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Tail-anchored (TA) membrane proteins are a class of proteins characterized by their lack 

of N-terminal signal sequence which play critical roles in apoptosis, vesicle trafficking and other 

vital processes in eukaryotic organisms. Until recently, this class of membrane proteins has been 

relatively unknown in plants. This thesis presents the results of bioinformatic analysis that 

identifies a large group of putative candidate TA proteins within the Arabidopsis proteome, and 

begins characterizing several newly-identified plant TA proteins. Also presented here are the 

results from a comprehensive study aimed at investigating the biogenesis of three plastid TA 

proteins, including the 33-kDa and 34-kDa GTPases of the translocon at the outer envelope of 

chloroplasts (Toc33 and Toc34) and a novel 9-kDa protein of unknown function that we define 

here as an outer envelope TA protein (OEP9). Results presented here provide evidence in 

support of at least two sorting pathways for plastid TA outer envelope proteins and shed light on 

not only the complex diversity of pathways involved in the targeting and insertion of proteins 

into plastids, but also the molecular mechanisms that underlie the delivery of TA proteins to their 

proper intracellular locations in general. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1. Protein targeting pathways 

 For any protein to carry out its required function(s) within the cell it must first be correctly targeted to a 

specific subcellular location. Understanding how a cell is able to regulate the trafficking of thousands of different 

proteins remains a fundamental goal of cell biology. One of the hallmarks of all eukaryotic cells is the wide array of 

membrane-bound intracellular organelles which allow for the compartmentalization of a wide range of complex 

cellular processes. The function of these organelles is dictated by their unique complement of soluble and 

membrane-bound proteins. Delivery of these proteins can occur by a posttranslational mechanism after the 

completion of synthesis in the cytosol, or the nascent polypeptide can be delivered to the organelle together with the 

ribosome during protein synthesis by a cotranslational delivery mechanism (reviewed in Cross et al., 2009). Which 

pathway is utilized be a protein is determined by the unique physicochemical properties of the protein. The targeting 

signals and insertion mechanisms responsible for targeting a unique group on proteins, the tail-anchored (TA) 

membrane proteins, to various organelles within the cell is the major focus of this thesis.  

 

1.1.1. Co-translational targeting of membrane proteins to the ER 

The targeting and trafficking of proteins to compartments within the endomembrane system (i.e., the 

endoplasmic reticulum [ER], and post-ER compartments including the Golgi, endosomes, lysosome/vacuole, etc.) 

has been relatively well studied (reviewed in Cross et al., 2009; Hedge and Ploegh, 2010; Saraogi and Shan, 2011). 

For instance, the initial insertion of nascent membrane proteins into the ER membrane can occur either 

cotranslationally or posttranslationally. In the co-translational pathway for the insertion of ER membrane proteins, 

membrane proteins are synthesized on free poly-ribosomes in the cytosol until a stop anchor signal sequence (i.e., a 

stretch of at least 7 hydrophobic amino acids that also serves as the proteins first TMD) (Walter and Blobel, 1980) 

emerges and is recognized and bound by the signal recognition particle (SRP). Upon binding of SRP, translation is 

halted and the entire ribosome-nascent protein-SRP complex is transported to the ER membrane (Walter and Blobel, 

1980, Walter and Lingappa, 1986). The ribosome–nascent chain–SRP complex is targeted to the membrane by a 

GTP-dependent interaction with the SRP receptor, resulting in the release of the signal peptide and docking of the 

ribosome–nascent chain complex to the ER translocon, Sec61. Translation then resumes, and the nascent 

polypeptide is inserted into the membrane bilayer. After GTP hydrolysis, SRP is recycled to the cytosol (reviewed in 

Hedge and Ploegh, 2010). Once in the ER membrane, the protein is either retained in a specific ER subdomain or 

transported to the Golgi apparatus for further modifications, after which it can be recycled back to the ER (for ER-

resident proteins), or transported further in the endomembrane system via SNARE (soluble N-ethylmaleimide-

sensitive factor [NSF]-attachment receptor) protein-mediated vesicle trafficking (Angers and Merz, 2011).  

   

1.1.2. Post-translational targeting of membrane proteins 

1.1.2.1. Targeting to the ER 



2 

 

 In contrast to the co-translational translocation pathway, some ER-localized proteins, as well as proteins 

destined to mitochondria, chloroplasts or peroxisomes are targeted post-translationally after being fully synthesized 

on free polyribosomes in the cytosol. Some of these post-translationally targeted membrane proteins are known as 

TA membrane proteins since they possess a single TMD at their extreme (within ~ 30 amino acids) carboxyl 

terminus. This single TMD is so close to the protein‟s carboxyl terminus, it is inside the ribosomal tunnel (which 

houses ~ 30 amino acids of the nascent polypeptide) when the termination codon is reached and consequently, TMD 

recognition occurs after the termination of translation. In other words, since SRP requires the nascent protein to be 

bound to the ribosome for proper binding, SRP binding is incompatible with TA proteins. Early studies to support 

this biogenetic mechanism have demonstrated that TA proteins, such as synaptobrevin, a TA SNARE protein, use an 

SRP and SEC61-independent post-translational pathway for its insertion into the ER (Kutay et al., 1993). Recently, 

other studies have determined that a unique pathway, conserved in yeast and animal cells involving the TMD-

recognition complex (TRC40) system is responsible for TA protein targeting. This mechanism is further discussed 

below in Section 1.2.1. 

 

1.1.2.2. Targeting to the mitochondrion 

The majority of proteins destined for the mitochondria are encoded by nuclear genes, synthesized on 

cytosolic free polyribosomes and post-translationally targeted to the mitochondria. These proteins are often 

synthesized as protein precursors with cleavable N-terminal presequences. These presequences can range from 10-

80 amino acids and are abundant in positively-charged and hydroxylated amino acid residues, as well as 

hydrophobic amino acid residues (von Heijne, 1986). Cytosolic receptors recognize these signals and work in 

concert with membrane-bound receptors to target the protein to the translocon of the outer mitochondrial membrane 

(TOM) complex which translocated the preprotein through the outer membrane into the intermembrane space 

(reviewed in Neupert, 1997). Thereafter, the nascent proteins can follow one of several targeting pathways 

depending on whether the protein is localized in the intermembrane space, inner membrane, or matrix. In general, 

soluble proteins are translocated through the translocon of the inner membrane (TIM) complex into the matrix where 

signal peptidases cleave the presequence and chaperones aid in the folding of the protein into its final mature 

conformation (Jensen and Dunn, 2002). Once properly folded, proteins can remain in the matrix, or be inserted into 

the inner membrane, or be completely translocated back across the inner membrane to reside in the intermembrane 

space (reviewed in Neupert, 1997).  

While the targeting of preprotein precursors has been extensively studied, the targeting of mitochondrial 

outer membrane (MOM) proteins is far less understood, although it is known that they typically lack an N-terminal 

presequence and hence are sorted by other targeting information. Furthermore, while several studies have shown the 

requirement of the TOM complex for protein translocation into the matrix (Schneider et al., 1991; Schlossmann and 

Neupert, 1995), MOM protein targeting and insertion appears to occur independent of surface proteins (Keil et al., 

1993a; Keil et al., 1993b; Nargang et al., 1995; Henderson et al., 2007a; Kemper et al., 2008). Indeed, researchers 

have also recently shown that at least some MOM proteins are inserted into the MOM by a process that is facilitated 
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by the membrane‟s unique lipid composition, specifically the presence of a MOM-specific lipid, ergosterol 

(Merklinger et al., 2011).  

 

1.1.2.3. Targeting to the chloroplast 

Similar to mitochondria, the mechanisms involved in the targeting and translocation of preproteins to the 

chloroplast has also been extensively studied (reviewed in Kessler and Schnell, 2009; Li and Chiu, 2010; 

Strittmatter et al., 2010; Inoue, 2011; Schleiff and Becker, 2011). Majority of these proteins are nuclear-encoded, 

translated on free poly-ribosomes in the cytosol and targeted post-translationally to the outer chloroplast envelope. 

Thereafter, various components of the multimeric protein complex forming the translocon at the outer envelope 

membrane of the chloroplast (TOC) are responsible for recognition of the preprotein and its ultimate translocation 

into the chloroplast via the translocon at the inner envelope membrane of the chloroplast (TIC). Once translocated 

across the outer envelope membrane, the protein is delivered to the TIC complex and targeted to the stroma. Once in 

the stroma, a signal peptidase cleaves the transit peptide and the protein is correctly folded by various Hsp (heat 

shock protein)-family proteins and, depending on the presence of additional targeting information, the protein can be 

further sorted to the inner membrane, thylakoid membrane, or thylakoid lumen (Inoue, 2011; Schleiff and Becker, 

2011 and references therein).  

While the targeting of proteins possessing N-terminal transit peptides to internal regions of the chloroplast 

has been extensively studied, the pathways and signals responsible for targeting outer envelope proteins (OEPs) 

which generally lack the same targeting signals remain unclear. It is generally accepted that OEPs are targeted by 

signals in, or adjacent to, their TMD(s), the involvement of components of the TOC machinery is heavily disputed 

(reviewed in Inoue, 2007; Jarvis, 2008). Indeed, numerous studies suggest that OEPs are targeted in the absence of 

any surface proteins, and instead, spontaneously insert into the outer envelope membrane in a manner similar, albeit 

mechanistically distinct from MOM proteins at the mitochondrion (reviewed in Hofmann and Theg, 2005; Li and 

Chiu, 2010). 

 

1.1.2.4. Targeting to the peroxisome 

Targeting of proteins to the peroxisome has been well-characterized (reviewed in Ma et al., 2011) and can 

follow one of two major pathways; one that targets proteins directly from the cytosol to the peroxisome, and another 

that targets proteins to a specific region of the ER called the peroxisomal ER (pER) before the proteins are sorted to 

the peroxisome. Proteins destined for the peroxisome can be targeted to either the matrix or boundary membrane of 

the organelle. Matrix-targeted proteins possess either a peroxisomal targeting signal type 1 (PTS1) characterized as a 

tripeptide motif consisting of small, basic, and hydrophobic amino acid residues at the extreme carboxy terminus of 

the protein (e.g. –SKL-COOH). Alternatively, peroxisomal matrix proteins possess a peroxisomal targeting signal 

type 2 (PTS2) characterized as a nonapeptide sequence consisting of R/K-X6-H/Q-A/L/F that resides in the amino 

terminus of the protein which is proteolytically cleaved upon import into the peroxisome. Targeting and import of 

matrix proteins is dependent on a specialized group of proteins responsible for normal peroxisome biogenesis, called 

the peroxins (Pex). Targeting begins in the cytoplasm, where peroxins, Pex5p and Pex7p recognize nascent proteins 
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that possess either a PTS1 or PTS2, respectively (Titorenko and Rachubinkski, 2001) and deliver the bound cargo 

protein to the peroxisome membrane. Once at the membrane the receptor-cargo complex docks with a series of 

peroxins, Pex13p, Pex14p and Pex17p, which guide the receptor cargo complex across the membrane into the 

peroxisomal matrix. Once translocated across the membrane, the receptor is exported back to the cytosol for 

participation in further receptor events (Kragt et al., 2005a, Kragt et al., 2005b).  

Peroxisomal membrane proteins (PMPs) have targeting signals and import machinery that are distinct from 

those of matrix proteins. Proteins destined for the peroxisomal boundary membrane possess one of two types of 

membrane PTSs (mPTSs) that are defined by their sorting pathways. Those PMPs possessing a type 1 mPTS are 

targeted directly to the peroxisome from their site of synthesis in the cytosol, while those possessing type 2 mPTS 

are targeting first to the ER (or pER) before being sorted to the peroxisome. In general these signals are similar, in 

that they consist of a cluster of basic amino acids residues adjacent to a TMD, and in some cases proteins can 

possess a number of these motifs which function in a cooperative manner for more efficient targeting (Murphy et al., 

2003). In contrast to matrix protein targeting, the peroxins involved in PMP targeting and insertion are not as well 

defined. Although it is known that Pex19p binds specifically to nascent PMPs, acting to protect their hydrophobic 

TMDs and facilitate their trafficking from the cytoplasm to the peroxisome (or ER) (Gotte et al., 1998; Halbach et 

al., 2006). Once at the peroxisome, Pex19p binds to membrane-bound receptor, Pex3p, which in concert with 

membrane-bound Pex16p, seems to function in the proper insertion and assembly of PMPs on the peroxisomal 

membrane (reviewed in Ma et al., 2011). The role of Pex3p and Pex16p in cytosol-ER (pER) and ER-peroxisome 

targeting is, however, far less clear ((reviewed in Ma et al., 2011) 

 

1.2. TA protein targeting 

While the various intracellular trafficking pathways described above have been generally extensively 

studied, the targeting mechanisms specific for integral membrane-bound TA proteins have only recently begun to be 

characterized (reviewed in Abell and Mullen, 2011; Borgese and Fasana, 2011). TA membrane proteins are 

characterized by three simple structural features; (i) a large N-terminal cytosolic domain which usually functions as 

the protein‟s functional region; (ii) a single TMD at or near the extreme C terminus; and (iii) a short C-terminal 

polar sequence no longer than 30 amino acid residues long (Figure 1-1). The single C-terminal TMD (as well as N- 

and/or C-terminal flanking regions) are known to constitute the protein‟s membrane targeting sequence. However, 

since the TMD is in such close proximity to the protein‟s C terminus, it emerges from the ribosome only once 

translation is complete, and therefore, TA proteins must target in a strictly post-translational manner. TA proteins 

are, therefore, unique from type II membrane proteins, because, while they share the same Ncytosol-Clumen topology, 

type II membrane proteins are targeted, co-translationally (reviewed in Abell and Mullen, 2011; Borgese and 

Fasana, 2011).   

As described above, all TA proteins are targeted post-translationally and have an Ncytosol-Clumen topology, 

they function in a wide range of cellular processes, and at a variety of different intracellular membranes (reviewed in 

Abell and Mullen, 2011; Borgese and Fasana, 2011). For example, well-studied TA proteins have been shown to be 

involved in protein translocation into the ER (e.g., Sec61, Ramp 4) and in protein translocation into the 
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mitochondria (e.g., several TOM proteins) and chloroplast (e.g., Toc33/34), vesicle-mediated trafficking within the 

endomembrane system (e.g., several SNARE proteins), regulation of apoptosis at the ER (Bcl-2) and at the 

mitochondria (e.g., Bcl-XL, Bak, Bcl-2), peroxisomal biogenesis (e.g., Pex26), mitochondrial and peroxisomal 

fission (e.g., Fis1) and a variety of other unique enzymatic processes (e.g., isoforms of Cb5) (reviewed in Abell and 

Mullen, 2011; Borgese and Fasana, 2011).  

 
Figure 1-1. Schematic representation of the topological orientation of a TA (Ncytosol-Clumen) integral 

membrane protein 

TA proteins are inserted in membranes via their single C-terminal TMD, resulting in the proteins‟ short 

CTS being exposed to the organelle matrix (or lumen) and the N-terminal portion of the protein, including 

the catalytic domain(s), facing the cytosol. 

 

 

 

Targeting signals responsible for sorting TA proteins are generally located within their single TMD, and 

immediately adjacent N- and/or C-terminal sequences (reviewed in Borgese and Fasana, 2011; Abell and Mullen, 

2011). However, targeting information is not usually contained within any type of specific amino acid sequence, but 

rather consists of general physicochemical properties of the tail-region. The majority of support for this conclusion 

comes from studies aimed at elucidating the different requirements for TA protein targeting to the ER compared to 

the MOM in mammal and yeast cells. In general, MOM-targeted TA proteins possess a short (< 20 residues), mildly 

hydrophobic TMD flanked by basic amino acids (Kuroda et al., 1998; Borgese et al., 2001; Kaufmann et al., 2003; 

Hwang et al., 2004), while ER-targeted TA proteins have a longer, more hydrophobic TMD and flanking sequences 

of varying charges and lengths (Hwang et al., 2004; reviewed in Borgese et al., 2007). It is also widely accepted that 

TA proteins lacking sufficient information for targeting to the MOM are rerouted to the ER as a default destination 

(reviewed in Borgese and Fasana, 2011), or in specific cases to two both membranes which can be of great 

functional importance (He et al., 1997; Borgese et al., 2001;  reviewed in Cory and Adams, 2002).  

Once inserted in the ER membrane, a TA protein can either be retained there, or be transported to an 

alternative destination within the endomembrane system. It is also generally accepted that residence of a TA protein 

in the ER and Golgi requires a short and moderately hydrophobic membrane anchor, while longer, more 

hydrophobic TMDs allow for the escape of the protein from the ER and subsequent transport to other post-ER 

compartments, such as the vacuole and plasma membrane (Pedrazzini et al., 2000; Reggiori et al., 2000; Bulbarelli 
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et al., 2002). This type of TMD-dependent trafficking has been reported for other single-spanning membrane 

proteins (e.g., type II membrane proteins), and is termed the „default hypothesis,‟ whereby membrane proteins with 

shorter TMDs reside in the ER and Golgi membranes, while proteins possessing longer TMDs sort to membranes 

such as the vacuole and plasma membrane (Rayner and Pelham, 1997; Pedrazzini et al., 2000). Recently, a 

comprehensive bioinformatic study revealed that even across diverse species, including fungi and vertebrates, TMD 

lengths of membrane proteins typically increase along the secretory pathway (Sharpe et al., 2010).  However, it is 

also well known that while the TMD of a TA protein is responsible for its initial sorting to the proper membrane, 

signals present in the cytosolic domains of TA protein are required for the proper distinction between the various 

membrane compartments within the cell (Linstedt et al., 1995; Rayner and Pelham, 1997; Bulbarelli et al., 2002).  

 

1.2.1 Targeting of TA proteins to the ER 

 As mentioned above, a majority of TA proteins are initially inserted in the ER membrane, and then further 

sorted through the endomembrane system (Kutay et al, 1993). Initially, researchers believed that TA proteins could 

follow the same Sec61-dependent translocation pathway utilized by co-translationally-inserted proteins into the ER 

membrane. However, several studies have determined that TA proteins are inserted in a Sec61-independent manner 

in one of two ways (Kutay et al., 1993; Yabal et al., 2003; Brambillasca et al., 2005). Specifically, TA proteins are 

delivered to the ER membrane; either via their mildly hydrophobic TMDs in an unassisted, spontaneous manner or 

they rely on cytosolic chaperones for insertion in an energy-dependent manner (reviewed in Borgese and Fasana, 

2011).  

 ER-localized, mammalian cytochrome b5 (Cb5), for instance, is the most extensively studied TA protein, 

and the first TA protein to be shown to be able to spontaneously insert into pure phospholipid liposomes as 

efficiently as into purified microsomal (ER) membranes (Brambillasca et al., 2005; Colombo et al., 2009). 

Subsequent experiments determined that other TA proteins with mildly hydrophobic Cb5-like TMDs, were also able 

to insert in an unassisted manner, while TA proteins with more hydrophobic TMDs required chaperone assistance 

(Brambillasca et al., 2006; Fasana et al., 2010). Thereafter, various targeting pathways have also been proposed (see 

Abell et al., 2004; Abell at al., 2007 for more details), however, the most well-established mechanism involves the 

role of TRC40, an arsenical pump-driving ATPase-like protein, that acts as a chaperone that binds the TMD of a 

nascent ER destined TA protein and is involved in its subsequent insertion into the ER membrane (Stefanovic and 

Hedge, 2005). Subsequent experiments in yeast reveal that the S. cerevisiae TRC40 homolog, Get3 (Guided entry of 

tail-anchored proteins 3) delivers the TA protein to its receptor at the ER membrane, Get1/2, a protein complex 

composed of two ER-localized transmembrane proteins, Get1 and Get2 (Favaloro et al., 2008; Schuldiner et al., 

2008). However, the corresponding mammalian receptor(s) remains unknown (Abell and Mullen, 2011). More 

recently, two other proteins, Get4 and Get5 in yeast (Chang et al., 2010) and their counterparts, Bat3 and Sgt2, in 

mammals (Leznicki et al., 2010) have been identified as being involved in the delivery of TA proteins from the 

ribosome to TRC40/Get3 (Jonikas et al., 2009; Mariappan et al., 2010).  

While the Get pathway has been successfully characterized in both mammalian and yeast systems 

(reviewed in Borgese and Fasana, 2011 and references therein), there remains one key difference; deletion of 
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TRC40 from mouse cells is embryonic lethal (Bozkurt et al, 2009) suggesting the essential nature of this pathway in 

the mammalian system, whereas yeast cells are viable after deletion of Get genes (Shen et al., 2003). This indicates 

that yeast cells have an additional pathway(s) for chaperone-assisted TA protein targeting, and, therefore, more 

research is still required to fully understand yeast TA protein targeting to the ER.  Furthermore, there is currently no 

experimental evidence that a similar pathway is responsible for TA protein targeting in plants since no plant 

Get3/TRC40 homologs have yet been identified.  

 

1.2.2 Targeting of TA proteins to the mitochondrion 

 Mitochondrial TA proteins are generally characterized as having moderately hydrophobic TMDs flanked 

on one or both sides with positively charged amino acid residues. Several studies have shown that this unique tail-

anchor region is responsible for correct sorting of TA proteins to the mitochondrion (Kuroda et al., 1998; Borgese et 

al., 2001; Horie et al., 2002; Kemper et al., 2008). However, there is significant overlap in the hydrophobicity and 

positive charge distribution of mitochondrial and ER TA proteins, and therefore, additional yet unknown 

characteristics are thought to exist which distinguish TA proteins destined for these two organelles.  

Even less understood in terms of mitochondrial TA protein targeting are the mechanisms and import 

machinery used for proper sorting. For example; the role of the conventional mitochondrial translocon (i.e., TOM) 

has been heavily contradicted by different studies. For instance, at least four mitochondrial-localized TA proteins, 

Bak, Bcl-XL, OMP25 and Fis1 have been shown to not require the participation of the TOM machinery in 

mammalian cells (Kemper et al., 2008; Setoguchi et al., 2006), whereas two other mitochondrial TA proteins, Bcl-2 

and Bax, use Tom20 for targeting to the MOM (Schleiff et al., 1997; Bellot et al., 2007). It has also been shown that 

a subunit of the TOM complex and TA protein, Tom22 utilizes the conventional β–barrel protein sorting complex, 

SAM (Sorting and Assembly Machinery) complex for its own sorting (Stojanovski et al., 2007). Furthermore, other 

mitochondrial TA proteins are able to insert in a spontaneous manner, in a similar manner as that described above 

for ER TA proteins with mildly hydrophobic TMDs (D‟Arrigo et al., 1993; Kim et al., 1997; Borgese et al., 2001; 

Kemper et al., 2008). Collectively, these results suggest that much more work is needed to understand TA protein 

targeting to the mitochondria at a comprehensive level, and also that mitochondria TA proteins may be targeted by 

more than one mechanism.    

 

1.2.3 Targeting of TA proteins to the peroxisome 

 Unlike ER and mitochondrial targeting of TA proteins which appear to use unique and novel mechanisms 

for proper sorting, peroxisomal TA proteins studied to date utilize the classic Pex19-dependent pathway used by 

classic peroxisomal membrane proteins (PMPs), for their targeting directly to the peroxisomal membrane. As 

described above (Section 1.1.2.4), Pex19 functions to bind newly synthesized PMPs in the cytosol, and then 

associates with its membrane-bound receptor, Pex3, to deliver the PMP to the peroxisomal boundary membrane 

(reviewed in Ma et al., 2011). TA Pex26, and its yeast ortholog Pex15, have been shown to contain Pex19 

recognition sequences which facilitate their sorting via the Pex19-dependent manner (Halbach et al., 2006). 

Similarly, another peroxisomal TA protein, Fis1 has also been shown to utilize its Pex19 recognition domain for 
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proper sorting to the peroxisome from the cytosol in human cells . However, to date very few peroxisomal TA 

proteins have been studied in terms of their sorting and integration, thus it is unclear if all peroxisomal TA proteins 

utilize this Pex19-dependent sorting pathway. Indeed, yeast Pex15 has recently been shown to be able to use the 

Get3 pathway for targeting initially to the ER and then sorted to the peroxisomes by conventional membrane traffic 

(van der Zand et al., 2010), in contrast to the direct targeting to peroxisomes described by Halbach et al., 2006.  

Perhaps the best characterized peroxisomal TA protein is peroxisomal ascorbate peroxidate (pAPX) which 

like Pex26 and Pex15 is targeted to the peroxisome via the ER (Mullen et al., 1999; Lisenbee et al.,2003). While 

pAPX also utilizes the Hsp70 chaperone family for insertion into the ER membrane, the details of how this PMP is 

trafficked from the ER to the peroxisomes are still not clearly understood (reviewed in Mullen and Trelease, 2006).  

 

1.2.4 Targeting of TA proteins to the chloroplast 

The first and only chloroplast-localized TA proteins to be studied in terms of the targeting mechanisms 

they employed is Toc33 and Toc34, the 33 and 34 kDa subunits of the translocon of the outer chloroplast envelope 

(Li and Chen, 1997; Tsai et al., 1999; Qbadou et al., 2003). However, the precise mechanisms for targeting and 

insertion of these TA proteins, remain far from clear (reviewed in Hofmann and Theg, 2005). For instance, while 

Toc33 and Toc34 were shown to directly insert into liposomes (Qbadou et al., 2003), pre-treatment of isolated 

chloroplasts with a protease also significantly reduced the insertion efficiency of both proteins (Li and Chen, 1997; 

Tsai et al., 1999). Overall, an understanding of these apparent conflicting results have been poor due to the lack of 

additional bona fide identified chloroplast-localized TA proteins.  

 

1.3. Plant TA proteins 

 As described above, our understanding of TA protein biogenesis has begun to grow in recent years. 

However, most of this work has been conducted using mammalian and yeast model systems, and thus little is known 

about the relative targeting mechanisms employed by plant TA proteins. This paucity of information is primarily due 

to the fact that, up until very recently, only a few authentic plant TA proteins have been identified and characterized 

in terms of their targeting and/or membrane insertion. These include pAPX (Mullen et al., 1999; Mullen and 

Trelease, 2000), the mitochondrial, plastid and ER isoforms of Cb5 (Hwang et al., 2004; Maggio et al., 2007; 

Henderson et al., 2007), and Toc34 (Seedorf et al., 1995; Li and Chen, 1997; May and Soll, 1998; Tsai et al., 1999; 

Qbadou et al., 2003). And, while these studies laid the necessary foundations in understanding plant TA biogenesis 

in general, more plant TA proteins need to be identified before further efforts can be made to understand the 

mechanisms involved in plant TA protein biogenesis in any significant detail.  

At least one potential remedy to this issue has been the recent bioinformatic based studies by Kriechbaumer 

et al. (2009) and Pedrazzini (2009) in which a large-scale bioinformatics screen for Arabidopsis TA proteins were 

conducted. Taken together these screens yielded more than 500 known and candidate Arabidopsis TA proteins  

 

1.4. Objectives 
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As outlined in the previous sections (Sections 1.1-1.3), significant advances have been made in our 

understanding of TA protein biogenesis in general. However, still little is known about TA biogenesis in plants due 

to the fact that only a few bona fide TA proteins have been identified. While recent bioinformatics studies have 

identified a large pool of candidate TA protein within the Arabidopsis genome, comprehensive analysis of these 

proteins is still required to experimentally characterize these proteins in terms of their biogenesis. For instance, our 

understanding of the mechanisms and signals involved in the targeting of chloroplast TA proteins are essentially 

unknown, again because only two chloroplast TA proteins (i.e., Toc33 and Toc34) has been studied. Therefore, the 

objectives of this thesis are: 

1. To develop and utilize a bioinformatic tool aimed at identifying the entire candidate TA proteins within 

the Arabidopsis deduced proteome and characterize a number of these proteins in terms of their 

localization and targeting signals.  

2. To elucidate the targeting signals and mechanisms employed by chloroplast-localized TA proteins, 

including OEP9, a novel newly identified chloroplast TA proteins. 
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 CHAPTER 2: IDENTIFICATION OF TAIL ANCHORED PROTEINS WITHIN THE ARABIDOPSIS 

THALIANA PROTEOME USING THE TAMP FINDER 

 

2.1. INTRODUCTION 

 Tail-anchored (TA) proteins are a unique class of membrane proteins known to participate in a wide variety 

of vital cellular processes, including the regulation of apoptosis, various enzymatic reactions, and vectorial transport 

of vesicles through the secretory system (reviewed in Introduction). Our understanding of TA protein biogenesis in 

animal and yeast systems has grown significantly over the past several years (reviewed in Abell and Mullen 2011; 

Borgese and Fasana, 2011). Little is known about the function and biogenesis of plant TA proteins. This is mostly 

due to the limited number of identified TA proteins within the plant kingdom, and furthermore, even fewer plant TA 

proteins have been studied in terms of the targeting mechanisms employed by this unique class of proteins (Abell 

and Mullen, 2011).  

To remedy this paucity of information, I worked in collaboration with Dr. David Andrews (McMaster 

University), on utilization of a specialized computer program, named TAMP Finder (for Tail-Anchored Membrane 

Protein Finder), that was designed to identify TA proteins within a given deduced proteome and has been previously 

employed to identify putative TA proteins in bacteria (Craney et al., 2011), as well as yeast and human proteomes 

(Dhanoa et al., in preparation). Specifically, TAMP was challenged to identify candidate proteins possessing a 

single region of hydrophobicity (which would comprise a putative membrane-anchoring domain) at or near their C 

terminus (within the last ~50 amino acid residues). The TAMP Finder was subsequently employed to search and 

identify all candidate TA proteins within the Arabidopsis proteome. In addition, comprehensive in silico 

characterization of gene function using the Gene Ontology Consortium, GeneCards and individual genome 

databases (SGD, TAIR, NCBI, TIGR etc.) was performed to functionally annotate the dataset. Finally, the 

localization of several (~50) previously uncharacterized candidate TA proteins from the Arabidopsis proteome was 

determined using transient expression of myc-epitope tagged proteins in suspension cells, a well-established in vivo 

plant system for protein targeting. Discussed are the combined results from this study in the context of those 

obtained in similar TA-focused bioinformatic studies carried out by Kreichbaumer and colleagues (2009) and 

Pedrazzini (2009) for Arabidopsis proteins.  

 

2.2 MATERIALS AND METHODS 

2.2.1 Standard molecular biology techniques 

 Standard molecular biology techniques were generally based on procedures (unless modified as detailed 

below) as described by Sambrook et al. (1989). 

 

2.2.1.1 Preparation of chemically competent E. coli DH5α and E. coli transformations 

 Chemically competent Escherichia coli (E. coli) DH5α cells were prepared according to Sambrook et al. 

(1989). Briefly, a single copy colony  of E. coli DH5α was used to inoculate 50 mL of Luria-Bertani (LB) media 

(Appendix I) (in a 125 mL Erlenmeyer flask) containing 10 mM MgSO4 and the culture was incubated overnight at 
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37ºC in a rotary shaker at approximately 235 rpm. Next day, one millilitre of the overnight culture was added to 100 

mL of fresh LB media (in a 250 mL Erlenmeyer flask) containing 10 mM MgSO4 and the culture was grown to an 

optical density at 600 nm (OD600) of 0.5 – 0.6 (approximately 3 hrs). The culture was then poured into two pre-

chilled polypropylene centrifuge tubes (Thermo Fisher Scientific, Ottawa, ON, Canada) (approximately 40 mL 

each) and cooled on ice for 10 min. The cells were then centrifuged at 3 000 rpm for 10 min at 4ºC in a Beckman-

Coulter Avanti Centrifuge Model JA-25.5 (Beckman-Coulter Canada Inc., Mississauga, ON, Canada). Next, the 

supernatants were decanted and the pellets were gently resuspended in 17mL of RF1 (Appendix I) by pippeting up 

and down slowly with a 10 mL sterile serological pipette. The resuspended cells were then incubated on ice for 1 hr. 

Next, the cells were centrifuged at 3 000 rpm for 10 min at 4ºC, the supernatant decanted, and the cells gently 

resuspended in 4 mL of RF2 (Appendix I) as before, then incubated on ice for 15 min. Finally, the cells were 

divided into 100 µL aliquots in 1.7 mL microfuge tubes, frozen in liquid nitrogen, and stored at -80ºC. 

 Transformation of E. coli DH5α was carried out as described in Sambrook et al. (1989). Briefly, a 100 µL 

aliquot of frozen competent cells was thawed on ice and then incubated with 100 ng of plasmid DNA on ice for 20 

min. The bacterial cells were then heat shocked at 40ºC for 90 sec and then incubated immediately in ice for 2 min. 

Next the bacterial cells were suspended in 800 µL of SOC medium (Appendix I) and incubated at 37ºC for 1 hr on a 

New Brunswick Scientific Model TC-7 vertical roller (New Brunswick Scientific Co. Ltd., Edison, NJ, USA). 

Transformed cells were then plated on LB plates containing an appropriate antibiotic and incubated overnight at 

37ºC. 

 Transformed E. coli DH5α cells were maintained for long-term storage as glycerol stocks. Glycerol stocks 

were prepared by diluting 1:1 an overnight culture of transformed E coli DH5α in 40% (v/v) glycerol to a final 

volume of 800 µL in a 1.7 mL microfuge tube and stored at -80ºC. 

 

2.2.1.2. Plasmid DNA isolations from E. coli  

 Plasmid DNA was isolated from transformed E. coli using one of three different versions (but related) of 

the alkaline lysis method for purifying plasmid DNA. The first method was the so-called „crude‟ plasmid DNA 

isolation procedure (Sambrook et al., 1989) for purifying small amounts of low-quality plasmid DNA for restriction 

digestion analysis. The second method employed either the Qiagen QIAprep
®
 Spin mini prep kit (Qiagen Inc., 

Mississauga, ON, Canada), the Sigma GenElute
TM

 plasmid miniprep kit (Sigma-Aldrich, Oakville, ON, Canada), the 

Bio Basic plasmid miniprep kit (Bio Basic, Markham, ON, Canada) or the Invitrogen PureLink
TM

 Quick plasmid 

miniprep kit (Life Technologies Inc., Burlington, ON, Canada) and allowed for the purification of small amounts of 

high-quality plasmid DNA for bacteria transformation or for automated DNA sequencing. The third method 

employed either the Qiagen QIAfilter
®
 plasmid midiprep kit (Qiagen) or the Invitrogen PureLink

TM
 HiPure plasmid 

midiprep kit (Life Technologies Inc., Burlington, ON, Canada) and allowed for the purification of large quantities of 

high-quality plasmid DNA for plant transformations, in vitro transcription and standard recombinant cloning 

procedures. Commercial plasmid miniprep and midiprep procedures were carried out according to manufacturers‟ 

instructions. 
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 The concentration of plasmid DNA was determined using a Beckman DU 520 spectrophotometer 

(Beckman-Coulter, Mississauga, ON, Canada). Sequences of all plasmid DNA were verified by automated 

fluorescent dye-terminated cycle sequencing at the Advanced Analysis Centre Genomic Facility (University of 

Guelph, Guelph, ON, Canada) or the Arizona State University School of Life Science DNA Laboratory (ASU, 

Tempe, AZ, USA) using an Applied Biosystems 3730 DNA Analyzer (Life Technologies Inc., Burlington, ON, 

Canada) and the appropriate sequencing primers (see Appendix II).  

 

2.2.2 General DNA cloning techniques 

2.2.2.1 Preparation of „insert‟ and „vector‟ DNA fragments 

 DNA fragments referred to as „insert‟ that were used in the construction of various plasmids described in 

this thesis included annealed, complementary synthetic oligonucleotides, and gel-purified DNA fragments obtained 

from restriction enzyme-digested plasmid DNA.  

 Custom synthetic oligonucleotides were purchased from either Sigma-Genosys (Sigma-Aldrich) or the 

University of Guelph Laboratory Services (Guelph, ON, Canada). To prepare complementary, annealed synthetic 

oligonucleotides, 25 µg of each oligonucleotide was added to 10 µL of 10 x annealing buffer (Appendix I) and 

ddH2O to a final volume of 100 µL. Oligonucleotides were annealed using a PerkinElmer Gene Amp Polymerase 

Chain Reaction (PCR) system 2400 thermocycler (Applied Biosystems, Streetsville, ON, Canada) that was 

programmed for a temperature ramping profile starting at 94ºC and decreasing to 60ºC at -1ºC per min, with a 4ºC 

hold. T4 polynucleotide kinase (PNK) (New England Biolabs Ltd., Mississauga, ON, Canada) was used to 

phosphorylate the 5‟ ends of the annealed, complementary oligonucleotides. The phosphorylation reaction consisted 

of 50 µL of the annealed oligonucleotide reaction, 10 µL of 10 x T4 PNK buffer (New England Biolabs Ltd.), 1.3 

µL of 255 µM ATP, 2.5 µL of T4 PNK (10 units/µL), and 36.2 µL of ddH2O. Following a 2 hr incubation at 37ºC, 5 

µL of 0.5M EDTA (pH 8.0) and 100 µL each of Tris-buffered phenol (pH 7.9) and chloroform were added, the 

sample vortexed, and then centrifuged for 1 min at 13 000 rpm at room temperature. Next, the top aqueous layer was 

transferred (clone # Using a pullet Pasteur pipette) to a clean 0.6 mL microfuge tube and the phosphorylated DNA 

was then precipitated with 10 µL of 3 M sodium acetate (pH 7.0) and 250 µL of 100 % (v/v) ethanol, and stored 

overnight at -20ºC. Next day, the sample was centrifuged at 13, 000 for 30 min at room temperature, the supernatant 

discarded, and the DNA pellet was washed 200 µL of cold (-20ºC) 70% (v/v) ethanol and centrifuged for 15 min as 

described above. The resulting supernatant was discarded and the pellet allowed to air dry and then resuspended in 

25 µL of ddH2O. The concentration of the resuspended, annealed and 5‟ phosphorylated oligonucleotides was 

assumed to be approximately 1 µg/mL for subsequent cloning steps (see section 2.2.3). 

 DNA fragments referred to as „vector‟ and used as the backbone for plasmid construction, as well as 

„insert‟ DNA from gel-purified fragments were prepared in the following manner. Twelve micrograms or 20 µg of 

DNA corresponding to plasmids that served as „vector‟ or „insert‟ fragments, respectively, were digested separately 

for 4 hrs in a total volume of 50 µL using the appropriate restriction enzyme(s) and buffer(s). The resulting DNA 

fragments were loaded onto a 0.8% (w/v) agarose gel containing 2 µg/mL ethidium bromide and electrophoresed in 

1 x TAE buffer (Appendix I) in a Bio-Rad Mini-sub Cell GT chamber (Bio-Rad Laboratories, Mississauga, ON, 
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Canada) at 90V. Desired DNA fragments were then excised from the gel using a razor blade and gel pieces were 

placed in a 1.7 mL microfuge tube. To purify DNA fragments from agarose gel pieces, either a QIAquick
®

 Spin Gel 

Extraction kit (Qiagen) or an Invitrogen PureLink
TM

 Gel Extraction kit (Life Technologies Inc., Burlington, ON, 

Canada) were used according to manufacturers‟ instructions. All restriction enzymes and other DNA-modifying 

enzymes were purchased from New England Biolabs Ltd.  

 

2.2.2.2 Dephosphorylation of „vector‟ DNA fragments 

 To prevent self-ligation of restriction enzyme-digested, gel-purified „vector‟ DNA fragments (see Section 

2.2.1. above), DNA samples were treated with calf intestine alkaline phosphatase (CIP) (New England Biolabs Ltd.), 

which removed the 5‟ phosphates. To 40 µL of the 45 µL QIAquick
®

 Spin gel-purified, restriction enzyme-digested 

vector DNA sample, 5 µL of 10 x Buffer 3 (New England Biolabs Ltd.), 2 µL of CIP (10 units/µL) and 3 µL ddH2O 

were added to a final volume of 50 µL, and the reaction was incubated for 2-3 hrs at 37ºC. Following the 2-3 hr 

incubation the reaction was terminated by the addition of 1 µL of 0.5 M EDTA (pH 8.0) and 100 µL each ot Tris-

buffered phenol (pH 7.9) and chloroform. The sample was vortexed and then centrifuged for 30 sec at 13 000 rpm at 

room temperature, and the top aqueous layer was transferred (using a pulled Pasteur pipette) to a clean 0.6 mL 

microfuge tube. The DNA was then precipitated with 10 µL of 3 M sodium acetate (pH 7.0) and 250 µL of 100% 

(v/v) ethanol, and stored overnight at -20ºC. Next day, the sample was centrifuged at 13, 000 rpm for 30 min at 

room temperature, the supernatant discarded, and the DNA pellet was washed 200 µL of cold (-20ºC) 70% (v/v) 

ethanol and centrifuged for 15 min as described above. The resulting supernatant was discarded and the pellet 

allowed to air dry and then resuspended in 30 µL of ddH2O. The concentration of linearized, dephosphorylated 

„vector‟ DNA was determined using spectrophotometry.  

 

2.2.2.3. Ligation of vector and insert DNA fragments 

 For plasmid DNA ligations, 100 ng of linearized, dephosphorylated „vector‟ DNA was ligated with the 

appropriate „insert‟ DNA (i.e., annealed and 5‟-phosphorylated synthetic oligonucleotides or gel-purified DNA 

fragments) in either a 1:0, 1:1 or 1:4 vector-to-insert ration. Ligation reactions also included 1 µL T4 DNA ligase 

(400 units/µL) (New England Biolabs Ltd.) and 2 µL of 5 x cohesive buffer (Appendix I) in a total reaction volume 

of 10 µL. Reactions were incubated overnight at 14ºC in a Polyscience Model 1140-A incubator (Niles, IL, USA). 

Next day 4 µL of the ligation reaction was used to transform competent E. coli (see Section 2.1.1). Plasmid DNA 

was isolated from 5-10 individual E. coli colonies using either the „crude‟ plasmid DNA isolation procedure, the Bio 

Basic miniprep kit (Bio Basic) or the Sigma GenElute
TM 

miniprep kit (Sigma-Aldrich Ltd.) (see Section 2.1.2) and 

the presence or absence, as well as the orientation, of a ligated „insert‟ DNA fragment was determined by standard 

restriction enzyme digestion analysis (Sambrook et al., 1989) and automated dye-terminated cycle sequencing 

(Section 2.1.2). 

 

2.2.2.4 The PCR and „TOPO‟ cloning 
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 To amplify specific nucleotide sequences, a standard PCR was prepared and included the following 

components: 15 ng of plasmid (template) DNA, 5 µL each of a 10 µL stock of forward and reverse primers, 5 µL of 

10 x PCR buffer containing 15 mM MgCl2 (PerkinElmer Life Sciences Inc., Woodbridge, ON, Canada), 4 µL of 10 

mM deoxynucleotide triphosphates (dNTPs) (PerkinElmer), 29.7 µL of ddH2O and 0.3 µL of Ampli Taq DNA 

polymerase (5 units/µL) (Roche Applied Science, Laval, QC, Canada). The PCR was carried out using a Perkin 

Elmer Gene AMP PCR System 2400 thermocycler (Applied Biosystems) with the following conditions: and initial 

melting temperature of 92ºC for 10 min, then 25 rounds of 92ºC (melting temperature) for 1 min, 50ºC (annealing 

temperature) for 2 min, 72ºC (extension temperature) for 2 min, then a final extension temperature of 72ºC for 10 

min, and then a final hold at 4ºC. Following the PCR, the PCR products were purified using the QIAquick® PCR 

Purification kit (Qiagen) according to manufacturer‟s instructions.  

 The resulting PCR DNA products were ligated into linearized „vector‟ DNA by one of two methods: (i) 

directly ligating restriction enzyme-digested PCR DNA products into linearized, dephosphorylated „vector‟ DNA, or 

(ii) ligation of PCR DNA products into an intermediate „TA TOPO‟ cloning „vector‟. Direct ligation of PCR DNA 

products was carried out by first digesting the PCR-purified PCR products with the appropriate restriction enzymes. 

The resulting DNA fragments were electrophoresed and gel extracted (see Section 2.2.1) and ligated into the 

appropriate linearized, dephosphorylated „vector‟ DNA (see Section 2.2.3). For „TA-TOPO‟ cloning 2 µL of PCR-

purified PCR DNA products with overhanging adenosine (A) nucleotides for 10 min at room temperature. The „TA-

TOPO‟ cloning reaction included also 1 µL of linearized pCR2.1-TOPO cloning vector (Life Technologies Inc., 

Burlington, ON, Canada) with 5‟ overhanging thymine (T) nucleotides for 10 min at room temperature. The TOPO 

cloning reaction included also 1 µL of a salt solution (Life Technologies Inc., Burlington, ON, Canada) and 2 µL of 

ddH2O to a final volume of 6µL. Two millilitres of the final ligation reaction was used to transform chemically 

competent TOP10 cells according to the manufacturer‟s instructions (Life Technologies Inc., Burlington, ON, 

Canada). And the transformed cells were then spread onto LB plates (Appendix I) containing 50 µg/mL ampicillin 

or kanamycin, 40 µL of a 40 mg/mL stock of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) 

(Boehringer Mannheim, Germany) that was previously spread onto the plate and allowed to dry. Plates were 

incubated overnight at 37ºC and the following day the colonies containing the pCR2.1-TOPO vector with the PCR 

DNA fragment („insert‟) were identified using a blue-white screening procedure (Sambrook et al., 1989). Plasmid 

DNA was isolated from white colonies (i.e. indicating the presence of the plasmid containing the desired „insert‟ due 

to the disruption of the LacZα gene by the presence of the „insert‟) using the Sigma GenElute
TM

 plasmid miniprep 

kit according to manufacturer‟s instructions (see Section 2.1.3). Confirmation of successful ligation reactions were 

performed by restriction enzyme digestion analysis and automated dye-terminated cycle sequencing. The „insert‟ 

DNA fragment was then excised from the pCR2.1-TOPO vector using the appropriate restriction enzymes and 

subsequently ligated into the desired „vector‟ plasmid as described above (see Section 2.2.3).  

 PCR site-directed mutagenesis of plasmid DNA sequences aimed at generating either specific additions, 

deletions, or substitutions of nucleotides was carried out by mixing 50 ng of plasmid (template) DA, 125 ng each of 

complementary forward and reverse oligonucleotides, 5 µL of 10 x Pfu buffer (Stratagene), 1.5 µL of 10mM dNTPs 

(PerkinElmer), 1 µL Pfu Turbo® DNA polymerase (2.5 units/µL) (Stratagene) and ddH2O to a final volume of 50 
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µL. The PCR was carried out with an initial melting temperature of 92ºC for 30 sec, then 12-18 rounds of 95ºC 

(melting temperature) for 30 sec, 55ºC (annealing temperature) for 1 min, and 68ºC (extension temperature) for a 

time equal to 1 min per 1 kb of plasmid length. Twelve rounds of PCR was performed for introducing single point 

mutations, 16 rounds for introducing single amino acid deletions or insertions. The PCR then finished with a final 

extension of 68ºC for 10 min and a hold at 4ºC. To eliminate non-mutated parental DNA template from the reaction 

mixture, 1 µL of DpnI (10 units/µL) (New England Biolabs Ltd.) was added directly to the PCR sample and 

incubated for 1 hr at 37ºC. Two microlitres of the reaction was then used to transform E. coli as described previously 

(see Section 2.1.1).  

 

2.2.3. Plasmid constructions 

Full-length ORFs were individually cloned into one of four plant expression vectors: pRTL2/myc-BamHI-

XbaI, pRTL2/myc-MCS, pRTL2/GFP-MCS or pUC18/GFP. pRTL2 is a plant expression vector containing the 

cauliflower mosaic virus 35S promoter and terminator and the tobacco etch potyvirus leader sequence for enhanced 

translation (Restrepo et al., 1990). pRTL2/myc-BamHI-XbaI encodes the myc epitope (-EQKLISEEDL-) followed 

by a unique BamHI and XbaI restriction sites for the fusion in-frame of passenger sequences (Lee et al., 1997). 

pRTL2/myc-MCS is a modified form of pRTL2 which encodes a multiple cloning site (MCS) consisting of XmaI, 

NheI, KpnI, SalI and XbaI restriction sites at the 3‟ end of the epitope tag. Oligonucleotides Priya Fp 67 and Priya 

Rp 68 were annealed to encode the MCS with 5‟ and 3‟ XbaI overhangs, and were ligated into XbaI-digested 

pRTL2/myc-XbaI (Murphy et al., 2003) yielding pRTL2/myc-MCS (Lingard et al., 2008). pRTL2/GFP-MCS is a 

modified form of pRTL2 which encodes the Aequorea victoria green fluorescent protein (GFP) followed by an in-

frame MCS consisting of EcoRI, XmaI, HindIII, BamHI, XbaI restriction sites (Shockey et al., 2006). Internal 

BamHI (Priya Fp 24and Priya Rp 25), SmaI (Priya Fp 24 and Priya Rp 25), HindIII (Priya Fp 26 and Rp 27; Priya 

Fp 28 and Priya Rp 29) and EcoRI (Priya Fp 32 and Priya Rp 33) sites outside of the MCS, were first removed by 

site-directed mutagenesis using the indicated forward and reverse primers. Synthetic oligonucleotides Priya Fp 30 

and Priya Rp 31 were annealed to encode the multiple cloning site with 5‟ and 3‟ XbaI overhangs, and were ligated 

into XbaI-digested pRTL2/GFP-XbaI (built by Dr. Cayle Lisenbee). pRTL2/GFP-XbaI and pRTL2/GFP-MCS, as 

well as several plasmids constructed with pRTL2/GFP-MCS, were modified to encode a monomeric form of GFP by 

mutating L221 to a lysine in the GFP ORF using mGFP Fp and Priya mGFP Rp, to abolish dimeric binding of the 

GFP momomer (Zacharias et al., 2002). pUC18/GFP is a plant expression vector containing a duplicated cauliflower 

mosaic virus 35S promoter before the MCS followed by the gene coding for the GFP, allowing for passenger 

proteins to be fused to the N terminus of the GFP protein (Chiu et al., 1996).  

 Plasmids containing full-length Arabidopsis TA protein ORFs of Fission 1A (Fis1A; clone # U13324), an 

isoform of the 20 kDa subunit of the translocase of the outer mitochondrial membrane (Tom20-3; clone # U10210),  

a putative mitochondrial isoform of ascorbate peroxidate (mAPX; clone # U51359), a putatative ER-localized 

vesicle-associate membrane protein (ER VAMP; clone # U09716), ), the mitochondria-localized isoform of Cb5 

(mCb5;  C00075-E), the ER-localized isoform of Cb5(ER Cb5; clone # U10598), ubiquitin conjugating enzyme 33 

(UBC33; clone # U12509), At5g40510 (clone # U21387),  NAC domain containing protein 1 (ANAC001; clone # 
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U14978), At3g27570 (clone # U14212), At2g45140 (clone # U17298), Fission 1B (Fis1B; clone # U50636), 

At1g67250 (clone # U60117), At4g37455 (clone # U61175), succinate dehydrogenase subunit 4 (SDH4; clone # 

U13706), At3g62190 (clone # U13985), At1g52550 (clone # U60459), At1g22050 (clone # U51283), At3g60030 

(C105276), At1g17440 (clone # U11077), At1g27330 (clone # U22724), At1g58710 (clone # U12951), At2g01270 

(clone # U21779), At2g03310 (clone # U61242), At2g17972 (clone # U50887), At1g01240 (clone # U11287), 

At1g16000 (clone # U50546), At1g33230 (clone # U11091), At1g47210 (clone # U21263), At2g30520 (clone # 

U09377), At2g34450 (clone # U51249), At2g42975 (clone # U11475), At2g44080 (C105228), At3g12140 

(C105076), At3g13360 (clone # U13027), At3g19010 (C105379), At3g29034 (clone # U60772), At4g00585 (clone 

# U18015), At4g03420 (clone # U21555), At4g07990 (clone # U11662), At4g14870 (clone # U10459), At4g16840 

(clone # U51270), At4g21210 (clone # U13394), At4g21215 (clone # U13479), At4g22360 (clone # U11358), 

At4g23260 (clone # U21816), At4g32590 (clone # U10322) were obtained from the Arabidopsis Biological 

Resource Centre (ABRC) (Ohio State University, Columbus, Ohio, USA).  

Sequences coding for Fis1A (Priya Fp 20 and Priya Rp 21), Tom20-3 (Priya Fp 22 and Priya Rp 23) and 

mAPX (Priya Fp 34 and Priya Rp 36) were each amplified with the indicated forward and reverse primers along 

with 5‟ and 3‟ BamHI sites, ligating the resulting PCR products into pCR2.1/TOPO (Life Technologies Inc., 

Burlington, ON, Canada) (yielding pCR2.1/TOPO-Fis1A, pCR2.1/TOPO-Tom20-3 and pCR2.1/TOPO-mAPX), 

and then excising the fragments with BamHI and ligating them into BamHI-digesting pRTL2/myc-BamHI-XbaI, 

yielding pRTL2/myc-Fis1A, pRTL2/myc-Tom20-3 and pRTL2/myc-mAPX. Sequences coding for ER VAMP 

(Priya Fp 37 and Priya Rp 38), mCb5 (Priya Fp 39 and Priya Rp 40), ER Cb5 (Priya Fp 41 and Priya Rp 42), 

UBC33 (Priya Fp 43 and Priya Rp 44), At5g40510 (Priya Fp 45 and Priya Rp 46), ANAC001 (Priya Fp 47 and 

Priya Rp 48), At3g27570 (Priya Fp 49 and 50), At2g45140 (Priya Fp 51 and Priya Rp 52), Fis1B (Priya Fp 53 and 

Priya Rp 54), At1g67250 (Priya Fp 55 and Priya Rp 56), SDH4 (Priya Fp 59 and Priya Rp 60), At3g62190 (Priya Fp 

61 and Priya Rp 62), At1g22050 (Priya Fp 73 and Priya Rp 74), At1g27330 (Priya Fp 77 and Priya Rp 84), 

At1g58710 (Priya Fp 78 and Priya Rp 84), At2g01270 (Priya Fp 79 and Priya Rp 84), At2g03310 (Priya Fp 80 and 

Priya Rp 84), At2g17972 (Priya Fp 81 and Priya Rp 84), At1g16000 (Priya Fp 87 and Priya Rp 84), At1g33230 

(Priya Fp 88 and Priya Rp 84), At1g47210 (Priya Fp 89 and Priya Rp 84), At2g34450 (Priya Fp 91 and Priya Rp 

84), At2g42975 (Priya Fp 92 and Priya Rp 84), At2g44080 (Priya Fp 93 and Priya Rp 84), At3g12140 (Priya Fp 94 

and Priya Rp 84), At3g19010 (Priya Fp 96 and Priya Rp 84), At3g29034 (Priya Fp 97 and Priya Rp 84), At4g00585 

(Priya Fp 98 and Priya Rp 84), At4g07990 (Priya Fp 100 and Priya Rp 84), At4g14870 (Priya Fp 100 and Priya Rp 

84), At4g16840 (Priya Fp 101 and Priya Rp 84), At4g21210 (Priya Fp 102 and Priya Rp 84), At4g21215 (Priya Fp 

103 and Priya Rp 84), At4g22360 (Priya Fp 104 and Priya Rp 84), At4g23260 (Priya Fp 105 and Priya Rp 84) and 

At4g32590 (Priya Fp 106 and Priya Rp 84) were each amplified with the indicated forward and reverse primers 

alone with 5‟ BamHI and 3‟ XbaI restriction sites. The resulting PCR products were then digested with BamHI and 

XbaI and ligated into BamHI/XbaI-digested pRTL2/myc-BamHI/XbaI, yielding pRTL2/myc-ER VAMP, 

pRTL2/myc-mCb5, pRTL2/myc-ER Cb5, pRTL2/myc-UBC33, pRTL2/myc-At5g40510, pRTL2/myc-ANAC001, 

pRTL2/myc-At3g27570, pRTL2/myc-At2g45140, pRTL2/myc-Fis1B, pRTL2/myc-At1g67250, pRTL2/myc-SDH4, 

pRTL2/myc-At3g62190, pRTL2/myc-At1g52550, pRTL2/myc-At1g222050, pRTL2/myc-At1g27330, pRTL2/myc-
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At1g58710, pRTL2/myc-At2g01270, pRTL2/myc-At2g03310, pRTL2/myc-At2g17972, pRTL2/myc-At1g16000, 

pRTL2/myc-At1g33230, pRTL2/myc-At1g47210, pRTL2/myc-At2g34450, pRTL2/myc-At2g42975, pRTL2/myc-

At2g44080, pRTL2/myc-At3g12140, pRTL2/myc-At3g19010, pRTL2/myc-At29034, pRTL2/myc-At4g00585, 

pRTL2/myc-At4g07990, pRTL2/myc-At4g14870, pRTL2/myc-At4g16840, pRTL2/myc-At4g21210, pRTL2/myc-

At4g21215, pRTL2/myc-At22360, pRTL2/myc-At4g23260 and pRTL2/myc-At4g32590. The sequence encoding 

At4g37445 was amplified using Priya Fp 57 and Priya Rp 58 with 5‟ and 3‟ BamHI restrictions sites, the PCR 

products were digested with BamHI and ligated into BamHI-digested pRTL2/myc-BamHI/XbaI yielding 

pRTL2/myc-At4g37445. pRTL2/myc-At3g60030 was constructed by first amplifying the At3g60030 ORF with 

Priya Fp 86 and Priya Rp 82 with 5‟ KpnI and 3‟ NheI restriction sites, digesting the PCR product with KpnI and 

NheI and then ligating into KpnI/NheI-digested pRTL2/myc-MCS. Sequences encoding At1g17440 (Priya Fp 76 and 

Priya Rp 82) and At4g03420 (Priya Fp 99 and Priya Rp 82) were each amplified with the indicated forward and 

reverse primers alone with 5‟ XbaI and 3‟ NheI restriction sites. The resulting PCR products were then digested with 

XbaI and NheI and ligated into XbaI/NheI-digested pRTL2/myc-MCS, yielding pRTL2/myc-At1g17440 and 

pRTL2/myc-At4g03420. Sequences encoding At1g01240 (Priya Fp 85 and Priya Rp 83), At2g30520 (Priya Fp 90 

and Priya Rp 83) and At4g16840 (Priya Fp 102 and Priya Rp 84) were each amplified with the indicated forward 

and reverse primers alone with 5‟ KpnI and 3‟ XbaI restriction sites. The resulting PCR products were then digested 

with KpnI and XbaI and ligated into KpnI/XbaI-digested pRTL2/myc-MCS, yielding pRTL2/myc-At1g01240, 

pRTL2/myc-At2g30520 and pRTL2/myc-At4g16840. pRTL2/myc-At3g13360 was constructed by amplifying the 

At3g13360 ORF using Priya Fp 95 and Priya Rp 83 with 5‟ XbaI and 3‟ XmaI sites, digesting with XbaI and XmaI 

restriction and ligating into XbaI/XmaI-digested pRTL2/myc-MCS. 

The cDNA encoding tAPX (BX813996) was obtained from Genoscope (Evry Cedex, France) and the tAPX 

ORF was amplified using Priya Fp 152 and Priya Rp 153 with 5‟ BamHI and 3‟ XbaI sites. The resulting PCR 

products were digested with BamHI and XbaI and ligated into BamHI/XbaI-digested pRTL2/myc-BamHI/XbaI 

yielding pRTL2/myc-tAPX. Similarly, pRTL2/myc-Toc33 and pRTL2/myc-Toc34, encoding N-terminal myc-

tagged versions of Toc33 and Toc34, respectively, were constructed by amplifying the Toc33 and Toc34 ORFs 

pPZP221-Toc33 and pPZP221-Toc34, respectively (provided generously by Dr. Paul Jarvis, Leicester, UK) and 

forward and reverse primers (Priya Fp 135 and Priya Rp 136; Priya Fp 137 and Priya Rp 138) (Appendix II). Both 

sets of primers introduced a XbaI site immediately 5‟ of the second codon in Toc33 or Toc34, as well as a NheI site 

immediately 3‟ of their stop codons. PCR products were subcloned into pCR2.1 TOPO (yielding pCR2.1 

TOPO/Toc33 and TOPO/Toc34) and the XbaI-NheI fragments from these plasmids were then ligated into and the 

XbaI-NheI-digested pRTL2-myc-MCS. To construct pRTL2/mGFP-Toc33, encoding a monomeric version of the 

green fluorescent protein (mGFP) fused to full-length Toc33, the XbaI-NheI fragment from pRTL2/myc-Toc33 was 

ligated into XbaI-digested pRTL2/mGFP-MCS.  

 To construct pRTL2/myc-At3g12140.3, two sets of complementary synthetic oligonucleotides encoding the 

71 C-terminal residues of At3g12140.3 (PD1 and PD3, PD2 and PD4; purchased from Mobix [McMaster 

University, Hamilton, Ontario]) (Appendix II) with XbaI overhangs were annealed in sets using the indicated 

forward and reverse oligonucleotides and ligated into XbaI-digested pRTL2/myc-At3g12140.1.  
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Construction of control plasmids used in this study is described below. The construction of pRTL2/myc-

Cb5-D, a plasmid encoding a myc-tagged version of Aleurites fordii (tung) Cb5-D, has been described elsewhere 

(Hwang et al., 2004). pRTL2/myc-Cb5DΔOEP950-86 was generated by first amplifying the sequences encoding 

OEP950-86 (including its stop codon) were amplified from pRTL2/myc-OEP9 using Fp310 and Rp311 (Appendix II) 

with 5‟ and 3‟ NheI sites, and then the resulting PCR products were digested with NheI and ligated into XbaI-

digested pRTL2/myc-Cb5D to yield pRTL2/myc-Cb5D+ OEP950-86. Next, sequences encoding residues 132 to 134 

of the Cb5D ORF, as well as the stop codon, were removed using site directed mutagenesis and Fp347 and Rp348  

(Appendix II), yielding pRTL2/myc-Cb5DΔOEP950-86.   

 

2.2.4. Tobacco BY-2 cell culture and microprojectile bombardment 

 Tobacco (Nicotiana tabacum) Bright Yellow-2 (BY-2) suspension-cultured cells were grown in Murashige-

Skoog growth medium (Appendix I) at 25ºC in the dark on an orbital shaker (150 rpm) as described previously 

(Banjanko and Trelease, 1995). Transient transformations were conducted using a 4-day-old 50 mL culture of BY-2 

cells. The cells were centrifuged at setting 4.5 in a Fisher Model 225 swinging bucket centrifuge (Thermo Fisher 

Scientific Canada, Ottawa, ON, Canada) for 5 min.  The supernatant media was decanted and the pelleted cells were 

resuspended in an equal volume of tobacco BY-2 transformation buffer (Appendix I) (Banjanko and Trelease, 1995; 

Lee et al., 1997). Four millilitres of the resulting cell suspension was spread onto three pieces of No. 4 Whatman 

filter paper (Thermo Fisher Scientific) that were prewetted with 4 mL of transformation buffer and placed on the lid 

of a Petri dish. After equilibrating at room temperature for 45 min, BY-2 cells were bombarded with 10 µg of 

plasmid DNA (or 5 µg of each plasmid DNA for co-transformations) and a PDS1000 Biolistic Particle Delivery 

System (Bio-Rad). Following bombardment, BY-2 cells were incubated at either 25ºC in a Fisher Scientific 

incubator or 14ºC (cold shock) in a Fisher Scientific low temperature incubator in the dark for 2 to 48 hr to allow for 

expression of the introduced gene(s) and intracellular protein sorting. For experiments examining protein trafficking 

in live cells, biolistically-bombarded cells were mounted on microscope slides immediately following the 2 hr 

incubation at 25ºC and imaged for 2-4 hours on the confocal laser scanning microscopy (CLSM) at room 

temperature (Section 2.4.4.). For experiments that tested the subcellular localization of proteins in the absence of 

nascent protein synthesis, cycloheximide (Sigma-Aldrich) was dissolved in transformation buffer to a final 

concentration of 100 µM as described previously (Imanishi et al., 1998). Briefly, cells at 2 hr post-bombardment 

were scraped from filter papers, resuspended in transformation buffer plus or minus cycloheximide, spread on filter 

papers, and incubated for an additional 4 hr before fixation. 

 

2.2.5. Immunofluorescence microscopy  

 Biolistically-bombarded BY-2 cells were scraped from plates using a spatula, transferred to a 15 mL 

centrifuge tube (Thermo Fisher Scientific) and then incubated in 10 mL of fixative solution containing 4% (w/v) 

formaldehyde (Appendix I) and 0.5 x tobacco BY-2 transformation buffer for 45 min on a Thermolyne rocker 

(Barnstead, IA, USA). Fixed cells were washed four times in a 1 x phosphate-buffered saline (PBS) ph 7.4 

(Appendix I) in the following manner: centrifugation for 1 min at setting 4 in a clinical centrifuge Model CL 
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(International Equipment Co., Needham, MA, USA), removal of the supernatant by decanting, resuspension of the 

cells in 10 mL of 1 x PBS by gentle mixing, followed by rocking for 1 min. After washing, fixed BY-2 cells were 

incubated in 0.01% (w/v) pectolyase Y-23 (Kyowa Hakko Chemical Co., Ltd, Osaka, Japan) in 1 x PBS while 

rotating for 2 hr at 30ºC. The cells were then washed three times in 1 x PBS as described above, resuspended in 5 

mL of 1 x PBS after the final wash. Next, 33 µL of a 10% (v/v) Triton X-100 stock solution (in 1 x PBS) (Sigma-

Aldrich) was added to a 1 mL aliquot of fixed and pectolyased cells in a 1.7 mL microfuge tube and incubated (with 

rocking) for either 15 (or 30 min for plastidial envelope membrane permeabilization) at room temperature to 

permeabilize both organellar and plasma membranes (Lee et al., 1997). For experiments designed to demonstrate the 

topological orientation of expressed and endogenous proteins, bombarded cells were fixed in a 10 mL of 2% (w/v) 

formaldehyde in 50 mM KH2PO4 (pH 7.2) for 3 min with rocking (Lee et al., 1997), and then centrifuged as above 

and resuspended in a fresh fixative solution. Following an additional incubation of 25 min with rocking, cells were 

washed four times in 1 x PBS (as described above), treated with 0.01% (w/v) pectolyase, washed, and then 

differentially permeabilized with 20 µg/mL digitonin (Sigma-Aldrich) to perforate the plasma membrane only (Lee 

et al., 1997; Mullen et al., 2001). 

 Fixed and permeabilized BY-2 cells were processes for immunofluorescence microscopy as described by 

Trelease et al.,(1996). Briefly, BY-2 cells were incubated with primary antibodies for 1 hr, washed three times in 1 x 

PBS (as described above), incubated for 1 hr with fluorescent dye-conjugated secondary antibodies, washed three 

times in 1 x PBS (as described above), and then resuspended in 1 mL of 1 x PBS. Primary and dye-conjugated 

secondary antibodies and sources and working concentrations were as follows: mouse anti-myc (1:10) (clone 9E10; 

Princeton University Monoclonal Antibody Facility, Princeton, NJ, USA); rabbit anti-myc IgGs (1:1000) (Bethyl 

Laboratories, Montgomery, TX, USA); mouse anti-tubulin IgGs (1:500) (Sigma-Aldrich); rabbit anti-cottonseed 

catalase IgGs (1:1000) provided by Dr. Richard N. Trelease (Arizona State University, Phoenix, AZ, USA; Kunce et 

al., 1998); mouse monoclonal anti-tobacco catalase hybridoma medium (1:10) (Princeton University Monoclonal 

Antibody Facility, Princeton, NJ, USA; Chen et al., 1993); rabbit anti-Arabidopsis E1β (1:1000) provided by Dr. Jan 

A. Miernyk (clone # University of Missouri, Columbia, MO, USA; Luethy et al., 2001); rabbit anti-N-acetyl 

glutamate kinase (1:333) (NAGK) provided by Dr. Greg B. G. Moorhead (clone # University of Calgary, Calgary, 

AB, Canada; Mizuno et al., 2007) and rabbit anti-castor bean calreticulin (1:500) provided by Dr. Sean Coughlan 

(Dupont, Wilmington, DE, USA; Coughlan et al., 1997). Fluorescent dye-conjugated secondary antibodies sources 

and concentrations used were as follows: goat anti-mouse Alexa 488 (1:1000) (Life Technologies Inc., Burlington, 

ON, Canada); goat anti-rabbit (1:1000) (Life Technologies Inc., Burlington, ON, Canada); goat anti-mouse 

rhodamine red-x (1:1000) (Jackson ImmunoResearch, CA, USA); goat anti-rabbit rhodamine red-x (1:1000) 

(Jackson ImmunoResearch, CA, USA); goat anti-mouse Cy5 (1:1000) (Life Technologies Inc., Burlington, ON, 

Canada); goat anti-rabbit Cy5 (1:1000) (Life Technologies Inc., Burlington, ON, Canada).  

 For staining ER membranes in fixed, pectolyased and Triton X-100 permeabilized BY-2 cells, 10 µL of a 1 

mg/mL stock solution of either Alexa 594-conjugated concanavalin A (ConA) (Life Technologies Inc., Burlington, 

ON, Canada) or Alexa 647-conjugated ConA (Life Technologies Inc., Burlington, ON, Canada) was added to cells 

during the last 20 min of the 1 hr secondary antibody staining steps (see above). Following staining, cells were 



20 

 

washed four times with 1 x PBS. After the final wash, cells were resuspended in ~ 500 µL 1 x PBS. Immunostained 

cells were finally covered with a coverslip (22 x 40 mm) and sealed using nail polish and viewed using 

epifluorescence or confocal microscopy (see Section 2.4.3 and 2.4.4). 

 

2.2.6. Epifluorescence microscopy 

 Fluorescence (immuno)stained BY-2 cells were viewed a Zeiss Axioscope 2 MOT epifluorescence 

microscope (Carl Zeiss Inc., Thornwood, NY, USA) with a Zeiss 633 Plan Apochromat oil-immersion objective. 

Image capture was performed using a Retiga 1300 charge coupled device camera (Qimaging Corporation, Surrey, 

BC, Canada) and Openlab 5.0 software (Improvision, Waltham, MA, USA). Captured digital images were 

deconvolved (a computer program to reduce out-of-focus light) and adjusted for brightness, contrast and pseudo-

coloured in Northern Eclipse 6.0 software (Empix Imaging Inc., Mississauga, Canada). All figures shown in this 

thesis were compiled using Adobe Photoshop CS 8.0 (Adobe Systems Canada, Etobicoke, ON, Canada). 

 

2.2.7. Confocal microscopy 

 CLSM images of BY-2 cells were acquired using a Leica DM RBE (Leica Microsystems Inc., Richmond 

Hill, ON, Canada) microscope with a Leica 63x Plan Apochromat oil immersion objective a Leica TCS SP2 

scanning head, and the Leica TCS NT software package (version 2.61). Fluorophore emissions were collected 

sequentially in double-labelling experiments; single labelling experiments exhibited no detectable crossover at the 

settings used for data collections. Sample fluorescence was excited with a 488 nm argon ion (Ar) laser (for GFP and 

Alexa 488), a 543 nm helium/neon (Green He/Ne) laser (for rhodamine red-X and Alexa 594-conjugated ConA), or 

a 633 nm helium/neon (Red He/Ne) laser (for Cy5 and Alexa 647-conjugated ConA) passed through a triple dichroic 

mirror (TD 488/543/633) and then attenuated to a maximum emission of either 5-10% (for Alexa 488), 15% (for 

GFP), 50-100% (for rhodamine red-X, Alexa 594-conjugated ConA and Cy5), or 40-50% (for Alexa 647-conjugated 

ConA). Fluorophore emissions of double-labelled samples were collected separately using two channels to avoid 

any crosstalk. Confocal images were acquired as either single optical sections or as a z-series and saved as 512 x 512 

pixel digital images. All fluorescence images of cells shown in the figures are representative of > 50 independent 

(transient) transformations from at least two independent transformation experiments. Figure compositions were 

generated using Northern Eclipse 5.0 software (Empix Imaging Inc., Mississauga, ON, Canada) and Adobe 

Photoshop CS (Adobe Systems Canada, Etobicoke, ON, Canada).  

 

2.2.8. Prediction of protein domain architecture  

 Prediction of chloroplast transit-peptides was carried out by employing two different web-based 

bioinformatic prediction tools; ChloroP (http://www.cbs.dtu.dk/services/ChloroP/; Emmanuelsson et al., 1999) and 

Predotar (http://urgi.versailles.inra.fr/predotar/predotar.html; Small et al., 2004). When the programs disagreed in 

the cleavage site of the chloroplast transit-peptide the longer of the two was the designated length used for 

mutational analysis experiments. Prediction of protein domain architecture was carried out by employing the 

SMART web-based program (http://smart.embl-heidelberg.de/; Schultz et al., 1998; Letunic et al., 2006). 

http://www.cbs.dtu.dk/services/ChloroP/
http://urgi.versailles.inra.fr/predotar/predotar.html
http://smart.embl-heidelberg.de/
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2.3. RESULTS 

2.3.1. TAMP Finder  

The TAMP Finder was developed in Dr. David Andrews‟ lab at McMaster University (Hamilton, ON, 

Canada) as a bioinformatic tool designed to perform hydrophobicity calculations on a designated open reading frame 

(ORF), or deduced amino acid sequence, based on user input parameters. Briefly, one or more deduced amino acid 

sequence files (single proteins to entire proteomes) are loaded as text files into the program and evaluated by three 

separate tests, i.e., the C-terminal, N-terminal and Centre tests, in order to determine whether a given ORF meets 

specific criteria to be classified as a candidate TA protein (Figure 2-1B). That is, the sequence(s) is first assessed for 

any hydrophobic regions (i.e., putative membrane spanning domains or TMDs) in the C-terminal region via the “C-

test”, followed by the N-terminal region via the “N-test”, and subsequently the centre region via the “Centre test”. 

While the size of each of these regions is determined by user input, it is required that any putative TMD to be 

identified within the C-terminal 60 amino acid residues of the ORF in order for a protein to be classified as a 

candidate TA protein. This is due to the fact that a TMD located in a region closer to the centre would be able to 

bind SRP before it is released from the ribosome and would, therefore, be targeted and inserted into the ER co-

translationally. The C-test scans the last 60 amino acid residues starting from the C terminus for a continuous 

hydrophobic sequence (~15-23 hydrophobic amino acid residues) representative of a tail anchor TMD (Figure 2-

1A). Proteins possessing a membrane-spanning domain within the last 60 amino acids “pass” the C-test, and are then 

scanned by the N-test (Figure 2-1A). On the other hand, proteins lacking any regions of significant hydrophobicity 

within the C-terminal region, “fail” the C-test, and are discarded from the dataset (Figure 2-1A). Next, the N-test is 

utilized to remove ORFs possessing a predicted N-terminal signal sequence, which is characterized as a stretch of 8-

10 hydrophobic amino acid residues within the N-terminal 20-40 amino acid residues of a protein. Proteins which 

lack a predicted N-terminal signal sequence “pass” the N-test, and are then scanned by the Centre-test; while 

proteins possessing a predicted N-terminal signal sequence “fail‟ the N-test, and are discarded.  (Figure 2-1A). 

Finally, the Centre-test is performed on proteins that have passed both the C- and N-tests in order to identify 

membrane-spanning regions. Proteins that do not possess any regions of significant hydrophocity in this Centre 

region, “pass” the Centre-test, and are identified as candidate TA proteins; while proteins possessing predicted 

membrane-spanning domains within this region “fail” the Centre-test and are discarded (Figure 2-1A).  

 The specific parameters used to identify regions of hydrophobicity can vary but essentially they are are 

based on the Kyte and Doolittle (1982), Englemen et al., (1986) and Hoop and Woods (1981) hydropathy scales and 

can be optimized based on specific user-defined requirements (determined by Dr David Andrews; Dhanoa et al., in 

preparation). In this study the TAMP Finder was challenged and „trained‟ to identify TA proteins from a known list 

of 42 human and yeast TA proteins (Kutay et al., 1993; Borgese, 2003), while excluding proteins from known lists 

of soluble, multi-spanning and signal anchor proteins. By „training‟ the TAMP Finder to use a range of hydropathy 

scales to successfully identify TA proteins from this group of non-TA proteins, the TAMP Finder‟s search 

parameters were able to identify 40 of the 42 known TA proteins (95.2% efficient), while excluding all proteins 

(100% accurate) from the list of over 200 known non-TA proteins (100% accurate) (Dhanoa et al., in preparation).  



22 

 

 

(A) 

 

(B) 

 

 

Figure 2-1. Hydropathy characteristics and the TAMP Finder methodology used to  

identify Candidate TA ORFs  

(A) Flow diagram depicted the TAMP Finder process. Deduced amino acid sequences are first assessed for 

hydrophobic regions in the C-terminal region by the “C-test”, followed by the N-terminal region by the “N-test”, 

and subsequently the centre region by the “Centre test”.  

(B) Hydropathy profile output of „classical” TA protein, rat Cb5 based on hydropathy scales Kyte and Doolittle 

(1980), Englemen et al.,(1986) and Hoop and Woods (1981) used by the TAMP Finder program. The predicted 

transmembrane domain is underlined in red.  
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2.3.2. TAMP Finder Dataset selection 

 Due to the surge in bioinformatic analyses employed by researchers today, various sources of proteome-

wide datasets exist on publicly available servers. However, the majority of these datasets are not accurately curated, 

and generally contain numerous mistakes and a vast range of duplicated entries. Therefore, we sought to identify a 

dataset of the complete deduced protein sequence database from the Arabidopsis genome. Efforts by the INSDC 

(International Nucleotide Sequence Database Collaboration) and NCBI (National Center for Biotechnology 

Information), and also by SIB (Swiss Institute of Bioinformatics), EBI (European Bioinformatics Institute) and 

Georgetown University generated the RefSeq (Reference Sequence) and UniProt (Universal Protein Resource) 

curated databases, respectively. The TAMP Finder employed both the RefSeq and UniProt databases, however, only 

RefSeq data will be presented in this thesis since it is the most accurately curated of the two.  

 

2.3.3. TA proteins identified within the Arabidopsis proteome 

 As outlined above, the TAMP Finder identified a total of 520 candidate TA proteins within the Arabidopsis 

proteome (Table 2-1). A number of the proteins identified were, as expected, previously known TA proteins, e.g., 

peroxisomal ascorbate peroxidase (APX3) and isoforms of Cb5 (Table 2-1; bold and italics) and a large number of 

others were homologous to known plant, mammalian and yeast TA proteins including several members of the 

SNARE proteins family (Table 2-1; bold). Interestingly, however, the previously identified plant TA protein, Toc34 

(as well at its homolog, Toc33) (Qbadou et al., 2003), was not identified by the TAMP Finder. It was also notable 

that the largest group of proteins identified by the TAMP Finder (~281 proteins), were those that are currently not 

annotated to possess any known function (based on TAIR annotation; www.arabidopsis.org). Experiments aimed at 

characterization, in more detail, some of these unknown proteins as well as other newly-identified candidate TA 

proteins are described below (Sections 2.3.5.3 - 2.3.5.4). 

 

 2.3.4. Characterization of putative Arabidopsis TA proteins using Gene Ontology 

As described in Section 1.2, TA proteins studied to date, in yeast and a variety of mammalian systems, are 

involved in a variety of intracellular processes. To begin to characterize the 528 candidate TA proteins identified in 

the Arabidopsis proteome (Table 2-1), the Gene Ontology (GO) database (http://www.geneontology.org/) was 

employed to assign putative function(s) to each of the proteins. GO is a web-based database that describes genes and 

gene product function(s) using a universal controlled vocabulary, across all genomes (The Gene Ontology 

Consortium, 2005). The Arabidopsis Gene Ontology database (available at www.arabidopsis.org), like other GO 

databases, sorts genes by their molecular function and the biological process they are involved in. As shown in 

Figure 2-2, Arabidopsis TA proteins, similar to those in both the S. cerevisiae and H. sapiens proteomes (compare 

Section 1.2 and references therein), are involved in essentially all intracellular processes, where they perform a wide 

range of molecular functions.  

 Specifically, the majority of candidate Arabidopsis TA proteins are involved in protein transport and 

trafficking, organelle biogenesis, including protein translocation, and various aspects of metabolic regulation (Figure  

 

http://www.arabidopsis.org/
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Table 2-1. Candidate TA membrane proteins identified by the TAMP Finder from the March 2008 RefSeq
1
 

Arabidopsis database 

 

RefSeq
a
 accession  Protein annotation

2
 

 

NP_001030648.1 Protein Binding / Ubiquitin-Protein Ligase/ Zinc Ion Binding  

NP_001030677.1 Unknown Protein  

NP_001030776.1 ICE1 (Inducer Of CBF Exssion 1); DNA Binding  

NP_001030807.1 Unknown Protein  

NP_001030923.1 ARV1 (ACAT-Related Enzyme 2 Required for Viability protein 1) 

NP_001031004.1
3
 VAP27-2 (VAMP/Synaptrobrevin-Associated Protein 27-2)  

NP_001031054.1 SYP51 (Syntaxin of plants 51)                                                                         

NP_001031102.1 SYP61 (Syntaxin of plants 61)   

NP_001031216.1 ATP Binding  

NP_001031230.1 Unknown Protein  

NP_001031245.1 Unknown Protein  

NP_001031371.1 Unknown Protein  

NP_001031432.1 Hydrolase, Hydrolyzing O-Glycosyl Compounds  

NP_001031572.1 Unknown Protein  

NP_001031637.1 Unknown Protein  

NP_001031805.1 ELI3-1 (Elicitor-Activated Gene 3)  

NP_001031821.1 Unknown Protein  

NP_001031918.1 AMP-Activated Protein Kinase  

NP_001031950.1 SYP41 (Syntaxin of plants 41) 

NP_030665.1 Unknown Protein  

NP_051046.1 ATP Synthase CF0 C Chain  

NP_051087.1 Photosystem II Phosphoprotein  

NP_171609.1 ANAC001 (NAC domain-containing protein 1) 

NP_171610.2 ARV1 (ACAT-Related Enzyme 2 Required for Viability protein 1) 

NP_171675.2 Unknown Protein  

NP_171761.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_172019.3 Unknown Protein  

NP_172024.2 Unknown Protein  

NP_172140.1 Unknown Protein  

NP_172187.1 Unknown Protein  

NP_172219.2 Protein Binding  

NP_172332.1 SYP111 (Syntaxin of plants 111) 

NP_172493.1 Unknown Protein  

NP_172591.1 SYP125 (Syntaxin of plants)  

NP_172653.1 SEC22 

NP_172868.1 Unknown Protein  

NP_172893.1 Unknown Protein  

NP_172993.1 Racemase and Epimerase 

NP_173016.1 Unknown Protein  

NP_173172.1 Ubiquitin Conjugating Enzyme  

NP_173198.1 Catalytic  

NP_173220.2 Unknown Protein  

NP_173257.2 Unknown Protein  

                                                 
1
Determined using Reference Sequence (RefSeq) collection database available at 

http://www.ncbi.nlm.nih.gov/RefSeq 
2
Determined using the Refseq collection database and Arabidopsis Information Resource available at 

www.arabidopsis.org 
3
Bold indicates proteins with known mammalian and/or yeast TA orthologs 

 

http://www.arabidopsis.org/
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NP_173345.2 Unknown Protein  

NP_173432.2 Unknown Protein 

NP_173522.1 SPL14 (Squamosa promoter binding protein-like 14 

NP_173944.1 ATP Binding / Adenylate Cyclase/ Kinase/ Uridine Kinase  

NP_173958.1 Cb5-6 (Cytochrome b5 #6) 

NP_174059.2 TOM20-2 (20 kDa subunit of the Translocase of the Outer Mitochondrial 

membrane-2) 
NP_175850.1 Protein Binding  

NP_176043.1 ATP Binding/Transmembrane Receptor  

NP_176047.1 ATP Binding/Nucleoside-Triphosphatase/Nucleotide Binding/Transmembrane Receptor  

NP_176324.1 SYP124 (Syntaxin of plants 124) 

NP_176636.1 ATGCN3 (General Control Non-repressible 3) 

NP_176912.1 Unknown Protein  

NP_176940.1 PSBY (Photosystem II (PSII) pigment protein) 

NP_177057.2 Unknown Protein  

NP_177276.1 DNA Binding/Transcription Factor  

NP_177292.1 Unknown Protein  

NP_177394.1 Unknown Protein  

NP_177480.1 UDP-Glycosyltransferase  

NP_177496.2 Lipid Binding  

NP_177538.1 ATP Binding/Adenylate Cyclase/Kinase/Uridine Kinase  

NP_177553.3 Unknown Protein  

NP_177577.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_177774.1 Unknown Protein  

NP_177784.3 Transcription Factor  

NP_177803.1 Unknown Protein  

NP_177804.1 Unknown Protein  

NP_177873.1 L-Ascorbate Peroxidase  

NP_177914.1 Unknown Protein  

NP_178025.1 Unknown Protein  

NP_178038.1 Unknown Protein  

NP_178094.1 DTA4 (Downstream Target of AGL15-4)  

NP_178096.1 Unknown Protein  

NP_178204.1 Unknown Protein  

NP_178233.1 Unknown Protein  

NP_178239.1 Unknown Protein  

NP_178256.1 STL2P (Sec12-like proteins); Nucleotide Binding  

NP_178286.1 Unknown Protein  

NP_178428.2 Protein Carrier  

NP_178725.1 Unknown Protein  

NP_179202.1 Protein Dimerization  

NP_179297.2 ATP Binding/Transmembrane Receptor  

NP_179412.1 Unknown Protein  

NP_179476.2 Unknown Protein  

NP_179558.1 Hydrogen-Transporting ATP Synthase, Rotational Mechanism 

NP_179575.1 Unknown Protein  

NP_179585.3 Unknown Protein  

NP_179688.1 Unknown Protein  

NP_180084.1 DNA Binding  

NP_180106.1 ATVAMP712 (Arabidopsis thaliana vesicle-associated membrane protein 712) 

NP_180117.1 Protein Binding  

NP_180177.2 Unknown Protein  

NP_180182.2 Unknown Protein  

NP_180192.1 Unknown Protein  

NP_180299.1 Unknown Protein  

NP_180305.1 Unknown Protein  
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NP_180413.1 Protein Binding/Zinc Ion Binding  

NP_180425.2 Unknown Protein  

NP_180491.1 Oxidoreductase  

NP_180565.1 MAPKKK14 (Mitogen activated protein kinase kinase kinase 14)  

NP_180793.2 Unknown Protein  

NP_180825.2 Kinase/Protein Binding  

NP_180831.1 Cb5-4 (Cytochrome b5 #4 ) 

NP_180862.1 Protein Binding  

NP_180967.2 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_181153.1 Unknown Protein  

NP_181154.1 Unknown Protein  

NP_181162.1 ATP Binding / Microtubule Motor  

NP_181174.1 Unknown Protein  

NP_181184.1 Unknown Protein  

NP_181191.1 Unknown Protein  

NP_181331.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_181384.2 Unknown Protein  

NP_181412.2 Unknown Protein  

NP_181722.1 ATP Binding/Kinase/Protein Kinase/Protein Serine/Threonine Kinase/Protein-Tyrosine 

Kinase  

NP_181760.1 Unknown Protein  

NP_181855.3 Unknown Protein  

NP_181856.1 Unknown Protein  

NP_181977.1 Hydrolase, Hydrolyzing O-Glycosyl Compounds  

NP_182033.1 SEC61 BETA 

NP_182039.1 Structural Molecule  

NP_182045.1 GOS12 (Golgi SNARE 12) 

NP_182187.1 Unknown Protein  

NP_182188.1 Cb5-1 (Cytochrome b5 #1 ) 

NP_187030.1 SYP131 (Syntaxin of plants 131)  

NP_187096.2 Unknown Protein  

NP_187164.1 Unknown Protein  

NP_187182.1 ATP Binding/GTP Binding/Calcium Ion Binding  

NP_187312.1 Unknown Protein  

NP_187517.1 Unknown Protein  

NP_187698.1 Catalytic/Hydrolase  

NP_187780.2 Unknown Protein  

NP_187788.1 SYP121 (Syntaxin of plants 121) 

NP_188181.1 Unknown Protein  

NP_188315.1 Unknown Protein  

NP_188808.2 Unknown Protein  

NP_188858.1 Calmodulin Binding  

NP_188932.1 Peptidyl-Prolyl Cis-Trans Isomerase  

NP_188941.1 Protein Binding  

NP_188959.1 Unknown Protein  

NP_189078.2 SYP32 (Syntaxin of plants 32)   

NP_189190.2 ATPase, Coupled To Transmembrane Movement of Substances  

NP_189290.1 Unknown Protein  

NP_189343.1 TOM20-1 (20 kDa subunit of the Translocase of the Outer Mitochondrial 

membrane-1) 

NP_189344.1 TOM20-3 (20 kDa subunit of the Translocase of the Outer Mitochondrial 

membrane-3) 

NP_189465.1 Unknown Protein  

NP_189500.1 Unknown Protein  

NP_189550.1 Protein Carrier  

NP_189554.2 VTI13 (Vesicle transport v-SNARE 13)  
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NP_189608.1 Unknown Protein  

NP_189655.1 Unknown Protein  

NP_189669.1 Unknown Protein  

NP_189867.1 Unknown Protein  

NP_189970.1 Unknown Protein  

NP_190015.1 ANAC060 (NAC domain containing protein 60)  

NP_190056.1 Unknown Protein  

NP_190073.1 S-Adenosylmethionine-Dependent Methyltransferase  

NP_190074.1 ACD1 (Accelerated Cell Death 1)  

NP_190136.1 Unknown Protein  

NP_190140.1 Ubiquitin-Protein Ligase/ Zinc Ion Binding  

NP_190181.1 Unknown Protein  

NP_190301.2 Transferase  

NP_190304.1 Unknown Protein  

NP_190309.1 Unknown Protein  

NP_190325.1 Unknown Protein  

NP_190522.1 ANAC062 (NAC domain containing protein 62); Transcription Factor  

NP_190587.1 Unknown Protein  

NP_190588.2 Unknown Protein  

NP_190652.1 COR413-PM2 (Cold acclimation protein WCOR413-like protein) 

NP_190775.1 Unknown Protein  

NP_190808.1 SYP122; T-SNARE  

NP_190830.1 Unknown Protein  

NP_190863.3 Unknown Protein  

NP_190892.3 Protein Binding  

NP_190897.1 CYP71B30P (Cytochrome P450, family 71, subfamily B, polypeptide 30 pseudogene 

NP_190998.1 ATVAMP727 (Arabidopsis thaliana vescicle-associated membrane proteins 727) 

NP_191006.3 Unknown Protein  

NP_191033.1 Unknown Protein  

NP_191063.1 CDP-Alcohol Phosphatidyltransferase 

NP_191096.1 CER10/ECR; 3-Oxo-5-Alpha-Steroid 4-Dehydrogenase/Fatty Acid Elongase  

NP_191160.1 Unknown Protein  

NP_191189.1 ATP Binding/Cysteine-Trna Ligase  

NP_191328.1 Unknown Protein  

NP_191376.1 ATBS14A (Bet1/Sft1-like SNARE 14A) 

NP_191443.1 Unknown Protein  

NP_191509.2 Unknown Protein  

NP_191549.2 Unknown Protein  

NP_191562.1 Transcription Factor  

NP_191778.1 Heat Shock Protein Binding/Unfolded Protein Binding  

NP_191780.1 Unknown Protein  

NP_191847.1 Protein Translocase/Protein Transporter  

NP_191900.1 APG1 (Albino or Pale Green Mutant 1)  

NP_191960.1 Cyclic Nucleotide Binding  

NP_191973.2 Unknown Protein  

NP_192064.1 ANAC069 (NAC domain-containing protein 069)  

NP_192241.1 Protein Translocase  

NP_192242.1 SYP123 (Syntaxin of plants 123)  

NP_192250.2 Unknown Protein  

NP_192260.1 RMA1; Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_192356.1 PMP22 (22 kDa peroxisomal membrane protein)  

NP_192599.2 Ubiquitin-Protein Ligase/ Zinc Ion Binding  

NP_192673.1 Heat Shock Protein Binding / Unfolded Protein Binding  

NP_192772.1 LHCB5 (Light Harvesting Complex of Photosystem II 5) 

 NP_192960.1 Catalytic  

NP_193339.1 Unknown Protein  
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NP_193352.1 Unknown Protein  

NP_193360.1 PHYD (Phytochrome Defective D) 

 NP_193577.1 Unknown Protein  

NP_193668.1 Unknown Protein  

NP_193725.3 Transmembrane Receptor  

NP_193784.1 Unknown Protein  

NP_193919.2 Unknown Protein  

NP_193975.1 Unknown Protein  

NP_194011.1 Unknown Protein  

NP_194014.2 Unknown Protein  

NP_194142.1 Unknown Protein  

NP_194222.1 Protein Translocase  

NP_194225.1 Unknown Protein  

NP_194249.1 Unknown Protein  

NP_194480.2 PPI1 (Proton Pump Interactor 1)  

NP_194513.1 Unknown Protein  

NP_194557.2 Unknown Protein  

NP_194587.2 Metal Ion Transporter  

NP_194885.1 Unknown Protein  

NP_194942.1 VAMP7C (Vesicle-Associated Membrane Protein 7C)  

NP_195190.1 SQS1 (Squalene Synthase 1) 

NP_195226.1 APX3 (Ascorbate Peroxidase 3)  

NP_195243.1 Unknown Protein  

NP_195321.1 L-Ascorbate Peroxidase/Peroxidase  

NP_195338.1 ATP Binding/Transmembrane Receptor  

NP_195773.1 Chlorophyll Binding  

NP_195818.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_195836.1 Unknown Protein  

NP_195892.1 Unknown Protein  

NP_196028.2 Unknown Protein  

NP_196061.1 NAC2; Transcription Factor  

NP_196185.2 Electron Transporter/Transcription Factor  

NP_196194.1 Heat Shock Protein Binding/Unfolded Protein Binding  

NP_196195.1 SYP31 (Syntaxin of plants 31)  

NP_196202.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_196422.1 Unknown Protein  

NP_196493.1 Unknown Protein  

NP_196518.2 Nucleic Acid Binding  

NP_196522.1 SDH3-1 (Succinate dehydrogenase 3-1) 

NP_196533.1 Metal Ion Transporter  

NP_196676.1 ATVAMP713 (Arabidopsis thaliana vesicle-associated membrane protein 713) 

NP_196690.2 Unknown Protein  

NP_196700.2 Unknown Protein  

NP_197054.1 Protein Binding  

NP_197092.1 Unknown Protein  

NP_197185.1 SYP21 (Syntaxin of plants 21) 

NP_197197.1 Unknown Protein  

NP_197354.2 ATP Binding/Protein Serine/Threonine Kinase  

NP_197384.1 SPL7 (Squamosa Promoter Binding Protein-like 7) 

NP_197458.1 Unknown Protein  

NP_197531.1 Unknown Protein  

NP_197597.1 Unknown Protein  

NP_197628.1 ATVAMP714 (Arabidopsis thaliana vesicle-associated membrane protein 714) 

NP_197646.1 Unknown Protein  

NP_197648.1 Unknown Protein  

NP_197975.3 Ferrochelatase  
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NP_197999.1 Unknown Protein  

NP_198007.1 Unknown Protein  

NP_198085.1 Unknown Protein  

NP_198102.1 Unknown Protein  

NP_198209.1 Unknown Protein  

NP_198397.1 Unknown Protein  

NP_198404.1 Unknown Protein  

NP_198473.1 Nucleic Acid Binding  

NP_198484.2 Unknown Protein  

NP_198509.2 ATP Binding/Transmembrane Receptor  

NP_198528.1 Unknown Protein  

NP_198767.1 VTI11 (Vesicle transport v-SNARE 11)  

NP_198867.1 Unknown Protein  

NP_198907.1 ATP Binding/Nucleoside-Triphosphatase/ Nucleotide Binding/Transmembrane Receptor  

NP_198909.1 TOM20-4 (20 kDa subunit of the Translocase of outer mitochondrial membrane - 4)  

NP_198968.1 Unknown Protein  

NP_199130.1 Unknown Protein  

NP_199170.1 Serine-Type Endopeptidase Inhibitor  

NP_199210.1 TOM22-V (22 kDa subunit of the Translocase of outer mitochondrial membrane - 

V) 

NP_199304.1 Transmembrane Receptor  

NP_199497.1 Unknown Protein  

NP_199692.1 Cb5 #3 Cytchrome b5-3 

NP_199740.1 Protein Binding  

NP_199854.1 Ubiquitin Conjugating Enzyme  

NP_200071.1 Unknown Protein  

NP_200110.1 Unknown Protein  

NP_200168.1 Cb5 #2 Cytchrome b5-2 

NP_200309.1 Unknown Protein  

NP_200386.1 Unknown Protein  

NP_200401.1 Unknown Protein  

NP_200432.1 Unknown Protein  

NP_200708.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_200854.1 Protein Transporter  

NP_200957.1 Unknown Protein  

NP_201088.1 Unknown Protein  

NP_201261.2 Metal Ion Transporter  

NP_201302.1 Binding/Transporter  

NP_201403.1 IBS2 (Impaired in BABA-Induced Sterility 2) 

NP_563623.1 Unknown Protein  

NP_563628.1 Unknown Protein  

NP_563660.1 Triacylglycerol Lipase  

NP_563699.1 TOM22-I (22 kDa subunit of the Translocase of outer mitochondrial membrane - I) 

NP_563729.1 Metalloendopeptidase/Protein Binding  

NP_563823.1 Unknown Protein  

NP_563835.1 Rhodopsin-Like Receptor  

NP_563857.1 Unknown Protein  

NP_563962.1 Unknown Protein  

NP_563985.1 GOS11 (Golgi SNARE 11)  

NP_563987.1 Unknown Protein  

NP_563992.1 Unknown Protein  

NP_564017.1 Unknown Protein  

NP_564058.1 Unknown Protein  

NP_564076.1 Unknown Protein  

NP_564185.1 Unknown Protein  

NP_564255.1 VTI12 (Vesicle Transport V-SNARE 12) 
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NP_564277.1 Unknown Protein  

NP_564292.1 Unknown Protein  

NP_564312.1 Unknown Protein  

NP_564319.1 Unknown Protein  

NP_564389.1 Unknown Protein  

NP_564410.1 ANAC013 (NAC domain protein 13) 

NP_564439.1 ANAC016 (NAC domain protein 16) 

NP_564440.1 ANAC017 (NAC domain protein 17) 

NP_564492.1 Unknown Protein  

NP_564597.1 SYP81 (Syntaxin of plants 81) 

NP_564615.3 Unknown Protein  

NP_564649.1 Cation Antiporter  

NP_564666.1 Carbohydrate Transporter/Sugar Porter  

NP_564667.1 Unknown Protein  

NP_564689.1 S-Adenosylmethionine-Dependent Methyltransferase  

NP_564696.1 ATP Binding/Microtubule Motor  

NP_564712.1 EMB1303 (Embryo defective 1303) 

NP_564841.1 Calcium Ion Binding  

NP_564884.1 Unknown Protein  

NP_564959.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_564981.1 Unknown Protein  

NP_565031.1 Unknown Protein  

NP_565035.1 Catalytic/Iron Ion Binding  

NP_565213.1 SYP52 (Syntaxin of plants 52)  

NP_565217.1 Unknown Protein  

NP_565266.1 Unknown Protein  

NP_565278.1 Unknown Protein  

NP_565317.1 Unknown Protein  

NP_565335.1 Unknown Protein  

NP_565388.1 Unknown Protein  

NP_565463.1 Structural Constituent of Ribosome  

NP_565550.1 ATRER-1C  

NP_565556.1 Unknown Protein  

NP_565573.1 Unknown Protein  

NP_565597.1 EBF1 (EIN3-Binding F box protein 1  

NP_565623.1 Plastoquinol-Plastocyanin Reductase  

NP_565638.1 Unknown Protein  

NP_565726.1 Unknown Protein  

NP_565741.1 Unknown Protein  

NP_565745.1 Metalloendopeptidase/Protein Binding  

NP_565754.1 Ubiquitin Conjugating Enzyme/Ubiquitin-Like Activating Enzyme  

NP_565792.1 Unknown Protein  

NP_565800.1 NPSN11 (Novel Plant SNARE 11)  

NP_565941.1 Unknown Protein  

NP_565969.1 Unknown Protein  

NP_566001.1 Unknown Protein  

NP_566032.1 Unknown Protein  

NP_566080.1 Unknown Protein  

NP_566324.1 Unknown Protein  

NP_566337.1 Unknown Protein  

NP_566354.1 SYP71 (Syntaxin of plants 71)  

NP_566376.1 ANAC053; Transcription Factor  

NP_566432.1 Unknown Protein  

NP_566455.1 Unknown Protein  

NP_566531.1 Unknown Protein  

NP_566563.1 Ubiquitin Conjugating Enzyme  
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NP_566578.1 NPSN13 ((Novel Plant SNARE 13) 

NP_566702.1 PCC1 (PATHOGEN AND CIRCADIAN CONTROLLED 1)  

NP_566707.1 Unknown Protein  

NP_566839.1 Unknown Protein  

NP_566878.1 SYP72 (Syntaxin of plants 72)  

NP_566909.1 Protein Translocase  

NP_566941.1 Unknown Protein  

NP_566993.1 PAS1 (PASTICCINO 1)  

NP_567024.1 Unknown Protein  

NP_567044.1 Unknown Protein  

NP_567054.1 Unknown Protein  

NP_567076.1 Metal Ion Transporter  

NP_567101.1 VAP27-1 (VAMP/Synaptrobrevin-associated protein 27-1 

NP_567114.1 SYP73 (Syntaxin of plants 73)  

NP_567131.1 Triacylglycerol Lipase  

NP_567153.1 Structural Molecule  

NP_567223.1 SYP42 (Syntaxin of plants 41) 

NP_567322.1 Unknown Protein  

NP_567365.1 Unknown Protein  

NP_567434.1 Unknown Protein  

NP_567446.1 Unknown Protein  

NP_567485.1 Protein Transporter  

NP_567516.1 Unknown Protein  

NP_567584.1 Unknown Protein  

NP_567619.1 Unknown Protein  

NP_567646.1 Unknown Protein  

NP_567698.1 Unknown Protein  

NP_567716.1 Unknown Protein  

NP_567722.1 FWA (Flowering WAGENINGEN)  

NP_567751.1 Unknown Protein  

NP_567842.1 Unknown Protein  

NP_567943.1 Ubiquitin-Protein Ligase/ Zinc Ion Binding  

NP_567958.1 SEP1 (Stress Enhanced Protein 1)  

NP_567986.3 Transcription Factor  

NP_568043.1 Unknown Protein  

NP_568060.1 Binding  

NP_568073.1 Unknown Protein  

NP_568144.1 RTM2 (Restricted TEV Movement 2)  

NP_568187.1 SYP132 (Syntaxin of plants 132)  

NP_568272.1 Unknown Protein  

NP_568273.1 DNA Binding/Protein Binding/Zinc Ion Binding  

NP_568342.1 Electron Transporter/Metal Ion Binding/Protein Binding  

NP_568526.1 Unknown Protein  

NP_568549.1 Unknown Protein  

NP_568671.1 VAM3 (Vacuolar Morphology 3) 

NP_568684.1 Unknown Protein  

NP_568726.1 Unknown Protein  

NP_568738.1 Nucleotide Binding  

NP_568880.1 Unknown Protein  

NP_568917.1 Unknown Protein  

NP_671854.1 Unknown Protein  

NP_680187.2 Unknown Protein  

NP_680220.1 Unknown Protein  

NP_680229.1 Cysteine-Type Peptidase  

NP_680366.1 Unknown Protein  

NP_680399.1 Unknown Protein  
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NP_680472.1 Unknown Protein  

NP_680587.1 Unknown Protein  

NP_680593.1 Unknown Protein  

NP_680664.1 Unknown Protein  

NP_680666.1 Unknown Protein  

NP_680701.1 Unknown Protein  

NP_680769.1 Unknown Protein  

NP_680771.1 Unknown Protein  

NP_683301.1 Unknown Protein  

NP_683311.2 Unknown Protein  

NP_683432.1 Unknown Protein  

NP_683470.1 Unknown Protein  

NP_683504.2 Unknown Protein  

NP_683506.1 Unknown Protein  

NP_683664.1 Unknown Protein  

NP_683669.1 Unknown Protein  

NP_849384.1 Protein Transporter  

NP_849509.1 Unknown Protein 

NP_849778.1 Light Harvesting Complex 5  

NP_849827.1 Unknown Protein 

NP_849889.2 Unknown Protein  

NP_850039.1 Unknown Protein 

NP_850125.1 ALB3 (ALBINO 3)  

NP_850149.1 Unknown Protein  

NP_850152.1 Unknown Protein  

NP_850380.1 Unknown Protein  

NP_850409.1 Unknown Protein  

NP_850468.1 SPL1 (Squamosa Promoter Binding like-1 

NP_850488.1 Unknown Protein  

NP_850508.1 Unknown Protein  

NP_850519.1 SYP43 (Syntaxin of plants 43)  

NP_850545.1 Light Harvesting Complex protein B4.2 

NP_850550.1 Unknown Protein  

NP_850613.1 Flavonol Synthase/Iron Ion Binding/Isopenicillin-N Synthase  

NP_850624.1 Imidazoleglycerol-Phosphate Dehydratase  

NP_850646.1 Unknown Protein  

NP_850668.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_850682.1 Unknown Protein  

NP_850693.1 Unknown Protein  

NP_850758.1 Unknown Protein  

NP_850802.2 Metal Ion Transporter  

NP_850862.1 Heat Shock Protein Bindin /Unfolded Protein Binding  

NP_850895.1 Unknown Protein  

NP_850946.1 Unknown Protein  

NP_851071.1 TIP (TCV-interacting protein) 

 NP_851144.1 Structural Molecule  

NP_851269.1 Metal Ion Transporter  

NP_973451.1 Unknown Protein  

NP_973461.1 Protein Binding/Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_973536.1 Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_973615.1 Unknown Protein  

NP_973662.1 Unknown Protein  

NP_973748.1 Unknown Protein  

NP_973773.1 Unknown Protein  

NP_973954.1 Unknown Protein 

NP_974010.1 Unknown Protein  
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NP_974141.1 Unknown Protein  

NP_974175.1 Unknown Protein  

NP_974214.1 Unknown Protein  

NP_974244.1 Unknown Protein 

NP_974357.1 Unknown Protein  

NP_974376.1 Ubiquitin-Protein Ligase/Zinc Ion Binding  

NP_974390.1 Transporter  

NP_974467.1 Protein Transporter  

NP_974475.1 Unknown Protein  

NP_974527.1 Unknown Protein  

NP_974577.1 Transmembrane Receptor  

NP_974578.1 Transmembrane Receptor  

NP_974598.1 Transmembrane Receptor  

NP_974695.1 Unknown Protein 

NP_974743.1 Unknown Protein 

NP_974755.1 DNA Binding/Transcription Coactivator  

NP_974796.1 Unknown Protein  

NP_974814.1 Unknown Protein  

NP_974821.1 Unknown Protein  

NP_974822.1 Unknown Protein  

NP_974909.1 Unknown Protein  

NP_974939.1 Unknown Protein  

NP_974948.1 DNA Binding  
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2-2) (reviewed in Borgese and Fasana, 2011). However, almost 50% of the proteins identified by the TAMP Finder 

currently possess no  known function(s). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2. Molecular function(s) of candidate Arabidopsis TA proteins as described by Gene 

Ontology.  

The Gene Ontology database (http://www.geneontology.org/) was employed to assign putative function(s) 

to each of the proteins. Gene Ontology is a web-based database created to describe genes and gene 

function(s) using a universal controlled vocabulary, across all genomes. The Arabidopsis Gene Ontology 

database (available at www.arabidopsis.org), like other GO databases, sorts genes by their molecular 

function and the biological process they are involved in.  

 

2.3.5. Subcellular localization of selected candidate Arabidopsis TA proteins in BY-2 cells 

As described above (Section 2.3.4), plant candidate TA proteins identified by the TAMP Finder generally 

fall into four major functional classes of proteins, similar to those previously examined yeast and mammalian TA 

proteins (reviewed in Wattenberg and Lithgow, 2001). For instance, most are annotated as being: (i) involved in 

protein targeting, trafficking and/or translocation, (ii) enzymatic or metabolic processes, (iii) novel or unique cellular 

process, or (iv) of unknown function/localization. Thus, to learn more about the Arabidopsis homologs of 

previously-characterized mammal and yeast TA proteins and to begin characterizing these currently unknown 

Arabidopsis proteins, the intracellular localization of 24 candidate Arabidopsis TA proteins was determined. 

 

http://www.arabidopsis.org/
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2.3.5.1. Localization of Arabidopsis homologs of mammalian and yeast TA proteins involved in protein 

trafficking and/or translocation 

One of the largest groups of characterized mammalian and yeast TA proteins belong to the syntaxin family 

of proteins, which regulate the vectorial transport of proteins through the endomembrane system. The TAMP Finder 

identified large group of SNARE proteins within the Arabidopsis proteome as candidate TA proteins. Plant SNARE 

(for soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) proteins regulate vesicle 

trafficking within the endomembrane system by facilitating the fusion of vesicles with their destination target 

membranes to ensure efficient targeting and delivery of specific membrane proteins and soluble cargo (reviewed in 

Hwang and Robinson, 2009). Subsets of SNAREs are found at both vesicle (v-SNARE) and target (t-SNARE) 

membranes, and it is the pairing of the complementary SNARE partners to form a SNARE bundle of coiled helices 

that draws the membrane surfaces together for docking and fusion (reviewed in Bassham and Blatt, 2008).  

The TAMP Finder identified 34 proteins within the t-SNARE protein family as candidate TA proteins. To 

begin characterizing this large group of candidate TA proteins, the subcellular localization of 9 readily available 

(graciously provided by Dr. Sato) SNARE proteins; Syp21, Syp42, Syp52, Syp61, Syp72, Syp81, Syp121, Syp131, 

SFT11 and Gos11 was examined. To determine the subcellular localization of the candidate SNARE proteins each 

protein was N-terminally fused to GFP and expressed transiently in tobacco BY-2 suspension cells followed by 

immunofluorescence confocal laser scanning microscopic (CLSM) analysis. Figure 2-3 shows that these candidate 

plant TA proteins localize to a wide range of endomembrane compartments including the ER, Golgi, TGN, 

endosomes/vacuoles and plasma membrane.  

As shown in Figure 2-4, GFP-Syp72 and GFP-Syp81 co-localize with ER-stain concanavalin A (ConA) 

(Tartakoff and Vassalli, 1983) in the ER of transformed BY-2 cells. Two other SNAREs, GFP-Gos11 and GFP-

SFT11 localized to small punctate structures resembling Golgi bodies. To confirm this result, GFP-Sft11-expressing 

cells were stained against endogenous reversibly glycosylated polypeptide (RGP1), Golgi marker protein (Dhugga et 

al., 1997). Figure 2-3 shows that GFP-Sft11 colocalizes with RGP1 in small punctate structures, confirming that 

Sft11 localizes to Golgi. Figure 2-3 also shows the localization of GFP-Syp42. The fluorescence attributable to 

GFP-Syp42 appears to aggregate in very small punctate structures resembling those similar structures previously 

observed by Uemura et al (2004), characteristic of the trans-Golgi network (TGN). Figure 2-3 also shows that GFP-

Syp21 and GFP-Syp52 localize to large globular structures within the cell. In comparison to the morphology 

exhibited by Golgi and TGN-localized SNARE proteins, the structures that Syp21 and Syp52 localize to, are larger 

and there appear to be far fewer within the cell. As described by Uemura et al (2004) these two SNARE proteins 

possibly localize to endosomes/vacuoles. Shown also are the localization results of GFP-Syp121and GFP-Syp131. 

These SNARE proteins localize to the ER as demonstrated by the merged panels, showing the co-localization of the 

fluorescence attributable to the GFP-fused SNARE protein with the fluorescence attributable to ConA staining of the 

ER. However, as demonstrated by the high magnification images shown in Figure 2-3, a large portion of GFP-

Syp121 and GFP-Syp131 localize to the periphery of the cell (white arrows), to a structure that delineates the ConA 

stained ER (open arrows), likely the plasma membrane. Similar to results obtained by Uemura et al., the results 

presented in Figure 2-3 suggest that Syp121and Syp131 localize to the plasma membrane.  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC527194/figure/fig2/
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Figure 2-3. Localization of select candidate TA Arabidopsis SNARE proteins in Tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with the labelled GFP-fused SNARE 

protein. After 6 hours of expression the cells were fixed and then processed for immunofluorescence CLSM, or 

epifluorescence microscopy for GFP-SFt11 in the second row of images, using the appropriate primary and 

secondary antibodies. Each micrograph is appropriately labelled with the transiently-expressed construct name or 

ConA staining of the ER, or RGP1 staining of the Golgi. The third micrograph in each set of images represents the 

merged composition of the two micrographs to the left. Areas of yellow/orange represent co-localization between 

the proteins. The bottom row of images represents high magnification CLSM micrographs of the cell above it. Bar = 

10 µm in top left panel and 1 µm in bottom left panel.     
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However, Figure 2-3 also shows that all post-ER targeted SNARE proteins (i.e., those targeted to the Golgi, 

TGN, endosomes and plasma membrane) also accumulate in the ER, as demonstrated by co-localization with ConA-

stained ER. To determine if this accumulation was due to the dual localization of the SNARE protein, or due to 

newly synthesized protein being targeted to its final destination via the ER, GFP-Gos11-expressing and GFP-

Syp121-expressing cells were fixed at different time points, to observe the temporal localization dynamics of Gos11 

and Syp121. Specifically, cells expressing either GFP-Gos11 or GFP-Syp121 were fixed at 2 h, 4 h or 6 h post-

bombardment. Figure 2-4a shows that both Gos11 and Syp121 show a high degree of co-localization with ConA-

stained ER at early time points (2h and 4 h). However, by 6 h post-bombardment, both proteins are heavily 

accumulated in the Golgi and plasma membrane, respectively. These results suggest that SNARE proteins are 

transported via the ER to their final destination. These results reveal that Gos11 and Syp121 localize to the ER at 

early time points, and to the Golgi and plasma membrane, respectively, at later time points. However, even at later 

time points, portions of both proteins are observed in the ER. While this could be due to nascent protein in the ER, it 

is possible that both proteins are in fact dual targeted to the ER and to the Golgi, or plasma membrane.  

In order to ascertain that the nascent population of GFP-Gos11 and GFP-Syp121 observed in the ER at 2 h 

(Figure 2-4a) is the same population of protein seen in the Golgi and plasma membrane, respectively, at later time 

points (4 h and 6 h, Figure 2-4a), GFP-Gos11-expressing and GFP-Syp121-expressing cells were cold treated at 14 

⁰C for 6 h. Cold treatment of cells, amongst other effects, disrupts protein transport from the ER by inhibiting ER- 

derived vesicle formation (Bar-Peled and Raikhel, 1997; Boevink et al., 1999; Phillipson et al., 2001). As shown in 

Figure 2-4b, cold treatment of cells results in Gos11 and Syp121 accumulating in the ER after 6 h, rather than 

sorting to the Golgi and plasma membrane as seen in cells incubated at 25 ⁰C for 6 h (c.f., Figure 2-4a), suggesting 

that post-ER targeted SNARE proteins are sorted via the ER to their final destined endomembrane compartment. 

To confirm this conclusion, Gos11-expresing and Syp121-expressing cells were treated with a protein 

synthesis inhibitor, cycloheximide. Specifically, GFP-SNARE-transformed cells at 2 h after bombardment were 

incubated with the protein synthesis inhibitor cycloheximide after which they were incubated for an additional 4 h 

before fixation and processing for immunofluorescence microscopy. Figure 2-4c shows that when incubated with 

cycloheximide, GFP-Gos11 accumulates entirely to small punctate structures, characteristic of the Golgi body 

(compare to Figure 2-3). Figure 2-4c also shows that when treated with cycloheximide, GFP-Syp121 accumulates 

entirely in the plasma membrane (compare to Figure 2-3). These results suggest that the ER localization of post-ER-

resident SNARE proteins in Figure 2-3 is a result of nascent protein trafficking through the ER. These results are 

significant since no previous studies have been completed on the trafficking pathways employed by plant SNARE 

proteins. 

Another group of well-documented mammalian and yeast TA proteins are several subunits of the 

translocase of the outer mitochondrial membrane; Tom5, Tom6, Tom7 and Tom22 (Wattenberg and Lithgow, 2001; 

Allen et al., 2002; Horie et al., 2002; Horie et al., 2003; Setoguchi et al., 2006). In Arabidopsis, however, only 

Tom22, and another component of the TOM complex, Tom20, were identified as candidate TA proteins by the 

TAMP Finder. Plant Tom20 functions in a similar role as its yeast and mammalian orthologs, as the central 

component of the TOM receptor complex, responsible for the recognition and translocation of cytosolically  
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Figure 2-4. Localization of Gos11 and Syp121 at varying time points and the effect of cold-treatment and 

cycloheximide on their sorting 

(a) Tobacco BY-2 cells were transformed transiently with the labelled GFP-fused SNARE protein. After 2, 4 and 6 

hours of expression the cells were fixed and then processed for immunofluorescence CLSM using the appropriate 

primary and secondary antibodies. Each micrograph is appropriately labelled with the transiently-expressed 

construct name or ConA staining of the ER. The bottom panel in each set of images represents the merged 

composition of the GFP-construct with ConA-stained ER. Areas of yellow/orange represent co-localization between 

the proteins. Bar = 10 µm. 

(b) Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with the labelled GFP-fused 

SNARE protein and incubated at 14 °C. After 6 hours of expression (at 14 °C), the cells were fixed and then 

processed for immunofluorescence CLSM using the appropriate primary and secondary antibodies. Each micrograph 

is appropriately labelled with the transiently-expressed construct name or ConA staining of the ER. The third panel 

in each set of images represents the merged composition of the GFP-construct with ConA-stained ER. Areas of 

yellow/orange represent co-localization between the proteins. Bar = 10 µm. 

(c) Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with the labelled GFP-fused 

SNARE protein. After 2 hours of expression the cells were treated with cycloheximide and then incubated for an 

additional 4 hours. The cells were then fixed and then processed for immunofluorescence CLSM using the 

appropriate primary and secondary antibodies. Each micrograph is appropriately labelled with the transiently-

expressed construct name or ConA staining of the ER. The bottom panel in each set of images represents the merged 

composition of the GFP-construct with ConA-stained ER. Areas of yellow/orange represent co-localization between 

the proteins. Bar = 10 µm. 
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synthesized mitochondrial preproteins (Heins and Schmitz, 1996). Arabidopsis Tom20 has been shown through 

mitochondrial purification experiments to target to the outer mitochondrial membrane (Werhahn et al., 2001). The 

Arabidopsis proteome has four isoforms of Tom20, Tom20-1, Tom20-2, Tom20-3 and Tom20-4, which share a high 

degree of homology with each other, all of which were identified by the TAMP Finder as candidate TA proteins. To 

verify thesubcellular localization of Arabidopsis Tom20 in vivo, isoform Tom20-3 (At3g27080) for which cDNA 

was readily available from TAIR, was myc-epitope-tagged at its N terminus and expressed transiently in tobacco 

BY-2 suspension cells followed by epi or CLSM immunofluorescence microscopy. As shown in Figure 2-5, 

expressed myc-Tom20-3 partially co-localized with the endogenous mitochondrial matrix marker protein, E1β (the 

E1β subunit of plant pyruvate dehydrogenase; Luethy et al., 2001).  

Also shown are results from CLSM analysis of the same batch of myc-Tom20-3 transformed cells. As 

shown by the high magnification images, myc-Tom20-3 appears to localize to toroidal structures which delineate the 

punctate fluorescence attributable to E1β (Figure 2-5). These toroidal structures have previously been described by 

Hwang et al., (2004) for another outer mitochondrial membrane TA protein, tung (Aleurites fordii) Cb5D (Hwang et 

al., 2004), suggesting that myc-Tom20-3 also localizes to the outer mitochondrial membrane, at least in BY-2 cells.  

In addition to protein targeting and translocation to and across specific organelle membranes, TA proteins 

are also involved in the fission of organelles. For example, yeast Fis1p, a TA protein involved in peroxisomal and 

mitochondrial fission (Habib et. al., 2003; Koch et. al., 2005; reviewed in Suen et al., 2008), has two Arabidopsis 

homolog proteins, Fis1A and Fis1B both of which were identified as candidate TA proteins by the TAMP Finder. 

These two proteins, while highly similar to their yeast counterpart in terms of their sequences have not been well 

studied. Figure 2-6 shows that neither myc-Fis1A nor Fis1B co-localize with peroxisomal matrix protein, catalase. 

Instead, both proteins localize to a reticular network within the cell. Interestingly, myc-Fis1A and myc-Fis1B do not 

appear to localize to the same reticular structure.   

That is, as shown in Figure 2-6, while myc-Fis1B localizes exclusively to the ER, based on its co-

localization with ConA, myc-Fis1A only partially localizes to the ER. And while myc-Fis1A localizes primarily to a 

reticular structure it does not appear to be the same reticular structure that co-localizes with ConA-labelled ER. 

Figure 2-6 also shows that a portion of myc-Fis1A localizes to small punctate structures within the cytosol. To 

determine the identity of these structures, the same myc-Fis1A-transformed cells were stained against endogenous 

mitochondrial marker protein E1β. Figure 2-6 reveals that myc-Fis1A does not co-localize with the fluorescence 

attributable to E1β. The localization of Fis1A still remains to be fully determined.  

The TAMP Finder also identified the 33-kDa subunit of the translocase at the outer chloroplast envelope 

(Toc33) as a candidate TA protein. A close homolog of Toc33, the 34-kDa receptor subunit of the translocon at the 

outer envelope of chloroplasts from pea (Pisum sativum), Toc34, is the only previously studied chloroplast-localized 

TA protein (Qbadou et al., 2003). However, the criteria used by the TAMP Finder did not identify Toc34 as a 

candidate TA protein. Nonetheless, these results prompted us to examine the targeting and insertion mechanisms of 

Toc33 and Toc34, as well as another chloroplast TA protein, OEP9. The results of this study are presented in 

Chapter 3, and therefore, will not be discussed here. 

http://www.ncbi.nlm.nih.gov/pubmed/8696363
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Figure 2-5. Subcellular localization of myc-Tom20-3 in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis Tom20-

3 (At3g27080). After 6 hours of expression the cells were fixed and then processed for immunofluorescence 

epifluorescent and CLSM using the appropriate primary and secondary antibodies. Each micrograph is appropriately 

labelled with either transiently-expressed construct name or endogenous marker protein E1β. The far right panel in 

each row represents the merged composition of the two micrographs to the left. Areas of yellow/orange represent 

co-localization between the proteins. Hatched boxes represent the portion of the cells shown at higher magnification 

(via CLSM) in the panels directly below. Bars = 10 µm in top and middle left panels and 1 µm in bottom left panel.     
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Figure 2-6. Subcellular localization of myc-Fis1A and myc-Fis1B in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis Fis1A 

and Fis1B. After 6 hours of expression the cells were fixed and then processed for immunofluorescence 

epifluorescent microscopy using the appropriate primary and secondary antibodies. Each micrograph is 

appropriately labelled with the transiently-expressed construct name, endogenous marker protein, catalase or ConA. 

The far right panel in each row represents the merged composition of the two micrographs to the left. Areas of 

yellow/orange represent co-localization between the proteins. Bar = 10 µm. 
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2.3.5.2. Localization of Arabidopsis homologs of mammalian and yeast TA proteins involved in enzymatic 

and metabolic processes 

 Perhaps the most extensively studied TA protein in terms of its function and intracellular localization in 

evolutionarily diverse organisms is Cb5 (Kuroda et al., 1998; Pedrazzini et al., 2000; Borgese et al., 2001). In 

addition, the localization, targeting and insertion mechanisms utilized by ER and mitochondrial isoforms of Cb5 

from tung have also been extensively studied (Hwang et al., 2004; Henderson et al., 2007). The TAMP Finder also 

identified five distinct isoforms of Cb5 (isoforms 1, 2, 3, 4 and 6) within the Arabidopsis proteome. To determine 

the localization of these Arabidopsis Cb5 proteins, Cb5-6 (named Cb5A herein; At1g26340) and Cb5-2 (named 

Cb5E herein; At5g53560) were N-terminally myc-epitope tagged, transiently expressed in tobacco BY-2 cells for 4-

6 hours, and then detected using immunofluorescence microscopy. Figure 2-7 shows that myc-Cb5A localizes to 

small punctate structures which also contain endogenous mitochondrial E1β (Luethy et al., 2001). High 

magnification of the area outlined by the hatched box in this image reveals that myc-Cb5A localizes to toroidal 

structures delineating the E1β fluorescence in a similar manner as seen with tung Cb5D by Hwang et al (2004. 

Figure 2-7 also shows that myc-Cb5E localizes to a reticular network in a similar pattern as ER marker stain ConA. 

These results suggest that Arabidopsis Cb5 proteins, similar to their yeast, mammal and tung counterparts, localize 

to either the ER or mitochondrial membranes.  

Another well-studied plant TA protein is the cottonseed pAPX, an isoform of ascorbate peroxidase which 

localizes to peroxisomes and peroxisomal ER (pER) (Mullen et al., 1999; Mullen and Trelease, 2000; Mullen et al., 

2001a; Mullen et al., 2001b). The TAMP Finder successfully identified the Arabidopsis isoform of pAPX, APX3 

(At4g35000), as a candidate TA protein. Figure 2-8 demonstrates that myc-APX3 localizes to small punctate 

structures within the cytosol which co-localize with the fluorescence attributable to catalase; a traditional 

peroxisomal marker enzyme (Banjoko and Trelease, 1995), suggesting APX3 localizes to the peroxisome. Figure 2-

8 also shows that a portion of APX3 localizes to a diffuse region near the centre of the cell which could represent a 

portion of the protein accumulating in the pER.  

In addition to APX3, the TAMP Finder also identified two other APX protein isoforms; a currently 

uncharacterized isoform, APX5 (At4g35970) and a thylakoid-localized isoform, tAPX (At1g77490). APX5 has a 

high degree of homology to other ER (microsomal) APX proteins from other organisms and has therefore has been 

given preliminary proposed localization in the ER (www.arabidopsis.org); however no research has yet been 

conducted to verify this. Figure 2-8 shows epifluorescent micrographs of myc-APX5 and the staining attributable to 

mitochondrial marker E1β in the same cell. The merged image shows that myc-APX5 partially co-localizes with 

E1β, however the epifluorescent images do not provide the require resolution to clearly determine the subcellular 

localization of APX5. In order to further investigate the intracellular localization of APX5, the same myc-APX5 

transformed cells were viewed using CLSM. Figure 2-8 shows confocal (third row of panels) and high magnification 

confocal (bottom row of panels) micrographs of these cells, which clearly show that APX5 localizes to a 

reticular/toroidal structure that delineates the fluorescence attributable to E1β. These results have been previously 

observed with outer mitochondrial membrane proteins Cb5D (Hwang et al., 2004) and Tom20-3 (Figure 2-5). 

Collectively, these results suggest that APX5 localizes to the outer mitochondrial membrane. Interestingly however,  
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Figure 2-7. Subcellular localization myc-Cb5A and myc-Cb5E in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis Cb5A 

and Cb5E. After 6 hours of expression the cells were fixed and then processed for immunofluorescence 

epifluorescent microscopy using the appropriate primary and secondary antibodies. Each micrograph is 

appropriately labelled with the transiently-expressed construct name, endogenous marker protein, E1β or ConA. The 

far right panel in each row represents the merged composition of the two micrographs to the left. Hatched boxes 

represent the portion of the cells shown at higher magnification in the panels directly below. Areas of yellow/orange 

represent co-localization between the proteins. Bar = 10 µm in top left panel and 1 µm in middle left panel.     
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Figure 2-8. Subcellular localization of myc-APX3 and myc-APX5 in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis APX3 

and APX5. After 6 hours of expression the cells were fixed and then processed for immunofluorescence 

epifluorescent microscopy using the appropriate primary and secondary antibodies. Each micrograph is 

appropriately labelled with the transiently-expressed construct name, endogenous peroxisomal marker protein, 

catalase or endogenous mitochondrial marker protein, E1β. The far right panel in each row represents the merged 

composition of the micrographs to the left. Hatched boxes represent the portion of the cells shown at higher 

magnification in the panels directly below. Areas of yellow/orange represent co-localization between the proteins. 

Bar = 10 µm in top left panel and 1 µm in bottom left panel. 



46 

 

the high magnification confocal micrographs in Figure 2-8 also show that APX5 also localizes to reticular strands 

adjoining the E1β-containing toroidal structures (white arrows). It is possible that this unique reticular network is the 

mitochondria-associated membrane (MAM); the interface between mitochondria and the ER which functions in lipid 

transfer between ER and mitochondrial (e.g., import of phosphatidylserine) membranes (Vance, 1990; Vance, 2008; 

Stone et al., 2008; Rizzuto et al., 2010). Future experiments to verify the identity of this membranous structure with 

MAM-specific antibodies are still needed.  

TAPX functions to regulate intracellular H2O2 levels in a similar process as APX3, however, it is presumed 

to function at the chloroplast thylakoid membrane based on various proteomic and bioinformatic analyses (reviewed 

in Shigeoka et al., 2002). Tobacco BY-2 cells do not contain chloroplasts; instead they contain etioplasts (herein 

referred to as plastids), which resemble non-photosynthetic undifferentiated proplastids with few internal structures 

(Philips et al., 2002). Therefore, while this thesis explores several chloroplast-localized proteins, the data presented 

here is limited to only show plastid-localization. Figure 2-9 shows that myc-tAPX co-localizes with the stromal 

marker protein, N-acetyl glutamate kinase (NAGK) (Chen et al., 2006), suggesting that the protein localizes to the 

plastid. A previous biochemical study concluded that tAPX functioned at the thylakoid membrane (Yamaguchi et 

al., 1996). To verify these results in vivo, myc-tAPX transformed cells were viewed using CLSM. Figure 2-9 also 

shows that the fluorescence attributable to myc-tAPX shows no significant difference in the morphology compared 

to that attributable to stromal NAGK in the same cell; in fact the two proteins appear to show a high degree of co-

localization. There are at least two possible explanations for this result. Firstly, myc-tAPX may in fact be localized 

in the stroma, rather than the thylakoid; whether this is the destined site or mis-localization due to an artefact of 

transient over-expression still remains to be determined. On the other hand, the two proteins might in fact be in two 

distinct compartments in fully differentiated chloroplasts which are not discernible in plastids. 

 As described in Chapter 1.1.2.3, the majority of chloroplast-destined proteins are synthesized with an N-

terminal extension, a “transit peptide”, which functions as a cleavable targeting signal (reviewed in Jarvis, 2008). 

However, TA proteins are traditionally synthesized without conventional targeting sequences, and instead rely on 

their C-terminal transmembrane region for correct organelle delivery. To begin determining which of these 

pathways tAPX may utilize, a computer-based prediction analyses was performed to determine whether tAPX 

possessed a conventional N-terminal transit peptide. Two different web-based prediction tools were employed; 

TargetP (http://www.cbs.dtu.dk/services/TargetP/) and Predotar (http://urgi.versailles.inra. 

fr/predotar/predotar.html). As shown in Table 2-2, each program predicted a chloroplast transit peptide at the N-

terminus of the protein with 0.96 and 0.98 probabilities, respectively; indicating that tAPX is likely synthesized with 

an N-terminal transit peptide.  

Since tAPX is predicted to possess both an N-terminal transit peptide, and a C-terminal TMD, experiments 

were conducted to determine which of these domains is responsible for its targeting. To determine the sufficiency of 

the transit peptide for chloroplast targeting, a chimera protein consisting of the green fluorescent protein [GFP] 

appended at its N terminus to the 305 N-terminal amino acid residues of tAPX was constructed. As shown in Figure 

2-9, transiently expressed tAPX-TP-GFP co-localizes with NAGK in an internal compartment of the chloroplast, 

similar to myc-tAPX. Next, to assess the functionality and necessity of the predicted N-terminal transit peptide, a  

http://www.cbs.dtu.dk/services/TargetP/
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Figure 2-9. TAPX localizes to plastids in tobacco BY-2 cells  

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis tAPX. 

After 20 hours of expression the cells were fixed and then processed for immunofluorescence epifluorescent 

microscopy using the appropriate primary and secondary antibodies. Each micrograph is appropriately labelled with 

the transiently-expressed construct name or endogenous chloroplast marker protein, NAGK. The far right panel in 

each row represents the merged composition of the micrographs to the left. Areas of yellow/orange represent co-

localization between the proteins. Bar = 10 µm. 
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truncated version of myc-tAPX was constructed, in which the N-terminal sequences encoding the transit peptide 

were removed. Removal of the N-terminal 78 amino acids of the tAPX ORF from myc-tAPX resulted in the 

construct (myc-tAPX∆TP) localizing in a diffuse reticular structure resembling the ER and throughout the cytosol 

(Figure 2-9).  

 

Table 2-2. Localization prediction results for TAPX  

The deduced amino acid sequence of tAPX was analyzed using computer-based prediction 

programs to determine whether tAPX possessed a conventional N-terminal transit peptide. Two different 

web-based prediction tools were employed; TargetP (http://www.cbs.dtu.dk/services/TargetP/) and 

Predotar (http://urgi.versailles.inra. fr/predotar/predotar.html). 

 

  Chloroplast Mitochondria ER Other 

tAPX TargetP 0.983 0.039 0.007 0.008 

Predotar 0.96 0.03 0.03 0.04 

 

 

 

This is in contrast to results from similar experiments with soluble chloroplast proteins (Appendix 4; 

Simpson et al., 2008; Clark et al., 2009) where deletion of N-terminal transit peptides results in the mislocalized 

protein accumulating entirely in the cytosol. Taken together, these results suggest that while the N-terminal transit 

peptide is necessary and sufficient for the initial sorting of tAPX to the chloroplast, the C-terminal TMD region also 

possesses some type of targeting information which may be involved in a novel aspect of its targeting. 

   

2.3.5.3. Localization of other Arabidopsis candidate TA proteins 

Other than identifying Arabidopsis homologs of previously characterized yeast and mammalian TA 

proteins, the TAMP Finder also identified a large group of novel candidate TA proteins. The TAMP Finder 

identified en emsy N terminus (ENT) domain-containing protein (At3g12140), as being a candidate TA protein. 

Human EMSY is responsible for the regulation of the breast cancer gene, BRCA2 (Hughes-Davies et al., 2003), and 

in plants ENT-domain containing proteins are responsible for chromatin remodelling, modification and repair 

(Maurer-Stroh et al., 2003).  

To begin, At3g12140 (herein referred to as ENT), was N-terminally myc-epitope tagged (myc-ENT.1) and 

transiently expressed in tobacco BY2 cells for 16 hours after which, the cells were processed for 

immunofluorescence microscopy. Figure 2-10 shows epifluorescent micrographs of a single transformed BY2 cell 

expressing myc-ENT co-stained with ER marker ConA and nuclear stain 4,6-diamidino-2-phenylindole (DAPI) 

(Kapuscinski, 1995). ENT appears to localize to numerous, small foci that are encircled by the ER, (ConA) and 

distributed throughout the nucleus (DAPI). Since, to date, there exist no other experimentally-characterized nuclear-

localized TA proteins; ENT was examined further in terms of its localization using CLSM. Figure 2-10, shows a  

http://www.cbs.dtu.dk/services/TargetP/


49 

 

 

Figure 2-10. Subcellular localization of myc-ENT in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged ENT (Arabidopsis 

emsy N terminus [ENT] domain-containing protein.  

After 20 hours of expression the cells were fixed and then processed for immunofluorescence epifluorescent 

microscopy using the appropriate primary and secondary antibodies. Each micrograph is appropriately labelled with 

the transiently-expressed construct name, ER stained with ConA, or nucleus stained with DAPI. The far right panel 

in each row represents the merged composition of the micrographs to the left. The second panel in the bottom row of 

micrographs represents the 3D reconstruction of 32 multiple optical sections obtained at 1.25 µm increments in the z 

direction of the BY-2 cell. Bar = 10 µm. 
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CLSM-obtained optical section of a myc-ENT transformed BY2 cell, in which the fluorescence attributable to myc-

ENT localizes to small foci in a similar manner to that observed with epifluorescence microscopy (Figure 2-10). 

However, the higher resolution of CLSM revealed that AtENT also localizes to tube-like structures within the 

nucleus.  

To further explore these foci and tubular structures, an additional 32 multiple optical sections were 

obtained at 1.25 µm increments in the z direction to provide a 3D reconstruction of the cell (Figure 2-10). As shown 

in Figure 2-10, ENT forms a complex, tubular, cage-like structure within the nucleus. This morphology is 

interesting, since it could allow the protein to form a scaffold for chromatic remodelling to take place. However, 

currently there are no examples of such a structure within the nucleus and clearly much more work is needed to 

begin elucidating the structure and localization dynamics of plant ENT-domain containing proteins.  

The TAMP Finder identified a DNAJ heat shock N-terminal domain-containing protein (At3g62190) as a 

candidate TA protein. DNAJ is a prototypical molecular chaperone from Escherichia coli, and is a member of the 

Hsp40 family of molecular chaperones that function to regulate the activity of Hsp70s (Walsh et al., 2004), a large 

group of molecular chaperones involved in various different protein folding processes (Mayer and Bakau, 2005). 

These proteins have been extensively studied in terms of their function in plants (reviewed in Ben-Zvi and 

Goloubinoff, 2001), however there currently exists little to no information on the localization dynamics of this 

important group of proteins.  

In order to begin examining the subcellular localization of At3g62190 (herein referred to as DNAJ-N), a myc 

epitope tag was appended to the N-terminus of the protein (myc-DNAJ-N), and then transiently expressed in tobacco 

BY2 cells and viewed using immunofluorescence microscopy. As shown in Figure 2-11, myc-DNAJ-Nlocalizes to 

reticular structure, as well as to small punctate structures distributed throughout the cytosol. Figure 2-11 also reveals 

that the fluorescence attributable to myc-DNAJ-N does not co-localize with ER marker protein, ConA. Next, 

experiments aimed at elucidating the identity of these small punctate structures were carried out. As shown in Figure 

2-11, myc-DNAJ-N does not co-localize with mitochondrial marker, E1β or peroxisomal marker, catalase. However, 

as shown in Figure 2-11, the peroxisomes in cells expressing myc-DNAJ-N appear to be larger, and perhaps 

aggregated (refer to catalase staining pattern in surrounding cells); a morphological change not seen in the ER or 

mitochondria. Collectively, these results suggest that DNAJ-N localizes to an unknown subcellular locale, where it 

may play a role in influencing peroxisome shape and morphology.  

 

2.3.5.4. Localization of “unknown” Arabidopsis candidate TA proteins 

The recent completion of the Arabidopsis genome sequence delivered a catalogue of approximately 25,000 

genes, however, approximately one third of these genes have no known function. It is not surprising then that we see 

the same ratio of unknown proteins in the TAMP Finder‟s screen. As an initial approach to characterize these 

proteins of unknown function, a select number of proteins (those with available full length cDNAs) were N-

terminally myc-epitope tagged and transiently expressed in tobacco BY-2 cells, and then processed and analyzed 

with epi and CLSM immunofluorescence microscopy. 
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Figure 2-11. Subcellular localization of myc-DNAJ-N in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis DNAJ-

N (At3g62190). After 6 hours of expression the cells were fixed and then processed for immunofluorescence 

epifluorescent microscopy using the appropriate primary and secondary antibodies. Each micrograph is labelled with 

the transiently-expressed construct name, endogenous peroxisomal marker catalase, endogenous mitochondrial 

marker E1β, or ER stain ConA. The far right panel in each row represents the merged composition of the 

micrographs to the left. Areas of yellow/orange represent co-localization between the proteins. Bar = 10 µm. 
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The first protein examined, a 9 kDa protein (At1g16000; later named OEP9) is annotated to be of unknown 

function and possess no putative targeting signal motifs or any obvious structural and/or functional domains. 

Analysis of the localization of myc-OEP9 (Figure 2-12) revealed a fluorescence pattern reminiscent of that 

expressed by TA chloroplast-localized protein; Toc33 (Figure 2-12). Examination at higher magnification further 

revealed that OEP9 localizes to numerous toroidal, stromal NAGK-containing structures throughout the cytosol 

(Figure 2-12). These results suggest that OEP9 is a candidate TA protein localized in the chloroplast outer envelope 

membrane.  This is a significant finding since the majority of our understanding of TA proteins is derived from 

animal and yeast studies; and therefore, our understanding of the mechanisms involved in the correct sorting of 

chloroplast-localized TA proteins remains limited.  

Furthermore, while chloroplast proteins utilizing the conventional transit peptide method of delivery to the 

chloroplast have been examined in significant detail (reviewed in Jarvis, 2000), there exists little to no research on 

the targeting of chloroplast-localized proteins lacking N- terminal transit peptides (reviewed in Jarvis, 2000). So, the 

identification of this novel candidate chloroplast TA protein (OEP9) provides an excellent opportunity to conduct a 

comparative and comprehensive molecular and biochemical study to elucidate the signals, receptors and 

mechanisms employed by OEP9 and previously identified chloroplast outer envelope TA protein Toc33 (and its 

homolog Toc34). The results of this study are described in detail in Chapter 3. 

The TAMP Finder also identified another chloroplast-localized TA protein. Figure 2-13 shows the 

localization attributable to myc-At4g14870, a P-P-bond-hydrolysis-driven protein transmembrane transporter (Ruiz-

Pavon et al., 2010). Figure 2-13 shows that At4g14870 localizes to an internal region of the chloroplast, as 

demonstrated by its co-localization with NAGK in high magnification CLSM micrographs. Prediction analysis of 

this ORF identified an N-terminal transit peptide, with 0.55 - 0.846 probabilities (Table 3.4). To assess the 

functionalityof this putative transit peptide, in vivo targeting experiments (Figure 2-13) using either a deletion 

mutant, or a chimera consisting of a portion of the TA proteins fused to GFP serving as a passenger protein were 

carried out. To assess the necessity of the putative N-terminal transit peptide (TP) for chloroplast delivery of 

At4g14870; the N-terminal 38 amino acids of the At4g14870 ORF were removed from myc-At4g14870, generating 

myc-At4g14870-del-TP. As shown in Figure 2-13, myc-At4g14870-del-TP cells no longer localized to NAGK-

containing structures, but rather accumulated in the cytosol, as well as a small portion of the protein localizing in a 

reticular pattern resembling the ER (Figure 2-13), suggesting that the putative transit peptide is necessary for 

chloroplast specific targeting. Conversely, appending the N-terminal 83 amino acids, including the residues 

encoding the predicted N-terminal transit peptide (residues 1 to 38) to the N-terminus of GFP, redistributed GFP to 

NAGK-containing structures (Figure 2-13). Collectively, these results indicate that At4g14870 possesses a 

functional transit peptide, which is necessary and sufficient for chloroplast sorting. It is important to note, that as 

seen in similar experiments with tAPX, the C-terminus of At4g14870 also appears to confer some aspect of the 

protein‟s targeting; since removal of the transit peptide does not completely abolish targeting (as is seen with soluble 

proteins, refer to Appendix 4 and references therein), but rather redirects the protein, at least partially, to the ER 

membrane. 
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Figure 2-12. Subcellular localization of myc-OEP9 in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis OEP9 

and Toc33. After 6 hours of expression the cells were fixed and then processed for immunofluorescence 

epifluorescent and CLSM using the appropriate primary and secondary antibodies. Each micrograph is appropriately 

labelled with the transiently-expressed construct name or endogenous chloroplast stromal marker protein, N-acetyl 

glutamate kinase (NAGK). The far right panel in each row represents the merged composition of micrographs to the 

left. Hatched boxes represent the portion of the cells shown at higher magnification in the panels directly below. 

Areas of yellow/orange represent co-localization between the proteins. Bar = 10 µm in top left panel and 1 µm in the 

left panel in the third row. 
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Figure 2-13. Subcellular localization of myc-At4g14870 in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged 

Arabidopsis At4g14870. After 20 hours of expression the cells were fixed and then processed for 

immunofluorescence epifluorescent or CLSM using the appropriate primary and secondary antibodies. Each 

micrograph is appropriately labelled with the transiently-expressed construct name or endogenous chloroplast 

marker protein, NAGK. The far right panel in each row represents the merged composition of the micrographs to the 

left. Areas of yellow/orange represent co-localization between the proteins. Bar = 10 µm  
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As described previously (Section 1.1.3), the mechanisms by which TA proteins are targeted to the 

chloroplast are not very well understood. Even sparser is our knowledge of how TA proteins are targeted to the 

interior of the chloroplast. The novel TA protein, At4g14870, along with tAPX (Section 3.2.6.1) represent the first 

of a group of chloroplast TA proteins targeted to internal regions (possibly the inner membrane or thylakoid 

membrane) of the chloroplast. Furthermore, they appear to be targeted by a similar novel targeting mechanism 

employing dual-targeting signals located at both the N- and C-termini of the proteins. Further research on the 

targeting mechanisms employed by these two unique chloroplast TA proteins, in comparison to those employed by 

outer envelope TA proteins, will provide insight into the mechanisms involved in chloroplast TA protein biogenesis 

in general. 

  Next, the localization of At2g42975, another protein of unknown function and localization was examined. 

The protein was N-terminally myc-epitope tagged (myc-At2g42975) and transiently expressed for 16 hours in 

tobacco BY2 cells, and then processed for immunofluorescence microscopy. As shown in Figure 2-14, the 

fluorescence attributable to myc-At2g42975 is distributed in a diffuse pattern throughout the cell, while also 

accumulating in very structured peripheral regions of the cell. Furthermore, examination of the merged composite of 

the fluorescence attributable to myc-At2g42975 with that of the fluorescence attributable to ER marker, ConA 

(Figure 2-14) revealed that At2g42975 localizes to a structure which encapsulates the ER. To examine this structure 

in more detail, a sectional view of the same cells was obtained using CLSM. As shown in Figure 2-14, the 

fluorescence attributable to At2g42975 localizes to a membranous structure that is peripheral to the ER. 

Collectively, these results suggest that At2g42975 is a plasma membrane-localized protein; however, co-expression  

with a plasma membrane marker, or co-staining with plasma membrane specific stains and/or antibodies are 

required to fully confirm this. 

 

2.4. DISCUSSION 

2.4.1. TAMP Finder identified 528 candidate TA proteins within the Arabidopsis deduced proteome of known 

and unknown functions. 

 TA proteins are a special class of integral membrane proteins that have gained increased interest over the 

last several years. Our understanding of the mechanisms involved in their sorting and insertion into a wide-range of 

intracellular membranes has recently become well-documented (reviewed in Borgese and Fasana, 2011). However, 

these studies are limited to the mammalian and yeast systems, and our overall knowledge of plant TA protein 

biogenesis has remained relatively scarce (reviewed in Abell and Mullen, 2011) due to a lack of known candidate 

plant TA proteins for study. The rationale for the carrying out the study presented here was to identify candidate TA 

proteins within the Arabidopsis proteome. Specifically, the bioinformatic tool, TAMP Finder, was employed to 

identify 528 candidate TA proteins within the Arabidopsis deduced RefSeq proteome (www.ncbi.nlm.nih.gov) 

representing ~2% of the protein complement of the cell. Interestingly, a similar percentage of proteins were 

identified by TAMP Finder as candidate TA proteins in a parallel study within the Saccharomyces cerevisiae and 

Homo sapiens proteomes (Dhanoa et al., in prep). The RefSeq database was utilitzed since it was the best annotated  
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Figure 2-14. Subcellular localization of myc-At2g42975 in tobacco BY-2 cells 

Tobacco BY-2 cells were transformed transiently (via biolistic bombardment) with myc-tagged Arabidopsis 

At2g42975. After 6 hours of expression the cells were fixed and then processed for immunofluorescence 

epifluorescent or CLSM using the appropriate primary and secondary antibodies. Each micrograph is labelled with 

the transiently-expressed construct name or ER stain ConA. The far right panel in each row represents the merged 

composition of the micrographs to the left. Areas of yellow/orange represent co-localization between the proteins. 

Hatched boxes represent the portion of the cells shown at higher magnification to the right. Bar = 10 µm in top left 

panel and 1 µm in bottom right panel.  
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and curated available database (in comparison to UniProt and TAIR) at the time this study was completed. Of the 

528 proteins identified, many appear to have similar cellular functions as previously well-studied TA proteins from 

yeast and mammalian systems (see Borgese and Fasana, 2011). Most significantly, however, almost 50% of the 

candidate TA proteins identified by TAMP Finder are of unknown function (some examples of which are discussed 

in Section 2.3.5.4), and represent an exciting new area of study in terms of TA protein function.  

 Interestingly, while TAMP Finder identified a large number of Arabidopsis homologs of known 

mammalian and yeast TA proteins, TAMP Finder did not identify the Arabidopsis homologs of pea Toc34 (AtToc33 

and AtToc34) as candidate TA proteins. Examination of Arabidopsis Toc33 and Toc34 protein sequences 

determined that the Toc33/Toc34 TMDs are slightly less hydrophobic than required by TAMP Finder. Changing 

TAMP Finder‟s search parameters so that Toc33/Toc34 would pass, resulted in 30 soluble proteins (from a control 

set of soluble proteins) being identified. Therefore, to maintain the accuracy of the TAMP Finder‟s search 

parameters, the criteria was not altered to include Toc33/Toc34.  

 TAMP Finder also identified at least one protein that appears to localize to a non-membranous structure, 

highlighting the possible issue of „false-positives‟ in this search method. Arabidopsis ENT domain-containing 

protein, At3g62190 (Section 2.3.5.3) appears to localize to a unique scaffold-like structure in the nucleus. If this 

structure is not a membrane, the localization of this protein suggest that TAMP Finder may have identified a group 

of soluble proteins or non-integral membrane proteins (i.e., „false positives‟). However, this protein could also 

localize to another membrane in the cell, and then be cleaved to relocate to its site of function in the nucleus (as is 

seen with some transcription factors; Wang et al., 1994).  

 

2.4.2. TAMP Finder utilizes different search parameters than other published studies 

In 2009, Pedrazzini completed a similar bioinformatic search where she sought to identify putative TA 

proteins within the Arabidopsis proteome (Pedrazzini, 2009). Overall, 164 candidate TA proteins were identified, 

much fewer than those described here (Table 2-1). Notably, Pedrazzini chose to remove proteins with putative N-

terminal mitochondria presequences or chloroplast transit peptides or their search because these proteins are not 

considered to be classical TA proteins. The study presenting in this thesis, however, included these types of proteins 

because they represent a special subclass of TA proteins (e.g., tAPX and At4g14870 described in Sections 2.3.5.2 

and 2.3.5.4., respectively). Nonetheless, the TAMP Finder identified 132 of the 164 candidate TA proteins identified 

by Pedrazzini (data not shown) and while there are 32 proteins in Pedrazzini‟s list that were not identified by the 

TAMP Finder, the large overlap of identified proteins in these two independent searches validates the criteria 

utilized by the TAMP Finder.  

Another recent study aimed at identifying Arabidopsis candidate TA proteins was that completed by 

Kreichbaumer et al., (2009). This group utilized a similar strategy as Pedrazzini (2009) by employing readily 

available online hydropathy prediction programs to identify proteins with a single TMD at or near its C terminus, 

and then removed those proteins with any type of N-terminal targeting sequence to identify a total of 520 candidate 

TA proteins (Kreichbaumer et al., 2009). The TAMP Finder identified 417 of the same proteins in its search, 

indicating that there is a large group of proteins identified by Kreichbaumer that were not identified by the TAMP 
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Finder. One main reason for this discrepancy could be that the TAMP Finder utilized a specialized method to 

identify tail-anchored TMDs based on a variety of hydropathy scales, while Kreichbaumer‟s group used the 

prediction program, TMHMM, which uses only the Kyte-Doolittle hydropathy scale to identify large TMDs in 

traditional membrane proteins (Krogh et al., 2001), which are generally longer (23 amino acid residues) than those 

found in TA proteins (Kutay et al., 1993). Nonetheless, the cumulative results of this study combined with those 

obtained from Pedrazzini (2009) and Kreichbaumer et al (2009) will undoubtedly serve to provide the much needed 

groundwork for future study of plant TA proteins in general. 

 

2.4.3. Candidate TA proteins identified by TAMP Finder localize to essentially all subcellular organelles 

The identification and initial characterization of novel candidate plant TA proteins presented in this thesis 

reveals that plant TA localize to essentially all intracellular membranes, where they likely carry out a variety of 

biological functions. While expected, these results support findings from similar characterization experiments 

completed in mammalian and yeast systems (reviewed in Borgese and Fasana, 2011), and further suggest that TA 

protein biogenesis is highly complex. The first set of proteins studied were chosed to serve as examples of 

Arabidopsis homologs of well-studied mammalian and yeast TA proteins (e.g., SNARE proteins, Cb5 isoforms, 

Fis1A, Fis1B, APX isoforms etc; Section 2.3.5.1). The unknown proteins studied were chosen based on the 

predicted function of the protein in TAIR and/or the availability of the cDNA. Collectively, the results presented 

here have been interpreted as providing microscopic analysis of the cellular localization data for a number of 

previously uncharacterized Arabidopsis proteins (Sections 2.3.5.1-2.3.5.4).  

Unfortunately, however, there remain some inherent limitations to the scope of this study. One of the main 

concerns of this study relates to the use of only transient overexpression analysis of these proteins with fusions 

incorporating either the myc-epitope tag or GFP. The addition of either of these tags could alter the targeting of the 

protein and therefore, the results presented here can only provide the preliminary subcellular localization data which 

needs to be verified by immunodetection of the native protein. Similarly, transient overexpression analysis can 

sometimes bias results by only reporting the localization of the majority of the protein (as is visible through 

fluorescence microscopy) and not truly demonstrating the endogenous localization of the protein (reviewed in 

Moore and Murphy, 2009). In addition, overexpression artefacts such as accumulation partially or exclusively in the 

ER due to tag-induced misfolding and retention by quality control mechanisms or accumulation in other intracellular 

membranes due to protein-protein interactions (Snapp et al., 2003) can not be eliminated in these types of 

overexpression experiments. However, efforts were made to avoid these types of artefacts by using a monomeric 

version of GFP (Zacharias et al., 2002) rather than the previously utilized dimeric form. Therefore, additional 

analysis methods (i.e., endogenous detection, in vitro targeting, stable transformation) need to be utilized to validate 

the localization data presented here.   

In addition to validating the localization results presented here, additional work is needed to explicitly 

determine whether the candidate TA proteins identified by TAMP Finder are in fact membrane integrated (and not 

potential „false positves‟ similar to those described in Section 2.4.1) and whether they are anchored with a Ncytosol-

Clumen topology. While the results presented here suggest that many of the candidate TA proteins examined are 
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localized to the membrane of each organelle/compartment rather than the lumen/matrix, further analysis (i.e., 

through Na2CO3 extraction) is required to assess the membrane integration of the proteins. In addition, differentially 

permeabilization immunodeterction using C- and N-tagged versions of the proteins is required to assess the 

topological orientation of the proteins.  Nonetheless, the preliminary results presented in this study provide the 

needed groundwork for further studies aimed at analysing and characterizing plant TA proteins, in terms of both 

their function(s) and biogenesis. An example of such a study is presented in Chapter 3.  
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CHAPTER 3. DISTINCT PATHWAYS MEDIATE THE SORTING OF TAIL-ANCHORED PROTEINS 

TO THE PLASTID OUTER ENVELOPE
4
 

 

3.1. INTRODUCTION 

Arabidopsis Toc33 and Toc34 function as related, but distinct, substrate-specific GTPase receptors and/or 

regulators involved in plastid protein import (Kessler and Schnell, 2009). However, while Toc33 (the presumed 

ortholog of psToc34; [Jarvis et al., 1998]) and Toc34 have been examined with respect to their targeting and 

membrane insertion, the majority of these studies, as well as those involving Pisum sativum (Ps) PsToc34, have 

yielded conflicting results in regards to the nature of their targeting information (Hofmann and Theg, 2005). 

Likewise, it is unclear whether the insertion of Toc33 and Toc34 is mediated by distinct proteinaceous and/or 

membrane lipid factors, analogous to the unique insertion of ER- and mitochondrial-localized TA proteins, and 

whether these factors are utilized also by other TA and/or non-TA outer envelope proteins (OEPs) (Jarvis et al., 

1998; Jarvis, 2008). Thus, elucidating the means by which other plastid TA proteins are targeted to and inserted into 

the outer envelope is important, not only in terms of their comparative sorting to Toc33 and Toc34, but also for our 

overall understanding of the sorting of OEPs in general.  

Towards this end, described here are the results of a comprehensive series of in vivo and in vitro 

experiments aimed at characterizing and comparing the biogenesis of three Arabidopsis TA OEPs: Toc33, Toc34, 

and a novel 9-kDa putative TA protein (named here „OEP9‟) that is of unknown function and was recently identified 

in bioinformatics-based screen for Arabidopsis TA proteins (Kriechbaumer et al., 2009). Overall, it is demonstrated 

that OEP9 is a bona fide TA plastid outer envelope protein and that, like other OEPs, including Toc33 and Toc34, it 

relies on the ankryin repeat containing protein, AKR2A, as a chaperone/receptor for its initial targeting from the 

cytosol to plastids. OEP9 is distinct from Toc33and Toc34, however, with regards to the nature of its molecular 

targeting signal and the membrane protein and lipid components involved in its insertion into the plastid outer 

envelope. The implications of these results in terms of the diversity of OEP sorting pathways, including those 

responsible for TA OEPs, and the membrane specificity of TA protein targeting in plant cells in general are 

discussed.  

 

3.2. MATERIALS AND METHODS 

3.2.1. Standard molecular biology techniques 

Standard molecular biology techniques employed in this study are described in detail in Chapter 2.2.1. 

 

3.2.2. Plasmid constructions 

 To examine the targeting signals present in plastid-localized TA proteins, various mutants were generated 

as described below. Plant expression plasmids encoding modified versions of OEP9, Toc33 or Toc34 were 

                                                 
4
 Dhanoa, P.K., Richardson, L.G., Smith, M.D., Gidda, S.K., Henderson, M.P., Andrews, D.W., and Mullen, R.T. 

Distinct Pathways Mediate the Sorting of Tail-Anchored Proteins to the Plastid Outer Envelope. 2010. Plos One. 

5(4): e10098 
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constructed as follows. Firstly, pUC18/OEP9-mGFP and pUC18/Toc33-mGFP, encoding C-terminal mGFP-fused 

versions of OEP9 and Toc33, respectively, were constructed by amplifying the OEP9 and Toc33 ORFs using the 

appropriate template DNA (pUNI51/U50546 and pPZP221-Toc33, respectively) and forward and reverse primers 

(Priya Fp 339 and Priya Rp 340; Priya Fp 335 and Priya Rp 336) (Appendix II). Both sets of primers introduced a 

NheI site immediately 5‟ of the start codon in OEP9 or Toc33, as well as a NheI site immediately 5‟ of their stop 

codons. The resulting PCR products were digested with NheI and following gel extraction were ligated into NheI-

digested pUC18-NheI-mGFP. pUC18/NheI-mGFP is a modified  version of pUC18/NcoI-mGFP, a plant expression 

vector that includes the 35S cauliflower mosaic virus promoter and the GFP ORF immediately downstream from a 

unique in-frame NheI site (Chiu et al., 1996) in which sequences corresponding to the NcoI site were altered (via 

PCR site-directed mutagenesis) to a NheI site.  

pRTL2/mGFP-OEP915-86, encoding mGFP fused to amino acid residues 15-86 from OEP9, including its 

predicted NTS, TMD and CTS (refer to Figure 3-1), was generated by amplifying (via PCR) the appropriate 

sequences in the OEP9 ORF using pRTL2/myc-OEP9 as template DNA and oligonucleotide primers (Priya Fp 166 

and Priya Rp 167) (Appendix II) that introduced 5‟ HindIII and 3‟ EcoRI sites. The resulting PCR products were 

ligated into pCR2.1 TOPO, yielding pCR2.1 TOPO/OEP915-86, followed by the HindIII-EcoRI fragment in this 

plasmid being subcloned into HindIII/EcoRI-digested pRTL2/mGFP-MCS. pRTL2/mGFP-OEP931-86, encoding 

mGFP fused to the C-terminal 55 amino acids of the OEP including its TMD and CTS (see Figure 3-1), was 

constructed by amplifying (via PCR) these sequences from pRTL2/myc-OEP9 using primers Priya Fp 212 and Priya 

Rp 167  (Appendix II) while introducing 5‟ HindIII and 3‟ EcoRI restriction sites. The resulting PCR products were 

ligated into pCR2.1/TOPO yielding pCR2.1TOPO/OEP931-86, the OEP931-86 fragment was then excised by digesting 

pCR2.1 TOPO/OEP931-86 with HindIII and EcoRI and ligated into HindIII/EcoRI-digested pRTL2/mGFP-MCS. 

pRTL2/mGFP-OEP950-86 was generated by deleting the sequences encoding the transmembrane domain (amino acid 

residues 31 to 54) of the OEP9 ORF in pRTL2/mGFP-OEP931-86 using site-directed mutagenesis and Priya Fp 221 

and Priya Rp 222  (Appendix II). pRTL2/myc-OEP91-70 was generated by introducing a stop codon at codon -70 in 

the OEP9 ORF in pRTL2/myc-OEP9 using site-directed mutagenesis with Priya Fp 217 and Priya Rp 218  

(Appendix II). pRTL2/myc-OEP91-54 was generated by introducing a stop codon at codon -32 in the OEP9 ORF in 

pRTL2/myc-OEP9 using site-directed mutagenesis with Fp205 and Rp206  (Appendix II). pRTL2/myc-OEP9DDΔGG 

was generated by replacing sequences encoding D68 and D71 with sequences encoding glycines using site-directed 

mutagenesis and Fp341 and Rp342 (Appendix II). pRTL2/myc-OEP9KKRKΔGGGG was generated by replacing 

sequences encoding K69, K72, R74 and K75 with sequences encoding glycines using site-directed mutagenesis and 

Fp343 and Rp344 (Appendix II). pRTL2/myc-OEP9YMAΔGGG was generated by replacing sequences encoding Y66, 

M67 and A70 with sequences encoding glycines using site-directed mutagenesis and Fp345 and Rp346 (Appendix 

II). 

pRTL2/mGFP-Toc33246-297, encoding mGFP fused to amino acid residues 246-297 from Toc33, including 

its predicted NTS, TMD and CTS (refer to Figure 3-1), was generated by amplifying (via PCR) the appropriate 

sequences in the Toc33 ORF using pRTL2/myc-Toc33 as template DNA and oligonucleotide primers (Priya Fp 164 

and Priya Rp 167) (Appendix II) that introduced 5‟ HindIII and 3‟ EcoRI sites. The resulting PCR products were 
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ligated into pCR2.1 TOPO, yielding pCR2.1 TOPO/Toc33, followed by the HindIII-EcoRI fragment in this plasmid 

being subcloned into HindIII/EcoRI-digested pRTL2/mGFP-MCS. pRTL2/mGFP-Toc33141-297 was constructed by 

amplifying the sequences encoding the C-terminal 156 amino acids of the Toc33 ORF from pRTL2/myc-Toc33 

using Priya Fp 213 and Priya Rp 167  (Appendix II) while introducing 5‟ HindIII and 3‟ EcoRI restriction sites. The 

resulting PCR products were digested with HindIII and EcoRI and ligated into HindIII/EcoRI-digested 

pRTL2/mGFP-MCS. pRTL2/myc-Toc331-245 was generated by introducing a stop codon at codon 246 in the Toc33 

ORF using site-directed mutagenesis with Priya Fp 215 and Priya Rp 216 (Appendix II). pRTL2/myc-Toc3337-297 

was generated by deleting the sequence encoding the 37 amino acids N-terminal to the beginning of the GTPase 

domain (see Figure 3-1) in the Toc33 protein using site-directed mutagenesis and Fp313 and Rp312 (Appendix II). 

pRTL2/myc-Toc33 RΔA was generated by replacing the sequences encoding R130 with sequences encoding an 

alanine residue using site-directed mutagenesis and Priya Fp 318 and Priya Rp 319 (Appendix II). pRTL2/mGFP-

Toc34249-313 was generated by amplifying the sequences encoding the C-terminal 65 amino acids of the Toc34 ORF 

using Priya Fp 165 and Priya Rp 167 (Appendix II) while introducing 5‟ HindIII and 3‟ EcoRI restriction sites. The 

resulting PCR products were ligated into pCR2.1 TOPO yielding pCR2.1 TOPO/Toc34249-313 and then the Toc34249-

313 fragment was excised by digesting pCR2.1 TOPO/Toc34249-313 with HindIII and EcoRI and ligated into HindIII/ 

EcoRI-digested pRTL2/mGFP-MCS. pRTL2/mGFP-Toc33246-281ΔOEP950-86 was generated by first introducing a 

NheI site at codon -16 in the Toc33 ORF within pRTL2/mGFP-Toc33246-297 using site-directed mutagenesis and 

Priya Fp 308 and Priya Rp 309  (Appendix II) to yield pRTL2/mGFP-Toc33246-297ΔNheI. Next, the sequences 

encoding OEP950-86 were amplified from pRTL2/myc-OEP9 using Priya Fp 310 and Priya Rp 311  (Appendix II) 

with 5‟ and 3‟ NheI sites, and then the resulting PCR products were digested with NheI and ligated into NheI-

digested pRTL2/mGFP-Toc33246-297ΔNheI to yield pRTL2/mGFP-Toc33246-281ΔOEP950-86. pRTL2/myc-OEP91-

54ΔToc33282-297 was generated by inserting the sequences encoding Toc33282-297 and the stop codon (nucleotides 846 

to 894 in ORF) at codon -32 in the OEP9 ORF in pRTL2/myc-OEP9 using site-directed mutagenesis and Priya 

Fp324 and Priya Rp325 (Appendix II).  

pRTL2/myc-Cb5DΔOEP950-86 was generated by first amplifying the sequences encoding OEP950-86 

(including its stop codon) were amplified from pRTL2/myc-OEP9 using Fp310 and Rp311 (Appendix II) with 5‟ 

and 3‟ NheI sites, and then the resulting PCR products were digested with NheI and ligated into XbaI-digested 

pRTL2/myc-Cb5D (Hwang et al., 2004) to yield pRTL2/myc-Cb5D+ OEP950-86. Next, sequences encoding residues 

132 to 134 of the Cb5D ORF, as well as the stop codon, were removed using site directed mutagenesis and Fp347 

and Rp348  (Appendix II), yielding pRTL2/myc-Cb5DΔOEP950-86.   

Plasmids designed for in vitro transcription and translation of cDNAs were constructed in the vector 

pSPUTK-MCS, a form of pSPUTK-BglII (McCartney et al., 2004, Falcone and Andrews, 1991) modified by 

digesting pSPUTK-BglII with BglII and EcoRI, and then ligating synthetic annealed oligonucleotides (Priya Fp 128 

and Priya Rp 129) (Appendix II) encoding a multiple cloning site consisting of BglII, BamHI, NcoI, KpnI, XmaI, 

XbaI and EcoRI sites. pSPUTK is an expression plasmid that contains the SP6 promoter, the high efficiency β-

globin 5‟ untranslated region (UTR), and a Kozak‟s initiation site (Kozak, 1992) for efficient translation in a 

reticulocyte.  
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Full-length cDNA encoding Arabidopsis Tic40 (clone U17194), AKR2A (clone U15717), AKR2B (clone 

U83592) and OEP7 (clone U61692) were first obtained from the Arabidopsis Biological Resource Centre (ABRC, 

Columbus, Ohio). Sequences encoding the full-length Tic40 ORF (with exception of its stop codon) were amplified 

using pUNI51/U17194 as template DNA and Priya Fp 248 and Priya Rp 249 (Appendix II) while introducing 5‟ and 

3‟ XmaI restriction sites. The resulting PCR products were ligated into pCR2.1 TOPO to yield pCR2.1 TOPO/Tic40. 

Tic40 was then excised from pCR2.1 TOPO/Tic40 by digesting with XmaI and the resulting fragment was ligated 

into XmaI-digested pRTL2/MCS-RFP. pRTL2/MCS-RFP a modified version of the plant expression vector
 

pRTL2 N/S that contains the ORF for a monomeric
 
version of the Discosoma sp. red fluorescent protein (RFP) 

(Clontech) downstream of a multiple cloning site (Shockey et al., 2006). To generate constructs encoding nuclear-

localized versions of AKR2A and ARK2B the plasmid pRTL2/MCS-RFP was first modified to encode a nuclear 

localization signal directly upstream of RFP. Oligonucleotide primers Priya Fp 22 and Priya Rp 22 (Appendix II) 

were annealed to generate sequences encoding three repeats of the simian virus 40 (SV40) large antigen NLS, 

KKRKKV (Dingwall and Laskey, 1991), along with an initiation methionine with NcoI compatible ends, and then 

ligated directly into NcoI-digested pRTL2/MCS-RFP upstream of the RFP ORF, to yield pRTL2/NLS-RFP. 

pRTL2/NLS-RFP-AKR2A was constructed by removing the stop codon (TAA) from the 5‟ end of the RFP ORF in 

pRTL2/NLS-RFP using site-directed mutagenesis and primer Priya Fp 24 and Priya Rp 24  (Appendix II), yielding 

pRTL2/NLS-RFPΔTAA. Next, sequences encoding the full-length AKR2A protein were amplified from 

pUNI51/U15717 using Fp330 and Rp331 (Appendix II) while introducing 5‟ and 3‟ XbaI sites. The resulting PCR 

products were ligated into XbaI-digested pRTL2/NLS-RFPΔTAA to yield pRTL2/NLS-RFP-AKR2A. pRTL2/NLS-

RFP-AKR2B was constructed by amplifying the ORF encoding AKR2B from pUNI51/U83592 using Priya Fp 330 

and Priya Rp 331  (Appendix II) while introducing 5‟ and 3‟ XbaI sites. The resulting PCR products were digested 

with XbaI and ligated into XbaI-digested pRTL2/NLS-RFPΔTAA to yield pRTL2/NLS-RFP-AKR2B. The plasmid 

encoding the OEP7-GFP fusion protein was generated by first amplifying the sequences encoding the full-length 

OEP7 ORF (with exception of its stop codon) from pUNI-U61692 using Priya Fp 332 and Priya Rp 333  (Appendix 

II) while introducing 5‟ and 3‟ XbaI restriction sites. The resulting PCR products were digested with XbaI and 

ligated into NheI-digested pUC18/NheI-GFP to yield pUC18/OEP7-GFP.  

 For expression of Toc33, Toc34, At1g16000 and At4g14870 proteins in wheat germ, the ORFs were 

excised from pRTL2/myc-Toc33, pRTL2/myc-Toc34, pRTL2/myc-At1g16000 and pRTL2/myc-At4g14870, 

respectively, with NcoI and XbaI and the resulting fragments were ligated into NcoI/XbaI-digested pSPUTK-MCS, 

yielding pSPUTK/Toc33, pSPUTK/Toc34, pSPUTK/At1g16000 and pSPUTK/At4g14870, respectively. pET21d-

pSSU encoding the full-length Arabidopsis ribulose bisphosphate carboxylase small subunit 1B (Rubisco; AtS1B) 

was constructed by first amplifying the sequences encoding the full-length AtS1B including its endogenous stop 

codon from Arabidopsis ecytope Wassilewskija cDNA using FpSSU and RpSSU while introducing 5‟ NdeI and 3‟ 

XhoI restriction sites. The resulting PCR products were digested with NdeI and XhoI and ligated into NdeI-XhoI-

digested pET21A to yield pET21A-pSSU(Ats1B).  
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3.2.3. Tobacco BY-2 cell culture, microprojectile bombardment, immunofluorescence microscopy, and 

epifluorescence and confocal microscopy 

 Performed as described in Chapter 2.2 with the following additions. Custom rabbit anti-OEP9 antibodies 

were raised against a keyhole limpet hemocyanin-conjugated synthetic peptide corresponding to the OEP9 amino 

acid sequence DKADKARKARLSSSSSANK (residues 68 to 86 [refer to Figure 3-1]) (Cedarlane Laboratories Ltd., 

Hornby, Canada).  

 

3.2.4. Isolation of Arabidopsis chloroplasts  

Arabidopsis chloroplasts were isolated as detailed by Smith et al. (2002). Specifically, Arabidopsis Col-0 

(wt, ppi1 and ppi3) seedlings were grown on agar plates (Appendix I) by seeding 25 mg seeds per plate and growing 

under a 16-hr day, at 22 ºC. The aerial portions of the plants were harvested 14-18 days post germination with a 

razor blade (30-40g fresh weight) and immediately incubated in 200 mL cold grinding buffer (Appendix I). Leaves 

were then homogenized for 10-15 sec using a rotary homogenizer (Polytron) at setting 3 and filtered through 2 

layers of Miracloth (Thermo Fisher Scientific) held in a plastic funnel into a pre-chilled 500 mL centrifuge bottle 

(Nalgene). The flow-through was centrifuged at 1 000 g for 8 min at 4 ºC in a JLA 10.5 rotor using a Beckman-

Coulter centrifuge Model J-30I (Beckman-Coulter) to pellet chloroplasts. The supernatant was discarded and the 

pellet was gently resuspended in 8 mL cold grinding buffer by slowly swirling the mixture. Next, the chloroplast 

suspension was gently layered on top of a Percoll 2-step gradient (Appendix I) and centrifuged at 7 700 g for 15 min 

at 4 ºC with slow acceleration and deceleration in a JS 13.1 swing-bucket rotor (Beckman-Coulter). The top band of 

chloroplast (containing broken chloroplasts) was removed by aspiration, while the bottom band of chloroplasts 

(containing intact chloroplast) was transferred with a Pasteur pipette into a fresh centrifuge tube containing 20 mL 

cold HEPES-Sorbitol (HS) buffer (to remove Percoll) (Appendix I). Isolated chloroplasts were centrifuged at 1 000 

g for 6 min at 4 ºC to pellet chloroplasts using as JS 13.1 rotor. Finally, the chloroplast pellet was resuspended in 

200-300 µL cold HS buffer and quantified for chlorophyll content. Chlorophyll concentration was determined by as 

described by Arnon (1949), briefly, 10 µL chloroplasts were added to 990 µL 80 % acetone and vigorously vortexed 

for 1 min. The sample was centrifuged at 13 000 rpm for 2 min using a bench top microfuge to pellet insoluble 

material. The absorbance of the supernatant at 652 nm was determined using a Cary 50 Conc single cell 

spectrophotometer (Varian Inc. Headquarters, Palo Alto, CA, USA). A reference sample using 10 µL HS buffer 

prepared as described above was used as a blank. Chlorophyll content was calculated using the formula [Chlorophyll 

concentration (mg/mL) = [A652/36] x dilution factor]. Chloroplasts were diluted to 1 mg/mL, and 50 mg were used 

per targeting reaction.  

 

3.2.5. Preparation of mitochondria-, chloroplast- and ER-mimic liposomes 

 Lipid films mimicking mitochondria and chloroplast membranes were prepared as described by Henderson 

et al (2006) by mixing the required molar ratios of phosphatidyl choline (PC), phosphatidyl ethanolamine (PE), 

phosphatidyl inositol (PI), dioleoyl phosphatidylserine (DOPS), tetraoleoyl cardiolipin (TOCL), monogalactosyl 

diacylglycerol (MGDG), and digalactosyl diacylglycerol (DGDG) (Appendix I) (1mg total phospholipids) in a 6 mL 



65 

 

glass test tube (Thermo Fisher Scientific). Chloroform (in which the phospholipids are stored) was evaporated under 

nitrogen gas forming phospholipid films on the interior wall of the test tube, and residual chloroform was evaporated 

in a vacuum drier for 2 hr. Dried phospholipid films were covered with argon gas to prevent oxidization and stored 

at -20 °C for up to 14 days. Next day, the phospholipids were rehydrated in 1 mL compensation buffer (CB) 

(Appendix I) with intermittent vortexing and incubation on ice for 20 to 30 min to form forms large multilamellar 

vesicles (LMVs). The rehydrated LMVs were then subjected to 10 freeze-thaw cycles to form large unilamellar 

vesicles (ULV) using liquid nitrogen and a 50 ºC water bath. Lastly, the ULVs were passed through a 0.03 µm 

polycarbonate membrane (Avanti Polar Lipids, Alabaster, Alabama) 11 times using a mini-extruder (Avanti Polar 

Lipids), to form uniformly-sized liposomes.   

 

3.2.6. In vitro transcription and translation in rabbit reticulocyte lysate and Arabidopsis wheatgerm 

 Plasmids encoding Toc33, Toc34, At1g16000 and subunit 1B of Rubisco (SSU) were transcribed and 

translated in a TNT
®
-coupled wheat germ lysate reaction as described by the manufacturer (Promega, Thermo 

Fisher Scientific). Briefly, 1 µg plasmid DNA was incubated with 2 µL TNT
®
-coupled reaction buffer, 1 µL TNT

® 

RNA polymerase (SP6 or T7), 1 µL amino acid mixture minus methionine, 2 µL 
35

S-methionine, 1 µL RNasin and 

16 µL ddH20 for a final reaction volume of 50 µL. The reaction was incubated at 30 ºC for 90 min, and the 

immediately stored at -80 ºC for up to a month.  

 

3.2.7. Targeting to isolated Arabidopsis chloroplasts 

Targeting of in vitro-translated proteins to chloroplasts was carried out as described by Smith et al (2002). 

In vitro-translated proteins were incubated with one equivalent of chloroplasts (50 µg of chlorophyll, determined as 

described by Arnon, 1949) in the presence of 28 µL HS buffer (Appendix I), 10 µL import master mix (Appendix I), 

1 µL 0.1 M dithiothreitol (DTT), 5 µL 0.1 M adenosine triphosphate (ATP) (Appendix I), 1 µL guanine triphosphate 

(GTP) (Appendix I), 5 µL 200 mM methionine (Appendix I) and incubated at 26 ºC for 30 min. Following targeting, 

chloroplasts were centrifuged at 2 000 g for 5 min at room temperature using an IEC Microlite microcentrifuge 

(Thermo Electron Corporation, Thermo Fisher Scientific). Next, the supernatant was removed and the pellet was 

resuspended in either 30 µL 2x SDS-PAGE sample buffer (-Na2CO3) (Appendix I) or 100 µL 0.1 M Na2CO3, pH 11 

(+Na2CO3) and transferred to a clean microfuge tube. Chloroplasts resuspended in Na2CO3 were incubated on ice for 

10 min and then centrifuged at 40 000 g for 30 min at 4 ºC using an Optima
TM

 MAX ultracentrifuge (Beckman-

Coulter). Following centrifugation, the supernatant was isolated for trichloroacetic acid (TCA) precipitation and the 

pellet was resuspended in 30 µL SDS-PAGE sample buffer (Appendix I). Soluble proteins were precipitated by 

adding 100 % w/v TCA to a final concentration of 12 % and incubated on ice overnight. Next day, the solution was 

centrifuged at maximum speed for 30 min at 4 ºC using an Eppendorf centrifuge Model 5415 C (Eppendorf Canada, 

Mississauga, ON, Canada) the supernatant was removed and the pellet was washed in 0.5 % TCA and centrifuged at 

maximum speed for an additional 10 min at 4ºC. Finally, the supernatant was discarded and the pellet was 

resuspended in 30 µL SDS-PAGE sample buffer. Chloroplast membrane fractions were resolved by SDS-PAGE
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(buffers listed in Appendix I) and radioactive signals were detected and quantitated
 

using a Storm 840 

phosphorimager (Molecular Dynamics) and ImageQuant v. 1.2 software. 

 

3.2.8. Targeting to liposomes 

 Targeting of proteins to liposomes was carried out by combining 40 µL in vitro translated protein with 40 

µL of liposomes (see Appendix I for recipes) and incubating the mixture at 30 ºC for 45 min. Following targeting, 

the targeting reaction was diluted with 120 µL of bottom sucrose gradient buffer (Appendix I) and transferred to a 

TLA 100.2 ultracentrifuge tube. Six hundred microlitres of middle sucrose gradient buffer (Appendix I) was layered 

on top of the liposomes, and then 200 µL of top sucrose gradient buffer (Appendix I) was layered above. Next, the 

liposomes were centrifuged at 100, 000 g for 20 hr at 4 ºC using an Optima
TM

 TLA 100 TLX ultracentrifuge 

(Beckman-Coulter) to allow liposomes to float to the top of the sucrose gradient. Next day, four 250 µL fractions 

were removed, while the pellet was solubilised in 250 µL of 1 % SDS (Appendix I) and boiled for 10 min. Ten 

microlitres of SDS-PAGE sample buffer (Appendix I) was added to a 10 µL aliquot of each fraction and analyzed 

by SDS-PAGE using a Tris-Tricine buffer system (Schägger and von Jagow, 1987). Labelled proteins were 

visualized and quantified using a Molecular Dynamics Storm PhosphorImager with allied software (version 5.0) 

(Amersham Biosciences, Baie d‟Urfé, Canada). 

 

3.3. RESULTS 

3.3.1. Protein sequence features of Arabidopsis OEP9, (co)expression profiling and evolutionary analysis of 

predicted OEP9 homologues in other plant species 

As illustrated in Figure 3-1a, OEP9 (At1g16000) is an 86 amino acid- long putative TA protein, possessing 

of a single predicted TMD and a 32 amino-acid-long hydrophilic C-terminal sequence (CTS). According to the 

information provided for the OEP9 gene locus at GenBank and TAIR, the deduced protein is annotated to be of 

unknown function and possess no putative targeting signal motifs. Moreover, with the exception of its single, α-

helix-forming TMD and two predicted intrinsically disordered (unstructured) segments located at its N and C 

termini (Figure 3-1a), OEP9 is devoid of any obvious structural and/or functional domains.  

Analyses of various Arabidopsis tissue expression databases and co-expression mining algorithms, 

however, revealed that OEP9 expression is relatively high in roots (Figure 3-2a–c) and is co-regulated with several 

other genes, most of which encode cytosolic or plastid ribosomal proteins (Figure 3-2d). These observations suggest 

OEP9 functions in plastid ribosome biosynthesis in root cells and provide a reasonable explanation for why OEP9 is 

absent in publicly-available proteomic databases of Arabidopsis chloroplast envelope membranes (e.g., PPBD; Sun 

et al., 2009), since these studies were conducted with photosynthetic chloroplasts, which are distinct from root 

plastids in terms of their proteome composition (Lopez-Juez and Pyke, 2005; Inoue, 2007).   

Web-based searches using BLASTp revealed that putative homologues with an overall high degree of 

amino acid sequence identity to OEP9 and, likewise, annotated to be of unknown function, exist in Arabidopsis (i.e., 

At1g80890) and several other plant species, including dicots (Brassica, tobacco and cotton), monocots (rice and 

maize), and moss (Physcomitrella) (Figure 3-1b). In addition, phylogenetic analysis of these and other putative  
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Figure 3-1. Schematic representation of Arabidopsis OEP9 and amino acid alignment and phylogenetic tree 

of OEP9 and predicted homologues.  

(a) Schematic illustration of OEP9. Numbers denote the relative position of specific amino acid residues including 

those that delineate the protein‟s single putative TMD (shaded grey, residues 36–54) and hydrophilic C-terminal 

sequence (CTS) (residues 55–86). Putative intrinsically disordered segments (residues 1–18 and 61–86) are 

indicated with stippled lines. Shown also is the deduced polypeptide sequence of OEP9‟s „NTC‟ domain, including 

the 20 amino acid residues immediately upstream (N terminal) of the TMD, putative TMD (underlined), and CTS. 

Italicized and bolded amino acid residues in the CTS are those that are immunorecognized by a polyclonal antibody 

raised against this (synthetic) peptide sequence (see „MATERIALS AND METHODS‟ for details).  

(b) Multiple sequence alignment of the deduced amino acid sequences of OEP9 (At1g16000) (NCBI Accession No. 

NP_563987) and predicted homologues from Arabidopsis (At1g80890), Brassica (Bn), tobacco (Nt), cotton (Gh), 

rice (Os), maize (Zm) and moss (Pp). Identical amino acids in each protein are indicated by asterisks, and strongly 

similar residues are indicated by colons. Boxed are the single putative TMD in these proteins.  

(c) Dendogram showing the evolutionary relationship of OEP9, At1g80890 and predicted (protein) homologues 

from Brassica rapa (Br), Brassica napus (Bn), Lactuca saligna (Ls), Cichorium intybus (Ci), Helianthus annuus 

(Ha), Physcomitrella patens (Pp), Vitis vinifera (Vv), Antirrhinum majus (Am), Solanum tuberosum (St); Solanum 

lycoersicum (Sl), Nicotiana benthamiana (Nb), Nicotiana tabacum (Nt), Zea mays (Zm), Saccharum officinarum 

(So), Oryza sativa (Os), Gossypium arboreum (Ga), Gossypium hirsutum (Gh), Cyamopsis tetragonoloba (Ct), 

Lotus japonicus (Lj), Phaseolus coccineus (Pc), Citrus clementina (Cc), and Citrus sinensis (Cs). The branch lengths 

of the tree are proportional to the divergence.  
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Figure 3-2. RNA and protein expression profiles of OEP9 and selected other Arabidopsis 

OEP genes in different tissues and co-expression analysis of OEP9 

(a) Electron (E)-northern (microarray) analyses of the Arabidopsis transcriptome for OEP9 and other OEP genes 

(including those encoding individual Toc components) in various tissue types. Publicly-available Arabidopsis 

expression datasets (as of December, 2008) were explored for the chosen Arabidopsis OEP (Toc) genes using the 

tools available through the BioArray Resource (BAR) Expression Profiler (http://bar.utoronto.ca/) (Baerenfaller et 

al., 2008). Output from the AtGenExpress_Plus extended tissue series microarray datasets (Meyers et al., 2004) 

were formatted into a heat map using the DataMetaFormatter tool as hosted at the BAR website. Expression patterns 

in different tissues were expressed as averages of replicate log-transformed values normalized to the averages of the 

appropriate controls. Red coloring represents the highest levels of expression, as indicated by the scale. Different 

tissue types are indicated at the top of each heat map. Note that E-northern data (or co-expression data in [d]) for the 

putative OEP9 paralogue (At1g80890) was not available since this gene is not present on the ATH1 whole genome 

chip. (b) Summarized is relative abundance of specific tryptic peptides representing various OEP9 and other OEPs 

(including several Toc components and the putative OEP9 paralogue [At1g80890] referred to here and in [c] as 

„OEP9-like‟) in various tissue types. Results shown are based on data available (as of May, 2009) in the Arabidopsis 

peptide proteome TAIR7 database at the Pep2Pro (Peptide to Proteome) website (http://www.AtProteome.ethz.ch/) 

(Obayashi et al., 2009). Quantitative values for the proteins were normalized and formatted as heat maps using the 

DataMetaFormatter tool as hosted at the BAR website. As indicated by the scale, red coloring represents higher 

levels of expression and orange or yellow coloring represents lower or no levels of expression, respectively. 

Different tissue types are indicated at the top of the heat map. (c) Summarized is relative abundance of massively 

parallel specific signature sequences (MPSSs) representing the transcript levels of OEP9 and other OEPs genes 

(including those encoding specific Toc components) in various tissue types. Results shown are based on data 

available (as of December, 2008) at the Arabidopsis MPSS Plus website (http://mpss.udel.edu/at/) (Aoki et al., 

2007). MPSS values were normalized and formatted as heat maps using the DataMetaFormatter tool as hosted at the 

BAR website. As indicated by the scale, red coloring represents higher levels of expression and orange or yellow 

coloring represents lower or no levels of expression, respectively. Different tissue types are indicated at the top of 

the heat map. (d) Co-expression network analysis of OEP9. Multiple-gene co-expression analysis was carried out 

using the ATTED-II (Arabidopsis trans-factor and cis-element prediction database) co-expression gene search 

program (http://atted.jp/) (version 5.2) (Usadel et al., 2009) based on OEP9 (At1g16000) as the „guide gene‟ and 

publicly-available Arabidopsis microarray expression datasets (as of May, 2009). Selected linkages between OEP9 

(shaded circle) and other genes with a correlation coefficient of r>0.65 are indicated in the network by connecting 

lines, but the length of lines and distances between circles are valueless. Construction of this OEP9-guide-gene co-

expression network was based on the guidelines described in Aoki et al (2007). Similar results were obtained using 

several other public databases of Arabidopsis gene co-expression from various experimental conditions including 

the PRIMe Correlated Gene Search (http://prime.psc.riken.jp/) and Arabidopsis Co-expression Data Mining 

(http://www.arabidopsis.leeds.ac.uk/act/) tools (data not shown).  

http://bar.utoronto.ca/
http://www.atproteome.ethz.ch/
http://mpss.udel.edu/at/
http://atted.jp/
http://prime.psc.riken.jp/
http://www.arabidopsis.leeds.ac.uk/act/
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OEP9 homologues from diverse plant species (Figure 3-1c) revealed that they are all closely related and that, since 

no homologues of OEP9 appear to exist in non-plant organisms, such as yeasts, insects or mammals, they likely 

share a common ancestor that arose before the evolutionary split between vascular (dicots and monocots) and non-

vascular (moss) land plants.  

 

3.3.2. OEP9, Toc33 and Toc34 are localized to the plastid outer envelope in BY-2 cells  

Although OEP9 was predicted by Kriechbaumer et al (2009) to be localized to mitochondria, this was not 

confirmed experimentally and it contradicted our results that this protein localizes specifically to plastids. As shown 

in Figure 3-3a, transient expression of N-terminal myc-epitope-tagged OEP9 (myc-OEP9) in tobacco BY-2 

suspension cells, followed by indirect immunofluorescence CLSM, revealed that the protein localized to numerous 

toroidal-shaped fluorescent structures that enclosed the punctate/spherical fluorescent structures containing the 

endogenous plastid stromal protein N-acetylglutamate kinase (NAGK) (Chen et al., 2006). These results are 

consistent with OEP9 being localized to the outer envelope of plastids in these cells, i.e., undifferentiated 

heterotrophic plastids (Bagisnsk et al., 2004). Indeed, similar localization results were observed for N terminal myc-

tagged versions of Toc33 (myc-Toc33) and Toc34 (myc-Toc34) (Figure 3-3a), albeit it to a lesser extent for myc-

Toc33 due to differences in the depth of the optical sections presented here. Control experiments including mock 

transformations with empty plasmid vector alone or omission of anti-myc IgGs during immunofluorescence staining 

of BY-2 cells transformed with myc-OEP9 yield no (epi)fluorescence, as expected (Figure 3-4a).  

We showed also that either co-expression of myc-OEP9 and GFP-Toc33 (a chimera consisting of the green 

fluorescent protein [GFP] appended at its C terminus to Toc33) (Figure 3-3b) or coexpression of myc-OEP9, myc-

Toc33 or myc-Toc34 and OEP7- GFP (consisting of the 7-kDa Arabidopsis non-TA OEP appended at its C terminus 

to GFP [Lee et al., 2001]) (Figure 3-3c), resulted in all of these proteins co-localized in the plastid outer envelope in 

BY-2 cells. Similar results were observed for co-expressed myc-OEP9 and OEP7-GFP in transformed Arabidopsis 

suspension cells (Figure 3-4b) and co-expressed GFP-OEP9 (consisting of GFP appended at its C terminus to OEP9) 

and Tic40-RFP (consisting of the 40 kDa subunit of the translocon at the inner envelope of chloroplasts [Tic40; 

Heins et al., 2002] fused to the RFP) in transformed Arabidopsis leaf epidermal cells (Figure 3-4c). Moreover, we 

showed that co-expressed OEP9 lacking an N-terminal myc epitope tag and myc-Toc33 colocalized in BY-2 cells 

(Figure 3-4d). OEP9 being immunodetected in these latter cells using polyclonal antibodies raised against a 

synthetic peptide corresponding to an amino acid sequence in the protein‟s CTS (refer to Figure 3-1a); however, due 

limited availability of this antibody reagent, mostly myc-tagged versions of OEP9 were employed in the remainder 

of the experiments described in this study. Nonetheless, these results with OEP9 and those presented also in Figures 

3-3 and 3-4 confirm that the sorting of myc-OEP9 in BY-2  cells, serving as a well-established in vivo targeting 

system for ectopically-expressed proteins (Brandizzi et al., 2003), faithfully reflects its localization in Arabidopsis 

cells.  

Notably, OEP7-GFP in (co)transformed cells localized also to several, relatively smaller torus structures 

that were devoid of myc-tagged OEP9, Toc33 or Toc34 (Figures 3-3c and 3-4-b) or did not delineate the 

punctate/spherical fluorescent structures attributable to endogenous stromal  
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Figure 3-3. Localization of OEP9, Toc33 and Toc34 in BY-2 cells  

(a) Immunofluorescence CLSM micrographs of cells transformed with either (a) myc-OEP9, myc-Toc33 or myc-

Toc34 or co-transformed with either (b) myc-OEP9 and GFP-Toc33 or (c) or myc-OEP9, myc-Toc33 or myc-Toc34 

and OEP7-GFP. Hatched boxes represent the portion of the cells shown at higher magnification in the panels to the 

right. Solid arrowheads indicate examples of (a) toridal structures containing myc-tagged OEP9, Toc33 or Toc34 

enclosing a spherical structure containing NAGK or larger torus structures containing (b) myc-OEP9 and GFP-

Toc33 or (c) myc-tagged OEP9, Toc33, Toc34 and OEP7-GFP. Open arrowheads in (c) indicate examples of the 

smaller torus structures containing OEP7-GFP, but not myc-tagged OEP9, Toc33 or Toc34. Bars = 10 µm.  
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Figure 3-4. Intracellular localization, topology and membrane insertion of OEP9 

CLSM or epi-(immuno)fluorescence micrographs of either (a) BY-2 cells biolistically bombarded with empty 

plasmid vector DNA (pRTL2) or plasmid DNA encoding myc- OEP9, (b) Arabidopsis suspension-cultured cells co-

transformed with myc-OEP9 and OEP7-GFP, (c) Arabidopsis epidermal leaf cells (from plants 30 days after 

sowing) co-transformed with GFP-OEP9 and Tic40-RFP, (d) BY-2 cells co-transformed with non-epitopetagged 

OEP9 and myc-Toc33, or (e) BY-2 cells transformed with (non-tagged) OEP9 alone. Note that in (a) no 

(epi)fluorescence signal attributable to myc immunostaining is detected in representative mock (pRTL2 empty 

vector alone) transformed cells or when anti-myc IgGs were omitted during immunostaining of cells bombarded 

with DNA encoding myc-OEP9; however, both sets of representative cells in (a) display immunofluorescence 

attributable to the endogenous plastid NAGK (Figure 3-5). These smaller OEP7-GFP-containing torus structures 

did, however, delineate the punctate/spherical structures enzyme NAGK. In (b) and (c), hatched boxes represent the 

portion of the cells shown at higher magnification in the panels or insets to the right. Solid arrowheads in (b) 

indicate examples of the torus structures in containing both myc-OEP9 and OEP7-GFP; the open arrowhead in (b) 

indicates an example of a torus structure containing OEP7- GFP, but not myc-OEP9. Solid arrowheads in (d) 

indicate examples of colocalization of OEP9 and myc-Toc33. Also shown for the OEP9 and myc-Toc33 co-

transformed cell in (d) and GFPOEP9 and Tic40-RFP co-transformed cell in (c) is the corresponding differential 

interference contrast (DIC) images. In (e) OEP9-transformed cells were differentially permeabilized with either 

Triton X-100 or digitonin, and then incubated with antibodies raised against either the OEP9 C-terminal sequence 

(refer to Figure 3-1a) or a-tubulin. Bars = 10 µm. (f) Insertion of non-epitope-tagged OEP9 into chloroplasts in vitro. 

Isolated Arabidopsis chloroplasts were incubated with in vitro synthesized OEP9 translation product (TP) then 

resuspended with Na2CO3 or incubated with thermolysin (Th). Addition of Na2CO3 or Th to the reaction mixtures is 

indicated as (+), omission as (-). Equivalent amounts of each Na2CO3- or mock-extracted or Th treated chloroplast 

membrane sample were subjected to SDS PAGE/ phosphoimaging. On the other hand, approximately 1/40th of the 

amount of TP that was incubated with isolated chloroplasts (lanes 2–5) was loaded in lane 1 (TP). The migration in 

the gel of full-length OEP9 is indicated by the solid arrowhead, whereas the resulting Th-protected fragment for this 

protein is indicated with open arrowhead. Note that, depending on the Th assay, the Th-protected OEP9 (and myc-

OEP9) fragments observed after SDS-PAGE were sometimes diffuse (compare lane 5 here, lane 5 in Figure 3-6, as 

well as lanes 3 and 5 in Figure 3-13), a feature that has been reported also for OEP14 (Tu et al., 2004) and thus is 

likely a general feature of low molecular weight OEPs.  
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Figure 3-5. Intracellular localization of OEP7-GFP in BY-2 cells 

CLSM micrographs of cells transformed with OEP7-GFP and immunostained with antibodies against either NAGK 

(top row) or E1β. Hatched boxes represent the portion of the cells shown at higher magnification in the panels to the 

right. Solid arrowheads indicate examples of the torus fluorescent structures containing OEP7-GFP delineating the 

spherical structures attributable to either endogenous plastid stroma-localized NAGK or endogenous mitochondrial 

matrix-localized E1β. The open arrowhead indicates an example of a torus fluorescent structure that contains OEP7-

GFP, but does not enclose a spherical structure containing NAGK. Bars = 10 µm. 
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attributable to endogenous E1β (Figure 3-5), a protein subunit of the pyruvate dehydrogenase complex located in the 

mitochondrial matrix (Luethy et al., 1995). These results indicate that OEP7-GFP, a commonly used marker (fusion) 

protein for the chloroplast outer envelope in other studies involving transiently-transformed Arabidopsis leaf cell 

protoplasts (Lee et al., 2001; Lee et al., 2004; Bae et al., 2008), sorts also to the mitochondrial outer membrane in 

suspension cells, perhaps as a consequence of its ectopic (over)expression or a (cryptic) mitochondrial targeting 

signal that functions depending on the cell type and/or cell function.  

 

3.3.3. Membrane topology and insertion of OEP9, Toc33 and Toc34  

To determine whether OEP9, Toc33 and Toc34 were actually oriented in the plastid outer envelope in BY-

2 cells in a TA (Nout- Cin) manner, cells individually expressing these three N-terminal myc-tagged proteins were 

differentially permeabilized with either Triton X-100 or digitonin, and then examined by epi(immuno)- fluorescence 

microscopy. As shown in Figure 3-6a, myc-tagged OEP9, Toc33 and Toc34 were all immunodetected in cells 

incubated either with Triton X-100, which permeabilizes all cellular membranes, or with digitonin, which 

permeablizes only the plasma membrane (Lee et al., 1997). In the corresponding same cells, however, endogenous 

stromal NAGK was only immunodetected in cells permeabilized with Triton X-100 and not in cells permeabilized 

with digitonin, whereas cytosolic a-tubulin was detected in both Triton X-100- and digitionin-permeabilized cells, as 

expected. Similarly, expressed, non-epitope-tagged OEP was only immunodetected (via antibodies raised against a 

synthetic peptide in the protein‟s CTS [refer to Figure 3-1a]) in cells permeabilized with Triton X-100 and not in 

cells permeabilized with digitonin (Figure 3-4e). Taken together, these results confirm that, consistent with a TA 

topology, the myc epitope and thus the N terminus of OEP9 (and Toc33 and Toc34) is orientated towards the 

cytosol, while the C terminus of OEP9 faces the intermembrane space.  

Membrane insertion, in addition to topological orientation of myc-tagged OEP9, Toc33 and Toc34, was 

assessed also using an in vitro import system with isolated Arabidopsis chloroplasts (Smith et al., 2003). Figure 3-6b 

(lanes 2 and 3) shows that in vitro synthesized myc-tagged OEP9, Toc33 and, although to a lesser extent, Toc34, 

integrated stably into chloroplast membranes, as evidenced by their resistance to extraction with alkaline Na2CO3. 

The lack of molecular mass shift for these three membrane-integrated proteins (i.e., when compared to the size of 

their translation products alone [lane 1]) also confirmed that each protein is devoid of a cleavable transit peptide. 

Membrane-integrated, myc-tagged OEP9, Toc33 and Toc34 were also confirmed to be orientated in the proper TA 

(Nout-Cin) manner, since treatment of isolated chloroplasts containing these proteins with thermolysin yielded 

(smaller) protected protein fragments of the expected size, i.e., approx. 6- kDa, 4-kDa and 5-kDa fragments 

representing the predicted molecular mass of the C-terminal TMD and CTS of OEP9, Toc33 and Toc34, 

respectively (lanes 4 and 5, Figure 3-6b). Similar results were observed for the membrane insertion and topology of 

non-epitope-tagged OEP9 (Figure 3-4f), reinforcing earlier conclusions, based on in vivo localization and topology 

experiments (see above), that the addition of the myc sequence to OEP9 (i.e., myc-OEP9) does not affect its normal 

targeting and insertion. Likewise, the results presented here for the membrane insertion and topology of myc-Toc33 

and myc-Toc34 in vitro are consistent with those published previously for non-epitope-tagged Toc33 and Toc34 (Li 

and Chen, 1997; Gutensohn et al., 2000). That SSU was efficiently imported into isolated chloroplasts and properly  
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Figure 3-6. Topology and membrane insertion of OEP9, Toc33 and Toc34  

(a) Epi-(immuno)fluorescence micrographs of BY-2 cells transformed with either myc-tagged OEP9, Toc33 or 

Toc34, differentially permeabilized with either Triton X-100 (top set of panels) or digitonin (bottom set of panels), 

and then incubated with antibodies raised against (as indicated by the labeling at the top of each column of panels) 

either the myc epitope, a-tubulin or NAGK. Bar = 10 µm. (b) Insertion of myc-tagged OEP9, Toc33 and Toc34 into 

chloroplasts in vitro. Isolated Arabidopsis chloroplasts were incubated with in vitro synthesized translation products 

(TP) including either myc-OEP9, myc-Toc33, myc-Toc34 or SSU then resuspended with Na2CO3 or incubated with 

thermolysin (Th). Addition of Na2CO3 or Th to the reaction mixtures is indicated as (+), omission as (-). Equivalent 

amounts of each Na2CO3- or mock-extracted or Th-treated chloroplast membrane sample were subjected to SDS-

PAGE/phosphoimaging. The migration in the gel of full-length myc-OEP9, myc-Toc33, myc-Toc34 and the 

precursor form of SSU are indicated by solid arrowheads, whereas the resulting Th-protected fragments for these 

proteins, including the mature, processed form of SSU, are indicated with open arrowheads. Bar = 10 µm. 
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processed into its mature, thermolysin protected form (Figure 3-6b), as expected (Chua and Schmidt, 1978), 

confirmed the import competence of the chloroplasts used in our in vitro import assays.  

 

3.3.4. Characterization of the targeting information in OEP9, Toc33 and Toc34  

To characterize the specific molecular targeting information required for sorting of OEP9, Toc33 and 

Toc34 to the plastid outer envelope, we conducted a comprehensive series of in vivo targeting experiments (Figure 

3-7) using chimeras consisting of either: i) different portions of each of these three TA proteins fused to GFP serving 

as a passenger protein; or ii) specific protein domains swapped between OEP9 and either Toc33 or the mitochondrial 

isoform of Cb5, one of the best-studied plant TA proteins in terms of its targeting and membrane insertion (Hwang 

et al., 2004; Maggio et al., 2007; Henderson et al., 2007). We focused mostly on Toc33, rather than Toc34, in these 

mutational targeting experiments because these two proteins possess a relatively high degree (61%) of amino acid 

sequence identity Jarvis et al., 1998) and because Toc33 has been less studied in terms of its targeting information, 

and only using in vitro-based assays (Gutensohn et al., 2000).  

As shown in Figure 3-7b, transiently-expressed myc-Toc33 sorted exclusively to endogenous NAGK-containing 

plastids, as expected (compare cells expressing myc-Toc33 and co-stained for NAGK in Figure 3-3a and 4b). On the 

other hand, deletion of the so-called „NTC domain‟ from Toc33, namely the C-terminal region of the protein 

consisting of the 20 amino acid residues immediately upstream (N terminal) of its TMD, the TMD, and CTS, 

resulted in the modified protein (myc-Toc33ΔNTC) being mislocalized entirely to the cytosol (Figure 3-7b). When 

the NTC of Toc33 was appended to the C terminus of GFP, however, the resulting fusion protein (GFP-Toc33NTC) 

localized to numerous small punctate structures that are not plastids, as evidenced by the lack of colocalization of 

GFP-Toc33NTC and NAGK. Instead, as discussed below, these structures containing GFP-Toc33NTC are likely 

protein aggregates in the cytosol. Similar results were observed when the NTC domain of Toc34 was appended to 

GFP (GFP-Toc34NTC) (Figure 3-7b).  

That the NTCs of Toc33 and Toc34 were necessary, but not sufficient, for plastid targeting indicated that 

other important targeting information existed in the N-terminal regions of these proteins. To test this possibility, a 

chimera consisting of GFP appended to the Toc33 NTC plus an additional 100 upstream amino acid residues of 

Toc33 was constructed (i.e., GFPToc33141– 297). As shown in Figure 3-7b, GFP-Toc33141–297, similar to GFP-

Toc33NTC, localized to small punctate structures that were devoid of NAGK. On the other hand, GFP-Toc3337–297, 

consisting of amino acid residues 37 to 297, including the protein‟s entire GTP-binding (G)-domain fused to GFP, 

sorted to plastids in a manner similar to full-length myc-Toc33, suggesting that almost the entire Toc33 protein, 

including its G-domain, is required for proper targeting to plastids. Similarly, a mutant form of myc-Toc33 in which 

the so-called „arginine finger‟ residue of its G domain (i.e., position 130; Yeh et al., 2007) was replaced with alanine 

(myc-Toc33R130ΔA) localized exclusively to plastids (Figure 3-7b). While the results of numerous other studies have 

shown that this arginine mutation affects the ability of Toc33 to self-dimerize and, thus, function properly as an 

preprotein import receptor (Lee et al., 2009 and references therein), the results obtained here indicate that the plastid 

targeting of Toc33 itself does not rely on arginine finger dependent dimerization.  
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Figure 3-7. Characterization of the targeting information in OEP9, Toc33 and Toc34.  

a)Schematic illustrations of various myc- and/or GFPtagged wild-type, mutant or chimeric versions of OEP9, 

Toc33, Toc34 and Cb5, and their corresponding localizations in transformed BY-2 cells. Numbers in the name of 

some constructs denote the specific amino acid residue(s) that were either fused to the C terminus of GFP or 

replaced with alanine. Grey and green boxes denote the position of the myc epitope and GFP, respectively. Striped 

boxes represent the GTPase domains in Toc33 and Toc34, and black boxes represent the single TMDs present in 

selected proteins. Note that certain constructs included either deletion or fusion (to GFP) of the OEP9, Toc33 or 

Toc34 CTS or NTC.  

(b and c) Epi-(immuno)fluorescence micrographs of BY-2 cells transformed (individually) with (b) various Toc33 

and Toc34 constructs or (c) various OEP9, Cb5 and Toc33 constructs, all of which are illustrated in (a). Each 

micrograph is labeled at the top left with the name of either the expressed myc- or GFP-tagged, wild-type or mutant 

and/or chimeric Toc33, Toc34, OEP9 or Cb5 construct, endogenous plastidial NAGK, or endogenous mitochondrial 

E1β. Hatched boxes represent the portion of the cells shown at higher magnification in the panels to the right. 

Arrowheads indicate examples of co-localizations. Bar = 10 µm. 
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Figure 3-8. Localization of myc-OEPΔCTS in BY-2 cells 

Epi-(immuno) fluorescence micrographs of cells transformed either with (a) myc-OEPΔCTS or (b) co-transformed 

with myc-OEP9ΔCTS and GFP-OEP7. Each micrograph is labeled at the top left with the name of the expressed 

(fusion) protein or in (a) the endogenous organelles protein in the corresponding same cell including:  mitochondrial 

E1β; peroxisomal catalase; and the Golgi-localized reversibly glycosylated protein (RGP). Hatched boxes represent 

the portion of the cells shown at higher magnification in the panels to the right. Note that in (a) the punctate 

structures containing expressed myc-OEP9ΔCTS do not colocalize with the punctate structures containing 

endogenous E1β, catalase or RGP; open arrowheads indicate examples of non-colocalization. Note also in (b) that at 

least some of the punctate structures (solid arrowheads) containing expressed myc-OEP9ΔCTS also contain co-

expressed GFP-OEP7. Bar = 10 µm. 
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We next characterized the targeting information in OEP9. As shown in Figure 3-7c, deletion of either the 

NTC (myc-OEP9ΔNTC) or CTS (myc-OEP9ΔCTS) of OPE9 resulted in mislocalization to the cytosol and to the 

cytosol and punctate structures, respectively, indicating that the CTS is minimally necessary for proper targeting of 

OEP9 to plastids. The punctate structures containing myc-OEP9ΔCTS did not co-localize with endogenous marker 

proteins for mitochondria, peroxisomes or Golgi (Figure 3-8a), but they did colocalize, at least in some instances, in 

punctate structures containing the co-expressed fusion protein GFP-OEP7 (consisting of GFP fused to the N 

terminus to OEP7) (Figure 3-8b). GFP-OEP7 is known to form protein aggregates in the cytosol of transformed 

plant cells presumably due to the plastid targeting information near its N terminus being sterically disrupted by the 

(N-terminal) appended GFP moiety (Lee et al., 2001; Bae et al., 2008). Thus, partial co-localizations between myc-

OEP9ΔCTS and GFP-OEP7 in several punctate structures (Figure 3-8b), suggests that myc-OEP9ΔCTS (as well as 

various GFP-Toc33/34 fusion proteins that localize also to punctate structures [see above]) forms protein aggregates 

in the cytosol due to the disruption of its (C-terminal) plastid targeting information.  

Figure 3-7c shows also that the NTC of OEP9, unlike the NTC of Toc33 or Toc34, possesses sufficient 

plastid targeting information, since GFP-OEP9NTC (consisting of GFP fused at its C terminus of the OEP9 NTC; 

Figure 3-7a) localized exclusively to plastids. The OEP9 CTS alone (residues 54–86), however, was unable to target 

GFP to plastids, and instead this fusion protein (GFP-OEP9CTS) remained entirely in the cytosol (Figure 3-7c). 

That the CTS of OEP9 is necessary, but on its own not sufficient (see above), for plastid targeting prompted us to 

test next whether this region contained the protein‟s key targeting information. Toward this end, we swapped the 

CTS of Toc33 in the context of GFP-Toc33NTC, which does not sort to plastids (Figure 3-7b), with the CTS of 

OEP9, yielding a modified chimeric protein (GFP-Toc33NTCΔOEP9CTS) that localized exclusively to plastids 

(Figure 3-7c). The CTS of OEP9 was sufficient also in sorting to plastids a modified version of the mitochondrial 

isoform of tung Cb5 (Cb5D; Hwang et al., 2004) (myc-Cb5ΔOEP9CTS) whereby the three amino-acid-long CTS of 

Cb5 (-RRK) was replaced with the CTS of OEP9 (Figure 3-7a). As shown in Figure 3-7c, while full length myc- 

Cb5 sorted to E1β-containing mitochondria and the corresponding myc- Cb5 mutant lacking its CTS (myc-

Cb5ΔCTS) mislocalized to the cytosol, as expected (Hwang et al., 2004), myc- Cb5ΔOEP9CTS localized 

exclusively to plastids. On the other hand, a modified chimeric protein consisting of myc-OEP9 with its CTS 

replaced with the CTS of Toc33 (myc-OEP9ΔToc33CTS) did not localize to plastids, but instead, similar to myc-

OEP9ΔCTS, mislocalized to small punctate structures and the cytosol.  

Overall, the data presented in Figure 3-7 indicate that OEP9, compared to Toc33 and Toc34, contains 

distinctly different plastid targeting information. The targeting signals in Toc33 and Toc34 being relatively long, 

consisting of almost the entire protein, including its C-terminal NTC and GTPase domain. By contrast, the targeting 

signal in OEP9 consisting of only its CTS and the adjacent TMD sequence.  

 

3.3.5. Detailed characterization of the plastid targeting signal in the CTS of OEP9  

To gain further insight to the nature of the plastid targeting signal in the CTS of OEP9, we initially deleted 

the C-terminal half of this region of the protein. As shown in Figure 3-9, myc- OEP91–70, which lacks the protein‟s 

C-terminal 16 amino acid residues (residues 71–86) did not localize to NAGK-containing plastids. Instead, similar  
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Figure 3-9. Characterization of the targeting information in the CTS of OEP9  

(a) Schematic illustration of myc-tagged OEP9 and the hydrophilic C-terminal sequences (CTSs) of either wild-type 

or mutant versions of myc-OEP9 and their corresponding localizations in transformed BY-2 cells. Numbers shown 

above certain amino acids residues in the illustration indicate their relative positions in OEP9 and the cluster of 

positively (+) and negatively (-) charged residues in the OEP9 CTS are shaded grey. The grey box at the N-terminal 

end of OEP9 denotes the position of the myc epitope and the OEP9 TMD is colorized black. Numbers in the name 

of each myc-OEP9 mutant construct denote the specific amino acids in the CTS that were either deleted or replaced 

with glycine residues. Likewise, the amino acids in the mutant versions of myc-OEP9 that were replaced with 

glycines are underlined in the corresponding C-terminal sequences. (b) Epi-(immuno)fluorescence micrographs BY-

2 cells transformed (individually) with various myc-OEP9 constructs, as illustrated in (a). Each micrograph is 

labeled at the top left with the name of either the expressed wild-type or mutant myc-OEP9 construct, endogenous 

plastidial NAGK, or endogenous mitochondrial E1β. Note that the numbers in the names of the myc- OEP9 mutant 

constructs that denote the specific amino acids in the CTS that were replaced with glycine residues (as in [a] and in 

the Results) were removed in the labels in (b) due to space limitations. Hatched boxes represent the portion of the 

cells shown at higher magnification in the panels to the right. Solid arrowheads indicate examples of colocalizations; 

open arrowheads indicate examples of the noncolocalization. Bar = 10 µm. 
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to myc-OEP9ΔCTS (Figure 3-7c), myc-OEP91–70 mislocalized to the cytosol and small punctate structures 

(presumably protein aggregates), indicating that this deleted portion and/or a combination of the both halves of the 

CTS are essential for targeting OEP9 to plastids.  

An examination of the OEP9 CTS sequence revealed it contains a number of positively- and negatively-

charged residues, the majority of which were located between positions 65 to 77  (Figure 3-9a). Notably, this cluster 

of charged residues within the CTS was disrupted in the mutant myc-OEP91–70 and is conserved in all the putative 

homologues of OEP9 (Figure 3-1a). To assess, therefore, whether these charged residues in the CTS of OEP9 are 

important for its proper targeting, two mutants were constructed wherein several of either the positively-charged 

lysine and arginine residues or the negatively-charged aspartate residues were replaced with glycines (Figure 3-9a). 

As shown in Figure 3-9b, the positively-charged mutant myc-OEP9K69K72R74K75ΔG mislocalized exclusively to E1β -

containing mitochondria and the corresponding negatively-charged mutant, myc-OEP9D68D71ΔG, also mislocalized 

partially to mitochondria (i.e., myc- OEP9D68D71ΔG localized to both plastids and mitochondria). Interestingly, 

glycine substitutions of other (non-charged) amino acids within the same region of the OEP9 CTS also disrupted the 

protein‟s normal targeting to plastids, i.e., myc-OEP9Y66M67A70ΔG mislocalized to punctate structures and the cytosol 

(Figure 3-9b). Collectively, these data suggest that the net charge and/or charge distribution of the CTS, as well as 

the overall three dimensional configuration of the CTS, mediates the plastid targeting specificity of OEP9.  

 

3.3.6. AKR2A interacts with OEP9 in vivo  

Recently, the Arabidopsis ankryin repeat-containing protein, AKR2A, was shown to function as an 

essential cytosolic mediator of OEP biogenesis, acting both as a chaperone to prevent the aggregation of nascent 

OEPs and as a receptor to facilitate their subsequent targeting from the cytosol to the plastid outer envelope (Bae et 

al., 2008). The evidence in support of this dual role for AKR2A provided in part by in vitro protein pull-down 

and/or nuclear mislocalization assays, which demonstrated that AKR2A interacts specifically with various OEPs 

(Bae et al., 2008).  

To investigate whether AKR2A interacts with OEP9 we also employed a nuclear relocalization assay. 

Specifically, we constructed two chimeric proteins (Figure 3-10a) that consist of three tandem copies of the nuclear 

localization signal (NLS) from the SV-40 large T antigen (Adam and Gerace, 1991) fused to either the RFP alone 

(NLS-RFP) or to the RFP and AKR2A (NLS-RFP-AKR2A). For comparative purposes, a third chimera was 

constructed consisting of GFP fused to AKR2A alone (GFP-AKR2A) and that, unlike NLS-RFP-AKR2A, lacks an 

appended NLS (Figure 3-10a). Consistent with the intracellular localizations reported previously for these three 

chimeric proteins in transiently transformed leaf protoplasts (Heins et al., 2002), NLS-RFP and NLS-RFP-AKR2A 

both localized exclusively to the nucleus, while GFP-AKR2A localized to the cytosol in transformed BY-2 cells 

(Figure 3-10b), indicating that the NLS was efficient in relocalizing AKR2A (i.e., NLS-RFP-AKR2A) from the 

cytosol to the nucleus in these cells.  

Also consistent with previously published results (Bae et al., 2008), NLS-RFP-AKR2A was capable of 

relocalizing co-expressed GFP-OEP7 to the nucleus in BY-2 cells (Figure 3-10c). By contrast, GFPOEP7 co-

expressed with the NLS-RFP, similar to when GFP-OEP7 was expressed on its own, localized to numerous punctate  
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Figure 3-10. AKR2A mediates the localization of OEP9.  

(a) Schematic illustrations of NLS-RFP, NLS-RFP-AKR2A, GFP-AKR2A, as well as GFP fusion constructs 

containing OEP7, Toc33 or OEP9. The three tandem copies of the SV-40 large T antigen NLS (NLS; 63) located at 

the N terminus of NLS-RFP and NLS-RFP-AKR2A are boxed and the dual ankryin repeat domains located at the C 

terminus of AKR2A are colorized black. Also colorized black is the single TMD present in each of the OEP-GFP 

(GFP-OEP) fusion proteins. The GTPase domain in the Toc33-GFP fusion protein is represented with a striped box. 

(b)–(d) Epi-(immuno)fluorescence micrographs of BY-2 cells either (a) transformed with NLS-RFP, NLS-RFP-

AKR2A or GFP-AKR2A or cotransformed with (c) GFP-OEP7 or Toc33-GFP, or (d) OEP9-GFP with NLS-RFP or 

NLS-RFP-AKR2A, all of which are illustrated in (a). Each micrograph is labeled at the top left with the name of 

either the (co-)expressed fusion protein or, in the corresponding same cells, endogenous plastidial NAGK or DAPI, 

serving as a stain for the nuclear DNA. Also shown for the NLS-RFP-transformed cell in (b) is the corresponding 

DIC image. Hatched boxes in (d) represent the portion of the cells shown at higher magnification in the panels to the 

right; solid arrowheads indicate examples of OEP9-GFP colocalizing with NAGK in plastids; open arrowheads 

indicate examples of the smaller punctate structures containing OEP9-GFP, but not NAGK. Bar = 10 µm.  
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Figure 3-11. AKR2A does not mediate the nuclear relocalization of OEP7-GFP, mitochondrial Cb5 or myc-

OEP9ΔCTS.  

Epi-(immuno)fluorescence micrographs of BY-2 cells (co-)transformed with either (a) OEP7-GFP, (b) myc-Cb5 or 

myc-Cb5-HA, or (c) myc-OEP9ΔCTS and NLS-RFP or NLS-RFP-AKR2A. Each micrograph is labeled at the top 

left with the name of either the (co-)expressed fusion protein. Also shown in (a) and (c) is the corresponding DIC 

image of the OEP7-GFP or myc-OEP9ΔCTS and NLS-RFP-AKR2A co- transformed cells. Bars = 10 µm. 
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structures that, as discussed above, are likely cytosolic aggregates of this fusion protein (Lee et al., 2002) (compare 

cells expressing GFP-OEP7 and co-expressing GFP-OEP7 and NLS-RFP in Figure 3-4b and Figure 3-10c, 

respectively). Notably, OEP7-GFP sorted to plastids and did not mislocalize to the nucleus when co-expressed with 

NLS-RFP-AKR2A (Figure 3-11a), indicating that AKR2A does not bind efficiently to OEP7 when GFP is appended 

to its C terminus (OEP7-GFP), but does so when GFP is appended to its N terminus (GFP-ORP7); a conclusion that 

is consistent with previously published data on the functionality, or lack thereof, of the N terminal plastid targeting 

signal in OEP7 (Lee et al., 2002) and why GFP-OEP7 (and not OEP7-GFP) was employed here and elsewhere (Bae 

et al., 2008) in nuclear relocalization assays with AKR2A.  

In additional control experiments, Toc33-GFP (consisting of Toc33 fused at its C terminus to GFP; Figure 

3-10a) co-expressed with NLS-RFP-AKR2A localized predominantly to the nucleus (Figure 3-10c), confirming and 

extending previous results from in vitro pull-down assays showing that Toc33 interacts with AKR2A (Bae et al., 

2008). On the other hand, when Toc33-GFP was either co-expressed with NLS-RFP or expressed alone it localized 

to the cytosol and not to plastids (Figure 3-10c), presumably due to the disruption of the Toc33 plastid targeting 

information by the C-terminal-appended GFP moiety.  

Figure 3-10d shows that OEP9-GFP, consisting of OEP9 appended at its C terminus to GFP (Figure 3-10a), 

localized to both plastids and to numerous punctate structures within the cytosol when expressed on its own. 

Analogous to the relocalization of GFP-OEP7, these OEP9-GFP-containing punctate structures likely represent 

relocalized aggregates of the fusion protein due to the partial disruption of the OEP9‟s plastid targeting information 

by the appended GFP moiety. OEP9-GFP also localized to both plastids and aggregates in the cytosol when co-

expressed with NLS-RFP. However, when co-expressed with NLS-RFP-AKR2A, at least a portion of OEP9-GFP 

relocalized to the nucleus, i.e., in addition to being localized to plastids and the cytosolic aggregates, OEP9-GFP 

also accumulated in the nucleus when co-expressed with NLS-RFP-AKR2A (compare cells co-expressing OEP9-

GFP with NLS-RFP-AKR2A or NLS-RFP in Figure 3-10d), indicating that OEP9 interacts with AKR2A.  

 

3.3.7. OEP9, compared to Toc33 and Toc34, requires different membrane-bound proteinaceous factors for 

integration and displays distinct differences in membrane lipid association  

Given our results indicating that OEP9, similar to other OEPs, relies on AKR2A as a mediator (i.e., 

chaperone/receptor) for its targeting from the cytosol to plastids (Figure 3-10), we examined next whether other 

protein(s), if any, are responsible for the subsequent insertion of OEP9 into the plastid outer envelope membrane. 

Toward this end, OEP9, Toc33 and Toc34 were compared initially for their ability to insert into isolated chloroplasts 

that were treated with the protease trypsin prior to the insertion reaction and, thus, removed surface-exposed outer 

membrane proteins including candidate receptor(s). As shown in Figure 3-12a, only a portion of in vitro synthesized, 

radiolabeled myc-tagged OEP9, Toc33 and Toc34 bound to and stably integrated into (as evidenced by their 

resistance to extraction with Na2CO3) trypsin-pretreated chloroplasts. That is, compared to the behaviour of these 

three proteins in reactions containing untreated intact chloroplasts (refer to Figure 3-6b, lanes 2 and 3), their binding 

and integration into trypsin-pretreated chloroplasts was substantially reduced, although to a much lesser extent for 

myc-Toc34 (Figure 3-12a). The import and processing of SSU, however, was completely abolished by the pre- 
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Figure 3-12. OEP9, Toc33 and Toc34 insert into trypsin-pretreated chloroplasts and ppi1 and ppi3 

chloroplasts in vitro.  

(a) Insertion of OEP9, Toc33, Toc34 and SSU into trypsin-pretreated chloroplasts in vitro. Isolated Arabidopsis 

chloroplasts pre-treated with trypsin were incubated with in vitro synthesized translation products (TP) including 

either myc-OEP9, myc-Toc33, myc-Toc34 or SSU and then resuspended with Na2CO3. Equivalent amounts of 

Na2CO3- or mock-extracted chloroplast membranes were then subjected to SDS-PAGE/ phosphorimaging. Addition 

of Na2CO3 to the reaction mixtures is indicated as (+), omission as (-). The migration in the gel of each protein is 

marked with an arrowhead to the right of each panel. (b) Insertion of OEP9, Toc33, Toc34 and SSU into ppi1 and 

ppi3 chloroplasts in vitro. Chloroplasts isolated from ppi1 or ppi3 mutant Arabidopsis plants were incubated with in 

vitro synthesized TP including either myc-tagged OEP9, myc-Toc33 myc- Toc34 or SSU. Chloroplasts were then 

resuspended with or without Na2CO3 and subjected to SDS-PAGE/phosophorimaging. Addition of Na2CO3 to the 

reaction mixtures is indicated as (+), omission as (-). The migration in the gel of each (full-length) protein is marked 

with a solid arrowhead to the right of each panel, whereas the mature, processed (cleaved) form of SSU, is indicated 

with open arrowhead.  
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Figure 3-13. Topology of myc-OEP9 in ppi1 and ppi3 chloroplasts in vitro  

Chloroplasts isolated from ppi1 or ppi3 mutant Arabidopsis plants were incubated with in vitro synthesized myc-

tagged OEP9 then resuspended with (+) or without (-) thermolysin (Th). Equivalent amounts of each Th-treated 

chloroplast membrane sample were subjected to SDS-PAGE/phosphoimaging. The migration in the gel of full-

length myc-OEP9 (lanes 1, 2 and 4) is indicated by the solid arrowhead, whereas the resulting Th protected 

fragment(s) for this protein (lanes 3 and 5) is indicated with an open arrowhead. Note that the Th-protected myc-

OEP9 fragments observed here (lanes 3 and 5) are diffuse likely because, as mentioned above (refer to legend for 

Figure 3-4), this is a general feature commonly observed for low molecular weight OEPs after Th treatment.  
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treatment of chloroplasts with trypsin (Figure 3-12a). These latter results confirm that the protease had efficiently 

degraded proteins of the Toc complex, since the import of SSU is well known to be Toc complex-dependent (Jarvis 

et al., 1998; Kubis et al., 2003). We demonstrated also that the integration, but not the binding, of myc-Toc33 and 

myc-Toc34 into chloroplast outer envelope membranes was significantly reduced when in vitro import reactions 

with either of these two proteins contained chloroplasts isolated from ppi1 or ppi3 Arabidopsis mutant plants that 

lacked (via a T-DNA insertion) Toc33 (Jarvis et al., 1998) or Toc34 (Constan et al., 2004), respectively (Figure 3-

12b). These data indicate that Toc33 and Toc34 themselves serve as receptor proteins involved in their proper 

insertion. OEP9, however, does not appear to depend on the Toc33 or Toc34 receptors, since it bound and integrated 

as well as orientated (based on thermolysin protection assays) in the proper (TA) manner, into 

both ppi1 and ppi3 chloroplasts in a manner similar to that for wild-type chloroplasts (compare Figure 3-6b, 3-12b 

and 3-13). Instead, data presented in Figure 3-12a indicate that the OEP9 is dependent, at least in part, on some other 

surface-exposed proteinaceous factor(s). On the other hand, SSU was properly imported into ppi3 chloroplasts, but 

was not into ppi1 chloroplasts (Figure 3-12b), consistent again with previous studies indicating that this protein, like 

other photosynthetic proteins, relies more so on Toc33 (than Toc34) for its import (Jarvis et al., 1998; Kubis et al., 

2003; Constan et al., 2004).  

The observation that a portion of OEP9, Toc33 and, to a greater extent, Toc34, inserted into protease-

pretreated chloroplasts (Figure 3-12a) might be due to direct protein-lipid interactions and, thus, we tested whether 

these three TA proteins can bind to synthetic membrane lipids in vitro. Specifically, translation reactions containing 

myc-tagged OEP9, Toc33 or Toc34 were incubated with or without protein-free lipid membranes (liposomes) 

containing an average lipid composition similar to that of the chloroplast outer envelope membrane (Bruce, 1998). 

All of the samples were subsequently subjected to sucrose gradient centrifugation followed by fractionation of the  

gradient into those containing either the liposomes and liposome-bound proteins (fractions 1 and 2), unbound 

proteins that remained in a specific portion of the sucrose gradient (fraction 3), the load fraction (fraction 4) or 

aggregated proteins that pelleted to the bottom of the gradient (fraction 5) (Henderson et al., 2007).  

As shown in Figure 3-14a, a portion of the myc-tagged OEP9, Toc33 and Toc34 added to the incubations 

was recovered in gradient fractions containing chloroplast-like liposomes (fractions 1 and 2, solid arrowheads), 

indicating that all three proteins were binding directly to this lipid bilayer. However, their binding efficiency to 

chloroplast-like liposomes varied considerably, i.e., while a substantial portion of Toc33 and Toc34 proteins were 

recovered in fractions with liposomes (fractions 1 and 2) compared to the gradient and load fractions (fractions 3 

and 4), the majority of soluble OEP9 remained in the load and bottom fractions (fractions 4 and 5). Moreover, a 

portion of OEP9 was recovered in the top soluble fractions (fractions 1 and 2) of gradients without liposomes. 

Overall, these data indicate Toc33 and Toc34 bind much more efficiently to the chloroplast-like liposomes than 

OEP9. Shown also in Figure 3-14a, the majority of the soluble control protein SSU remained in the load and bottom 

fractions in gradients with or without liposomes, indicating that SSU, consistent with previous results (Schleiff et 

al., 2001), does not interact with chloroplast-like liposomes.  

We next assessed whether the targeting to chloroplast-like liposomes of Toc33, Toc34, and, although to a much 

lesser extent, OEP9 was specific for this lipid bilayer, since previous studies with psToc34 revealed its 
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Figure 3-14. Insertion of OEP9, Toc33 and Toc34 into protein-free liposomes with varied lipid compositions 

in vitro 

In vitro synthesized myc-OEP9, myc-Toc33, myc-Toc34 or SSU were incubated with (+) our without (-) liposomes 

that contained a lipid composition similar to that of either (a) the chloroplast outer envelope membrane or (b) 

mitochondria; see „MATERIALS AND METHODS‟ for the lipid composition of liposomes. Following incubation, 

samples were subjected to sucrose gradient centrifugation and the resulting gradients were fractionated (as described 

in the „Results‟), and then equivalent amounts of all fractions (1–5) were subjected to SDS-PAGE/phosophor-

imaging. Note that the migration in the gel of each protein examined is indicated by the arrowheads at the right side 

of the panels in (a) and (b). The asterisk at the right side of the panel in (b) indicates the migration position of rabbit 

globin in the load fraction (fraction 4) of samples containing rat Cb5 (rCb5).  
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insertion into liposomes was dependent on the presence of lipids unique to the plastid outer envelope, namely the 

non-bilayer lipids monogalactosyldiacylglyceride (MGDG) and digalactosyldiacylglycerides (DGDG), and on the 

concentration of anionic lipids, such as phosphatidylglycerol (PG) (Qbadou et al., 2003). We therefore tested the 

ability of OEP9, Toc33 and Toc34 to bind liposomes that, unlike chloroplast-like liposomes, were devoid of 

MGDG, DGDG and PG, and possessed different amounts of other lipids that, overall, yielded a composition similar 

to mitochondrial membranes (Henderson et al., 2007). Sucrose gradient flotation assays were employed for these 

experiments as described above, but, rather than SSU, an ER isoform of rat Cb5 served as a control protein, since 

this TA protein targets in vitro to any membrane, including synthetic liposomes (Brambillasca et al., 2005; 

Henderson et al., 2007). As shown in Figure 3-14b, neither myc-Toc33 nor myc-Toc34 bound to the mitochondrial-

like liposomes, consistent with previous results for psToc34 (Qbadou et al., 2004). By contrast, myc-OEP9 bound to 

the mitochondrial-like liposomes and did so in a manner similar to rCb5 (Figure 3-14b). Taken together, the data 

presented in Figure 3-14 suggest that OPE9, compared to Toc33 and Toc34, displays differences in its preference for 

binding membrane lipids, and that this behaviour may serve as an important determinant in the targeting specificity 

of these three TA proteins.  

 

3.4 DISCUSSION 

3.4.1 The sorting of TA proteins to plastids involves at least two distinct pathways  

Plastids participate in a wide array of essential metabolic processes, all which rely on the acquisition of 

distinct nuclear encoded protein components from the cytosol, and as such, the protein composition of the organelle 

is influenced by both nuclear gene expression and the activity of intracellular targeting pathways specific for plastid 

biogenesis. In fact it is now well appreciated that multiple import pathways serve in the uptake of both soluble and 

membrane-bound proteins into plastids (Kessler et al., 2009). However, compared to other proteins our 

understanding of plastid TA protein biogenesis is lacking. Given the importance of TA proteins in other critical 

aspects of cell metabolism and physiology, we undertook a comparative analysis of the targeting and insertion 

mechanisms of three plastid TA proteins, including Toc33 and Toc34, both of which function as Toc complex-

receptor GTPases, and OEP9, a newly-identified TA protein of unknown function. Overall, our results provide 

evidence in support of at least two pathways for plastid TA biogenesis that are distinguished by the nature of their 

molecular targeting signals and the membrane protein and lipid components involved. These findings should now 

not only facilitate a more detailed analysis of these membrane components, some of which may be shared in terms 

of their underlying biochemical mechanisms, but also complement the growing body of evidence for the complex 

diversity of plastid protein sorting pathways, as well as the diversity of sorting pathways for TA proteins localized to 

other organelles (e.g., mitochondria (Kemper et al., 2008; Rabu et al., 2009).  

 

3.4.2 OEP9 is integrated in the plastid outer envelope in a TA manner and may be involved in ribosome 

biosynthesis in roots  

OEP9 was one of over 500 Arabidopsis candidate TA proteins identified in a recent bioinformatics screen 

(Kriechbaumer et al., 2009) based primarily on the three main structural characteristics that have traditionally 
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defined the TA protein family, including: 1) the presence of a single putative TMD within the C-terminal, 50 amino 

acid residues; 2) the absence of any other TMDs; and 3) the lack of an N-terminal hydrophobic secretory signal 

sequence (Kutay et al., 1993). Consistent with each of these characteristics, we showed here using differential 

detergent permeabilization and protease protection assays (Figure 3-6) that OEP9 is stably integrated in the plastid 

outer envelope in a TA manner (i.e., Nout-Cin). This interpretation of OEP9‟s TA topology was reinforced by results 

from a parallel series of assays with Toc33 and Toc34 (Figure 3-6), all of which were in full agreement with the 

previously reported TA topology of these two proteins (Li and Chen, 1997; Gutensohn et al., 2000).  

Similar to many other OEPs (Chen et al., 2006; Inoue, 2007), the function of Arabidopsis OEP9 is 

unknown. Nevertheless, the existence of conserved OEP9 homologues in other diverse plant species (Figure 3-1c) 

and the absence of homologues in non-plant organisms, suggests that its function(s) is plant specific. Indeed, some 

indirect evidence obtained from various web-based Arabidopsis (co)expression datasets supports the possibility that 

OEP9 functions in the plastids of root cells and in plastid ribosome biosynthesis (Figure 3-2). Whether OEP9 is 

actually involved in plastid ribosome biogenesis in roots, however, remains to be tested experimentally; a task that 

will likely require inducible RNAi mutants of OEP9, since knock-out (T-DNA) mutants of this gene or its paralogue 

(At1g80890) are not available, suggesting also that OEP9 is essential for plant growth and development.  

 

3.4.3 Properties of the OEP9 targeting signal 

Since plant cells possess an additional organelle (the plastid) that is absent in most other eukaryotic cells 

(e.g., yeast and mammals), there is an added level of complexity in the intracellular trafficking system for plant TA 

proteins that warrants a close examination of the targeting signals involved. For almost all TA proteins, regardless of 

their organelle destination, the initial targeting event is mediated by cis-acting sequences within the C-terminal 

region of the protein (Borgese et al., 2007). Consistent with this paradigm, the OEP9 CTS and TMD together are 

both necessary and sufficient for targeting the protein from the cytosol to plastids (Figure 3-7). However, these 

sequences within OEP9 also appear to play distinct roles: the CTS contains the protein‟s key plastid targeting 

information and the TMD, which in addition to being required for thermodynamic association and integration into 

membranes, possesses general physico-chemical properties, such as overall hydrophobicity, length, and/or 

propensity to form an a helical structure, that act together to convey the proper context for the CTS to function as a 

targeting signal. Perhaps the best support of this conclusion is that the CTS of OEP9 on its own is not sufficient for 

targeting GFP to plastids, but is sufficient in retargeting the mitochondrial isoform of Cb5 or the NTC domain of 

Toc33 fused to GFP to plastids (Figure 3-7a). By contrast, the Toc33 NTC domain on its own was not sufficient for 

targeting GFP to plastids (Figure 3-7b). As discussed below, these latter data indicate that Toc33 (and Toc34) 

possesses a different type of targeting signal than OEP9 since it relies on additional targeting information present 

within the N-terminal GTPase domain of the proteins.  

Inspection of the CTS sequences of OEP9 and putative OEP9 homologues in other plant species revealed 

several conserved features that possibly represent distinct targeting signal motifs. For instance, all of these proteins 

possess a cluster of conserved positively- and negatively-charged amino acid residues (residues 65–77; Figure 3-9a) 

that are similar to the charged residues known to be important for the proper sorting of other OEPs, namely 
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Arabidopsis OEP7 and OEP64 (Lee et al., 2001; Lee et al., 2004). Interestingly, both OEP7 and OEP64 possess a 

single TMD, but unlike OEP9, it is located near the protein‟s N terminus and yields an Nintermembrane space- Ccytosol 

orientation in the outer envelope membrane (Lee et al., 2001; Lee et al., 2004). Moreover, the clusters of charged 

residues in OEP7 and OEP64 have been implicated in preventing interaction with SRP and thus entry into the Sec61 

co-translational pathway of the secretory system. We also found that the charged residues in OEP9 (CTS) are critical 

for its proper targeting to plastids (Figure 3-9), suggesting that OEP9 shares the same targeting information and, 

hence, as discussed below, utilizes the same plastid biogenetic pathway as OEP7/64. One important difference 

between OEP9 and OEP7/64, however, is that mutations to certain charged residues in the CTS of OEP9 resulted in 

the modified proteins being mistargeted to mitochondria, rather than to the secretory system (Figure 3-9). This 

difference in (mis)targeting is most likely due to both OEP7 and OEP64 possessing an N-terminal TMD that, when 

their charged residues are mutated, engages the SRP/Sec61 cotranslational pathway, whereas OEP9 (wild-type or 

mutant) possesses a C-terminal TMD that emerges from the ribosome only after the termination of translation and, 

thus, targets strictly in a SRP-independent post-translational manner.  

The mitochondrial mislocalization of OEP9 mutants with alterations to certain charged residues within the 

CTS (Figure 3-9) also suggests that the TA targeting pathways for plastids and mitochondria are independent, but 

competing, and that the specific sorting of OEP9, as well as other TA proteins, to either of these two organelles (or 

to other organelles) is not based strictly on the overall net positive charge of the CTS. While the actual distribution 

of the charges in the CTSs of these proteins may be an important aspect in mediating targeting specificity, the basic 

mechanism(s) that underlies the proper sorting of TA proteins in plant cells does not appear to match that in 

mammals, wherein a net positive charge in the CTS conveys sorting to mitochondria and a net negative or null 

charge conveys sorting to the ER (Borgese et al., 2007). It seems instead that plant TA protein targeting signals have 

acquired additional information that ensures higher fidelity association with the correct organelle (Hwang et al., 

2004; Maggio et al., 2007). Consistent with this premise, mutational analyses of the OEP9 CTS revealed that, in 

addition to the charged-related characteristics, the overall secondary and/or three-dimensional configuration of this 

region appears to play an important role in plastid targeting specificity (Figure 3-9). This is potentially an important 

feature of the OEP9 CTS, since at least some protein structure prediction programs indicated that this region, as well 

as the N terminus of the protein, has the propensity to be intrinsically disordered (Figure 3-1a) and disordered 

segments in other proteins can serve as specific binding/recognition elements and/or flexible linkers involved in 

macromolecular assembly (Dyson et al., 2005). Spectroscopic and prediction based structural modeling of the CTS 

of wild-type and mutant OEP9 proteins, as well as large-scale and systematic mutational analyses of the putative 

targeting signals in the CTSs of other (predicted) plastid TA proteins (Kriechbaumer et al., 2009) are now being 

planned in order to determine whether the putative unstructured domains and/or physico-chemical and sequence-

specific features in OEP9 are functionally conserved.  

 

3.4.4 Role of the GTPase domain in the targeting and membrane insertion of Toc33 and Toc34  

Compared to OEP9 and most other TA proteins examined to date, Toc33 and Toc34 appear to be unique in 

that targeting is not mediated only by sequences within their C-terminal TA sequence. That is, while the NTC 
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sequences of Toc33 or Toc34 are necessary for their targeting to plastids, they are not sufficient in redirecting GFP 

from the cytosol to plastids (Figure 3-7a). Only when the entire G-domain of Toc33, along with the NTC region, 

was fused to GFP was targeting to plastids observed (Figure 3-7). Taken together, these data are consistent with 

previous in vitro studies indicating that the G-domain of Toc34, along with the TMD and CTS sequences, is 

important to varying degrees for insertion into isolated chloroplasts (Chen and Schnell, 1997; Li and Chen, 1997; 

Tsai et al., 1999). Interestingly, we observed also that a G-domain-mutant version of Toc33 (myc- Toc33R130ΔA), 

which exists primarily as a monomer in vitro (Yeh et al., 2007; Lee et al., 2009), targets to plastids in vivo in a 

manner similar to its wildtype counterpart (Figure 3-7a). Thus, while it appears that the G domains of Toc33 and 

Toc34 are, at a minimum, critical structural determinants important for maintaining the overall targeting- and/or 

insertion-competent conformation of these receptor proteins, the so-called „arginine fingers‟ within these G domains 

and, hence, the self-dimerization process that they presumably mediate (Lee et al., 2009), is not a prerequisite for 

proper targeting. However, since Toc33/34 at the plastid surface are important for mediating their own insertion 

(Figure 3-12b; see below), resident Toc33/34 homologs in BY-2 cells, which presumably contain a corresponding 

intact arginine finger, may account, in part, for the successful plastid targeting of myc- Toc33R130ΔA. It is also 

possible that the apparent differences in the role(s) of the „arginine fingers‟ in targeting and/or insertion/ assembly 

versus homodimerization of Toc33/34 reflects the complex nature of (TA) OEP membrane biogenesis in general and 

the different approaches (in vivo versus in vitro) employed to study this multi-step process.  

 

3.4.5 Role for „kinetic factors‟ in the organelle-specific targeting and membrane insertion of OEP9, Toc33 

and Toc34  

In recent years, considerable progress has been made towards understanding the biogenetic pathways 

responsible for the intracellular localizations of TA proteins (Borgese et al., 2007). Based almost entirely on studies 

carried out with yeast and mammalian model systems, and with TA proteins that localize to mitochondria, 

peroxisomes or ER, the current working model for TA protein biogenesis involves two main steps: (i) delivery of the 

nascent protein from its sites of syntheses in the cytosol to the surface of the appropriate organelle, a process that 

must also ensure the avoidance of interaction with inappropriate organelles; and (ii) the subsequent insertion of the 

TA protein into its proper membrane bilayer. Both of these steps rely on, depending on the TA protein, one or more 

so-called „kinetic factors‟ (e.g., cis-acting targeting and insertion sequences, cytosolic proteins, membrane proteins 

and/or lipids, etc.) that ultimately serve to accelerate the integration and, thus, the retention of the TA protein into its 

proper organelle membrane destination (Borgese et al., 2007). In the case of plastid TA proteins, our results and 

those presented elsewhere (Heins et al., 2002) indicate that the first step in their biogenetic pathway is mediated, at 

least in part, by the cytosolic chaperone/receptor AKR2A. That is, our data from nuclear mislocalization assays 

suggests that AKR2A controls the intracellular distribution in vivo of both OEP9 and Toc33, as well as the non-TA 

(control) protein OEP7 (Figure 3-10). While this conclusion for AKR2A and OEP9 likely requires addition 

experimental support, it is reasonable to presume that ARK2A does not appear to function as a general mediator of 

other (non-plastid) membrane proteins, including TA proteins, since AKR2A did not interact in vivo with the 

mitochondrial isoform of Cb5 (Figure 3-11b) or in vitro with the 22 kDa peroxisomal membrane protein or 
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mitochondrial Tom20 (Bae et al., 2008). On the other hand, AKR2A interaction specifically with OEPs appears to 

be mediated by the plastid targeting sequences since AKR2A does not bind in vitro to OEP7 or OEP64 that are 

devoid of their targeting signals (Bae et al., 2008) or in vivo either to OEP7 when the protein‟s targeting signal is 

sterically blocked by an N-terminal appended GFP moiety (Lee et al., 2001) (Figure 3-11a) or to OEP9 lacking its 

CTS (Figure 3-11c). The mechanism by which AKR2A recognizes TA and non-TA OEPs and how AKR2A 

functions as a chaperone to maintain nascent OEPs in a targeting and insertion-competent state are open questions.  

We showed also that membrane-bound protein factors play an important role in the insertion of OEP9, 

Toc33 and Toc34 into the plastid outer envelope. However, the specific membrane proteins involved and, thus, the 

underlying mechanisms that mediate the insertion of these three TA proteins appears to be different for OEP9 

compared to that for Toc33 and Toc34. For instance, while binding to and insertion into the membrane was sensitive 

to trypsin pretreatment of chloroplasts for all three TA proteins in vitro (Figure 3-12a), only Toc33 and Toc34 did 

not insert into chloroplasts isolated from mutant plants lacking Toc33 (ppi1) or Toc34 (ppi3), albeit less so for 

Toc34 (Figure 3-12b). These data suggest that Toc33 and Toc34 themselves are essential for their insertion. 

Moreover, that Toc33 and Toc34 still bound, but did not integrate into, ppi1 or ppi3 chloroplasts (Figure 3-12b) and 

that the targeting efficiency of Toc34 to trypsin-treated chloroplasts in vitro was greater than that of Toc33 (Figure 

3-12a) is consistent with previous conclusions that the biogenesis of these two receptor proteins relies on additional, 

perhaps different, membrane proteins (Tsai et al., 1997; Hofmann and Theg, 2005).  

While the identity of the membrane protein factor(s) involved in the binding and/or insertion of OEP9 into 

the plastid outer envelope also remain to be determined, both Toc33 and Toc34 are not likely candidates in this 

regard since OEP9 inserts efficiently and in the correct (TA) topology into ppi1 and ppi3 chloroplasts (Figure 3-12b 

and 3-13), supporting further the notion that the mechanism of insertion of OEP9 is different than that of Toc33 

and/or Toc34. Indeed, since OEP9 appears to share the same targeting information as OEP7 (see above), it may 

utilize the same insertion machinery, i.e., Toc75, the protein-conducting channel of the Toc complex that serves, in 

addition to its role in Toc complex-mediated preprotein translocation, in the membrane insertion of the OEP7 

homolog from pea (OEP14) (Block et al., 2007). By contrast, Toc75 does not appear to participate in the insertion of 

psToc34 into the chloroplast outer envelope (Qbadou et al., 2003).  

In addition, OEP9, Toc33 and Toc34 appear to rely on membrane lipids, but yet they do so in different 

ways. For instance, while all three TA proteins bound to protein-free liposomes with a composition that resembled 

that of the plastid outer envelope, OEP9 did so much less efficiently (Figure 3-14a). By contrast, OEP9, but not 

Toc33 and Toc34, bound to mitochondrial-like liposomes (Figure 3-14b). These results, combined with those 

published previously for the specific insertion of psToc34 into protein-free chloroplast-like liposomes, but not into 

isolated mitochondria (Qbadou et al., 2003), and the proposed role of lipids in the targeting specificity of TA 

proteins in general (Borgese et al., 2007), suggests that the unique lipid composition of the plastid outer envelope 

allows Toc33 and Toc34 to discriminate between the surface of chloroplasts and that of other incorrect organelles. 

An interaction that may also help explain, in part, the evolution of a targeting process for these two (receptor) 

proteins that is dependent on themselves.  
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In contrast to Toc33 and Toc34, membrane lipids of the chloroplast outer envelope membrane appear to 

serve primarily to mediate normal thermodynamic association and integration of OEP9, and, therefore, protein 

factors (e.g., AKR2A and possibly Toc75) likely determine its plastid-specific targeting and integration. This 

premise is similar to the model developed for the ER specific isoform of rCb5, which inserts into all membranes in a 

cell free system, but targets exclusively to the ER in vivo, presumably by the action of (cytosolic) protein factors that 

prevent its nonspecific insertion into other (incorrect) organelle membranes (Colombo et al., 2009). While this 

proposed thermodynamic role for membrane lipids in OEP9 biogenesis remains to be confirmed experimentally, it is 

tantalizing to speculate that the targeting of OEP9 to mitochondrial-like liposomes compared to chloroplast-like 

liposomes in vitro (Figure 3-14) also reflects an underlying affinity of this protein for certain membrane lipids that 

may be present at specific sites or domains in the chloroplast outer envelope. For instance, if one considers that the 

lateral distribution of lipids in the chloroplast outer envelope is likely not uniform (Block et al., 2007; Lee et al., 

2009), it is possible that specific lipid domains exist within this membrane and that these, in combination with 

certain protein factors, help mediate the proper association and integration of OEP9 into the plastid outer envelope 

membrane.  

While the molecular targeting signals and pathways responsible for sorting TA proteins to their correct 

intracellular destinations in yeasts and mammals have become well-documented (reviewed in Borgese and Fasana, 

2011), relatively little is known about TA protein biogenesis in plant cells, especially for those sorted to the plastid 

outer envelope (reviewed in Abell and Mullen, 2011). The study presented here investigated the biogenesis of three 

plastid TA proteins, including the 33-kDa and 34-kDa GTPases of the translocon at the outer envelope of 

chloroplasts (Toc33 and Toc34) and a novel 9-kDa protein of unknown function, OEP9. Collectively, the results 

provide evidence in support of at least two sorting pathways for plastid TA outer envelope proteins and shed light on 

not only the complex diversity of pathways involved in the targeting and insertion of proteins into plastids, but also 

the molecular mechanisms that underlie the delivery of TA proteins to their proper intracellular locations in general. 
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CHAPTER 4. GENERAL CONCLUSIONS 

 This thesis presents a bioinformatic study aimed at generated a computer algorithm, the TAMP Finder, to 

identify Arabidopsis candidate TA proteins; a protein with a single transmembrane domain within its extreme C 

terminus (Kutay et al., 1993). The TAMP Finder was tested to successfully identify known TA proteins across the 

mammalian, yeast and plant proteomes. Subsequently, we challenged the TAMP Finder to successfully identify 

candidate TA proteins within the entire Arabidopsis deduced proteome (Dhanoa et al., in preparation). The TAMP 

Finder identified 528 candidate TA proteins in its search. A large number of these proteins have known mammalian 

and yeast TA protein orthologs, (i.e., SNARE proteins, isoforms of Cb5 and APX etc.), however the majority 

(~50%) of them remain uncharacterized. To begin characterizing some of these proteins, the cellular component of 

24 candidate Arabidopsis TA proteins was determined. As expected, and similar to mammalian and yeast TA 

proteins, plant TA proteins localize to essentially all intracellular membranes. The TAMP Finder also identified at 

least two candidate TA proteins localizing to the plastid. This is significant since due to the lack of known plant TA 

proteins, our understanding of plastid TA protein biogenesis is severely lacking.  

 Towards that end, a comparative analysis of three plastid TA proteins, Toc33, Toc34 and previously 

uncharacterized Arabidopsis protein, OEP9 (At1g16000), was also completed to better understand plastid TA 

protein targeting and insertion mechanisms. Using a combination of in vivo and in vitro assays we show that OEP9 

utilizes a different sorting pathway than that used by Toc33 and Toc34. For instance, while all three TA proteins 

interact with the cytosolic OEP chaperone/receptor, AKR2A, the plastid targeting information within OEP9 is 

distinct from that within Toc33 and Toc34. Toc33 and Toc34 also appear to differ from OEP9 in that their insertion 

is dependent on themselves and the unique lipid composition of the plastid outer envelope. By contrast, the insertion 

of OEP9 into the plastid outer envelope occurs in a proteinaceous-dependent, but Toc33/34-independent manner and 

membrane lipids appear to serve primarily to facilitate normal thermodynamic integration of this TA protein. These 

results suggest that TA protein sorting to the plastid is highly complex, and occurs via at least two different 

pathways. Overall the results presented in this thesis lay the foundation for further study of plant TA protein 

biogenesis and provide key insight into the targeting mechanisms employed by plastid TA proteins. 
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APPENDIX I 

 

The following are recipes for the solutions described in the Materials and Methods. All chemicals listen 

below were purchased from Sigma-Aldrich Chemical Corporation (St. Louis, MO, USA) or Thermo Fisher 

Scientific Canada (Ottawa, ON, Canada) unless otherwise stated and all solutions were prepared using double 

deionized water (ddH2O) obtained from Milli-Q Synthesis System (Millipore, Billerica, Massachusetts, USA). All 

solutions were sterilized by either autoclaving for 30 min at 121ºC (unless otherwise stated) or filtration through 

0.22 µM filters (Thermo Fisher Scientific, Ottawa, ON, Canada). 

 

Bacteria Media and Antibiotics 

 

Lysogeny Broth (Luria-Bertani) (LB) Medium – (Bertani, 1951)  

To 800 mL ddH2O add: 

25 g LB medium (Difco, Becton-Dickenson & Company, Sparks, MD, USA). 

Stir to dissolve. Adjust volume to 1 L. Autoclave. 

Cool to 50ºC while stirring before adding the appropriate filter-sterilized antibiotic stock solutions(s) 

Store at 4ºC. 

 

LB Plates 

Prepare LB liquid medium as described above. 

Before autoclaving add 15 g of Bacto-agar (Difco) per 1 L of medium. 

Mix by stirring. Autoclave 

Cool to 50ºC while stirring before adding the appropriate filter-sterilized antibiotic stock solution(s) 

Pour approximately 25 mL per 100 x 15 mm Petri plate (Fisher Scientific) and allow hardening at room temperature 

Bag plates and store inverted at 4ºC 

 

SOC Medium – (Hanahan, 1983) 

To 950 mL of ddH2O add: 

20 g Bacto-tryptone (Difco) 

5g Bacto-yeast extract (Difco) 

0.5 g NaCl 

10 mL of 250 mM KCl 

Adjust pH to 7.0 with 5 M NaOH and bring the volume to 980 mL with ddH2O 

Autoclave. 

To cooled autoclaved solution add: 

10mL of 2 M glucose solution (filter sterilized) 

10 mL of 1 M MgC12 (autoclaved or filter sterilized) 

Store at 4ºC. 

 

Ampicillin Stock Solution (100 mg/mL) 

Dissolve 1 g of ampicillin sodium salt in 8 mL ddH2O. 

Filter-sterilize and store as 1 mL aliquots at -20ºC. 

 

Kanamycin Stock Solution (50 mg/mL) 

Dissolve 0.5g of kanamycin sulfate salt in 8mL ddH2O. 

Vortex to dissolve and adjust to 10 mL with ddH2O. 

Filter-sterilize and store as 1 mL aliquots at -20ºC. 

 

Isolation of Plasmid DNA – (Bimboim and Doly, 1979) 

Solution I 

50 mM of glucose 

25 mM Tris-Cl (pH 8.0) stock solution 

10 mM EDTA (pH 8.0) stock solution 

Prepare in batches of 100mL. 

Autoclave and store at 4ºC. 
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Solution II 

0.2 N NaOH freshly diluted from a 10 N stock 

1% (w/v) sodium dodecyl sulfate (SDS) (ICN Biomedicals, Aurora, OH, USA) 

Store at 25ºC. 

 

Solution III 

To 28.5 mL ddH2O add: 

60 mL of 5 M potassium acetate 

11.5 mL glacial acetic acid 

Autoclave and store at 4ºC. 

 

Preparation of E. coli DH5α Competent Cells – (Inoue et al, 1990) 

RFI 

100 mM RbCl 

50 mM MnCl2∙4H2O 

30mM potassium acetate 

10 mM CaCl2∙2H2O 

15% glycerol 

Adjust pH to 5.8 with glacial acetic acid, filter sterilize, and store at 4ºC. 

 

RF2 

10 mM 3-(N-morpholino)propanesulphonic acid (MOPS) (INC Biochemicals Inc., Aurora, OH, USA) 

10 mM RbCl 

75 mM CaCl2∙2H2O 

15% glycerol 

Adjust pH to 6.8 with 1 N NaOH, filter-sterilize, and store at 4ºC. 

 

Standard Recombinant DNA Reagents 

TE Buffer – (Ross et al., 1990) 

10 mM of 1 M Trizma hydrochloride (Triz-HCI) stock solution (pH 7.6) 

1  mM of 0.5 ethylenediamine tetra acetic acid (EDTA) stock solution (pH 8.0) 

Autoclave and store at 4ºC 

 

TAE Buffer (50 x stock) – (Ogden and Adams, 1987) 

To 800 mL ddH2O add: 

242 g Trizma base 

57.1 mL glacial acetic acid  

100 mL 0.5 M EDTA (pH 8.0) 

Adjust to 1 L. Store at 4ºC. 

 

5 x Cohesive Buffer 

To 800 µL ddH2O add: 

250 mM of 1 M Tris-HCl stock solution (pH 7.6) 

50 mM MgCl2 

25% (w/v) polyethylene glycol 8000 

Vortex to dissolve. (Note: may also need to heat at 37ºC to dissolve.) 

Then add: 

5 mM adenine triphosphate (ATP) from prepared stock solutions 

5 mM dithiothreitol (DTT) from prepared stock solutions 

Adjust to 1 mL with ddH2O, mix, aliquot and store at -20ºC. 

 

10x Annealing Buffer                          

250 mM Triz-HCL (pH 7.6)      

35 mM MgCl2 

500 mM NaCl 

Mix well by vortexing. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Inoue%20H%5BAuthor%5D&cauthor=true&cauthor_uid=2265755
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Adjust volume to 1 mL with ddH2O 

Store in 100 µL aliquots at -20ºC.   

 

X-Gal Stock Solution (40 mg/mL) 

400 mg 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) (Boehringer  

Mannheim, Mannheim, Germany) 

10 mL dimethylformide by mixing. 

Store as 1 mL aliquots in the dark at -20ºC. 

Use 40 µL of the X-Gal stock solution per plate by spreading before use. Allow X-Gal to be absorbed. 

 

IPTG Stock Solution (100 mM)  

230 mg C9H18O5S (IPTG) (American Biorganics Inc., Niagara Falls, NY, USA) 

10 mL ddH2O 

Dissolve IPTG in ddH2O and filter sterilize. 

Store in 1 mL aliquots at -20ºC 

Use 40 µL of IPTG stock solution per plate by spreading before use. Allow IPTG to be absorbed. 

 

Plant Cell Culture Reagents 

Murashige & Skoog (MS) Growth Medium (for culturing tobacco BY-2 suspension cells) – (Murashige and Skoog, 

1962) 

To 800 mL ddH2O add: 

4.3 g MS basal salt mixture 

30 g sucrose (J.T. Baker Inc., Paris, KY , USA) 

100 mg myo-inositol 

255 mg KH2PO4 

200 µL 2,4-dichlorophenoxyacetic acid (2,4-D) (1 mg/1 mL stock solution in 95% [v/v] ethanol) 

1 mL thiamine HCl (1 mg/mL stock solution in ddH2O; stored in aliquots at -20ºC) (INC Biomedicals Inc.) 

Adjust pH to 5.0 with 5.0 N KOH. 

Adjust volume to 1 L with ddH2O, aliquot 50 mL into 125 mL culture flasks and autoclave for 20 min. 

Allow to cool and store at 4ºC in the dark. 

Bring to room temperature before subculturing.  

 

Tobacco BY-2 Transformation Buffer 

Prepare as MS growth medium (above) without adding 2,4-D. 

Then add: 

250 mM sorbitol (45.55 g) 

250 mM mannitol (45.55 g) 

Adjust pH to 5.0 with 0.5 N KOH. 

Adjust volume to 1 L, autoclave and store at 4ºC. 

 

Fixation and Immunofluorescence Microscopy  

8% (w/v) Formaldehyde Stock Solution 

To 800 mL ddH2O add: 

80 g paraformaldehyde (Ted Pella Inc., Redding , CA, USA) 

In a fume hood, heat to 60ºC with continuous stirring and maintain for at least 30 min. 

Add 1 or 2 drops of 10 N NaOH. The solution will become almost clear. 

Filter through 1mm Whatman No. 4 paper (Fisher Scientific). 

Adjust volume to 1 L and store as 45 mL aliquots at -20ºC. 

 

Fixation Buffer  

1:1 (v/v) of 4% (w/v) formaldehyde and tobacco BY-2 or Arabidopsis transformation buffer 

 

Import Fixation Buffer 

To 700 mL ddH2O add the following ingredients one at a time, allowing each to dissolve completely before adding 

the next: 

4.3 mM Na2HPO4 
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1.4 mM KH2PO4 

2.7 mM KCl 

137 mM NaCl 

Adjust pH to 7.4 with 10 N HCl. 

Adjust volume to 1 L with ddH2O, autoclave and store at room temperature. 

 

10% (v/v) Triton X-100  

To 9 mL of 1 x PBS add 1 mL of Triton X-100. 

Mix by inversion and store at room temperature. 

 

N-Propyl-Gallate (NPG) (1 mg/mL) 

10 mg NPG 

1 mL ddH2O 

In a 15 mL Falcon tube, heat to 37ºC to fully dissolve NPG. 

Then add 9 mL of glycerol and rock overnight in the dark. 

Wrap the tube in aluminum foil and store at room temperature. 

 

Preparation of Tungsten Microcarriers  

  To generate deagglomerated microcarriers, 100 mg of tungsten M17 particles Bio-Rad, Hercules, CA, 

USA) were placed in a 100 x 13 mm glass test tube and heated in an oven at 180ºC for 12-18 h. Next day, the 

tungsten particles were transferred to a 1.7 ml microfuge tube to which 1 mL of isopropanol (stored with type 3 

molecular sieves [BDH Inc., Toronto, ON] to remove any water) was added. The tungsten particles were then 

sonicated in a water bath for 3 x 10 sec pulses, vortexed vigorously for 3 min, then incubated at room temperature 

for 15 min. Next, the tungsten particles were centrifuged for 15 sec at 13 000 rpm at room temperature and the 

supernatant was removed. The tungsten particles were then washed a total of three times by adding 1 mL of  ddH2O 

to the tungsten pellet, vortexing  for 1 min, incubating for 1 min, and then centrifuging as above. Finally, the 

tungsten particles were resuspended in 1 mL of 50% (v/v) glycerol, divided into 50 µL aliquots, and stored at -20 ºC. 

 

Chloroplast Isolation Reagents – All reagents purchased from Bioshop Canada Inc. (Burlington, ON, Canada) 

unless otherwise stated.  

Murashige & Skoog (MS) Growth Medium (for growing Arabidopsis seedling) 

To 700 mL ddH2O add: 

4.4 g MS basal salt mixture 

10 g sucrose (J.T. Baker Inc., Paris, KY, USA) 

Adjust pH to 5.7 with 1.0 M KOH. 

Add 8 g Bacto agar (BD Biosciences, Franklin Lakes, NJ, USA)  

Adjust volume to 1 L with ddH2O and autoclave for 20 min 

Pour approximately 50 mL per 150 x 15 mm Petri plate (Fisher Scientific) and allow hardening at room temperature. 

Bag plates and store inverted at 4ºC 

 

1 M HEPES-KOH 

Add 119.15g HEPES to 300 mL of ddH2O 

Adjust volume to 500 mL 

Adjust pH to 7.5 using 5 M KOH 

Autoclave for 30 min 

Store at 4ºC 

 

HEPES-sorbitol (HS) Buffer 

Combine 10 mL 1 M HEPES-KOH, pH 7.5 with 12.02 g sorbitol 

Adjust pH to 7.5 with 1M KOH 

Adjust volume up to 200 mL with ddH2O 

Store at 4ºC 

 

2 x Grinding Buffer 

Combine 30 mL 1 M HEPES-KOH, pH 7.5 with the following: 

36.07g sorbitol 
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2.4 mL EDTA 

300 µL 2 M MgCl2 

600 µL 1 M MnCl2 

Adjust volume to 300 mL with ddH2O 

 

1 x Grinding buffer 

To 125 mL 2 x grinding buffer add the following: 

4.95 g ascorbic acid 

0.635 g BSA 

Adjust volume to 250 mL with ddH2O 

 

85% Percoll 

Combine 42.5 mL Percoll with the following: 

2.5 mL 1 M HEPES-KOH, pH 7.5 

3.01g sorbitol 

50 µL 2M MgCl2 

400 µL 0.5 M EDTA 

0.1g BSA 

0.5g Ascorbic acid 

Adjust pH to 7.5 with 1 M KOH 

Adjust volume to 50 mL with ddH2O 

Store at -20ºC 

 

35% Percoll 

Combine 17.5 mL Percoll with the following: 

25 mL 2 x Grinding buffer 

0.5g Ascorbic acid 

Adjust pH to 7.5 with 1 M KOH 

Adjust volume to 50 mL with ddH2O 

Store at -20ºC 

 

2-step Percoll gradient 

Layer 8 mL 35 % Percoll on top of 7 mL 85 % Percoll 

 

Chloroplast Import Reagents – All reagents purchased from Bioshop Canada Inc. (Burlington, ON, Canada) 

unless otherwise stated – (Smith et al., 2003) 

Import Master Mix 

To 30 mL of ddH2O add the following: 

2.5 mL 1 M HEPES-KOH, pH 7.5 

3.01g sorbitol 

2.5 mL 1 M magnesium acetate 

2.5 ml 5 M potassium acetate 

Adjust volume to 50 mL with ddH2O  

Store up to 4 weeks at 4°C 

 

200 mM Methionine 

Dissolve 0.03g Methionine in 1 mL HS buffer 

 

100 mM CaCl2 

Dissolve 0.11g CaCl2 in 10 mL ddH2O 

 

100 mM DTT 

Dissolve 0.015g DTT in 1 mL ddH2O 

 

100 mM ATP 

Dissolve 0.051g ATP in 1 mL HS buffer 
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100 mM GTP 

Dissolve 0.052g GTP in 1 mL HS buffer 

 

Thermolysin 

Dissolve 2 mg thermolysin in 1 ml HS buffer 

 

4 M NaCl 

Dissolve 2.34g NaCl in 10 mL ddH2O 

 

Rabbit Reticulocyte Lysate Transcription and Translation Reagents – (Henderson et al., 2007a) 

Transcription Mix (T1) 

200 µL 5x compensation buffer (CB) 

200 µL 5x rNTPs 

100 µL 0.1 M DTT 

20 µL 10 mg/mL tRNA 

40 µL 20 units/µL RNasin 

Add 440 µL ddH2O per 1 mL T1 mix 

 

5x compensation buffer (CB) 

400 mM HEPES-KOH pH 7.5 

75 mM MgCl2 

10 mM spermidine 

 

5x ribonucleotide triphosphates (rNTPs) 

150 µL 0.1 M ATP 

150 µL 0.1 M CTP 

150 µL 0.1 M GTP 

150 µL 0.1 M UTP 

Add 535uL ddH2O per 1mL of stock solution 

 

Transcription reaction (T1) 

5 µL T1 mix (see above) 

1 µL 1 mg/mL plasmid DNA 

1 µL 10 units/µL RNA polymerase 

Add 3 µL ddH2O for a final reaction volume of 10 µL 

 

Translation Mix (T2) 

10 µL 0.1 M ATP 

10 µL 0.1 M GTP 

25 µL 0.4 M creatine phosphate 

40 µL amino acids minus Methionine (1 mM each) 

10 µL 4 mg/mL creatine kinase 

10 µL 10 mg/mL yeast tRNA 

50 µL 20x CB 

420 µL rabbit reticulocyte lysate  

Add 23 µL ddH2O for a final volume of 600 µL 

 

20x CB 

2M potassium acetate 

200 mM Tris-acetate, pH 7.5 

50 mM MgCl2 

2 mM EDTA 

20 mM DTT 

 

Translation reaction (T2) 
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5 µL translation mix 

1 µL transcription reaction 

1 µL 
35

S-methionine 

1 µL protease inhibitor 

Add 2 µL ddH2O for a final reaction volume of 10 µL 

 

 

Microsome Targeting Reagents – (Henderson et al., 2007a) 

Compensation Buffer 

100 mM potassium acetate 

10  mM Tris-acetate, pH 7.5 

2.5 mM MgCl2 

0.1 mM EDTA 

1 mM DTT 

 

Sucrose Cushion 

0.5 M sucrose 

0.5 M NaCl 

1 mM EDTA 

1 mM DTT 

  

Liposome Targeting Reagents – (Henderson et al., 2007a) 

Bottom sucrose gradient buffer 

2 M sucrose 

0.5 M NaCl 

1 mM EDTA 

1 MM DTT 

 

Middle sucrose gradient buffer 

0.8 M sucrose 

0.5 M NaCl 

1 mM EDTA 

1 MM DTT 

 

Top sucrose gradient buffer 

0.25 M sucrose 

0.5 M NaCl 

1 mM EDTA 

1 MM DTT 

 

Chloroplast-mimic liposomes (1mg total) 

30% digalactosyl diacylglycerol, DGDG (Larodan Fine Chemicals, Malmo, Sweden)  

20% monogalactosyl diacylglycerol, MGDG (Larodan) 

32% phosphatidylcholine, PC (Avanti Polar Lipids, Alabama, USA) 

10% phosphatidylglycerol, PG (Avanti Polar Lipids) 

6% phosphatidylinositol, PI (Avanti Polar Lipids) 

2% phosphatidylethanolamine, PE (Avanti Polar Lipids) 

 

Mitochondria-mimic liposomes (1mg total) 

48% phosphatidylcholine, PC  

28% phosphatidylethanolamine, PE  

10% dioleoyl phosphatidylserine, PS (Avanti Polar Lipids) 

10% phosphatidylinositol, PI 

4% tetraoleoyl cardiolipin, TOCL (Avanti Polar Lipids) 

 

Mitochondria-2 liposomes (1mg total) 
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54% phosphatidylcholine, PC 

36% phosphatidylethanolamine, PE  

10% dioleoyl phosphatidylserine, PS 

 

Mitochondria-3 liposomes (1mg total) 

36% phosphatidylcholine, PC 

44% phosphatidylethanolamine, PE 

10% dioleoyl phosphatidylserine, PS   

10% phosphatidylinositol, PI 

 

ER-mimic liposomes (1mg total) 

44% phosphatidylethanolamine, PE 

39% phosphatidylcholine, PC 

11% cholesterol (Avanti Polar Lipids) 

6% dioleoyl phosphatidylserine, PS   

 

SDS-PAGE Reagents – (Smith et al., 2003) 

15 % Separating Gel (for chloroplast import experiments) 

15 % (v/v) acrylamide 

400 mM Tris-HCL (pH 8.8) 

0.1 % (w/v) SDS  

0.08 % (w/v) APS  

0.04 % (v/v) TEMED  

Add 4.3 mL ddH2O to final volume of 15 mL per gel 

 

4% Stacking Gel (for chloroplast import experiments) 

4 % (v/v) acrylamide 

60 mM Tris-HCL (pH 5.8) 

0.1 % (w/v) SDS  

0.08 % (w/v) APS  

0.05 % (v/v) TEMED  

Add 2.8 mL ddH2O to final volume of 8 mL per gel 

 

SDS-PAGE Running Buffer (for chloroplast import experiments) 

1.4 % (w/v) glycine 

0.3 % Tris-base 

0.1 % (w/v) SDS 

 

Coomassie Blue Staining Solution (for chloroplast import experiments) 

0.1 % (w/v) Coomassie Blue (brilliant R) 

50 % (v/v) methanol 

10 % (v/v) acetic acid 

 

Destaining Solution (for chloroplast import experiments) 

45 % (v/v) methanol 

10 % (v/v) acetic acid 

 

SDS-PAGE Sample Buffer (for chloroplast import experiments) 

80 mM Tris base, pH 6.8 

2 % (w/v) SDS 

20 % (v/v) glycerol 

0.1 % saturated Bromophenol blue 

Store at −20°C until used 

 

SDS-PAGE 5x Anode Buffer (for microsome and liposome targeting assays) – (Henderson et al., 2007a) 



115 

 

121.1 g Tris base 

500 ml H2O 

Adjust to pH 8.9 with concentrated HCl 

Dilute to 1 liter with ddH2O 

Store at 4 ºC 

Dilute to 1x before use 

 

SDS-PAGE Cathode Buffer (for microsome and liposome targeting assays) – (Henderson et al., 2007a) 

0.1M Tris 

0.1M Tricine 

0.1% SDS 

Do not adjust pH 

Store at 4 C 

 

Coomassie Blue Staining Solution (for microsome and liposome targeting assays) – (Henderson et al., 2007a) 

0.25 % (w/v) Coomassie Blue (G-250) 

45 % (v/v) methanol 

10 % (v/v) acetic acid 

 

Destaining Solution (for microsome and liposome targeting assays) – (Henderson et al., 2007a) 

45 % (v/v) methanol 

10 % (v/v) acetic acid 

 

SDS-PAGE Sample Buffer (for microsome and liposome targeting assays) – (Henderson et al., 2007a) 

10% (v/v) 1M Tris-Cl pH 6.8  

4 % (w/v) SDS 

20 % (v/v) glycerol 

0.2 % (w/v) Bromophenol blue 

Store at −20°C until used. 
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APPENDIX II 

 

Table 1. Synthetic primers used in the constructions of plasmids described in this thesis 

 

 

Name  Sequence (5‟ to 3‟)   Template  Description 

mGFP Fp CCACATGGTCCTTAAGGAGTT  pRTL2/GFP  Used with mGFP Rp to replace L221 with a lysine in the GFP ORF to 

  TGTAACAGCTGC   plasmids   yield a monomeric form of GFP (Zacharias et al., 2002) 

mGFP Rp CGAGCTGTTACAAACTCCTTAA pRTL2/GFP  Complementary sequence to mGFP Fp 

  GGACCATGTGG   plasmids 

mGFP-pUC18 CGATCACATGGTCCTTAAGGAG pUC18/GFP  Used with mGFP-pUC18 Rp to replace L with a lysine in the GFP ORF 

Fp  TTCGTGACCGCC   plasmids   to yield a monomeric form of GFP (Zacharias, et al., 2002) 

mGFP-pUC18 GGCGGTCACGAACTCCTTAAGG pUC18/GFP  Complementary sequence to mGFP-pUC18 Fp 

Rp  ACCATGTGATCG   plasmids 

PD1  CTAGAGGTAATAATAACAA  -   Annealed with PD3 to encode codons -71 to -34 of the At3g12140.3  

AAGCACGCTACGTTTAGTTT     ORF to yield pRTL2/myc-At3g12140.3 and pRTL2/mGFP-At3g12140 

GCAACCTCAGAATAATATAT     .3   

TATTTACCATTGAATTTTTGT 

GTTATGATGATAATATCAAG 

CATAATTACAAACTTAAT  

PD2  CCTAGGAAAAATAATAAGAG  -   Annealed with PD4 to encode codons -33 to -1 of the At3g12140.3  

AGTTAATACACACTTGCTCAG     ORF to yield pRTL2/myc-At3g12140.3 and pRTL2/mGFP-At3g12140 

CTTGTGATTTCAGCGTAACTT     .3 

GTAAACAGTTGAATAGCTTGA 

AATATAGGTCTTCTTCTTAAT 

PD3  CTAGATTAAGAAGAAGACCT  -   Annealed with PD1 to encode codons -71 to -34 of the At3g12140.3 

ATATTTCAAGCTATTCAACTG     ORF to yield pRTL2/myc-At3g12140.3 and pRTL2/mGFP-At3g12140 

TTTACAAGTTACGCTGAAATC     .3 

ACAAGCTGAGCAAGTGTGTAT 

TAACTCTCTTATTATTTTT 

PD4  CCTAGGATTAAGTTTGTAATTA -   Annealed with PD2 to encode codons -33 to -1 of the At3g12140.3 

TGCTTGATATTATCATCATAAC    ORF to yield pRTL2/myc-At3g12140.3 and pRTL2/mGFP-At3g12140 

ACAAAAATTCAATGGTAAATA    .3 

ATATATTATTCTGAGGTTGCAA 

ACTAAACGTAGCGTGCTTTTGT 

TATTATTACCT 

Ats1BNdeIFp GAAGAACATATGGCTTCCTCTA -   Used with Ats1BXhoI to amplify the Ats1B (At5g38430) ORF while 

TGCTC        introducing NdeI and XhoI restriction sites at the 5‟ and 3‟ ends of the  

          ORF, respectively, to yield pET21A-pSSU(Ats1B) 

Ats1BXhoIRp CAGAACTCGAGTTAAGCATCAG -   Used with Ats1BNdeI to amplify the Ats1B (At5g38430) ORF while 
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TGAAG        introducing NdeI and XhoI restriction sites at the 5‟ and 3‟ ends of the 

          ORF, respectively, to yield pET21A-pSSU(Ats1B) 

Priya Fp 20  CCAGAAGGAGATGGATCCAT  pUNI51/U13324  Used with Priya Rp 21 to amplify the Fis1A (At3g57090) ORF while 

GGATGCTAAGATCGG introducing BamHI restriction sites at 5‟ and 3‟ ends of the ORF to 

yield pRTL2/myc-FisA 

Priya Rp 21 CTAGTCGACGGCCCATGGATC  pUNI51/U13324  Used with Priya Fp 20 to amplify the Fis1-A (At3g57090) ORF while 

CTCATTTCTTGCGAGACATCGC introducing BamHI restriction sites at 5‟ and 3‟ ends of the ORF to 

yield pRTL2/myc-FisA 

Priya Fp 22 CCAGAAGGAGATGGATCCATG pUNI51/U10210  Used with Priya Rp 23 to amplify the Tom20-3 (At3g27080) ORF 

GATACGGAAACTGAGTTCG while introducing BamHI restriction sites at 5‟ and 3‟ ends of the ORF 

to yield pRTL2/myc-Tom20-3 

Priya Rp 23 CATGAAAGTCTCCTAACGAGGA pUNI51/U10210  Used with Priya Fp 22 to amplify the Tom20-3 (At3g27080) ORF 

TCCTTAACGAGGAGGAGAGAC while introducing BamHI restriction sites at 5‟ and 3‟ ends of the ORF 

to yield pRTL2/myc-Tom20-3 

Priya Fp 24 CGGTACCCGGAGATCCAAGG  pRTL2/mGFP-XbaI Used with Priya Rp 25 to remove BamHI and SmaI restriction sites at  

position 1098 and 1101, respectively, in pRTL2/GFP-XbaI to yield 

pRTL2/GFP-XbaI-ΔS/B 

Priya Rp 25 CCTTGGATCTCCGGGTACCG  pRTL2/mGFP-XbaI Complementary sequence to Priya Fp 25 

Priya Fp 26 CGCCAAGCCTGCATGCC  pRTL2/mGFP-XbaI- Used with Priya Rp 27 to remove HindIII restriction site at position 

ΔS/B 180 in pRTL2/GFP-XbaI-ΔS/B to yield pRTL2/GFP-XbaI-ΔS/B/H1 

Priya Rp 27 GGCATGCAGGCTTGGCG  pRTL2/mGFP-XbaI- Complementary sequence to Priya Fp 26 

ΔS/B 

Priya Fp 28 GGCATGCAAACTTGGCACTGGC pRTL2/mGFP-XbaI- Used with Priya Rp 29 to remove HindIII restriction site at position 

ΔS/B/H 2111 in pRTL2/GFP-XbaI-ΔS/B/H1 to yield pRTL2/GFP-XbaI-

ΔS/B/H1/H2 

Priya Rp 29 GCCAGTGCCAAGTTTGCATGCC pRTL2/mGFP-XbaI- Complementary sequence to Priya Fp 28 

ΔS/B/H 

Priya Fp 30 CTAGAGAATTCCCCGGGCTCGA -   Annealed with Priya 31 to encode a multiple cloning site consisting of 

GAGGCTTGGATCCA EcoRI, XmaI, HindIII, BamHI, XbaI restriction sites plus 5‟ and 3‟ XbaI 

overhangs to yield pRTL2/GFP-MCS 

Priya Rp 31 TGGATCCAAGCCTCTCGAGCCC -   Complementary sequence to Priya Fp 30 

GGGGAATTCTCTAG     

Priya Fp 32 GGACCTCGAGAACTCTCAACAC pRTL2/mGFP-XbaI- Used with Priya Rp 33 to remove EcoRI restriction site at positions 952 

ΔS/B/H/H in pRTL2/GFP-XbaI-ΔS/B/H1/H2 to yield pRTL2/GFP-

XbaIΔS/B/H1/H2/E 

Priya Rp 33 GTGTTGAGAGTTCTCGAGGTCC pRTL2/mGFP-XbaI- Complementary sequence to Priya Fp 32 

     ΔS/B/H/H 

Priya Fp 34 CCAGAAGGAGATGGATCCATG pUNI51/U51359  Used with Priya Rp 35 to amplify the mAPX (At4g35970) ORF while 

GCAGTGAACGTAGATGCA introducing BamHI restriction sites at 5‟ and 3‟ ends of the ORF 

Priya Rp 35 CGTTCGTCTTCTCCGATCACTC pUNI51/U51359  Used with Priya Fp 34 to amplify the mAPX (At4g35970) ORF while 
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TCCTAGGAAGCGTCTACGATAT introducing BamHI restriction sites at 5‟ and 3‟ ends of the ORF 

Priya Rp 36 CTTATAGCATCTGCGAAGGATC pUNI51/U51359  Replaces Priya Rp 35 

CTCACTTGCCTCTTCTGCTTGC 

Priya Fp 37 CCGTCAAGGCCAGAAGGAGAT pUNI51/U09716  Used with Priya Rp 38 to amplify the ER VAMP (At5g47180) ORF  

GGATCCATGACCGGCGTTGGCG while introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ 

ends of the ORF to yield pRTL2/myc-ER VAMP 

Priya Rp 38 GGCGATCTGTTGAAGCTCAATC pUNI51/U09716  Used with Priya Fp 27 to amplify the ER VAMP (At5g47180) ORF 

TAGATTATGTGGGAGAAGCTAA while introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ends 

GG of the ORF to yield pRTL2/myc-ER VAMP 

Priya Fp 39 CCGTCAAGGCCAGAAGGAGAT pUNI51/C00075(E) Used with Priya Rp 40 to amplify the mitochondrial Cb5 (mCb5)  

GGATCCATGCCGACACTCACA     (At1g26340) ORF while introducing BamHI and XbaI restriction sites  

AAGC`        at the 5‟ and 3‟ ends of the ORF to yield pRTL2/myc-mCb5 

Priya Rp 40 CTAGTCGACGGCCCATTCTAG  pUNI51/C00075(E) Used with Priya Fp 39 to amplify the mitochondrial Cb5 (mCb5) 

ATTAAGTCTTGCGAGAGAAC     (At1g26340) ORF while introducing BamHI and XbaI restriction sites 

         at the 5‟ and 3‟ ends of the ORF to yield pRTL2/myc-mCb5 

Priya Fp 41 CCGTCAAGGCCAGAAGGAGA  pUNI51/U10598  Used with Priya Rp 42 to amplify the ER Cb5  (At5g53560) ORF while 

TGGATCCATGTCTTCAGATCG     introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of  

GAAGG       the ORF to yield pRTL2/myc-ER Cb5 

Priya Rp 42 GCATCAAAGCAAGCCTTTGG  pUNI51/U10598  Used with Priya Fp 41 to amplify the ER Cb5 (At5g53560) ORF while 

TCTAGACTAGTCTTTCTTGGT     introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

ATAGTGACG       the ORF to yield pRTL2/myc-ER Cb5 

Priya Fp 43 CCGTCAAGGCCAGAAGGAGA  pUNI51/U12509  Used with Priya Rp 44 to amplify the UBC33 (At5g50430) ORF while 

  TGGATCCATGGCAGAAAAAG     introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

CTTG        the ORF to yield pRTL2/myc-UBC33 

Priya Rp 44 CAATTCTAGTCGACGGCCCAT  pUNI51/U12509  Used with Priya Fp 43 to amplify the UBC33 (At5g50430) ORF while 

  TCTAGATCACAGCTGAAGCAA    introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

AGGC        the ORF to yield pRTL2/myc-UBC33 

Priya Fp 45 GGCCAGAAGGAGATGGATCCA pUNI51/U21387  Used with Priya Rp 46 to amplify the At5g40510 ORF while 

TGGCGGATGTTGATAATC BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pRTL2/myc-At5g40510 

Priya Rp 46 GTCGACGGCCCATTCTAGATTA pUNI51/U21387  Used with Priya Fp 45 to amplify the At5g40510 ORF while  

ACCTGACCTCTTG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At5g40510  

Priya Fp 47 GGCCAGAAGGAGATGGATCCA pUNI51/U14978  Used with Priya Rp 48 to amplify the ANAC001 (At1g01010) ORF 

TGGAGGATCAAGTTGGG while introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ 

ends of the ORF to yield pRTL2/myc-ANAC001 

Priya Rp 48 CTAGTCGACGGCCCATTCTAGA pUNI51/U14978  Used with Priya Fp 47 to amplify the ANAC001 (At1g01010) ORF 

TTAACCAACAAGAATGATCC while introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ 

ends of the ORF to yield pRTL2/myc-ANAC001 

Priya Fp 49 GGCCAGAAGGAGATGGATCCA pUNI51/U14212  Used with Priya Rp 50 to amplify the At3g27570 ORF while  
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TGGCGGAAGAAGTAGC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At3g27570 

Priya Rp 50 GGCCAGAAGGAGATGGATCCA pUNI51/U14212  Used with Priya Fp 49 to amplify the At3g27570 ORF while   

TGGCGGAAGAAGTAGC     introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of    

the ORF to yield pRTL2/myc-At3g27570 

Priya Fp 51 CCGTCACGGCCAGAAGGAGAT pUNI51/U17298  Used with Priya Rp 52 to amplify the At2g45140 ORF while  

GGATCCATGAGTAACGAGCTT    introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of  

CTCACC       the ORF to yield pRTL2/myc-At2g45140 

Priya Rp 52 CGACGGCCCATGAGGCCCATT pUNI51/U17298  Used with Priya Fp 51 to amplify the At2g45140 ORF while   

CTAGATCATGTCCTCGTTCATA    introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of   

A        the ORF to yield pRTL2/myc-At2g45140 

Priya Fp 53 CCGTCAAGGCCAGCCGGAGAT pUNI51/U50636  Used with Priya Rp 54 to amplify the Fis1B (At5g12390) ORF while 

GGCTCCATGGACGCGGCGATA    introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

GGG        the ORF to yield pRTL2/myc-Fis1B 

Priya Rp 54 GTACATGTATGGGTTCTTTCTA pUNI51/U50636  Used with Priya Fp 53 to amplify the Fis1B (At5g12390) ORF while 

GATTAGCTGCTTAATCTGGC     introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

        the ORF to yield pRTL2/myc-Fis1B 

Priya Fp 55 GGCCAGAAGGAGATGGCTCCA pUNI51/U60117  Used with Priya Rp 56 to amplify the At1g67250 ORF while 

TGGAGTCTGAGAAAAAG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g67250 

Priya Rp 56 CCGATCTCATGAGCTATCTCTA pUNI51/U60117  Used with Priya Fp 55 to amplify the At1g67250 ORF while   

GATCAGACTCCATGGTTATATC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g67250 

Priya Fp 57 CCGTCAAGGCCAGAAGGAGAT pUNI51/U61175  Used with Priya Rp 58 to amplify the At4g37445 ORF while   

GGATCCATGGGTAGTTCAATGG    introducing BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to  

GC        yield pRTL2/myc-At4g37445 

Priya Rp 58 CTACTCGACGGCCCATGGATCC pUNI51/U61175  Used with Priya Fp 57 to amplify the At4g37445 ORF while   

CTATTTCAAATACATTCG  introducing BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pRTL2/myc-At4g37445 

Priya Fp 59 GGCCAGAAGGAGATGGATCCA pUNI51/U13706  Used with Priya Rp 60 to amplify the SDH4 (At1g67250) ORF   

TGTCTCTCCGCCGC while introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ 

ends of the ORF to yield pRTL2/myc-SDH4 

 Priya Rp 60 CTAGTCGACGGCCCATTCTAGA pUNI51/U13706  Used with Priya Fp 59 to amplify the SDH4 (At1g67250) ORF   

TCAGAGAAGAAACAAG while introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ 

ends of the ORF to yield pRTL2/myc-SDH4 

Priya Fp 61 GGCCAGAAGGAGATGGATCCA pUNI51/U13985  Used with Priya Rp 62 to amplify the At3g62190 ORF while  

TGGAGGTGGAGGAAGCC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At3g62190 

Priya Rp 62 CTAGTCGACGGCCCATTCTAGA pUNI51/U13985  Used with Priya Fp 61 to amplify the At3g62190 ORF while  
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TCAAGGAAGGAAAGG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At3g62190 

Priya Fp 63 GGCCAGAAGGAGATGGATCCA pUNI51/U60459  Used with Priya Rp 64 to amplify the At1g52550 ORF while  

TGGCGACGGCGTTTGCC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g52550 

Priya Rp 64 CTAGTCACGGCCCATTCTAGAC pUNI51/U60459  Used with Priya Fp 63 to amplify the At1g52550 ORF while  

TATTTGAAGCGTGAACC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g52550 

Priya Rp 65 GGGAAATTCGAGCTCTCTAGAT pBIN/GFP-APX3  Used with Priya Fp 66 to amplify the pAPX (At4g35000) ORF 

TACTTCATCCTCTTCCG while introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ 

ends of the ORF to yield pRTL2/myc-pAPX 

Priya Fp 66 CTATACAAAGGGGGATCCATG pBIN/GFP-APX3  Used with Priya Rp 65 to amplify the pAPX (At4g35000) ORF 

GCTGCACCGATTG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-pAPX 

Priya Fp 67 CTAGTCCCGGGGCTAGCGGTA -    Annealed with Priya Rp 68 to encode multiple cloning site consisting 

CCGTCGACT of XmaI, NheI, KpnI and SalI restriction sites plus XbaI 5‟ and 3‟ 

overhangs, to yield pRTL2/myc-MCS 

Priya Rp 68 CTAGAGTCGACGGTACCGCTA -    Complementary sequence to Priya Fp 67 

  GCCCCGGGA     

Priya Fp 73 GGCCAGAAGGAGATGGATCCA pUNI51/U51283  Used with Priya Rp 74 to amplify the At1g22050 ORF while  

TGGCAGGTGAAGAAGATTTG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g22050 

Priya Rp 74 GGCCAGAAGGAGATGGATCCA pUNI51/U51283  Used with Priya Fp 73 to amplify the At1g22050 ORF while  

TGGCAGGTGAAGAAGATTTG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g22050 

Priya Fp 75 GGCCAGAAGGAGATGGTACC  pUNI51/C105276 Used with Priya Rp 82 to amplify the At3g60030 ORF while 

ATGGAAGCTAGAATTGAAGG introducing KpnI and NheI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pRTL2/myc-At3g60030 

Priya Fp 76 GGCCAGAAGGAGATTCTAGA  pUNI51/U11077  Used with Priya Rp 82 to amplify the At1g17440 ORF while 

ATGGCGGAACCGATTCCC introducing XbaI and NheI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pRTL2/myc-At1g17440 

Priya Fp 77 GGCCAGAAGGAGATGGATCC  pUNI51/U22724  Used with Priya Rp 84 to amplify the At1g27330 ORF while 

ATGACAACCTCAAAAAGA introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g27330 

Priya Fp 78 GGCCAGAAGGAGATGAATCCA pUNI51/U12951  Used with Priya Rp 84 to amplify the At1g58710 ORF while 

TGGAGATTTTTCAAAAGGCC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g58710 

Priya Fp 79 GGCCAGAAGGAGATGGATCC  pUNI51/U21779  Used with Priya Rp 84 to amplify the At2g01270 ORF while 

ATGTCTTTGGTGCATCTGC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At2g01270 



 121 

Priya Fp 80 GGCCAGAAGGAGATGGATCC  pUNI51/U61242  Used with Priya Rp 84 to amplify the At2g03310 ORF while 

ATGAACAGAGCAGAGGCA introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At2g03310 

Priya Fp 81 GGCCAGAAGGAGATGGATCC  pUNI51/U50887  Used with Priya Rp 84 to amplify the At2g17972 ORF while 

ATGAAAGTCTCCACTTT introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At2g17972 

Priya Rp 82 GAGCGCTCACAATTCGCTAGC  pUNI51/C105276 Used with Priya Fp 75 and 76 to amplify the At3g60030, At1g17440, 

ACGGCCCATGAGGCC   pUNI51/U11077  At4g03420 and At4g23260 ORFs while introducing an XbaI restriction 

     pUNI51/U21816  site at the 3‟ end of the ORF to yield pRTL2/myc-At3g60030 and 

pUNI51/U21555 pRTL2/myc-At1g17440, pRTL2/myc-At4g03420 and pRTL2/myc-

At4g03420 

Priya Rp 83 GAGCGCTCACAATTCGCTAGC  pUNI51/U11287,  Used with Priya Fp 85 to amplify At1g01240, At2g30520, At3g13360, 

ACGGCCCATGAGGCC   pUNI51/U09377,  At4g21215 and At4g16840 ORFs while introducing an XmaI restriction 

pUNI51/U13027, site at the 3‟ end of the ORFs to yield pRTL2/myc- At1g01240, 

pUNI51/U13479, pRTL2/myc-At2g30520, pRTL2/myc- At3g13360, pRTL2/myc- 

pUNI51/U51270 At4g21215 and pRTL2/myc-At4g16840 

Priya Rp 84 GAGCGCTCACAATTCTCTAGAA pUNI51/U22724,  Used with Priya Fp 77-81, 87-89, 91-94, 96-98, 100-101, 103, 105 and 

GGCCCATGAGGCC   pUNI51/U12951,  107-109 to amplify At1g27330, At1g58710, At2g01270,  

pUNI51/U21779,  At2g03310, At2g17972, OEP9, At1g33230, At1g47210, 

pUNI51/U61242,  At2g34450, At2g42975, At2g44080, At3g12140, At3g19010,  

pUNI51/U50887,  At3g29034, At4g00585, At4g07990, At4g14870, At4g21210,  

pUNI51/U50546,  At4g22360 and At4g32590 ORFs while introducing an XbaI restriction  

pUNI51/U11091,  site at the 3‟ end of the ORFs to yield pRTL2/myc-  

pUNI51/U21263,  At1g27330, pRTL2/myc-At1g58710, pRTL2/myc-At2g01270, 

pUNI51/U51249,  pRTL2/myc- At2g03310, pRTL2/myc-At2g17972, pRTL2/myc- 

pUNI51/U11475,  OEP9, pRTL2/myc-At1g33230, pRTL2/myc-At1g47210, 

pUNI51/C105228, pRTL2/myc-At2g34450, pRTL2/myc-At2g42975, pRTL2/myc- 

pUNI51/C105076, At2g44080, pRTL2/myc-At3g12140, pRTL2/myc-At3g19010, 

pUNI51/C105379, pRTL2/myc-At3g29034, pRTL2/myc- At4g00585, pRTL2/myc- 

pUNI51/U60772,  At4g07990, pRTL2/myc-At4g14870, pRTL2/myc-At4g21210, 

pUNI51/U18015,  pRTL2/myc-At4g22360 and pRTL2/myc-At4g32590, respectively 

pUNI51/U11662,    

       pUNI51/U10459, 

       pUNI51/U13394, 

       pUNI51/U11358, 

       pUNI51/U10322 

Priya Fp 85 GGCAGAAGGAGATATAGGTAC pUNI51/U11287  Used with Priya Rp 83 to amplify At1g01240 ORF while 

CGGAGCAGCTGAAGC introducing KpnI and XmaI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pUNI51/U11287 

Priya Fp 86 CCAGAAGGAGATATAGGTACC pUNI51/C105276 Replaces Priya Fp 75 
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  GAAGCTAGAATTGAAGG 

Priya Fp 87 CCAGAAGGAGATATAGGATCCG pUNI51/U50546  Used with Priya Rp 84 to amplify the OEP9 ORF while introducing 

GAAATGAGACGAAG BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pRTL2/myc-OEP9 

Priya Fp 88 CCAGAAGGAGATATAGGATCCG pUNI51/U11091  Used with Priya Rp 84 to amplify the At1g33230 ORF while 

GAAATGAGACGAAG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g33230 

Priya Fp 89 CCAGAAGGAGATATAGGATCCA pUNI51/U21263  Used with Priya Rp 84 to amplify the At1g47210 ORF while 

CAGAGCAAGAGATC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At1g47210 

Priya Fp 90 CCAGAAGGAGATATAGGTACCG pUNI51/U09377  Used with Priya Rp 83 to amplify the At2g30520 ORF while 

CAACAGAAGGAAAAAAC introducing KpnI and XmaI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pRTL2/myc-At2g30520 

Priya Fp 91 CCAGAAGGAGATATAGGATCCA pUNI51/U51249  Used with Priya Rp 84 to amplify the At2g34450 ORF while 

CGAAGAAGAAGCTCCC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At2g34450 

Priya Fp 92 CCAGAAGGAGATATAGGATCCG pUNI51/U11475  Used with Priya Rp 84 to amplify the At2g42975 ORF while 

CCTTGAACTTCTTC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At2g42975 

Priya Fp 93 CCAGAAGGAGATATAGGATCCA pUNI51/C105228 Used with Priya Rp 84 to amplify the At2g44080 ORF while 

TTCGTGAGTTCTCC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At2g44080 

Priya Fp 94 CCAGAAGGAGATATAGGATCCG pUNI51/C105076 Used with Priya Rp 84 to amplify the At3g12140 ORF while 

AGACACAAATTCATC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At3g12140 

Priya Fp 95 CCAGAAGGAGATATATCTAGAA pUNI51/U13027  Used with Priya Rp 83 to amplify the At3g13360 ORF while 

ATGAGTCAGTCCCTG introducing XbaI and XmaI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pRTL2/myc-At3g13360 

Priya Fp 96 CCAGAAGGAGATATAGGATCCG pUNI51/C105379 Used with Priya Rp 84 to amplify the At3g19010 ORF while 

AGGATCTTGATCCAACC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At3g19010 

Priya Fp 97 CCAGAAGGAGATATAGGATCCG pUNI51/U60772  Used with Priya Rp 84 to amplify the At3g29034 ORF while 

TGAGAGAAAGAAGA introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At3g29034 

Priya Fp 98 CCAGAAGGAGATATAGGATCCG pUNI51/U18015  Used with Priya Rp 84 to amplify the At4g00585 ORF while 

GAGGAGGTGATCATGG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc- At4g00585 

Priya Fp 99 CCAGAAGGAGATATATCTAGAG pUNI51/U21555  Used with Priya Rp 82 to amplify the At4g03420 ORF while 

TGTTTGGAAAAGGG introducing XbaI and NheI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pRTL2/myc-At4g03420 
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Priya Fp 100 CCAGAAGGAGATATAGGATCCT pUNI51/U11662  Used with Priya Rp 84 to amplify the At4g07990 ORF while 

CGTCAGAAATCCGT introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At4g07990 

Priya Fp 101 CCAGAAGGAGATATAGGATCC pUNI51/U10459  Used with Priya Rp 84 to amplify the At4g14870 ORF while 

TCACTAACCGCACAA introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At4g14870 

Priya Fp 102 CCAGAAGGAGATATAGGTACCC pUNI51/U51270  Used with Priya Rp 83 to amplify the At4g16840 ORF while 

GTAGATCAGCGAGTGG introducing KpnI and XmaI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pRTL2/myc-At4g16840 

Priya Fp 103 CCAGAAGGAGATATAGGATCCG pUNI51/U13394  Used with Priya Rp 84 to amplify the At4g21210 ORF while 

CTTTGCGCTCGGCG introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At4g21210 

Priya Fp 104 CCAGAAGGAGATATAGGTACCG pUNI51/U13479  Used with Priya Rp 83 to amplify the At4g21215 ORF while 

AAAACGGTGGAACAATT introducing KpnI and XmaI restriction sites at the 5‟ and 3‟ ends of the 

ORF to yield pRTL2/myc-At4g21215 

Priya Fp 105 CCAGAAGGAGATATAGGATCCG pUNI51/U11358  Used with Priya Rp 84 to amplify the At4g22360 ORF while 

TGTCGGACCAGCATC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of 

the ORF to yield pRTL2/myc-At4g22360 

Priya Fp 106 CCAGAAGGAGATATATCTAGAT pUNI51/U21816  Used with Priya Rp 82 to amplify the At4g23260 ORF while 

GCGCTCCAGGTTCTG introducing XbaI and NheI restriction sites at the 5‟ and 3‟ends of the 

ORF to yield pRTL2/myc-At4g23260 

Priya Fp 107 CCAGAAGGAGATATAGGATCCG pUNI51/U10322  Used with Priya Rp 84 to amplify the At4g32590 ORF while 

CTTCGTTAGGTTTCAAC introducing BamHI and XbaI restriction sites at the 5‟ and 3‟ends of the 

ORF to yield pRTL2/myc-At4g32590 

Priya Fp 119 CCTTGACAACTCACATCCCGGG pUC18/mGFP-Syp21 Used with Priya Rp 126 to amplify sequences encoding the 42 C- 

ACTACACAAGCCACTG terminal codons of the Syp21 ORF while introducing XmaI and XbaI 

restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp21 Cterm 

Priya Fp 120 CGTTTCTACATCGGTCGGATCC pUC18/mGFP-Syp42 Used with Priya Rp 126 to amplify sequences encoding the 49 C- 

GGCTATAAACAACTAC terminal codons of the Syp42 ORF while introducing BamHI and XbaI 

restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp42 Cterm 

Priya Fp 121 GGATATCACTGACTCTCCCGGG pUC18/mGFP-Syp52 Used with Priya Rp 126 to amplify sequences encoding the 46 C- 

CGGCGTGTTCAAAAGAGCC terminal codons of the Syp52 ORF while introducing XmaI and XbaI 

restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp52 Cterm 

Priya Fp 122 GCCACTTCGGATTTGGGATCC  pUC18/mGFP-Syp72 Used with Priya Rp 126 to amplify sequences encoding the 43 C- 

AACGTTCGGCTCAAC terminal codons of the Syp72 ORF while introducing BamHI and XbaI 

restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp72 Cterm 
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Priya Fp 123 GTCATGTGGGACGAGCTAGCG pUC18/mGFP-Syp121 Used with Priya Rp 127 to amplify sequences encoding the 80 C- 

GATCCATCAGAGGCGG terminal codons of the Syp121 ORF while introducing BamHI and 

XmaI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp121 Cterm 

Priya Fp 124 GGTCTCAAGTGCTCCCGGGCA  pUC18/mGFP-Syp131 Used with Priya Rp 126 to amplify sequences encoding the 52 C- 

TGTTCAATCCGGAAACAAT terminal codons of the Syp131 ORF while introducing XmaI and XbaI 

restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp131 Cterm 

Priya Fp 125 GGCATGAACTCAAAGCTTAGC pUC18/mGFP-Gos11 Used with Priya Rp 126 to amplify sequences encoding the 44 C- 

GGATCCGCCAGCCGTC terminal codons of the Gos11 ORF while introducing BamHI and XbaI 

restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Gos11 Cterm 

Priya Rp 126 GCCAAATGTTTGAACTCTAGA  pUC18/mGFP-Syp21, Used with Priya Fp 119-122 and 124-125 to amplify sequences 

CAGCCGGGC  pUC18/ mGFP/Syp42, encoding the C-terminal portions of various SNARE ORFs while 

pUC18/ mGFP-Syp52, introducing an XbaI restriction site at the 3‟ end of the ORF to yield 

pUC18/mGFP-Syp72,  pRTL2/mGFP-Syp21 Cterm,  pRTL2/mGFP-Syp42 Cterm, pRTL2/ 

       pUC18/mGFP-Syp131, mGFP-Syp52 Cterm, pRTL2/mGFP-Syp72 Cterm, pRTL2/ mGFP- 

       pUC18/mGFP-Gos11 Syp131 Cterm, pRTL2/mGFP-SypGos11 Cterm, 

Priya Rp 127 GCCGATCCCGGGCCCGCG  pUC18/mGFP-Syp121 Used with Priya Fp 123 to amplify sequences encoding the 80 C- 

terminal codons of the Syp121 ORF while introducing a BamHI and 

XbaI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp121 Cterm 

Priya Fp 128 GATCTGGATCCCCATGGGGTA -    Annealed with Priya Rp 129 to encode multiple cloning site consisting 

CCCCCGGGTCTAGAGCTAGCG of BamHI, NcoI, KpnI, XmaI, XbaI and NheI restriction sites, plus a 

BglII overhang and an EcoRI underhang, to yield pSPUTK-MCS 

Priya Rp 129 AATCCGCTAGCTCTAGACCCGG -   Complementary sequence to Priya Fp 128  

GGGTACCCCATGGGGATCCA     

Priya Fp 130 GCGCAAGCCGGGGTGGGATCCA pRTL2/mGFP-Sft11 Used with Priya Rp 131 to amplify sequences encoding the 45 C- 

ACATAAGGAAACTAAAC terminal codons of the Sft11 ORF while introducing BamHI restrictions 

sites at the 5‟ and 3‟ ends of the ORF to yield pRTL2/mGFP-Sft11 

Cterm 

Priya Rp 131 GTAGAGAGAGACTGGGGATCCT pRTL2/mGFP-Sft11 Used with Priya Fp 130 and Priya Fp 132 to amplify sequences  

TGCGGACTCTAGA   and pRTL2/mGFP- encoding the 46 C-terminal codons of the Syp81 ORF while 

Syp81 introducing BamHI restrictions sites at the 5‟ and 3‟ ends of the ORFs 

to yield pRTL2/mGFP-Sft11 Cterm and pRTL2/mGFP-Syp81 Cterm 

Priya Fp 132 GCAGTTGAGGCTACAAAGGGAT pRTL2/mGFP-Syp81 Used with Priya Rp 131 to amplify sequences encoding 

CCGAGCTTGGAAACAAAGAG     the 46 C-terminal codons of the Syp81 ORF while 

introducing BamHI restrictions sites at the 5‟ and 3‟ ends of the ORF to 

yield pRTL2/mGFP-Syp81 Cterm 

Priya Fp 133  CTGAAGAAGATCTGGCTAGCAT pRTL2/myc-  Used with Priya Rp134 to amplify N-terminal sequences of At4g14870, 
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GTCACTAACCGC    At4g14870  including sequences encoding the transit peptide (TP) while  

introducing NheI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pUC18/At4g14870 TP-GFP 

Priya Rp 134 CATCGCTGCTTTGCTAGCTGCTC pRTL2/myc-  Used with Priya Fp 133 to amplify N-terminal sequences of At4g14870 

CTATCGCGCTA   At4g14870  including sequences encoding the transit peptide while introducing  

NheI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pUC18/At4g14870 TP-GFP 

Priya Fp 135 CGGGTTTAGGAGTGTCTAGATCT pPZP221/Toc33  Used with Priya Rp 136 to amplify the Toc33 ORF while introducing  

CTCGTTCGTG XbaI restriction sites at 5‟ and 3‟ ends of the ORF to yield pRTL2/myc-

Toc33 

Priya Rp 136 GCTCACAACAAAAGCTAGCCTTC pPZP221/Toc33  Used with Priya Fp 135 to amplify the Toc33 ORF while 

AGAGCCTC introducing XbaI restriction sites at 5‟ and 3‟ ends of the ORF to yield 

pRTL2/myc-Toc33 

Priya Fp 137 GTAAGGATTTGTGTCCTCTAGA pPZP221/Toc34  Used with Priya Rp 138 to amplify the Toc34 ORF while 

GCTTTGCAAACGC introducing XbaI restriction sites at 5‟ and 3‟ ends of the ORF to yield 

pRTL2/myc-Toc34 

Priya Rp 138 CCAAACAAAACTCGTGCTAGCA pPZP221/Toc34  Used with Priya Rp 137 to amplify the Toc34 ORF while 

ACATCAGACCTTCG introducing XbaI restriction sites at 5‟ and 3‟ ends of the ORF to yield 

pRTL2/myc-Toc34 

Priya Fp 139 GTGGTTCTTGCTGTTTTAAAATA pUC18/mGFP-  Used with Priya Rp 140 to introduce a stop codon at codon -39 in the   

ATGGAACAACAGCAGT  Syp121   Syp121 ORF to yield pUC18/mGFP-Syp121 del CTS 

Priya Rp 140 CACCAAFAACFACAAAATTTTAT pUC18/mGFP-  Complementary sequence to Priya Fp 139   

TACCTTGTTGTCGTCA   Syp121    

Priya Fp 141 TCTGAAGAAGATCTGGGATCCA pRTL2/myc-  Used with Priya Rp 142 to remove sequence encoding the 37 N-  

ATCTGAGGAAATCGGCGTGT  At4g14870  terminal residues, including putative transit-peptide (TP) from the 

          At4g14870 ORF to yield pRTL2/myc-At4g14870 del TP 

Priya Rp 142 TCTGAAGAAGATCTGGGATCCA pRTL2/myc-  Complementary sequence to Priya Fp 141 

ATCTGAGGAAATCGGCGTGT  At4g14870  

Priya Fp 143 GGGTCTGAACAAGCCCTGGGAT pUC18/mGFP-  Used with Priya Rp 126 to amplify the 84 C-terminal codons from the 

CCGAACATATGGGAATC  Gos11   Gos11 ORF while introducing BamHI and XbaI restriction sites at the 

5‟ and 3‟ ends of the ORF to yield pRTL2/mGFP-Gos11 Cterm 

Priya Fp 144 CTTGCTTTAAAAGGTACCCCGT pUC18/mGFP-  Used with Priya Rp 127 to amplify the 39 C-terminal codons from the 

CGAACAACAGCAGTGGC  Syp121   Syp121 ORF while introducing BamHI and XbaI restriction sites at the  

5‟ and 3‟ ends of the ORF to yield pRTL2/mGFP-Gos11+Syp121 CTS 

Priya Fp 145 GGCCGTGCTGGTATAACACCAG pUC18/mGFP-  Used with Priya Rp 146 to introduce a stop codon at codon -80 in the  

GGAGCTCAGC    Syp121   Syp121 ORF to yield pUC18/mGFP-Syp121 del Cterm 

Priya Rp 146 GCTGAGCTCCCTGTTTATACC  pUC18/mGFP-  Complementary sequence to Priya Fp 145 

AGCACGGCC    Syp121 

Priya Fp 147 GCCCTGATCAAGGAATAAATG pUC18/mGFP-  Used with Priya Rp 148 to introduce a stop codon at codon -44 in the 

GGAATCAACAGA   Gos11   Gos11 ORF to yield pUC18/mGFP-Gos11 del Cterm 
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Priya Rp 148 GCGGTTGATTCCCATTTATTCC pUC18/mGFP-  Complementary sequence to Priya Fp 147 

  TTGATCAGGGC   Gos11 

Priya Fp 149 CCAGCTGATCATTTGAGAGAT -    Used for sequencing the pCMV/BX813996 plasmid in the reverse 

GTTTTC       direction, reading the 3‟ portion of the BX813996 ORF 

Priya Fp 150 GAGGATCTGGCTAGGGATGAC pSPUTK/BglII  Used with Priya Rp 151 to remove NheI restriction site at position 

CCTGCT       2658 in the pSPUTK/BglII plasmid yielding pSPUTK/BglII-ΔNheI 

Priya Rp 151  AGCAGGGTCATCCCTAGCCAT  pSPUTK/BglII  Complementary sequence to Priya Fp 150 

ATCCTC 

Priya Fp 152 CGCCACCGTACGTGACAGGATC pCMV/BX813996 Used with Priya Rp 153 to amplify the tAPX ORF while introducing 

CGTTTCTCTCTCCGCC BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pRTL2/myc-tAPX 

Priya Rp 153 TTTTATCTCATTTCTAGATTCG  pCMV/BX813996 Used with Priya Fp 152 to amplify the tAPX ORF while introducing 

AAACCAGAGAAATCGG BamHI and XbaI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pRTL2/myc-tAPX 

Priya Fp 154  GTGGTTTCTAGACCCGGGAAA pUC18/mGFP-  Used with Priya Rp 155 to amplify the 80 C-terminal codons of the 

CCGTGGAACAACAGCAGTGG  Syp121   Syp121 ORF while introducing both XbaI and XmaI restriction sites to  

CGGC        both 5‟ and 3‟ ends of the ORF 

Priya Rp 155  CCCGGGCCTCTAGACGCTCAA pUC18/mGFP-  Used with Priya Fp 154 to amplify the 80 C-terminal codons of the  

CGCAATAGACGCCT   Syp121   Syp121 ORF while introducing both XbaI and XmaI restriction sites to  

both the 5‟ and 3‟ ends of the ORF  

Priya Fp 158 TCAAAGCTTAGCAATGGATCCA pUC18/mGFP-  Used with Priya Rp 159 to introduce BamHI and XbaI restriction sites 

GCTCTAGACTTACGGTGAACAC Gos11   at codon -2 in the Gos11 ORF to yield pUC18/mGFP-Gos11- BamHI- 

TATT        XbaI 

Priya Rp 159 AATAGTCAAGTCCGTAGGTCTA pUC18/mGFP-  Complementary sequence to Priya Fp 158 

GAGCTGGATCCATTGCTAAGCT Gos11 

TTGA 

Priya Fp 160 GAAGAAGATCTGGGATCCTCC pRTL2/myc-tAPX Used with Priya Rp 161 to remove the sequences encoding the N- 

CCTGTCGTTGCTC terminal transit-peptide in the tAPX ORF to yield pRTL2/myc-tAPX 

del TP  

Priya Rp 161 GAGCAACGACAGGGGAGGATC pRTL2/myc-tAPX Complementary sequence to Priya Fp 160 

CCATATCTTCTTCAG      

Priya Fp 162 CTGAAGAAGATCTGGCTAGCGT pCMV/BX813996 Used with Priya Rp 163 to amplify N-terminal sequences of tAPX, 

TTCTCTCTCC        including sequences encoding the transit-peptide, while introducing a  

NheI restriction site at the 5‟ and 3‟ ends of the tAPX ORF to yield 

pUC18/tAPX TP-GFP 

Priya Rp 163 GTACCAGCATCGTGGCTAGCCA pCMV/BX813996 Used with Priya Rp 162 to amplify N-terminal sequences of tAPX, 

ATCTAACCAAG      including sequences encoding the transit-peptide, while introducing a  

NheI restriction site at the 5‟ and 3‟ ends of the tAPX ORF to yield 

pUC18/tAPX TP-GFP 

Priya Fp 164 GTAGCAACAAACCAGAAGCTT pRTL2/myc-Toc33 Used with Priya Rp 167 to amplify sequences encoding 51 
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GCAATTCATGTAGACAAG     C-terminal codons of the Toc33 ORF while introducing  

          HindIII and EcoRI restriction sites at the 5‟ and 3‟ ends of the  

ORF to yield pRTL2/mGFP-Toc33 Cterm 

Priya Fp 165 GAGATCTCTTTTAATGGCAAGC pRTL2/myc-Toc34 Used with Priya Rp 167 to amplify sequences encoding 65 C-terminal 

TTGCGATTCATGTTC codons of the Toc34 ORF while introducing  HindIII and EcoRI 

restriction sites at the 5‟ and 3‟ ends of the the ORF to yield 

pRTL2/mGFP-Toc34 Cterm 

Priya Fp 166 AACGGTGGTCCTGCAAAGCTTG pRTL2/myc-  Used with Priya Rp 167 to amplify sequences encoding 70 C-terminal 

CCGGAGGCGGAGGA OEP9   codons of the OEP9 ORF while introducing HindIII and EcoRI  

restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-OEP9 Cterm 

Priya Rp 167 GATAGATTTGTAGAGAGAATTC pRTL2/myc-Toc33 Used with Priya Fp 164, 165 and 166 to amplify sequences encoding  

GGTGATTTTGCGGAC pRTL2/myc-Toc34 51 C-terminal, 65 C-terminal or 70 C-terminal codons of the Toc33, 

pRTL2/myc-  Toc34 and OEP9, ORFs respectively,  while introducing a HindIII and 

OEP9 and EcoRI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Toc33 Cterm, pRTL2/mGFP-Toc34 Cterm and 

pRTL2/mGFP-OEP9 Cterm 

Priya Fp 168 CGGATTTGAAGAATACCGGA  pUC18/mGFP-  Used with Priya Rp 169 to introduce a BamHI restriction site at codon  

TCCCGGCTCAAGAAACAGCT  Syp72   -2 in the Syp72 ORF to yield pUC18/mGFP-Syp72- BamHI 

TGTGCAGC        

Priya Rp 169 GCTGCACAAGCTGTTTCTTGA  pUC18/mGFP-  Complementary sequence to Priya Fp 168  

GCCGGGATCCGGTATTCTTCA  Syp72    

AATCCG 

Priya Fp 170 CGGATTTGAAGAATACCGGA  pUC18/mGFP-  Used with Priya Rp 169 to introduce an XbaI restriction site at codon -2 

TCCCGGTCTAGAAAACAGCT  Syp72-BamHI  in the Syp72 ORF to yield pUC18/mGFP-Syp72- BamHI-XbaI 

TGTGCAGC         

Priya Rp 171 GCTGCACAAGCTGTTTTCTAG  pUC18/mGFP-  Complementary sequence to Priya Fp 170 

ACCGGGATCCGGTATTCTTCA  Syp72-BamHI  

AATCCG 

Priya Fp 178 GGATCCCCGGTCATTGATATC  pUC18/mGFP-  Used with Priya Rp 179 to amplify the N-terminal 224 codons of the  

ATCTTCAGAGTCGACGAGATT  Syp72   Syp72 ORF while introducing BamHI restrictions sites at the 5‟ and 3‟ 

TGC        ends of the ORF to yield pRTL2/mGFP-Syp72-ΔGos11 Cterm 

Priya Rp 179 GGATCCCCGAACGTTGGTATT  pUC18/mGFP-  Used with Priya Fp 178 to amplify the N-terminal 224 codons of the 

CTTCAAATCCGAAGTGGC  Syp72   Syp72 ORF while introducing BamHI restrictions sites at the 5‟ and 3‟ 

        ends of the ORF to yield pRTL2/mGFP-Syp72-ΔGos11 Cterm 

Priya Fp 180 GGATCCGATGTGCCTAGCTCT  pUC18/mGFP-  Used with Priya Rp 181 to amplify the N-terminal 178 codons of the 

TGGGATGCTTTACGGAAACAG Gos11   Gos11 ORF while introducing BamHI restriction sites at the 5‟ and 3‟ 

GC        ends of the ORF to yield pRTL2/mGFP- Gos11-ΔSyp72 Cterm 

Priya Rp 181 GGATCCGACATTGCTAAGCTT  pUC18/mGFP-  Used with Priya Fp 180 to amplify the N-terminal 178 codons of the 

TGAGTTGATGCCTCCAAAAGT  Gos11   Gos11 ORF while introducing BamHI restriction sites at the 5‟ and 3‟ 
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TGAACG       ends of the ORF to yield pRTL2/mGFP-Gos11-ΔSyp72 Cterm 

Priya Fp 184 CATTTACAATGCTCTAAAACC  pUC18/mGFP-Syp72 Used with Priya Rp 185 to remove the 4 C-terminal codons of the  

GTGGAACAACAG   +Syp121 CTS  Syp72 ORF to yield pUC18/mGFP-Syp72-ΔSyp121 CTS  

Priya Rp 185 CTGTTGTTCCACGGTTTTAGAG pUC18/mGFP-Syp72 Complementary sequence to Priya Fp 184 

CATTGTAAATG   +Syp121 CTS 

Priya Fp 186 CATTTACTGGATAACCAAACCG pUC18/mGFP-Gos11 Used with Priya Rp 187 to remove the 2 C-terminal codons of the 

TGGAACAACAG   +Syp121 CTS  ORF to yield pUC18/mGFP-Gos11-ΔSyp121 CTS 

Priya Rp 187 CTGTTGTTCCACGGTTTGGTTAT pUC18/mGFP-Gos11 Complementary sequence to Priya Fp 186 

CCAGTAAATG    +Syp121 CTS 

Priya Fp 197 GGTGGTGGTGGGGGTTAAACTG pUC18/mGFP-  Used with Priya Rp 198 to introduce a stop codon at codon -19 of the 

GAGGAAGTCAACC   Syp121   Syp121 ORF to yield pUC18/mGFP-Syp121-ΔCTS1-20 

Priya Rp 198 GGTTGACTTCCTCCAGTTAACCG  pUC18/mGFP-  Complementary sequence to Priya Fp 197 

GGACCACCACC   Syp121 

Priya Fp 199 GGTTCTTGCTGTTTTAGGAGGAA pUC18/mGFP-  Used with Priya Rp 200 to introduce a stop codon at codon -20 of the 

GTCAACCAAATTCAGGG  Syp121   Syp121 ORF to yield pUC18/mGFP-Syp121-ΔCTS21-40 

Priya Rp 200 CCCTGAATTTGGTTGACTTCCTC  pUC18/mGFP-  Complementary sequence to Priya Fp 199 

CTAAAACAGCAAGAACC  Syp121 

Priya Fp 201 GGGTATCTTCTGGTGGATCCGAA pUC18/mGFP-  Used with Priya Rp 126 to amplify the 142 C-terminal codons of the  

ATGGTCTCCC    Gos11   Gos11 ORF while introducing BamHI and XbaI restriction sites at the 

5‟ and 3‟ ends of the ORF to yield pRTL2/mGFP-Gos11 SNARE 

domain 

Priya Fp 202 GGGCTTAGTACTAGAGGATCCGC pRTL2/mGFP-  Used with Priya Rp 131 to amplify the 100 C-terminal codons of the 

TGGTTCAGAAGAAATGG  Sft11   Sft11 ORF while introducing BamHI restriction sites at the 5‟ and 3‟  

ends to yield pRTL2/mGFP-Sft11 SNARE domain 

Priya Fp 205 ATTTGATGACTCAAGGGTAAAA pRTL2/myc-  Used with Priya Rp 206 to introduce a stop codon at codon -32 of the 

GCATCAATCTCACCC   OEP9   OEP9 ORF to yield pRTL2/myc-OEP9 del CTS 

Priya Rp 206 GGGTGAGATTGATGCTTTTACC pRTL2/myc-  Complementary sequence to Priya Fp 205 

CTTGAGTCATCAAAT   OEP9   

Priya Fp 212  GGGCCCAAGCTTGGTGGAAAG pRTL2/ myc-  Used with Priya Rp 167 to amplify sequences encoding 50 C- 

AAGCACTGCTTGG   OEP9   terminal codons of the OEP9 ORF while introducing HindIII and 

EcoRI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-OEP9 TMD+CTS 

Priya Fp 213  GGGCGCAAGCTTGATTGCCT  pRTL2/myc-  Used with Priya Rp 167 to amplify sequences encoding the 156 

TGAATCATCTTAACG   Toc33   C-terminal codons of the Toc33 ORF while introducing HindIII and  

EcoRI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Toc33 half Cterm 

Priya Fp 214 CGTTAAGATGATTCAAGGAGCA pUC18/mGFP-Toc33 Used with Priya Rp 214b to remove sequences encoding C-terminal 15 

ATCACTCAAGGGTC    Cterm+OEP9  codons of the Toc33 ORF in pRTL2/myc- Toc33 Cterm +OEP9 CTS 

CTS   to yield pRTL2/myc-Toc33 NTS+TMD+OEP9 CTS 

Priya Rp 214b GACCCTTGAGTGATTGCTCCT  pUC18/mGFP-Toc33  Complementary sequence to Priya Fp 214  
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TGAATCATCTTAACG   Cterm+OEP9 

     CTS  

Priya Fp 215 GCAACAAACCAGAGGTAAGC  pRTL2/myc-Toc33 Used with Priya Rp 216 to introduce a stop codon at codon -51 of the 

AATTCATGTAGAC      Toc33 ORF to yield pRTL2/myc-Toc33 del Cterm    

Priya Rp 216 GTCTACATGAATTGCTTACCT  pRTL2/myc-Toc33 Complementary sequence to Priya Fp 215 

CTGGTTTGTTGC 

Priya Fp 217 GGTGAAAAGAAGCAGGTCTA  pRTL2/myc-  Used with Priya Rp 218 to introduce a stop codon at codon -70 of the 

AGTCGGGATCGGAATCG  OEP9   OEP9 ORF to yield pRTL2/myc-OEP9 del Cterm 

  

 

Priya Rp 218 CGATTCCGATCCCGACTTAGA  pRTL2/myc-  Complementary sequence to Priya Fp 217 

CCTGCTTCTTTTCACC   OEP9  

Priya Fp 221  GGATGAACTATACAAACCTTG pRTL2/myc-  Used with Priya Rp 222 to remove sequences encoding the TMD 

GTATTTGATGACTCAA   OEP9 TMD+  in the OEP9 ORF to yield pRTL2/myc-OEP9  

CTS   CTS 

Priya Rp 222 TTGAGTCATCAAATACCAAGG pRTL2/myc-  Complementary sequence to Priya Fp 221 

TTTGTATAGTTCATCC   OEP9 TMD+ 

       CTS 

Priya Fp 224 GGCCGCGCCATGGGCGAATCC pUC18/mGFP-  Used with Priya Rp 127 to amplify the Syp121 ORF while introducing 

CGCGGGA    Syp121   NcoI and XmaI restriction sites at the 5‟ and 3‟ ends of the ORF to yield  

pSPUTK/Syp121 

Priya Fp 225 CCGCCCCGCCATGGGGCCGGT  pUC18/mGFP-  Used with Priya Rp 126 to amplify the Syp72 ORF while introducing 

CATTGATATCTTCAGAGTCG  Syp72   NcoI and XbaI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

          pSPUTK/Syp72 

Priya Fp 226 CCGGGGGGCCATGGATGTGCC pUC18/mGFP-  Used with Priya Rp 126 to amplify the Gos11 ORF while introducing 

TAGCTCTTGGGATGC   Gos11   NcoI and XbaI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

          pSPUTK/Gos11 

Priya Fp 229 CAGCAGTGGCGGCTAAGGCG  pUC18/mGFP-  Used with Priya Rp 230 to introduce a stop codon at codon -29 of the  

GCGGTGGTGGTGG   Syp121   Syp121 ORF to yield pUC18/mGFP-Syp121-ΔCTS1-10 

Priya Rp 230 CCACCACCACCGCCGCCTTAG  pUC18/mGFP-  Complementary sequence to Priya Fp 229 

CCGCCACTGCTG   Syp121 

Priya Fp 238 GGAGATATAGGATCCATGGGG pUNI51/U20852  Used with Priya Rp 246 to amplify the Syp32 ORF while introducing 

TCGGCAAGGCATGGGCAATCG BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Syp32 

Priya Fp 239  GGAGATATAGGATCCATGGGG pUNI51/U12584  Used with Priya Rp 246 to amplify the Ykt6-1 ORF while introducing 

AAATCACCGCCCTCG BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/mGFP-Ykt6-1 

Priya Fp 240 GGAGAAGAACCGGATCCATGG pDONR221/  Used with Priya Rp 241 to amplify the Syp125 ORF while introducing 

GGAACGATTATTCTCTAATTC  DQ056451  BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield  

pRTL2/mGFP-Syp125 
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Priya Rp 241  GGCCGGGGATCCTCACTTCAAC pDONR221/  Used with Priya Fp 240 to amplify the Syp125 ORF while introducing 

ATGAGCCATTCTG   DQ056451  BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield  

pRTL2/mGFP-Syp125 

Priya Fp 242 GGAGATAGAACCATGAGGATCC pDONR221/  Used with Priya Rp 243 to amplify the Syp124 ORF while introducing 

ATGGGGATTTATTCTCTAGTTC DQ652907  BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

        pRTL2/mGFP-Syp124 

Priya Rp 243 GGCGGGGGATCCTCACTTCAAC pDONR221/  Used with Priya Fp 242 to amplify the Syp124 ORF while introducing 

ATGAGCATGATATG   DQ652907  BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

        pRTL2/mGFP-Syp124 

Priya Fp 244 GGAGATAGAACCGGATCCATG pENTR221/  Used with Priya Rp 245 to amplify the Ykt6-2 ORF while introducing 

GGGAAGATCACTGCC   DQ447089  BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

          pRTL2/mGFP-Ykt6-2 

Priya Rp 245 GGCCGGGGGATCCTTAGAGAA pENTR221/  Used with Priya Fp 244 to amplify the Ykt6-2 ORF while introducing 

GTCTACAACATGAGTTTG  DQ447089  BamHI restriction sites at the 5‟ and 3‟ ends of the ORF to yield 

     pRTL2/mGFP-Ykt6-2 

Priya Rp 246  GAGCGCTCACAATTCGGATCCA pUNI51/U20852  Used with Priya Fp 238 and 239 to amplify the Syp32 and Ykt6 ORFs 

CGGCCATGAGGCC pUNI51/U125841 while introducing BamHI restriction sites at the 5‟ and 3‟ ends of the  

ORFs to yield pRTL2/mGFP-Syp32 and pRTL2/RFP-Ykt6-2 

Priya Fp 247 GCCGCGCCCGGGATGGAGAAC pUNI51/U17194  Used with Priya Rp 248 to amplify the Tic40 ORF while introducing 

CTTACCC XmaI restriction sites to the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/Tic40-RFP 

Priya Rp 248 GCCGCGCCCGGGACCCGTCATT pUNI51/U17194  Used with Priya Fp 247 to amplify the Tic40 ORF while introducing 

CCTGGG XmaI restriction sites to the 5‟ and 3‟ ends of the ORF to yield 

pRTL2/Tic40-RFP 

Priya Fp 249 GGACATGTTGAATAATATG  -   Used for sequencing the Tic40 ORF in the forward direction from 

internal binding positions  

Priya Fp 254 ACAATGGTCACACAAAGAGGA pRTL2/mGFP-  Used with Priya Rp 255 to replace Q277 with an arginine in the Syp31 

GAGCTAGCAATC   Syp31   ORF to yield pRTL2/mGFP-Syp31QΔR 

 

Priya Rp 255 GATTGCTAGCTCTCCTCTTTGTG pRTL2/mGFP-  Complementary sequence to Priya Fp 254 

TGACCATTGT    Syp31 

 

Priya Fp 256 ACCATGGTTTCTCAAAGAGGGG pRTL2/mGFP-  Used with Priya Rp 257 to replace Q288 with an arginine in the Syp32  

  AAATTGCAATCAGG   Syp32   ORF to yield pRTL2/mGFP-Syp32 QΔR 

 

Priya Rp 257 CCTGATTGCAATTTCCCCTCTTT pRTL2/mGFP-  Complementary sequence to Priya Fp 256 

  GAGAAACCATGGT   Syp32 

 

Priya Fp 262 GCCCTGATCAAGAAACATATGG pRTL2/RFP-  Used with Priya Rp 263 to replace E128 with a lysine in the Gos11 ORF 

GAATCAACCGC   Gos11   to yield pRLT2/RFP-Gos11E128ΔK 
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Priya Rp 263 GCGGTTGATTCCCATATGTTTC pRTL2/RFP-  Complementary sequence to Priya Fp 262 

TTGATCAGGGC   Gos11 

Priya Fp 264 CGCTTGTGTTTCAAGATTCAAC pRTL2/RFP-  Used with Priya Rp 265 to replace R167 with an aspartate in the Gos11 

TTTTGGAGGC    Gos11, pRTL2/  ORF to yield pRLT2/RFP-Gos11R167ΔD and pRTL2/RFP-  

      RFP-Gos11E128ΔK  Gos11 E128ΔK, R167ΔD  

Priya Rp 265 GCCTCCAAAAGTTGAATCTTGA pRTL2/RFP-  Complementary sequence to Priya Fp 264 

AACACAAGCG    Gos11, pRTL2/   

     RFP-Gos11E128ΔK 

Priya Fp 266 GGAGGCATCAACTCAGAGCTTA pRTL2/RFP-  Used with Priya Rp 267 to replace K176 with a glutamic acid in the 

GCAATGTCGCC   Gos11, pRTL2/  Gos11 ORF to yield pRLT2/RFP-Gos11K176ΔE and pRLT2/RFP- 

RFP-Gos11E128ΔK,  Gos11 E128ΔK, R167ΔD, K176ΔE   

R167ΔD 

Priya Rp 267 GGCGACATTGCTAAGCTCTGAC pRTL2/RFP-  Complementary sequence to Priya Fp 266 

TTGATGCCTCC   Gos11, pRTL2/   

     RFP-Gos11E128ΔK,   

       R167ΔD 

Priya Fp 268 GGAAAAAGTCGATGAAGACAA pRTL2/RFP-  Used with Priya Rp 269 to replace D201 with a lysine in the Gos11 ORF 

TCATTCTTTCACTCG   Gos11, pRTL2/  to yield pRLT2/RFP-Gos11D201ΔK and Gos11 E128ΔK, R167ΔD, K176ΔE, D201ΔK 

RFP-Gos11E128ΔK ,    

R167ΔD, K176ΔE 

Priya Rp 269 CGAGTGAAAGAATGATTGTCTT pRTL2/RFP-  Complementary sequence to Priya Fp 268 

CATCGACTTTTTCC   Gos11, pRTL2/   

     RFP-Gos11E128ΔK,   

       R167ΔD, K176ΔE 

Priya Fp 278 CGACATTATTCTTCTCTGTGTG pUC18/mGFP-Syp72 Used with Priya Rp 279 to introduce sequence encoding LVIVL 

ATCCTAGTAATTGTACTACTTG and pRLT2/mGFP- between I244 and L245 in the Syp72 ORF to yield pUC18/mGFP- 

GAATTGTCTCTTACATTTAC  Syp72 Cterm  Syp72ΔLVIVL and pRTL2/mGFP-Syp72 CtermΔLVIVL 

Priya Rp 279 GTAAATGTAAGAGACAATTCCAA pUC18/mGFP-Syp72  Complementary sequence to Priya Fp 278 

GTAGTACAATTACTAGGATCACA and pRLT2/mGFP-   

CAGAGAAGAATAATGTCG  Syp72 Cterm  

Priya Fp 280 CTTCGTCCTTACTTTCTCCGTCCT pRTL2/mGFP-Syp81 Used with Priya Rp 281 to introduce sequence encoding LVIVL  

AGTAATTGTACTATTGTTCTTGG and pRTL2/mGFP- between V303 and L304 in the Syp81 ORF to yield pRTL2/mGFP- 

ATTGGTACAGTTAA   Syp81 Cterm   Syp81ΔLVIVL and pRTL2/mGFP-Syp81 CtermΔLVIVL 

Priya Rp 281 CTTCGTCCTTACTTTCTCCGTCCT pRTL2/mGFP-Syp81  Complementary sequence to Priya Fp 280 

AGTAATTGTACTATTGTTCTTGG and pRLT2/mGFP-   

ATTGGTACAGTTAA   Syp81 Cterm  

Priya Fp 282 CCAACGTTCGGCTCTCGAAACAG pUC18/mGFP-Syp72 Used with Priya Rp 283 to replace K226 with a serine in the Syp72 

  CTTGTGC    and pSPUTK/Syp72 ORF to yield pUC18/mGFP-Syp72KΔS and pSPUTK/Syp72KΔS 

Priya Rp 283 GCACAAGCTGTTTCGAGAGCCGA pUC18/mGFP-Syp72 Complementary sequence to Priya Rp 283 

  ACGTTGG    and pSPUTK/Syp72  



 132 

Priya Fp 284 GCTTGTGCAGATGACATCCAGCC pUC18/mGFP-Syp72 Used with Priya Rp 283 to replace R231 with a threonine in the Syp72 

GAAACTTC    KΔS and pSPUTK/  ORF to yield pUC18/mGFP-Syp72KRΔST and pSPUTK/Syp72KKΔST  

Syp72KΔS   

Priya Rp 285 GAAGTTTCGGCTGGATGTCATCT pUC18/mGFP-Syp72 Complementary sequence to Priya Fp 284 

GCACAAGC    KΔS and pSPUTK/ 

     Syp72KΔS  

Priya Fp 286 GCAGATGACATCCAGCACAAACT pUC18/mGFP-Syp72 Used with Priya Rp 287 to replace R234 with a threonine in the Syp72 

TCTGCATCG    KRΔST and pSPUTK/ ORF to yield pUC18/mGFP-Syp72KRRΔSTT and pSPUTK/Syp72KRRΔSTT 

Syp72KRΔST    

Priya Rp 287 CGATGCAGAAGTTTGTGCTGGAT pUC18/mGFP-Syp72 Complementary sequence to Priya Fp 286 

GTCATCTGC    KRΔST and pSPUTK/ 

       Syp72KRΔST 

Priya Fp 288 CTATTCTGGCAGCGATATCGAGG pUC18/mGFP-Gos11 Used with Priya Rp 289 to replace K195 with a serine in the Gos11 

AAAAAGTCG    and pSPUTK/Gos11 ORF to yield pUC18/mGFP-Gos11KΔS and pSPUTK/Gos11KΔS   

Priya Rp 289 CGACTTTTTCCTCGATATCGCTGC pUC18/mGFP-Gos11 Complementary sequence to Priya Fp 288 

CAGAATAG    and pSPUTK/Gos11 

Priya Fp 290 GCGATATCGAGGAAAACGTCGA pUC18/mGFP-Gos11 Used with Priya Rp 291 to replace K198 with a threonine in the Gos11 

TGGATACAATC   KΔS and pSPUTK/  ORF to yield pUC18/mGFP-Gos11KKΔST and pSPUTK/Gos11KKΔST 

       Gos11KΔS   

Priya Rp 291 GATTGTATCCATCGACGTTTTCC pUC18/mGFP-Gos11 Complementary sequence to Priya Fp 290 

TCGATATCGC    KΔS and pSPUTK/ 

     Gos11KΔS 

Priya Fp 292 GCTACAAACCGCTTCGGTTTACC pUC18/mGFP-Syp121 Used with Priya Rp 293 to replace R246 with a serine in the Syp121 

AGAAGAAC    and pSPUTK/Syp121 ORF to yield pUC18/mGFP-Syp121RΔS and pSPUTK/Syp121RΔS 

         

Priya Rp 293 GTTCTTCTGGTAAACCGAAGCGG pUC18/mGFP-Syp121 Complementary sequence to Priya Fp 292 

TTTGTAGC    and pSPUTK/Syp121 

Priya Fp 294 GCTTCGGTTTACCAGACGAACAC pUC18/mGFP-Syp121 Used with Priya Rp 295 to replace K250 with a serine in the Syp121 

GCGAAAATGG    RΔS and pSPUTK/  ORF to yield pUC18/mGFP-Syp121RKΔSS and pSPUTK/Syp121RKΔSS 

     Syp121RΔS   

Priya Rp 295 CCATTTTCGCGTGTTCGTCTGGTA pUC18/mGFP-Syp121 Complementary sequence to Priya Fp 294 

AACCGAAGC    RKΔSS and pSPUTK/ 

     Syp121RKΔSS 

Priya Fp 296 CCAGACGAACACGTCAAAATGG pUC18/mGFP-Syp121 Used with Priya Rp 297 to replace R253 with a threonine in the 

ACATGTATTGC   RKΔSS and pSPUTK/ Syp121 ORF to yield pUC18/mGFP-Syp121RKRΔSST and and pSPUTK/ 

       Syp121RKΔSS  Syp121RKRΔSST 

Priya Rp 297 GCAATACATGTCCATTTTGACGT pUC18/mGFP-Syp121 Complementary sequence to Priya Fp 296 

GTTCGTCTGG    RKΔSS and pSPUTK/ 

     Syp121RKΔSS 

Priya Fp 298 CCAGACGAACACGTCAACATGG pUC18/mGFP-Syp121 Used with Priya Rp 299 to replace K254 with a threonine in the 
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ACATGTATTGC   RKRΔSST and   Syp121 ORF to yield pUC18/mGFP-Syp121 RKRKΔSSTT and pSPUTK/ 

     pSPUTK/Syp121  Syp121RKRKΔSSTT 

     RKRΔSST 

Priya Rp 299 GCAATACATGTCCATGTTGACG pUC18/mGFP-Syp121 Complementary sequence to Priya Fp 298 

TGTTCGTCTGG   RKRΔGGG and 

       pSPUTK/Syp121 

       RKRΔGGG 

Priya Fp 300 CGGCATGGACGAGCTGTACA  pUC18/mGFP-  Used with Priya Rp 301 to remove the 255 N-terminal codons of the 

AGCATGTTCAATCCGGAAAC  Syp131   Syp131 ORF to yield pUC18/mGFP-Syp131 Cterm 

AATCAACTAAC 

Priya Rp 301  GTTAGTTGATTGTTTCCGGAT  pUC18/mGFP-  Complementary sequence to Priya Rp 300 

TGAACATGCTTGTACAGCTCG  Syp131 

TCCATGCCG 

Priya Fp 302 GCCGGCCGGCCGGTCTAGAG  pRTL2/mGFP-  Used with Priya Rp 303 to amplify the 44 C-terminal codons of the 

CAAGAGAATACCAAAAGAG  Syp124   Syp124 ORF while introducing XbaI restriction sites at the 5‟ and 3‟ 

CTCGAGG       ends of the ORF to yield pRTL2/mGFP-Syp124 Cterm 

Priya Rp 303 CCGGGCGCGGCCTCTAGATC  pRTL2/mGFP-  Used with Priya Fp 302 to amplify the 44 C-terminal codons of the 

ACTTCAACATGAGCATGATA  Syp124   Syp124 ORF while introducing XbaI restriction sites at the 5‟ and 3‟ 

TGAGGG       ends of the ORF to yield pRTL2/mGFP-Syp124 Cterm 

Priya Fp 304 GGCCGCGCCGGTCTAGAGTG  pRTL2/mGFP-  Used with Priya Rp 305 to amplify the 44 C-terminal codons of the 

AGAAGAGGGACTGATCAGC  Syp125   Syp125 ORF while introducing XbaI restriction sites at the 5‟ and 3‟ 

TCCAAG       ends of the ORF to yield pRTL2/mGFP-Syp125 Cterm 

Priya Rp 305 GCGGGCCCGGCCTCTAGATC  pRTL2/mGFP-  Used with Priya Fp 304 to amplify the 44 C-terminal codons of the  

ACTTCAACATGAGCATTATG  Syp125   Syp125 ORF while introducing XbaI restriction sites at the 5‟ and 3‟ 

TGAGG        ends of the ORF to yield pRTL2/mGFP-Syp125 Cterm 

Priya Fp 306  GTCAATTTCCTTTTGGCTAGC  pRTL2/myc-  Used with Priya Rp 307 to introduce an NheI restriction site at codon 

CTCTCTGATCGAGTG   At4g14870 del TP -15 of the At4g14870 ORF to yield pRTL2/myc-At4g14870 del TP- 

NheI 

Priya Rp 307 CACTCGATCAGAGAGGCTAG  pRTL2/myc-  Complementary sequence to Priya Fp 306 

CCAAAAGGAAATTGAC  At4g14870 del TP 

Priya Fp 308 ATGAAGCCATTGGTTCGAGC  pRTL2/mGFP-  Used with Priya Rp 309 to introduce an NheI restriction site at codon 

TAGCAAGTCCGATGTTTCG  Toc33 Cterm  -15 of the Toc33 ORF to yield pRTL2/mGFP-Toc33 Cterm-NheI 

Priya Rp 309 CGAAACATCGGACTTGCTAG  pRTL2/mGFP-  Complementary sequence to Priya Fp 308 

CTCGAACCAATGGCTTCAT  Toc33 Cterm 

Priya Fp 310 GGCCGGCCGCTAGCTCAAAG  pRTL2/myc-  Used with Priya Rp 311 to amplify the 32 C-terminal codons of the 

CATCAATCTCACCAAG  OEP9   OEP9 ORF while introducing NheI restriction sites at the 5‟ and 3‟  

ends of the ORF  

Priya Rp 311 GGCCGGCCGCTAGCCTACTT  pRTL2/myc-  Used with Priya Fp 310 to amplify the 32 C-terminal codons of the 

GTTAGCTGATGAAGA   OEP9   OEP9 ORF while introducing NheI restriction sites at the 5‟ and 3‟  

ends of the ORF 
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Priya Fp 312 GAAGAAGATCTGTCTAGAA  pRTL2/myc-  Used with Priya Rp 313 to remove the 37 N-terminal codons of the 

AGTATAAAGAAGAGGATG  Toc 33   Toc33 ORF to yield pRTL2/myc-Toc33-GTPase domain 

Priya Rp 313 CATCCTCTTCTTTATACTTTC  pRTL2/myc-  Complementary sequence to Priya Fp 312 

TAGACAGATCTTCTTC   Toc33 

Priya Fp 314 GCGAAAATGGACAATGATT  pUC18/mGFP-  Used with Priya Rp 315 to replace C255 with a Methionine in the  

GCCATTATTATTC   Syp121   Syp121 ORF to yield pUC18/mGFP-Syp121CΔM 

Priya Rp 315 GAATAATAATGGCAATCAT  pUC18/mGFP-  Complementary sequence to Priya Fp 314 

TGTCCATTTTCGC   Syp121 

Priya Fp 318 CTTGCTCTATGTTGATGCTTT  pRTL2/myc-  Used with Priya Rp 319 to replace R130 with an alanine in the Toc33 

GGATGTGTATAGAG   Toc33   ORF to yield pRTL2/myc-Toc33 R130 Δ A 

Priya Rp 319 CTCTATACACATCCAAAGCAT  pRTL2/myc-  Used with Priya Fp 318 to replace R130 with an alanine in the Toc33  

CAACATAGAGCAAG   Toc33   ORF to yield pRTL2/myc-Toc33 R130 Δ A 

Priya Fp 324 GGAGTTCCTTGGTATTTGCAAG pRTL2/myc-  Used with Priya Rp 325 to replace the sequences encoding the OEP9  

GAGCAATCAGAAATGATATCAA OEP9   CTS with sequences encoding the Toc33 CTS to yield pRTL2/myc-  

GACAAGTGGAAAGCCACTTTAA    OEP9 Δ Toc33 CTS 

ATGACTCAAGGGTCAAAGC 

Priya Rp 325 GCTTTGACCCTTGAGTCATTTAA pRTL2/myc-  Used with Priya Fp 324 to replace the sequences encoding the OEP9  

AGTGGCTTTCCACTTGTCTTGAT OEP9   CTS with sequences encoding the Toc33 CTS to yield pRTL2/myc- 

ATCATTTCTGATTGCTCCTTGCA    OEP9 Δ Toc33 CTS 

AATACCAAGGAACTCC 

Priya Fp 326 ACATGGACAAGGCCGATTAAGC pRTL2/myc-  Used with Priya Rp 327 to introduce a stop codon at codon -16 in the 

TCGAAAAGCACGCC   OEP9   OEP9 ORF to yield pRTL2/myc-OEP9 half CTS 

Priya Rp 327 GGCGTGCTTTTCGAGCTTAATCG pRTL2/myc-  Used with Priya Fp 326 to introduce a stop codon at codon -16 in the 

GCCTTGTCCATGT   OEP9   OEP9 ORF to yield pRTL2/myc-OEP9 half CTS 

Priya Fp 330 CCGGCCCGGTCTAGAATGGCTT pUNI51/U83592  Used with Priya Rp 331 to amplify the Akr2B (At2g17390) ORF while 

CAAGCTCAGAGAAAACACC introducing XbaI restriction sites at the 5‟ and 3‟ ends of the ORFs to 

yield pRTL2/NLS-RFP-Akr2B 

Priya Rp 331 CCGGCCCGGTCTAGATTAGAGG pUNI51/U83592  Used with Priya Fp 330 to amplify the Akr2B (At2g17390) ORF while 

AAAGCGTCCTTCTCAAGTAGT introducing XbaI restriction sites at the 5‟ and 3‟ ends of the ORFs to 

yield pRTL2/NLS-RFP-Akr2B 

Priya Fp 332 GGCCCGGGGCTAGCATGGGAAA pUNI51/U61692  Used with Priya Rp 333 to amplify the OEP7 (At3g52420) ORF while 

AACTTCGGGAGCG introducing NheI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pUC18/OEP7-mGFP 

Priya Rp 333 GGCCCGGGGCTAGCCAAACCCTC pUNI51/U61692  Used with Priya Rp 333 to amplify the OEP7 (At3g52420) ORF while 

TTTGGATGTGG introducing NheI restriction sites at the 5‟ and 3‟ ends of the ORF to 

yield pUC18/OEP7-mGFP 

Priya Fp 333a CGCCCCGCTCTAGAATGGCTTCC pUNI51/U15717  Used with Priya Rp 334 to amplify the Akr2A (At1g55555) and ORFs 

AATTCGGAGAAAAATCC while introducing XbaI restriction sites at the 5‟ and 3‟ ends of the 

ORFs to yield pRTL2/NLS- RFP-Akr2A 

Priya Fp 334 GGCCGGCCTCTAGATCAAAGGA pUNI51/U15717  Used with Priya Fp 333a to amplify the Akr2A (At1g55555) and ORFs 
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AAGCATCCTTCTCAAGC while introducing XbaI restriction sites at the 5‟ and 3‟ ends of the 

ORFs to yield pRTL2/NLS- RFP-Akr2A 

Priya Fp 335 GGGCCCGGCCGGCCGCTAGCAT pPZP221-Toc33  Used with Priya Rp 336 to amplify the Toc33 ORF, lacking its stop 

GGGGTCTCTCGTTCGTGAATGGG    codon, while introducing 5‟ and 3‟ NheI restriction sites to yield  

pUC18/Toc33-GFP 

Priya Rp 336 GGCCGGGCCCGGCGGCTAGCAA pPZP221-Toc33  Used with Priya Fp 335 to amplify the Toc33 ORF, lacking its stop 

GTGGCTTTCCACTTGTCTTGATATC    codon, while introducing 5‟ and 3‟ NheI restriction sites to yield  

pUC18/Toc33-GFP       

Priya Fp 339  GGGCCCGGCCGGCCGCTAGCAT pUNI51/U50546  Used with Priya Rp 340 to amplify the OEP9 ORF, lacking its stop  

GGGAAATGAGACGAAGACC codon, while introducing 5‟ and 3‟ NheI restriction sites to yield 

pUC18/OEP9-GFP 

Priya Rp 340 GGCCGGGCCCGGCGGCTAGCCTT pUNI51/U50546  Used with Priya Fp 339 to amplify the OEP9 ORF, lacking its stop  

GTTAGCTGATGAAGACGATGAG codon, while introducing 5‟ and 3‟ NheI restriction sites to yield 

pUC18/OEP9-GFP 

Priya Fp 341 CACCAAGATTACATGGGCAAGGC pRTL2/myc-OEP9 Used with Priya Rp 342 to replace sequences encoding D68 and D71 in 

CGGTAAAGCTCGAAAAGCACGCC    the OEP9 ORF with glycines to yield pRTL2/myc-OEP9 DDΔGG 

Priya Rp 342 GGCGTGCTTTTCGAGCTTTACCGG pRTL2/myc-OEP9 Complementary to Priya Fp 341 

CCTTGCCCATGTAATCTTGGTG 

Priya Fp 343 CCAAGATTACATGGACGGGGCCG pRTL2/myc-OEP9 Used with Priya Rp 344 to replace sequences encoding K69, K72, R74  

ATGGGGCTGGAGGGGCACGCCTC    and K75 in the OEP9 ORF with glycines to yield pRTL2/myc-OEP9  

TCATCGTCTTC       KKRKΔGGGG 

Priya Rp 344 GAAGACGATGAGAGGCGTGCCCCT pRTL2/myc-OEP9 Complementary to Priya Fp 343 

CCAGCCCCATCGGCCCCGTCCATGT 

AATCTTGG 

Priya Fp 345 CAATCTCACCAAGATGGCGGGGAC pRTL2/myc-OEP9 Used with Priya Rp 346 to replace sequences encoding Y66, M67 and 

AAGGGCGATAAAGCTCGAAAAG    A71 in the OEP9 ORF with glycines to yield pRTL2/myc-OEP9 YMA 

    ΔGGG 

Priya Rp 346 CTTTTCGAGCTTTATCGCCCTTGTC pRTL2/myc-OEP9 Complementary to Priya Fp 345 

CCCGCCATCTTGGTGAGATTG 

Priya Fp 347 GTTGGCTTCTTATACCTAACTCAA pRTL2/myc-Cb5D+ Used with Priya Rp 348 to delete sequences encoding the CTS of the  

GGGTCAAAGCATCAATCTCACC OEP9CTS  Cb5D ORF to yield pRTL2/myc-Cb5DΔOEP9CTS 

Priya Rp 348  GGTGAGATTGATGCTTTGACCCTT pRTL2/myc-Cb5D+ Complementary to Priya Rp 346 

GAGTTAGGTATAAGAAGCCAAC OEP9CTS 
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APPENDICES III–VIII 

Results presented in Appendices 1-6 are not specifically a part of my thesis work; however, they represent 

significant efforts I made to help enhance our overall knowledge of protein trafficking pathways in the cell. The 

studies presented here describe classical and well-understood intracellular sorting pathways present in the cell, and 

serve as a foundation and comparison for the studies presented in Chapter 2 and 3 of my thesis. 

 

 

APPENDIX III  

Cloning, functional analysis, and subcellular localization of two isoforms of NADH:cytochrome b5 reductase 

from developing seeds of tung (Vernicia fordii).
5
 

 

INTRODUCTION 

The seed oils of many non-domesticated plant species contain high amounts of industrially-important fatty 

acids (e.g. hydroxy, epoxy, conjugated and acetylenic), and there is significant interest in transferring genes required 

for the production of these novel fatty acids to organisms that have more robust agronomic traits (Thelen et al, 

2002). For instance, in recent years, genes responsible for the synthesis of several novel types of fatty acids have 

been identified and, in many cases, have been shown to be diverged forms of the delta-12 fatty acid desaturase 

(FAD2) enzyme (Shanklin and Cahoon, 1998). Expression of these diverged FAD2 genes in transgenic plants, 

however, has routinely resulted in much lower accumulation of the desired fatty acid than is observed in the source 

plant, indicating that additional genes from the source plant will be required to increase productivity (Knutzon et al, 

1999).  

The FAD2 and diverged FAD2 enzymes are integral membrane-bound proteins located in the endoplasmic 

reticulum (ER) and function by acting upon fatty acyl substrates bound to phosphatidylcholine (Shanklin and 

Cahoon, 1998). During the catalytic cycle of FAD2, two hydrogen atoms are extracted from the fatty acid substrate 

and transferred to an oxygen atom to produce water as a byproduct. This reduction of oxygen also requires a pair of 

electrons, which are provided by the microsomal electron transport chain composed of NADH:cytochrome b5 (Cb5) 

reductase (CBR, EC 1.6.2.2) and Cb5. For diverged FAD2 enzymes, subtle differences in the active site of the 

enzymes alter the substrate/product relationships, resulting in the formation of hydroxy, epoxy, conjugated or 

acetylenic fatty acids (Shanklin and Cahoon, 1998).  

Several previous experiments have been specifically interested in the production of conjugated fatty acids 

in the oils of transgenic plants. Conjugated fatty acids are more readily oxidized than typical polyunsaturated fatty 

acids, and therefore oils containing high amounts of these fatty acids have potential usage in the formulations of 

inks, dyes, coatings, and resins. Seeds of the tung tree (Vernicia fordii) produce an oil that contains 80% α-

eleostearic acid (9cis, 11trans, 13trans octadec atrienoic acid), an unusual conjugated fatty acid that imparts 

industrially useful drying qualities to tung oil. Previously, all of the desaturases and diverged desaturase (conjugase) 

required for producing the polyunsaturated fatty acids in tung oil, including eleostearic acid were identified (Dyer et 

al, 2002; Dyer et al, 2004), and more recently the identification and functional analysis of four different Cb5 

proteins from tung (Hwang et al, 2004) was also described. Interestingly, three of these isoforms of Cb5 were shown 

to be targeted to the ER membrane of plant cells, while the fourth isoform was targeted specifically to the outer 

membrane of mitochondria.   

The paper Shockey et al., 2005 describes the characterization of two different CBR genes that are 

expressed in developing tung seeds during synthesis of tung oil, as well as comparing these properties to two CBR 

proteins from Arabidopsis. Experiments described here reveal that both of the tung CBR proteins (VfCBR1 and 

VfCBR2) and one of the Arabidopsis CBR (AtCBR1) proteins are targeted to the ER of plant cells, which is in 

agreement with the previously described microsomal location for the Arabidopsis enzyme (Fukuchi-Mizutani, 

1999). The second Arabidopsis CBR protein (AtCBR2), however, was shown to be targeted specifically to 

mitochondria, likely the mitochondrial matrix. These results increase our understanding of CBR expression and 

protein biogenesis within plant cells. The availability of the tung CBR genes also provides tools for future attempts 

to enhance the production of eleostearic acid in the triacylglycerol fractions of transgenic plants (Smith et al, 1992).   

 

                                                 
5
 Shockey, J.M., Dhanoa, P.K., Dupuy, T., Chapital, D.C., Mullen, R.T., and Dyer, J.M. Cloning, functional 

analysis, and subcellular localization of two isoforms of NADH:cytochrome b5 reductase from developing seeds of 

tung (Vernicia fordii). 2005. Plant Science. 169: 375-385. 
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MATERIALS AND METHODS 

Transient transformation of tobacco BY-2 cells and immunofluorescence microscopy 

 Subcellular localization of various CBRs was determined by transient expression of myc epitope-tagged 

versions of proteins in tobacco suspension cells, followed by comparisons of their resulting immunostaining patterns 

with the patterns attributable to endogenous organelle marker proteins (Dyer and Mullen, 2001). Briefly, pRTL2 

vectors harboring individual CBR cDNAs (see Shockey et al., 2005 for details on the construction of these 

plasmids) were biolistically bombarded into tobacco (Nicotiana tabacum cv. Bright Yellow 2) (BY-2) suspension-

cultured cells, then cells were incubated at 26 ºC for ~ 20 h in covered Petri dishes to allow for gene expression and 

protein targeting. Cells were then fixed in formaldehyde and permeabilized with pectolyase Y- 23 (Kyowa Chemical 

Products, Osaka, Japan) and triton X-100 (Sigma-Aldrich Ltd., St. Louis, MO). For experiments designed to 

demonstrate the topological orientation of transiently-expressed epitope-tagged CBR proteins, fixed and pectolyase-

treated cells were differentially permeabilized with digitonin (25 µg/ml) (Sigma-Aldrich Ltd.), rather than triton X-

100, to perforate the plasma membrane, but not organellar membranes (Mullen et al, 2001).  

Fixed, permeabilized cells were processed for indirect immunofluorescence microscopy as previously 

described (Trelease et al, 1996). Primary antibody sources and concentrations (in 1x phosphate-buffered saline) used 

were as follows: mouse anti-myc-epitope monoclonal antibody (1:100) (Princeton Monoclonal Antibody Facility); 

mouse anti-α-tubulin monoclonal antibody (1:500) (clone DM 1A; Sigma-Aldrich Ltd.); rabbit anti-E1β (1:1000) 

(Luethy et al, 1995), rabbit anti-castor bean calreticulin (1:500) (Coughlan et al, 1997). Fluorescent dye-conjugated 

secondary antibodies included goat anti mouse Alexa Fluor 488 (1:1000); goat anti-rabbit Alexa Fluor 488 (1:1000) 

(Cedar Lane Laboratories Ltd.); goat anti-rabbit rhodamine red-X (1:500) (Jackson ImmunoResearch Laboratories 

Inc.). Concanavalin A conjugated to Alexa 594 was purchased from Molecular Probes (Eugene, OR) and incubated 

with BY-2 cells (1:200 dilution) during the final 20 min of the 60 min incubation with secondary antibodies.  

 

Microscopy 

Labelled cells were viewed using a Zeiss Axioskop 2 epifluorescence microscope (Carl Zeiss, Toronto, 

Canada) with a Zeiss 63X Plan Apochromat oil immersion objective (Carl Zeiss) and a Retiga 1300 CCD camera 

(Qimaging, Burnaby, Canada). All images shown were deconvolved and adjusted for brightness and contrast using 

Northern Eclipse 7.0 software (Empix Imaging, Mississauga, Canada), and then composed into figures using Adobe 

Photoshop 8.0 (Adobe Systems, San Jose, CA).  

 

RESULTS 

VfCBR1A, VfCBR1B, and AtCBR1 are localized to the ER, while AtCBR2 is located in mitochondria  

To determine the subcellular localization of the tung CBR proteins, experiments designed to characterize 

the subcellular localization of VfCBR1A, VfCBR1B, AtCBR1, and AtCBR2 proteins were carried out. Each CBR 

protein was epitope tagged at its C terminus, followed by transient expression of the plasmids in tobacco BY-2 

suspension cells and processing for indirect immunofluorescence microscopy. The myc-epitope tag sequence was 

added to the C terminus of the proteins rather than to the N terminus, since the putative microsomal or mitochondrial 

localization signal motifs were present within the N-terminal regions. Addition of an epitope tag also provided a 

mono-specific epitope that allowed us to distinguish between the transiently-expressed CBR proteins and 

endogenous CBR proteins within BY-2 cells. Inspection of the immunofluorescence staining patterns of VfCBR1A, 

VfCBR1B, and AtCBR1 revealed that they were identical to the staining pattern for dye-conjugated concanavalin A, 

a marker stain for the ER (Figure 1, panels a–f). The aggregation of ER membranes caused by VfCBR1B (Figure 1, 

panels c and d) may be due to overexpression of the protein, which is often observed when overexpressing certain 

ER localized membrane-bound enzymes in BY-2 cells (Dyer et al, 2002). The staining pattern for AtCBR2 did not 

colocalize with concanavalin A (data not shown), but rather, was identical to the staining pattern of endogenous E1β 

(Figure 1, panels g and h), which is a marker protein for the mitochondrial matrix (Luethy et al., 1995). Collectively, 

these data indicate that VfCBR1A, VfCBR1B, and AtCBR1 are localized to the ER, while AtCBR2 is localized to 

mitochondria.  

 

VfCBR1 is a type I membrane protein, anchored to the membrane with its N terminus in the lumen and C 

terminus free in the cytosol, whereas AtCBR2 is imported into the mitochondrial matrix  
To investigate the topological orientation of CBR proteins in membranes, tobacco BY-2 cells were 

transiently transformed with the CBR constructs, then cells were fixed and treated with either triton X-100 or 

digitonin to selectively permeabilize cellular membranes. For instance, incubation of non-transformed cells with 

triton X-100 perforates all cellular membranes, allowing immunodetection of epitopes located within subcellular 

compartments (e.g., calreticulin in the ER lumen [Figure 2, panel a] or E1β in the mitochondrial matrix [Figure 2, 
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panel c]) or the cytosol (e.g., tubulin [Figure 2, panels b and d]). Incubation of non-transformed cells with digitonin, 

however, perforates the plasma membrane only, allowing  

 

 

 

 

 

 
 

 

Figure 1. Immunolocalization of plant CBR proteins in tobacco BY-2 cells. 

BY-2 cells were transiently transformed with individual myc-tagged CBR proteins and processed for indirect 

immunofluorescence microscropy. Colocalization of the immunostaining patterns attributable to either introduced 

VfCBR1A (a), VfCBR1B (c), or AtCBR1 (e) and the fluor-conjugated ER stain concanavalin A (b, d and f) in the 

same cells. Note the presence of concanavalin stained ER in adjacent non-transformed cells (b, d and f). 

Colocalization of the immunostaining patterns attributable to AtCBR2 (g) and endogenous mitochondrial E1β (h) in 

the same cell. Bar in (a) = 10 µm. 
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Figure 2. Topological mapping of plant CBR proteins in tobacco BY-2 cells. 
The presence or absence of immunofluorescence illustrates the membrane topology of transiently expressed epitope-

tagged CBR proteins in differential-permeabilized tobacco BY-2 cells. Non-transformed (a–h) or transiently 

transformed (i–t) cells were fixed and permeabilized using either triton X-100 (a–d), which perforates all cellular 

membranes, or digitonin (e–t), which selectively permeabilizes the plasma membranes, then cells were processed for 

immunofluorescence microscopy. Immunostaining of endogenous calreticulin in the lumen of the ER (a), 

endogenous E1β in the mitochondrial matrix (c) and tubulin in cytosolic microtubules (b and d) in the same non-

transformed, triton X-100-permeabilized cells. Lack of immunostaining of endogenous calreticulin (e) or E1β (g) 

but the presence of cytosolic tubulin (f and h) in the same digitonin-permeabilized cells. Immunostaining of 

expressed C-terminal myc-VfCBR1A (i), but absence of endogenous ER calreticulin (j) staining in the same 

digitonin-permeabilized cells. Lack of immunostaining of N-terminal myc-VfCBR1A (k), but the presence of 

endogenous tubulin (l) in the same digitonin-permeabilized cells. Immunostaining of C-terminal myc-VfCBR1B (m) 

and C-terminal myc-AtCBR1 (o) in the ER, but absence of endogenous ER calreticulin (n and p) staining in the 

same digitonin-permeabilized cells. Lack of immunostaining of C-terminal myc-AtCBR2 (q and s) and endogenous 

E1β staining (r), but the presence of cytosolic tubulin (t) in the same digitonin-permeabilized cells. Bar in (a) = 10 

µm.  
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immunodetection of cytosolic-exposed (e.g., tubulin [Figure 2, panels f and h]), but not organelle protected epitopes 

(e.g., calreticulin in the ER lumen [Figure 2, panel e] or E1β in the mitochondrial matrix [Figure 2, panel g]). 

Incubation of transiently-transformed BY-2 cells with digitonin resulted in immunodetection of C-

terminally tagged VfCBR1A (Figure 2, panel i), VfCBR1B (Figure 2, panel m), and AtCBR1 (Figure 2, panel o), 

but not the ER lumen marker protein calreticulin (Figure 2, panels j, n, and p), indicating that the C terminus of each 

CBR protein was located on the cytosolic side of ER membranes. The C-terminally tagged AtCBR2 protein, similar 

to endogenous E1β, but unlike tubulin was not detected in digitonin-permeabilized cells (Figure 2, panels q-t), 

suggesting that the predicted N-terminal mitochondrial presequence directed import into the protein into the 

mitochondrial matrix. Addition of a myc-epitope tag sequence to the N-terminus of the ER-localized CBR isoforms 

(VfCBR1A, VfCBR1B, and AtCBR1), followed by transient expression and treatment of cells with triton X-100, 

confirmed that each of these proteins was still localized to the ER (by virtue of colocalization with the ER marker 

protein; data not shown), but the N-terminal epitope tag was not immunodetectable in digitonin-treated cells, while 

the cytosolic marker protein tubulin was (data shown only for VfCBR1A; Figure 2, panels k and l). These results 

indicate that the ER-localized CBR proteins are type I membrane proteins that are anchored to the membrane with 

the N terminus in the lumen, and the majority of the protein, including the C terminus and catalytic domain, located 

on the cytosolic side of the membrane.  

 

DISCUSSION 

Immunofluorescence studies demonstrated that tung CBR1A and CBR1B and Arabidopsis CBR1 are 

targeted to the ER, which is consistent with the previously published biochemical data for AtCBR1 (Fukuchi-

Mizutani et al, 1999), and supports the hypothesis that these isoforms may play a role in fatty acid 

desaturation/conjugation reactions in the ER of developing tung seeds. Based on the data presented in Figure 1, it is 

tempting to speculate the all type 1 CBR enzymes are targeted to the ER. However, fatty acid biosynthesis is not 

confined to the ER. Mitochondria also possess the machinery to manufacture fatty acids (Wada et al, 1997), and 

recent reports from plants indicate the presence of Cb5-containing electron transport chains in this compartment. 

Tung seeds express at least four Cb5 genes, and one of these is clearly targeted to mitochondria (Hwang et al, 2004). 

In addition to the ER-localized reductase activities, a mitochondrial isoform of CBR has been characterized in yeast 

(Hahne et al, 1994; Csukai et al, 1994) and a mitochondrial isoform (AtCBR2, Figure 1) is also present in 

Arabidopsis. In yeast cells, the single mitochondrial CBR protein is localized to both the intermembrane space and 

the outer membrane, and this dual localization has been attributed to the incomplete translocation of the targeting 

peptide into mitochondria (Xoconostle-Cazares et al, 2000). Partial translocation results in partitioning of the protein 

into the mitochondrial outer membrane, while more complete translocation results in cleavage of the targeting 

peptide and release of the protein into the intermembrane space. Perhaps some plant mitochondrial CBR proteins are 

initially tethered to the mitochondrial outer membrane by the N-terminal anchor sequence, then proteolytically 

cleaved to generate a soluble protein for release into the phloem. Data presented here for Arabidopsis CBR2, 

however, suggest that this protein is completely translocated into the mitochondrial matrix. Additional experiments 

using homologous proteins in specific tissues or organs will be required to resolve these issues. Although 

uncharacterized at this point, it is likely that tung also contains type 2 CBR genes. The presence of distinct 

mitochondrial and ER CBR proteins in yeast cells that group with these two families of plant sequences, suggests 

that the divergence of the ancestral CBR gene into ER- and mitochondrial-targeted gene families was a relatively 

ancient evolutionary event.  
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APPENDIX IV  

Illuminating sub-cellular structures and dynamics in plants: a fluorescent protein toolbox.
6
  

 

INTRODUCTION 

Modern cell biology is beginning to rely increasingly on the ability to visualize, track and quantify gene 

activity in order to fully comprehend gene function in living cells. Toward this end, genetically encoded fluorescent 

proteins, such as the green fluorescent protein (GFP) and its numerous colour variants (Shaner et al., 2005) that span 

the visible spectrum and do not require exogenous substrates, cofactors or chemical treatments, are now considered 

standard tools in almost all live-imaging techniques (Chalfie et al., 1994; Haraguchi et al., 2002; Tsien 2003). 

Indeed, the creation of fluorescent-protein fusions to a full-length or truncated gene product of choice is now a 

routine task in most molecular biology laboratories. Further, new innovations in live imaging are continuing to be 

developed at a remarkable pace as additional novel florescent proteins are discovered, as computer-assisted image 

acquisition and data management capabilities become stronger, and as researchers delve deeper into nano-metric 

dimensions for elucidating the intricacies of inter-organelle and protein-protein interactions in cells (Zhang et al., 

2002; Tsien 2003; Wada and Suetsugu 2004; Chapman et al., 2005).  

The discovery and development of multicoloured fluorescent proteins has let to the exciting possibility of 

observing a remarkable array of subcellular structures and dynamics in living cells. This minireview highlights a 

number of the more common fluorescent protein probes in plans and is a testimonial to the fact that the plant cell has 

not lagged behind during the live-imaging revolution and is ready for even more in-depth exploration.  

 

Fluorescent fusion proteins are useful probes for different sub-cellular compartments and structures in plant 

cells 

For plant scientists with the genomic sequences of Arabidopsis and Oryza readily available (Tyagi et al., 

2004; Bevan and Walsh 2005), fluorescent-protein-aided live-imaging technologies have become arguably their 

most powerful tools for placing any given gene product back into its intracellular context. Consequently, many 

different strategies (reviewed in Leffel et al., 1997; Haseloff 1999; Hanson and Kohler 2001; Hawes et al., 2001; 

Pimpl and Denecke 2002; Ehrhardt 2003; Brandizzi et al., 2004; Kurup et al., 2005; Haseloff and Siemering 2006) 

have converted the plant cell into a literal „colouring book‟ and resulted in the targeting of different multicoloured 

fluorescent protein probes to specific organelles and sub-cellular compartments. Some of these probes, such as the 

ss-GFP-HDEL serving as a marker for the lumen of the endoplasmic reticulum (Boevink et al., 1996; Haseloff et al., 

1997; see Table 1) are already considered to be „classic‟ and have been used for the generation of numerous stable 

transgenic lines that are available through public domain seed-stock centers (see 

http://www.plantsci.cam.ac.uk/Haseloff/ eneControl/ctalogFrame.html). The short, non-comprehensive list of other 

various „classic‟ fluorescent protein probes in Table 1 represents only the first report(s) that allowed for the 

visualization of a particular organelle, compartment or structure in live plants.  

In many cases, the initial use of the fluorescent proteins listed in Table 1 was associated with important cell 

biological discoveries and advances such as the mechanisms of virus transport and plasmodesmatal functioning 

(Heinlein et al., 1995), the characterization of plastid stromules (Kohler et al., 1997a), and the intricacies of 

cytoskeleton organization (Kost et al., 1998; Marc et al., 1998). Nearly all these early probes used a GFP. However, 

more recently the GFP has been replaced with a different coloured fluorescent protein. For example, GFP-MAP4, 

consisting of GFP linked to the microtubule-binding domain of the mouse microtubule-associated protein 4 and 

serving as a marker protein for microtubules (Marc et al., 1998; Table 1) is now available in Cyan (CFP), yellow 

fluorescent protein (YFP) and red fluorescent protein (DsRed) versions (Dhonukshe et al., 2003; Mathur et al., 

2003; Dixit and Cyr 2003). In addition, the number of fluorescent protein-based probes for plants has continued to 

grow steadily over the years as researchers have created random cDNA::fluorescent protein fusions in their attempts 

to learn more about the plant cell (Cutler et al., 2000; Escobar et al., 2003; Tian et al., 2004; Koroleva et al., 2005), 

or as they strived to resolve the function(s) of a specific gene during plant growth and development through its 

                                                 

6
 Dhanoa, P.K., Sinclair, A., Mathur, J. and Mullen, R.T. Illuminating sub-cellular structures and 

dynamics in plants: a fluorescent protein toolbox. 2006. Canadian Journal of Botany. 84: 515-522. 
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fusion to a fluorescent protein. As a result, for most organelles there are at least several different fluorescent protein 

probes available now, e.g., GFP-ABD2 (GFP fused to the actin-binding domain 2 of Arabidopsis fimbrin1; Sheahan 

et al., 2004), which, like the GFP-mTalin created earlier (Kost et al., 1998; Table 1) labels filamentous actin and 

TUA6-GFP (Arabidopsis full-length tubulin alpha 6 fused to GFP; Ueda et al., 1999), which, like GFP-MAP4 

(Marc et al., 1998), labels microtubule arrays. Such a diversity of probes targeted towards the same sub-cellular 

structure are a welcome development as not only do they provide the researcher with a range of novel tools to suit 

specific experimental requirements, but they also act as the much-needed independent probes whose combined use 

should be promoted to minimize interpretational errors. With the numerous options available, Table 1 should be just 

considered as a useful starting point in the search for a fluorescent protein probe of choice. Further, while tabulating 

the different fluorescent protein probes shown in Table 1 it also became apparent that most standard textbooks 

present an oversimplified version of the plant cell whereby at least some of the organelles, compartments and 

structures that are described in the table are not depicted. The diagrammatic representation of the plant cell in Figure 

1 is aimed at overcoming this discrepancy.  

 

A few important considerations when using fluorescent fusion protein-based probes 

An overview of fluorescent fusion proteins used as probes for live plant cells would not be complete 

without a cautionary note revealing the “darker side” of this technology. Knowing the caveats of fluorescent fusion 

proteins is essential for avoiding potential pitfalls and can only serve to make the technology stronger. For example, 

the use of an additional protein tag such as the ca. 27 KDa GFP to determine the sub-cellular localization and 

behavioural properties of a protein of interest raises issues of altered protein turnover and stability (Marcus et al., 

2001), as well as possible changes in localization patterns (Sedbrook 2004). These and other GFP-linked artefacts 

are being detected with increasing frequency and, in certain cases have been shown to have direct, unintended 

consequences to normal plant cell growth and development (Marcus et al., 2001; Dixit and Cyr 2003; Ketelaar et al., 

2004). Similarly, artefacts that may result from utilizing multimeric versus monomeric versions of a given 

fluorescent protein, transient over-expression versus stable expression (or vice versa) of a fluorescent fusion protein  

 

Table 1. Various fluorescent fusion proteins used as probes for different organelles or other sub-cellular 

compartments/structures in plant cells 
a
 

 

   

Compartment Fusion Protein 
b
 Reference(s) 

   

   

Cell Wall sec-GFP 

 

Arabidopsis basic chitinase N-terminal signal sequence (amino 

acid residues 1-21) fused to the GFP 

 

CFP-PRP2 

 

Arabidopsis full-length proline-rich protein 2A fused to the cyan 

fluorescent protein  

Batoko et al., 

2000 

 

 

 

 

Tian et al., 

2004 

   

Chloroplast RBCS1A-GFP 

 

Arabidopsis ribulose 1,5 bisphosphate carboxylase/oxygenase 

small subunit 1A N-terminal transit peptide (amino acid residues 

1-55) fused to the GFP 

 

RecA-GFP 

 

Arabidopsis recombinase-A N-terminal transit peptide (amino 

acid residues 1-15) fused to the GFP 

Chiu et al., 

1996 

 

 

 

 

Kohler et al., 

1997a 

   

Endoplasmic 

reticulum (ER) 

ss-GFP-KDEL 

 

Boevink et 

al., 1996 
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Potato patatin storage protein N-terminal signal sequence (amino 

acid residues 1-23) and Catharanthus roseus heat shock protein 

90 C-terminal KDEL ER retrieval sequence (amino acid residues 

814-817) fused to the GFP 

 

ss-GFP-HDEL 

 

Arabidopsis basic chitinase N-terminal signal sequence (amino 

acid residues 1-21) and a C-terminal HDEL ER retrieval sequence 

fused to the GFP 

 

 

 

 

 

Haseloff et 

al., 1997 

   

ER Body ss-GFP-HDEL 

 

Arabidopsis basic chitinase N-terminal signal sequence (amino 

acid residues 1-21) and a C-terminal HDEL ER retrieval sequence 

fused to the GFP 

Gunning 

1998; 

Haseloff and 

Siemering, 

1998 

   

Endosome Early-

Type 

Ara7-GFP
c
 

 

Arabidopsis full-length RabF2b GTPase (isoform 7) fused to GFP 

 

YFP-AtRabF2b
c
 

 

Arabidopsis thaliana full-length Rab GTPase isoform F2b (Ara7) 

fused to YFP 

 

GFP-AtVAMP27
c
 

 

Arabidopsis thaliana full-length vesicle-associated membrane 

protein 727 (refer to Uemura et al., 2004 for information on 

VAMP27 and other members in the R class of the Arabidopsis 

SNARE gene family) fused to GFP 

Ueda et al., 

2001 

 

 

 

Kotzer et al., 

2004 

 

 

 

Uemura et 

al., 2004 

   

Endosome Late-

Type 
d
 

Ara6-GFP 

 

Arabidopsis full-length Rab isoform 6 fused to GFP 

Ueda et al., 

2001 

   

Golgi cis GmMan1-GFP 

 

Glycine max full-length -1,2 mannosidase 1 (minus the protein‟s 

C-terminal 11 amino acid residues) fused to GFP 

 

Nebenfuhr et 

al., 1999 

 

   

Golgi medial XylT36-GFP 

 

Arabidopsis 1-2 xylosyltransfease N terminus (amino acid 

residues 1-36 including the protein‟s single transmembrane 

domain) fused to GFP 

Pagny et al., 

2003 

   

Golgi trans STtmd-GFP 

 

Rat 2,6-sialyl transferase N terminus (amino acid residues 1-52 

including the protein‟s single transmembrane domain) fused to 

GFP 

 

GnTI-GFP 

Boevink et 

al., 1998 

 

 

 

Essl et al., 

1999 
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Tobacco 1,2-N-acetylglucosaminyl-transferase I N terminus 

(amino acid residues 1-77) fused to GFP 

   

Microfilaments GFP-mTalin 

 

Mouse talin f-actin-binding domain (amino acid residues 2345-

2541) fused to GFP 

Kost et al., 

1998 

 

 

 

   

Microtubules GFP-MAP4 

 

Mouse microtubule-associated protein 4 microtubule-binding 

domain (amino acid residues 935-1084) fused to GFP 

 

GFP-EB1b 

 

Arabidopsis full-length microtubule plus end-binding protein 1b 

fused to GFP  

Marc et al., 

1998 

 

 

 

 

Mathur et al., 

2003 

   

Mitochondrion CoxIV-GFP 

 

S. cerevisiae cytochrome oxidase subunit IV N-terminal 

presequence (amino acid residues 1-29) fused to GFP 

 

GGPS6-GFP 

 

Arabidopsis geranylgeranyl pyrophosphate synthase isoform 6 N-

terminal presequence (amino acids residues 1-42) fused to GFP 

Kohler et al., 

1997b 

 

 

 

 

Zhu et al., 

1997 

   

Nuclear Envelope MFP1-GFP
e
 

 

Tomato MAR (matrix attachment region-binding protein) binding 

filament-like protein 1 fused to GFP 

 

LBR-GFP5
e 

 

Human lamin B receptor N terminus (amino acid residues 1-238) 

with codon usage optimized for in planta expression fused to 

GFP5. GFP5 is a modified version of GFP which lacks an aberrant 

cryptic intron (Haseloff et al., 1997) 

Gindullis and 

Meier 1999; 

Samaniego et 

al., 2005 

 

Irons et al., 

2003 

   

Nucleus SM40-GFP 

 

Mammalian simian virus 40 large T-antigen nuclear localization 

signal (amino acid residues 126-132) fused to GFP 

 

C2NLS-GFP 

 

Tobacco etch virus polypeptide c2 nuclear localization signal 

(amino acid residues 1810-1854) fused to GFP 

 

Dof1-GFP 

 

Maize DNA binding with one finger isoform 1 N terminus (amino 

acid residues 1-147) fused to GFP 

Chiu et al., 

1996 

 

 

 

Grebenok et 

al., 1997 

 

 

 

 

 

 

Yanagisawa 
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and Sheen 

1998 

   

Oil Body Oleosin-GFP 

 

Arabidopsis full-length oleosin isoform S3 (refer to Kim et al., 

2002 for information on the oleosin isoform S3 and other 

members of the Arabidopsis oleosin gene family) fused to GFP 

Wahlroos et 

al., 2003 

   

Peroxisome GFP-PTS1 

 

Pumpkin hydroxypyruvate reductase isoform 1 C terminus 

(amino acid residues 377-386 including the C-terminal 

peroxisomal targeting signal type 1) fused to GFP 

Mano et al., 

1999 

   

Plasma Membrane GFP-ROP6  

 

 

Arabidopsis full-length Rho of plants isoform 6 fused to GFP 

Bischoff et 

al., 2000 

   

Plasmodesmata MP-GFP 

 

Tobacco full-length mosaic tobamovirus movement protein fused 

to GFP 

 

CKL6-GFP 

 

Arabidopsis full-length casein kinase-like isoform 6 fused to GFP 

Heinlein et 

al., 1995 

 

 

 

Lee et al., 

2005 

   

Precursor 

Accumulating 

Vesicle  

SP-GFP-PV72C 

 

Pumpkin 2S albumin signal peptide/sequence (amino acid 

residues 1-22) and pumpkin precursor accumulating vesicle 72 

kDa protein C-terminus (amino acid residues 557-624) fused to 

GFP 

Shimada et 

al., 2002 

   

Proteasome PAF-GFP 

 

Tobacco full-length proteasome  6(F) subunit of 20S 

proteasome fused to GFP 

Kim et al., 

2003 

   

Vacuole Lytic-

Type 

Aleurain-GFP 

 

Barley aleurain thiol protease precursor N terminus (amino acid 

residues 1-143 including the protein‟s ER targeting signal 

sequence and vacuolar targeting propeptide) fused to GFP 

Di 

Sansebastian

o et al., 2001 

   

Vacuole Storage-

Type 

ss-GFP-VSS 

 

Tobacco chitinase A N-terminal signal sequence (amino acid 

residues 1-23) and C-terminal vacuolar sorting signal (amino acid 

residues 318-324) fused to GFP 

Di 

Sansebastian

o et al., 1998 

   
 

a
 Note that this table does not represent a comprehensive list of all the fluorescent fusion proteins currently available 

as probes for different organelles or other sub-cellular compartments/structures in plant cells. Instead, it represents, 
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primarily, the first report(s) that allowed for the visualization of a particular organelle, compartment or structure in 

live plants. 
b 

GenBank accession numbers for proteins (or protein portions) fused to GFP are: Ara6, NP_567008; Ara7, 

NP_193699; Arabidopsis basic chitinase, NP_566426; barley aleurain thiol protease, CAA28804; C2NLS, 

NP_062908; Catharanthus roseus heat shock protein 90, AAA16785; CKL6, AAY24535; CoxIV, NP_011328; 

Dof1, CAA46875; EB1b, BAB11500; GGPS6, NP_175376; GmMan1, AAF16414; GnTI, CAC80702; LBR, 

NP_002287; MAP4, NP_032659; MFP1, CAA69181; MP, NP_597748; mTalin, NP_035732; Arabidopsis oleosin 

S3, CAA44225; PAF, BAB10635; potato patatin storage protein, CAA81735; PRP2, NP_179710; pumpkin 2S 

albumin, BAA03993; pumpkin hydroxypyruvate reductase, BAA08410; pumpkin precursor accumulating vesicle 72 

kDa protein, BAA25079; RBCS1A, NP_176880; recA, NP_565198; ROP6, NP_195228; SM40, NP_043127; 

STtmd, NP_00102682; tobacco chitinase A, CAA01263; TUA6, NP_849388; VAMP27, NP_190998; XylT, 

AAF77064. 
c
 While the fluorescent fusion protein Ara7-GFP was reported by Ueda et al., (2001) as a marker for early-type 

endosomes in tobacco BY-2 suspension-cultured cells, more recent observations suggest that another version of this 

fluorescent fusion protein (i.e., YFP-AtRabF2b) localizes in tobacco leaf cells to late-type endosomes and, to a 

lesser extent, Golgi bodies cells (Kotzer et al., 2004). Possible reasons for the reported differences in the localization 

of these two related fluorescent fusion proteins include the different expression systems employed (i.e., suspension 

cells versus leaf cells) (Kotzer et al., 2004) and the relative position (i.e., N or C terminal) of the appended 

fluorescent proteins. Given these seemingly contradictory findings for Ara7 (RabF2b) as a marker for early-type 

endosomes, the reader may want to consider other fluorescent fusion proteins as probes for this compartment, e.g., 

GFP-AtVAMP727 encoding the Arabidopsis vesicle-associated membrane protein (also referred to as a R-SNARE) 

727 fused to GFP (Uemura et al., 2004). 
d
 The late-type endosome is also referred to as a pre-vacuolar compartment or multi-vesicular body (Ueda et al., 

2004; Uemura et al., 2004; Tse et al., 2004). 
e
 Although the fluorescent fusion protein MFP1-GFP was originally reported to be localized to the nuclear matrix 

(Gindullis and Meier 1999), subsequent studies revealed that this protein is localized also to the stromal side of 

thylakoids (Samaniego et al., 2005). Given this dual localization for MFP1, the reader may want to consider other 

fluorescent fusion proteins as probes for the nuclear envelope, e.g., LBR-GFP5 encoding the N-terminal 238 amino 

acid residues of the human lamin B receptor fused to GFP5 (Irons et al., 2003). 

 

 

 



 149 

 
 

 

Figure 1. Diagrammatic representation of a typical mesophyll leaf cell, depicting the principal organelles and 

other sub-cellular compartments and structures described in Table 1. Note that not all cellular structures are 

drawn to scale. Adapted from Campbell and Reece (2002). Reprinted with permission from Pearson Education Inc.  

 

 

 

probe, mis-interpretations that might be produced due to imaging methods and conditions, as well as data over-

extraction that may occur through the use of sophisticated extrapolation software based on non- transparent 

algorithms are all growing concerns associated with this technology (see Wasteneys and Yang 2004, Chapman et al., 

2005 and Shaner et al., 2005 for more detailed discussions on the advantages and disadvantages of GFP-based 

probes).   

 

Future directions 
The hitherto relatively dark, walled micro-world of the plant cell may now be considered well illuminated 

in fluorescent colours. The biogenesis of different organelles, their intracellular motility and mutual interactions, as 

well as organelle responses to diverse biotic and abiotic stimuli, is now open to real-time microscopic dissection. 

Furthermore, the use of novel cell biological techniques like bimolecular fluorescence complementation (BiFC; Hu 

and Kerppola 2003; Walter et al., 2004), biluminescence resonance energy transfer (BRET; De and Gambhir 2005), 
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Forster or fluorescence resonance energy transfer (FRET; Eccleston et al., 2005; Wallrabe and Periasamy 2005), 

fluorescence lifetime imaging (FLIM; Bastiaens and Squire 1999), fluorescence recovery after photo-bleaching 

(FRAP; Bunt and Wouters 2004), proximitiy imaging microscopy (PRIM; De Angelis et al., 1998; Dumas et al., 

2004), and the the incorporation of transgenic lines that carry several targeted probes and allow for simultaneous 

multicolour visualization (Mathur et al., 2002; Dhonukshe et al., 2003; Wada and Suetsugu 2004; Voigt et al., 

2005), combined with the 4-dimensional mapping of intracellular events (Heisler et al., 2005), promises for even 

more exciting journeys into the living plant cell.  
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APPENDIX V  

Tung (Vernicia fordii) DGAT1 and DGAT2 possess different affinities for eleostearic acid-containing 

substrates and are localized to different subdomains of the endoplasmic reticulum. 
7
 

 

INTRODUCTION 

Tung tree (Vernicia fordii) is a model system for the production of seed storage oils that contain high 

amounts of industrially important fatty acids, and recent research has focused on this plant with the end goal of 

transferring appropriate sets of genes to high-yielding oilseed crops for industrial oil production. Tung oil contains 

80% (w/w total fatty acids) α-eleostearic acid, an unusual trienoic fatty acid that imparts industrially useful drying 

qualities to the oil (Sonntag, 1979). Researchers previously identified and characterized the enzymes and cofactor 

proteins required for the production of fatty acid components in tung oil, including fatty acid desaturase (FAD) and 

FAD-related enzymes (Dyer et al., 2002, 2004), cytochrome b5 (Cb5) (Hwang et al., 2004), and Cb5 reductase 

(Shockey et al., 2005).  

This paper (Shockey et al., 2006) includes as investigation of the molecular targeting signals within two 

enzymes responsible for the acylation of glycerol-3-phosphate in the commited step of fatty acid biosythesis; type 1 

diacylglycerol acyltransferase (DGAT1) and type 2 diacylglycerol acyltransferase (DGAT2). The results presented 

here describes my contribution to this manuscript; specifically, that DGAT2 contains a C-terminal pentapeptide ER 

retrieval motif responsible for maintaining its steady-state localization in the ER and that proper functioningof this 

motif requires the context of upstream amino acid residues. That is, the lack of the upstream residues results in the 

inefficient functioning of the DGAT2 C-terminal ER retrieval motif and, thus, the partial mislocalizationof a 

modified DGAT2 fusion protein to the Golgi. , mutation of which results in the proteins accumulating in the Golgi. 

These results, together with other data presented in this paper (Shockey et al., 2006), suggest that the localization of 

DGAT2 to the ER is mediated by specific context-dependent targeting information. In addition, the data presented in 

Shockey et al., 2006 suggest that DGAT1 and DGAT2 perform different roles in plant cells, and that the production 

of triacylglycerols by each enzyme occurs in specialized regions of the ER.  

 

MATERIALS AND METHODS 

Plasmid construction 

Construction of plasmids encoding GFP-Cf9-DGAT2+9 and GFP-Cf9-DGAT2+13, consisting of the green 

fluorescent (GFP) fused to the N-terminal Arabidopsis thaliana chitinase signal peptide and the C-terminal 74 amino 

acids of the tomato Cladosporium fulvum-9 (Cf9) disease resistance gene product along with either the C-terminal 9 

or 13 amino acid residues of tung DGAT2, are described in Shockey et al., 2006. pRTL2/RFP-BS14a encoding 

monomeric red fluorescent protein (RFP) fused to the N terminus
 
of the Arabidopsis Golgi-localized soluble N-

ethylmaleimide–sensitive
 
factor attachment receptor protein (SNARE) BS14a (Uemura et al., 2004)

 
was constructed 

by ligating the BamHI-XbaI fragment from pRTL2/GFP-BS14a
 
(McCartney et al., 2005) into BglII-XbaI–digested 

pRTL2/RFP-MCS (Shockey et al., 2006). 

 

Transient transformation of onion epidermal cells and fluorescence microscopy 

Transient transformation of onion (Allium cepa) epidermal cells
 
was performed as described by McCartney 

et al., (2004). Onions
 
were purchased at a local greengrocer in Guelph, Canada, and

 
bombardments were performed 

with 10 µg of plasmid DNA or 5 µg of each plasmid for cotransformations. Approximately
 
8 h after bombardment, 

peels were mounted onto glass slides
 
without a cover slip, and GFP and RFP signals were analyzed

 
via fluorescence 

microscopy. Epifluorescent images of onion cells were acquired
 
using a Zeiss Axioskop 2 MOT epifluorescence 

microscope (Carl
 
Zeiss) with a Zeiss 20x Plan Apochromat objective.

 
Image capture was performed using a Retiga 

1300 charge-coupled
 
device camera (Qimaging) and Northern Eclipse 5.0 software (Empix

 
Imaging). Fluorophore 

emissions were
 
collected sequentially in dual fluorescence experiments;

 
single-fluorescence (control) experiments 

showed no detectable crossover at the settings used for data collection. All
 
fluorescence images of cells shown in the 

figures are representative
 

of >50 independent (transient) transformations from at least
 

two independent 

transformation experiments. Figure compositions
 
were generated using Adobe Photoshop CS (Adobe Systems). 
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RESULTS 

GFP-Cf9-DGAT2+9 and GFP-Cf9-DGAT2+13 are partially localized to the Golgi 

This paper demonstrates that tung DGAT1 and DGAT2 proteins localize to different subdomains of the ER 

membrane, and that both proteins are retained there by C-terminal pentapeptide ER-retrieval motifs (Shockey et al., 

2006). Evidence in support of this latter conclusion for DGAT2 was provided by results showing that replacement of  

the C-terminal region of a reporter construct (GFP-Cf9) with the C-terminal 18 amino acid residues of DGAT2 

resulted in the modified fusion protein (GFP-Cf9-DGAT2+18) being efficiently localized to the ER (refer to Figure 

8 in Shockey et al., 2006). However, replacement of this region of GFP-Cf9 with the C-terminal 9 or 13 amino acid 

residues of DGAT2 (GFP-Cf9-DGAT2+9 and GFP-Cf9-DGAT2+13) resulted in localization of both reporter 

proteins to the ER and small punctate structures (Figure 1, white arrowheads), suggesting that the reporter proteins 

were inefficiently retrieved from post-ER compartments. Indeed, these punctate structures were demonstrated to be 

Golgi bodies as evidenced by the colocalization of GFP-Cf9-DGAT+9 and GFP-Cf9-DGAT+13 with the 

coexpressed Golgi marker protein RFP-BS14a (Figure 1). Taken together, these data for the partial colocalization of 

GFP-Cf9-DGAT+9 and GFP-Cf9-DGAT+13 to the Golgi and those for the efficient ER localization of GFP-Cf9-

DGAT2+18, indicate that the context conveyed by residues upstream of the putative C-terminal ER retrieval motif 

in DGAT2 was essential for its proper functioning. 

 

DISCUSSION 

The residency of proteins in the ER is maintained by a number of well-defined signals, which can be 

present at the C-, N- or interal regions of the protein. Disruption of these signals generally results in the 

mislocalization of the proteins in a post-ER compartment, such as the Golgi, and eventual accumulation in the 

vacuole (in yeast and mammals) or the plasma membrane (in plants, [Brandizzi et al., 2002]) since it disrupts 

interaction with specific proteins factors, such as COPI, that direct Golgi-derived retrograde transport (reviewed by 

Aniento et al., 2003). Tung DGAT1 and DGAT2 are two proteins involved in lipid  

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. Partial co-localization of GFP-Cf9-DGAT2+9 and GFP-Cf9-DGAT2+13 with the Golgi marker 

protein RFP-BS14a in onion epidermal cells.  

Onion epidermal peels were co-bombarded with DNA encoding either GFP-Cf9-DGAT2+9 or GFP-Cf9-

DGAT2+13 and RFP-BS14a, consisting of the red fluorescent protein (RFP) fused to the N terminus of the 

Arabidopsis Golgi-localized soluble N-ethyl-maleimide sensitive factor attachment receptor protein (SNARE) 

BS14a (Uemura et al., 2004). Cells were then incubated for 8 hours in the dark and visualized using either 

fluorescence or bright-field microscopy. Each representative micrograph is labelled at the top left with either the 

name of the transiently-expressed GFP-Cf9 fusion protein or RFP-BS14a. Arrowheads indicate examples of obvious 

co-localizations in the Golgi. Also shown are the corresponding bright-field micrographs of the co-transformed 

cells. Bar = 100 μm.  

 

 



 156 

biosythesis localize to specific regions of the ER membrane, where they function to catalyze the acylation of 

glycerol-3-phosphate. This paper presents results demonstrating that although DGAT1
 
and DGAT2 each contains a 

C-terminal pentapeptide ER retrieval
 
motif, the DGAT1 motif is sufficient to redirect a reporter construct to the ER 

while the DGAT2 motif causes the reporter construct to be insufficiently retained in the ER. The results of a study 

presented here show that the DGAT2 motif appended to a reporter construct does not contain enough information 

for ER targeting, and instead releases the protein to the Golgi. These results suggest that the functioning of the 

DGAT2 motif may be more sensitive
 
to proper protein context for correct presentation and interaction

 
with the 

protein-sorting machinery. 
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APPENDIX VI 

Identification and characterization of a plastid-localized Arabidopsis glyoxylate reductase isoform: 

comparison with a cytosolic isoform and implications for cellular redox homeostasis and aldehyde 

detoxification.
8
 

 

INTRODUCTION 

Since plants are sessile organisms they require specialized metabolic pathways to respond to stress. Under 

some stresses, aldehydes accumulate in the plant and can be toxic due to their extreme reactivity (Kotchoni et al., 

2006). As a result, enzymes that reduce the aldehyde chemical grouping to its corresponding alcohol are probably 

crucial in maintaining plant health. Recently, Shelp and co-workers (Breitkreuz et al., 2003; Hoover et al., 2007a, 

2007b) reported on the characterization of an Arabidopsis enzyme (designated hereinafter as glyoxylate reductase 

type 1 or GR1; EC 1.1.1.79) that catalyses the reduction of both glyoxylate and succinic semialdehyde (SSA), which 

are intermediates in the metabolism of glycolate and c-aminobutyrate (GABA) metabolism, respectively. The 

corresponding GR1 cDNA, which was identified by complementing a SSA dehydrogenase yeast mutant with an 

Arabidopsis thaliana cDNA library, enables this mutant to grow on GABA as the sole N source and significantly 

enhances the accumulation of c-hydroxybutyrate (GHB), suggesting that the expressed protein converts SSA to 

GHB (Breitkreuz et al., 2003). Kinetic studies of recombinant GR1 revealed that glyoxylate and SSA are reduced at 

physiological concentrations via an essentially irreversible NADPH-dependent reaction, although the enzyme 

prefers glyoxylate, and suggested that in planta activity is probably regulated by the ratio of NADPH/NADP+ 

(Hoover et al., 2007a, b).  

Simpson et al., (2008) present the results of work aimed at characterizing a newly identified Arabidopsis 

glyoxylate reductase type 2 (GR2), in relation to the well-studied GR1 protein, and with which it shares 57% 

sequence identity. In the results presented here, as my contribution to this paper, the distinct intracellular 

localizations of the two Arabidopsis GR proteins were examined. Specifically, we show that GR1 localized to the 

cytosol, whereas GR2 localizes to the plastid (likely the plastid stroma) in transiently-transformed plant suspension 

cells. Furthermore, we show that the N-terminus of GR2 contains the molecular targeting information responsible 

for correctly sorting the protein to the interior of the plastid.  

 

METHODS 

Plasmid construction  

Construction of plasmids encoding the full-length GR1 and GR2 proteins fused to the N terminus of the 

GFP (GR1-GFP and GR2-GFP, respectively), as well as modified-fusion proteins; GR2 1-45-GFP (consisting of the 

N-terminal 45 amino acid residues of the GR2 protein, including its predicted chloroplast targeting sequence, fused 

to the N terminus of the GFP) and GR2Δ2-45-GFP (consisting of the full-length GR2 protein lacking the N-terminal 

2-44 amino acids residues of the protein fused to the N terminus of GFP) are described in detail in Simpson et al., 

2006. Construction of pRTL2/MCS-RFP-stop, encoding the full-length red fluorescent protein (RFP) along with its 

stop codon, and a convenient 5‟ multiple cloning site (MCS) has been described elsewhere (Shockey et al., 2006).  

 

Transient transformation of tobacco BY-2 cells and immunofluorescence microscopy 
Tobacco (Nicotiana tabacum L. cv. BY-2) suspension-cultured cells were maintained and prepared for 

biolistic bombardment as described previously (Banjoko and Trelease, 1995). Briefly, transient transformations were 

performed using 5 µg of plasmid DNA with a biolistic particle delivery system 1000/HE (Bio-Rad Laboratories, 

Mississauga, ON, Canada). Bombarded cells were incubated for 20 h to allow for expression and sorting of the 

introduced gene, fixed in formaldehyde, incubated with 0.01% (w/v) pectolyase Y-23 (Kyowa Hakko Chemical Co., 

Chuo-ku Tokyo, Japan), and permeabilized with either 0.3% (v/v) triton X-100 or 25 mg/ml digitonin (Sigma-

Aldrich Inc.) (Lee et al., 1997). Fixed and permeabilized cells were then incubated with the appropriate primary and 

secondary antibodies. Antibodies and sources were as follows: mouse anti-tubulin IgGs (Sigma-Aldrich Inc.); rabbit 

anti-N-acetyl glutamate kinase (NAGK) (kindly provided by Dr Greg Moorhead at the University of Calgary; Chen 

et al., 2006); rabbit anti-GFP IgGs (Molecular Probes, Burlington, ON, Canada); goat anti-rabbit rhodamine red-X 

IgGs (Jackson ImmunoResearch Laboratories, West Grove, PA, USA); goat antirabbit Cy3 (Cedar Lane 
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Laboratories, Burlington, ON, Canada); and goat anti-mouse Alexa 350 (Molecular Probes). Epifluorescent images 

of BY-2 cells were acquired using a Zeiss Axioscope 2 MOT epifluorescence microscope (Carl Zeiss Inc., 

Thornwood, NY, USA) with a Zeiss 633 Plan Apochromat oil-immersion objective. Image capture was performed 

using a Retiga 1300 charge coupled device camera (Qimaging, Burnaby, BC, Canada) and Northern Eclipse 5.0 

software (Empix Imaging Inc., Mississauga, ON, Canada). CLSM images of BY-2 cells were acquired using a Leica 

DM RBE (Leica Microsystems Inc., Richmond Hill, ON, Canada) microscope with a Leica 633 Plan Apochromat 

oil immersion objective a Leica TCS SP2 scanning head, and the Leica TCS NT software package (version 2.61). 

Fluorophore emissions were collected sequentially in double-labelling experiments; single labelling experiments 

exhibited no detectable crossover at the settings used for data collections. Confocal images were acquired as single 

optical sections and saved as 512 x 512 pixel digital images. All fluorescence images of cells shown in the figures 

are representative of >50 independent (transient) transformations from at least two independent transformation 

experiments. Figure compositions were generated using Adobe Photoshop CS (Adobe Systems Inc., Toronto, ON, 

Canada). 

 

RESULTS 

Transient expression and subcellular localization of Arabidopsis GR1 and GR2 in tobacco BY-2 cells 

Tobacco BY-2 cells were co-transformed (via biolistic bombardment) with GR1-GFP, consisting of GR1 

fused to the N terminus of the GFP, and the RFP and examined using fluorescence microscopy. As shown in Figure 

1A, B the diffuse fluorescence pattern attributable to transiently-expressed GR1-GFP was similar to the fluorescence 

attributable to co-expressed RFP which lacks any inherent subcellular targeting information, indicating that GR1-

GFP, consisting of GR1 fused to the N terminus of the GFP, was localized throughout the cytosol. On the other 

hand, transient expression of GR2-GFP, consisting of GR2 fused to the N terminus of the GFP, revealed that this 

fusion protein displayed a punctate and tubular-like fluorescence pattern that was similar to the fluorescence pattern 

attributable to endogenous NAGK (Figure 1D), a well-characterized plastid stromal enzyme (Chen et al., 2006). The 

co-localization between GR2-GFP and NAGK was also evident by the yellow colour in the merged image (Figure 

1E), indicating that GR2 is localized exclusively to plastids.  

 

 

 

 

 

 

 

 
 

 

Figure 1. Localization of GR1-GFP and GR2-GFP in transformed BY-2 cells 

Images represent the localization of transiently-expressed or endogenous proteins in (co-) transformed (via biolistic 

bombardment) cells including (A) GR1-GFP and (B) RFP, (C) GR2-GFP and (D) NAGK, (F) GR2 1–45-GFP and 

(G) NAGK, and (I) GR2 Δ2–45-GFP and (J) NAGK. (E) and (H) represent the corresponding merged images of the 

same cells shown in (C) and (D), and (F) and (G), respectively. Bar = 10 µm. 
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Various web-based prediction tools (e.g., ChloroP, TargetP and PSORT) revealed the presence of a 

targeting signal peptide in the unique N-terminal extension of GR2, with the length of these predicted targeting 

peptides varying from 29 to 36 amino acids (data not shown). As shown in Figure 1 (F–H), the fusion protein GR2 

1–45-GFP, consisting of the N-terminal 45 amino acids of GR2 fused to GFP, displayed a punctate and tubular-like 

fluorescence pattern that, similar to GR2-GFP (compare with Figure 1C), co-localized with the fluorescence pattern 

attributable to endogenous plastidial NAGK. Deletion of the N-terminal 2–45 amino acids from GR2, however, 

resulted in the fusion protein (GR2Δ2–45-GFP) localizing throughout the cytosol (Figure 1I) and not to plastids, as 

shown by the lack of co-localization of GR2 Δ2–45 with endogenous NAGK (Figure 1J). Overall, these data 

indicate that the N-terminal 45 amino acid residues of GR2 contain targeting information that is both sufficient and 

necessary for sorting the protein to plastids.  

To determine whether GR2 was actually localized within plastids and not simply adjacent to the outside of 

the organelle, cells were differentially permeabilized with either triton X-100 or digitonin and then processed for 

immunofluorescence microscopy as above. Triton X-100 permeabilizes all cellular membranes in BY-2 cells (Lee et 

al., 1997), allowing the immunodetection with applied antibodies of protein epitopes located within the cytosol and 

within subcellular compartments. Digitonin, however, permeabilizes only the plasma membrane (Lee et al., 1997), 

allowing for the immunodetection of cytosolic, but not intra-organellar epitopes. As illustrated in Figure 2A and B, 

the fluorescence attributable to GR2-GFP was visible in both triton X-100- and digitonin-permeabilized cells due to 

the intrinsic fluorescence of the GFP moiety. However, when antibodies raised against the GFP moiety were used to 

detect GR2-GFP in the same transformed cells the immunofluorescence attributable to the expressed  

 

DISCUSSION 

In this paper (Simpson et al., 2008), a search of the GenBank database revealed a putative Arabidopsis 

GR2 cDNA, which encodes 343-amino acid polypeptide with a subunit molecular mass of 36.2 kDa (designated 

herein as GR2) is described. The results presented here as part of this paper describe work aimed at elucidating the 

subcellular localization and targeting signals of Arabidopsis GR2, as well as its counterpart, GR1. Bioinformatic 

analysis of GR2 suggested that the 51-amino acid N-terminal extension  
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Figure 2. Localization of GR2-GFP in differentially-permeabilized BY-2 cells.  
Images shown represent individual GR2-GFP-transformed cells that were fixed and permeabilized with either triton 

X-100 (top rows) or digitonin (bottom rows) and then immunostained with either (A) anti-NAGK and anti-tubulin or 

(B) anti-GFP and anti-tubulin antibodies. Note that in the GR2-GFP-transformed cells that were permeabilized with 

digitonin, neither endogenous NAGK, nor GR2-GFP, was immunostained. Bar = 10 µm. 
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of GR2 contained a targeting domain (Simpson et al., 2008), but it was unclear whether this signal conveyed 

mitochondrial and/or plastidial localization. Transient expression in tobacco cells of GR1 or GR2, as well as 

modified versions of GR2, clearly showed that GR1 is localized to the cytosol, whereas GR2 is localized to plastids. 

In addition, differential permeabilization results indicated that GR2 is not simply associated with the cytosolic face 

of the plastid‟s outer envelope membrane, but that within the organelle, most likely the stroma. Cytosolic GR 

proteins have been proposed (Givan and Kleczkowski, 1992) to be involved in scavenging glyoxylate to ensure that 

any glyoxylate escaping the peroxisomes is neither lost irretrievably, nor enters the chloroplasts where it might 

deactivate or slow down the activation of ribulose bisphosphate carboxylase/oxygenase; the primary enzyme 

involved in photosynthetic carbon reduction and photorespiratory carbon oxidation (Campbell and Ogren, 1990). 

The identification of a plastidial isoform of the GR enzyme suggests that GR may also serve as an additional 

insurance inside the plastid, to prevent any free glyoxylate entering the chloroplast from adversely affecting 

photosynthesis.  
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APPENDIX VII  

Arginase-negative mutants of Arabidopsis exhibit increased NO signalling in root development.
9
 

 

INTRODUCTION 

Nitric oxide (NO) is integral to many plant defence, adaptive and developmental pathways. In root 

development, localized increases of NO appear to mediate auxin induction of gravitropic bending (Hu et al., 2005), 

lateral roots (Correa-Aragunde et al., 2004), root hairs (Lombardo et al., 2006) and adventitious roots (Pagnussat et 

al., 2004). While auxin induces NO accumulation, it is not clear how auxin acts to increase NO, nor even if this 

production is enzymatic. For example non-enzymatic production could result from localized auxin-induced increases 

in acidity (Idam and Newman, 1993) that favors the dismutation of nitrite to nitrate and NO (Stöhr and Ullrich, 

2002), or the reduction of nitrite to NO by ascorbate (Beligni et al., 2002). An established enzymatic source of NO 

in plants is the reduction of nitrite by nitrate reductase (NR) (Klepper et al., 1979; Dean and Harper 1986, 1988). An 

NR-null mutant (nia1 nia2) of Arabidopsis exhibited less NO production leading to less elongation of root hairs 

(Lombardo et al.,, 2006) and to lack of ABA-induced stomatal closure (Neill et al., 2002). The nia1 nia2 mutant 

produces less NO, in part, because it lacks NR to reduce nitrate sequentially to nitrite and then to NO. Moreover, 

nia1 nia2 has drastically lowered nitrite pools for any mitochondrial nitrate-NO conversion. However, Modolo et 

al., (2006) suggested yet another reason for reduced NO production in nia1 nia2, since the mutant has only 10% of 

the free arginine (Arg) pool of wildtype Arabidopsis plants.  Arginine, as a precursor of spermine, may stimulate NO 

accumulation indirectly.  

This paper show that plants deficient in ARGAH1 and ARGAH2, are of specific interest because they show 

increased formation of lateral and adventitious roots in Arabidopsis seedlings and increased nitric oxide (NO) 

accumulation and efflux (Flores et al., 2008), presenting further evidence for the arginase-NO link previously 

suggested by other authors. (Corpas et al., 2006). The project presented here was aimed at elucidating the 

subcellular localization of these two proteins. We present data here suggesting that both proteins localize to 

mitochondria, and are likely targeting by predicted mitochondrial transit sequences at the N-termini of both proteins. 

 

MATERIALS AND METHODS 

Immunofluorescence microscopy of transiently expressed ARGAH1 and ARGAH2  

Construction of plasmids encoding ARGAH1-myc and ARGAH2-myc, consisting of the full-length 

ARGAH1 and ARGAH2 proteins fused to the N terminus of the myc epitope tag (-EQKLISEEDL-; [Fritze and 

Anderson, 2000]) are described in detail in Flores et al., 2008. Tobacco (Nicotiana tabacum cv BY2) suspension-

cultured cells were maintained and prepared for biolistic bombardment as described previously (Banjoko and 

Trelease, 1995). Briefly, transient transformations were performed using 10 μg plasmid DNA with a biolistic 

particle delivery system-1000/HE (Bio-Rad Laboratories, Mississauga, Canada). Bombarded cells were incubated 4 

h to allow expression and sorting of the introduced gene product(s), then fixed in formaldehyde, incubated with 

0.01% (w/v) pectolyase Y-23 (Kyowa Chemical Products, Osaka, Japan), and permeabilized with 0.3% (v/v) triton 

X-100 (which permeabilized both the plasma membrane and organellar membranes) or 25 mg/mL digitonin (Sigma-

Aldrich Ltd.) (which permeabilizes only the plasma membrane) (Lee et al., 1997). Antibody sources were as 

follows: mouse anti-myc antibodies in hybridoma medium (clone 9E10, Princeton University, Monoclonal Antibody 

Facility, Hybridoma, Princeton, NJ); rabbit anti-E1β (Luethy et al., 1995); goat anti-mouse Alexa Fluor 488 IgGs 

(Cedar Lane Laboratories, Ontario, Canada); goat anti-rabbit rhodamine red-X IgGs (Jackson ImmunoResearch 

Laboratories, West Grove, PA). Controls included omitting primary antibodies and mock transformations with 

pRTL2 alone. Epifluorescent images of BY-2 cells were acquired using a Zeiss Axioskop 2 MOT epifluorescence 

microscope (Carl Zeiss, Toronto, Canada) with a Zeiss 63x Plan Apochromat oil-immersion objective. Image 

captures were performed using a Retiga 1300 charge-coupled device camera (Qimaging, Burnaby, Canada) and 

Northern Eclipse 5.0 software (Empix Imaging, Mississauga, Canada). All fluorescence images of cells shown in 

individual figures are representative of >50 independent (transient) transformations from at least two independent 

transformation experiments. Figure compositions were generated using Adobe Photoshop CS (Adobe Systems, San 

Jose, CA).  

RESULTS 

                                                 
9
 Flores, T., Todd, C.D., Tovar-Mendez, A., Dhanoa, P.K., Correa-Aragunde, N., Hoyos, M.E., Mullen, R.T., 

Lamattina, L. and Polacco, J.C. Arginase-negative mutants of Arabidopsis exhibit increased NO signalling in root 
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Arabidopsis possesses two functional arginases, each targeted to the mitochondrion 

Web-based intracellular targeting prediction tools revealed the presence of predicted mitochondrial transit 

sequences at the N-termini of ARGAH1 and ARGAH2 (data not shown). To confirm their predicted mitochondrial 

location both proteins were fused at their C termini to the myc epitope tag (-EQKLISEEDL-; [Fritze and Anderson, 

2000]) and expressed transiently (via biolistic bombardment) in tobacco suspension-cultured cells. As shown in 

Figure 1, immunofluorescence microscopic analysis revealed that both myc-tagged ARGAH1 and ARGAH2 co-

localized exclusively with the endogenous E1β subunit of the pyruvate dehydrogenase complex, a well-known 

mitochondrial matrix marker protein (Luethy et al., 1995). Neither mock transformations nor omission of anti-myc 

and/or anti-E1β antibodies yielded immunofluorescence (data not shown). Neither myc-tagged ARGAH1 nor 

ARGAH2 was immuno-detected in transformed tobacco cells permeabilized with digitonin, rather than triton X-100 

(data not shown). Therefore, each protein was actually localized in the mitochondrial interior (matrix) since 

digitonin permeabilizes only the plasma membrane and only cytosolically-exposed antigens are accessible to the 

applied anti-myc IgGs.  

  

DISCUSSION 

This paper, Flores et al., 2008, describes the results of experiments aimed at characterizing two proteins involved in 

arginine biosynthesis, Arabidopsis ARGAH1 and ARGAH2 which encode arginine [Arg] amidohydrolase-1 and -2, 

respectively. For instance, results indicate that mutations in either of these genes leads to increased formation of 

lateral and adventitious roots in Arabidopsis seedlings and increased nitric oxide (NO) accumulation and efflux. 

Arginine biosynthesis is generally understood to occur in mitochondria, and consistent with this premise, the results 

presented here indicate that both ARGAH1 and ARGAH2 localize to mitochondria, and, based on permeabilization 

studies, both proteins are translocated into the interior region of the mitochondrion. Further experiments are now 

needed to determine the nature of the putative mitochondrial transit sequences involved in the efficient targeting and 

taranslocation of these proteins. In addition, organellar fractionation studies could be used to determine whether the 

proteins  

 

 

 

 

 
 

 



164 

 

Figure 1. Immunolocalization of ARGAH1 and ARGAH2 in tobacco BY-2 cells.  

Cells were transformed with constructs encoding myc-epitope tagged ARGAH1 (ac) or ARGAH2 (d-f) and proteins 

were detected by immunofluorescence microscopy. Immunodetection of transiently-expressed ARGAH1-myc (a) 

compared to that of endogenous mitochondrial E1β (b) in the same cell. Arrowheads indicate obvious co-

localizations. Transiently-expressed ARGAH2-myc (d) and endogenous E1β (e) compared in the same manner. (c) 

and (f) are differential interference contrast (DIC) images of the same cells shown in (a-b) and (d-e), respectively. 

Bar in (a) = 10 μm.  

 

 

localize to the mitochondrial matrix or the intermembrane space. The results presented here confirm 

biochemical studies suggesting that ARGAH function occurs in the mitochondrion.  
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APPENDIX VIII 

Biochemical characterization, mitochondrial localization, expression and potential functions of an Arabidopsis 

γ-aminobutyrate transaminase that utilizes both pyruvate and glyoxylate.
10

 

 

INTRODUCTION 

Gamma-aminobutyric acid (GABA) is a ubiquitous four C, non-protein amino acid found in prokaryotes 

and eukaryotes (Satya Narayan and Nair, 1990; Shelp et al., 1999). It was first identified in potato tubers during the 

1950s, and has since been characterized as a neural inhibitor in the central nervous system of mammals. A model for 

the function of GABA in plants remains elusive, despite evidence linking the metabolite to both stress and signalling 

(Shelp et al., 1999; Bouché and Fromm, 2004; Shelp et al., 2006; Fait et al., 2008). GABA is produced in the 

cytosol (Breitkreuz and Shelp, 1995) via the decarboxylation of glutamate in a reaction catalyzed by glutamate 

decarboxylase, a calcium/calmodulin-dependent enzyme (Baum et al., 1993; Ling et al., 1994; Snedden et al., 1995; 

Snedden et al., 1996). GABA is then transaminated to succinic semialdehyde (SSA) via GABA-transaminase 

(GABA-T) in the mitochondrion (Van Cauwenberghe and Shelp, 1999; Van Cauwenberghe et al., 2002). SSA is 

oxidized to succinate via SSA dehydrogenase (SSADH) in the mitochondrion (Breitkreuz and Shelp, 1995; Busch 

and Fromm, 1999), or reduced to γ-hydroxybutyrate by SSA reductase activities in the cytosol and chloroplast 

(Allan et al., 2003; Breitkreuz et al., 2003; Fait et al., 2005; Allan and Shelp, 2006; Hoover et al., 2007; Allan et al., 

2008; Simpson et al., 2008).  

GABA-T activity in plants differs from that in most other organisms. GABA-T in mammals, yeast and 

Escherichia coli uses 2-oxoglutarate exclusively as an amino donor (e.g., André and Jauniaux, 1990; Bartsch et al., 

1990; De Biase et al., 1995), whereas both pyruvate- and 2-oxoglutarate-dependent activities occur in plants (Shelp 

et al., 1995; Van Cauwenberghe and Shelp, 1999). The 2-oxoglutarate-dependent activity from tobacco is highly 

unstable during purification and production of a purified protein has not been possible (Van Cauwenberghe and 

Shelp, 1999). However, the pyruvate-dependent activity has been purified to homogeneity, thereby enabling partial 

amino acid sequencing and identification of an Arabidopsis (designated hereinafter as AtGABA-T) cDNA (Van 

Cauwenberghe et al., 2002). Recombinant expression of the cDNA in E. coli, confirmed that it encodes a pyruvate-

dependent GABA-T, which lacks detec -oxoglutarate-dependent activity. Recombinant expression of the protein 

was minimal and primarily insoluble, making more detailed analysis of the enzyme impracticable (Van 

Cauwenberghe et al., 2002). Prediction of subcellular localization using PSORT (Nakai and Kanehisa, 1992) 

suggested that AtGABA-T, like the mammalian enzyme, contains a cleavable N-terminal mitochondrial matrix 

targeting signal (Van Cauwenberghe et al., 2002), which is in agreement with a previous subcellular fractionation 

study of soybean protoplasts (Breitkreuz and Shelp, 1995).  

In this paper, a truncated Arabidopsis AtGABA-T cDNA lacking the putative N-terminal targeting 

presequence was co-expressed with the molecular chaperones in E. coli and characterization studies related to 

substrate specificity and enzyme kinetics were conducted (Clark et al., In Press). The paper also describes the 

results of experiments aimed at confirming that AtGABA-T is localized mitochondria in plant cells, and that the 

proper sorting of this enzyme requires an N-terminal targeting presequence. 

 

MATERIALS AND METHODS 

Transient expression and subcellular localization of Arabidopsis GABA-T in tobacco BY-2 cells 

Construction of plant expression plasmids containing AtGABA-T, or a modified version thereof: 1) 

pUC18/AtGABA-T-GFP encoding the entire open reading frame (ORF) of AtGABA-T fused to N-terminus of the 

green fluorescent protein (GFP); 2) pRTL2/AtGABA-T-myc encoding the entire ORF of AtGABA-T fused at its C-

terminus to the myc epitope tag (-EQKLISEEDL-; [Fritze and Anderson, 2000]); 3) pUC18/1-46-AtGABA-T-GFP 

encoding the N-terminal 46 amino acids of AtGABA-T, which represents the protein‟s predicted mitochondrial 

matrix targeting sequence, fused to the N-terminus of GFP; and, 4) pUC18/1-46ΔAtGABA-T-GFP encoding an N-

terminal truncated version of the fusion protein AtGABA-T-GFP lacking the N-terminal amino acids 2-46 of 

AtGABA-T are described in Clark et al., (in press). Transient transformations were performed using the Biolistic 

Particle Delivery System (Bio-Rad) with either 10 μg or 5 μg of plasmid DNA for individual or co-transformations, 
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respectively. Bombarded cells were incubated at 26
o
C for ~20 h in covered Petri dishes to allow transient expression 

of introduced gene(s) and protein sorting within the cells. Bombarded BY-2 cells were processed for 

immunofluorescence microscopy as described by Trelease et al., (1996). Briefly, cells were fixed in formaldehyde 

and permeabilized with pectolyase Y-23 (Kyowa Chemical Products, Osaka, Japan) and triton X-100. For 

experiments designed to demonstrate the mitochondrial import of transiently-expressed AtGABA-T-myc, fixed and 

pecytolyase-treated cells were differentially permeabilized with digitonin (25 μg/mL) (Sigma Alrich Ltd.), rather 

than triton X-100, to perforate the plasma membrane, but not organelle membranes (Lee et al., 1997). 

Primary and fluorescent dye-conjugated secondary antibodies and sources were as follows: mouse anti-myc 

(clone 9E10) in hybridoma medium (Princeton University; Monoclonal Antibody Facility, Hybridoma, Princeton, 

NJ); mouse anti-CAT IgGs (kindly provided by S. Subramani, University of California, San Diego); mouse anti-α-

tubulin monoclonal antibody (clone DM1A) (Sigma-Aldrich Ltd.); rabbit-pea E1β (Luethy et al., 1995); goat anti-

mouse Alexa Fluor 488; goat anti-rabbit Alexa Flour 488 (Cedar Lane Laboratories Ltd., Burlington, ON, Canada); 

goat anti-rabbit rhoadmaine red-X (Jackson ImmunoResarch Laboratories Inc., West Grove, PA, USA). Microscopic 

visualization of labeled BY-2 cells was performed with a Zeiss Axioskop 2 MOT epifluorescence microscope (Carl 

Zeiss Inc., Thornwood, NY, USA) with a Zeiss 63X Plan Apochromat oil immersion objective (Carl Zeiss) and a 

Retiga 1300 charge-coupled device camera (Qimaging, Burnaby, BC, Canada). All images shown were deconvolved 

and adjusted for brightness and contrast using Northern Eclipse 5.0 software (Empix Imaging Inc., Mississauga, ON, 

Canada), and then composed into figures using Adobe Photoshop 8.0 (Adobe Systems, San Jose, CA). The images 

shown are representative of data obtained from viewing several (>50) transformed BY-2 tobacco cells from at least 

two separate biolistic bombardment experiments. 

 

RESULTS 

Subcellular localization of Arabidopsis GABA-T 

In order to determine the subcellular localization of AtGABA-T, GFP was fused to its C terminus and the 

resulting fusion protein (AtGABA-T-GFP) was expressed transiently in tobacco Bright Yellow-2 (BY-2) 

suspension-cultured cells serving as a well-characterized in vivo import system (Banjoko and  
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Figure 1. Localization of AtGABA-T-GFP to mitochondria in tobacco BY-2 cells is mediated by its N-

terminal 46 amino acid presequence.  

Co-transiently expressed AtGABA-T-GFP (A) and the mitochondrial marker protein βATPase-CAT (B) colocalize 

in the same BY-2 cell, as evidenced by the yellow color in the merged image (C). 1-46-AtGABA-T-GFP (D) 

colocalizes with co-expressed βATPase-CAT (E) in mitochondria in the same BY-2 cell, as evidenced by the yellow 

color in the merged image (F). Expressed 1-46ΔAtGABA-T-GFP localizes throughout the cytosol and nucleus (G) 

and not to βATPase-CAT-containing mitochondria in the same co-transformed BY-2 cell (H). (I) Differential 

interference contrast (DIC) image of the same cell shown in (G) and (H). Bar in (A) = 10 μm. 

Trelease, 1995; Miao and Jiang, 2007). Figure 1 (A-C) shows that AtGABA-T-GFP expressed in BY-2 cells 

displayed a punctate fluorescence pattern that was identical to the fluorescence pattern attributable to co-expressed 

βATPase-CAT, a well established mitochondrial matrix marker protein (Chaumont et al., 1994). Similar 

colocalization was observed for expressed AtGABA-T-GFP and immunostained endogenous E1β, a subunit of the 

pyruvate dehydrogenase complex located in the mitochondrial matrix (Luethy et al., 2001) (Figure 2, A-C). A C-

terminal myc-epitope-tagged version of AtGABA-T (AtGABA-T-myc) also co-localized with co-expressed 

mitochondrial βATPase-CAT in BY-2 cells (Figure 2, D-F), indicating that the appended GFP moiety in AtGABA-

T-GFP did not influence AtGABA-T localization. Figure 1 shows also that the putative N-terminal presequence of 

AtGABA-T, consisting of residues 1-36 plus the 10 immediately-adjacent downstream amino acid residues, fused to 

GFP (1-46-AtGABA-T-GFP), exhibited identical localization as co-expressed mitochondrial βATPase-CAT (Figure 

1, D-F). In contrast, when the N-terminal 46 residues were deleted from AtGABA-T-GFP, the resulting truncated 

fusion protein (1-46ΔAtGABA-T-GFP) accumulated throughout the cytosol and nucleus (Figure 1, G-I). 
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To confirm that AtGABA-T was imported into mitochondria, BY-2 cells transiently expressing AtGABA-

T-myc were treated with triton X-100 or digitonin to selectively permeabilize cellular membranes (Lee et al., 1997). 

Incubation of cells with triton X-100 perforates all cellular membranes, including the plasma membrane and 

organellar membranes, allowing for the immunodetection of both endogenous E1β in the mitochondrial matrix and 

α-tubulin in the cytosol (Figure 3, A-C). Incubation of cells with digitonin, however, perforates only the plasma 

membrane, allowing for the immunodection of cytosolic α-tubulin, but not organelle (mitochondrial) membrane-

protected E1β (Figure 3, D-F). While transiently-expressed AtGABA-T-myc was immunodetected along with 

endogenous E1β in triton X-100-permeabilized cells (Figure 3, G-I), neither protein was immunodetected in BY-2 

cells permeabilized with digitonin (Figure 3, J-L). Likewise, both expressed AtGABA-T-myc and endogenous 

tubulin were immunodetected in cells that were permeabilized with triton X-100 (Figure 3, M-O), whereas only 

tubulin was immunodetected in digitonin-treated cells (Figure 4, P-R). Taken together, the data presented here 

indicate that AtGABA-T is targeted to and imported into mitochondria in BY-2 cells via an N-terminal presequence.  

 

 

 

 

 

 
 

 

Figure 2. Localization of AtGABA-T-GFP and AtGABA-T-myc to mitochondria in tobacco BY-2 cells.  

Transiently-expressed AtGABA-T-GFP (A) colocalizes with the endogenous mitochondrial matrix protein E1β (B), 

as evidenced by the yellow color in the merged image (C). Note the presence of endogenous E1β staining in 

adjacent non-transformed cells in (B). AtGABA-T-myc (D) and co-expressed βATPase-CAT (E) colocalize to 

mitochondria in the same BY-2 cell, as evidenced by the yellow color in the merged image (F). Bar in (A) = 10 μm.  
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Figure 3. Differential permeabilization of AtGABA-T-myc-transformed tobacco BY-2 cells.  

The presence or absence of immunofluorescence in differential permeabilized cells indicates whether applied 

antibodies had access to transiently-expressed AtGABA-T-myc and endogenous E1β within mitochondria or 

endogenous α-tubulin.in the cytosol. Non-transformed (A-F) or AtGABA-T-myc-transiently-transformed (G-R) 

cells were fixed and permeabilized using either triton X-100 (A-C, G-I, M-O), which perforates all cellular 

membranes, or digitonin (D-F, J-L, P-R), which selectively permeabilizes the plasma membranes, then cells were 

processed for immunofluorescence microscopy. Immunostaining of endogenous E1β in the matrix of mitochondria 

(A) and α-tubulin in cytosolic microtubules (B) in the same non-transformed, triton X-100-permeabilized cells. Lack 

of immunostaining of endogenous E1β (D), but the presence of cytosolic tubulin (E), in the same digitonin-

permeabilized cells. Immunostaining of expressed AtGABA-T-myc (G and M) and endogenous E1β (H) and tubulin 

(N) in the same triton X-100-permeabilized cells. Lack of immunostaining of expressed AtGABA-T-myc (J and P) 

and endogenous E1β (K), but the presence of cytosolic tubulin (Q), in the same digitonin-permeabilized cells. DIC 

images of the corresponding BY-2 cells are shown in (C, F, I, L, O and R). Bar in (A) = 10 μm. 

 

DISCUSSION 

Mitochondrial localization for the GABA-T enzyme was previously indicated by cell fractionation studies 

(Breitkruez and Shelp, 1995). This localization was confirmed in the present study by the transient expression of the full-

length AtGABA-T cDNA in tobacco BY-2 cells. Herein, the recombinant AtGABA-T protein colocalized with the 

mitochondrial marker proteins βATPase-CAT (Chaumont et al., 1994) or E1β (Luethy et al., 2001), regardless of whether it 

was appended to the GFP or myc epitope tag (Figure 1 and Figure 2). Differential permeabilization of cellular membranes 

using triton-X100 or digitonin also confirmed that AtGABA-T was localized inside the mitochondrion, rather than associated 

with the outer membrane (Figure 3). In addition, when the predicted AtGABA-T N-terminal presequence (i.e., 36 amino acid 

residues plus the 10 immediately-adjacent downstream amino acid residues) was appended to GFP, the fusion protein (1-46-

AtGABA-T- GFP) sorted to mitochondria, whereas the corresponding truncated version of AtGABA-T(1-46ΔAtGABA-T-

GFP), which lacks the N-terminal targeting presequence, was (mis)localized to the cytosol and nucleoplasm (Figure 1). These 

latter observations are consistent with previous reports of untargeted GFP in the nucleus and cytosol of plant cells (Köhler et 

al., 1997), and that the loss of AtGABA-T‟s mitochondria targeting ability was due to the removal of its N-terminal 

presequence. 
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