig. 2-9A), but was localized primarily to the 

plasma membrane when co-expressed with HA-Vps36 (Fig. 2-9B); refer also to CLSM 

images in Fig. 2-9B (bottom row) confirming the co-localization of HA-Vps36 and Myc-

Vps25 at the plasma membrane (r = 0.90 ± 0.10). Together, these data are consistent with 

the premise that these two proteins function together as part of the ESCRT-II complex in 

Arabidopsis, as they do in yeasts and mammals (Hurley and Hanson, 2010; Peel et al., 

2010). However, the functional significance of the plasma membrane localization of 

Vps36 (and co-expressed Vps25) remains unknown and requires further exploration in 

planta. Investigation of ESCRT-II and the functional relationship between Vps36 and 

Vps25 in Arabidopsis may reveal additional and/or unique roles for ESCRT-II in plants. 

Interestingly, the lipid-binding GLUE domain of EAP45, the mammalian orthologue of 

Vps36, was shown to preferentially bind to PtdIns(3,4,5)P3 in vitro, a plasma membrane-

specific phosphoinositide (and not PI3P, the phosphoinositide found in abundance at the 

late endosome/MVB) (Slagsvold et al., 2005). While EAP45 localized to endosomes in 

the same study, it is possible that the plasma membrane localization observed here for 

Arabidopsis Vps36 in BY-2 cells represents specific cell culture conditions. It would be 

interesting to also investigate the localization of Vps36 in Arabidopsis and tobacco 

plants. 

 

ESCRT-III localization 

We examined next the subcellular localization of several putative Arabidopsis 

ESCRT-III components, including Vps20A, Vps20B, and Snf7A (Fig. 2-10). Based on 

the working models for ESCRT in yeast and mammals (Hurley and Hanson, 2010; Peel et 

al., 2010), each of the four core components of ESCRT-III (e.g., yeast Vps2, Vps20, 

Vps24, and Snf7; Table 1-1) contain a similar domain organization, including an N-

terminal basic domain required for membrane interaction and (homo- and/or hetero-)  
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Figure 2-9. Subcellular localization of Vps25 and Vps36 

BY-2 cells were co-transformed with the indicated gene constructs and then cells 

were processed, imaged and analyzed either by epifluorescence microscopy (A and B 

[top row]) or (B [bottom row]) CLSM. The yellow colour in the corresponding merged 

images indicates colocalization between co-expressed proteins; white arrowheads also 

indicate obvious protein colocalization, while open arrowheads in (A) indicate the 

localization of HA-Vps36 (but not co-expressed GFP-Syp21) at the plasma membrane. 

Also shown are the corresponding differential interference contrast (DIC) images. Bar = 

10 µm.  
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Figure 2-10. Subcellular localization of full-length and C-terminal-truncated 

versions of Vps20A and Vps20B, and co-expression of Snf7A and Vps4 or Vps4E232Q 

In (A), (B), and (C) BY-2 cells were co-transformed with the indicated gene 

constructs and then cells were processed, imaged and analyzed by epifluorescence 

microscopy. The yellow colour in the corresponding merged images indicates 

colocalization between co-expressed proteins; white arrowheads indicate obvious protein 

colocalization including in the enlarged globular-like structures in (C). Also shown are 

the corresponding differential interference contrast (DIC) images. Bar = 10 µm.  
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oligomerization, and a C-terminal acidic autoinhibitory domain that prevents their 

oligomerization and recruitment from the cytosol to endosomes (Lata et al., 2008). By a 

mechanism that is not fully understood, autoinhibition is relieved, allowing the ESCRT-

III proteins to be sequentially assembled on the endosomal membrane. Vps20 binds to the 

endosomal membrane through an N-terminal myristoylation site and a direct interaction 

with Vps25 of ESCRT-II. All putative Arabidopsis ESCRT-III proteins share a relatively 

high degree of primary sequence and secondary structure similarity with their yeast and 

mammalian orthologues (Winter and Hauser, 2006; Leung et al., 2008), including 

conserved N-terminal basic and C-terminal acidic regions. In addition, both Arabidopsis 

Vps20A/B, possess a predicted N-terminal myristoylation signal (Leung et al., 2008). As 

shown in Fig. 2-10A, both Vps20A-Myc and Vps20B-Myc, consisting of full-length 

Arabidopsis Vps20A and Vps20B appended to the Myc-epitope tag at their C terminus 

(to preserve their putative N-terminal myristoylation signal) localized exclusively to the 

cytosol in BY-2 cells. By contrast, C-terminally truncated versions of both proteins, 

Vps20A1–170-Myc and Vps20B1–170-Myc (lacking approximately 50 amino acid residues 

from their C-terminus), localized to the cytosol and to punctate/globular structures, at 

least some of which also contained co-expressed GFP-Syp21 (Fig. 2-10B). Combined, 

these results are similar to those for the localization of human (full-length) Chmp6 (the 

mammalian homologue of Arabidopsis Vps20) in the cytosol and the partial localization 

of a C-terminally truncated mutant version of Chmp6 to endosomes (Peck et al., 2004), 

suggesting that an autoinhibitory role for the C-terminus may be conserved between 

Chmp6 and Arabidopsis Vps20.  

As shown in Fig. 2-10C, the putative Arabidopsis Snf7A (i.e., HA-Snf7A) 

localized in BY-2 cells to punctae and large, globular-like structures that mostly co-

localized with co-expressed GFP-Syp21. Given the ability of Snf7 and Chmp4 in yeast 

and mammalian cells, respectively, to form large, higher-ordered polymers on the 

endosomal surface (Teis et al., 2010) and induce the formation of aberrant MVB-related 

structures upon their over-expression (Peck et al., 2004; Boysen and Mitchell, 2006), it is 

possible that the large globular structures observed in BY-2 cells may also be the result 

abnormal Snf7A oligomer assembly. This premise is indirectly supported by the ability of  
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Arabidopsis Snf7A/B to interact in yeast two-hybrid assays (Fig. 2-4), just as their yeast 

and mammalian counterparts do (Nikko and André, 2007). 

 

Snf7A co-localizes with the ATP hydrolysis-deficient mutant, Vps4E232Q 

Following membrane scission, ESCRT-III subunits (mainly Snf7/Chmp4) are 

disassembled and recycled to the cytosol for further rounds of vesicle formation, a 

process that is mediated by Vps4 and its regulators in yeasts and mammals (Hurley and 

Hanson, 2010; Peel et al., 2010), and also in plants (Jou et al., 2006; Haas et al., 2007; 

Shahriari et al., 2010). Unexpectedly, however, Vps4 and Snf7A/B did not interact in the 

yeast two-hybrid assay (Fig.2-4), which contrasts the interaction data reported elsewhere 

(Shahriari et al., 2010), and Myc-Vps4 was localized exclusively to the cytosol in BY-2 

cells co-expressing HA-Snf7A (Fig. 2-10D). We therefore took advantage of a 

catalytically inactive version of Vps4 that is well-known in yeasts and mammals to have 

a potent dominant-negative effect on MVB biogenesis by binding irreversibly to MVBs 

and “trapping” the ESCRT machinery on the MVB surface (Babst et al., 1998). The 

equivalent mutation in the Arabidopsis protein (Vps4E232Q) has also been shown to be 

catalytically inactive and disrupt MVB biogenesis in plant cells (Haas et al., 2007; 

Shahriari et al., 2010). As shown in Fig. 2-10D, when HA-Snf7A was co-expressed with 

Myc-Vps4E232Q, both proteins mostly colocalized in irregular-shaped structures that 

appeared to be distinct from punctate and large, globular-like structures observed in cells 

expressing HA-Snf7A and GFP-Syp21, further supporting the classification of Snf7A 

(and Snf7B) as a component of ESCRT-III, and suggesting a possible functional 

relationship between Snf7A and Vps4, as is expected based on yeast and mammalian 

models of ESCRT disassembly (Hurley and Hanson, 2010; Peel et al., 2010). 

 

Localization of the ESCRT accessory protein Bro1, and the Vps4 regulator, Vta1 

 Bro1/Alix possesses predicted binding motifs for both Snf7/Chmp4 and 

Vps23/Tsg101 in yeast and mammalian cells, respectively (Odorizzi, 2006), and 

Arabidopsis Bro1 interacted with both of these proteins in the yeast two-hybrid assay, as 

expected (Fig. 2-4). In BY-2 cells, Myc-Bro1 localized to MVBs, as shown by 
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colocalization with GFP-Syp21 (Fig. 2-11A), and also by co-localization with GFP-

Vps4E232Q at the periphery of ring-shaped, class E-compartments (Fig. 2-11A). 

In BY-2 cells, Myc-Vta1 localized exclusively to the cytosol when expressed with 

GFP-Syp21 (Fig. 2-11B). However, consistent with its role in regulation of Vps4 (Scott 

et al., 2005; Haas et al., 2007), and its ability to interact with Vps4 in the yeast two-

hybrid assay (Fig. 2-4), Myc-Vta1 colocalized with GFP-Vps4E232Q at class E-

compartment-like structures in cells co-expressing these proteins (Fig. 2-11B). 

 

2.4 Conclusions 

In recent years, there has been a proliferation in studies of the ESCRT machinery 

in yeasts and mammals, wherein ESCRT has been shown to participate in several 

important cellular processes, including MVB biogenesis, and in mammals, abscission of 

the midbody during cytokinesis and enveloped virus budding (Carlton and Martin-

Serrano, 2009; Hurley and Hanson, 2010; Peel et al., 2010; Roxrud et al., 2010; Henne et 

al., 2011). However, while homologues of most of the ESCRT proteins exist in plants 

(Table 1-1), only relatively few of these have been characterized in detail and, thus, the 

main objective of this work was to gain a better, more global understanding of the 

Arabidopsis ESCRT machinery. Toward that end, the protein-protein interaction network 

and subcellular localization of many of the known and putative ESCRT components in 

Arabidopsis were investigated. This allows not only for integration of the results of these 

experiments with those obtained from other studies on some of the same Arabidopsis 

ESCRT proteins, but also allows for direct comparison of features of the plant ESCRT 

machinery with those reported for ESCRT in other evolutionarily diverse organisms. This 

latter point is perhaps best exemplified by our systematic analysis of the Arabidopsis 

ESCRT interactome using the yeast two-hybrid assay (Fig. 2-4), since a similar strategy 

was employed for initially characterizing interactions among ESCRT proteins in yeasts 

and humans (Martin-Serrano et al., 2003a; von Schwedler et al., 2003), and, just like it 

has done so for these organisms, our yeast two-hybrid results may serve as a framework 

for generating testable working models for ESCRT function(s) in plants. 

In examining the subcellular localization of several putative or known ESCRT 

proteins, we also observed the formation of aberrant MVB-related structures when some  
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Figure 2-11. Subcellular localization of Bro1 and Vta1 

In (A) and (B), BY-2 cells were co-transformed with the indicated gene constructs 

and then cells were processed, imaged and analyzed by epifluorescence microscopy. The 

yellow colour in the corresponding merged images indicates colocalization between co-

expressed proteins; white arrowheads indicate obvious protein colocalization . The 

corresponding differential interference contrast (DIC) images are also shown. Bar = 10 

µm.  
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of these proteins were expressed or co-expressed in plant (BY-2) cells [e.g., Vps23A and 

Vps28A (Fig. 2-8B), Snf7A (Fig. 2-10C), or Snf7A and Vps4E232Q (Figure 2-10D)]. 

Notably, similar abnormal MVB structures are formed upon (co)expression of their 

mammalian and/or yeast counterparts (or mutant versions thereof; reviewed in Roxrud et 

al., 2010), implying that not only do these plant ESCRT proteins operate mechanistically 

in a similar manner, but that the subsequent characterization of these abnormal MVB-

related structures in plant cells will be informative in understanding normal ESCRT 

function, just as they have been for understanding ESCRT in yeasts and mammals. Of 

course, the fact that many of the known and putative plant ESCRT proteins exist as 

paralogues (Mullen et al., 2006; Spitzer et al., 2006; Winter and Hauser, 2006; Leung et 

al., 2008) adds layers of complexity to the examination and determination of their 

biological roles in planta, complexity that must also be reconciled with the highly 

conserved nature of ESCRT interactions and functional mechanism. Moreover, a 

complete understanding of ESCRT in plants will require more knowledge about the 

distinct and highly dynamic nature of the plant endosomal pathway overall, such as the 

role of the trans-Golgi network acting as an early endosome from which MVBs mature, 

and the functional diversification of MVBs (Foresti et al., 2010; Viotti et al., 2010). 

Nevertheless, the data provided here combined with those from recent proteomic (Groen 

et al., 2008) and microscopy studies (Kang et al., 2011; Viotti et al., 2010), as well as 

high-throughput chemical screens (Hicks and Raikhel, 2010), should begin to shed light 

on these and other aspects of plant MVB biogenesis. 



2A portion of Chapter 3 was published in Plant Sig. Behav. (2011). 6: 1897-1903. Richardson, L.G.L, 

Mullen, R.T. Meta-analysis of the gene expression profiles of the Arabidopsis ESCRT machinery. 
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Chapter 3 : Meta-Analysis of the Expression Profiles of the Arabidopsis 

ESCRT Machinery2 

3.1 Background 

The breadth of information that exists regarding ESCRT has been garnered 

primarily from studies with yeast and mammalian cultured cells; however, most of the 

components of ESCRT are present throughout all eukaryotic taxa, with the exception of 

ESCRT-0, which is apparently absent in plants and other non-opisthokonts (e.g., 

trypanosomes, Dictyostelium, Chlamydomonas etc.) (Winter & Hauser, 2006; Leung et al., 

2008; Herman et al., 2011). Interestingly, components of ESCRT-III are also present in 

Archaea (Samson & Bell, 2009), supporting the functional importance of ESCRT among 

evolutionarily diverse organisms (Michelet et al., 2010). It is now also well established that, 

in addition to the role of ESCRT in MVB biogenesis and membrane protein degradation via 

the endocytic pathway, ESCRT participates in a number of other key cellular events, 

including autophagy (Fader & Colombo, 2009), membrane abscission during cytokinesis 

(Caballe & Martin-Serrano, 2011), retroviral budding (Carlton & Martin-Serrano, 2009), 

and tombusvirus replication (Barajas et al., 2009). 

In light of these new and unexpected functions for ESCRT there is a growing 

interest in understanding the overall, more global organization and regulation of ESCRT 

in plants. Toward this end and as described in Chapter 2, analyses of the ESCRT protein-

protein interaction network in Arabidopsis – based mainly on the yeast two-hybrid assay  

– revealed that the majority of these interactions are those that also take place between 

their counterparts in yeasts and/or mammals, suggesting that the molecular mechanisms 

underlying ESCRT function are evolutionarily conserved. On the other hand, the 

Arabidopsis ESCRT interactome also possesses a number of unique interactions that, 

when considering the fact that many of the ESCRT components in plants exist as multiple 

isoforms (Winter & Hauser, 2006; Leung et al., 2008; Mullen et al., 2006), may reflect 

the functional plasticity and distinct regulation of the plant ESCRT system overall. 
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Here these global studies of the Arabidopsis ESCRT machinery are extended by taking 

advantage of the vast array of publicly-available Arabidopsis gene and protein (peptide) 

expression datasets and web-based bioinformatics resources to analyze the expression 

profiles of many of the Arabidopsis ESCRT components across a variety of different 

organs, tissues and treatments.  

 

3.2 Materials and Methods 

3.1.1 Microarray-based expression profiles of Arabidopsis ESCRT genes in various 

tissues and treatments 

Publicly-available Arabidopsis microarray (E-northern) expression datasets were 

explored for selected Arabidopsis ESCRT genes (Table 1-1) in either various organ 

and/or tissue types using the GENEVESTIGATOR Meta-Analyzer-Plant Organs 

database (Zimmermann et al., 2004) (https://www.genevestigator.com/gv/) or under 

different conditions and treatments in shoots or roots and pathogen infections using the 

AtGenExpress series database (Kilian et al., 2007; Goda et al., 2008) 

(http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp), and 

formatted with the tools hosted at the BioArray Resource (BAR) (www.bar.utoronto.ca; 

Toufighi et al., 2005). E-northern expression patterns were expressed as log-transformed 

values normalised to the controls, and formatted into heat maps using the Meta Analyzer 

tool at BAR. The E-northern data for some of the known ESCRT genes were not 

available, since these genes are not present on the ATH1 whole genome chip.  

 

3.1.2 Co-expression analysis of Arabidopsis ESCRT genes 

Multi-gene co-expression analysis of selected Arabidopsis ESCRT genes was 

carried out using CressExpress version 3.2 (www.cressexpress.org; Srinivasasainagendra 

et al., 2008) and data obtained from the publicly-available Arabidopsis microarray (E-

northern) expression datasets. Either all available data sets were selected to obtain co-

expression values, or data sets specific for embryo/seed specific tissue only, where 

indicated. Pearson’s correlation coefficients (r values) between ESCRT gene pairs, or 

with other Arabidopsis genes with a value of r ≥ 0.37 reflect positive co-expression. To 
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identify non-ESCRT genes significantly co-expressed with ESCRT genes in 

embryo/seed-specific tissue, ESCRT genes that showed high expression levels

in these tissues (as described above) were used as “bait”. Functions of non-ESCRT 

proteins that showed highly correlated gene expression with bait genes were annotated 

based on descriptions on The Arabidopsis Information Resource (TAIR) website 

(http://www.arabidopsis.org; Poole, 2007). 

 

3.1.3 MPSS and peptide expression profiles of Arabidopsis ESCRT genes and proteins in 

various tissues 

MPSS (Massively Parallel Signature Sequencing) analysis of selected Arabidopsis 

ESCRT genes in various tissue types was carried out using the MPSS Plus website 

(http://mpss.udel.edu/at/; Meyers et al., 2004). Peptide expression profiles for selected 

Arabidopsis ESCRT proteins in different tissues were based on the Arabidopsis peptide-

to-proteome TAIR9 database (http://fgcz-pep2pro.uzh.ch/; Baerenfaller et al., 2008). 

Both MPSS and peptide expression values (compared with controls) were normalized and 

formatted as heat maps using the DataMetaFormatter tool at BAR (Toufighi et al., 2005). 

 

3.3 Results and Discussion 

As shown in Fig. 3-1A, electronic (E-)northern analyses revealed that almost all 

of the Arabidopsis ESCRT genes represented on the ATH1 whole-genome chip (Redman 

et al., 2004) are expressed in a wide variety of organs and/or tissues, as well as at various 

stages of growth and development, consistent with ESCRT serving a number of essential 

and general roles (e.g., MVB biogenesis, receptor down-regulation, cell division, etc.) 

throughout the plant life-cycle (Otegui & Spitzer, 2008; Schellmann & Pimpl, 2009). 

Notably, the expression levels of most of the ESCRT genes were usually highest in seed-

specific tissues (e.g., seed coat and endosperm) (Fig. 3-1A), consistent with the known 

importance of ESCRT for embryo and seedling development (Tian et al., 2007; Spitzer et 

al., 2009). Several ESCRT genes also displayed prominent male reproductive-tissue-

specific expression profiles. For example, the highest levels of Tom1A, Tom_L, Vps20B  
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Figure 3-1. Microarray-based expression profiles of Arabidopsis ESCRT genes in 

various tissues and treatments 

Publicly available Arabidopsis microarray (E-northern) expression datasets were 

explored for selected Arabidopsis ESCRT genes in either (A) various organ and/or tissue 

types or (B) under different conditions and treatments in shoots or roots and pathogen 

infections. E-northern expression patterns were expressed as log-transformed values 

normalised to the controls. Note that the E-northern data for some of the known ESCRT 

genes was not available, since these genes are not present on the ATH1 whole genome 

chip. Keys at the bottom right of (A) and (B) display the correlation between shading and 

scaled log-fold changes in expression.  
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and Fab1B expression were in the pollen and stamens, while the highest levels of Tom1D 

expression were in sperm cells (Fig. 3-1A). These results are in line with other 

Arabidopsis comparative transcriptome studies, wherein these tissues displayed enriched 

expression of genes involved in receptor protein signalling, vesicle trafficking and 

membrane transport (Pina et al., 2005; Borges et al., 2008), most of which likely involve 

(directly or indirectly) ESCRT. It was also notable that when evaluating the E-northern 

expression profiles of Arabidopsis ESCRT genes grouped by sub-complex, only the 

ESCRT-II-related genes, Vps22 and Vps36, appeared to be largely ubiquitously expressed 

at relatively high levels (Fig. 3-1A). By contrast, the expression profiles and levels of 

most other ESCRT-related genes varied considerably. Indeed, other than perhaps 

ESCRT-III along with Vps4 (Haas et al., 2007) and its regulators, co-expression values 

for the Arabidopsis ESCRT machinery overall were quite variable, with few significant 

correlations in transcript expression levels within or between most of the different 

ESCRT sub-complexes at the whole plant level (Fig. 3-2A). Moreover, almost all of the 

Arabidopsis ESCRT components that exist as multiple isoforms, including Vps23A (also 

referred to as ELC) (Spitzer et al., 2006), Vps23B, Chmp2A-C, and Vps24A/B, etc., 

displayed highly divergent expression patterns among homologues (Fig. 3-1A and 3-2A), 

suggesting that, despite their high sequence identities (Winter & Hauser, 2006; Leung et 

al.., 2008; Mullen et al., 2006) and their similar protein-protein interaction networks 

(Chapter 2; Shahriari et al., 2010; Shahriari et al., 2011), functional redundancy of these 

proteins is unlikely. Instead, these observations reinforce the premise that compared to 

other evolutionarily diverse organisms the considerable expansion of ESCRT gene 

families in plants likely reflects organ/tissue-specific functions or differences in substrate 

(i.e. endocytic membrane-bound cargo) specificity.  

In support of organ/tissue-specific functions for several ESCRT components, 

when the co-expression values for the Arabidopsis ESCRT machinery were re-analyzed 

in embryo and seed-specific tissues [where the expression of many of the ESCRT genes 

are at their highest (Fig. 3-1A)], several components, including many of those that exist 

as multiple isoforms, now displayed an increased number of significant expression 

correlations (Fig. 3-2B). However, in some cases, co-expression of certain ESCRT 

components that have been reported previously to physically interact using protein-  
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Figure 3-2. Co-expression analysis of Arabidopsis ESCRT genes 

Multi-gene co-expression analysis of selected Arabidopsis ESCRT genes was 

carried out using CressExpress (Srinivasasainagendra et al., 2008) and data obtained from 

the publicly available Arabidopsis microarray (E-northern) expression datasets. Pearson’s 

correlation coefficients (r values) between all ESCRT gene pairs are indicated, with those 

values reflecting positive co-expression (r ≥ 0.37) are shaded in grey at (A) the whole 

plant level and (B) those that also displayed an increased number of significant 

expression correlations (r ≥ 0.37) in embryo and seed-specific tissues.  
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protein interaction assays (Chapter 2; Shahriari et al., 2010; Shahriari et al., 2011), or 

ectopically expressed in plant cells (Shahriari et al., 2011) was absent from these embryo 

and seed-specific co-expression results.  Probably the most obvious group of ESCRT-

associated components in Arabidopsis to undergo marked gene expansion is the Tom1 

gene family, which has nine members (Tom1A-G), and have been proposed to perform an 

MVB cargo recognition role in place of ESCRT-0 in plants (Winter & Hauser, 2006; 

Leung et al., 2008). Based on this presumption and also the divergent (co-)expression 

profiles observed for several members of plant Tom1 family (Fig. 3-1A and 3-2A), it is 

tempting to speculate further that at least some of these proteins have evolved to function 

in a tissue-specific manner and/or interact with certain components of ESCRT-I 

(Shahriari et al., 2010) or select ESCRT cargo proteins (Tian et al., 2007; Spitzer et al., 

2009). Interestingly, many of the non-ESCRT genes that are co-expressed with ESCRT 

genes in embryo and seed-specific tissues encode membrane proteins involved in a wide 

array of cellular processes, and include membrane-bound drug, ion, amino acid, 

oligopeptide and sugar transporters, as well as predicted transmembrane receptors (Table 

3-1). While it remains to be determined whether any of these proteins are bona fide 

ESCRT (cargo) substrates, these findings are consistent with the general role of ESCRT 

in the regulated degradation of membrane proteins and perhaps highlight yet-to-be 

studied roles for ESCRT in other physiological processes in plants. 

Also shown in Fig. 3-1B, additional surveys of the Arabidopsis E-northern 

expression databases for various abiotic stress treatments of shoots and roots or pathogen 

and elicitor treatments of leaves revealed that at least a few ESCRT genes displayed 

pronounced changes in their expression in response to these different treatments. Most 

notably, the putative ESCRT-III gene Vps24B was highly upregulated in shoots subjected 

to either genotoxic, oxidative, wounding or heat stress, as well as in late-stage (i.e., 48 hr) 

Pseudomonas-infected leaves (Fig. 3-1B). Likewise, both Tom1C and Vps60A genes 

displayed significant increases in expression levels in roots subjected to UV-B stress and 

in response to almost all pathogen infections and elicitor treatments examined (Fig. 3-

1B). However, whether these results further reflect novel roles for components of the 

plant ESCRT machinery, perhaps during unique or general plant stress responses,  
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Table 3-1. Non-ESCRT genes co-expressed with the ESCRT gene network in 

Arabidopsis embryo and seed tissues 
aCo-expression analysis of genes showing significant correlated expression (r ≥ 

0.5) with at least 18 co-regulated bait Arabidopsis ESCRT genes in seed- and embryo-

specific tissues, was carried out using CressExpress (Srinivasasainagendra et al., 2008) 

and data obtained from the publicly-available Arabidopsis microarray (E-northern) 

expression datasets.  

b Arabidopsis gene identifier (AGI) number based on The Arabidopsis Information 

Resource (TAIR) (http://www.arabidopsis.org; Poole, 2007) 

c Description of gene product function(s) based on TAIR. 

 

 

 

 

 

 

 

 

 

 

 



 

 
87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
88 

remains to be determined. Nonetheless, this is an intriguing possibility given the apparent 

role of ESCRT in tombusvirus RNA replication. That is, similar to ability of enveloped 

RNA viruses, such as HIV, to appropriate certain constituents of ESCRT to execute their 

budding from infected mammalian cells (Weiss & Gottlinger, 2011), tombusvirus 

replicase proteins appear to exploit the ESCRT machinery (Barajas et al., 2009; Barajas 

& Nagy, 2010; Chapter 3) in order to mediate the structural reorganization of 

peroxisomes or mitochondria into unique MVB-like compartments where viral RNA 

replication takes place (Mullen & Gidda, 2009). We also analyzed the expression profiles 

for several known and putative ESCRT components across different organs using the MPSS 

and peptide proteome databases (Meyers et al., 2004; Baerenfaller et al., 2008). As shown 

in Fig. 3-3, MPSS and peptide proteome analyses revealed many of the same general and 

organ/tissue-specific expression patterns for those ESCRT genes that were analyzed using 

the E-northern data sets (Fig. 3-1) and, for at least Vps23A and Vps4, that have been 

analyzed also using RT-PCR and Western blotting, respectively (Haas et al., 2007; Spitzer 

et al., 2006). On the other hand, some conspicuous differences in the expression patterns of 

ESCRT genes (proteins) were also found. For instance, based on MPSS results, among the 

highest levels of expression for Tom1_L, Chmp2A, and the putative ESCRT-III genes, 

Snf7A and Snf7B, were in the roots, whereas each of these genes, based on E-northerns, 

displayed relatively low levels of expression throughout various root tissues (Fig. 3-1A 

and 3-3A). Similarly, the relative protein expression levels for some ESCRT components 

based on the peptide proteome (Fig. 3-3B) were varied compared to that of their 

corresponding mRNA (microarray and/or MPSS) expression levels in the various plant 

organs/tissues examined (e.g., Tom1F, Snf1A/B, Chmp1A and Bro1). However, these 

apparent differences may be due, at least in part, to inherent variations between these 

different technology platforms; for example, gene-specific cDNA or oligonucleotide-

sequence versus peptide-sequence sampling, (sub)tissue/organ sampling, filtering 

stringency, and tag-position bias (Baginsky et al., 2010).   

 

3.4 Conclusions 

Taken together, the analysis of the expression profiling data presented here suggest that the 

regulation of ESCRT gene expression in Arabidopsis is highly complex, including a  
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Figure 3-3. MPSS and peptide expression profiles of Arabidopsis ESCRT genes and 

proteins in various tissues.Figure 3-3 

(A) MPSS analysis of selected Arabidopsis ESCRT genes in various tissue types 

was carried out using the MPSS Plus website (http://mpss.udel.edu/at/; Meyers et al., 

2004). (B) Peptide expression profiles for selected Arabidopsis ESCRT proteins in 

different tissues were based on the Arabidopsis peptide-to-proteome TAIR9 database 

(http://fgcz-pep2pro.uzh.ch/; Baerenfaller et al., 2008). Both MPSS and peptide 

expression values (compared with controls) were normalized and formatted as heat maps 

using the DataMetaFormatter tool at BAR (Toufighi et al., 2005). The key at the bottom 

of (B) display the correlation between shading and scaled log-fold changes in expression. 
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dynamic array of organ/tissue-specific and stress-related expression patterns, as well as 

apparent transcriptional and post-transcriptional controls. However, this complex 

regulation of Arabidopsis ESCRT is perhaps not surprising given a number of factors, 

including: 1) The considerable expansion of many of the ESCRT gene families in plants 

compared to other eukaryotes (Winter & Hauser, 2006; Leung et al., 2008; Shahriari et al., 

2011); 2) the sophisticated hierarchical- and stoichiometrically-dependent manner in which 

the various multi-protein ESCRT sub-complexes, their associated regulatory proteins, as 

well as ubiquitin, appear to operate in concert (Roxrud et al., 2010; Hurley & Hanson, 

2010; Henne et al., 2011; Shields & Piper, 2011); 3) the unique and dynamic nature of 

the plant endosomal pathway overall (Redman et al., 2004; Otegui & Spitzer 2008; 

Robinson et al., 2008); and 4) the growing list of processes that the ESCRT machinery, or 

at least portions thereof, participates in throughout plant growth and development 

(Michelet et al., 2010). These and other important aspects of the plant ESCRT machinery 

will be the focus of more detailed experimental studies and the results presented here will 

contribute to elucidation of the molecular mechanisms by which ESCRT function(s) in 

plants. 
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Chapter 4 : Understanding the Role of ESCRT in CIRV-Induced 

Mitochondrial MVB Biogenesis 

4.1 Background 

Positive-strand RNA [(+)RNA] viruses replicate their genome in the cytoplasm of 

host cells, in association with specific intracellular membranes, resulting in membrane 

rearrangements that are accompanied by dramatic alteration of host organelle 

ultrastructure. Typically, these membrane rearrangements take the form of vesicle or 

spherule-like structures derived from the limiting membrane of the organelle, often 

remaining connected to the cytosol through a thin membranous neck (den Boon and 

Ahlquist, 2010; Laliberté & Sanfaçon, 2010). It is suggested that formation of these 

complex structures is highly regulated, and serves to concentrate factors needed for viral 

replication, and also to protect RNA replication intermediates from degradation by host 

cell defenses (den Boon and Ahlquist, 2010; Laliberté & Sanfaçon, 2010). For most 

known (+)RNA viruses, the membrane source for formation of these replication factories 

has been well-documented, mainly through the use of electron microscopy, and more 

recently, EM tomography (Kopek et al., 2007; Knoops et al., 2008), and have been the 

subject of several reviews (Mackenzie, 2005; Solonen et al., 2005; Novoa et al., 2005; 

Denison, 2008; Miller and Krijnse-Locker, 2008; den Boon & Ahlquist, 2010; Laliberté 

& Sanfaçon, 2010). However, for many (+)RNA viruses, how these organelle membrane 

structures are formed and the host-cell factors involved remain poorly understood.  

Members of the Tombusvirus genus of (+)RNA viruses infect a wide range of host 

plants, and replicate in association with either peroxisomal (i.e. Tomato bushy stunt virus, 

TBSV; Cymbidium ringspot virus, CymRSV; Cucumber necrosis virus, CNV; Artichoke 

mottled crinkle virus, AMCV) or mitochondrial (i.e. Carnation Italian ringspot virus, 

CIRV) membranes (Russo et al., 1983; Martelli and Russo, 1984; Martelli et al., 1988; 

DiFranco et al., 1984). Infection induces proliferation and invagination of the 

peroxisomal or mitochondrial outer membrane, resulting in a layer of spherules at the 

periphery of the organelle. The origin of these modified organelles, referred to as 

multivesicular bodies (MVBs) based on their characteristic vesiculated appearance 

(Russo et al., 1983; Martelli and Russo, 1984; DiFranco et al., 1984; Russo et al., 1987) 
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is dictated by the protein targeting signals found in the N terminus of the replicase 

proteins p33 and p92, or p36 and p95 in the case of TBSV and CIRV, respectively 

(Burgyan et al., 1996). Both sets of replicase proteins are encoded by the first two open 

reading frames of the viral genome, and both are essential for viral replication (Scholthof 

et al., 1995; Oster et al., 1998; Molinari et al., 1998); the RNA-dependent RNA 

polymerases, p92 and p95, are translated via read-through of the stop codon in p33 or p36 

ORF, respectively (White & Nagy, 2004). The replicase proteins are the first to be 

translated upon viral entry into the cell, and possess targeting information in their N 

termini that directs them to either peroxisomes or mitochondria, including two 

transmembrane domains (TMDs) that anchor them in the membrane (Navarro et al., 

2004; McCartney et al., 2005; Rubino & Russo, 1998; Hwang et al., 2008).  

Recently, a genetic screen for host proteins affecting replication of TBSV in a 

yeast system (Nagy & Pogany, 2006), identified several ESCRT components  (Panavas et 

al., 2005b; Jiang et al., 2006), which are most well-known for their involvement in late 

endosome/MVB biogenesis. Models of ESCRT function are described in more detail in 

Chapters 1 and 2; briefly, ESCRT-0 and -I recognize and concentrate membrane-bound, 

monoubiquitinated cargo at the surface of the late endosome, ESCRT-I and –II initiate 

curvature of the endosomal membrane at sites of cargo concentration, and ESCRT-III 

mediates final scission of the cargo-containing vesicles, releasing them into the 

endosomal lumen. ESCRT-III is disassembled from the membrane by the AAA-ATPase 

Vps4, and recycled for further rounds of vesiculation (reviewed by Hurley & Hanson, 

2010). The topology of vesiculation is unlike most other membrane budding events in the 

cell (i.e. COP- and retromer-mediated budding), in that it is directed away from the 

cytosol. It is now known that ESCRT participates in other important cellular processes 

that involve topologically equivalent vesiculation, including scission of the midbody 

during cytokinesis in animal cells, and budding of several enveloped viruses, including 

HIV and other retroviruses, from the plasma membrane (Fig. 1-6) (Carlton & Martin-

Serrano, 2007; Morita, 2012). 

Based on the deleterious effects of yeast ESCRT knockout mutations on TBSV 

replication, it was proposed that TBSV, analogous to other viruses such as HIV, might 

also use ESCRT to facilitate the formation of spherule-like structures derived from the 
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peroxisomal boundary membrane (Mullen et al., 2006). In support of this hypothesis, it 

was recently demonstrated that CNV replication efficiency was decreased in plants by 

expression of dominant negative mutants of several ESCRT components (Barajas et al., 

2009). Moreover, the TBSV replicase protein, p33 was shown to interact (via a split-

ubiquitin yeast two-hybrid assay) with the yeast ESCRT-I component Vps23p, and the 

Ubiquitin E2 Variant (UEV) domain of Arabidopsis, yeast and Nicotiana orthologues of 

Vps23 (known as ELC in Arabidopsis; Spitzer et al., 2006) (Barajas et al., 2009). This 

interaction appears to be mediated by ubiquitination of p33, and an interaction with a 

short PSVP peptide motif in p33 (Barajas & Nagy, 2010) that resembles the P(T/S)AP 

late domain motif of HIV-1 p6Gag that is responsible for recruitment of Tsg101 (the 

mammalian orthologue of Vps23) (Martin-Serrano et al., 2001; Morita & Sundquist, 

2004; Bieniasz, 2009; Im et al., 2010). 

Because of the ultrastructural similarities between TBSV- and CIRV-induced 

MVBs, as well as the ability of chimeric versions of these two viruses to also produce 

MVBs (Burgyan et al., 1996), it is hypothesized that CIRV also uses ESCRT to facilitate 

mitochondrial MVB formation. However, given the lack of conservation of the PSVP 

motif in the CIRV replicase protein, p36, I hypothesize that CIRV uses other motif(s) 

and/or a distinct mechanism from that of TBSV to recruit ESCRT to mitochondrial 

membranes. Indeed, this study shows that, similar to TBSV, ESCRT is important for 

efficient replication of CIRV in plant cells, and that Arabidopsis Vps23 is recruited to 

mitochondria in plant cells expressing the viral replicase proteins. It was also shown that 

a region in the N terminus of p36 that is not conserved in other peroxisome-targeted, 

tombusvirus replicase proteins (i.e. p33) is both necessary and sufficient for recruitment 

of Vps23 to mitochondria in plant cells. Furthermore, recruitment of Vp23 to 

mitochondria by p36 does not require the UEV domain of Vps23, which is in contrast to 

recruitment of ESCRT by HIV viral proteins (Martin-Serrano et al., 2001; Morita & 

Sundquist, 2004; Bieniasz, 2009; Im et al., 2010), and p33 (Barajas & Nagy, 2009; 

Barajas et al., 2010). Together, these data suggest that CIRV, similar to TBSV, uses 

ESCRT for MVB formation, but that p36 initially recruits Vps23 to the outer 

mitochondrial membrane via a mechanism distinct from that of p33. 
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4.2 Materials and Methods 

4.2.1 Recombinant DNA procedures and plasmid construction  

Molecular biology reagents were purchased either from New England BioLabs, 

Promega, Perkin Elmer Life Sciences Inc., Stratagene, or Invitrogen. Oligonucleotides 

were synthesized by Sigma-Aldrich or University of Guelph Laboratory Services. DNA 

was isolated and purified using reagents from Invitrogen. All DNA constructs were 

verified using dye-terminated cycle sequencing performed at the University of Guelph 

Genomics Facility. Primers used for PCR-based cloning or QuikChange site-directed 

mutagenesis, and details of plasmid construction are described in Appendix I. Polymerase 

chain reaction (PCR)-based mutagenesis was carried out using the QuikChange site-

directed mutagenesis kit according to the manufacturer's instructions (Stratagene).  

The following constructs used for transient expression in Nicotiana tabacum cv 

Bright Yellow-2 (BY-2) suspension-cultured cells have been described previously: 

pRTL2-p36, pRTL2-p95, pHST-CIRV, pRTL2-p361-190CAT [residues 1-190 of p36 

fused to the carrier protein, chloramphenicol acyltransferase (CAT)]  (Hwang et al., 

2008), pRTL2-Myc-Vps23A, pRTL2-HA-Vps23A, pRTL2-Myc-Vps25, pRTL2-Myc-

Vps28A, pRTL2-Myc-Vps4, pRTL2-Vps4E232Q (a Vps4 mutant deficient in ATP 

hydrolysis; Haas et al., 2007; Shahriari et al., 2011) (Richardson et al., 2011), pSAT4A-

PAP26-mCherry (Hurley and Hanson, 2010), pRTL2-RFP-Atg8 (Johnstone et al., 2011), 

pUC18-RecA-GFP encoding the Arabidopsis recombinase-A N-terminal transit peptide 

(residues 1-15) fused to GFP (Dhanoa et al., 2006), and pSAT4-mCherry-PTS1 encoding 

a type I peroxisomal targeting signal fused to the C terminus of mCherry (Ching et al., 

2012). pRTL2-Myc-TraB (At1g05270) was built by Dr. Naomi Marty (University of 

Oregon), and  pMO4-AtSKD1[E232Q] was provided by Dr. Marisa Otegui (University 

of Wisconsin). Plasmids encoding GFP fused to the N-terminus of the A. thaliana 

SNARE protein Syntaxin of Plants (Syp)-21 (pUC18-GFP-Syp21) and Syp52 (pUC18-

GFP-Syp52), were provided by Dr. Masa H. Sato (Kyoto University, Uemura et al., 

2004). pRTL2-p361-5p33p36, pRTL2-p361-10p33p36, pRTL2-p361-16p33p36, pRTL2-

p361-22p33p36, and pRTL2-p361-28p33p36 were built by Eric Clendening (University of 

Guelph) using QuikChange site-directed mutagenesis.  
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Additional constructs built for transient expression in BY-2 cells were cloned into 

one (or more) of the following vectors using a PCR-based approach: pRLT2/Myc-MCS, 

pRTL2/HA-MCS (Shockey et al., 2006), pRTL2/GFP-MCS and pUC18/NheI-GFP, as 

described in Chapter 2 section 2.2.2. Primers and templates used, and details of plasmid 

construction are found in Appendix I. 

The 3’ coding sequence of Nicotiana tabacum Vps23 was obtained using 3’ 

RACE-PCR as previously described (Sambrook et al., 1989). Briefly, total RNA was 

extracted from tobacco BY-2 cells (Qiagen RNeasy kit) and first-strand reverse 

transcription carried out using an oligo-dT-anchor primer (5’ 

GACTCGAGTCGACATCTGTTTTTTTTTTTTTTTTTT 3’). Tobacco BY-2 cDNA was 

then used as template for PCR with a gene-specific forward primer (based on the NCBI 

accession # EB680173) and anchor-specific reverse primer (Appendix I), and the 

resultant PCR product cloned into pCR2.1TOPO (Invitrogen). Several individual clones 

were sequenced, and a gene-specific reverse primer was designed based on this sequence 

(Appendix I). Full-length Vps23 was then amplified from tobacco BY-2 cell cDNA and 

cloned into pRTL2-Myc-MCS via a pCR2.1TOPO intermediate, yielding pRTL2-Myc-

NtVps23. The latter plasmid was used as template for generation of pRTL2-Myc-NtUEV 

(residues 1-250 of NtVps23) and pRTL2-Myc-NtVps23ΔUEV (nucleotides 251-480 of 

NtVps23) (Appendix I). 

 

4.2.2 Isolation and transfection of cucumber protoplasts, and analysis of viral RNAs 

Protoplast experiments presented in Fig. 1 were performed by Hyukho Sheen and 

Dr. Andrew White (York University). Briefly, protoplasts were prepared from 6- to 7-

day-old cucumber cotyledons as described previously (White and Morris, 1994). Isolated 

protoplasts were transfected with 0.5 µg, 1 µg, or 2 µg of pHST:TBSV or pHST:CIRV, 

encoding infectious cDNA versions of either TBSV or CIRV under control of the 35s 

CaMV promoter (Scholthof, 1999), together with 20 µg of each of pRTL2-Myc-MCS, 

pRTL2-Myc-Vps23, pRTL2-Myc-Vps23AΔUEV (corresponding to residues 181-398 of 

Vps23; Appendix I), pRTL2-Myc-Vps4 (Richardson et al., 2011), pRTL2-Myc-

Vps4E232Q (see above), pRTL2-Myc-Bro1dn (corresponding to residues 179-846 of Bro1), 

and pRTL2-Myc-Snf7dn (corresponding to residues 1-152 of Snf7A), using a 
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polyethylene glycol-CaCl2 method, and incubated in a growth chamber under fluorescent 

lighting at 22 °C for 22 h prior to viral RNA isolation. 

Total nucleic acid was harvested from protoplasts as described previously (White and 

Morris, 1994). One fifth of the total nucleic acid preparation was separated in non-

denaturing 1.4% agarose gels, and viral RNAs were detected by Northern blot analysis. 

For each Northern blot two probes were used: P9 

(5’GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTTCC), which recognizes 

a sequence in the 3’ region common to both TBSV and CIRV, and detects viral genomic 

and sub-genomic RNA for both TBSV and CIRV; and pCucumis5 (5' 

CGGTTCCTCTCGTACTAGGTTGAATTACTATTG), specific for cucumber 25S 

rRNA. Experiments were replicated two (TBSV) or three times (CIRV) and gels first 

visualized using ethidium bromide stained agarose gels, followed by Northern blotting. 

 

4.2.3 Biolistic bombardment and fluorescence microscopy 

Tobacco BY-2 suspension cell cultures were maintained and prepared for biolistic 

bombardment as described previously (Lingard et al., 2008). Transient (co-) 

transformations were typically performed using 2 µg of plasmid DNA for the individual 

replicase proteins (and mutants thereof), 10 ug of pHST20-CIRV, and 1-2 ug of pRTL2-

Myc-Vps23 (and mutants thereof) determined empirically for each construct, with a 

biolistic particle delivery system-1000/HE (Bio-Rad Laboratories). Bombarded cells 

were incubated for ~4-8 h to allow for expression and sorting of the introduced gene 

product(s). Cells were fixed in 4% (w/v) formaldehyde, followed by permeabilization 

with 0.01% (w/v) pectolyase Y-23 (Kyowa Chemical Products) and 0.3% (v/v) triton X-

100 (Sigma-Aldrich). Antibodies used for subsequent immunofluorescence staining of 

cells were as follows: Primary and dye-conjugated secondary antibodies and sources 

were as follows: mouse α-Myc and rabbit α-Myc IgGs (Berkeley Antibody Company); 

mouse α-CAT hybridoma medium (provided by Dr. S. Subramani, University of 

California San Diego); mouse α-maize ß-ATPase (provided by Dr. Tom Elthon, 

University of Nebraska; Luethy et al., 1993); rabbit α-p33 (a peptide antibody which 

recognizes a C-terminal epitope in both p33 and p36; McCartney et al., 2005); rabbit α-

CoxII IgGs raised against a synthetic peptide corresponding to the sequence 
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VPRKDYGSRVSNQLIPQTGEA (residues 240-260) of Nicotiana tabacum cytochrome 

c oxidase (CoxII) subunit 2 (NCBI Protein Accession YP_173412.1) (Cedarlane 

Laboratories); rabbit α-p36Loop IgGs raised against a synthetic peptide corresponding to 

the p36 amino acid sequence –HASVKPYFYPRVDM- (residues 147-160) (Cedarlane 

Laboratories); goat α-mouse and goat α-rabbit Alexa 488 IgGs (Molecular Probes); and 

goat α-rabbit rhodamine red-X IgGs (Jackson ImmunoResearch Laboratories). For each 

experiment, at least 50 transformed cells were observed, and representative images are 

shown.  

 For membrane permeabilization experiments, BY-2 cells were prepared for 

biolistic bombardment as described previously (Lee et al., 1997). Cells were bombarded 

with pRTL2-Myc-p36 and incubated for 4-6 hr to allow for protein expression, and then 

fixed, pectolyased and treated with either 0.3% (v/v) triton X-100 or 25 µg/mL digitonin 

(Sigma-Aldrich Ltd.) as previously described (Lee et al., 1997). Cells were processed for 

immunofluorescence microscopy as described above. Epifluorescent images of cells were 

acquired as described in Materials and Methods, Chapter 2. As described above, at least 

50 transformed cells were observed, and representative images are shown. 

 

4.2.4 Split-Ub yeast two-hybrid assay 

 A list of primers and cloning details for the constructs used for Split-Ub yeast 

two-hybrid assays are described in Appendix I. Briefly, the coding region of p33 and p36 

were cloned into pBT3-C (Dualsystems Biotech), to yield pBT3-p33Cub and pBT3-

p36Cub encoding the p33 and p36 ORFs fused to the Cub-LexA sequence at their C 

terminus. pBT3-p3691-329Cub corresponds to an initiation Methionine and residues 91-329 

of p36 fused to the Cub-LexA sequence at its C terminus. To construct pPR3-

NubVps23A, the Vps23A ORF was cloned into pPR3-N (Dualsystems biotech) to yield 

the Nub fused to the N terminus of Vps23A. Split-Ub yeast two hybrid assays were 

carried out according to the manufacturer’s instructions (Dualsystems Biotech). Briefly, 

yeast (strain NMY51) were co-transformed with plasmids encoding indicated Nub and 

Cub fusion proteins, and three to five colonies from each transformation plate were re-

streaked on synthetic dextrose medium [2% (w/v) dextrose, 0.67% (w/v) yeast nitrogen 

base without amino acids, 2 g/L synthetic mix of amino acid supplements, minus leucine 
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and tryptophan; SD-LT (Bufferad)]. Individual colonies from re-streaked plates were 

used to inoculate 3 mL SD-LT overnight cultures, which were grown at 30°C, shaking (at 

an angle) at 300 rpm. The next day, 500 µl of overnight culture was used to inoculate 5 

mL of fresh, pre-warmed SD-LT medium and cells were incubated 30°C for 3.5 h. Cells 

were pelleted by centrifugation (~3,000 RPM, 10 min) in a swinging bucket rotor, 

washed once with sterile water, then resuspended in 1 mL of sterile water.  

To test for protein-protein interactions, growth assays were performed (as 

described in Chapter 2, section 2.2.2), in addition to measuring colorimetric lacZ reporter 

activity using the β-Galactosidase (β-gal) assay kit from Pierce Protein Research Products 

(Thermo Scientific), essentially as described in Chapter 2, section 2.2.2. Briefly, yeast 

cells equivalent to an OD600 of 1.5 in a final volume of 350 µl were incubated with 

Working Solution overnight at 37°C in the dark, and processed the next day for β-gal 

activity, by measuring colorimetric substrate conversion spectrophotometrically at 

420nm. The average β-gal activity for five colonies from each transformation was 

measured and calculated in Miller Units (Miller, 1972) (see Chapter 2, section 2.2.2 for 

calculation).  

 

4.3 Results 

4.3.1 Expression of dominant negative ESCRT mutants reduces the replication efficiency 

of CIRV in cucumber protoplasts 

 To determine whether ESCRT is important for replication of CIRV, cucumber 

protoplasts were co-transfected with dominant-negative versions of several ESCRT 

components (Barajas et al., 2009), together with plasmid-encoded infectious cDNA 

versions of TBSV or CIRV (Scholthof, 1999; Hwang et al., 2008), and resulting viral 

RNAs detected via Northern blotting. The dominant negative mutants used were 

previously shown to have an effect on CNV replication in plants (Barajas et al., 2009), 

and using electron microscopy, were shown to cause abnormal virus-induced 

peroxisomal-derived MVBs when expressed in plants inoculated with CNV (Barajas et 

al., 2009). These dominant negative ESCRT mutants were also chosen based on their 



 

 
100 

known deleterious effects on ESCRT function in non-infected cells in plants, mammals 

and/or yeast (Morita and Sundquist, 2004; Sundquist et al., 2004; Barajas et al., 2009). 

Preliminary results from two replicate experiments with TBSV, and three with 

CIRV are shown in Fig. 4-1A and 4-1B. Co-transfection with wild-type Arabidopsis 

Vps23A and Vps4 showed similar levels of viral genomic RNA as well as sub-genomic 

mRNAs (sg mRNA1, sg mRNA2), relative to the empty vector control (pRTL2) (Fig. 4-

1A). This indicates that overexpression of wild-type ESCRT components does not 

interfere with TBSV or CIRV viral replication, as expected (Barajas et al., 2009). In 

contrast, co-transfection with dominant-negative versions of Arabidopsis Myc-tagged 

Vps23A, Snf7A, and Bro1 caused noticeable defects in viral replication of TBSV and/or 

CIRV, albeit to varying degrees. Specifically, co-transfection with the Myc-

Vps23AΔUEV mutant, which lacks the N-terminal UEV domain required for cargo 

sorting at MVBs (Katzmann et al., 2001) and retroviral budding in mammalian cells 

(Garrus et al., 2001; Martin-Serrano et al., 2001; VerPlank et al., 2001), resulted in a two-

fold reduction in replication efficiency of both TBSV and CIRV, compared to the pRTL2 

empty vector control (Fig. 4-1A, compare lanes 2 and 8). Similarly, co-transfection with 

Myc-Bro1dn, which lacks the N-terminal Bro1 domain required for interaction with 

ESCRT-III (Odorizzi, 2006), resulted in an approximate three-fold reduction in 

replication efficiency relative to that of protoplasts co-transfected with pRTL2 (Fig. 4-

1B, compare lanes 2 and 11) for both TBSV and CIRV. Interestingly, Myc-Snf7dn, 

which lacks the C-terminal autoinhibitory region of Snf7 and disrupts ESCRT-III 

function (Zamborlini et al., 2006), had distinct effects on CIRV and TBSV replication – 

replication efficiency of CIRV was reduced markedly upon co-transfection with Myc-

Snf7dn compared to pRTL2 (Fig. 4-1B, compare lanes 2 and 14) relative to TBSV, which 

was virtually unaffected by co-transfection with Myc-Snf7dn (Fig. 4-1B, compare lanes 2 

and 14). This latter result was unexpected, since it was previously shown that the same 

mutant drastically reduced CNV replication when expressed in tobacco plants via 

agroinfiltration (Barajas et al., 2009). It was also notable that Myc-Vps4E232Q, which is 

unable to hydrolyze ATP (Haas et al., 2007; Shahriari et al., 2010) did not affect 

replication efficiency of either TBSV or CIRV, in contrast to the negative effect that 

expression of another Vps4 dominant negative mutant (Vps4K178A) had on CNV  
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Figure 4-1. Co-transfection of cucumber protoplasts with TBSV or CIRV and 

selected wild-type or dominant negative mutant ESCRT components.  

Cucumber protoplasts were transfected with 0.5, 1 or 2 µg of plasmids encoding 

infectious cDNA constructs of either TBSV or CIRV (pHST:TBSV and pHST:CIRV, 

respectively) and 20 µg of either empty vector (pRTL2) or plasmids encoding Myc-

tagged versions of either Arabidopsis (A) Vps23A, Vps23AΔUEV (a dominant negative 

version of Vps23A), (B) Vps4, Vps4E232Q (a dominant negative version of Vps4), and 

dominant negative versions of Bro1 and Snf7 (Bro1dn and Snf7Adn, respectively). Mock 

transformation lacking any added virus or ESCRT plasmids were also performed. Viral 

genomic RNA and sub-genomic RNAs (sg mRNA1 and 2) were detected using Northern 

blotting with two probes; one specific for a sequence in the 3’ region conserved between 

TBSV and CIRV that recognizes genomic as well as sg RNA, and one specific for 

cucumber 25S rRNA. At the bottom of A) and B), agarose gels stained with ethidium 

bromide show 25S ribosomal RNA, which serves as a loading control. 
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replication in tobacco plants (Barajas et al., 2009). Despite these discrepancies, overall 

these preliminary results suggest that CIRV, similar to TBSV and CNV, also relies on the 

ESCRT machinery to carry out efficient replication in plant cells. 

 

4.3.2 Arabidopsis Vps23 is re-localized to mitochondria in tobacco BY-2 cells co-

expressing CIRV or CIRV replicase proteins 

 As a first step in understanding the link between ESCRT and CIRV-induced 

spherule formation at mitochondria, the ability of the Arabidopsis ESCRT-I component, 

Vps23, to be re-localized from the cytosol/late endosomes to mitochondria in plant cells 

expressing the CIRV replicase proteins was tested. To do this, tobacco BY-2 cells were 

biolistically bombarded with plasmids encoding full-length CIRV, or the CIRV replicase 

proteins p36 or p95, together with Myc-epitope-tagged Arabidopsis Vps23A (Myc-

Vps23A). Bombarded cells were then viewed using immunoepifluorescence microscopy.  

As shown in Fig. 4-2A, in the absence of CIRV, Myc-Vps23A localizes primarily to late 

endosomes, as expected, shown by its colocalization with the late endosomal marker, 

GFP-Syp21 (Uemura et al., 2004). By contrast, p36 localizes exclusively to 

mitochondria, as shown by co-localization with the endogenous mitochondrial outer 

membrane protein β-ATPase (Luethy et al., 1993) (Fig. 4-2A). However, co-expression 

of an infectious CIRV cDNA with Myc-Vps23A in BY-2 cells resulted in re-localization 

of Myc-Vps23A from the cytosol/late endosomes to mitochondria (Fig. 4-2B). To 

determine if the CIRV replicase proteins on their own are responsible for recruitment of 

Vps23 to mitochondria, either p36 or p95 were individually co-expressed with Myc-

Vps23A in BY-2 cells. While both p36 and p95 recruit Myc-Vps23A to mitochondria 

(Fig. 4-2B), it was noted that in cells co-expressing p95 and Myc-Vps23A, additional 

Myc-Vps23A-positive punctate structures were observed that did not co-localize with 

p95 (refer to arrowheads in Fig. 4-2B), and are presumed to be late endosomes based on 

localization of Myc-Vps23A to late endosomes in the absence of viral proteins (Fig. 4-

2A). Given that p95 is a product of translational read-through of the p36 stop codon, and 

is therefore identical to p36 in its N terminus, these results suggest that p36 is the 

minimal viral component required to recruit Vps23 to mitochondria. It was also shown  
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Figure 4-2. Expression of CIRV and CIRV replicase proteins in BY-2 cells  

Tobacco BY-2 suspension cells were co-transformed via biolistic bombardment 

with the indicated gene constructs, and cells were processed for immunoepifluorescence 

microscopy. The yellow colour in the merged images indicates co-localization between 

co-expressed proteins. Arrowheads in (B) indicate punctae where Myc-Vps23A does not 

colocalize with p95, structures which are presumably late endosomes. Also shown are the 

corresponding differential interference contrast (DIC) images. Bar in (A) = 10 µm. 
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that a Myc-tagged version of a N. tabacum Vps23 orthologue (Myc-NtVps23) was also 

re-localized to mitochondria upon co-expression with p36 (Fig. 4-2C), indicating that 

recruitment of Vps23 is not an artefact of heterologous expression of Arabidopsis Vps23 

in tobacco. It was also notable that the morphology of mitochondria in cells expressing 

p36, p95 or CIRV was highly distorted, as is expected based on the known cytopathology 

of CIRV infection (di Franco et al., 1984). However, in these cells, the morphology of 

several other organelles appear to be unaffected, as shown by co-expression of various 

organelle markers, such as those that label peroxisomes (mCherry-PTS1), early (GFP-

Syp52) and late endosomes (GFP-Syp21), plastids (RecA-GFP) and vacuoles (PAP26-

mCherry) (Fig. 4-3), indicating that co-localization is not simply a result of general 

aggregation of organelles. In addition, p36 did not co-localize with the RFP-Atg8, a 

marker for autophagosomes (Contento et al., 2005; Yoshimoto et al., 2004), or with 

another ESCRT-I component Myc-Vps28, or ESCRT-II component, Myc-Vps25 (Fig. 4-

3), showing that this recruitment is specific to Vps23. 

 

4.3.3 The N-terminal, soluble region of p36 is both necessary and sufficient for re-

localization of Vps23 to mitochondria 

 To determine the region(s) of p36 responsible for recruitment of Vps23 to 

mitochondria, a series of p36 deletion mutants and hybrid fusion constructs were 

constructed, and their ability to re-localize Myc-Vps23A (or HA-tagged Vps23A, where 

indicated) to mitochondria in BY-2 cells tested. Initial p36 mutants were designed to 

preserve the mitochondrial-targeting signal of p36, which includes both (TMDs), as well 

as the intervening loop sequence (Hwang et al., 2008). To determine if the N- or C-

terminal soluble regions of p36 are involved in recruitment of Myc-Vps23A, two mutants 

were constructed: i) p36 lacking its N-terminal soluble region preceding the first TMD 

(i.e. the first 90 amino acids) (p3691-329), which targets to mitochondria as shown by co-

localization with endogenous β-ATPase (Fig. 4-4A); ii) p36 lacking its C-terminal 

soluble region following the second TMD (residues 190-329), and fused to the carrier 

protein, chloramphenicol acyltransferase (CAT) (p361-190CAT), which has previously 

been shown to localize to mitochondria (Hwang et al., 2008). As shown in Fig. 4-4A, 

p3691-329 did not re-localize Myc-Vps23A to mitochondria, while p361-190CAT was able to  
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Figure 4-3. Co-transformation of BY-2 cells with various organelle markers and 

other ESCRT components  

Tobacco BY-2 cells were co-bombarded with p36 and the following organelle 

markers: mCherry-PTS1 to label peroxisomes; GFP-Syp52 and GFP-Syp21 to label early 

and late endosomes, respectively; RecA-GFP to label plastids; PAP26mCherry to label 

vacuoles; and RFP-Atg8 to label autophagosomes. p36 was also co-expressed with the 

ESCRT-I component Myc-Vps28A, and ESCRT-II component Myc-Vps25. Also shown 

are the corresponding differential interference contrast (DIC) images. Bar = 10 µm 
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Figure 4-4. Investigation of regions important for Vps23 recruitment activity in p36  

(A) Tobacco BY-2 cells were bombarded with mutants of p36 either lacking the 

N-terminal 90 amino acids (p3691-329), or p36 lacking the C-terminal soluble region 

following the second TMD (residues 191-329) and fused to CAT (p361-190CAT), and 

their ability to recruit Myc-Vps23A was assessed. (B) Schematic diagram of the topology 

predicted topology of p36 in the outer mitochondrial membrane. (C) The topology of the 

intervening loop region was determined using differential permeabilization of cell 

membranes. Briefly, Myc-p36 was transiently expressed in BY-2 cells, fixed, and then 

permeabilized with either triton X-100 (to permeabilize both the plasma membrane and 

organelle membranes), or digitonin (to permeabilize the plasma membrane only). 

Permeabilized cells were then processed for immunoepifluorescence microscopy using 

either α-Myc, or α-p36Loop antibodies. (D) BY-2 cells were co-bombarded with Myc-

p361-90TraB and HA-Vps23A, re-localization of HA-Vps23A to mitochondria was 

assessed. The corresponding differential interference contrast (DIC) images are also 

shown. Bar in (A) = 10 µm. 
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recruit Myc-Vps23A to mitochondria, although the amount of co-localization for this 

latter construct appeared to be reduced compared to full-length p36 (Fig. 4-4A, compare 

to Fig. 4-2A).While complete abolishment of recruitment upon removal of the N-terminal 

90 amino acid residues (p3691-329) suggests that this region of p36 is necessary for the 

recruitment of Myc-Vps23A to mitochondria, this does not rule out the possibility that 

the intervening loop sequence of p36 may also contribute to its Vps23-recruiting activity. 

It was previously reported that p36 is oriented with both its N and C termini in the 

cytosol (Fig. 4-4B; Hwang et al., 2008), which raises the question of whether the loop 

sequence is also exposed to the cytosol and available for interaction with soluble, 

cytosolic ESCRT components, or whether it is oriented toward the mitochondrial 

intermembrane space, where it would be inaccessible to the ESCRT machinery. 

To determine the topology of the p36 intervening loop sequence, peptide 

antibodies were generated against an amino acid sequence unique to this region of the 

protein. BY-2 cells transformed with an N-terminal Myc-tagged version of p36 (Myc-

p36; Hwang et al., 2008) were incubated with either triton X-100, which permeabilizes 

all cellular membranes, or with digitonin, which selectively permeabilizes the plasma 

membrane (Lee et al., 1997), and were then subjected to immunofluorescence 

microscopy, using antibodies raised against either the Myc epitope (α-Myc) or the p36 

intervening loop peptide antibody (α-p36Loop)  (Fig. 4-4C). As expected, the Myc 

epitope was immunodetected in cells treated with either triton X-100 or digitonin (Fig. 4-

4C), indicating its exposure to the cytosol. However, detection of the p36 loop region by 

α-p36Loop occurred only when cells were treated with triton X-100, and not with  

digitonin (Fig. 4-4C), suggesting that the intervening loop region is not exposed to the 

cytosol, and is therefore not available for interaction with ESCRT components. Overall, 

the data presented in Fig. 4-4A and 4-4C are consistent with the hypothesis that the 

Vps23-recruiting motif is found within the first 90 cytosol-facing amino acid residues of 

p36.  

To determine if the N-terminal 90 amino acids of p36 are sufficient for 

recruitment of Vps23 to mitochondria, a fusion protein was constructed, consisting of a 

Myc-tag appended to first 90 amino acids of p36 in frame with the TMD and short 
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hydrophobic tail sequence of the tail-anchored, mitochondrial outer membrane protein, 

TraB (Fig. 4-4B) (Duncan et al., 2011), which corresponds to the minimal portion of 

TraB necessary for targeting to mitochondria (Hwang et al., 2012, unpublished data). 

This construction approach was designed to allow for the p36 N terminus to be associated 

with the outer mitochondrial membrane (via the tail anchor of TraB), while preserving its 

normal cytosolic-facing topology (Fig. 4-4B). As shown in Fig. 4-4D, Myc-p361-90TraB 

localizes to mitochondria, as evidenced by co-localization with endogenous 

mitochondrial cytochrome c oxidase subunit 2 (CoxII). Moreover, Myc-p361-90TraB was 

able to recruit HA-Vps23A (Fig. 4-4D). In contrast, full-length, N-terminal Myc-tagged 

TraB (Myc-TraB) (Fig. 4-4B) did not recruit HA-Vps23A (Fig. 4-4D), as expected. 

These data suggest that the first 90 amino acids of p36 are sufficient for recruitment of 

Vps23 to mitochondria. 

 

4.3.4 Mutational analysis of the Vps23 recruitment activity in the N-terminus of p36 

Next, the potential motifs required for mitochondrial recruitment of Vps23 in the 

N-terminal 90 amino acids of p36 was investigated. First, taking a deletion mutational 

analysis approach, two successive deletions of the N-terminus of p36 were made, where 

either the first 22 residues (p3623-329), or residues 2-67 (p3668-329) of p36 were removed. 

Each of these mutants was then co-expressed with Myc-Vps23A in BY-2 cells and their 

ability to re-localize Myc-Vps23A to mitochondria relative to full-length p36 was 

assessed. While in a small number of cells (i.e. <10%), p3623-329 partially co-localized 

with Myc-Vps23A, in the majority of cells, no recruitment of Myc-Vps23A to 

mitochondria was observed (Fig. 4-5A). Removal of the first 67 residues of p36 

completely abolished recruitment of Myc-Vps23A (Fig. 4-5A). This suggests that the 

Vps23A recruiting information exists within the first 22 amino acids residues of p36, and 

the region directly downstream may contribute to the overall conformation required for 

this recruitment.  

To further dissect potential Vps23-recruitment motifs within the first 22 amino 

acids of p36, we generated a mutant version of p36 whereby its N-terminal 90 amino 

acids were replaced by the N-terminal soluble region (i.e. the first 74 amino acids) of the  
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Figure 4-5. Potential recruitment motifs in the N-terminal region of p36  

(A) Successive N-terminal truncations of p36 were generated in which either the 

first 22 residues (p3623-329), or first 67 residues (p3668-329) were removed, respectively. 

Each of these mutants was co-transformed with Myc-Vps23A, and their ability to re-

localize Myc-Vps23A to mitochondria was examined. (B) Mitochondrial localization of 

p331-74p36 was confirmed by co-localization with endogenous β-ATPase. BY-2 cells 

were co-transformed with p331-74p36 and Myc-Vps23A, and re-localization of Myc-

Vps23A to mitochondria was assessed. (C) An alignment of the N-termini of p33 and 

p36 up to and including the first TMD (underlined) is shown. Residues from the N-

terminus of p36 were used to replace and/or extend the N-terminus of the p331-74p36 

mutant, as indicated by residues in red. (D) BY-2 cells were co-transformed with each 

mutant together with Myc-Vps23A, and their ability to recruit Myc-Vps23A to 

mitochondria was investigated. Also shown in (A), (B) and (D), are the corresponding 

differential interference contrast (DIC) images. Bar in (A) = 10 µm. 
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TBSV replicase protein, p33 (p331-74p36). Given the low sequence identity in this region 

(Fig. 4-5C), and the previous observation that an essential Vps23-interaction motif is 

absent from this region of p33 (Barajas et al, 2009; Barajas et al., 2010), it was predicted 

that p331-74p36 would be unable to recruit Myc-Vps23A to mitochondria. Indeed, p331-

74p36 localized to mitochondria as shown by co- localization with endogenous β-ATPase, 

as expected; however the fusion protein was unable to recruit Myc-Vps23A to 

mitochondria (Fig. 4-5B). As shown in the amino acid sequence alignment of the N 

termini of p33 and p36 (Fig. 4-5C), the most obvious difference is a stretch of 16 N-

terminal residues in p36 that are not present in p33. We therefore replaced or added 

amino acids from the N-terminus of p36 to the p331-74p36 hybrid protein in order to 

determine if this region is required for Vps23 recruitment. The N-terminal amino acid 

sequences of these hybrid constructs, where residues from p36 were introduced into p331-

74p36 are shown in Fig. 4-5C. Replacement of the first 5 and 10 residues of p331-74p36 

with amino acids of p36 in succession (p361-5, p361-10), revealed no gain of function with 

respect to Myc-Vps23A recruitment to mitochondria (Fig. 4-5D). Replacement and/or 

addition of the first 16 residues (p361-16), however, did result in partial gain of Myc-

Vps23A recruitment evidenced by partial co-localization between p361-16 and Myc-

Vps23A, and replacement and/or addition of the first 22 and 28 residues of p36 (p361-22 

and p361-28) resulted in full re-localization of Myc-Vps23A to mitochondria (Fig. 4-5C). 

These latter data are consistent with the inability of the N-terminal 22 amino acid deletion 

mutant, p3623-329, to recruit Myc-Vps23A to mitochondria (Fig. 4-5A). Overall, these 

results are consistent with the hypothesis that specific recruitment motifs exist within the 

N-terminal 22 residues of p36, perhaps between residues 16-22 of p36, where the most 

noticeable gain of function between successive additions of p36 residues occurred (Fig. 

4-5C and D). 

 

4.3.5 The CIRV replicase protein, p36, may interact weakly with Arabidopsis Vps23A in 

yeast 

 The re-localization of Vps23 to mitochondria in cells expressing p36, but not in 

cells expressing an N-terminal mutant version of p36 (i.e. p3691-329) suggests that p36 

recruits Vps23 via direct protein-protein interactions involving the N-terminal 23 residues 
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of p36. To investigate this potential interaction between p36 and Vps23A, a split-

ubiquitin yeast two-hybrid assay was used, which is designed for detecting protein-

protein interactions occurring at intracellular membranes (Snider et al., 2010). p33, p36 

or p36 lacking the N-terminal 90 residues fused at their C-termini to Cub and the LexA 

transcription factor (p33-Cub, p36-Cub and p3691-329-Cub, respectively), were co-

transformed with Vps23A fused at its N terminus to Nub (Nub-Vps23A). Additionally, as 

a positive control, yeast were co-transformed with p36-Cub and p36 with an N-terminally 

fused Nub (Nub-p36), since the TBSV-equivalent, p33 self-interaction is well 

documented and known to be important for TBSV replication (Rajendran & Nagy, 2003).   

Transformed yeast were grown on high selection media (-LTHA) to detect protein-

protein interactions; however, with the exception of yeast co-transformed with p36-Cub 

and Nub-p36 that grew on high selection media, no differences in growth in other co-

tranformed yeast were detected. Therefore, lysates from yeast co-transformed either with 

p33-Cub, p36-Cub, or p3691-329-Cub with Nub-Vps23A, or p36-Cub with Nub-p36 as a 

positive control, were subjected to a β-galactosidase (β-gal) activity assay (Fig. 4-6) to 

potentially detect weak interactions, and the relative strength of such interactions. 

It has been previously shown that p33-Cub interacts, albeit weakly, with the Nub-

tagged UEV domain of N. tabacum, N. benthamiana, Arabidopsis and S. cerevisiae 

Vps23 (Barajas et al., 2009). Therefore, p33-Cub was also used in these experiments as a 

control to allow for comparisons in the strength of interaction between yeast co-

transformed with p33-Cub and Nub-Vps23A relative to yeast transformed with p36-Cub 

or p3691-329-Cub with Nub-Vps23A. The β-Gal activity of 5 yeast colonies from each co-

tranformation was measured, and β-Gal activity was recorded as an average of these 5 

colonies. Overall, the β-Gal activities for p33-Cub, p36-Cub or p3691-329-Cub with Nub-

Vps23A were much lower than that for the p36-Cub-Nub-p36 positive control (inset in 

Fig. 4-6), and there was a notable amount of variance between the five colonies tested. 

Additional colonies from independent yeast co-tranformations need to be tested for β-Gal 

activity to validate these results; nonetheless, p33-Cub showed the strongest interaction 

with Nub-Vps23A, followed by p36-Cub, and p3691-329-Cub showed the weakest 

interaction with Nub-Vps23A (Fig. 4-6). This latter result was expected, based on the 

observation that the N-terminal region of p36 is important for recruitment of p36 to  
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Figure 4-6. Split-Ub yeast two-hybrid assay to detect interactions between replicase 

proteins and Vps23A  

Yeast were co-transformed with plasmid DNA encoding p33, p36 or p36 lacking 

its N-terminal 90 residues fused to Cub and the LexA transcription factor at their C-

terminus (p33-Cub, p36-Cub, and p3691-329-Cub), and Arabidopsis Vps23A with an N-

terminally appended Nub (Nub-Vps23A). As a positive control, yeast were co-

transformed with p36-Cub and p36 fused at its N terminus to Nub (Nub-p36), as 

indicated below chart. Interactions between Cub-Nub fusion proteins were assessed using 

a liquid β-galactosidase assay and β-galactosidase (β-Gal) activity was measured in 

Miller units. The scale of the y-axis in the inset shows the relative strength of interaction 

between p33-Cub, p36-Cub or p3691-329-Cub and Nub-Vps23, compared to the positive 

control (p36-Cub and Nub-p36). Error bars represent standard error of the mean; asterisks 

represent a significant difference in β-Gal activity between p33-Cub and p3691-329-Cub, 

each co-transformed in yeast with Nub-Vps23A as determined using a Student’s T-test. 
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mitochondria. While the β-Gal activity for p33-Cub with Nub-Vps23A was significantly 

higher than that of p3691-329-Cub with Nub-Vps23A (p ≤ 0.001), the β-Gal activity for 

p36-Cub with Nub-Vps23A showed no signification difference (p > 0.05) between that of 

either p33-Cub or p3691-329-Cub co-transformed with Nub-Vps23A (Fig. 4-6). Despite a 

lack of statistical significance, this trend is consistent with the working hypothesis that 

the N-terminal 90 amino acids of p36 mediate a weak interaction with Vps23A. As 

mentioned previously, additional colonies from independent co-tranformations need to be 

performed to validate the statistical significance of these results. 

 

4.3.6 The UEV domain of Vps23 is dispensable for its recruitment by p36 to mitochondria 

 All orthologues of Vps23 share a similar domain organization, consisting of an N-

terminal ubiquitin E2 variant (UEV) domain, a central coiled-coil region, and a C-

terminal “steadiness box” (StBox) involved in protein stability (Spitzer et al., 2006; 

Winter & Hauser, 2006; McDonald & Martin-Serrano, 2008) (Fig. 4-7A). Given the 

importance of the UEV domain in recruitment of ESCRT by HIV to the plasma 

membrane (Garrus et al., 2001; Martin-Serrano et al., 2001; VerPlank et al., 2001), as 

well as interactions with ESCRT-0 and ALIX in mammals (Lu et al., 2003; Odorizzi, 

2006), it was hypothesized that the UEV domain would be involved in p36-mediated 

recruitment of Vps23 to mitochondria. To investigate this possibility, GFP was fused to 

the C terminus of the UEV domain of Arabidopsis Vps23A (UEVA-GFP), and co-

expressed with p36 in BY-2 cells. As shown in Fig. 4-7B, UEVA-GFP was not re-

localized to mitochondria upon co-expression with p36, and instead localized exclusively 

to the cytosol, as it did when expressed on its own (Fig. 4-8). These results were not 

specific for Arabidopsis Vps23A, as the UEV domain of Arabidopsis Vps23B fused to 

GFP (UEVB-GFP) also did not co-localize with p36 (Fig. 4-8). In addition, lack of re-

localization of Vps23 was not due to the position and/or inherent nature of the appended 

GFP moiety, since an N-terminal Myc-tagged version of UEV (from both Vps23A and B) 

also localized exclusively to the cytosol, and not to mitochondria in p36 co-transformed 

cells (Fig. 4-8). By contrast, C-terminal GFP-tagged versions of both full-length Vps23A 

and Vps23B were re-localized to mitochondria upon  
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Figure 4-7. Co-transformation of BY-2 cells with p36 and Vps23A deletion mutants  

(A) A schematic diagram of the domain structure of Vps23 in yeast, mammals 

and plants including its conserved functional domains, is shown. UEV, Ubiquitin E2 

Variant domain; CC, predicted coiled-coil domain; StBox, Steadiness Box domain. (B) 

Tobacco BY-2 cells were co-bombarded with p36 and either the Arabidopsis Vps23A 

UEV domain fused at its C-terminus to GFP (UEVA-GFP), Vps23A lacking the UEV 

domain, fused to a Myc epitope at its N terminus (Myc-Vps23AΔUEV), or Vps23 

lacking the StBox domain, fused to a Myc epitope at its N terminus (Myc-

Vps23ΔStBox), and processed for immunoepifluorescence microscopy (C) BY-2 cells 

were also co-transformed with p36 and deletions of Nicotiana tabacum Vps23 (Myc-

NtUEV, Myc-NtVps23ΔUEV). Also shown in (B) and (C) are the corresponding 

differential interference contrast (DIC) images. Bar in (B) = 10 µm. 
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Figure 4-8. Co-transformation of BY-2 cells with p36 and additional epitope- or 

fluorescent-tagged versions of Vps23 and deletion constructs 

Tobacco BY-2 cells were co-transformed with p36 and Vps23 and deletion 

constructs with several different epitope or fluorescent protein tags as indicated within 

the figure, and processed for immunofluorescence microscopy. In addition, the late 

endosomal marker GFP-Syp21 was co-expressed with Myc-Vps23ΔUEV. Corresponding 

differential interference contrast (DIC) images are also shown. Bar = 10 µm 
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co-expression with p36, similar to their N-terminal tagged counterparts (Myc-Vps23A 

and B) (Fig. 4-8).  

To determine if a region C-terminal to the UEV domain may play a role in Vps23 

recruitment, an N-terminal deletion of Vps23A was generated, lacking the UEV domain 

and possessing an N-terminal Myc-tag (Myc-Vps23AΔUEV) (Fig. 4-7A), and co-

expressed with p36 in BY-2 cells. This construct co-localized with p36 (Fig. 4-7B), 

suggesting that a putative binding site for p36 exists outside of the UEV domain of 

Vps23A. The same results were observed using the equivalent NtVps23 and its N- and C-

terminal deletions (Fig.4-7C).  

Interestingly, Myc-Vps23AΔUEV also localized to late endosomes (Fig. 4-8), 

suggesting that the UEV domain is also dispensable for localization of Vps23A to late 

endosomes. Interestingly, deletion of the StBox domain (Myc-Vps23AΔStBox; Fig. 4-

7A) also interfered with Vps23 re-localization to mitochondria by p36, resulting in its 

targeting to the cytosol (Fig. 4-7B). Overall these data suggest that CIRV recruits Vps23 

through an interaction outside of its UEV domain, which is distinct from the mechanism 

of Tsg101/Vps23 recruitment by other enveloped viruses (i.e. HIV) and TBSV, and may 

be facilitated by the C-terminal StBox domain of Vps23.  

 

4.4 Discussion 

 Recent yeast genetic screens identifying ESCRT components as being important 

for efficient replication of TBSV in a yeast system (Panavas et al., 2005b; Jiang et al., 

2006) led to the hypothesis that ESCRT is involved in manipulation of the peroxisomal 

boundary membrane, resulting in the formation of spherules at the periphery of the 

organelle (Mullen et al., 2006). Here we extend this observation to CIRV, another 

member of the tombusvirus family that forms spherules at the outer mitochondrial 

membrane (di Franco et al., 1984). An interest in investigating CIRV partly stemmed 

from the observation that the identified Vps23-recruiting motif in the p33 replicase 

protein of TBSV (Barajas et al., 2009) is not conserved in p36, the equivalent replicase 

protein of CIRV, suggesting that these two viruses, although very similar in primary 

sequence identity, use distinct mechanisms to co-opt the host cell ESCRT machinery.  
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To investigate whether CIRV requires functional ESCRT components for 

efficient replication in plant cells, cucumber protoplasts were co-transfected with either 

TBSV or CIRV and various ESCRT dominant negative mutants. While these experiments 

are preliminary and need to be further repeated to verify the results, it was observed that 

similar to CNV (Barajas et al., 2009) and TBSV (Fig. 4-1), CIRV requires functional 

ESCRT components to efficiently replicate in plant cells (Fig. 4-1). In most cases, co-

transfection with each dominant negative ESCRT mutant had similar effects on both 

TBSV and CIRV replication efficiency with the exception of the Snf7 mutant, which 

appeared to have a more drastic effect on CIRV replication, compared to TBSV (Fig. 4-

1B). This was somewhat unexpected, given that the same mutant also caused a drastic 

reduction in replication efficiency of CNV (which shares a high degree of sequence 

identity with TBSV) in tobacco plants (Barajas et al., 2009). This difference may be due 

to inherent differences in the systems used to measure viral replication; i.e. transfection 

of cucumber protoplasts versus agroinfiltration of N. benthamiana leaves. It is also 

possible, since Snf7 is an ESCRT-III component (versus ESCRT-I), it may require more 

time to see a dominant-negative effect, and perhaps TBSV is less sensitive in this system 

compared to CIRV, and compared to TBSV replication in tobacco via agroinfiltration. 

Indeed we found that in some cases, effects of dominant negative mutants were more 

apparent when less virus was used for transfection (Fig. 4-1A, Vps23AΔUEV, compare 

lanes 8 and 10). However, despite this apparent difference, these preliminary results are 

consistent with our hypothesis that ESCRT also plays a role in CIRV replication in plant 

cells. In addition to repeating these experiments to verify reproducibility of these results, 

similar experiments using tobacco rattle virus, a plant RNA virus that does not use 

ESCRT for replication (Barajas et al., 2009) will be performed, to rule out the possibility 

that decreases in CIRV and TBSV replication efficiency observed are due to general 

cellular defects caused by expression of ESCRT dominant negative mutants. 

Vps23 is a multifunctional protein – as the core ESCRT-I component, it functions 

in the initial steps of ESCRT assembly, whether it be at the late endosomal surface, the 

midbody during cytokinesis, or the plasma membrane during budding of enveloped 

viruses from mammalian cells (Morita, 2012). It was also recently demonstrated that in 

yeast the CNV replicase protein, p33, interacts directly with Vps23 (Barajas et al., 2009). 
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Therefore, we focused on Vps23 as a candidate for the initial steps of ESCRT recruitment 

to mitochondria during mitochondrial MVB formation in CIRV-infected cells. Toward 

that end, it was demonstrated that the N-terminal soluble region (i.e. residues 1-90) of the 

CIRV replicase protein, p36 is both necessary and sufficient for re-localization of Vps23 

from late endosomes to mitochondria in plant cells (Fig. 4-3).  

Vps23 and Tsg101 in yeast and mammals, respectively, are known to interact 

with several other proteins via the UEV domain. For example, HRS (a component of 

mammalian ESCRT-0), the HIV p6Gag protein, and the mammalian ESCRT accessory 

protein, ALIX (referred to as Bro1 in yeast and Arabidopsis; Winter & Hauser et al., 

2006), all interact with the UEV domain of Tsg101 via P(S/T)AP motifs (Martin-Serrano 

et al., 2001; Pornillos et al., 2003; Strack et al., 2003; Ren & Hurley, 2011). Despite the 

importance of the UEV domain for ESCRT recruitment by HIV, we showed here that the 

UEV domain of Vps23 itself is not recruited to mitochondria by p36 (Fig. 4-6). 

Consistent with this observation, the N-terminal 90 amino acids of p36 does not possess 

any obvious sequence motifs that resemble the P(S/T)AP late-domain motif of HIV p6Gag 

and other enveloped viral proteins required for interaction with the UEV domain of 

Tsg101 (Ren & Hurley, 2011), or a motif similar to the PSVP motif found in CNV p33 

important for its interaction with the UEV domain of Arabidopsis Vps23A (Barajas et al., 

2009). In fact, this region contains only two proline residues that, when mutated to 

alanine, have no affect on p36’s ability to recruit Vps23A (Eric Clendening, unpublished 

data). Furthermore, mutations to residues conserved in the Arabidopsis UEV domain that, 

in Tsg101, abolished the interaction with HIV p6Gag late domain motifs (Pornillos et al., 

2002; Ren & Hurley, 2011) did not affect recruitment of full-length Vps23 to 

mitochondria by p36 (Eric Clendening, unpublished data). Together, these data suggest 

that p36 recruits Vps23 via a mechanism distinct from CNV, TBSV and enveloped 

viruses that infect mammalian cells. 

It was recently shown that the interaction between p33 and the UEV domain of 

Vps23 is mediated, in part, by ubiquitination of p33 (Barajas et al., 2009, Barajas & 

Nagy, 2010). To investigate the potential role of ubiquitin in Vps23 recruitment by p36, 

attempts were made to show enrichment of Myc-tagged ubiquitin (Myc-Ub) at 

mitochondria in CIRV transformed BY-2 cells, respectively; however, no accumulation 
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was observed (Fig. 4-9). This may be attributed to high amounts of transiently expressed 

Myc-Ub masking low amounts of ubiquitinated viral proteins, although accumulation of 

Myc-Ub could be detected at late endosomes expressing a dominant negative version of 

Vps4 (GFP-Vps4E232Q) (Fig. 4-9), consistent with previous observations that disruption of 

ESCRT function results in the accumulation of ubiquitinated membrane-bound MVB 

cargo (Bishop et al., 2002). In addition, mutation of lysine residues within the N-terminal 

90 residues of p36 that were predicted to be ubiquitinated did not affect recruitment of 

Vps23 to mitochondria (Eric Clendening, unpublished data). While further studies are 

needed to examine the role of ubiquitination of p36 in ESCRT recruitment, these data 

further support the hypothesis that CIRV uses a distinct mechanism for Vps23 

recruitment that does not require recognition of ubiquitinated p36 by the UEV domain of 

Vps23.  

As the core ESCRT-I component, Vps23 functions in the initial steps of ESCRT 

assembly, whether it be at the late endosomal surface, the midbody during cytokinesis, or 

the plasma membrane during budding of enveloped viruses from mammalian cells (Fig. 

1-6; Morita, 2012). In addition to the protein-protein interactions mentioned above that 

occur with the UEV domain of Vps23/Tsg101, the ESCRT-II component, Vps28 

interacts with Vps23/Tsg101 via a binding site within the C-terminal StBox domain 

(Martin-Serrano et al., 2003b), and Cep55, a protein involved in recruitment of ESCRT to 

the midbody during cytokinesis in mammals, binds Tsg101 in a proline-rich region found 

between the UEV and coiled-coil domains (Carlton & Martin-Serrano, 2007). Given the 

modular organization of Vps23, and its ability to interact with many different proteins 

over multiple binding sites, it is not surprising that p36 may bind a region outside of the 

UEV domain. Interestingly, in BY-2 cells triply-transformed with p36, HA-Vps23A and 

Myc-Vps28A, HA-Vps23A no longer co-localized with p36, but localized mainly to the 

cytosol and also co-localized with Myc-Vps28A at ring-shaped structures (Fig. 4-10), 

which based on their appearance are presumed to be late endosomes (Fig. 1-8). This was 

unexpected, as re-localization of Vps23 to mitochondria by p36 appears to be relatively 

robust, and it was expected that p36-co-localized Vps23A would recruit Vps28A to 

mitochondria, assuming that Vps28A was also part of the ESCRT machinery involved in 

mitochondrial membrane manipulation in CIRV infected cells. However, these results  
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Figure 4-9. Co-expression of Myc-Ub with CIRV, p36, and Vps4E232Q in BY-2 cells 

BY-2 cells were co-bombarded with N-terminal Myc-tagged ubiquitin (Myc-Ub) 

and either GFP-Vps4E232Q, CIRV or p36, and processed for immunnoepifluorescence 

microscopy. High-magnification images outlined in the hatched boxes are shown in insets 

in the bottom right of each panel for cells co-transformed with Myc-Ub and GFP-

Vps4E232Q. Arrowheads in the high-magnification insets indicate regions of co-

localization. Also shown are corresponding differential interference contrast (DIC) 

images. Bar = 10 µm.  
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Figure 4-10. Triple expression of p36, Vps23A, and Vps28A in BY-2 cells 

Tobacco BY-2 cells were triply transformed with p36, HA-Vps23A and Myc-

Vps28A, and processed for immunofluorescence microscopy. Micrographs show BY-2 

cells co-stained for two of the three constructs, in each combination, as indicated in each 

panel. High magnification insets show the area outlined by hatched boxes. Also shown 

are the corresponding differential interference contrast (DIC) images. Bar = 10 µm. 
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suggest that perhaps p36 and Vps28A compete for the same (or adjacent) binding sites 

within Vps23A. Consistent with this hypothesis, it was found that deletion of the C-

terminal StBox domain resulted in a loss of recruitment of Vps23 by p36 (Fig. 4-7B). 

Further experiments are needed to dissect putative p36-recruitment motifs within Vps23, 

and these results raise the question of what other ESCRT components may be involved in 

CIRV-induced mitochondrial MVB formation.  

The most likely explanation for the recruitment of Vps23 to mitochondria by p36 

is that these two proteins directly interact, especially given the observation that the 

equivalent replicase protein of TBSV, p33, was shown (via a Spit-Ub yeast two hybrid 

assay) to interact with the UEV domain of yeast, Arabidopsis and Nicotiana sp. Vps23. 

In this study, β-Gal assays were used to measure the strength of interaction between p33, 

p36, or p3691-329, and Arabidopsis Vps23A (Fig. 4-6). While these are preliminary 

experiments, and need to be repeated in order to validate the results, it was demonstrated 

that relative to the positive p36-Cub-Nub-p36 control reaction (Rajendran & Nagy, 2003; 

Fig. 4-6), the β-gal activities for yeast lysates from cells co-transformed with either p33-

Cub, p36-Cub or p3691-329-Cub, and Nub-Vps23A were low (Fig. 4-6), as might be 

expected based on the proposed weak and transient interaction between p33 and Vps23 

(Barajas & Nagy, 2009; Barajas & Nagy, 2010). Furthermore, while it appeared that the 

β-Gal activity of lysates isolated from yeast co-transformed with p36-Cub and Nub-

Vps23A was higher than that for p3691-329-Cub and Nub-Vps23A (Fig. 4-6), this 

difference was not statistically significant. Again, while a presumably weak and transient 

interaction may make its detection technically challenging, an alternative hypothesis is 

that these two proteins do not directly interact, or they are part of a larger protein 

complex that when properly assembled in plant cells, stabilizes the p36-Vps23 

interaction. Another possibility is that the presence of plant-specific mitochondrial 

membranes and perhaps other plant-specific outer mitochondrial membrane proteins, are 

required to facilitate the robust recruitment of Vps23 by p36 that is observed in vivo (Fig. 

4-2). Currently, experiments to test the direct interaction between p36 and Vps23 are 

ongoing, including co-immunoprecipitations using in vitro translated Myc-p361-90 and 

HA-Vps23A, as well as Bi-molecular Fluorescence Complementation assays in plant 

cells. Despite the putative weak interaction observed between p36 and Vps23A using the 
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split-Ub yeast two-hybrid assay, the in vivo data presented here strongly support a direct 

role for p36 in recruitment of Vps23A via a novel mechanism. 
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Chapter 5 : General Discussion and Future Directions 

 ESCRT is important for many physiological processes including plant hormone 

signalling (Otegui & Spitzer 2008; Schellman & Pimpl, 2009), stress tolerance (Jou et al., 

2006), pathogen resistance, and plant development in general (Schellman & Pimpl, 

2009). The results described in Chapters 2 and 3 of this thesis shed light onto the overall 

organization and functional conservation of ESCRT in Arabidopsis, which can also be 

applied to other plant species. However, several questions still remain, including i) What 

is the functional significance of the presence of multiple homologues of several ESCRT 

components in Arabidopsis? ii) How are ubiquitinated cargo proteins recognized and 

sorted by the ESCRT machinery in plants in the absence of ESCRT-0? iii) In the absence 

of ESCRT-0 in plants, how is ESCRT-I recruited to late endosomes? iv) What 

implications does the lack of ESCRT-0 in plants have for the mechanism of ESCRT 

recruitment by tombusviruses, specifically CIRV, and what other components of ESCRT 

may be involved in tombusvirus-induced MVB formation? 

 Gaining an understanding of these aspects of ESCRT function, especially with 

respect to the early stages of ESCRT assembly is instrumental for our understanding of 

how tombusviruses, and potentially other viruses, might co-opt this machinery for its 

replication in plant cells.  

 

5.1 Ubiquitinated cargo recognition in the absence of ESCRT-0 in plants 

 As mentioned previously (Chapter 1), MVBs arise through maturation of specific 

tubular regions of the TGN in plants (Scheuring et al., 2011), a finding that has 

implications for mechanism(s) responsible for sorting endocytosed cargo into MVBs. It is 

clear that ubiquitination is an important signal for the sorting mechanisms responsible for 

sorting of membrane-bound cargo to the vacuole in plants, similar to yeast and mammals 

(Haglund and Dikic, 2012; Herberth et al., 2012). However, in yeast and mammals, 

ESCRT-0 components are targeted to late endosomes via PI3P-binding FYVE domains, 

which are absent from the Tom1-like proteins present in Arabidopsis (Winter & Hauser, 

2006). PI3P is enriched at the TGN, MVBs, and vacuolar membranes in plants, similar to 

yeast and mammals, as detected using GFP fused to a FYVE domain as a probe for PI3P 
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(Kim et al., 2001), and while FYVE-domain containing proteins exist in Arabidopsis, 

none possess domains present in the ESCRT-0 components found in yeast and mammals 

(Jensen et al., 2001). It is possible, therefore, that FYVE domain-containing proteins may 

play a role in MVB biogenesis in Arabidopsis by an unknown mechanism. 

 The Tom1-like proteins are an especially attractive alternative for the ESCRT-0 in 

plants and other non-opisthokonts given the ability of Tom1-like proteins in mammals 

(Puertollano & Bonifacino, 2004; Puertollano, 2005) and in the amoeba Dictyostelium 

(Blanc et al., 2009) to recognize ubiquitinated cargo and bind Tsg101. In this study, it 

was shown that at least two putative Tom1-like proteins in Arabidopsis bind Vps23 (Fig. 

2-4), and at least one of these (Tom1A) is recruited to endosomes upon co-expression of 

Vps23 (Fig. 2-7), which supports this hypothesis.  

An alternative possibility is that ubiquitinated cargo proteins are concentrated at 

subdomains of the TGN by, as of yet unidentified TGN proteins that do not resemble the 

canonical ESCRT-0 proteins found in opisthokonts wherein the spatial separation of the 

TGN and MVBs (Woodman & Futter, 2008) would theoretically require a specialized 

ESCRT-0 complex. This is in agreement with the observation that the ESCRT-I 

component Vps28 was found in high-pressure frozen Arabidopsis root cells to localize to 

the Golgi and TGN (Scheuring et al., 2011), suggesting that cargo recognition and 

concentration takes place before the MVB separates from the TGN. Nevertheless, this 

does not rule out the possibility that the Tom1-like proteins are also involved in cargo 

recognition and/or concentration at the TGN.  

 

5.2 Recruitment of ESCRT-I to the TGN/late endosome in plants 

 In yeast and mammals, in addition to ubiquitinated cargo recognition, ESCRT-0 

also functions in recruiting ESCRT-I to MVBs, which recruits downstream components 

of the ESCRT machinery to facilitate vesicle budding (reviewed by Henne et al., 2011). 

In plants, the lack of ESCRT-0 also raises questions about the nature of the TGN/MVB 

membrane association of Vps23 (and thus ESCRT-I). While Arabidopsis Vps23 is able to 

bind ubiquitin (Spitzer et al., 2006), it is unknown if the affinity of the UEV domain for 

ubiquitinated cargo would be enough to efficiently target Vps23 to the TGN/endosomal 

membrane. Indeed, this study showed that in the absence of the UEV domain, Vps23 is 
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efficiently targeted to (dismorphic) MVBs (Fig. 4-8), suggesting that another mechanism 

of targeting exists. In line with this observation, Vps23 transiently expressed in tobacco 

BY-2 cells localizes to endosomes in the absence of co-expressed, equivalent amounts of 

other Tom1-like (or other ESCRT) components (Fig. 2-7). By contrast, Vps28, for 

example, required co-expression of Vps23 to localize to endosomes at levels detectable 

by immunofluorescence microscopy (Fig. 2-8). As mentioned above, this high fidelity of 

targeting for Vps23 may be mediated by other, unknown proteins anchored in the TGN 

that were not identified as ESCRT components through protein similarity searches. 

Further studies identifying Vps23-interacting proteins (i.e. yeast two-hybrid screens) may 

prove useful in uncovering potential TGN proteins responsible for those first stages of 

ESCRT assembly at the TGN. 

 

5.3 Mechanism for ESCRT recruitment by the plant Tombusviruses 

In mammalian cells, enveloped viruses co-opt Tsg101 by binding to its UEV 

domain using motifs that mimic ESCRT-0 components (Martin-Serrano & Neil, 2011). 

TBSV was recently shown to interact with Vps23 via a short PSVP peptide motif that 

resembles P(S/T)XP motif present in ESCRT-0 components, which interacts with the 

UEV domain of Vps23/Tsg101 in yeast and mammals (Barajas & Nagy, 2010). 

Interestingly, this motif is located within the peroxisomal matrix-facing intervening loop 

segment of p33, which raises the question of how cytosolic ESCRT components gain 

access to this region of the protein. More specifically, at steady state p33 is oriented in 

the peroxisomal membrane with an Nout-Cout topology (McCartney, 2006), however the 

accessibility (or lack thereof) of the intervening loop of p33 to the cytosol has not been 

investigated. It was also shown (using split-Ub yeast two hybrid assays) that mutation of 

the PSVP motif (to TS) caused only a modest decrease in the strength of interaction 

between p33 and the yeast Vps23 UEV domain (Barajas & Nagy, 2010), suggesting that 

other factors are required for an interaction with the UEV domain. The authors of this 

latter study further suggest that ubiquitination of lysine 70 and/or 76 (K70 and K76, 

respectively) contribute to this interaction (Barajas & Nagy, 2010). Interestingly, the 

same motif does not exist in CIRV p36, as the N termini of these two proteins show little 

conservation (Fig. 1-4), suggesting that CIRV uses a distinct motif(s) for ESCRT 
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recruitment. Interestingly, in BY-2 cells transiently co-expressing p33 and Vps23, co-

localization was observed at low levels in only very few cells (<10%) (data not shown) 

relative to the obvious co-localization between p36 and Vps23 (Fig. 4-2). The reason for 

this discrepancy is unknown, however it may be due to the expression system used to 

examine recruitment. For example, recruitment to peroxisomes of yeast Vps23 fused to 

GFP in Vps27 and Vps4 null yeast cells expressing p33 under the control of an inducible 

promoter was observed in only a small number of cells, highlighting the transient nature 

of recruitment (Barajas et al., 2009). The transient nature of Vps23 recruitment, 

combined with eventual trafficking of p33 to ER membranes (where an interaction 

between p33 and Vps23 may not be physically possible) in BY-2 cells may explain the 

apparent lack of Vps23 recruitment by p33. 

In contrast to the mechanism proposed for ESCRT recruitment by TBSV p33 

described above (Barajas et al., 2009; Barajas & Nagy, 2010), CIRV p36 appears to 

recruit Vps23 through the C-terminal portion that corresponds to the steadiness box 

domain by an as yet unidentified motif in the N-terminus of p36 (Fig. 4-7B), which may 

reflect the CIRV’s ability to employ a novel form of molecular mimicry relative to 

TBSV. One possible target for such mimicry is Vps28, since when triply expressed in the 

same cell, Vps28 and p36 appear to compete for recruitment of Vps23 (Fig. 4-10). These 

results support a model whereby p36, through an interaction with the C-terminal 

steadiness box (in the same region with which Vps28 binds, as shown in mammals) 

recruits Vps23 to the surface of the mitochondria. This unique mechanism of Vps23 

recruitment by p36 may also reconcile the lack of a P(S/T)AP motif in p36, especially 

since the intervening loop region is not accessible to the cytosol. 

The possibility of a common p36-Vps28 binding site, however, raises the question 

of how downstream ESCRT components can be recruited to facilitate membrane 

invagination, if the Vps28 binding site is occupied?  One hypothesis is that Vps23, once 

bound to p36 may recruit the ESCRT accessory protein Bro1 (the Arabidopsis orthologue 

of Alix), which could then recruit ESCRT-III. In mammals, Alix interacts directly with 

Tsg101 (Strack et al., 2003, and binds and stabilizes ESCRT-III (Katoh et al., 2003). A 

similar mechanism has been proposed for HIV, since budding does not require ESCRT-II 

(Odorizzi et al., 2003). Consistent with this hypothesis, Arabidopsis Bro1 binds directly 
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to Vps23, as well as both homologues of the ESCRT-III component Snf7 (Fig. 2-4). 

Furthermore, the Bro1 dominant negative mutant had a strong effect on CIRV replication 

efficiency in cucumber protoplasts (Fig. 4-1). Interestingly, yeast Bro1interacted with 

p33 in a split-Ub yeast two hybrid (Barajas et al., 2009), however the implications of this 

and potential motifs involved was not investigated (Barajas et al., 2009). Further work is 

needed to understand the role of Bro1 tombusvirus-induced MVB formation. 

 

5.4 Role of ubiquitination of replicase proteins in Vps23 recruitment by 

tombusviruses 

A role for ubiquitination in retroviral budding was observed upon the discovery 

that the PPXY p6Gag late-domain recruits Nedd4-like HECT ubiquitin ligases to sites of 

budding in infected mammalian cells (Martin-Serrano & Neil, 2011); however, the 

precise role of ubiquitin in the viral budding process is unclear. For example, HECT 

ubiquitin ligase activity is required for viral budding (Martin-Serrano et al., 2005), but the 

targets of ubiquitination are not well understood. For example, it was shown that, while 

cumulative mutation of lysine residues in Gag led to inhibition of budding in HIV-1 

(Gottwein et al., 2006) and Rous sarcoma virus (Spidel et al., 2004), only a small fraction 

of Gag is ubiquitinated (Ott et al., 2000; Strack et al., 2000), and in prototypic foamy 

virus (another retrovirus that uses ESCRT) PPXY-dependent budding occurs in the 

complete absence of Gag ubiquitination sites (Zhadina et al., 2007). It was also suggested 

that HECT ubiquitin ligases function in viral budding by ubiquitinating adaptor proteins, 

such as arrestin-related trafficking (ART) proteins, which provide a physical link between 

HECT ubiquitin ligases and ESCRT components (reviewed by Rauch & Martin-Serrano, 

2011).  

The tombusvirus replicase protein p33 appears to interact with the UEV domain 

of Vps23 via two ubiquitination sites within the N-terminal soluble region of p33 that 

precedes its first TMDs (K70 and K76), and a PSVP motif found within the intervening 

loop of p33. Using a split-UB yeast two hybrid assay, it was found that while mutation of 

either K70 or K76, mutation of both residues, or mutation of the PSVP motif resulted in 

only a modest reduction in the strength of p33’s interaction with the yeast Vps23 UEV 

domain, mutation of all three of these motifs essentially abolished this interaction 
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(Barajas & Nagy, 2010). The replication activity of these mutated p33 proteins followed 

a similar trend, i.e., only mutation of all three motifs together caused a dramatic effect on 

replication efficiency (Barajas et al., 2010). Based on these observations, it was proposed 

that the UEV domain of Vps23 binds to p33 via both interaction with ubiquitin moieties 

on p33, and also via an interaction with the PSVP motif (Barajas & Nagy, 2010). In 

support of this hypothesis, ubiquitination appears to be an important feature of efficient 

replication of TBSV in yeast, as screens for yeast genes effecting TBSV replication 

(Jiang et al., 2006; Panavas et al., 2005b), as well as proteomics of p33-interacting 

proteins (Li et al., 2008; Barajas et al., 2009) identified several enzymes involved in 

ubiquitination and deubiquitination of p33. This hypothesis is also in agreement with the 

observation that the UEV domain of mammalian Tsg101 simultaneously binds ubiquitin 

and the HIV p6Gag PTAP motif (Pornillos et al., 2002).   

One potential problem with this model is that the PSVP motif of p33 is located in 

the matrix-facing intervening loop region of the protein. That is, Vps23 is predicted to 

interact with both the ubiquitinated, soluble, cytosolic-facing region of p33, 

simultaneously with the (presumably) peroxisomal-matrix localized PSVP motif. This 

raises questions as to how this interaction is spatially achieved, as already mentioned; 

although, it cannot be ruled out that interaction with ESCRT may occur prior to 

integration of p33 into the peroxisomal membrane. Alternatively, it is possible that the 

PSVP motif plays a role analogous to that of the PPXY motif in HIV (Rauch & Martin-

Serrano, 2011), which is to recruit Nedd4 ubiquitin ligases that function to ubiquitinate 

p33 or other factors involved in virus-induced peroxisomal MVB formation. In this 

instance, Vps23 may be separately recruited by another unidentified motif. While this 

would still require this hypothetical ubiquitin ligase to interact with the intervening loop 

of p33 (which would be oriented toward the peroxisomal matrix at steady state), this 

model would encompass roles for ubiquitination (K70 and K76) and the PSVP motif. As 

previously mentioned, the role of ubiquitination in retroviral budding from mammalian 

cells appears to be complicated, and may involve ubiquitination of cellular factors in 

addition to retroviral Gag proteins, and the dynamic regulation of ubiquitination as 

indicated by the large number of ubiquitin ligases and deubiquitinating enzymes that 

appear to be involved (Shields & Piper, 2011). Further work needs to be done to verify 
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the role of ubiquitination of p33 in recruitment of Vps23 and formation of peroxisomal 

MVBs. 

Using an ubiquitination prediction program, UbPred (Radivojac et al., 2010), one 

lysine residue in the N terminus of p36 has a “medium” score for potential ubiquitination, 

lysine 5 (K5). Mutation of K5 had no effect on recruitment of Vps23 to mitochondria by 

p36 in plant cells (Eric Clendening, unpublished data); however this may not be 

surprising, given the relatively weak effect observed upon mutation of ubiquitinated 

lysine residues of p33 on the interaction with yeast Vps23 (Barajas & Nagy, 2009). 

Furthermore, accumulation of epitope tagged ubiquitin at mitochondria in cells co-

expressing p36 was not observed. Again, this may reflect the transient and reversible 

nature of ubiquitination in vivo, as well as the observation that ubiquitinated replicase 

proteins may exist at very low levels (Barajas & Nagy, 2010). Furthermore, the lack of 

recruitment of the UEV domain by p36 does not rule out the possibility that this domain 

still functions in Vps23 recruitment by binding to ubiquitin moieties. However, it does 

suggest that p36 contains additional Vps23-recruiting motifs. Clearly the role of 

ubiquitination is a complex one, and difficult to investigate given its apparently 

synergistic role in ESCRT engagement and easily reversible nature (Shields & Piper, 

2011). 

Overall, the results of this study indicate that further work needs to be done to 

determine if ubiquitination may also play a role in formation of mitochondrial MVBs in 

CIRV-infected cells, given this virus’ distinct mechanism of Vps23 recruitment. One 

potential experiment to help clarify the role of ubiquitination in Vps23 recruitment would 

be to treat Nicotiana benthamiana leaves with a proteasome inhibitor, which acts to lower 

the concentration of free ubiquitin in the cell, agro-infiltrate (or rub inoculate) the leaves 

with CIRV, and visualize mitochondria using electron microscopy to determine if a lack 

of ubiquitin affects MVB morphology. Similar experiments could also be performed in 

BY-2 cells co-expressing p36 (or CIRV) and epitope- or fluorescent protein-tagged 

Vps23, to see if lowering cellular ubiquitin affects Vps23A recruitment to mitochondria. 
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Appendix I – Primer List 
 
Construct Template # Oligonucleotide sequence Notes 
TOPONtVps23 BY-2 cell 

cDNA 
3452 CGCGGCCCCGGGATGATGCCGC

CACCGAATTC 
Used TOPO cloning kit 

3568 CGGCCGCCCGGGTCACAATGCA
TAAGGCGAC 

 

     
TOPONtUEV BY2 cell 

cDNA 
3321 CGCGGCGTCGACATGTCACCTCT

TCGTTTC 
Used TOPO cloning kit 

3322 CGCGGCGTCGACTTAAACTCGTA
CTGGGCGGAGG 

 

     
pRTL2-myc-
NtVps23 

TOPONtVps23 3568 CGGCCGCCCGGGTCACAATGCA
TAAGGCGAC 

 

3452 CGCGGCCCCGGGATGATGCCGC
CACCGAATTC 

 

     
pRTL2-myc-
NtUEV 

TOPONtUEV 3452 CGCGGCCCCGGGATGATGCCGC
CACCGAATTC 

 

  3453 CGGCCGCCCGGGTCAACTCGTA
CTGGGCGGAGG 

 

     
pRTL2-myc-
NtVps23dn 

pRTL2-
mycNtVps23 

3615 CGCGGCCCCGGGTTTTCGAATAA
TAATTCGCCAGTTGG 

 

3453 CGGCCGCCCGGGTCAACTCGTA
CTGGGCGGAGG 

 

     
pRTL2-myc-
Vps23AΔUEV) 

pRTL2-myc-
Vps23A 

3592 CGCGGCCCCGGGCGACCTCCTTC
GGCTGATC 

 

3593 CGGCCGCCCGGGTCATGAATGT
AACCTACCTGC 

 

     
pRTL2-myc-
Bro1dn 

pRTL2-myc-
Bro1 

3596 CGCGGCCCCGGGACCGTGGATG
TGTCGGTTG 

 

3597 CGGCCGCCCGGGTCATTGCCTGT
AGTATCCTCC 

 

     
pRTL2-myc-
Snf7Adn 

pRTL2-HA-
Snf7A 

3594 CGCGGCTCTAGATTTATGAATCG
GCTATTCG 

 

3595 CGGCCGTCTAGATTAATCATTAG
CCCCAAATGG 

 

     
pRTL2-p3690-

329 
pRTL2-p36 3393 CGGCCGGCTAGCATGTTGGCTA

AACGGGGTGTG 
 

  3394 CGGCCGGCTAGCCTATTTGACAC
CGAGGGATTC 

 

     
pRTL2-myc-
p36 

N/A 29 CATGGAACAAAAGTTGATTTCTG
AAGAAGATTTGGG 

Used annealed oligos to 
incorporate myc-tag into 
pRTL2-p36 digested with 
NcoI 

30 CATGCCCAAATCTCTTCAGAAAT
CAACTTTTGTTC 
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pRTL2-myc-
p361-90TraB 

pRTL2-p36 3444 CGCGGCCGGTACCATGGAGGGT
TTGAAGGC 

Amplified nt's 1-270 of p36 
to incorporate 5' KpnI and 
3'NheI sites. Amplified last 
99 nt's of TraB with 
incorporation of 5' NheI and 
3' XmaI sites. Ligated both 
fragments into pRTL2-myc-
MCS digested with KpnI 
and XmaI 

3445 CGGCCGGCTAGCCCAATCATATT
TAGCATTG 

pRTL2-myc-
TraB 
(At1g05270) 

3446 CGCGGCGCTAGCGACAAGTCAG
TGTTTACG 

3447 CGGCCGCCCGGGTCACTTTCTTC
TTGAAAG 

   
     
pRTL2-p3623-

329 
pRTL2-p36 3564 CGGCCGGCTAGCATGACTGAGA

CCGGTAATAAG 
 

3394 CGGCCGGCTAGCCTATTTGACAC
CGAGGGATTC 

 

     
pRTL2-p3668-

329 
pRTL2-p36 3565 CGGCGGGCTAGCATGACACATG

ATAATGCTTGG 
 

3394 CGGCCGGCTAGCCTATTTGACAC
CGAGGGATTC 

 

     
pRTL2-p3690-

329Bam 
pRTL2-p3690-

329 
3573 GGAATCCCTCGGTGTCAAATAG

GGATCCATGGAACAAAAGTTGA
TTTC 

QuikChange to change 3 
'Nhe site to BamHI.  

3574 GAAATCAACTTTTGTTCCATGGA
TCCCTATTTGACACCGAGGGATT
CC 

     
pRTL2-p331-

74p36 
pRTL2-p33 3575 CGGCCGGCTAGCATGGAGACCA

TCAAGAG 
Amplified nucleotides 1-222 
of p33 with 5' and 3' NheI 
sites, ligated into pRTL2-
p3690-329Bam 

3567 CGGCCGGCTAGCCCATTCCCATT
TGGCAGC 

    
     
pPR3Nubp36 pRTL2-p36 3635 CGCGGCCCCGGGGCATGGAGGG

TTTGAAGGCTGAG 
 

3636 CGGCCGCCCGGGCTATTTGACAC
CGAGGGATTCC 

 

     
pBT3C-p33 pRTL2-p33 2444 GGGCCGCCATGGGGTTTGACAC

CCAGGGACTCCTGTGAGCC 
 

2448 GGGCCGTCTAGATGGAGACCAT
CAAGAGAATGATTTGGCC 

 

     
pBT3-
Cp36XbaNco 

pRTL2-p36 3578 CGGCCGTCTAGATGGAGGGTTT
GAAGGCTG 

Digested PCR product with 
Xba, cloned larger fragment 
into pBT3-C 3579 CGCGGCCCATGGAGTTTGACAC

CGAGGGATTCC 
     
pBT3C-p36 pRTL2-p36 3578 CGGCCGTCTAGATGGAGGGTTT

GAAGGCTG 
Digested PCR product with 
Xba, cloned smaller 
fragment into pBT3-
Cp36XbaNco 

3579 CGCGGCCCATGGAGTTTGACAC
CGAGGGATTCC 
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pBT3C-p3691-

329 
pRTL2-p36 3790 CGCGGCCCATGGGGTTGGCTAA

ACGGGGTGTGGCTCG 
 

3791 CGCGGCAAGCTTGATTTGACACC
GAGGGATTCCTG 

 

     
pPR3N-
Vps23A 

pRTL2-myc-
Vps23A 

2186 GCCGGGATCCGTTCCCCCGCCGT
CTAATCCGCAG 

 

  2187 GCCGGAATTCGTCATGAATGTA
ACCTACCTGCGATGGC 

 

     
pUC18/Nhe-
UEVA-GFP 

pRTL2-myc-
Vps23A 

3210 CGGCCGGCTAGCATGGTTCCCCC
GCCGTC 

 

3211 CGGCCGGCTAGCATCAGCCGAA
GGAGGTCG 

 

     
pRTL2-myc-
Vps23AΔStBox 

pRTL2-myc-
Vps23A 

3820 TTCTAGACTCGTGGGTTAGATGA
GAGAACCAAGGCAAAACCAAG 

QuikChange to introduce 
stop codon after nucleotide 
900 for deletion of StBox 
domain  

3821 CTTGGTTTTGCCTTGGTTCTCTCA
TCTAACCCACGAGTCTAGAA 

    
pUC18/Nhe-
UEVBGFP 

pRTL2-myc-
Vps23B 

3213 CGGCCGGCTAGCATGGCTCCTCC
TCCGGCG 

 

3214 CGGCCGGCTAGCTCCAGATCCG
ATCGAAGG 

 

     
pUC18/Nhe-
Vps23A-GFP 

pRTL2-myc-
Vps23A 

3210 CGGCCGGCTAGCATGGTTCCCCC
GCCGTC 

 

3212 CGGCCGGCTAGCTGAATGTAAC
CTACCTGC 

 

     
pUC18/Nhe-
Vps23BGFP 

pRTL2-myc-
Vps23B 

3213 CGGCCGGCTAGCATGGCTCCTCC
TCCGGCG 

 

3215 CGGCCGGCTAGCCGAATGCAAC
CTAGCTGC 

 

     
pRTL2-myc-
UEVA 

pRTL2-myc-
Vps23A 

3210 CGGCCGGCTAGCATGGTTCCCCC
GCCGTC 

 

3442 CGGCCGGCTAGCTCAATCAGCC
GAAGGAGGTCG 

 

     
pRTL2-myc-
UEVB 

pRTL2-myc-
Vps23B 

3443 CGGCCGGCTAGCTCATCCAGATC
CGATCGAAGG 

 

3213 CGGCCGGCTAGCATGGCTCCTCC
TCCGGCG 

 

     
pRTL2-myc-
Ub 

Human 
GFPUb (Peter 
Kim) 

3439 CGCGGCTCTAGAATGCAGATCTT
CGTGAAG 

 

3440 CGCGGCCTCTAGACTACCCACCT
CTGAGACG 

 

 


