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ABSTRACT  

     

Distinct C-terminal amino acid sequence motifs serve as the targeting signals for outer 

mitochondrial membrane and plastid outer envelope TA proteins  

 

Howard James Teresinski                    Advisor: 

University of Guelph, 2014                   Dr. Robert T. Mullen 

 

Tail-anchored (TA) proteins are a unique class of functionally diverse membrane proteins that are defined 

by their single C-terminal transmembrane domain and their ability to insert post-translationally into 

specific organelles in an Ncytosol-CIMS orientation. While in recent years considerable progress has been 

made towards understanding the biogenesis of TA proteins in yeast and mammals, relatively little is known 

about how these proteins are properly partitioned within plant cells, mostly because so few plant TA 

proteins have been identified. Here we show the results of experiments aimed at cataloguing, in silico, all 

of the TA outer mitochondrial membrane and plastid outer envelope proteins in Arabidopsis and then 

identifying and characterising distinct, C-terminal targeting motifs responsible for the proper sorting of at 

least a subset of these proteins. Collectively, the results of this thesis provide important insight into the 

molecular mechanisms that underlie the biogenesis of TA proteins in plant cells. 



iii 
 

Acknowledgments 

 

I would first and foremost like to thank my MSc advisor Dr. Robert Mullen for his constant support, 

encouragement and dedication to ensure I reach my full potential throughout the MSc process. His guidance 

has not only made me a better scientist but a better person as well. I would also like to thank Dr. Ian Tetlow 

for serving on my advisory committee and providing valuable expertise throughout my thesis. Also, I would 

like to thank Dr. Matthew Smith for serving on my MSc advisory committee and for first inspiring my 

interest in plant biology when he served as my undergraduate thesis supervisor.  

I would like to express gratitude to all members of the Mullen lab, past and present, for their 

assistance in the laboratory, but more significantly, for their constant support and friendship along the way. 

I would also like to thank all of my colleagues in MCB for proving a warm and welcoming environment, 

and many friends to share the excitements and frustrations of research. To Laura and all of my other friends 

I have had throughout my thesis process, I truly want to thank you for your terrific company an 

extraordinary emotional support you have provided. 

 I cannot thank my parents Sandra and Mark Krupiarz enough for their endless support and 

encouragement throughout my education. I would like to thank my sister Sarah Lato for always reminding 

me what is truly important in life. I would like to thank my father Howard Teresinski Sr. for instilling in 

me, a strong work ethic that has allowed me to excel in my studies. I can never express enough gratitude 

towards these individuals, and everyone who has helped me reach this point. 

All of the data presented in this thesis was generated by Howard Teresinski and a portion of this 

thesis is published in Marty, et al. 2014. New insights into the targeting of a subset of tail-anchored proteins 

to the outer mitochondrial membrane. (Front. Plant. Sci. 5: 426). Contributions by others include the cloning 

of all mitochondrial constructs performed by Dr. Satinder Gida, Eric Clendening and Dr. Naomi Marty, and 

some of the mitochondrial protein bioinformatics analysis and microscopic analysis was performed by Dr. 

Naomi Marty. Cloning of all constructs used in the analysis of plastid TA proteins was performed by 

Howard Teresinski with a few exceptions, namely myc-OEP9, myc-At1G19400 and myc-At1G01500 

which were cloned by Dr. Priya Dhanoa. The cloning of GFP-OEP6 and the Agrobacterium infiltration 

experiments were performed by Thuy Nguyen and Dr. Satinder Gidda. 



iv 

TABLE OF CONTENTS  

ABSTRACT ................................................................................................................................................II 

ACKNOWLEDGMENTS........................................................................................................................ III 

TABLE OF CONTENTS.......................................................................................................................... IV 

LIST OF TABLES................................................................................................................................... VII 

LIST OF FIGURES…........................................................................................................................... VIII 

ABBREVIATIONS ……………………………………………………….............................................. IX 

CHAPTER 1: INTRODUCTION………………………………………................................................... 1 

1.1 Protein trafficking in eukaryotic cells........................................................................................ 1 

1.2 Mitochondria possess a complex morphology and function...................................................... 1 

1.3 Post-translational protein trafficking to mitochondria................................................................ 2 

1.4 Plastid morphology and function create a unique protein trafficking problem.......................... 6 

1.5 Transit peptide-mediated protein targeting to the plastid........................................................... 8 

1.6 Tail-Anchored (TA) protein trafficking pathways................................................................... 14 

1.6.1 General TA protein trafficking mechanisms......................................................... 16 

1.6.2 TA protein trafficking to the ER........................................................................... 17 

1.6.3 TA protein trafficking to the peroxisome.............................................................. 20 

1.6.4 TA protein trafficking pathways to the OMM....................................................... 21 

1.6.5 TA protein trafficking pathways to the plastid...................................................... 22 

1.6.6 A possible GET system at the plastid in A. thaliana............................................. 24 

1.6.7 Bioinformatic searches have identified putative TA A. thaliana 

proteins................................................................................................................. 25 

1.7 Objectives................................................................................................................................ 26 

CHAPTER 2: Materials and methods...................................................................................................... 27 

2.1. Bioinformatic analyses of proteomic data and amino acid sequence characteristics...................... 27 

2.2. General cloning techniques............................................................................................................. 28 

2.2.1. Polymerase Chain Reaction (PCR) for DNA amplification.................................................. 28 



v 
 

2.2.2. Reverse Transcriptase - PCR (RT-PCR) for DNA amplification from Arabidopsis 

suspension cell cDNA........................................................................................................ 28 

2.2.3. PCR for QuikChange® (QC) Site-Directed mutagenesis...................................................... 29 

2.2.4. Overlap Extension PCR for the generation of DNA for recombinant cloning...................... 29 

2.2.5. Annealing synthetic nucleotides for recombinant cloning..................................................... 29 

2.2.6. Restriction enzyme digestion of DNA for recombinant cloning............................................ 30 

2.2.7. Ligation of vector and insert DNA fragments........................................................................ 31 

2.3. Plasmid construction...................................................................................................................... 31 

2.3.1. Vectors used for mitochondrial TA protein trafficking experiments..................................... 31 

2.3.2. Vectors used for plastid protein trafficking experiments....................................................... 32 

2.4. Preparation of chemically-competent DH5α E. coli cells.............................................................. 35 

2.5. Tobacco BY2 suspension cells and biolistic bombardment........................................................... 36 

2.6. Staining and microscopy of BY2 suspension cells......................................................................... 36 

2.7. Agrobacterium tumefaciens transformation.................................................................................... 38 

2.8. Nicotiana benthamiana growth conditions..................................................................................... 38 

2.9. Transient N. benthamiana transformation via A. tumefaciens........................................................ 39 

CHAPTER 3: Results and Discussion...................................................................................................... 40 

3.1. Bioinformatic analysis of TA proteins in the A. thaliana deduced proteome................................. 40  

3.2. A subset of TA OMM proteins possess a distinct C-terminal dibasic targeting signal 

motif............................................................................................................................................... 40 

3.3. Mutational analysis of the OMM dibasic TA protein targeting signal motif.................................. 45 

3.4. Bioinformatics analysis using the TA OMM protein dibasic signal motif identifies novel candidate 

TA OMM proteins.......................................................................................................................... 51  

3.5. Identification of plastid-localized TA proteins via bioinformatics analysis.................................... 54 

3.6. Analysis of plastid TA OEP characteristics.................................................................................... 61 



vi 
 

3.7. OEP6 is a putative TA OEP............................................................................................................ 66 

3.8. Localization of TA OEPs in BY2 cells........................................................................................... 69 

3.9. Localization of select plastid TA proteins to different plastid compartments in BY2      

cells................................................................................................................................................. 72 

3.10. The CTS of OEP6 is both necessary and sufficient for trafficking to the outer envelope.............. 74 

3.11. The C terminus of OEP6 functions as an N-terminal TP................................................................ 76 

3.12. The CTS of OEP6 is interchangeable with the CTS of OEP9 and Toc34, but not with the CTS of 

TA OEPs that lack an R/K and S/T enriched motif........................................................................ 76 

3.13. Identification of a novel targeting signal motif in the CTSs of OEP6 and OEP9........................... 78 

3.14. Bioinformatics analysis utilizing the newly-identified targeting signal motif found in OEP6, OEP9, 

and Toc34 reveals several novel candidate TA OEPs..................................................................... 80 

3.15. The CTS of At1G19400 possesses the novel TA OEP targeting signal motif and is interchangeable 

with the CTSs of OEP6 and OEP9.................................................................................................. 84 

CHAPTER 4: General Conclusions, and Future Directions................................................................ 88 

   REREFENCES....................................................................................................................................... 91 

   Appendix I: Supplemental Tables........................................................................................................... 104 

   Appendix II: List of all primers used in this study.................................................................................. 127 

   Appendix III: List of solutions used in this study.................................................................................... 130 

 

 

 

 

 

 

 



vii 
 

List of Tables 

Table 1:  Yeast GET proteins and their corresponding homologs in mammals, C. reinhardtii, 

and A. thaliana.............................................................................................................. 18 

Table 2: A. thaliana OMM TA proteins ..................................................................................... 43 

Table 3: Candidate A. thaliana TA OMM proteins containing a putative dibasic targeting 

signal motif ................................................................................................................... 52 

Table 4: Putative A. thaliana plastid TA proteins grouped based on their sub-plastid 

localization .................................................................................................................... 55 

Table 5: Known or predicted A. thaliana OEPs based on Inoue (2011) ...................................... 62 

Table 6: Known or predicted TA OEPs in A.thaliana................................................................. 63 

Table 7: A. thaliana genes which have a correlated expression pattern with OEP6 ................... 68 

Table 8: Candidate A. thaliana TA OEPs identified through a search of all predicted TA 

proteins for those containing a C-terminal R/K and S/T enriched motif ........................ 81 

Table S1: List of all known and predicted TA proteins in A. thaliana .......................................... 104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

List of Figures 

Figure 1:  Mitochondria have a complex ultrastructure which requires a suite of protein 

translocation machinery to ensure proper protein import............................................ 3 

Figure 2: Plastids can differentiate into multiple morphological and functional forms, each 

possessing a complicated ultrastructure...................................................................... 7 

Figure 3: Translocation of nascent polypeptides through the TOC/TIC 

translocon.................................................................................................................... 10 

Figure 4: Diagram depicting the various pathways of protein translocation at the 

plastid.......................................................................................................................... 13 

Figure 5: Representative illustration of TA protein membrane topology................................... 15 

Figure 6: Diagram of the current working model of TA protein trafficking via the GET 

pathway....................................................................................................................... 19 

Figure 7: Venn diagram illustrating the distribution of all known and predicted TA proteins 

in A. thaliana identified in three bioinformatics screens.............................................. 41 

Figure 8: The localization of Cb5-6 to mitochondria in BY2 cells is discernable from plastids, 

peroxisomes, and the ER............................................................................................. 44 

Figure 9: Localization, in BY2 cells, of various mutant versions of the TA OMM protein TraB 

with varying CTS lengths............................................................................................ 47 

Figure 10:  Localization, in BY2 cells, of various CTS mutant versions of the TA OMM protein 

TraB............................................................................................................................ 48 

Figure 11: Localization, in BY2 cells, of TraB with mutations to the amino acid residues 

peripheral to the dibasic targeting signal motif............................................................ 50 

Figure 12: Flow chart depicting the various steps involved in the identification of putative A. 

thaliana TA OEPs....................................................................................................... 64 

Figure 13: OEP6 is expressed primarily in A. thaliana leaf tissue and has homologs throughout 

the plant kingdom........................................................................................................ 67 

Figure 14: Localization of known and putative plastid TA OEPs in BY2 cells............................. 70 

Figure 15: Localization of putative plastid OM TA proteins in BY2 cells................................... 73 

Figure 16: The NTC of OEP6 is both necessary and sufficient for protein targeting to the 

plastid.......................................................................................................................... 75 

Figure 17: Localization of various chimeric TA OEPs in BY2 cells............................................ 77 

Figure 18:  Localization of OEP6 and OEP9 CTS mutants in BY2 cells....................................... 79 

Figure 19: Flow chart depicting the search for novel plastid TA OEPs utilizing the novel R/K 

and S/T enriched CTS motif........................................................................................ 83 

Figure 20: Localization of candidate plastid TA proteins OEPs in BY2 cells............................... 85 

Figure 21: Localization of various At1G19400 mutant proteins in BY2 cells.............................. 87 

 

 

 

 

 

 

 

 



ix 
 

ABBREVIATIONS 

AKR2A  ankyrin repeat-containing protein 2A 

Amp  ampicillin 

APG1 albino pale green 1 

APS  ammonium persulfate 

APX  ascorbate peroxidase 

ARSA arsenical pump ATPase 

ATP  adenosine triphosphate 

BCAT3 branched chain amino acid synthase 

BLAST  basic local sequence alignment tool 

BSA  bovine serum albumin 

BY2  Nicotiana tabacum cv. Bright Yellow 2 

CAT chloramphenicol acetyl transferase 

Cb5  cytochrome b5 

cDNA complementary deoxyribonucleic acid 

CIP  calf intestinal alkaline phosphatase 

CLSM confocal laser-scanning microscope 

ConA  concanavalin A 

CoxII cytochrome oxidase II 

Cp chloroplast 

C-terminal  carboxyl-terminal 

CTS  C-terminal sequence 

dH2O  distilled water 

dNTP deoxynucleotide triphosphate 

ddH2O  double-distilled water 

DGDG  digalactosyl diacylglycerol 

DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

dNTP  deoxynucleotide triphosphate 

EDTA ethylenediamine tetraacetic acid 

ER  endoplasmic reticulum 

EtBr ethidium bromide 

GFP  green fluorescent protein 

GRAVY grand average of hydrophobicity 

GTP  guanosine triphosphate 

hr hour 

IM inner membrane 

IMS inner membrane space 

Hsp  heat shock protein 

Kan  kanamycin 

kDa  kilodalton 

LB Luria-Bertani medium 

MCS multiple cloning site 

MGDG monogalactosyl diacylglycerol 

min  minute 

Mito mitochondria 

MOM  mitochondrial outer membrane 

MS  Murashige-Skoog medium 

MTS mitochondrial targeting signal 

myc  mycelocytomatosis proto-oncogene protein 



x 
 

MIA mitochondrial intermembrane space import and assembly protein 

MOM  mitochondrial outer membrane 

MPP matrix processing peptidase 

N-terminal  amino terminal 

NTC  NTS, TMD, and CTS 

NTS  N-terminal sequence 

OD600  optical density at 600 nm wavelength 

OEP  outer envelope protein 

OM outer membrane 

ORF  open reading frame 

PBS  phosphate-buffered saline 

PCR  polymerase chain reaction 

Pfu Pyrococcus furiosus 

PNK  polynucleotide kinase 

PTSI peroxisomal targeting signal 1 

RING really interesting new gene 

RFP  red fluorescent protein 

RNA  ribonucleic acid 

RPM rotation per minute 

RT-PCR reverse transcription PCR 

SEC  secretion system proteins 

SGT2 small glutamine-rich tetratricopeptide repeat-containing protein 

SNARE  soluble N-ethylmaleimide sensitive fusion protein (NSF) attachment receptor protein 

SOC  super optimal catabolic broth 

SPP signal processing peptide 

SRP  signal recognition particle  

SSU small subunit (1B) of Rubisco 

TA tail-anchored 

TAMP  tail-anchored membrane protein 

tAPX  thylakoid-bound ascorbate peroxisodase 

Taq Thermophillus aquaticus 

TAT twin arginine transporter 

TE tris-ethylenediamine tetraacetic acid  

ThM thylakoid membrane 

TIC  translocase of the inner chloroplast envelope membrane 

TIM  translocase of the inner mitochondrial membrane 

TOC  translocase of the outer chloroplast membrane 

TOM  translocase of the outer mitochondrial membrane 

TMD  transmembrane domain 

TP/cTP chloroplast transit peptide  

TRC  transmembrane domain recognition complex 

http://en.wikipedia.org/wiki/Pyrococcus_furiosus


 

1 
 

Chapter 1: Introduction 

1.1 Protein trafficking in eukaryotic cells 

Trafficking of proteins to various intracellular organelles is a hallmark of eukaryotic cells, wherein 

some proteins are trafficked in a co-translational manner via the endomembrane system, i.e., nascent soluble 

and membrane-bound proteins are synthesized on ribosomes bound to the surface of the Endoplasmic 

Reticulum (ER) and, thereafter, either retained in the ER or sorted (via vesicular transport) to other various 

compartments such as the golgi, endosomes, peroxisomes, vacuoles/lysosomes and/or the plasma 

membrane (Reviewed in McCormick 2003; Rapoport, 2007; and Hawes et al., 2014). By contrast, most 

proteins destined for the mitochondria and plastids (and peroxisomes) are synthesized on free 

polyribosomes in the cytosol and then sorted to their proper organelle destination in a strictly post-

translational manner, a process that relies on a complex series of unique targeting signals and mechanisms 

(Chan, 2006; Gebert et al., 2011; Schnell and Inaba, 2008). Notably, these protein targeting mechanisms in 

plant cells are inherently more complicated than those of other, non-photosynthetic eukaryotes (e.g., yeasts 

and mammalian cells), because of the presence a additional organelle, the plastid (Soll and Schlieff, 2004).  

The mechanisms plant cells use to facilitate protein trafficking to different organelles are well understood 

with the exception of a unique class of post-translationally trafficked proteins known as Tail Anchored 

(TA) proteins which will be discussed at length in section 1.6.  

1.2 Mitochondria possess a complex morphology and function 

 Mitochondria are dynamic organelles, which function in a diverse range of cellular processes, 

including energy metabolism (Ried et al., 1966), compartmentalization of various biochemical pathways 

(such as the synthesis of the lipid cardiolipin, as well as stages of the argenine and lysine pathways; Funck 

et al., 2008; Tamura et al., 2013 Lewis et al., 2014), and apoptosis (Wang and Youle, 2009).  

Structurally, as is seen in Figure 1A, mitochondria possess two distinct membrane layers; the Outer 

Mitochondrial Membrane (OMM) and the Inner Mitochondrial Membrane (IMM), the latter of which is a 
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dynamic membrane, folded into large cristae, giving the IMM a large surface area with various subdomains 

that are responsible for specific processes (Zick et al., 2009). The mitochondrial membranes define two 

distinct aqueous compartments known as the intermembrane space and the mitochondrial matrix (Figure 

1A). Although mitochondria possess their own genome and protein synthesis machinery, the vast majority 

of the ~1000 mitochondrial soluble and transmembrane proteins are nuclear encoded and, following 

synthesis in the cytosol, must be trafficked to and/or imported into mitochondria (Chan, 2006). The 

mechanisms used by plant cells to target and insert newly synthesized proteins to the mitochondria have 

been thoroughly studied and will now be discussed in detail. 

1.3 Post-translational protein trafficking to mitochondria 

Trafficking of soluble proteins to the mitochondria relies on the presence of specific cleavable 

presequences at the N terminus of proteins known as Mitochondrial Targeting Signals (MTSs) that range 

in length from 15 to 50 amino acids and form an amphipathic α-helix in the cytosol (reviewed in Stojanovski 

et al., 2012). MTSs are enriched in specific amino acids, specifically S, R, A, and L which collectively 

represent approximately 47% of the amino acids in the MTS of mitochondrial proteins in A. thaliana 

(Huang et al., 2009).  MTSs also have well characterised cleavage sites which are defined by a specific 

amino acid sequence motif, -RX(F/Y/L)|Y(S/A)(S/T)-, where | represents the cleavage site (Huang et al., 

2009; Oshima et al., 2005). The amphipathic helix of the MTS is recognized by receptors of the Translocon 

at the Outer membrane of Mitochondria (TOM) complex, such as TOM20 and TOM22 (Michaud and 

Duchene 2012). Proteins that are destined for the IMS, IMM or matrix are then translocated through the 

TOM40 translocon pore, and follow one of several distinct trafficking pathways (Gabriel et al., 2003). If 

the protein is destined for the IMS, once it emerges from the TOM complex it is recognized by MIA40 

which facilitates proper folding and release into the IMS (Saitoh et al., 2007). Proteins destined to reside at 

the IMM or matrix are transferred to a receptor of the Translocon at the Inner membrane of Mitochondria 

(TIM), TIM50, rather than MIA40 when emerging from the TOM complex (Yamamoto et al., 2002; Figure 

1B – step 2). 
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i)                      ii)                                      iii)                                      iv) 
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Figure 1: Mitochondria have a complex ultrastructure which requires a suite of protein translocation 

machinery to ensure proper protein import. A) Mitochondria possess two membrane bilayers known as 

the outer mitochondrial membrane (OMM), and the inner mitochondrial membrane (IMM), which separate 

two aqueous compartments known as the intermembrane space, and matrix. B) Boxes 1-8 depict the 

trafficking of IM and matrix localized mitochondrial proteins through the TOM/TIM complex. Shown in 

boxes 1-4 is the initial TIM priming steps in which opens the TIM23 pore, followed by the TIM complex 

binding a respiratory chain protein (Cox).  Box 5A depicts lateral movement of a transmembrane protein 

into the IMM, while boxes 5B-8 depict full assembly of the TIM complex through the addition of the PAM 

motor complex, as well as protein translocation into the matrix and MTS cleavage by a MPP. C) Depiction 

of known trafficking pathways of several OMM transmembrane protein families, including: i) N-signal 

anchors which utilize Mim1 for import, ii) C-tail anchored proteins which insert by unknown mechanisms, 

iii) internal signal pathways which utilize TOM/SAM proteins for import, and iv) pathways for proteins 

with multiple TMD switch utilize TOM70 and other unknown proteins (adapted from Chacinska et al., 

2009).
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After transfer to TIM50, two different mechanisms exist for protein import into the IMM: i) as 

shown in Figure 1B, the “stop-transfer” pathway in which proteins are transferred from TIM50 to the 

TIM23 translocon pore, at which point the TIM complex binds components of the electron transport chain 

(for example cytochrome oxidase; Cox) (Figure 1B – step 4) which allows for lateral insertion of the 

protein directly into the IMM utilizing the proton motive force  generated across the IMM (Figure 1B – 

step 5a) and ii) the conservative pathway in which, rather than laterally inserting into the IMM, proteins 

are fully translocated into the matrix and are then reinserted into the IMM (reviewed in Park et al., 2013; 

Neupert and Herrmann, 2007). In the conservative pathway, once the MTS is exposed to the matrix it results 

in “priming” of the translocon through recruitment of TIM18 and TIM16 (Figure 1B – step 5b), and 

following this the remaining Presequences translocase-Associated Motor (PAM) components are recruited 

by TIM17 (Figure 1B – step 6) (reviewed in Schmidt et al., 2010; Chacinska et al, 2009). The active 

translocon complex then facilitates translocation across the IMM into the matrix, where the MTS is cleaved 

by a Matrix Processing Peptidase (MPP), and following this cleavage the protein is inserted into the IMM 

through uncharacterised mechanisms (Gakh et al., 2002). Proteins which are destined for the mitochondrial 

matrix follow the conservative pathway for protein translocation to the inner membrane; however, they are 

not re-inserted into the inner membrane, but rather, are bound by mtHSP70 in the matrix to facilitate proper 

protein folding in the matrix (Figure 1B).  

As shown in Figure 1C, transmembrane proteins residing in the OMM do not follow traditional 

mitochondrial targeting pathways, utilizing a MTS, but possess other targeting signal motifs, including: i) 

N-terminal signal sequence anchors which utilize MIM1 for import rather than the TOM complex; ii) C-

tail anchored signals, which will be discussed at length below; iii) internal signals which utilize the 

TOM/SAM complexes for import; and iv) signals for proteins with multiple TransMembrane Domain 

(TMD) which are recognized by the TOM70 receptor and are inserted into the membrane utilizing unknown 

protein components (Yamamoto et al., 2009). 
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1.4 Plastid morphology and function create a unique protein trafficking problem 

 The plastid is a unique organelle, exclusive to plants and algae, and is believed to have originated 

as a result of an endosymbiotic event in which a unicellular photosynthetic prokaryote was engulfed by a 

larger unicellular eukaryote (reviewed in McFadden, 2014). As shown in Figure 2A all plastid types 

originate as a proplastid, and undergo a functional transition into one of several different types of plastids, 

depending on the cell type, developmental stage and/or environmental cue. The most well studied type of 

plastid is the chloroplast, which is responsible for the photosynthetic capacity of green tissue (reviewed in 

Jarvis and Lopez-Juez, 2014). Another plastid type is the chromoplast, which produces carotenoids, and is 

often present in fruit and floral organs for pigmentation (Egea et al., 2010). Leucoplasts are a type of plastid, 

devoid of pigment, often found in roots, which facilitate the storage of lipids, starch or proteins, and which 

participate in a wide range of functions including gravotropic response and energy storage (Osteryoung and 

Pyke, 2014). Etioplasts are plastids found in the leaves of plants grown in dark conditions which have the 

capacity of rapidly differentiating into chloroplasts when exposed to light (Whatley, 1977; Lamberti et al., 

2011a). Although proplastids are not photosynthetic etioplast-like structures have been shown to be 

sufficient in importing proteins in subcellular protein targeting systems such as the Nicotinia benthanum 

BY2 suspension cell line (Brandizzi et al., 2003; Baginski et al., 2003) which is used extensively in this 

study and is discussed in further detail in the results section. 

The most well studied plastid morphology is the chloroplast, which possess three distinct 

membrane systems known as, the Outer Membrane (OM), the Inner Membrane (IM) (together forming the 

plastid envelope), and internal Thylakoid Membranes (ThM). Together these membranes create three 

partitioned aqueous compartments known as the Inter Membrane Space (IMS), the stroma, and the 

thylakoid lumen (Figure 2B). Other plastid morphologies such as chromoplasts possess plastoglobuli 

which are specializes oil droplets, rather than thylakoid membranes, while proplastids alternatively possess 

prolamellar bodies. Like mitochondria, plastids also possess their own genome and protein synthesis 

machinery, although the vast majority (~95%) of plastid proteins are nuclear encoded, translated in the  
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Figure 2: Plastids can differentiate into multiple morphological and functional forms, each possessing 

a complicated ultrastructure. A) Diagram depicting the different morphological and functional forms of 

the plastid. On the left is the photosynthetic form of plastid, the chloroplast, and well as chromoplasts and 

etioplasts, while on the right are non-pigmented adaptations of the plastid including, leucoplasts used for 

cellular storage, which can further be divided into amyloplasts for starch storage, elaioplasts for lipid 

storage, or proteinoplasts for protein storage (http://upload.wikimedia.org/wikipedia/commons 

/thumb/1/13/Plastids_types_flat.svg/720px-Plastids_types_flat.svg.png) B) Diagram depiction of the 

chloroplast ultrastructure including all three membrane compartments (the plastid outer membrane, OM; 

the plastid inner membrane, IM; and the thylakoid membrane, ThM) which separate three distinct aqueous 

compartments (the intermembrane space , IMS; the stroma, and the thylakoid lumen). 
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cytosol, and subsequently, are trafficked (post- translationally) to the plastid (Schnell and Inaba, 2008; Soll 

and Schlieff, 2004). Overall, plastid ultrastructure demonstrates the complexity of the organelle and 

emphasizes the requirement for plants to have highly sophisticated protein trafficking mechanisms to not 

only differentiate an additional organelle in the cytosol relative to mammalian cells, but also to traffic 

nascent proteins to specific destinations within the plastid itself (Schnell and Inaba, 2008).   

1.5 Transit peptide-mediated protein trafficking to the plastid 

Considerable research over several decades has sought to characterize the post-translational 

targeting mechanisms of plastid proteins, almost all of which rely on so-called N-terminal Transit Peptides 

(TPs) and a number of protein translocons referred to as the Translocon at the Outer Membrane of 

Chloroplast and the Translocon at the Inner Membrane of Chloroplasts (TOC and TIC respectively) 

(reviewed in Kessler and Schnell, 2009; Paiyla et al., 2014). TPs are targeting motifs on the N terminus of 

proteins which facilitate the targeting of proteins to the plastid. Extensive research into TP physicochemical 

properties has elucidated that TPs can be divided into sub-groups each possessing a number of prominent 

features required for correct plastid localization (Gavel and Von Heijne, 1990). For example, enrichments 

in S/T and R/K amino acid residues have been shown to be a necessary property of TPs for correct 

trafficking to the plastid (Lee et al., 2008). In addition, post-translational modification such as 

phosphorylation and dephosphorylation of the transit peptide has been shown to be a major determinant of 

TP recognition by receptors of the TOC complex and consequently proper protein trafficking to the plastid 

(Lamberti et al., 2011b).  

Many attempts have been made to develop prediction programs for identifying TPs and their 

cleavage sites (Emanuelson et al., 1999; Emanuelsson et al., 2000). Thorough analysis has demonstrated 

that there is no reliable way of predicting TP presence; however, some prediction programs have made 

progress by attempting prediction of only specific targeting signals (Emanuelsson, 2007) and as such, the 

prediction program which is optimal for use is dependent on where in the plastid the protein localizes 

(Gomez et al., 2003). For example TargetP (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 
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2000), a website aimed at predicting plastid, mitochondrion, and endomembrane N-terminal targeting 

sequence motifs, was only reliable for prediction of stromal proteins, when predicting known plastid 

localized proteins, while SignalP (http://www.cbs.dtu.dk/services/SignalP/; Nielson et al., 1997), a program 

aimed at predicting only endomembrane system targeting sequence motifs, can be reliably utilized for 

thylakoid lumen as well as some thylakoid integral membrane localized proteins because these proteins 

possess signal sequence-like targeting signals (Gomez et al., 2003). Many localization prediction programs, 

such as TargetP, also predict the cleavage site of the TP by the Stromal Processing Peptidase (SPP) (Lee et 

al., 2008; Gomez et al., 2003; Richter and Lampa, 1998).  The discovery of specific cleavage motifs, for 

example, I/V-X-A/C-A or V-G-A-A, has strengthened the ability to predict TP cleavage site, however as 

most prediction programs were developed over a decade ago when limited proteomics data was available 

and the context-dependant nature of the cleavage motif was still largely unknown, many are still unreliable 

at accurately predicting cleavage sites (Gavel and von Heijne, 1990; Clausmeyer et al., 1993; Zybailov et 

al., 2008). For this reason, if one is attempting to predict TP presence it is important to utilize several unique 

TP prediction programs, or a consensus TP prediction program such as that at the proteomics database 

ARAMEMNON (http://aramemnon.botanik.uni-koeln.de/) (Schwacke et al., 2003). 

Subsequent to synthesis on free ribosomes, the transit peptide is recognized and transported by 

cytosolic chaperones, such as a member of the 14-3-3 or Hsp70 protein families, which facilitate 

localization to the plastid OM where receptors of the TOC complex facilitate translocation across the OM 

(Figure 3; May and Soll, 2000). As shown in Figure 3, the TOC complex consists of three components; a 

large TOC75 β-barrel channel which forms a pore for protein translocation, a TOC34 GTPase which aids 

in complex assembly and protein translocation via GTP hydrolysis and TP recognition, and a member of 

the TOC159 family of GTPase receptors which function in TP recognition (Schnell et al., 1997). The 

receptor protein residing in the TOC complex can vary between four distinct members (TOC159, 90, 132, 
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Figure 3: Translocation of nascent polypeptides through the TOC/TIC translocon. Proteins 

synthesised on free ribosomes (black circle) possessing N-terminal transit peptides are trafficked to 

receptors of the TOC complex (Toc159/132/120/90) by HSP70 or 14-3-3 cytosolic chaperones. Once bound 

to the TOC complex the protein is threaded through the TOC75 translocon pore at which point the protein 

is transferred via HSP70 to TIC22. Through actions of the TIC40 motor complex the protein is translocated 

through TIC20. Once the protein is exposed to the stroma, signal processing peptidases (SPP) cleaves the 

transit peptide, and stromal chaperones ensure proper protein folding. See text for additional details. 

Adapted from Jarvis, 2008. 
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120), and in doing so, the preprotein binding selectivity of the complex can vary (Lee et al., 2008; Ivanova 

et al., 2004, Dutta et al., 2014).  It is believed that the selective binding capacity of TOC159 receptors 

ensures adequate import of all proteins during plastid biogenesis when the majority of proteins synthesized 

are involved in photosynthetic processes (Ivanova et al., 2004). Once the transit peptide is recognized by 

TOC159 the protein is translocated across the plastid OM through the TOC75 channel in a GTP dependant 

fashion (Schnell et al., 1997; Wang et al., 2008). Upon emerging from the TOC complex the pre-protein is 

bound to HSP70 chaperones which facilitate transfer to TIC22 of the TIC complex for protein translocation 

across the inner membrane (Rudolf et al., 2013).  

Relative to the TOC complex, less is known regarding the assembly and mechanism of protein 

translocation at the TIC complex.  As depicted in Figure 3 the TIC complex is composed of TIC110 which 

is believed by some to form a channel across the IM (Balsera et al., 2009); however, conflicting data 

suggests it plays a role in TP binding as well as protein recruitment in the stroma and TIC20 is the translocon 

pore (Inaba et al., 2005). TIC22 is located in the intermembrane space, while TIC40, a transmembrane 

protein, with the assistance of HSP93, forms the “motor complex” (Kovacheva et al., 2009). Several other 

proteins such as TIC62, TIC55 and TIC32 have been implicated as redox sensors that regulate protein 

import (Kovacs-Bogdan et al., 2010).  

Like those of the mitochondria, transmembrane proteins embedded in the plastid IM follow either 

the conservative or the stop-transfer pathway for protein trafficking (Viana et al., 2010). In the conservative 

sorting pathway, proteins are fully trafficked across the inner membrane into the stroma where they exist 

as a brief intermediate before being inserted back into the inner membrane through unknown mechanisms 

(Froehlich et al., 2011). In the stop transfer pathway, specific characteristics within the TMD (known as 

stop transfer TMDs) cause translocation of the nascent protein across the inner membrane to be halted, and 

the protein then being directly inserted laterally into the plastid IM (Froehlich et al., 2011). Stop transfer 

TMDs frequently possess proline residues which introduce a “kink” into the transmembrane helix and a 

glycine residue upstream of the proline residue that provides the flexibility for the proline kink. As such a 
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G-X-X-P sequence specific targeting motif has been postulated as a mechanism of identifying stop-transfer 

proteins; however, more research is needed to fully characterize stop-transfer motifs (Froehlich et al., 

2011). Regardless of the trafficking pathway utilized, following translocation into the stroma, the transit 

peptide is cleaved by an endopeptidase known as SPP (Figure 3) (Richter and Langer, 1998).  

Proteins destined for the stroma are imported fully through the TOC and TIC complexes following 

the conservative pathway of import. Following TP cleavage, they are properly folded and if the protein is 

destined for the thylakoid lumen (and in some cases the thylakoid membrane), when the TP is cleaved by 

SPP in the stroma a second sequence which resembles bacterial signal peptides, known as a thylakoid signal 

sequence, is exposed to target proteins to translocation complexes at the thylakoid membrane (Ko, 1989). 

The bipartite signal sequence has been shown to be necessary and sufficient for the proper targeting of 

proteins to the thylakoid and is the targeting signal for the majority of thylakoid lumen proteins (Marques 

et al., 2003). In recent years several programs have been published for the prediction of thylakoid signal 

sequences, including; LumenP and PredSL (http://aias.biol.uoa.gr/PredSL/) (Westerlund et al., 2003; 

Petsalaki et al., 2006), however the lack of sequence data for thylakoid targeted proteins often makes 

lumenal signal sequence prediction unreliable (Emanuelsson et al, 2007). Once in the stroma, proteins 

destined for the thylakoid are trafficked using one of four pathways: i) the SECretory (SEC) dependant, ii) 

the ΔpH/Twin Arginine Transporter (TAT), iii) Signal Recognition Particle (SRP)-dependant or, iv) the 

spontaneous insertion pathway (reviewed in Jarvis, 2008). Soluble lumenal proteins utilize the SEC 

pathway or ΔpH/TAT pathways for thylakoid import, while thylakoid membrane proteins utilize the SRP 

dependant or spontaneous insertion pathways (Figure 4; Robinson et al., 2000).  As a result of the high 

level of homology they share with bacterial plasma membrane protein trafficking complexes, thylakoid 

membrane translocation complexes have been rapidly characterized and have already allowed the 

characterisation of a sequence specific targeting signal motif which facilitates protein targeting to the 

ΔpH/TAT complex (Eichacker and Henry, 2001).  

Membrane embedded proteins which reside at the plastid OM typically utilize trafficking pathways  
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Figure 4: Diagram depicting the various pathways of protein translocation at the plastid (Jarvis, 

2008). Co-translational protein trafficking via the endomembrane system vesicle transport results in the 

trafficking of a relatively small number of stromal plastid proteins. Most proteins utilize the post-

translational, TOC/TIC pathway for trafficking to the plastid. Protein trafficking pathways are depicted by 

arrows. Proteins residing within the plastid outer or inner membrane utilize the TOC/TIC translocon or 

unknown proteomic components. Also depicted are the four pathways for thylakoid membrane (SRP or 

spontaneous) and thylakoid lumen protein trafficking (Sec and TAT).
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which do not rely on N-terminal TPs. One example of this is atOEP80 (At5G19620) which possesses a 

signal peptide-like peptide sequence which is cleaved in the intra-membrane space before the mature 

protein is reinserted into the outer membrane. These data re-enforce the idea of unique targeting pathways 

for plastid OM proteins (Inoue and Potter, 2004; Inoue et al., 2005; Baldwin and Inoue, 2006). Although 

few proteins have been identified at the plastid OM (Inoue, 2011), several of those that have been 

characterised belong to a unique group of post-translationally targeted proteins known as TA proteins which 

will be the central focus of this thesis. For the remainder of the introduction, the current understanding of 

TA protein trafficking pathways are discussed.  

1.6. Tail-Anchored (TA) protein trafficking pathways 

TA proteins are an evolutionarily diverse class of proteins which possess a single TMD in their C-

terminal 60 amino acids followed by a short C-terminal segment (CTS) and an Ncytosol-CLumen/IMS membrane 

oritenation (Figure 5) (Borgese et al., 2003). TA proteins are, by necessity, transported in a strictly post-

translational manner as the targeting information resides in the C-terminus which has not emerged from the 

ribosome until translation has finished.  TA proteins have been identified in both prokaryotes and 

eukaryotes and function in a number of diverse, essential, cellular processes in peroxisomes (Mullen and 

Trelease, 2000), mitochondria (Borgese et al., 2001), ER (Kutay et al., 1995) and, in the case of plants, 

plastids (Pedrazzini, 2009; Abell and Mullen, 2011). For example, the TA protein FISsion 1A (FIS1A) an 

organelle division protein that is known to localize to three organelles (mitochondria, peroxisomes, and 

plastids) for organelle division (Ruberti et al., 2014), and a large number, but not all, of the Soluble N-

ethylmaleimide sensitive fusion protein Attachment REceptor (SNARE) proteins which function in cellular 

membrane fusion have been demonstrated to be TA proteins (Chen and Scheller, 2001). One unique aspect 

of some TA proteins is their apparent ability to spontaneously insert into organelles, (for example Cb5-1 at 

the ER, Fis1a at mitochondria and peroxisomes, and TOC34 at the plastid) (Henderson et al., 2007; Schleiff 

and Klösgen, 2001). Spontaneous inserting membrane proteins have been theorized to play a major role in 

early cellular evolution regarding the biogenesis of membranes as well as the subsequent insertion of a vast  
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Figure 5: Representative illustration of TA protein membrane topology. The large N-terminus faces 

the cytosol while the short C-terminal segment (CTS) projects into the organelle interior.

Cytosol 

Lumen/matrix 
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number of membrane proteins.  In addition, several TA proteins have roles in protein translocation 

complexes, for example SEC61at the ER, TOM proteins at the mitochondria, and TOC34 at the plastid, 

making TA proteins of particular interest when studying organelle biogenesis (Borgese et al., 2001). 

1.6.1 Tail-Anchored (TA) protein trafficking mechanisms 

TA proteins have been shown to utilize diverse mechanisms for membrane insertion including 

spontaneous insertion, chaperone-assisted insertion, and receptor complex assisted insertion (reviewed in 

Denic, 2012; Shao and Hegde, 2011). Utilizing synthetic membranes, which possess no unique lipids or 

proteins, it has been shown that several TA proteins possess the capacity to insert spontaneously into 

membrane bilayers and that the lipid proportions of the membrane can have inhibitory effects on insertion 

(Dhanoa et al., 2010). For example, membranes with a high proportion of sterol lipids have been shown to 

be unreceptive to spontaneous TA protein insertion (Colombo et al., 2009). Spontaneous insertion first 

begins with association of the TMD with the water-lipid interface at the membrane surface and is followed 

by insertion of the protein into the membrane via hydrophobic interactions (Colombo et al., 2009).  It must 

then be asked, how the cell is able to selectively traffic proteins to membranes with similar sterol content 

(such as the ER and the OMM)?   

The selective sorting of TA proteins is achieved through specific interactions between the TA 

protein and organelle specific lipid or protein trafficking components. For example, specific lipids at the 

plastid are believed to interact with the C-terminus of TA proteins (such as TOC34) and facilitate membrane 

insertion while protein components have been shown to assist in the insertion of plastid TA proteins (Bruce, 

2000; Dhanoa et al., 2010). Additionally by utilizing chaperone assisted mechanisms of protein 

translocation, in which chaperones prevent aggregation of the hydrophobic TMDs in the cytosol allowing 

proper membrane insertion, or a series of protein receptors as in receptor-complex mediated trafficking, 

plant cells are indeed capable of selectively trafficking TA proteins to various subcellular destinations. For 

the remainder of the introduction, the current understanding of TA protein trafficking pathways to the ER, 

mitochondria, peroxisome, and plastid are presented. 
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1.6.2 TA protein trafficking to the ER 

Mostly through studies in yeast and mammals, the signals which direct TA proteins to the ER, as 

well as the protein machinery responsible for ER TA protein transport have been well characterised 

(Borgese and Fasana, 2011; Hegde and Keenan, 2011). One of the most thoroughly studied ER TA proteins 

in mammals is Cytochrome b5 (Cb5) which has several isoforms, including one which sorts to the ER (Cb5-

1) and one which sorts to the mitochondria (Cb5-6) (Ito, 1980). Typically, the CTS of TA proteins that 

target to the ER, such as Cb5, have a net negative charge. Reversal of the charge in the CTS of these proteins 

can alter targeting in mammalian cells from the ER to mitochondria and vice versa implying a charge-

dependant mechanism for targeting (Borgese et al. 2001). The same charge-dependant targeting mechanism 

does not appear as straightforward in plants, likely due to the added complexity of the plastid. In plants, 

studies have shown that ER targeting is mainly dependent on long TMDs (~22-25 amino acids; Bulbarelli 

et al., 2002) with unique hydropathy profiles and a sequence specific R/H-X-Y/F targeting motif in the CTS 

(Hwang et al., 2004; Pedrazinni, 2009). TA proteins destined for the ER (or to another post-ER 

compartment of the endomembrane system), such as the SNARE proteins, rely on proteinacious machinery 

known as the Guided Entry of TA (GET) proteins pathway for TA protein trafficking to the ER (Reviewed 

in Denic, 2013).  

TA protein trafficking to the ER and subsequent endomembrane compartments largely relies on 

the GET3 or BAG6 complexes in yeast and mammals, respectively (Denic, 2013). In yeast, the GET 

pathway is comprised of GET1, GET2, GET3, GET4, GET5, and small glutamine-rich tetratricopeptide 

repeat-containing protein (SGT2) (Table 1). The GET pathway is initiated by the cytosolic chaperone SGT2 

which has been shown to be necessary for TA protein targeting (Chartron et al., 2011). As depicted in 

Figure 6a the soluble protein, SGT2 binds the hydrophobic TMD of the TA protein as it emerges from the 

ribosome, preventing aggregation and facilitating transfer through the GET pathway (Chartron et al., 2012). 

SGT2 then forms a bridge complex with GET4 and GET5 in the cytosol which facilitates transfer of the 

TA protein to a cytosolic ATPase, GET3 (Chang et al., 2010; Figure 6b). Once bound to the TA protein,  
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Table 1: Yeast GET proteins and their corresponding homologs in mammals, C. reinhardtii, and A. 

thaliana. 

Yeast Get 
Component1 

Mammalian Homolog1 C. reinhardtii Homolog2 A. thaliana Homolog2 

GET 1 CAML - At4G16444 

GET 2 WRB - - 

GET 3 TRC40 ARSA1 At1G01910 
At3G10350 
At5G60730 

GET 4 - - AT5G63220 

GET 5 - - AT1G79650 

SGT2 BAG6 - At4G08320 
1The mammalian and yeast GET isoforms are well characterised and are reviewed in Denic, (2012) 

2 A. thaliana Get3 and all C. reinhardii homologous proteins were identified in Formigeri et al. (2012). All 

other A. thaliana homologs were identified via BLAST searches of the A. thaliana genome using the 

respective yeast GET protein sequences. 
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Figure 6: Diagram of the current working model of TA protein trafficking via the GET pathway. A) 
Post translational recognition and binding of the C-terminus by SGT2. B) GET3/4/5 then form a complex 

with SGT2 and the TA protein is transferred to GET3 which then dissociates from the complex. C) Get3, 

then binds GET2 and GET1 is then able to insert the TA protein into the membrane (Adapted from Denic, 

2012). 
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GET3 makes a conformational change from open to closed state utilizing ATP hydrolysis. Once in a closed 

conformation, GET3 is trafficked to the ER membrane where it can interact with the integral membrane 

proteins GET1 and GET2 (Kubota et al., 2012). GET2 binds GET3 in closed conformation followed by 

GET1 binding to the TA protein hydrophobic TMD which facilitates GET3 release of the protein and 

insertion into the membrane in an ATP-dependant manner (Figure 6c). Elucidation of the protein 

components of the yeast ER TA pathway prompted research into mammalian homologs via structural 

studies of the GET3-4-5 complex assembly. The mammalian GET pathway, termed the BAG6 pathway, 

shares many similarities with the yeast pathway (Table 1), although many components of the mammalian 

pathway have only recently been characterized (Yamamoto and Sakisaka, 2012). Although a GET pathway 

has never been experimentally demonstrated in plants, homologs of the GET pathway have been identified 

in A. thaliana (Table 1) and given the conserved nature of this pathway in other organisms it seems likely 

that it functions in a similar manner in plant cells (Formigeri et al., 2012). 

1.6.3 TA protein trafficking to the peroxisome 

 TA targeting to peroxisomes occurs via a direct insertion pathway or an indirect endomembrane 

insertion mechanism (Mullen and Trelease, 2000). The direct insertion pathway in which the TA proteins 

are targeted to the peroxisome from free ribosomes in the cytosol, was recently shown to be utilized by the 

mammalian protein PEX26, which traffics to the peroxisome membrane with the assistance of PEX19 and 

PEX3 (Yagita et al., 2013). PEX15, the yeast homolog of PEX26, follows an indirect pathway and first 

inserts into the ER utilizing the GET pathway, and reaches the peroxisome through vesicle transport via the 

endomembrane system (Borgese and Fasana, 2011). While relatively few studies have characterised 

peroxisomal TA protein targeting in plant cells it is expected that mechanisms similar to those in yeast and 

mammals exist (Aung and Hu, 2011; Pedrazzinni, 2009). 
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1.6.4 TA protein trafficking pathways to the OMM 

As mentioned in section 1.6.2, mitochondrial TA protein trafficking in mammals appears to be a 

charge dependant system in which positively charged C termini are trafficked to the mitochondria and if 

this charge is reversed to a negative charge, the protein mis-localizes to the ER (reviewed in Borgese and 

Fasana, 2011). In plants, a great deal of work has sought to characterize the targeting motifs of 

mitochondrial TA proteins, which do not appear to be as straight forward as the charge dependant signals 

in mammals, as many ER TA proteins also possess a positive charge in their CTS (Hwang et al., 2004). 

Studies involving tung tree Cb5 (i.e., Aleurites fordii Hemsl Cb5D), showed that mitochondria-targeted TA 

proteins possess amphipathic C termini with a dibasic -R-R/K/H-X{X≠E} motif (Hwang et al., 2004). The 

dibasic targeting motif appears to be part of a unique sequence-specific targeting signal motif which plants 

have evolved to ensure proper TA protein trafficking, given the added cytoplasmic complexity which comes 

with an additional organelle (Pedrazzini, 2009; Abell and Mullen, 2011). However, it is unclear if the 

dibasic motif used by Cb5-6 is used by any other mitochondrial TA proteins or if there are other context 

dependant properties in the C terminus of mitochondrial TA proteins which allow the proper function of 

the dibasic motif.  

After being targeted to the mitochondria, TA protein insertion into the OMM is a complex process 

requiring both lipid and protein components (Kemper et al., 2008). For instance, most of our understanding 

of mitochondrial TA protein insertion comes from studies with yeast and mammalian proteins which 

demonstrate an ability to integrate into protein-free synthetic membranes (Krumpe et al., 2012). 

Interestingly, in vivo evidence suggests that although spontaneous insertion is possible, protein components 

assist in TA protein trafficking to the mitochondria, which regulate and improve the speed of translocation 

and integration into the OMM (Kemper et al., 2008; Krumpe et al., 2012). Another essential component of 

TA protein trafficking to the OMM, is the lipid composition of the membrane; specifically, the OMM has 

a low ergosterol level (Merklinger et al., 2012). Additional studies have suggested that in yeast and 

mammals, insertion of TA proteins into the mitochondria is the default pathway for TA proteins in the 
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absence of the GET pathway (Schuldiner et al., 2008). The same is not true in plants, as studies involving 

A. thaliana Cb5 isoforms indicate competition between mitochondria and plastid targeting signals, 

reinforcing the premise that the plastid adds an additional level of protein trafficking complexity in plant 

cells (Maggio et al., 2007).  

1.6.5 TA protein trafficking pathways to the plastid 

While the sorting signals for mitochondrial and ER localized TA proteins have been well 

characterized, less is known about plastid-localized TA protein targeting. As a result of the Ncytosol-CIMS 

topology outlined in the current definition of TA proteins, to date no internal plastid proteins have been 

studied with regards to their TA protein targeting properties. The small number of TA proteins identified 

at the plastid OM, of which the targeting signals have been poorly characterised, has prevented the 

identification of targeting signals which facilitate targeting of TA proteins to the plastid. Only four putative 

or known plastid OM TA proteins have been studied with regards to their TA protein characteristics, 

including, OEP61, OEP9, and TOC33/34 and the targeting information elucidated from these studies is 

detailed below.  

Initially, studies involving OEP61 utilizing epifluorescent microscopy, as well as in vitro import 

assays indicated that it was a novel plastid-localized TA protein (von Loeffelholz et al., 2011). However 

recent publications have presented conflicting results strongly indicating ER localization and overall, a 

growing amount of experimental evidence suggests that OEP61 is an ER-localized protein which is believed 

to be involved in chaperone docking at the SEC translocon (Schweiger et al., 2012; Schweiger and 

Schwenkert, 2013). However, given the plasticity of protein trafficking it is plausible that the protein 

localizes to the plastid or is dual localized under specific conditions (Xu et al., 2008). A similar 

circumstance of conflicting localization data has arisen for TGD4 as well. It is now believed that TGD4 

resides at ER-plastid membrane contact sites and is involved in ER-to-plastid lipid transport and could thus 

reside at both membranes (Wang et al., 2012). 
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 Recently, a study investigating the plastid OM TA protein OEP9 elucidated several C-terminal 

characteristics which are necessary for TA protein trafficking to the plastid (Dhanoa et al., 2010). It was 

determined that the motif responsible for targeting this plastid OM TA protein to the OM is contained 

within the C terminus and that the C-terminal charge is likely to play an important role for targeting TA 

proteins to the chloroplast OM in general (Dhanoa et al., 2010). Indeed, constructs which were devoid of 

positive and negative residues in their CTS mislocalized to structures other than plastids. Furthermore, it 

was also determined that both unique lipid and protein components were necessary for the proper transport 

of OEP9, a feature shared also with mitochondrial TA proteins (Dhanoa et al., 2010; Kemper et al., 2008). 

The specific lipids that are exclusive to the plastid are MonoGalactosylDiacylGlycerides (MGDG) and 

DiGalactosylDiacylGlycerides (DGDG), which are known to form hexagonal phases that may facilitate 

spontaneous membrane insertion of TA proteins (von Wettstein, 2001; Bruce, 1998).   

Data obtained using TOC33/34 suggests a highly complex targeting mechanism, possessing 

targeting signals which appear to be more complex than those found in OEP9 (reviewed in Hoffman and 

Theg, 2005). For example, the C-terminus of TOC34 has been shown to be necessary but not sufficient for 

protein trafficking to the plastid implying further N-terminal targeting signals may exist (Dhanoa et al., 

2010). Furthermore, Dhanoa et al, (2010) demonstrated that the targeting signals of OEP9 and TOC33 are 

not interchangeable and as TOC33 and TOC34 are themselves components of the TOC complex they may 

possess unique targeting signals, such as those seen with several TA members of the mitochondria TOM 

complex (Marty et al., 2014).  The study by Dhanoa et al., (2010) also revealed that AnKyrin Repeat-

containing protein 2A  (AKR2A) , a well characterised protein that is known to be an essential chaperone 

for the trafficking of several known plastid outer envelope proteins (Bae et al., 2008; Kim et al., 2011), 

interacts in vivo with OEP9, TOC33 and TOC34. This confirms previous in vitro data describing an 

interaction between TOC33 and AKR2A (Bae et al., 2008), and implies that AKR2A may be a component 

of the machinery which facilitates the trafficking of TA plastid OEPs. 

In addition to these characterised OEP TA proteins, several other known TA proteins, for example, 
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FIS1A as mentioned above, localize to both the plastid and mitochondria (Ruberti et al., 2014). Similar 

patterns of dual localization for TA proteins have been identified for the mitochondria and ER (e.g. BCL2) 

(Chen and Dickman, 2004) and several other organelles. The mechanisms which result in dual localization 

are not yet understood however as more targeting motifs are identified for various organelles the factors 

which contribute to dual localization will likely be elucidated. 

1.6.6 A possible GET system at the plastid in A. thaliana 

A recent study utilizing the unicellular green algae Chlamydomonas reinhardtii, an ancestral 

vascular plant relative, suggests the presence of a unique GET pathway in higher plants which requires 

further investigation (Formigheri et al., 2012). Homologs of the yeast GET3 protein have been identified 

and characterized in C. reinhardtii that are involved in TA protein targeting to the plastid rather than the 

ER (Formigheri et al., 2012).  The GET3 homolog, ARSA1, was initially identified through the pale 

phenotype of an A. thaliana deletion mutant (as1) (Bonente et al., 2011) that exhibited a dramatic reduction 

in both photosystem I and II activity, marked by a major decrease in the accumulation of chloroplast 

proteins (LHCs, PSI and II components) (Bonente et al., 2011). As ARSA1 is a cytosolic protein, it is 

postulated that it functions similarly to systems found in yeast and mammals but at the plastid outer 

envelope. It is postulated by the authors, that the stark contrast in wild type vs. mutant plastid protein 

accumulation is a result of poor TOC34 insertion as ARSA1 is absent and cannot facilitate insertion 

(Formigheri et al., 2012) which is complimented by the fact that the insertion of TOC34 and OEP9, two 

plastid localized TA proteins, is stimulated by the essential cytosolic chaperone AKR2A (Qbadou et al., 

2003). Three homologs of GET3 in A. thaliana have been identified, however it still remains to be 

determined if these homologs function as a TA protein transport system or if they play an enzymatic role 

such as the homologs found in prokaryotes (reviewed in Rabu et al., 2009). Furthermore, BLAST searches 

have revealed a suite of homologs for various members of the yeast GET family (Table 1). These results 

imply that a system similar to the GET pathway in yeast may function in A. thaliana to coordinate proper 

targeting and membrane insertion of TA proteins not only to the ER, but also possibly the plastid, by the 
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use of multiple diverse GET-like systems. Further investigation is needed to characterize any potential plant 

GET TA protein trafficking pathways; however, these data provide the first evidence of its existence in 

plant cells. 

1.6.7 Bioinformatic searches identify putative TA A. thaliana proteins 

As mentioned above, the major factor that has prevented the characterisation of TA targeting 

signals in plants is that so few bona fide A. thaliana TA proteins have been identified.  To date, three 

bioinformatics searches have been performed using the A. thaliana genome to identify TA proteins based 

on hallmark TA protein characteristics (Appendix I; Kreichbaumer et al., 2009, Pedrazzini, 2009; Dhanoa 

et al., 2010). Kreichbaumer et al. (2009) searched for candidate A. thaliana TA proteins with a single 

predicted TMD within the C-terminal 50 amino acids as identified by the TMD prediction program 

TMHMM (Krogh et al., 2001; http://www.cbs.dtu.dk/services/TMHMM/), and proteins which were 

predicted to have any N-terminal targeting signals by TargetP v1.1 (Emanuelsson et al., 2000) were 

removed, for a total of 454 candidate TA proteins (138 of which they propose are plastid localized).  The 

screen performed by Pedrazinni; (2009) searched for A. thaliana TA proteins with a single TMD in the C-

terminal 60 amino acids using the ARAMEMMNOM database to predict the TMD and any proteins which 

contained an N-terminal targeting signals were also removed. ARAMEMMNOM was evidently more 

stringent as only 164 proteins were identified possibly due to the fact that it is a consensus TMD predictor 

(Schwacke et al., 2003). The search performed by Dhanoa et al. (2010) identified 503 putative TA proteins, 

the most of all three searches,  largely because it utilized a novel search program Tail-Anchored Membrane 

Protein (TAMP) and did not exclude proteins with N-terminal targeting sequences and thus includes 

proteins which reside internal to many organelles that  may target in a TA manner. To identify TA proteins 

in A. thaliana a master list was compiled from all three separate bioinformatics screens for TA proteins 

performed on the A. thaliana genome (Kreichbaumer et al., 2009; Pedrazzini, 2009; and Dhanoa et al., 

2010) which, after splice isoforms were removed, resulted in 757 unique candidate TA proteins in A. 
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thaliana (Table S1). With the identification of 757 putative TA proteins in A. thaliana, it is now possible 

to investigate the existence of any TA protein targeting sequence motifs.  

1.7 Objectives  

I hypothesise that distinct sequence-specific targeting motifs exist for both mitochondria and 

plastid-localized TA proteins that allow for their proper subcellular trafficking in plant cells. To identify 

and subsequently characterize these targeting signals the objectives of this thesis are as follows: i) to 

generate a comprehensive dataset of all known and putative TA proteins in A. thaliana; ii) to elucidate and 

expand the functional definition and context dependent properties of a C-terminal dibasic targeting signal 

motif previously identified in the TA mitochondrial isoform of Cb5-6; iii) to utilize the newly expanded 

mitochondrial dibasic targeting motif to search for other novel candidate TA OMM proteins; iv) to identify 

and characterize a distinct targeting sequence motif for plastid TA OEPs; and v) to use the newly identified  

TA OEP targeting sequence motif to identify other novel candidate OEPs. In doing so the goal of this 

research is to identify distinct targeting sequences in A. thaliana TA proteins and further the knowledge of 

TA protein biogenesis in plant cells. 
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Chapter 2: Materials and methods 

2.1 Bioinformatic analyses of proteomic data and amino acid sequence characteristics 

A list of all putative TA proteins predicted from the A. thaliana proteome was compiled by merging 

three bioinformatics searches for TA proteins in the A. thaliana proteome (Kriechbaumer et al., 2009; 

Pedrazzini, 2009; Dhanoa et al., 2010) which were cross referenced with three distinct plastid proteomics 

databases (the Plant Proteomic DataBase (PPDB) (Sun et al., 2009), the subcellular localization database 

for Arabidopsis proteins 3 (SUBA3) (Tanz et al., 2013) and At_Chloro (Bruley et al, 2012;Table S1) for 

plastid protein identification or Duncan et al. (2011) for the identification of TA OMM protein. A number 

of programs were used for the analysis of proteomic characteristics including: i) for TMD prediction, the 

ARAMEMNON database (http://aramemnon.botanik.uni-koeln.de/) (Schwacke et al., 2003), as well as 

Topcons (http://topcons.cbr.su.se/) (Bernsel et al, 2009), and TMPred (http://www.ch.embnet.org/software/ 

TMPRED_form.html) (Hofmann and Stoffel, 1993); ii) for the prediction of N-terminal targeting signals 

which traffic cytosolic proteins to their organelles destination, TargetP 

(http://www.cbs.dtu.dk/services/TargetP/) (Emanuellson et al., 2000), was used, while LumenP 

(Westerlund et al., 2003) and PredSL (http://aias.biol.uoa.gr/PredSL/) (Petsalaki et al., 2006) were used for 

thylakoid signal sequence motif prediction; iii) For analysis of amino acid composition, hydrophobicity, 

GRAVY scores from ExPASY ProtParam were used (http://web.expasy.org/protparam/) (Gasteiger et al., 

2005). To identify (co-)expression patterns of proteins in A. thaliana the eFP browser 

(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (Winter et al., 2009) and the expression angler 

(http://bar.utoronto.ca/ntools/cgi-bin/ntools_expression_angler.cgi) (Toufighi et al., 2005) were used at the 

BioAnalytical Resource for Plant Biology (BAR). Further details of all bioinformatic searches and 

programs used are available in section 1.6.7 and 3.1. 
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2.2 General cloning techniques 

2.2.1 Polymerase Chain Reaction (PCR) for DNA amplification 

Selected DNA sequences were PCR amplified utilizing the following reaction: 50 ng of template 

plasmid DNA, 400 ng of forward or reverse synthetic oligonucleotide primers purchased from Sigma-

Aldrich Ltd. (refer to Appendix II for the complete list of primers described in this thesis), 5 μL of 10X 

PCR Buffer II (Roche Applied Sciences Inc.), 3 μL of 25 mM of MgCl2 (Roche Applied Sciences Inc.), 4 

μL of 10 mM deoxynucleotide triphosphates (dNTPs) (Perkin Elmer Life Sciences Inc.), 0.3 μL of 

AmpliTaq DNA polymerase (5 units/μL) (Roche Applied Sciences Inc.), and ddH2O (double deionized 

water purified with a Super-Q water system [Millipore, Billerica, MA, USA]) to a final volume of 50 μL.  

All PCR reactions were performed on the GeneAmp® PCR System 2720 Thermal Cycler (Applied 

Biosystems, Inc.) under the following conditions: 95°C for 5 min, followed by 30 cycles of 95°C for 1 min, 

52-55°C for 1 min, 72°C for 2 min, followed by 72°C for 10 minutes. PCR products were purified using 

the PurelinkTM PCR Purification Kit (Invitrogen Co.) according to the manufacturer’s instructions. 

2.2.2 Reverse transcriptase - PCR (RT-PCR) for DNA amplification from Arabidopsis suspension cell 

cDNA 

Selected DNA sequences were PCR amplified from cDNA utilizing the following reaction: 100 ng 

cDNA template (obtained from Dr. S. Gidda, purified from A.thaliana leaf tissue), 150 ng forward and 

reverse synthetic oligonucleotide primers (refer to Appendix II for the complete list of primers described in 

this thesis), 5 µl of 10X PCR Buffer (Roche Applied Bioscience), 1.5 µl of 10 mM dNTPs (Perkin Elmer 

Life Sciences Inc.), 0.5 μL of Thermophillus aquaticus (Taq) DNA polymerase (Genescript)  (5 units/μL), 

and ddH2O (double deionized water purified with a Super-Q water system [Millipore, Billerica, MA, USA]) 

to a final volume of 50 μL. All PCR reactions were performed on the GeneAmp® PCR System 2720 

Thermal Cycler (Applied Biosystems, Inc.) using the same reaction conditions and purification steps 

described above in section 2.2.1. 
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2.2.3 PCR for QuikChange® (QC) Site-Directed mutagenesis 

QC site-directed mutagenesis was performed using the following PCR conditions: 50 ng template 

plasmid DNA, 100 ng forward and reverse synthetic oligonucleotide primers (Sigma-Aldrich Inc.), 5 uL of 

10X Pfu buffer (Stratagene), 1.5 μL of 10 mM dNTPs (Perkin Elmer Life Sciences Inc.), 1 μL Pyrococcus 

furiosus (Pfu) Turbo DNA polymerase (2.5 units/μL) (Stratagene), and ddH2O to a total volume of 50 μL. 

The following PCR conditions used were: 95°C for 30 sec, followed by 30 cycles of 95°C for 30 sec, 55°C 

for 1 min and 68°C for 1 min per 2 kb of template plasmid DNA length, concluded by an extension period 

at 68°C for 10 minutes. Following the PCR reaction, samples were incubated with 1.5 uL of DpnI (10 

units/μL) (New England Biolabs Ltd.) at 37°C for 4 hours. The DpnI-digested PCR product was then used 

to transform chemically-competent DH5α Escherichia coli and resulting colonies were selected to verify 

mutagenesis via automated sequencing of isolated plasmids. 

2.2.4 Overlap Extension PCR for the generation of DNA for recombinant cloning 

To generate overlap extension PCR products 200 ug of 4 overlapping primers were incubated with; 

5 μL 10X Pfu Turbo buffer, 1.5 μL of 10 mM dNTPs, 1 μL of Pfu Turbo and ddH2O to 50 μL. The following 

PCR conditions used were: 95°C for 30 sec, followed by 30 cycles of 95°C for 30 sec, 55°C for 1 min and 

68°C for 1 min, concluded by an extension period at 68°C for 10 min. Following gel extraction a solution 

of 20 μl of the PCR product, 200 μg of the 5’ forward and reverse primers, 2 μl 10 mM dNTPs, 5 μL 10X 

Pfu Turbo buffer, 1 μL of Pfu Turbo and ddH2O to 50 μL underwent another round of PCR utilizing same 

conditions as above. The product was then purified by PCR cleanup utilizing the PureLink® PCR 

purification kit (and manufacturer’s instructions, digested by the appropriate restriction enzymes, and gel 

extracted using the PurelinkTM Gel Extraction kit (Invitrogen co.) for use in further cloning. 

2.2.5 Annealing synthetic nucleotides for recombinant cloning 

To anneal synthetic oligonucleotides for subsequent cloning a mixture of 25μg of the corresponding 

complementarity forward and reverse primers, 10 μL annealing buffer and H2O to 100 μL was cooled by 

http://en.wikipedia.org/wiki/Pyrococcus_furiosus
http://en.wikipedia.org/wiki/Pyrococcus_furiosus
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1°C every min starting at 94°C and ending at 65°C, at which time the reaction was held at 4°C using the 

Perkin-Elmer Gene Amp PCR system 2400 thermocycler (Perkin-Elmer Biosystem). Prior to ligation, the 

5’ termini of the annealed oligonucleotides were phosphorylated by T4 PolyNucleotide Kinase (PNK) (New 

England Biolabs Ltd., Mississauga, ON, Canada) following the manufacturer’s instructions. The PNK was 

then inactivated by chelation with the addition of; 5 μL of 0.5 M EDTA (pH 8.0), and 100 μL of Tris- 

buffered phenol (pH 7.9) followed by extraction with 100 μL chloroform. After a brief vortexing the 

solution was centrifuged at 15000xg at room temperature for 1 min. The top aqueous phase which contains 

the annealed oligonucleotides, was transferred to a new tube and precipitated by the addition of 10 μL of 3 

M sodium acetate (pH 7.0) and 250 μL of 100% (v/v) ethanol, and incubated overnight at –20°C. The next 

day the samples were centrifuged at 15000xg for 10 min at room temperature. The supernatant was 

discarded and the pelleted DNA was washed in 200 μL of chilled (–20°C) 70% (v/v) ethanol and centrifuged 

for at 15000xg at room temperature. The supernatant was discarded and the DNA pellet was allowed to air 

dry in a laminar flow hood. The final DNA pellet was then resuspended in 30 μL of ddH2O for subsequent 

cloning.  

2.2.6 Restriction enzyme digestion of DNA for recombinant cloning 

DNA fragments were digested and purified using conventional techniques (Sambrook et al., 1989). 

10 μg of template plasmid DNA, or 43.5 μL of PCR purified DNA was incubated with 1.5 μL of the 

appropriate restriction enzyme (New England Biolabs Ltd.), 5 μL of the appropriate 10X buffer (New 

England Biolabs Ltd.), and ddH2O up to 50 μL. Digestion reactions were incubated at 37°C for up to 4 

hours. 2 μL of Calf Intestinal Phosphatase (CIP) (New England Biolabs Ltd.) was then added to the reaction 

mixture to prevent re-annealing of the vector DNA. Following digestion, samples were separated via 

electrophoresis in a 1% (w/v) agarose gel electrophoresis at 90V for 20-30 min DNA fragments were 

visualised using Ethidium Bromide (EtBr) staining and an UltraViolet (UV) light box and were excised 

from the gel with a razor blade. Excised fragments were purified utilizing the PurelinkTM Gel Extraction 

Kit (Invitrogen co.).  
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2.2.7 Ligation of vector and insert DNA fragments 

Vector and insert ligation reactions included the following: 100 ng digested vector DNA, the 

appropriate amount of digested insert DNA to give a 0:1 (No insert control), a 3:1 and a 10:1 insert: vector 

molar ratio, 4 μL of 5X rapid ligation buffer (Thermo Fisher Scientific, Inc.), 0.5 μL T4 DNA ligase 

(Thermo Fisher Scientific, Inc.) and ddH2O up to 20 μL. Ligation reactions were incubated at room 

temperature for up to 1 hr. Alternative ligation reactions contained; 100 ng digested vector DNA, the 

appropriate amount of digested vector and insert DNA to give a 0:1 (No insert control), a 3:1 and a 10:1 

insert: vector molar ratio, 1 μL 10X ligation Buffer (New England Biolabs Ltd.), 1 μL T4 DNA ligase (New 

England Biolabs Ltd.) and ddH2O up to 50 μL. These ligations were incubated at 14-16°C in a Polyscience 

Model 1140-A incubator overnight (VWR Scientific). The following day 5 μL of each ligation reaction was 

used to transform chemically-competent E. coli DH5α. Plasmid DNA was isolated from 4-8 resulting 

colonies and insertion/orientation was confirmed via restriction enzyme digest and automated sequencing 

(AAC, University of Guelph). 

2.3. Plasmid construction 

Standard molecular biology techniques used in plasmid constructs were based on those described 

in Sambrook et al. (1989). All plasmids were transformed into DH5α chemically-competent E. coli cells 

and amplified by the inoculation of 50 ml Luria-Bertani (LB) cultures containing the appropriate antibiotic 

and incubation at 37°C, 220 rotations per minute (RPM) for 18 hrs. Cultures were centrifuged at 10,000xg 

and plasmids were isolated utilizing the Pure Link® HiPure Midiprep kit (Life technologies Co.) using the 

manufacturer’s instructions. Refer to Appendix II for a complete list of oligonucleotides used in plasmid 

constructions described below.   

2.3.1 Vectors used for Mitochondrial TA protein trafficking experiments 

Full details of construction of plasmids encoding the TA proteins discussed in this thesis can be 

found in Marty et al. (2014). Briefly, cDNAs encoding the appropriate open reading frames (ORFs) for 
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each of the candidate OMM-TA proteins examined in this study were obtained from the A. thaliana 

Biological Resource Center (ABRC) (Ohio State University) or RIKEN Bioresource Center. PCR 

amplification using the appropriate forward and reverse primers, generated ORF fragments which were 

sub-cloned into one or more of the following vectors: pRLT2/myc-MCS or pRTL2/HA-MCS, plant 

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

encoding an initiation methionine, glycine linker and myc or hemagglutinin (HA) epitope tag (Fritze and 

Anderson, 2000), then a multiple cloning site (MCS) (Shockey et al., 2006); pRTL2/GFP-MCS, which 

contain the 35S CaMV pro- moter and an MCS immediately 5’ of the GFP ORF (Shockey et al., 2006); or 

pSPUTK-BglII, which contains the SP6 promoter, the high-efficiency β-globin 5’untranslated region, a 

Kozak’s initiation site for efficient translation in rabbit reticulocyte lysate, and an MCS. All subsequent 

mutant constructs were generated by QC mutagenesis of the CTS using primers described in Marty et al., 

(2014). pRTL2/myc- TOM40 encodes the 40kDa channel-forming subunit of the A. thaliana TOM complex 

fused to an N-terminal myc epitope tag (Hwang et al., 2008).  pRTL2|BCAT3-mCherry encodes the A. 

thaliana plastid localized branched-chain aminotransferase 3 (BCAT3) fused to the monomeric Cherry 

fluorescent protein (Niehaus et al., 2014), and pRTL2/mCherry-PTS1 encodes the monomeric Cherry 

protein appended to the C-terminal type II peroxisomal matrix targeting signal from pumpkin 

hydroxypyruvate reductase (Ching et al., 2012). 

2.3.2 Vectors used for plastid protein trafficking experiments 

cDNAs encoding the OEP6, TGD4, and OEP61, ORFs were obtained from the ABRC (U83351, 

U12221, and U83351, respectively) and PCR fragments for each ORF were generated utilizing the 

appropriate forward and reverse primers (i.e. HT69/HT70, HT65/HT66, and HT67/HT68 respectively; 

Appendix II).  The resulting PCR fragments were sub-cloned into the appropriate cloning sites in 

pRTL2|myc-MCS. Details on the cloning of OEP9 are described in Dhanoa et al., 2010.  

The OEP6 fragment obtained from PCR utilizing primers HT71 and HT72 was subcloned into 

pUC18|GFP-MCS to generate pUC18|GFP-OEP6. To generate pRTL2|OEP6-myc, primers HT75 and 
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HT76 were used to amplify OEP6 giving NheI overhangs and the resulting product was digested with NheI 

and then ligated into NheI digested pRTL2|X-myc (pRTL2 for expression of a myc-tag C-terminal to the 

MCS in the translated protein). The details of the construction of pRTL2|TIC40-RFP are provided in 

Dhanoa et al., (2010). TP-HA-tAPX was cloned by the introduction of a myc tag, C-terminal to the 

predicted TP cleavage site. Briefly, primers HT13 and HT14 were used to amply a tAPX fragment with 

BamHI and SalI overhangs and the resulting product was digested with BamHI and SalI and ligated into 

pRTL2|BS (generated from QC mutagenesis of pRTL2 using primers HT1 and HT2 which introduced 

BamHI and SalI restriction enzyme sites into the MCS of pRTL2) generating pRTL2|tAPX. pRTL2|tAPX 

was then mutagenized via QC mutagenesis using primer HT33 and HT34, introducing a BamHI site, a 

methionine, and a SalI site 4 amino acids downstream of the predicted TP cleavage site which allowed for 

introduction of the HA tag, resulting in pRTL2|TP-BMA-tAPX. HA tag annealed oligonucleotides were 

generated utilizing primers HT49 and HT50 possessing AvrII overhangs, were digested with AvrII and 

ligated into pRTL2|TP-BMA-tAPX to generate pRTL2|TP-HA-tAPX. TP-myc-APG1 was created in a 

similar method to that of pRTL2|TP-HA-tAPX. Initially, the APG1 ORF was obtained in the pPR3N yeast-

two-hybrid vector (Dutta et al., 2014) from Dr. Matthew Smith and was amplified with primers HT27 and 

HT 28 introducing BamHI and SalI sites and then after digestion with the respective restriction enzymes, 

the resulting product was sub-cloned into pRTL2|BS generating pRTL2|APG1. pRTL2|APG1 was then 

mutagenized via quikchange utilizing primers HT23 and HT24 introducing the ten amino acid long myc 

tag sequence (-EQKLISEEDL) four amino acids downstream of the predicted TP cleavage site, generating 

pRTL2|TP-myc-APG1. pRTL2|GFP-OEP6+C47 was generated through quikchange mutagenesis utilizing 

primers HT98 and HT99 to remove the N-terminal 10 amino acids in pUC18|GFP-OEP6. pRTL2|myc-

OEP6TMD-NheI-stop or pRTL2|myc-OEP6-C27 was generated through the introduction, by quikchange 

mutagenesis using primers HT73 and HT74, of an NheI site (utilised for future cloning) followed by a stop 

codon by QC mutagenesis, C-terminal to the predicted TMD end in pRTL2|myc-OEP6. pRTL2| OEP6-

TMD+3L was generated by QC mutagenesis introducing 3 leucine residues at the center of the predicted 
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OEP6 TMD using primers HT102 and HT103. pRTL2|OEP6NTCREV was generated utilizing overlap 

extension PCR and primers HT88, HT89, HT90, and HT91.  

 For OEP6 and OEP9 swapping mutants, two constructs, pRTL2|myc-OEP6-TMDNheI and 

pRTL2|myc-OEP9-TMDNheI (generated via QC mutagenesis of pRTL2|myc-OEP6 or 9 using HT73/74 

and HT77/78), were used as templates that possessed an NheI site C-terminal to the predicted TMD. To 

generate OEP9ΔOEP6CTS the OEP6 CTS fragment with NheI cloning ends was generated via PCR 

utilizing primers HT79 and HT80 and was then subcloned into pRTL2|myc-OEP9-TMDNheI. To generate 

OEP6ΔOEP9CTS the OEP9 CTS fragment with NheI cloning ends was generated with PCR, and was then 

subcloned into pRTL2|myc-OEP9-TMDNheI. To generate OEP6ΔToc33CTS and OEP9ΔToc33CTS the 

Toc33 CTS was generated by annealed oligonucleotides utilizing primers HT104 and HT105 and was 

digested with NheI and then ligated into pRTL2|myc-OEP6-TMDNheI and pRTL2|myc-OEP9-TMDNheI 

respectively. To generate OEP6ΔToc34CTS and OEP9ΔToc34CTS the Toc34 CTS was generated by NheI 

cleavage of pRTL2|myc-Toc34TMD-NheI (generated by the introduction of a NheI site C-terminal of the 

Toc34 TMD, by QC mutagenesis using primers HT84 and HT85) and was then subcloned into pRTL2|myc-

OEP6-TMDNheI and pRTL2|myc-OEP9-TMDNheI, respectively. pRTL2|myc-OEP6ΔOEP61CTS was 

generated by QC mutagenesis introduction of the OEP61CTS followed by a stop codon in pRTL2|myc-

OEP6 using primers HT81 and HT82.  The cloning details of pRTL2|myc-Cb5D are provided in Hwang et 

al. (2004). Cb5DΔOEP6CTS and Cb5DΔOEP9CTS were generated by the ligation of NheI digested OEP6 

and OEP9 CTS PCR fragments at the C terminus of pRTL2|myc-Cb5 and the subsequent removal of the 

Cb5D CTS by QC mutagenesis using primers HT92/93 and HT94/95, respectively. pRTL2|myc-

OEP6½CTS-N was generated by the introduction of a stop codon at residue 55 of OEP6 by QC mutagenesis 

using primers HT106 and HT107. The cloning details of pRTL2|myc-OEP9½CTS-N was obtained from P. 

are detailed in Dhanoa et al., (2010). pRTL2|myc-OEP6½CTS-C was generated by deletion of residues 42-

56 in OEP6 by QC mutagenesis using primers HT128 and HT129. pRTL2|myc-OEP9½CTS-C was 

generated by deletion of residues 55-68 in OEP9 by QC mutagenesis using primers HT108 and HT109. 



 

35 
 

 At1G28540.1, At4G24110.1, and At5G01980.1 ORF were generated by PCR of Arabidopsis 

suspension cell cDNA (obtained from Dr. S. Gidda) using primers HT112/HT113, HT120/HT121, 

HT122/HT123 respectively, and the products were then subcloned into pRTL2|myc-MCS. pRTL2|myc-

At1G19400 and pRTL2|myc-At1G01500 as well as pRTL2|GFP-At1G19400NTC were obtained from Dr. 

N. Marty. pRTL2|myc-At1G19400ΔCTS was generated  through the introduction of a stop codon at residue  

89 using primers HT51 and HT52. pRTL2|myc-At1G19400 TMD+3L was obtained from Dr. N. Marty. To 

generate pRTL2|myc-19400ΔOEP9 and pRTL2|myc-19400ΔOEP6 an NheI site was inserted at residue 89 

of pRTL2|myc-At1G19400 by QC mutagenesis and the respective CTS was subcloned into this site. 

pRTL2|myc-OEP6Δ19400CTS was generated by the subcloning of At1G19400 CTS annealed 

oligonucleotides (HT113 and HT114) into the NheI site of pRTL2|myc-OEP6-TMDNheI. Lastly 

pRTL2|myc-Tom20-3Δ19400CTS was obtained through the introduction of At1G19400 annealed 

oligonucleotides into pRTL2|myc-Tom20-3ΔCTS). 

2.4 Preparation of chemically-competent DH5α E. coli cells 

A 50 mL solution of LB media supplemented with 10 mM MgSO4 was inoculated with a single 

colony of DH5α and incubated at 37°C and 220 RPM in an Innova 40 shaking incubator (New Brunswick 

Scientific) for 18-20 hrs. One mL of the culture was sub-cultured into 100 mL of LB supplemented with 10 

mM MgSO4 and incubated at 37°C until an Optical Density (OD) of ~0.5 was obtained. The culture was 

then incubated on ice for 10 min and centrifuged at 5000xg for 5 min, the supernatant was then decanted 

and the pellet was resuspended gently in 17 mL of RF1 solution (See Appendix III) via pipetting or swirling. 

The culture was the incubated on ice for 1 hour and then centrifuged at 5000xg for 15 min. The resulting 

pellet was gently resuspended in 4 mL of RF2 solution by pipetting (See appendix III) incubated on ice for 

15 min and divided into 100 μL aliquots which were frozen in liquid nitrogen and stored at -80°C. 
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2.5 Tobacco BY2 suspension cells and biolistic bombardment  

Tobacco (Nicotiana tabacum) BY2 cell culture was grown at 25°C in dark on an orbital shaker 

(150 RPM) in 50 mL of Murashige-Skoog (MS) growth medium (Appendix III) as described by Banjoko 

and Trelease (1995). Transient transformation of BY2 cells was carried out as follows. Four day old cells 

were centrifuged in a Centrific Model 225 Benchtop Centrifuge (Fisher Scientific) at setting 3 for 5 minutes. 

The supernatant was removed and the pellet was resuspended in and equal volume of BY2 transformation 

buffer (Banjoko and Trelease, 1995; Lee et al., 1997). Four mL of the cell solution were then spread using 

a volumetric pipette onto three pieces of No. 4 Whatman filter paper (Fisher Scientific) presoaked in 3 mL 

of BY2 transformation buffer on the lid of a 100 x 15 mm Petri plate (Fisher Scientific). The cells were 

then incubated at 25°C in the dark for no less than 20 minutes. Tungsten or gold microcarriers were prepared 

as follows. A mixture of 200 ng to 5 μg of plasmid DNA, 20 μl Spermadine and 50 μL CaCl2 were vortexed 

vigorously for 3 minutes, incubated on ice for 1 minute, and centrifuged at 3000 RPM (~500xg) in a bench 

top centrifuge for 15 seconds. The resulting pellet was rinsed with 150 μL anhydrous 2-propanol, sonicated 

for 15 second in a bath sonicator and centrifuged as above. Lastly the pellet was resuspended in 30 μL 2-

propanol and used for single or double transformations using the procedures described in the PDS1000 

Biolistic Particle Delivery System instruction manual (Bio-Rad Laboratories). Following bombardment, 

cells were incubated at 25°C in the dark for 4-24 hours to allow for gene expression and intracellular protein 

sorting.   

2.6 Staining and microscopy of BY2 suspension cells  

Following incubation, biolistically-bombarded BY2 cells were resuspended in 10 ml of BY2 

fixative (Appendix III) and set rocking at room temperature for 45 min on a Speci-mix rocker (Thermolyne) 

(Banjoko and Trelease, 1995). Following incubation the cells were centrifuged in a clinical centrifuge 

Model CL (International Equipment Co.) using setting 5 for 45 sec. The pellet was then washed four times 

by resuspension in 10 ml of 1X Phosphate Buffered Saline (PBS) (Appendix III), followed by rocking at 

room temperature for 1 min, and centrifugation as above. Following the final wash, the cells were 
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resuspended in 10 mL 1X PBS containing 0.01% (w/v) pectolyase Y-23 (Kyowa Hakko U.S.A., Inc.) and 

incubated at 30°C for 2 hrs. Following incubation, the cells were washed 4 times as previously described 

and resuspended to a final volume of 7 mL of 1X PBS. One mL of the cell solution was then incubated with 

33 μl 1X PBS containing 10% (v/v) triton X-100 (Sigma-Aldrich Ltd.) and allowed to rock at room 

temperature for 30 minutes. The cells were then washed five times as previously described and were 

processed for immunofluorescence microscopy as described by Trelease et al. (1996). Briefly, the 

appropriate primary antibody(s) were added to the cells and incubated (with rocking) at room temperature 

for one hour. The cells were then washed four times and the complementary fluorescent dye-conjugated 

secondary antibodies were added and incubated (with rocking) in the dark at room temperature for one 

hour. The cells were washed four times and resuspended to a final volume of 1 mL. Sources and working 

dilutions of antibodies used for immunofluorescence staining of cells were as follows: mouse α-myc tag 

antibodies (1:10) (generated to a specific epitope of the c-myc protein which possesses the amino acid 

sequence -MEQSKSEEDL), rabbit α-HA tag (The HA tag is a portion of the human influenza 

hemagglutinin glycoprotein  corresponding to amino acid sequence –YPYDVPDYA) antibodies (1:1000) 

and goat α-mouse Alexa Fluorr 488 IgGs (1:1000) (Cedar Lane Laboratories); goat α-mouse and goat α-

rabbit rhodamine red-X IgGs (1:500) (Jackson ImmunoResearch Laboratories); rabbit anti-Arabidopsis N-

Acetyl Glutamate Kinase (NAGK) (1:500) (Sigma-Aldrich Ltd). In addition, the lectin Concanalin A fused 

to Alexa 594(Molecular Probes) was used (1:200) as an endogenous ER marker.  Fluorescent images of the 

immunolabeled BY2 cells were acquired using an Axioskop 2 MOT epifluorescence microscope (Carl 

Zeiss) equipped with a Zeiss 63X Plan Apochromet oil-immersion objective and a Retina EXi charged-

couple device camera (Qimaging) using Open Lab software package (version 6.0) (Improvision Inc.). 

Images were processed (e.g., deconvolution and/or brightness and contrast adjustments) using Northern 

Eclipse 7.0 software (Empix Imaging) and all figures presented in this thesis were designed and composed 

using Adobe Photoshop CS5 (Adobe Systems Incorporated). Confocal laser scanning microscopy (CLSM) 

micrographs were acquired as single optical sections of representative cells, taken in series to ensure no 

bleed through artifacts exist, and were saved as 512 × 512-pixel digital images. Images obtained from 

http://en.wikipedia.org/wiki/Hemagglutinin_(influenza)
http://en.wikipedia.org/wiki/Hemagglutinin_(influenza)
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confocal microscopy were processed in the same manner as epifluorescent microscopy. All fluorescent 

images of suspension cells shown in individual figures are representatives of >20 transformed cells from at 

least two independent transformations experiments. As bleed through controls for all epifluorescent images, 

constructs were bombarded and stained independently and verified that no bleed through was present under 

similar exposure settings. 

2.7 Agrobacterium tumefaciens transformation   

Transformation of A. tumefaciens (Hofgen and Willmitzer, 1988) was performed as follows: 50 μL 

of A. tumefaciens strain GV3101competent cells were incubated with 1 μg of binary plasmid DNA in liquid 

nitrogen followed by thawing at 37°C for 5 min. The cells were then incubated with 500 μL of LB medium 

(Appendix III) (Sambrook et al., 1989) at 28°C for 3 hrs, with aeration (200 RPM). 300 μL of the LB 

culture was then plated onto an LB agar plate containing 20 μg/mL of Rifampicin (Sigma-Aldrich Ltd), 50 

μg/mL of Gentamycin (Sigma-Aldrich Ltd.) and 50 μg/mL of Spectinomycin (Sigma-Aldrich Ltd)  (Rif, 

Gent, Spect respectively) for 18 hrs. Following incubation, one colony was selected to inoculate 15 mL of 

LB medium containing the same antibiotic concentrations as the LB agar plates above and was grown 

overnight. The resulting isolated plasmid DNA was verified by restriction digest analysis and automated 

sequencing.    

2.8 Nicotiana benthamiana growth conditions 

Several seeds were planted in Sunshine mix L4A soil and were grown under a 12 hr dark/12 hr 

light photoperiod (08:00 – 08:00) in an ) in an environmentally-controlled E8 growth chamber (Phytotron, 

Thermo Fisher Scientific) that was set at 22/20°C day/night temperatures, with a photosynthetic photon 

flux density of 138-150 μmol m2s1 and 65% relative humidity. After 8-10 days, the seedlings was 

transferred into Sunshine mix L4A soil per pot and grown under a 12 hr photoperiod (08:00 – 8:00) and 

incubated as before. Plants were watered on alternating days, and the third watering was with fertilized 

water. Once 4-6 leaves were present plants were removed for A.tumefaciens transformation. 
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2.9 Transient N. benthamiana transformation via A. tumefaciens 

A.Tumefaciens transformation of N. benthamiana was performed as described in McCarty et al. 

(2005). Briefly, 50 ml of transformed A. tumefaciens were grown overnight with the appropriate antibiotics 

(Hofgen and Willmitzer, 1988). Following growth, cultures were centrifuged at 5000xg for 5 min and 

resuspended in 10 mM MgCl2 (Sigma-Aldrich),  and 40 mM acetosyringone (Sigma-Aldrich) to generate 

solutions with a 0.2 -04 OD600, and then infiltrated into the upper epidermis of six- to eight-leaf-stage 

tobacco plants using a 10-cc syringe as described previously (Grimsley, 1995). Infiltrated tobacco plants 

were incubated for 2 or 3 days at 21°C with a 12-h-light/12-h-dark cycle. A small portion of leaf tissue was 

then cut with a razor blade and examined via CLSM. 
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Chapter 3: Results and discussion 

3.1 Bioinformatic analysis of TA proteins in the A. thaliana deduced proteome 

As mentioned in the Introduction, the characterisation of TA protein targeting signals in yeast and 

mammals far exceeds what is known regarding plant TA protein targeting signals. Several bioinformatics 

searches in yeast and mammals have identified a large number of TA proteins, including 411 predicted TA 

proteins in the human genome (Kalbfleisch et al., 2007), and 55 predicted TA proteins in Saccharomyces 

cerevisiae (Bielharz et al., 2003) and based on these searches, many of the proteins identified have been 

well characterised in terms of their organelle-specific targeting signals (Horie et al., 2002; Stefanovic and 

Hegde, 2007). Although plant proteomes are less well characterised, several attempts have been made to 

identify TA proteins in A. thaliana that will now be discussed. 

The three bioinformatic studies discussed in the Introduction (Section 1.6.7) identified a total of 

757 putative TA proteins in A. thaliana. A breakdown of protein distribution through the different searches 

is presented in Figure 7. Briefly, 106 proteins were common to all three searches, evidently limited mostly 

by the stringent search by Pedrazzini (2009), as 165 proteins were common to Dhanoa et al., (2010) and 

Kriechbaumer et  al. (2010) alone, and the search by Pedrazzini (2009) shared only 9 and 34 unique proteins  

with Dhanoa et al. (2010) and Kriechibaumer et  al. (2010), respectively. Interestingly, the most stringent 

of the three searches, performed by Pedrazzini (2009), identified 15 proteins which were not identified by 

the other two, less stringent searches, emphasizing the unique nature of each search. While these searches 

have identified many putative A. thaliana TA proteins, relatively few of these proteins have been confirmed 

by experimental approaches and their trafficking mechanisms remain uncharacterized (Dhanoa et al., 2010). 

The bioinformatics searches provide an excellent starting point to expand the current number of confirmed 

TA proteins which have been experimentally investigated and increase our understanding of TA protein 

targeting in plant cells.  

3.2 Mitochondrial TA proteins possess a defined sequence targeting motif 

A 2004 study by Hwang et al. identified a novel dibasic targeting motif -R-R/K/H-X(X≠E) in the 

CTS of A. thaliana mitochondrial Cb5-6. The presence of sequence specific targeting motifs in plant  
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Figure 7: Venn diagram illustrating the distribution of all known and predicted TA proteins in A. 

thaliana identified in three bioinformatics screens (Dhanoa et al., 2010; Kreichbaumer et al., 2009; 

Pedrazzini, 2009).
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mitochondrial TA proteins potentially explains how plant cells may accommodate the targeting of TA 

proteins given the presence of an additional organelle; however, it was not investigated if this motif was 

also present in other TA OMM proteins. 

To identify TA OMM proteins all 757 proteins from the bioinformatic search described above were 

cross referenced against the OMM proteome (Duncan et al., 2011; Klodmann et al., 2011), which resulted 

in 20 proteins involved in a wide range of cellular functions, including fission (eg. FIS1A), and 

mitochondrial motility (MIRO1/2). Notably, 8 of the 20 proteins possess the dibasic targeting motif 

identified in Cb5-6 by Hwang et al. (2004) and almost all of those which did not, were components of the 

TOM complex. This suggests that TA subunits of the TOM complex may utilize distinct trafficking 

pathways from other non-TOM TA OMM proteins. 

Prior to the work described in this thesis on mitochondrial TA protein targeting signals (see below), 

the localization of most of the 20 putative mitochondrial TA proteins listed in Table 2 was confirmed using 

transient ectopic expression of the proteins (fused to a myc epitope tag) in the BY2 (tobacco) suspension 

cell culture system (Marty et al., 2014). BY2 cells are a well-defined model plant cell system for analysing 

protein targeting in plant cells (Brandizzi et al., 2003, Miao and Jiang, 2007). Due to their relatively large 

size, BY2 cells are particularly useful at differentiating, microscopically, protein localization to different 

organelles. For example, as shown in Figure 8, the localization of N-terminal myc-epitope tagged 

mitochondrial Cb5-6 is clearly differentiable from the stromal localized plastid marker protein BCAT3-

mCherry (Niehaus et al., 2014), peroxisomal matrix fusion protein mCherry-PTSI (Ching et al., 2012), and 

the ER marker ConA-Alexa594 (Molecular Probes).   

Overall, it was confirmed that the proteins in Table 2 are localized to mitochondria, based on their 

colocalization with the endogenous mitochondrial marker protein Cytochrome oxidase II (CoxII) and their 

TA orientation was also confirmed by the use of differential permeabilization and immunostaining of BY2 

cells (Marty et al., 2014). Furthermore, it was also determined that the CTS of nine of the proteins in Table 

2 which possessed the dibasic motif (e.g. Cb5-6 and PMD1), were both necessary and sufficient for 

localization to the mitochondria since removal of the NTC from these proteins resulted in mislocalization 
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Table 2: Arabidopsis OMM TA proteinsa 
_____________________________________________________________________________________________ 

Descriptionb,c   AGI No.d  C-terminal tail sequencee 

_____________________________________________________________________________________________________________________ 

TOM5  At5g08040 -AVNMKLLRALGMFAGGVVLMRSYGDLMGV  

TOM6  At1g49410 -ALKQLRTHVALFGSWVVIIRAAPYVLSYFSDSKDELKIDF 
TOM7-1  At5g41685 -WSLKKAKVVTHYGFIPLVIFVGMNSDPKPHLFQLLSPV 

TOM7-2  At1g64220 -SLQKAKVATHYGFIPLIIIIGMNSDPKPHLFHLLSPV  

TOM9-1*  At5g43970 -KLLRSTGKAAWIAGTTFLILVVPLIIEMDREAQINEIELQQASLLGAPPSPMQRGL  
TOM9-2*  At1g04070 -KSTGKAAWIAGTTFLILAVPLILELEQDHRLGEIDFEQASLLGTPPVGAML 

TOM20-1*  At3g27070 -SSDEKYIVMGWVILAIGVVACISFRKLR  
TOM20-2  At1g27390 -RNTEFTYDVCGWIILACGIVAWVGMAKSLGPPPPAR 
TOM20-3*  At3g27080 -SSDAKYDAMGWVILAIGVVAWISFAKANVPVSPPR  

TOM20-4*  At5g40930 -TSEFKYDVFGWVILASYVVAWISFANSQTPVSRQ  

APX-5*  At4g35970 -AVTQQTLGIAVAAAVVIFTICYEASRRGK 

Cb5-6*  At1g26340 -DLTKQYWVVPVSIITISVAVSVLFSRKT  

FIS1A   At3g57090 -ITKDGVIGIGITATAFGAVGLIAGGIVAAMSRKK 

FIS1B   At5g12390 -IVKDGVIGVGIAVTAVGVVAGIAAAILRS 
MIRO1*  At5g27540 -RLINRSLMAVSIGAAAVVVGLAAYRVYATRKSSSA  

MIRO2*  At3g63150  -QLVNSSLLFVSVGTAVGFAGLAAYRAYSARKNA 

PAP2  At1g13900 -LWYAKGAGLMVVGVLLGFIIGFFTRGKKSSSGNRWIPVKNEET 
PMD1  At3g58840 -EYQWPVVAAGSVGAAGLVAATFFVCYSKLR  

PMD2*  At1g06530 -VGSGGAVAAVAVAVAGAAVVCYIYHSRRV  
TraB*  At1g05270 -FTLKRIISSVAVAVAGTAIVSGILLSRRK  

_____________________________________________________________________________________________________________________ 

a  All of the proteins listed are bona fide Arabidopsis OMM proteins, based on Duncan et al. (2011; 2013) 

and Klodmann et al. (2011), and are also known or predicted to possess a TA topology, based on their 

identification in various proteomics- and bioinformatics-based searches in Arabidopsis (Kriechbaumer et 

al. 2009; Pedrazzini, 2009; Dhanoa et al., 2010). The proteins are grouped by TOM proteins and all other 

proteins, and then listed alphabetically.  

b  Common nomenclature of Arabidopsis mitochondrial outer membrane TA proteins based on published 

literature and The Arabidopsis Information Resource (TAIR) (http://www.arabidopsis.org). Proteins 

indicated with an asterisk were experimentally characterized in terms of their intracellular localization 

and TA topology in Marty et al. (2014). 

c  Abbreviations are: APX-5, ascorbate peroxidase isoform 5; Cb5-6, cytochrome b5 isoform 6; FIS1, fission 

1; MIRO1/2, mitochondrial RHO GTPase 1 and 2; PAP2, purple acid phosphatase 2; PMD1/2, 

peroxisomal and mitochondrial division factor 1 and 2; TOM, translocase of the mitochondrial outer 

membrane (subunits 5, 6, 7, 9 and 20 and isoforms thereof); TraB, domain motif based on Enterococcus 

faecalis traB (An and Clewell, 1994).   

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

and its corresponding protein product(s) by TAIR. 

e Shown for each protein is its deduced C-terminal tail sequence, including its putative TMD (underlined), 

based on the TMD prediction program TOPCONS and visual inspection, and its downstream CTS. Shaded 

are the dibasic amino acid residues in the dibasic targeting signal motif, -R-R/K/H-X{X≠E} (Hwang et al., 

2004) are shaded. 
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Figure 8: The localization of Cb5-6 to mitochondria in BY2 cells is discernable from plastids, 

peroxisomes, and the ER. A. thaliana mitochondrial localized Cb5-6, appears as distinct ring structures, 

discernable from either plastid-localized BCAT3-mCherry (high magnification of the boxed area is seen to 

the right), peroxisomal mCherry-PTSI, and ConA stained ER. Adapted from Marty et al. (2014). 
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to the ER or cytosol, while fusion of the NTC to GFP resulted in mitochondrial localization (Marty et al., 

2014). Lastly, in the same study it was shown also that most of the proteins in Table 2 that possess the 

dibasic motif could not exchange their CTSs with CTSs that did not possess the dibasic motif and retain 

targeting sufficiency. However, when interchanged with proteins which did possess the dibasic motif in 

their CTS, proper targeting was maintained. Taken together these data implies that the proteins in Table 2 

which do not possess the sequence specific dibasic targeting signal motif utilize distinct targeting pathways 

from proteins which do possess the dibasic targeting motif.  

3.3 Mutational analysis of the OMM dibasic TA protein targeting signal motif 

One protein listed in Table 2, TraB, a protein of unknown function with homologs in both 

prokaryotes and eukaryotes which is hypothesized to play a role in plant signaling based on the known 

function of its bacterial homolog (Duncan et al., 2011), was selected for further experimentation.  To further 

characterize TA OMM protein targeting signals, a mutational analysis of the dibasic motif and the 

sequences which surround it in the CTS was performed, using the TraB (CTS –SRRK) protein as a 

representative template for TA OMM proteins. Based on the charge-dependant mechanism in mammals 

and the requirement for basic residues in plants, the importance of the number and positioning of the 

charged residues within the CTS of TraB was examined through the generation of a series of mutant 

constructs. 

  As shown in Figure 9, single deletions of the C-terminal lysine (TraBΔSRR) or the serine 

preceding the dibasic motif (TraBΔRRK) had no apparent effect on the mitochondrial localization; 

however, deletion of the last two amino acids in the CTS (TraBΔSR), leaving only one basic residue resulted 

in mislocalization. Similarly, deletions leaving any 2 basic amino acids, -RR- (TraBΔRR) or -RK- 

(TraBΔRK), also resulted in mislocalization to the ER or cytosol, implying that, consistent with published 

literature (Hwang et al., 2004) the dibasic motif alone is not sufficient for mitochondrial targeting of TraB, 

but that it relies on the context of the CTS being, at minimum, three amino acids long. The three amino acid 

length requirement is likely a result of steric hindrances caused by close proximity to the TMD which could 

inhibit recognition of the dibasic sequence by chaperone and/or receptor proteins (Marty et al., 2014). 
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With knowledge of the minimum number of residues the CTS of TraB must possess, the maximum 

distance the dibasic motif can be positioned, from either the TMD or C terminus, while still conserving its 

targeting ability, was examined by inserting threonine residues either before or after the CTS. As shown in 

Figure 9, the dibasic motif in TraB conferred trafficking to mitochondria when three or four threonine 

residues (TraBΔTx3SRRK and TraBΔTx4SRRK) were positioned between it and the TMD. However, the 

addition of five threonines (TraBΔTx5SRRK) resulted in mislocalization (Figure 9). Likewise, the 

insertion of three (or 4) threonines between the dibasic motif and the C terminus of TraB (TraBΔSRRK 

Tx3) maintained mitochondrial targeting, but when five threonines were inserted (TraBΔSRKK Tx5) 

targeting was abolished (Figure 9). Overall, these results reveal that the dibasic motif can tolerate being 

positioned a maximum of four amino acids from either the TMD or C terminus while still maintaining 

targeting efficiency. Furthermore, while a certain degree of sequence divergence exists in the CTSs of the 

mitochondrial TA proteins that possess the dibasic motif (Table 2), a serine residue is commonly seen 

preceding the dibasic sequence. While it was not investigated this suggests that this residue might be 

important for conveying the proper context dependant properties for the dibasic targeting signal, as has 

been shown in other targeting pathways, for example, the requirement for peripheral hydrophobic residues 

in PTS2 targeting signal motifs (Kunze et al., 2013).  

Given the variation of the basic residues that compose the dibasic targeting signal motif in Table 

2, the capacity for the basic residues within the dibasic motif to be interchanged was investigated. As the 

CTS of TraB possesses 3 basic amino acids that may mask any essential targeting signal motifs in the CTS, 

a construct consisting of myc-tagged TraB with its CTS replaced with the CTS of Cb5-6 (myc-TraBΔCb5-

6CTS) was made which resolved the three basic residue problem and gave the CTS of TraB two basic amino 

acid residues. As shown in Figure 9, a systematic approach was then taken to analyse all combinations of 

basic residues in the dibasic motif of myc-TraBΔCb5-6CTS. Overall, any combination of basic resides was 

sufficient for trafficking TA proteins to the mitochondria (determined based on colocalization with CoxII) 

with the exception of two histidine residues, which is likely because histidine residues when compared to 

arginine or lysine residues physiologically, possess a weaker overall basic charge. The tolerance of the  
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Figure 9: Localization, in BY2 cells, of various mutant versions of the TA OMM protein TraB with 

varying CTS lengths. Shown on the left are illustrations of the various CTS mutant constructs of TraB and 

their corresponding localization (or lack thereof) to mitochondria in transformed BY2 cells. All constructs 

possess an N-terminal-appended Myc-epitope tag. Shown for each construct is the corresponding C-

terminal amino acid sequence, including putative TMD (underlined) and modified (or wild-type) CTS; 

additional amino acid residues inserted into the TraB CTS are bolded. Mitochondrial localization (indicated 

as “Yes” or “No”) was assessed based on colocalization with endogenous mitochondrial CoxII. Shown on 

the right are representative immuno-epifluorescence micrographs illustrating the localization of the various 

constructs on the left. Each micrograph is labeled with the name of the expressed Myc-tagged wild-type 

TraB or CTS mutant version of TraB, or endogenous CoxII. Bar= 10 μm.  Adapted from Marty et al., 

(2014).
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Figure 10: Localization, in BY2 cells, of various CTS mutant versions of the TA OMM protein TraB. 
On the left are illustrations of the wild-type and various CTS mutant versions of the hybrid protein 

TraBΔCb5-6CTS and their corresponding localization (or lack thereof) to mitochondria in transformed 

BY2 cells. All constructs possess an N-terminal-appended myc-epitope tag. Shown for each construct is 

the corresponding C-terminal amino acid sequence, including putative TraB TMD (underlined) and 

modified (or wild-type) Cb5-6 CTS; modified or additional amino acid residues inserted into the Cb5-6 

CTS are bolded. Mitochondrial localization was assessed based on colocalization with endogenous 

mitochondrial CoxII and is represented as “Yes” or “No”. Shown on the right in both are immuno-

epifluorescence micrographs illustrating the localization of the various constructs shown on the left. Each 

micrograph is labeled with the name of the expressed Myc-tagged TraBCb5-6CTS or CTS mutant version 

of TraBCb5-6CTS, or endogenous CoxII. Bar = 10 μm. Adapted from Marty et al., (2014).
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dibasic motif for being interrupted by various numbers of amino acids, was then expanded upon through a 

series of mutants of TraBΔCb5-6CTS in which an increasing number of threonine residues were inserted 

until targeting was abolished (Figure 10). As shown in Figure 10, while the insertion of one threonine 

residue (TraBΔSRTKT) was tolerated, the addition of two threonine residues (TraBΔSRTTKT) abolished 

targeting. Additionally, to reinforce this result the addition of a single threonine residue into the CTS of 

PMD1 (resulting in a 2 amino acid interruption, -SKLTR) also disrupted targeting. 

Given the observation that, with the exception of APX-5, no mitochondrial-TA proteins that 

possess a dibasic motif, also possess any acidic amino acids in their CTS (Table 2), a series of mutants was 

generated to analyse the influence of adjacent amino acids on the dibasic motif. Consistent with previous 

literature, in which placement of an acidic residue following the dibasic motif of Cb5-6 abolished targeting 

(Hwang et al., 2004), replacement of the amino acid residue in the CTS, directly C-terminal to the dibasic 

motif of TraB, Cb5-6, and PMD2, with a glutamic acid (TraBΔSRRE, Cb5-6ΔSRKE, and PMD2ΔSRRE), 

abolished mitochondrial targeting (Figure 11). Interestingly, when the C-terminal amino acid residue of 

TraB or Cb5-6 was replaced with an aspartate residue (TraBΔSRRD and Cb5-6ΔSRKD), mitochondrial 

targeting was preserved. This indicates once again, that steric hindrance likely plays a role in proper dibasic 

motif function, as aspartate and glutamate possess the same charge and only differ by one carbon in length 

(Figure 11). As shown also in Figure 11, when a glutamic acid residue is N-terminal to, or separated from, 

the dibasic motif by at least one amino acid (for example the addition of a glutamic acid residue N-terminal 

to the motif (TraBΔSERRK) or  at the C-terminal end of the TraB CTS (TraBΔSRRKE), targeting was not 

abolished. To confirm that these results were not an artifact of having three basic residues a series of CTS 

mutant constructs were once again generated using TraBΔCb5-6CTS as a template. As with the TraB CTS 

mutant constructs, the TraBΔCb5-6CTS CTS mutant constructs were able to tolerate a glutamic acid residue 

immediately upstream of the dibasic motif (TraBΔSERKT and TraBΔSETRTK) but inserting the glutamic 

residue between the dibasic motif, disrupted its targeting (TraBΔSKER; Figure 11). This supports the 

hypothesis that negatively charged residues do not necessarily prevent or block mitochondrial TA protein 

targeting, unless the negative residue interrupts the dibasic targeting signal motif itself, consistent with  
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Figure 11: Localization, in BY2 cells, of TraB with mutations to the amino acid residues peripheral 

to the dibasic targeting signal motif. Shown on the left are schematic illustrations of wild-type and/or 

various CTS mutant versions of TraB, Cb5-6, or PMD2 and their corresponding localization to 

mitochondria in transformed BY2 cells. All constructs also possess an N-terminal-appended Myc-epitope 

tag. Shown for each construct is the corresponding C-terminal amino acid sequence, including putative 

TMD (underlined) and modified (or wild-type) CTS from TraB, Cb5-6 and PMD2; modified amino acid 

residues in the protein’s CTS are bolded. Mitochondrial localization (indicated as “Yes” or “No”) was 

assessed based on colocalization with endogenous mitochondrial CoxII. Shown on the right are 

representative immuno-epifluorescence micrographs illustrating the localization of the various constructs 

shown on the left. Each micrograph is labeled with the name of the expressed Myc-tagged wild-type and/or 

CTS mutant version of TraB, Cb5-6, or PMD2 or endogenous CoxII. Bar =10 μm. Adapted from Marty et 

al. (2014).



 

51 
 

published literature (Hwang et al., 2004). Overall, based on the data presented in Figures 9, 10, and 11, 

the consensus dibasic targeting signal motif for TA OMM proteins was modified to : -R/K/H-X{0,1≠E}-

R/K/H{≠−H−H−or−H−X−H−} -X{0,1≠E}X{0,3}{CTS=3,8}. Briefly, the modified dibasic targeting signal motif states that 

the dibasic motif may possess any two basic residues, provided they are not both histidine residues, which 

may be separated and/or followed by one amino acid which cannot be a glutamate, and overall the CTS 

motif must be between three and eight amino acids in length. 

3.4. Bioinformatics analysis using the TA OMM protein dibasic signal motif identifies novel 

candidate TA OMM proteins  

Incorporating the new dibasic motif described above, as well as TMD hydrophobicity and N-

terminal targeting signal predictions, a new bioinformatics search of all of the predicted TA OMM proteins 

in the deduced A. thaliana proteome (Table S1; Kriechbaumer et al., 2009; Pedrazzini, 2009; Dhanoa et 

al., 2010) was performed, which identified a total of 42 putative TA OMM proteins (Table 3). Among these 

proteins were all of the dibasic motif-containing OMM-TA proteins from Table 2 as well as 15 other 

proteins that are annotated by SUBA and/or AmiGO (Tanz et al., 2013; Carbon et al., 2009) to be localized 

to mitochondria including, a rhomboid-like protein (At1G18600), a putative lipoprotein (At4G31030), and 

several unknown proteins (i.e., At1G72020, At4G38490, and At5G35470). In addition, a number of 

proteins (i.e., 18 of 42) in Table 3 are annotated by SUBA as being uncharacterized in terms of their 

intracellular localization. One of these proteins, At1G55450, which encodes and uncharacterised S-

adenosyl-L-methionine-dependent methyltransferases superfamily protein, was selected for further 

characterization and its TA orientation and CTS sufficiency. The TA properties and localization of this 

protein was then confirmed microscopically using transient expression in N. benthamia leaf tissue, and in 

vitro with mitochondrial import assays (Marty et al., 2014). While mitochondrial TA proteins have been 

thoroughly demonstrated to possess a defined targeting sequence motif, it remains unknown whether TA 

proteins of other organelles also possess a sequence specific targeting signal motif; to investigate this 

possibility, the plastid was chosen as the model organelle for this investigation. 
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Table 3: Candidate A. thaliana TA OMM proteins containing a putative dibasic targeting signal motifa 
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a  All of the proteins listed are known or predicted to possess a TA orientation (Kriechbaumer et al., 2009; 

Pedrazzini, 2009; Dhanoa et al., 2010) and also contain a C-terminal mitochondrial dibasic targeting 

signal motif according to the results of the mutational analysis of selected TA proteins presented this study 

(Dibasic motif:-R/K/H-X{0,1≠E}-R/K/H{≠−H−H−or−H−X−H−} -X{0,1≠E}X{0,3}{CTS=3,8}).  
b Proteins are listed in ascending order based on their AGI number.  
c Common nomenclature of Arabidopsis TA proteins based on published literature and TAIR. Proteins 

indicated with an asterisk are also listed in Table 2.  
d  Shown for each protein is its deduced C-terminal sequence, including its putative TMD (underlined), 

based on TOPCONS and visual inspection, and its downstream CTS. Shaded are the dibasic amino acid 

residues within the mitochondrial dibasic targeting signal motif. 
e Shown for each protein is its intracellular localization(s) based on published proteomics and/or GFP 

localization results presented at SUBA3 (The SUBcellular localization database for Arabidopsis proteins) 

(Tanz et al., 2013). Abbreviations: ER, endoplasmic reticulum; Mito, mitochondria; Perox, peroxisome; 

PM, plasma membrane; Vac, vacuole. 
f Shown for each protein is “cellular component” ontology, based on the AmiGO search tool at the Gene 

Ontology database (http://www.geneontology.org) (Ashburner et al., 2000). Abbreviations: Cyt, cytosol; 

TGN, trans-Golgi network; see also above (footnote e). 
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3.5. Identification of plastid-localized TA proteins via bioinformatics analysis  

The major factor which has prevented the characterization of plastid TA targeting signals is that, 

as mentioned previously, so few TA proteins are known to reside at the plastid OM, and of those, even 

fewer have been characterised in terms of their targeting signals (Abell and Mullen, 2011; Dhanoa et al., 

2010).  

To account for the small number of proteins in the plastid OM proteome, known and putative plastid 

TA proteins were gathered from several distinct sources. Specifically, the predicted A. thaliana TA proteins 

identified in Table S1 were initially cross-referenced using three separate A. thaliana proteomic databases: 

i) the Plant Proteomic DataBase (PPDB) (Sun et al., 2009); ii) the SUBcellular localization database for 

Arabidopsis proteins 3 (SUBA3) (Tanz et al., 2013); and iii) At_Chloro (Bruley et al, 2012) to determine 

if they possessed any annotated plastid localization data, specifically, looking for plastid and/or sub-plastid 

annotations. As shown in Table 4, eighty-six proteins were annotated to be plastid localized in one or more 

of the three databases and were further divided into six categories based on their sub-plastid localization. 

Only four proteins were annotated to reside at the plastid outer membrane, 7 proteins were annotated to 

reside at the plastid inner membrane, 42 proteins were annotated to reside at the thylakoid membrane 

(ThM), and another 16 and 13 proteins were annotated as “envelope”, and “plastid” localized, respectively 

(i.e. these proteins had no further sub-plastid localization data) (Table 4).  

The 86 proteins were then analysed for the presence of an N- terminal TP utilizing the prediction 

program TargetP (Emanuelsson et al., 2000). 15 of 29 TA proteins annotated to be envelope or plastid 

localized were not predicted via TargetP to possess any N-terminal targeting signals, which suggests they 

may be plastid OEPs, which have been shown not possess traditional N-terminal targeting signals but rather 

possess unique trafficking mechanisms. It was not surprising, given the published literature on other OEPs 

(see Introduction), that none of the 4 TA OEPs annotated as outer membrane localized, were predicted to 

possess an N-terminal TP, while the majority of IM and ThM proteins did have a predicted TP. This implies 

that plastid TA proteins which reside at the IM, or ThM first sort through the TOC/TIC complex prior to 

being sorted in a TA manner to their destination membrane. The finding that most IMM proteins possess
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Table 4: Putative A. thaliana plastid TA proteins grouped based on their sub-plastid localizationa 

AGIb Annotationc TPd tTSe C-Terminal TA Sequencef 

Outer Membrane    
AT3G06960.1 TGD4 (involved in ER-to-plastid lipid transport) - - DLRNGANPVTVDKTVFAIEYALQVLLSAKAVVSYSPKQNEFMVELRFFET 

AT3G63160.1 OEP6 - - PKLEKPTGKKQTATVVVGVLAVGWLAIELVFKPLFKKLSSSKDKSDSDDATVPPPSGA 

AT5G05000.1 Toc34 component of the import apparatus - - ERGKKLIPLMFAFQYLLVMKPLVRAIKSDVSRESKPAWELRDSGLASRRS 

AT5G21990.1 OEP61 - tetratricopeptide repeat (TPR) protein  - - MEKAKKAKKWLFGKGGLIFAILMLVLAMVLHRLGYIGN 

Inner Membrane     

AT1G08640.1 Weak J-domain protein CJD1 (ARC6 interactor) cTP (0.959)(1) N EYMGYSIPMVLYNNQELIVTASSAFMLYVIASFYR 

AT2G32480.2 Membrane zinc metalloprotease (M50) cTP (0.964)(1) Y GGKKLPVEVEQGIMSSGIMLVIFLGLFLIVKDTLSLDFIKEML 

AT3G19180.2 PARC 6 or CDP1 cTP (0.723)(2) N VYSLSEVLDESMLVQVTVSIHLLLFLYLIMLVYYS 

AT3G63410.1 vte3 - MPBQ/MSBQ methyl transferase (also APG1) cTP (0.983)(1) N VEKPVNNPFSFLGRFLLGTLAAAWFVLIPIYMWIKDQIVPKDQPI 

AT4G02725.1 Unknown protein (possibly plastid; model 1) cTP (0.922)(1) Y IVSSLAVGVIGAWWYIFLYSYPKSYSEMIAERRKRVADGFEDIYGKNKPS 

AT4G39460.1 S-Adenosylmethionine transporter (SAMT1) cTP (0.626)(4) Y VREEGAPALLKGIGPRVLWIGIGGSIFFGVLESTKRTLAQRRPNTVKETKEE 

AT5G64940.1 ABC1 kinase 8 (ABC1K8) also OSA1 cTP (0.983)(1) N LATILYLNSIKTPATIAYTVCAFFSLQVLIGIIKVKKFDQREKLITGTA 

Thylakoid Membrane    

AT1G05140.1 Membrane zinc metalloprotease (RIP) cTP (0.955)(1) Y GGRKLPLEVEQGIMSSGIMLVLFLGLFLIVKDTLNLDFIKEML 

*AT1G45474.2 LHCI-5 – new mTP (0.955)(2) N AHDWKLKEIKNGRLAMMAMLGFFVQASVTHTGPIDNLVEHLSNPWHKTIIQTLFTSTS 

AT1G54500.1 Rubredoxin (RubA)  cTP (0.802)(3) N YGLGGNALTSGQKTGLIFGSLLLFFALFLSGYFIQ 

AT1G54780.1 Thylakoid lumen 18.3 kDa cTP (0.822)(2) Y TKEETDEKRGQFSLVVGGLLVIAFVVPMAQYFAYVSRK 

AT1G61520.2 LHCI-3 - LHCI-680A CAB4 - - LKELKLKEVKNGRLAMLAILGYFIQGLVTGVGPYQNLLDHLADPVNNNVLTSLKFH 

AT1G65230.1 Unknown DUF2358 protein  cTP (0.788)(4) N PNKFFQRDNSFERDVYQIALFLAIVYFVVQFLKNTI 

AT1G67740.1 PsbY1+2 cTP (0.871)(2) Y AEAAAASSDSRGQLLLIVVTPALLWVLYNILQPALNQINKMRSGD 

AT1G77490.1 TAPX cTP (0.983)(1) N GGSPDKPLPTNYFLNIIIAIGVLVLLSTLFGGNNNSDFSGF 
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AT1G79040.1 PsbR cTP (0.634)(3) N SASGDVYKGGVTGLAIWAVTLAGILAGGALLVYNTSALAQ 

AT2G01590.1 CRR3 - novel subunit NDH complex cTP (0.971)(1) N KLRSSGKPVLMFTIQWILPIWIMSLLVACGVIKLPFSIPFLDDLIM 

AT2G06520.1 PsbX precursor 1 TM lTP but spontaneous cTP (0.936)(1) Y AGSGISPSLKNFLLSIASGGLVLTVIIGVVVGVSNFDPVKRT 

AT2G17972.1 Unknown protein cTP (0.777)(3) N YVGEKGLLFWLNKLAYASIYIVIGGWIFFRFVGPAFNLYQLDTPPLDPKNILKG 

AT2G23670.1 Unknown protein cTP (0.928)(2) Y EIVTAVSFNGLTQAGAVVAAEFVGVLVATSVVNGILGPEAQKS 

AT2G26500.1 PetM - 4 kDa Tat ltp cTP (0.693)(4) N STTCNAVGEIFKIAAIMNALTLVGVAVGFVLLRIETSVEEAEAE 

AT2G28800.1 Alb3 (Albino 3) cTP (0.919)(2) Y VEESQSESEEGSDDEEEEAREGALASSTTSKPLPEVGQRRSKRSKRKRTV 

AT2G30570.1 PsbW - 'LTP' but spontaneous cTP (0.659)(3) Y EGTGLPFGLSNNLLGWILFGVFGLIWTFFFVYTSSLEEDEESGLSL 

AT2G42220.1 Rhodanese-like domain protein cTP (0.913)(2) N NAGKAGLITIQGKISAVLGTVLVCAYLFIQFFPDQAEKLFPPTS 

AT2G42975.1 Unknown protein cTP (0.971)(1) N NEVSQRNDSVFFATIGAFVILPPLVILAIAILTGYVQLFP 

AT3G08920.1 Rhodanese-like domain-containing protein  mTP (0.590)(4) N GDFPEIEGTEELRFATIGGVSFYLLKLLVLLPSFGQKSR 

AT3G08940.1 LHCII-4.2 - CP29 - model .2 is better than model .1 cTP (0.875)(2) Y RLCLAFRHLSDCFIFNLPGRASGWIILLRTAIAVLYLDIDMDRSVSDRLH 

AT3G09050.1 Unknown protein cTP (0.357)(5) N ADSFVSSPDWRKVAILGAILVPLLTQFVYEQTLLSEADKGKENKKE 

AT3G15900.1 Unknown protein (likely plastid) cTP (0.960)(1) Y GSVLFPQITRPNLTLALFIIIAPVVISVILLSLSSSSSSKKQN 

AT3G26580.1 TCP34 - TPR protein DNA interaction (TAC) cTP (0.536)(4) Y LLVWRPVVGMEKNRVFWLALTLWFGLVGAALILQR 

AT3G44880.1 Pheophorbide a oxygenase (PaO) or ACD1 cTP (0.969)(1) N AATAGVPSDVQIRLVLAGLSLISAASAYALHEQEKNFVFRDYVHSEIE 

AT3G53470.2 Unknown protein cTP (0.701)(3) N ERSNLMLWTSPRFTLVGAIVIVSFLLLYTILAPVK 

AT3G56010.1 Unknown protein cTP (0.814)(2) N SGLTFDLPGGSDILIIAFSFVFISTVMFATTFLVWKLGAIHFNE 

AT4G01150.2 Unknown protein cTP (0.914)(2) N KWDGLENKSTVLIYGGGAIVAVWLSSIVVGAINSVPLVTTLSI 

AT4G09350.1 NDH subunit CRRJ - J-domain protein DjC85 (type 3) - N RNMELSDQAMTALTFDILIVLFAVCCIAFVIVFKDPSY 

AT4G10340.1 LHCII-5 - CP26 cTP (0.892)(2) N LAMFAMLGFFIQAYVTGEGPVENLAKHLSDPFGNNLLTVIAGTAERAPTL 

AT4G13500.1 Unknown protein cTP (0.776)(4) N EREGENPMKTPLPYIIIFGMSTPFVILAIAFANGWIKVPIR 

AT4G14870.1 cpSecE  cTP (0.846)(2) Y EWPAFQKVLGTTGVVLGVIAGSSVVLLTVNFLLAELSDRVFIGRGVQDFFS 

AT4G34190.1 Sep1 or Lil4 cTP (0.956)(1) Y KGLLENFGVASPLPTVALAVTALVGVLAAVFIFQSSSKN 

AT4G36150.1 Disease resistance protein (TIR-NBS-LRR class)  cTP (0.846)(2) N SVGESILSIAAGYLSNVLRFLWLGVVFFMVYGFSKIFVK 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20590
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AT5G01530.1 LHCII-4.1-CP29 cTP (0.765)(3) N AEIKHARLAMVAFLGFAVQAAATGKGPLNNWATHLSDPLHTTIIDTFSSS 

AT5G02160.1 Unknown protein (possibly plastid) cTP (0.891)(1) Y RKDTCPECDGAGFVRKGGVTLRANAARKDLPQIVCANCNGLGKLNQIDKS 

AT5G08050.1 Unknown protein cTP (0.958)(1) N VVPEDYTWEVVIQVLVALLSVLGGSAAFAASGFVSNLQKSD 

AT5G17170.1 ENH1 (ENHANCER OF SOS3-1) cTP (0.986)(1) N NTGKAIGGGLPPIGVIVGLLAGLGAVGALLVYGLQ 

AT5G21430.1 NDH subunit CRRl (DnaJ domain protein) - NdhU cTP (0.815)(3) N PPPQEPEDVGPTRILGYFIGAWLVLGVALSVAFNR 

AT5G37360.1 Unknown protein cTP (0.943)(1) N NALLIGKSLRGSLLALFYASTVLSGFTTAGLILLAKQLSSEKE 

AT5G44650.1 Unknown protein cTP (0.943)(3) N EQGVVTKVAGYGALYFVSALPVIIGISVVLILFYNSLQ 

AT5G51010.1 Rubredoxin-like superfamily protein cTP (0.600)(5) N RKAELQRDEAVGKALPIGIAVGVLALAALYFYVNSTS 

AT5G53560.1 Cytochrome b5A (Cb5-A) - N AYNQDKTPEFIIKILQFLVPILILGLALVVRHYTKKD 

Envelope    

AT1G44920.1 Unknown protein cTP (0.708)(4) N TMGSTAVLLIGWRALLFSVLPTESKKKDDTYRKGSAFELFELLTSLIRRW 

AT1G25375.1 Metallo-hydrolase/oxidoreductase protein  - N YIISKIPFKINKPGFIMSVMAAGAGYFLLYTSKKKNQIES 

AT1G26340.1 Cytochrome b5 (Tail anchor) - N QDSVQKLFDLTKQYWVVPVSIITISVAVSVLFSRKT 

AT1G55450.1 embryo-abundant protein-related  - N NCVVTTLKDHNNSAVIASVTAAAFAGVAAYCAYSARKNS 

AT1G56200.1 EMB1303 (EMBRYO DEFECTIVE 1303)  cTP (0.989)(1) N DDGDGGGGGGGGGNWSGGFFFFGFLAFLGLLKDKEGEEDYRGSRRR 

AT1G64850.1 Calcium-binding EF hand family protein  - N ATEGVPGVGKVVQKLPTSIYASLVTLAVMWVNSDSS 

AT1G66820.1 Glycine-rich protein  - N GIGASEGLDHSNVVLGFGIGCGIGFGFGYGFGVGGGYSFDDIKERFDL 

AT2G39290.1 Phosphatidylglycero-phosphate synthase 1 (PGP1) cTP (0.658)(4) N LASRDSNVGWLVASGAGLLYVSAGLSVWSLAVYMRKIWKVLMK 

AT3G10680.1 HSP20-like chaperones superfamily protein  cTP (0.632)(5) N GEEESRTYDIPLVNVGVAALVIMGFGAYVFVPLVKYFS 

AT3G17830.1 J-domain protein DjA4 (type 1) cTP (0.793)(2) N PSLPLRRMKVSETSIAFSVLALCVITSAVALVQKKGNRLKQKKET 

AT3G55030.1 PG-phosphate synthase 1  - N SRDSSFERLLPSGIGLLYVSAGLSIWSLVVYMRKIWRVLLKK 

AT3G57090.1 Tetratricopeptide repeat (TPR)-containing protein  - N TIEDKITKDGVIGIGITATAFGAVGLIAGGIVAAMSRKK 

AT4G00630.1 K+ efflux antiporter - N RSRHLSELAELCEASGSSLGYGFSRSTSKPKPPSPSETSDDNQIIEGTLAI 

AT4G35000.1 Peroxisomal ascorbate peroxidase (APX3)  - N SSAGKAVADSTILAQSAFGVAVAAAVVAFGYFYEIRKRMK 

AT5G23040.1 CDF1 (CELL GROWTH DEFECT FACTOR 1) cTP (0.971)(1) N IPMIPTFLIQPTWTLELLTSLVAYVFLFLSCTFLK 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25547
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AT5G56730.1 Peptidase M16 family  - N FSSRSEGPYIRDTKILAGIAGLGVVVFGIWRYSRK 

Plastid     

AT1G04760.1 Vesicle-associated membrane protein 726 - N 
MKRKLWFENMKIKLIVFGIIVALILIIILSVCHGFKCT 

AT1G74130.1 Rhomboid-related intramembrane serine protease  cTP (0.563)(5) N IIKMLEGKNNNTLTSLDQLGGVVVAVIAWARIRKGRFCY 

AT2G01870.1 Unknown protein mTP (0.631)(4) Y TLFYNILFITVIKPSMDGPESVPEENSVAMSDSDIVKFPLSSLPENTFKQ 

AT2G02510.1 NADH dehydrogenase (ubiquinone)s - N KHPMLSNQMRHALPGIGIGVGAFCVYLVGEQIYSKLMAPSSQSSHQKQPAPSH 

AT2G05310.1 Unknown protein cTP (0.887)(2) N EREGENPMKTPLPYIIIFGMSTPFVILAIAFANGWIKVPIR 

AT2G20920.1 Unknown protein - CGL1 - senescence related cTP (0.877)(2) Y WLHVDVVPFLGLHSPAAVVSEFIVFSQFLVSLCLR 

AT2G25470.1 Receptor like protein 21 - N QEEEDDKAAIDMMVFYFSTASIYVTALIGVLVLMCFDCPWRRAWLRIVDAFIASAKHVLP 

AT2G44490.1 Glycosyl hydrolase superfamily protein mTP (0.676)(4) N DSQFVHSIKDSGALPAVLGSLFVVSATVGTSLFFKGANN 

AT3G56010.1 Unknown cTP (0.814)(2) N SGLTFDLPGGSDILIIAFSFVFISTVMFATTFLVWKLGAIHFNE 

AT3G62880.2 OEP16-like - Y AAVAISTRNWTQVVGMAGLVSAFSVLANCTRTENPNNTN 

AT4G01883.1 Unknown protein, cyclase/dehydrase domain cTP (0.969)(1) N PSSCDVELTFAYEVPLLLIPFAAALQPLMQGLIKNSLEQFAEIAKSTKTT 

AT5G26030.2 Ferrochelatase I (FC1)  cTP (0.869)(2) N VDSEDSESSDAFSYIVKMFFGSILAFVLLLSPKMFHAFRNL 

AT5G64970.1 Mitochondrial substrate carrier family protein - N VKIIEQGGVPALYAGLIPSLLQVLPSAAISYFVYEFMKVVLKVESSA 

Stroma     

AT1G14410.1 DNA-binding protein (pTAC1) Why1  cTP (0.654)(3) N VDESIYPITRAEFAVLISAFNFVLPYLIGWHAFANSIKPEETSRVNNASPNYGGDYEWNR 

AT1G15410.1 Aspartate-glutamate racemase family  cTP (0.707)(3) N LLVQAVNVVMLGSDEMRDLLPGDDPLLKKCVDPMDALARSAIKWAENRCS 

AT1G32160.1 Unknown protein cTP (0.775)(4) N DGKLDTSNDEVLSLSVSGLAMLVLEAVAFGSFLWDSESYVESKYHFLKA 

AT5G15880.1 Unknown protein - N SATRNGTQTRLMYLRSAFVVYILALQVLVFIRISF 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=378
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6257
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7130
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7392
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9026
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11006
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27007
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a List of all 86 proteins obtained for Table 1 that are predicted to possess a TA topology and, based on their annotation in PPBD, At_Chloro and/or 

SUBA, are annotated to be localized to the plastid. Proteins are groups based on whether these are annotated to be localized in the chloroplast outer 

membrane, inner membrane, thylakoid membrane, envelope (i.e., both the outer and inner membranes), plastid (i.e., all sub compartments of the 

plastid, with the exception of the envelope intermembrane space), or the stroma, then listed in order of their AGI number.  
b AGI number represents the systematic designation given to each locus, gene and its corresponding protein product(s) by TAIR. 
c Annotation of the protein function(s) based on the ‘Lab’ annotation search tool at PPDB. 
d N-terminal targeting peptide prediction based on TargetP (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 2000; Nielson et al., 

1997). Shown for each protein is whether it possesses a predicted N-terminal chloroplast targeting peptide (transit peptide) (cTP) or, for only a few 

proteins, a predicted mitochondrial targeting peptide (mTP), along with the corresponding prediction score and reliability count (RC) in parentheses. 

RC is a measure of the prediction confidence based on the difference between the first and second highest predictions scores, i.e., an RC of 1 

represents the greatest difference (>0.8), while an RC of 5 represents the smallest difference (<0.2). Proteins without a predicted N-terminal cTP or 

mTP are indicated by a dash. 
e Thylakoid transfer sequence (tTS) prediction based on LumenP (Westerlund et al., 2003) or PredSL prediction program 

(http://hannibal.biol.uoa.gr/PredSL/) (Petsalaki et al., 2006). Shown for each protein is whether it is predicted to either possess (Y) or not possess 

(N) a tTS. Predictions using LumenP were kindly provided by Dr. O. Emanuelsson (School of Biotechnology and Science for Life Laboratory, Royal 

Institute of Technology (KTH), Stockholm). 
f Shown for each protein is its deduced C-terminal TA sequence, including its putative TMD (underlined), based on TMD prediction program 

ARAMEMNON (http://aramemnon.botanik.uni-koeln.de/) (Schwacke et al., 2003) and visual inspection, the upstream 10 amino-acid-long 

sequence, and the downstream, soluble carboxy-terminal sequence (CTS). Note that for some proteins, a putative TMD was not identified by the 

ARAMEMNON prediction program.  

 

http://hannibal.biol.uoa.gr/PredSL/
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 a TP supports the hypothesis that these proteins follow the so called conservative sorting pathway, in which 

they are first fully imported into the stroma where the TP is cleaved and are subsequently targeted to the 

IMM using other unknown mechanisms (see section 1.5 for details; Froehlich et al., 2011; Li and Schnell, 

2006). Although they are not the focus of this thesis, TA proteins which reside at the inner envelope or 

thylakoid membranes have not been well characterised to date in terms of their TA properties since they do 

not fit the traditional definition of a TA protein, since the N terminus cannot face the cytosol. However, 

given the endosymbiotic origin and similarity between ER and thylakoid translocons (Osbourne et al., 

2005), it is possible these proteins are trafficked by C-terminal TA targeting signal motifs once inside the 

plastid. Regardless, given the overall paucity in our understanding of TA protein trafficking methods 

internal to the plastid in general, the targeting signals of plastid TA OEPs for which there was at least some 

rudimentary data available, were investigated. For instance OEP9, and TOC34 are TA OM proteins well 

characterised in terms of their TA targeting signals. 

As no outer membrane TA proteins were predicted to possess N-terminal targeting signals it can 

be assumed that, like other identified plastid OM TA proteins (e.g. OEP9), they do not follow the traditional 

TOC/TIC translocation pathway, although, as will be discussed below (see section 3.11), it appears that for 

at least some plastid TA proteins, the CTS may contain characteristics similar to those found in TPs. 

Regardless, this search identified four OEP TA proteins, including: i) the GTPase components of the TOC 

complex TOC34; ii) OEP61 for which, as discussed in the introduction, there is conflicting localization 

data (i.e. both plastid and ER localizations reported; von Loeffelholz et al., 2011; Schweiger et al., 2012 ); 

iii) TGD4, a well-studied protein believed to be involved in ER-to-plastid lipid transfer (Wang et al., 2012); 

and iv) OEP6, an uncharacterized protein of unknown function which will be discussed in depth, below 

(Section 3.7). 

 Since the number of identified OEP TA proteins was smaller than anticipates, it was not ideal to 

use these proteins to identify any defining sequence specific characteristics involved in targeting. 

Furthermore, the known TA OM proteins OEP9 and TOC33 were not identified in the screen implying the 

search was not comprehensive. In the case of OEP9 it was because OEP9 has not been annotated as plastid 
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localized and for TOC33, a second N-terminal TMD was predicted. Thus, to expand the list of TA plastid 

OEPs, additional proteins possessing a known TA or unknown topology were selected from the list of all 

Arabidopsis chloroplast OM proteins curated by Dr. K. Inoue (http://www.plantsciences. 

ucdavis.edu/kinoue/OM.htm; Inoue, 2011; Table 5). To assess the TA topology of the proteins in Table 5, 

the proteins were analysed utilizing the three independent TMD prediction programs, TMPred (Hoffman 

and Stoffel, 1993), ARAMEMNON (Schwacke et al., 2003), and TOPCONS (Bernsel et al., 2009) to 

account for the difficulty in predicting TMD position. Proteins predicted to possess a single TMD within 

their C-terminal 50 amino acids by at least one of the three programs, were classified as TA OEPs. One 

protein identified in our initial search (Table 4) OEP6 appeared once again in this search with all three 

TMD prediction programs predicting a TA topology. Four additional TA proteins were also identified 

including, atToc159 which has been experimentally shown not to be a TA OEP as the predicted TMD 

resides too far from the C terminus (Bolter et al., 1998), At4G02482, a protein of unknown function, the 

well characterised plastid OM TA protein OEP9 and TOC33.  These additional proteins were added to the 

OEP proteins from Table 4 to create a list of 8 putative TA OEPs (Table 6). A summary of this 

bioinformatics analysis can be seen in the flow chart in Figure 12. 

3.6 Analysis of plastid TA OEP characteristics 

In an attempt to identify any potential targeting motifs, the NTC of all 8 OEPs were compared in 

terms of their physicochemical properties. First the length of the TMD was analysed; however, given the 

difficulty of accurately predicting a TMD, we utilized three distinct TMD prediction programs; 

ARAMEMNON, TMPred, and TOPCONS (For TOC34 experimental results were used to identify the 

conspicuous TMD; Kessler et al., 1994). As mentioned above, ARAMEMNON (Schwacke et al., 2003) 

and TOPCONS (Bernsel et al., 2009) are both consensus TMD prediction programs, in which the results 

of several independent TMD prediction programs are used to develop the prediction, while TMPred is a 

unique TMD prediction program which utilizes an algorithm based on statistical analysis of the TMbase 

database of known TMD helices (Hofmann, 1993).  Overall, this analysis revealed that all of the TA OEPs  
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Table 5: Known or predicted A. thaliana OEPs based on Inoue (2011)a 

 

AGIb Annotationc Topologyd cTPe 

TMD Predictionf 

TMPred ARAMEMNON TOPCONS 

AT1G02280 Toc33 C - N(2) N(0) N(0) 

AT1G16000 Unknown protein/OEP9 C - Y N(1) N(1) 

AT2G01320 ABC transporter family - - N(6) N(5) N(2) 

AT2G16070 Plastid Division 2 (PDV2)  C? - N(1) N(1) N(1) 

AT2G16640 Toc132 C? - N(2) N(0) N(0) 

AT3G06510 SFR2/GGGT N or C S N(3) N(1) N(1) 

AT3G06960 TGD4 (involved in ER-to-plastid lipid 

transport) 

- - N(1) N(0) N(0) 

AT3G16620 Translocon outer complex protein 120  C? - N(1) N(0) N(0) 

AT3G44160 Outer membrane OMP85 family protein - - N(1) N(0) N(0) 

AT3G45780 PHOT1 (phototropin 1); kinase - cTP N(1) N(0) N(1) 

AT3G48620 Unknown protein - - N(1) N(0) N(0) 

AT3G51870 Mitochondrial carrier family - cTP N(4) N(3) N(0) 

AT3G52230 OM24 orthologue C? - N(1) N(1) N(1) 

AT3G63160 OEP6 - - Y Y Y 

AT4G02482 Unknown protein - - N(0) N(0) Y 

AT4G02510 OEP86 (TOC159) C? - Y N(0) N(0) 

AT4G15810 Unknown protein - - N(4) N(0) N(0) 

AT5G05000 Toc34, component of the import apparatus C - Y N(0) Y 

AT5G20300 Avirulence-induced gene (AIG1) family 

protein  

C? - N(1) N(0) N(1) 

AT5G25900 GA requiring 3 - S N(3) N(1) N(2) 

AT5G35210 PHD finger transcription factor  - - N(9) N(5) N(6) 

AT5G51020 CRL  N or C cTP N(1) N(0) N(1) 

AT5G53280 Plastid Division 1 (PDV1) C? - N(2) N(1) N(1) 

AT5G58140 Phot2 (non-phototropic hypocotyl 1-like) - cTP N(3) N(0) N(0) 

 
a List of all known or predicted Arabidopsis chloroplast outer membrane proteins that possess a TA 

topology (see below [footnote d] and text for additional details), as well as those that do not have predicted 

topology were selected from the cumulative list of all Arabidopsis chloroplast OM proteins curated by Dr. 

K. Inoue (http://www.plantsciences.ucdavis.edu/kinoue/OM.htm). Proteins which are considered to have a 

single N-terminal TMD or multiple TMDs are not shown.  
b AGI number represents the systematic designation given to each locus, gene and its corresponding protein 

product(s) by TAIR. 
c Annotation of the protein function(s) based on the ‘Lab’ annotation search tool at PPDB. 
d Shown for each protein is whether it is annotated in the Arabidopsis chloroplast outer membrane protein 

list to be anchored in the chloroplast outer envelope with a known TA topology (C), a putative TA protein 

possessing a single TMD and an N-terminal cytosol-facing topology (C?), or either N-terminal 

intermembrane-space-facing or TA topology (N or C). Proteins without an annotated topology are indicated 

by a dash.  
e N-terminal targeting peptide prediction based on TargetP (http://www.cbs.dtu.dk/services/TargetP/) 

(Emanuelsson et al., 2000; Nielson et al., 1997). Shown for each protein is whether it possesses a predicted 

N-terminal chloroplast targeting peptide (transit peptide) (cTP) or, for only a few proteins, a predicted 

Secretory peptide (S). Proteins without a predicted N-terminal targeting signal are indicated by a dash. 
f Shown for all proteins, except those already considered to have a TA topology (i.e., ‘C’, including Toc33, 

Unknown Protein/OEP9, and TOC34), are the results of TMD predictions performed using TMPred 

(http://www.ch.embnet.org/software/TMPRED_form.html) (Hofmann and Stoffel, 1993), ARAMEMNON 

(http://aramemnon.botanik.uni-koeln.de/) (Schwacke et al., 2003), and TOPCONS 

(http://topcons.cbr.su.se/) (Bernsel et al, 2009). Shown for each of these proteins is whether it is predicted 

to possess (Y) or does not possess (N) a TMD within its C-terminal 50 amino acids, and the number (in 

parentheses) of predicted TMDs within the entire protein.  
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Table 6: Known or predicted TA OEPs in A. thalianaa 

 

AT1G02280 Toc33 -KMVDGSYSDDKGKKLIPLIIGAQYLIVKMIQGAIRNDIKTSGKPL   21 0.74 0.67 14 +2-1=+1 21.4%   7.1% 14.3% 
AT1G16000 OEP9 -KMEHYVYSGEKKHVLVGIGIVTIIFGVPWYLMTQGSKHQSHQDYMDKADKARKARLSSSSSANK   20±1 1.79 1.10 31±2 +7-3=+4 22.6%    9.7% 22.6% 
AT3G06960 TGD4 -NGANPVTVDKTVFAIEYALQVLLSAKAVVSYSPKQNEFMVELRFFET   21 1.28 0.72 16 +2-3=-1 12.5%  18.8%   6.3% 
AT3G63160 OEP6 -PKLEKPTGKKQTATVVVGVLAVGWLAIELVFKPLFKKLSSSKDKSDSDDATVPPPSGA  20±1 1.85 0.86 26±1 +5-4=+1 18.7%  14.8% 25.9% 
AT4G02482 Unknown -LRHQVSVGRQTKVTTFVSLDSKRTGCFTVRTNSSDQLQIAVMALLLLAM 21 -0.095 0.34 18   0-1=-1   0.0%    5.6% 11.1% 
AT4G02510 Toc159 -TVRTSSSDQLQIALTAILPIAMSIYKSIRPEATNDKYSMY 20 1.26 0.83 12 +1-2=-1 16.7%  16.7% 16.7% 
AT5G05000 Toc34 -VEGPNPNERGKKLIPLMFAFQYLLVMKPLVRAIKSDVSRESKPAWELRDSGLASRRS  21 1.10 0.87 27 +6-4=+2 25.9%  14.8% 22.2% 
AT5G21990 OEP61 -GMEKAKKAKKWLFGKGGLIFAILMLVLAMVLHRLGYIGN 21 1.94 1.01 3±5 +1-0=+1  12.5%    0.0%   0.0% 
 

a Arabidopsis chloroplast outer membrane proteins were identified via bioinformatics screens to be TA and also possess a chloroplast outer membrane 

annotation in PPDB or ARAMEMNON (See Table 4) or are bona fide chloroplast TA proteins (See Table 5). 
b AGI number represents the systematic designation given to each locus, gene and its corresponding protein product(s) by TAIR. 
c Annotation of the protein function(s) based on the ‘Lab’ annotation search tool at PPDB with manual revision. 
d Shown for each protein is its deduced C-terminal TA sequence, including its putative TMD, based on TMD prediction programs ARAMEMNON 

(http://aramemnon.botanik.uni-koeln.de/) (underlined), TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) (Hofmann and Stoffel, 

1993) (Bold) and TOPCONS (http://topcons.cbr.su.se/) (Bernsel et al., 2009) (shaded grey),  as well as the upstream 10 amino-acid-long sequence, 

and the downstream, soluble carboxy-terminal sequence (CTS).In some instances when no TMD was predicted the TMD position was obtained from 

published literature (italics). Positive amino acids are shaded in red, negative amino acids are shaded in yellow, and hydrophobic amino acids are 

shaded in cyan. 
e TMD length is the smallest number of overlapping amino acids predicted to be in the TMD by the three prediction programs with the number of 

non-overlapping amino acids given as an error measurement. In cases where only one prediction program predicted a TMD the length predicted by 

the respective program is given. 
f TMD grand average of hydrophobicity (GRAVY) is the average hydrophobic score of the amino acids in the TMD using Kyte-Doolittle 

hydrophobicity values, calculated using the protein analysis tool ProtParam  (http://web.expasy.org/protparam/) (Gasteiger et al., 2005). 
h CTS length is the number of amino acids following the C-terminal TMD taking into account the variation in TMD predictions. 
i CTS Charge is given for the largest predicted CTS in the format (number of positively charged amino acids)-(number of negatively charged amino 

acids)=(Total CTS charge). 
j R+K is the percentage of basic (R+K) residues in the CTS of the respective protein. 
k D+E is the percentage of acidic (D+E) residues in the CTS of the respective protein. 

l S+T is the percentage of hydroxyl containing residues (S+T) residues in the CTS of the respective protein. 
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Figure 12: Flow chart depicting the various steps involved in the identification of putative A. thaliana 

TA OEPs. Details of the search can be found in the text. Abbreviations: OM, Outer membrane (plastid); 

IM, inner membrane (plastid); ThM, thylakoid membrane; OEP, outer envelope proteins (plastid).
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possess a predicted TMD of 20-21 residues in length. Next, the predicted overall hydrophobicity of the 

TMD was calculated using Expasy ProtParam (Wilkins et al., 1999) (http://web.expasy.org/protparam/) and 

PEP-ScreenTM (Sigma Aldrich) (http:// www.sigmaaldrich.com/life-science/custom-oligos/custom-

peptides/learning-center/pepscreen-calculator/pepscreen-calculator.html) hydrophobicity calculators, and 

revealed that like mitochondrial TA proteins (Marty et al., 2014), most plastid TA OEPs possessed a 

moderately hydrophobic TMD (0.67-1.10 via PepscreenTM compared to 0.6-0.9 for mitochondrial TA 

proteins, both within the moderate classification for TMD hydrophobicity, 0.6-1.1). Next, as the length of 

the CTS was shown to be a critical component of mitochondrial TA protein targeting signals (Marty et al., 

2014), we analysed the length of the CTS of TA OEPs based on the prediction of TMD position and length 

(Table 6). Overall, of the 8 identified TA OEPs, the CTS varied from 8-33 amino acids in length; however, 

all were considerably longer than those of mitochondrial or ER localized TA proteins (Hwang et al., 2004; 

Marty et al., 2014; reviewed in Lee et al., 2014). Furthermore, two proteins previously shown to be bona 

fide TA OEPs, OEP9 and TOC34 (Dhanoa et al., 2010), have CTS lengths of 31 and 27 amino acid residues, 

respectively (Table 6).  Interestingly, when secondary structures predictions were made of the C-termini 

of the proteins listed in Table 6 utilizing PsiPred (http://bioinf.cs.ucl.ac.uk/psipred/) all six proteins were 

predicted to possess an α-helical domain in their TMD which extended into the CTS and with the exception 

of OEP61, TGD4, and OEP9 the α-helix is followed by an intrinsically disordered region in the CTS.  

Given this, and the charge-based mechanism known for TA protein trafficking to the mitochondria 

(see section 3.3), the CTS charge distribution of the 8 OEP TA proteins was also analysed. As shown in 

Table 6, there were obvious similarities in the relative distribution of the overall positive charge; 

specifically, basic residues were present in all but the unknown protein which does not seem to share 

similarities with any protein on the list. This may indicate that the unknown protein, At4G02482, is not a 

TA OEP or perhaps that it is trafficked using unique mechanisms. No obvious targeting sequence motifs 

were shared among all of the proteins in Table 6; however, when relative quantity of various amino acids 

was analysed, all but one protein (the unknown protein At4G02482 discussed above), were enriched in 

arginine/lysine, as well as, serine/threonine residues. Interestingly, these characteristics are also commonly 
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found in N-terminal TPs, which implies that mechanistically, TOC34 or other proteinacious components 

may be involved in the targeting and/or insertion of TA proteins into the plastid OM. The S/T and R/K 

amino acid enrichment in the CTS of the proteins in Table 6 was higher in the well characterised plastid 

TA OEPs, OEP9 and TOC34, and the uncharacterised protein, OEP6, and thus as a result of its similarity 

to the well characterised TA OEPs and that it had never been functionally characterised, OEP6 was selected 

for further experimentation. 

3.7. OEP6 is a putative TA OEP  

OEP6 (At3G63160), is a 69 amino acid-long protein with one TMD predicted to reside at amino 

acids 21-42 (Table 6). Similar to OEP9 (Dhanoa et al., 2010), OEP6 possesses no obvious structural or 

functional domains (with the exception of the α-helical TMD) and has no known putative targeting signal 

motifs. OEP6 is of unknown function. However, proteomic studies have indicated that OEP6 is localized 

to the plastid outer envelope (Rutschow et al, 2008; Swarbreck et al., 2008). Furthermore, As shown in 

Table 7, utilizing the Expression Angler tool (Toufighi et al., 2005) at the BioAnalytical Resource for Plant 

Biology (BAR) (Winter et al., 2007) (http://bar.utoronto.ca /efp/cgi-bin/efpWeb.cgi; 

http://bar.utoronto.ca/ntools/cgi-bin/ntools_expression_angler.cgi), OEP6 displayed a high degree of co-

expression under normal and stress conditions with several plastid localized proteins. Under abiotic stress 

conditions, for instance, OEP6 expression is correlated with a wide range of plastid-localized proteins with 

roles in starch biosynthesis, electron transport, and other biochemical pathways. Furthermore, analysis of 

the Electronic Fluorecent Pictograph (eFP) data at the BAR showed high levels of OEP6 expression in 

samples of leaves 7-8 in which plastid gene expression is high (Figure 13A). Taken together these 

observations of gene expression reinforce the notion that, consistent with proteomic studies, OEP6 is 

localized to the plastid outer envelope.  As it has no predicted functional domains, little is known of its 

function of OEP6 at the plastid outer envelope. 

Web-based searches using BLAST (with OEP6 as the query) revealed that, in A. thaliana, no 

putative homologous proteins with a high degree of amino acid sequence identity to OEP6 are known; 

however, the protein with the highest level of amino acid similarity is OEP7 which has a well characterised 
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Figure 13: OEP6 is expressed primarily in A. thaliana leaf tissue and has homologs throughout the 

plant kingdom. A) Expression pattern of OEP6 expression in A. thaliana tissues as presented in the eFP 

browser at the BAR (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). B) A phylogenic tree of OEP6 (Ath1) 

and its corresponding homologs in other eukaryotic species was obtained from Phytozome (Goodstein et 

al., 2012) and generated with TreeView® v1.1.6. Abbreviations: Ath, Arabidopsis thaliana; Aly, 

Arabidopsis lyrata; Ppe, Prunus persica; Zma, Zea mays; Osa, Oryza sativa; Rco, Ricinus communus; Gma, 

Glycine max; Stu, Solanum tuberosum; Sly, Solanum lycopersicum; Sit, Setaria italica; Ppa, Physcomitrella 

patens.Bar=10% amino acid substitution.
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Table 7: A. thaliana genes which have a correlated expression pattern with OEP6a 

a Proteins were identified utilizing the “Expression Angler” tool at  The Bio-Analytic Resource for Plant 

Biology Version 14-05 (BAR)  (Toufighi et al., 2005) under normal and abiotic stress related expression, 

with a Pearson correlation coefficient ≥0.90.  
b AGI number represents the systematic designation given to each locus, gene and its corresponding protein 

product(s) by TAIR. 
c Annotation of the protein function(s) based on the ‘Lab’ annotation search tool at PPDB with manual 

revision 
d Shown for each protein is its intracellular localization(s) based on published proteomics and GFP 

localization results presented at SUBA3 (The SUBcellular localization database for Arabidopsis proteins) 

(Tanz et al., 2013). Abbreviations: Nuc, nucleus; Perox, peroxisome; PM, plasma membrane; Vac, vacuole. 

 

AGI#b Annotationc SUBA Localizationd 

Co-expressed in tissues 
At1g14150 NDH L (Psbq-like 1 or PQL1)  Plastid 
At1g43560 Thioredoxin Y2 (Trx Y2) Plastid 
At1g50320 Thioredoxin X (Trx X) Plastid 
At1g70760 NDHL or CRR23 - 
At3g01440 PsbQ-like 2 (PQL2) - PnsL3 Plastid 
At3g14210 Myrosinase (TGG2)-associated protein  Nuc, Perox, PM, Vac 
At3g16250 NDF4 or NDH-U or PnsB3 Plastid, Vac 
At3g22210 Unknown protein - 

Co-expressed under abiotic stress 

At1g13270 methionine aminopeptidase MAP1B  Plastid 
At1g53230 unknown protein Nucleus 
At2g29630 thiamine biosynthesis (thiC family) Plastid 
At3g47860 Lipocalin Plastid 
At3g57770 Protein kinase superfamily protein Plastid,Vacuole 
At4g18240 starch synthase-related protein Plastid 
At5g51820 plastid phosphoglucomutase (PGM1) (starch free mutant 1) PM, Plastid 
At5g63420 RNA-metabolising metallo-beta-lactamase Nucleus , PM, Plastid 
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targeting signal C-terminal to the TMD (Lee et al., 2001).  In addition to this data, a PhD thesis dissertation 

published in 2012 by Li, N. demonstrated that OEP6 fused to GFP was localized to the plastid outer 

envelope in Arabidopsis protoplasts and possess an Ncytosol-CIMS  topology that was determined through the 

use of in vitro chloroplast imports followed by thermolysin digestion. Although OEP6 and OEP7 share a 

region of high similarity, the sequence divergence has resulted in significant differences between these 

proteins (Li, 2012). Further BLAST searches looking for homologous proteins identified several homologs 

in other plant species, as well as moss species (Physcomatrella patens) but not yeast or mammals. As shown 

in Figure 13B, phylogenetic analysis of OEP6 revealed a diverse array of homologs across many species. 

3.8 Localization of TA OEPs in BY2 cells 

To begin to assess the localization of the TA OEPs listed in Table 6, the BY2 cell system was once 

again employed because of its proven efficiency in analysing intracellular localization (Brandizzi et al., 

2002, Hwang et al., 2004). That is, to confirm that the predicted TA proteins were indeed OEPs, BY2 

tobacco suspension cells were transformed plasmids encoding the proteins in Table 6, expressed for 6-20 

hours, and viewed by microscopy. As shown in Figure 14, the known plastid localized protein myc-OEP9 

(Dhanoa et al., 2010) targeted specifically to plastids giving a distinct ring or torus fluorescence pattern 

which encircles the red fluorescence attributable to the stromal localized, BCAT3-mCherry (Neihaus et al. 

2014), confirming OEP localization as reported in Dhanoa et al. (2010). Similar results were obtained for 

myc-OEP6; however, occasionally additional puncta were observed in myc-OEP6 transformed cells, which 

did not localize to mitochondria (endogenous CoxII), peroxisomes (mCherry-PTSI), or ER (ConA- 

Alexa454) and were thus assumed to be a result of cytosolic aggregation due to overexpression (Figure 

14). Notably, myc-TGD4 (At3G06960), as seen in Figure 14, localized to punctate structures at the surface 

of both plastids and ER in BY2 cells, as shown by the colocalization with BCAT3-mCherry and ConA. 

This fluorescence pattern may be indicative of membrane contact sites between the plastid and ER (as 

previously discussed in section 1.6.5). OEP61, exhibited a cytosolic fluorescence pattern which, based on 

data in previous literature that describes plastid or ER localization (Schweiger et al., 2012; von 

Loeffelholz et al., 2011), was assumed to be an artifact of improper protein expression and folding in the
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Figure 14: Localization of known and putative TA OEPs in BY2 cells. Displayed for each image on the 

left is the expressed construct name with the corresponding epifluorecent micrograph and on the right is a 

high magnification image of the boxes in the left image. Protein localization was assessed with one of 

several markers; Concanavalin A for the ER, endogenous mitochondrial coxII, mcherry-PTSI for the 

peroxisome and BCAT3-mcherry for the plastid. Arrow heads were shown to demonstrate the non-

colocalization of OEP6 puncta with various organelles. Bar = 10 μm
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BY2 system driven by the CaMV 35S promoter (although not tested, the use of the endogenous promoter 

may have resulted in an ER fluorescence pattern). TOC159, TOC33, and TOC34 were not investigated as 

they have previously been shown to be OEPs (Smith et al., 2002; Gutensohn et al., 2000), while At4G02482 

was not investigated as cDNA clones of the ORF were not readily available.  

3.9 Localization of select plastid TA proteins to different plastid compartments in BY2 cells 

To further assess the suitability of the well-studied BY2 suspension cell system for studying plastid 

localized TA protein localization (given they possess proplastids) several proteins were expressed in BY2 

suspension cells and the sub-plastid phenotypes were analysed via CLSM microscopy (Figure 15). To 

determine if OM proteins could be separated microscopically from the stroma, the OM TA protein OEP6 

with a C-terminal myc-tag was co-expressed with stromal localized BCAT3-mcherry. Interestingly, the C-

terminal myc-tag did not impede the trafficking of OEP6 which may indicate that CTS length is not as 

restrictive for plastid TA proteins as it was shown to be for mitochondrial TA proteins (Figure 9). As shown 

in Figure 15, the OM is resolvable and appears as a distinct ring which encircles the red fluorescence 

pattern of stromal BCAT3-mcherry. To determine if the OM and IM fluorescence patterns could be 

resolved, myc-tagged OEP6 and TIC40 fused to RFP were expressed in BY2 cells and OM proteins again 

formed a distinct ring which surrounded the crescent structures of the IM attributable to IM proliferation 

(Singh et al., 2008) (Figure 15). Furthermore, thylakoid localized TP-HA-tAPX, which has a human 

influenza hemagglutinin (HA)-tag placed C-terminal to the transit peptide (meaning the HA-tag becomes 

exposed following TP cleavage) is visible as distinct puncta which reside within the OM rings of myc- 

OEP6.  TP-HA-tAPX was also discernable as distinct puncta within the larger puncta of stromal localized 

BCAT3-mcherry (Figure 15). Although BY2 cells to do not possess plastids with defined thylakoid 

membranes, they do possess proplastid which possess internal prothylakoids (Baginsky et al., 2004) which 

have been shown to possess components for plastid protein trafficking (Sakai et al., 2004). Inner membrane 

localized TP-myc-APG1 (as well as Tic40-RFP; data not shown) was observed to colocalize with stromal 

localized BCAT3-mcherry (and also RecA-CAT; data not shown) implying the IM has proliferated into the 

stroma, a commonly seen artifact of protein expression to the IM under the 35S promoter (Singh et al.,  
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Figure 15: Localization of putative plastid OM TA proteins in BY2 cells. Displayed for each image on 

the left is the expressed construct name with the corresponding epiflorecent micrograph and on the right 

are high magnification images of the boxed are in the left images. Protein localization was, assessed with 

one of several plastid markers; BCAT3-mcherry for the plastid stroma, Tic40-RFP for the inner membrane, 

and TP-HA-tAPX for the thylakoid. Bar = 10μl 
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2008). Collectively, these data reinforce the BY2 suspension cell system as a reliable system to study 

intracellular protein trafficking, even to a complex organelle such as the plastid which has multiple 

membrane and aqueous compartments and in BY2 cells exist as proplastids (Siddique et al., 2006). 

3.10 The CTS of OEP6 is both necessary and sufficient for trafficking to the outer envelope  

As shown once again in Figure 16 (arrowheads), utilizing epi-fluorescent microscopy, the plastid 

sub-location of myc-OEP6, was distinguishable as an OM toroid expression pattern, which encircled the 

fluorescence of BCAT3-mCherry, and is the same as that of OEP6 and OEP9 seen using CSLM. To 

determine if the NTC, like that of other well characterised TA proteins, was both necessary and sufficient 

for protein trafficking to the plastid OM a series of chimeric and mutant constructs were generated and 

assessed for their subsequent localization in BY2 suspension cells (Figure 16). As shown in Figure 16 the 

addition of full length OEP6 or the C-terminal 47 amino acids (the transmembrane domain and CTS of 

OEP6) fused to the C-terminus of GFP (GFP-OEP6 and GFP-OEP6+C47 respectively) resulted in 

localization to the plastid outer membrane, indicating that like other plastid outer membrane TA proteins, 

the NTC of OEP6 is sufficient for protein targeting to the plastid OM. To further investigate the targeting 

sufficiency of the CTS a construct was built fusing the C-terminal 27 amino acids of OEP6 (the CTS alone, 

lacking the context of the TMD) to the C-terminus of GFP (GFP-OEP6+C27) which resulted in cytosolic 

expression in the BY2 system, likely due to the lack of context provided by the TMD (Figure 16). This 

demonstrates that as shown for other TA proteins while the CTS contains targeting signals, it relies on the 

context of the TMD for proper targeting and insertion into its destination membrane. Furthermore, removal 

of the C-terminal 27 amino acids from myc-tagged OEP6 (myc-OEP6-C27) resulted in cytosolic 

mislocalization, demonstrating that the CTS of OEP6, like other TA proteins, is necessary for proper 

trafficking and integration into the plastid outer membrane and the TMD alone is not sufficient for 

trafficking. Lastly, to expand upon our understanding of the importance of the TMD a construct which 

consisted of 3 leucine residues added to the center of the TMD of OEP6 (myc-OEP6 TMD+3L) was made 

to lengthen the TMD, which resulted in ER localization, indicating that TMD location as well as length are 

important for proper TA protein localization. Collectively, these results show that the OEP6 CTS is
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Figure 16: The NTC of OEP6 is both necessary and sufficient for protein targeting to the plastid. 

Displayed for each image is the expressed construct name with the corresponding epifluorecent micrograph 

and on the right is a high magnification image of the boxed are in the left image if one exists. Protein 

localization was assessed by colocalization of the expressed protein with BCAT3-mcherry at the plastid or 

ConcanavalinA-Alexa545 at the ER. Arrow heads were shown to demonstrate the ring structure phenotype 

obtained with localization to the OM. Bar = 10 μm
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necessary for protein trafficking to the plastid OM, and sufficient given the proper context of the TMD, 

similar to OEP9 and TOC34, and to this end we generated a number of constructs interchanging the CTS 

of various proteins to investigate the interchangeability of the targeting signals. 

 3.11. The C terminus of OEP6 functions as an N-terminal TP 

A recent observation by Lung and Chuong (2012) showed that the C terminus of TOC159 when 

reversed and fused to the N-terminus of GFP functions as a TP and is sufficient for trafficking to plastids. 

Given that Toc159 was found in our screen for plastid localized TA proteins, the sufficiency of the C-

terminal 50 amino acid residues of OEP6 to act as a TP for plastid protein trafficking was also analysed.  

Indeed, when the C-terminal 50 amino acid residues of OEP6 were reversed and fused to the N-terminus 

of GFP they too were sufficient for protein trafficking to the plastid OM (Figure 16). Further research will 

be required to gain an understanding of the processes which facilitates this targeting sufficiency and as 

such, it was not investigated further as part of the current study but is a promising avenue for future research.  

3.12 The CTS of OEP6 is interchangeable with the CTS of OEP9 and Toc34, but not with the CTS of 

TA OEPs that lack an R/K and S/T enriched motif 

As shown in Figure 16, the removal of the CTS from TA OEPs results in mislocalization however 

as shown with mitochondrial TA proteins (Marty et al., 2014), swapping the CTS of two TA proteins often 

results in proper trafficking if the proteins follow similar targeting pathways (Hwang et al., 2004 ; Marty 

et al., 2014). To this end, chimeric C-terminal mutants in which the CTS of OEP6 had been fused to the C-

terminus of myc-tagged OEP9ΔCTS (myc-OEP9ΔOEP6CTS) and vice versa (myc-OEP6ΔOEP9CTS) 

were generated. As shown in Figure 17, both mutants exhibited typical plastid outer membrane phenotypes, 

implying that OEP9 and OEP6 rely on similar targeting mechanisms as was seen with many mitochondrial 

TA proteins. The CTS of OEP6 was also interchanged with the CTS of TOC34 (myc-OEP6ΔTOC34CTS) 

and resulted in plastid outer membrane localization (Figure 17); however, the TOC34 homolog, TOC33, 

when interchanged with myc-tagged OEP6 (myc-OEP6ΔTOC33CTS) or OEP9 (myc-OEP9ΔTOC33CTS) 

it resulted in cytosolic and cytosol/puncta expression patterns, respectively, implying the required C-

terminal targeting characteristics are not present in the CTS of TOC33. Interestingly, when the CTS of  
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Figure 17: Localization of various chimeric TA OEPs in BY2 cells. Displayed for each image is the 

expressed construct name with the corresponding epifluorecent micrograph and on the right is a high 

magnification image of the boxed are in the left image if one exists. Protein localization was assessed by 

colocalization of the expressed protein with BCAT3-mcherry at the plastid, CoxII for the mitochondria or 

ConcanavalinA-Alexa594 at the ER. Bar = 10μm
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OEP61 was interchanged with the CTS of OEP6 the resulting construct (myc-OEP6ΔOEP61CTS) 

displayed an ER fluorescence pattern as demonstrated by colocalization with Con A which implies that 

OEP61 may be ER localized in vivo when expressed at appropriate levels. This expression pattern may 

have been masked by the overexpression of the full length protein to the cytosol (Figure 14). This implies 

that not all proteins on Table 6, but only those which possess the RK/ST enrichment, discussed above 

follow the same targeting pathway as OEP6 and OEP9. When the CTS of OEP6 was swapped with the CTS 

of Tung Cb5-D, a mitochondrial localized TA protein (myc-Cb5DΔOEP6CTS), it resulted in plastid 

localization (Figure 17) implying that the TMD does not contribute targeting information but rather gives 

contextual properties to the CTS, provided it possesses the appropriate length and hydrophobicity. 

3.13 Identification of a novel targeting signal motif in the CTSs of OEP6 and OEP9 

As discussed previously, unlike mitochondrial localized TA proteins, which possess a defined 

targeting motif, TA OEPs do not appear to have a conserved targeting sequence motif, but rather appear to 

rely on general physicochemical properties within the CTS. We sought to identify characteristics in the 

CTS of OEP6, OEP9, and TOC34 which are required for targeting to the plastid. To this end, the amino 

acid characteristics within the CTS of OEP6, OEP9 and TOC34 were analysed and a consistent enrichment 

in positive and serine/threonine residues over a 10 amino acid region of the relatively long CTS, was 

identified. Specifically a region of the CTS was identified which possessed three S/T and three R/K residues 

over ten amino acids.  To test the importance of this region we created a series of CTS deletion and 

truncation constructs in OEP6 and OEP9 which possessed either, one half of the CTS which possessed the  

S/T and R/K enriched motif (myc-OEP6 1/2 CTS N and myc-OEP9 ½ CTS C) or one which did not possess 

the S/T and R/K motif (myc-OEP6 ½ CTS C and myc-OEP9 ½ CTS N). As shown in Figure 18, the 14 

and 15 amino acid long halves of the CTS which contain the S/T and R/K enrichment were sufficient to 

traffic the proteins to the plastid while those which did not possess the enrichment, were not sufficient and 

resulted in mislocalization to the cytosol. Collectively, this demonstrates the necessity of this enriched
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Figure 18: Localization of OEP6 and OEP9 CTS mutants in BY2 cells. Displayed for each image is the 

expressed construct name with the corresponding epifluorescent micrograph and on the right is a high 

magnification image of the boxed are in the left image if one exists. Protein localization was assessed by 

colocalization of the expressed protein with BCAT3-mcherry at the plastid Bar = 10 μm 
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region for TA OEP trafficking and defines an “RK/ST” motif in which over a stretch of ten amino acids, 

there exist three R/K and three S/T residues that are required for plastid TA protein targeting. 

3.14 Bioinformatics analysis utilizing the newly-identified targeting signal motif found in OEP6, 

OEP9, and Toc34 reveals several novel candidate TA OEPs  

As was done for mitochondrial TA proteins, novel plastid OM proteins were sought, utilizing the 

R/K/S/T motif discovered in the C terminus of some TA OEPs. To this end, we performed a search of all 

proteins found in Table S1 looking for several characteristics. The first characteristic utilized was that the 

proteins not possess an N-terminal TP as no TA OEPs to date have been found to possess a TP, and in doing 

so were left with 470 proteins. The next characteristic was the presence of a CTS of at least 10 amino acids 

in length that is enriched with 3 R/K and 3S/T residues over a 10 amino acids stretch.  The search identified 

a total of 15 putative plastid OM TA proteins, the C-terminal sequences of which, can be seen in Table 8. 

A summary of the search process is depicted in Figure 19.  

All of the proteins possessing the newly identified characteristics from Table 6 were also found in 

our bioinformatics search of the Arabidopsis TA proteome, and those which do not possess the 

characteristics (TOC33, TOC159 and At4G02482) were, as expected, not found. TGD4 and OEP61 did not 

get identified as they were excluded during the search a result of their short CTS which indicates these 

proteins may follow unique trafficking pathways. The unique CTS characteristics of OEP61 and TGD4 

suggest a possible dual localization targeting sequence motif or additional targeting signals, given that both 

of these proteins have been demonstrated to localize to both the ER and plastid.   

Included in the newly identified proteins were 5 proteins annotated to be of unknown function 

(At1G28540, At1G76480, At1G80890, At4G24110, At5G18661), one of which is believed to be a homolog 

of OEP9 (i.e. At1G80890) based on the high sequence identity, revealed via BLAST analysis, 3 homologs 

(At1G19400, At1G01500, and At1G75180) classified as erythronate-4-phosphate dehydrogenase family 

proteins, a hAT dimerization protein (At2G16040), Receptor like protein 34 (At3G11010), a RING/U-box
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Table 8: Candidate A. thaliana TA OEPs identified through a search of all predicted TA proteins for those containing a C-terminal R/K 

and S/T enriched motif 

 

 

 

 

 

 

 

AGIa Annotationb C-terminic SUBAd AmiGOe 

AT1G01500.1  Erythronate-4-phosphate dehydrogenase  DEDGQLSWFNAGVRVGVGIGLGMCLGVGIGVGLLMRSYQATTSNLRRRFL -- -- 

AT1G16000.1*  OEP9 LVGIGIVTIIFGVPWYLMTQGSKHQSHQDYMDKADKARKARLSSSSSANK -- -- 

AT1G19400.1  Erythronate-4-phosphate dehydrogenase  CIDGEMSWFNAGVRVGVGIGLGVCVGLGIGVGLLVRTYQSTTRTFRRRLL -- -- 

AT1G28540.1  Unknown protein AIRQYSKWYSHAWGTAILAGGFFFGLGWIIKGSNPLPSLQSSSKPRDEEK -- -- 

AT1G75180.1  Erythronate-4-phosphate dehydrogenase  GEDGEMSWFNAGVRVGVGIGLGVCVGLGIGVGLLVRTYQSTTRNFRRRII -- Nucleus, Mitochondria 

AT1G76480.1 * unknown protein MGIPYSSWSVVLLVALCLVVSFIVPRSLPSSLLTKDQGLRSSHRSHGKDS -- Mitochondria 

AT1G80890.1  unknown protein LAGIGIISIIFGIPWYLMNQGSKHRSHQDYLEKADKARKARLSSSSSSDK -- Nucleus 

AT2G16040.1*  hAT dimerisation protein NTWIAYRILLTIPVSVALAERTFSKLKLIKKYLRSTMSQERLNGLALISV -- Nucleus 

AT3G11010.1  Receptor like protein 34 ISWIAAAIGFGPGIAFGLMFGYILVSYKPEWFMNPFGRNNRRRKRHTTTH PM -- 

AT3G63160.1 * OEP6 KKQTATVVVGVLAVGWLAIELVFKPLFKKLSSSKDKSDSDDATVPPPSGA Plastid CP OM, CP ENV, Thyl, CP 

AT4G24110.1  unknown protein AEMESETEGMGWAVDLGIWVMCLGVGYLVSKASTKTLTSGRRRRTRRTFF -- -- 

AT5G01980.1  RING/U-box superfamily protein RGRWLFLAAAPVVSLVGVVLAMWLSSPHRRGIAISHSQRENRTRRWLPFF -- -- 

AT5G05000.1* Translocon at the outer envelope 

membrane of chloroplasts 34 

ERGKKLIPLMFAFQYLLVMKPLVRAIKSDVSRESKPAWELRDSGLASRRS Plastid Plastid 

AT5G18661.1  unknown protein GMCMSACGGGDDEGSSLLTHLVIIVVICLSIMAVCTSNERRTSVRYVRCR 

 

-- -- 

AT5G42320.1  Zn-dependent exopeptidases 

superfamily protein 

GKNMEVIDVGMQEIKTYFRLFLLSSVLLMFMFCSRIAKSKYSRNSMPVLP -- Extracellular, membrane 
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aAGI number represents the systematic designation given to each locus, gene and its corresponding protein 

product(s) by TAIR. 
bAnnotation of the protein function(s) based on the ‘Lab’ annotation search tool at PPDB. 
c Shown for each protein is its 50 C-terminal amino acids, including its putative TMD (underlined), based 

on TMD prediction program TONCONS-Single (http://single.topcons.net/) (Bernsel et al., 2009) with 

manual revision, and the downstream, soluble carboxy-terminal sequence (CTS) possessing the required 

sequence properties. Amino acids are shaded based on physicochemical properties: red, basic residues; 

yellow, acidic residues; cyan, serine and threonine residues. 
d Shown for each protein is its intracellular localization(s) based on published proteomics and/or GFP 

localization results presented at SUBA3 (The SUBcellular localization database for Arabidopsis proteins) 

(Tanz et al., 2013). Abbreviations: PM, plasma membrane. 
e Shown for each protein is ‘cellular component’ ontology, i.e., where a gene product is located in is a 

subcompartment of a particular cellular component, based on the AmiGO search tool at the Gene Ontology 

database (http://www.geneontology.org) (Ashburner et al., 2000). Abbreviations: Cp, chloroplast; OM, 

outer membrane; ENV, envelope; Thyl, thylakoid. 
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Figure 19: Flow chart depicting the search for novel plastid TA OEPs utilizing the novel R/K and 

S/T enriched CTS motif.  The analysis resulted in a list of 15 putative OEP TA proteins See text for 

additional details.



 

84 
 

superfamily protein (At5G01980), and a Zn-dependent exopeptidase superfamily protein (At5G42320). All 

localization information obtained from both AmiGO (Ashburner et al., 2000) and SUBA3 (Tanz et al., 

2013), is shown in Table 8; however, the majority of the 15 proteins, with the exception of At3G11010, 

At5G42320 and OEP6 have only predicted localization data.  

To confirm the newly identified proteins were indeed plastid localized they were ectopically 

expressed in the BY2 suspension cell system. The putative TA OEP, myc-At1G01500 as well as its 

homolog, myc-At1G19400, exhibited plastid OM fluorescence pattern (Figure 20) and from this we can 

presume that although At1G75180 was not investigated, it too is plastid localized because of its high 

sequence similarity with these At1G01500 and At1G19400. At1G28540 exhibited a dual localization to  

both plastids and mitochondria, which could be explained by the presence of the dibasic mitochondrial 

targeting motif within the C-terminal 8 amino acids (Table 8) which has been shown to be sufficient for 

TA OMM protein trafficking (Figures 9-11).  At5G01980 exhibited an OM fluorescence pattern; however, 

the plastids displayed a unique phenotype when this protein was expressed, in which they became large and 

circular while clumping together (Figure 20).  At4G24110 did not localize to the plastid; however, 

sequencing of the clone revealed mutations in the C-terminal three amino acids (LL to FFS) which may 

explain the mislocalization. At1G76480, At2G16040, At3G11010, and At5G18661 were not investigated 

as a result of their low expression levels which made them too difficult to clone via RT-PCR. Perhaps 

cDNA samples from different A. thaliana tissue samples are needed given the highest reported expression 

levels of many of these proteins is not in leaf tissue. 

3.15. The CTS of At1G19400 possesses the novel TA OEP targeting signal motif and is 

interchangeable with the CTSs of OEP6 and OEP9 

To further characterize the newly identified R/K/S/T targeting motif, one protein from the list, 

At1G19400, was selected for further characterisation as it was uncharacterised to date in terms of its 

localization and function. At1G19400 is annotated as an erythronate-4-phosphate dehydrogenase family 

protein based on homology with prokaryotic isoforms (Tanaka et al., 2005), which implies it may perform 
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Figure 20: Localization of candidate plastid TA proteins OEPs in BY2 cells. Displayed for each image 

is the expressed construct name with the corresponding epifluorecent micrograph and on the right is a high 

magnification image of the boxed area in the left image. Protein localization was assessed by colocalization 

of the expressed protein with BCAT3-mcherry at the plastid. Arrowhead demonstrate the plastid phenotype 

of At1G28540 which does not colocalize with endogenous mitochondrial CoxII. Bar = 10 μm.
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the first step in the biosynthetic pathway of vitamin B6 in plants. BLAST searches reveal this protein is 

unique to plant species and prokaryotes and analysis of the eFP browser at the BAR shows high expression 

in leaf tissue (data not shown). As was seen with other TA proteins, the CTS of At1G19400 was shown to 

be necessary for trafficking as myc-tagged At1G19400 with its CTS removed (myc-At1G19400ΔCTS) 

resulted in mislocalization to the ER as evidenced by the colocalization with Con A (Figure 21). To assess 

if the At1G19400 NTC was also sufficient for protein trafficking to the plastid, a construct consisting of 

At1G19400 NTC fused to the C terminus of GFP (GFPΔ19400NTC) was built that when expressed in BY2 

tobacco cells resulted in plastid localization, confirming the C-terminal sufficiency (Figure 21). 

Furthermore, lengthening the TMD through the addition of 3 leucine residues (myc-At1G19400 TMD+3L) 

resulted in a cytosolic/ER expression, again demonstrating the importance of the TMD context (Figure 21). 

Interchanging the CTS of At1G19400 with that of OEP6 and OEP9 (myc-At1G19400ΔOEP6CTS and myc-

At1G19400ΔOEP9CTS respectively) resulted in conservation of the plastid OM fluorescence patter, and 

the same was true with the replacement of the OEP6 CTS with that of At1G19400 (myc-OEP6Δ19400CTS; 

Figure 21). As was shown for OEP6, the At1G19400 CTS was able to redirect mitochondrial localized 

Tom20-3 to the plastid OM by replacing the native CTS with the At1G19400 CTS (myc-TOM20-

3Δ19400CTS), indicating that the targeting information of plastid localized TA proteins is located in the 

CTS and the TMD is mostly needed for contextual significance. In summary, the data indicate that 

At1G19400 and several other identified proteins are TA OEPs that expand the A. thaliana OM proteome 

and further our understanding of TA OEP trafficking as well as plastid biogenesis. 
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Figure 21: Localization of various At1G19400 mutant proteins in BY2 cells. Displayed for each image 

is the expressed construct name with the corresponding epifluorecent micrograph and on the right is a high 

magnification image of the boxed are in the left image if one exists. Protein localization was assessed by 

colocalization of the expressed protein with BCAT3-mcherry at the plastid or Concanavalin A at the ER. 

Bar = 10. 
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Chapter 4: General discussion, conclusions, and future directions 

Here, the mitochondrial TA proteins CTS targeting motif presented in Hwang et al., (2004) has 

been expanded to, -R/K/H-X{0,1≠E}-R/K/H{≠−H−H−or−H−X−H−} -X{0,1≠E}X{0,3}{CTS=3,8}, to include the context of 

the surrounding amino acids. This knowledge not only furthers our understanding of the signal requirements 

but has allowed us to predict a number of novel mitochondrial OM TA proteins for further study (Table 3). 

There are still however, several critical questions which remain to be answered. For example; the 

proteinacious machinery responsible for mitochondrial TA protein trafficking, if any exist, have yet to be 

identified, and the insertion mechanism of TA proteins at the mitochondrial OM still remains to be 

determined, and the characteristics that prevent these proteins from being trafficked to other organelles such 

as the ER or plastid have only just begun to be understood. The work presented in this study has contributed 

to some of these questions, but also, the identified motif will be of use as the signals which differentiate 

various organelles in plant cells are elucidated. 

Unlike mitochondrial TA proteins it does not appear that plastid TA proteins possess sequence 

specific targeting signal motifs but rely instead on general physicochemical properties within the CTS 

(Dhanoa et al., 2010).  The major limiting factor in the study of plastid TA proteins at the plastid outer 

membrane has been the low number of identified proteins at the plastid outer membrane in general. To 

account for this the cumulative list of predicted TA proteins in A. thaliana (Table S1) was cross-referenced 

against multiple proteomic databases in an attempt to identify all putative plastid TA proteins. Then by 

curating published literature resources the number of proteins was increased by four. In total, eight putative 

TA OEPs were identified including, OEP6, which shared many characteristics with that of the OEP9 and 

TOC34 CTS (for example a high proportion of R/K and S/T residues, a long CTS and a similar 

hydrophobicity) (Table 6). Further investigation elucidated that the OEP6 NTC is sufficient for protein 

trafficking to the plastid OM, and the OEP6 CTS is functionally interchangeable with OEP9, and TOC34. 

This implies that OEP6, OEP9 and TOC34 but not TOC33 utilize the same targeting pathway, which is 

consistent with data published by Dhanoa et al. (2010) which indicated TOC33 possess unique targeting 
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signals from that of OEP9. Further analysis revealed a large amount of sequence divergence in the CTS of 

TOC33 and TOC34 which implies that as TOC33 and TOC34 evolved distinct cellular functions they also 

evolved to possess distinct trafficking mechanisms. It was then determined that a specific region within the 

CTS of OEP9 and OEP6 which is enriched in R/K and S/T residues and is required for protein trafficking. 

Utilizing this data, a search was performed looking for proteins containing the RKST motif, which 

identified 15 putative plastid OM TA proteins which greatly expands the number of known TA proteins of 

the chloroplast OM (Table 8). 

 One short-fall of this study was that in vitro plastid imports, although attempted, were never 

successfully performed and thus any data on the membrane integration of the proteins in this study is not 

available. Another shortcoming of this study is that differential permeabilization was not performed to 

confirm the observations by Li (2012), that OEP6 has TA membrane orientation. This study does however 

introduce a large number of future directions for research. For example: i) further characterisation is needed 

regarding the contextual significance of the R/K/S/T motif identified in this study, ii) characterisation of 

the predicted plastid OM TA proteins will further TA protein research and given the low number of known 

plastid OM proteins, plastid research as a whole, and iii) the identification of signals between mitochondrial 

and plastid TA proteins that allow their targeting signals to be distinguished from one another. Another 

promising avenue of research is to research proteins which reside at the plastid inner or thylakoid 

membranes as no data on their TA targeting mechanisms is known.  

In addition the molecular machinery which facilitates the trafficking of TA OEPs has yet to be 

characterised. The novel TA OEPs identified will allow further investigation of the role of AKR2A, which, 

as discussed in the Introduction, may be an essential molecular chaperone for TA OEPs, as it has been 

shown to interact with OEP9, TOC33, and TOC34 and it is a known molecular chaperone for other OEPs 

(Dhanoa et al., 2010). Although many questions remain, the observation that the targeting motif consisting 

of a 10AA acid region possessing 3 R/K and 3 S/T residues, in the CTS of plastid OM localized TA proteins 



 

90 
 

that is sufficient for trafficking to the plastid is the first information to date regarding plastid TA protein 

targeting signal motifs and represents a significant advancement in the field of plant TA protein biogenesis. 

Taken together the result of this thesis demonstrate the complexity of TA protein trafficking in 

plant cells which have evolved numerous mechanisms to accommodate the presence of an additional 

organelle, the plastid. The functional definition of the mitochondrial TA dibasic targeting signal motif has 

successfully been expanded to -R/K/H-X{0,1≠E}-R/K/H{≠−H−H−or−H−X−H−} -X{0,1≠E}X{0,3}{CTS=3,8} and have 

utilised the modified motif to identify 42 putative mitochondrial TA proteins for further investigation. 

Regarding plastid TA proteins, a previously uncharacterized plastid OM TA protein, OEP6, has been 

characterised which allowed the identification of the “R/K/S/T” plastid TA targeting signal motif. As was 

done with the mitochondrial TA proteins, we utilized the newly identified motif as a search parameter to 

identify 15 novel plastid OM TA proteins and many of these identified proteins demonstrated plastid OM 

localization, including At1G19400 for which an in depth analysis was performed, which revealed it had 

similar targeting signals to OEP6 and OEP9. Although further characterisation is needed, the TA proteins 

identified at the mitochondria and plastid in this study provide an excellent dataset for further analysis of 

TA protein trafficking mechanisms in plant cells.  
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Appendix 1: Supplemental Tables and Figures 

Table S1: List of all known and predicted TA proteins in A. thalianaa  

AGI #b Annotationc Refd PPDB 

Localizatione 

AT_Chloro 

Localizationf 

 

SUBA 

Localizationg 

 

AT1G01010.1  NAC domain containing protein 1 1,2,3 - - - 

AT1G01020.1  Arv1-like protein 1 - - - 

AT1G01020.2  Arv1-like protein 1 - - - 

AT1G01240.1  Unknown protein 2 - - - 

AT1G01240.2  Unknown protein 2 - - - 

AT1G01240.3  Unknown protein 1,2 - - - 

AT1G01450.1  Protein kinase superfamily protein 2 - - - 

AT1G01500.1  Erythronate-4-phosphate dehydrogenase family protein 1,2 - - - 

AT1G02160.2  Cox19 family protein (CHCH motif) 1 - - - 

AT1G02610.1  RING/FYVE/PHD zinc finger superfamily protein 1 - - - 

AT1G02660.1  Alpha/beta-Hydrolases superfamily protein 1,2 - - - 

AT1G03055.2  Unknown protein 1 - - - 

AT1G04070.1  Translocase of outer membrane 22-I 1,2,3 - - - 

AT1G04750.1  Vesicle-associated membrane protein 721 3 Plasma 

membrane 

- - 

AT1G04760.1  Vesicle-associated membrane protein 726 2,3 Plasma 

membrane 

- Plastid; 

Plasma 

membrane 

AT1G05140.1  Peptidase M50 family protein 1 Plastid Thylakoid Plastid;  

Plasma 

membrane 

AT1G05270.1  Trab family protein 1,2 - - - 

AT1G05320.1  Unknown protein 2,3 - - - 

AT1G05320.2  Unknown protein 2 - - - 

AT1G05320.3  Unknown protein 1,2 - - - 

AT1G06475.1  Unknown protein 1,2 - - - 

AT1G06530.1  Tropomyosin-related 1,2,3 - - - 

AT1G07060.1  Unknown protein 1 - - - 

AT1G07390.3  Receptor like protein 1 1 - - - 

AT1G08560.1  Syntaxin of plants 111 1,2,3 - - - 

AT1G08640.1  Chloroplast J-like domain 1 1 Envelope-inner-

integral 

Envelope Plastid;  

Plasma 

membrane; 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467482
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=465759
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=465760
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=46
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=51
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586616
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=162
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=167
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=465772
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=311
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6960
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=378
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=417
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=431
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=436
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467539
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467540
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=465797
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=557
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=606
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=838034
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=759
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=767
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Mitochondria; 

Nucleus 

AT1G08820.1  Vamp/synaptobrevin-associated protein 27-2 2,3 - - - 

AT1G08820.2  Vamp/synaptobrevin-associated protein 27-2 1,2 - - - 

AT1G09070.1  Soybean gene regulated by cold-2 1 - - - 

AT1G09920.1  TRAF-type zinc finger-related 1,2,3 - - - 

AT1G10220.1  Zcf37  1 - - - 

AT1G10657.1  Plant protein 1589 of unknown function 3 - - - 

AT1G11250.1  Syntaxin of plants 125 1,2,3 - - - 

AT1G11785.1  Unknown protein 2 - - - 

AT1G11890.1  Synaptobrevin family protein 1,2,3 Endoplasmic 

reticulum (ER) 

- - 

AT1G12340.1  Cornichon family protein 1 - - - 

AT1G14160.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT1G14410.1  Ssdna-binding transcriptional regulator 1 Plastid stroma Stroma Plastid 

AT1G14450.1  NADH dehydrogenase (ubiquinone)s 2 - - - 

AT1G14688.1  Unknown protein 3 - - - 

AT1G15010.1  Unknown protein 1,2 - - - 

AT1G15410.1  Aspartate-glutamate racemase family 1 Plastid stroma - Plastid 

AT1G15880.1  Golgi snare 11 1,2,3 - - - 

AT1G16000.1  Unknown protein 1,2 - - - 

AT1G16170.1  Unknown protein 3 - - - 

AT1G16225.1  Target SNARE coiled-coil domain protein 1,3 - - - 

AT1G16240.1  Syntaxin of plants 51 2,3 - - - 

AT1G16240.2  Syntaxin of plants 51 1,2 - - - 

AT1G17200.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT1G17280.1  Ubiquitin-conjugating enzyme 34 2,3 - - - 

AT1G17280.2  Ubiquitin-conjugating enzyme 34 1,2 - - - 

AT1G17545.1  Protein phosphatase 2C family protein 1 - - - 

AT1G17780.1  Unknown protein 1,2 - - - 

AT1G18190.1  Golgin candidate 2 1 - - - 

AT1G18600.1  RHOMBOID-like protein 12 1 Mitochondria - - 

AT1G19110.1  Inter-alpha-trypsin inhibitor heavy chain-related 1 - - - 

AT1G19240.1  Unknown protein 1,2 - - - 

AT1G19310.1  RING/U-box superfamily protein 2 - - - 

AT1G19400.1  Erythronate-4-phosphate dehydrogenase family protein 3 - - - 

AT1G19400.2  Erythronate-4-phosphate dehydrogenase family protein 1,2 - - - 

AT1G20030.2  Pathogenesis-related thaumatin superfamily protein 1 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=786
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467374
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=807
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=899
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=932
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586568
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1034
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586567
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1097
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1144
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1318
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1345
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1349
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588027
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1407
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1446
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1493
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1506
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1523
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1527
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1529
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467616
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1622
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1631
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586636
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1657
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1681
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1719
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1759
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1811
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1824
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1829
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1839
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27944
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=465894


 

106 
 

AT1G20970.1  Unknown protein 2 - - - 

AT1G20980.1  Squamosa promoter binding protein-like 14 1,2 - - - 

AT1G21950.1  Unknown protein 2 - - - 

AT1G25375.1  Metallo-hydrolase/oxidoreductase superfamily protein 2 - Envelope Plastid; 

Mitochondria 

AT1G26190.1  Phosphoribulokinase / Uridine kinase family 1,2 - - - 

AT1G26340.1  Cytochrome B5 isoform A 1,2,3 Envelope Envelope Plastid; 

Mitochondria; 

Peroxisome; 

Plasma 

membrane 

AT1G26670.1  Vesicle transport v-SNARE family protein 1,2,3 - - - 

AT1G27330.1  Ribosome associated membrane protein RAMP4 1,2,3 - - - 

AT1G27350.1  Ribosome associated membrane protein RAMP4 2,3 - - - 

AT1G27390.1  Translocase outer membrane 20-2 1,2,3 - - - 

AT1G27700.1  Syntaxin/t-SNARE family protein 1,2,3 - - - 

AT1G28490.1  Syntaxin of plants 61 1,2,3 - - - 

AT1G28490.2  Syntaxin of plants 61 2 - - - 

AT1G28540.1  Unknown protein 1,2 - - - 

AT1G29060.1  Target SNARE coiled-coil domain protein 1,2,3 - - - 

AT1G29830.2  Magnesium transporter cora-like family protein 2 - - - 

AT1G30040.2  Gibberellin 2-oxidase 2,3 - - - 

AT1G30230.2  Translation elongation factor EF1B/ribosomal protein S6 1,2 Not plastid - - 

AT1G30475.1  Unknown protein 1 - - - 

AT1G30757.1  Unknown protein 1,2 - - - 

AT1G32160.1  Protein of unknown function (DUF760) 1 - Stromal Plastid 

AT1G32870.1  NAC domain protein 13 1 - - - 

AT1G32870.2  NAC domain protein 13 1,2,3 - - - 

AT1G33060.1  Nac 014 1,3 - - - 

AT1G33060.2  Nac 014 1,2 - - - 

AT1G33475.1  SNARE-like superfamily protein 1,3 - - - 

AT1G33890.1  Avirulence induced gene (AIG1) family protein 1 - - - 

AT1G34180.1  NAC domain containing protein 16 1,3 - - - 

AT1G34180.2  NAC domain containing protein 16 1,2 - - - 

AT1G34190.1  NAC domain containing protein 17 1,2,3 - - - 

AT1G35181.1  Unknown protein 1 - - - 

AT1G35255.1  Unknown protein 2 - - - 

AT1G36078.1  Unknown protein 1 - - - 

AT1G36942.1  Unknown protein 1 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1993
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=1994
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2091
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6959
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2432
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2446
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2478
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2543
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2545
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2550
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2584
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2666
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467637
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2671
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2696
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588114
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467433
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586696
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=465965
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=2863
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3007
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3080
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588120
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3100
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=465978
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586905
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3173
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3204
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586713
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3205
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587884
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586716
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586572
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587930
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AT1G42990.1  Basic region/leucine zipper motif 60 3 - - - 

AT1G43310.1  Nucleotide-sugar transporter family protein 2 - - - 

AT1G44920.1  Unknown protein 1 Plastid Envelope Plastid 

AT1G45474.2  Photosystem I light harvesting complex gene 5 1 Thylakoid-integral - Plastid 

AT1G46336.1  Unknown protein 2 - - - 

AT1G48240.1  Novel plant snare 12 1,2,3 Plasma 

membrane 

- - 

AT1G48360.2  Unknown protein 1 - - - 

AT1G48510.1  Surfeit locus 1 cytochrome c oxidase biogenesis protein 1,2 - - - 

AT1G49150.1  Unknown protein 1 - - - 

AT1G49410.1  Translocase of the outer mitochondrial membrane 6 2 Not plastid - - 

AT1G49890.1  Family of unknown function (DUF566) 1 - - - 

AT1G51740.1  Syntaxin of plants 81 1,2,3 - - - 

AT1G52343.1  Unknown protein 2 - - - 

AT1G52550.1  Unknown protein 2 - - - 

AT1G52827.1  Cadmium tolerance 1 1,2 - - - 

AT1G52870.1  Peroxisomal membrane 22 kda (Mpv17/PMP22) family protein 1 - - - 

AT1G53110.1  Proton pump interactor 2  1,2,3 - - - 

AT1G54110.1  Membrane fusion protein Use1 1,2,3 - - - 

AT1G54385.1  ARM repeat superfamily protein 2,3 - - - 

AT1G54385.2  ARM repeat superfamily protein 1,2 - - - 

AT1G54400.1  HSP20-like chaperones superfamily protein 2,3 - - - 

AT1G54500.1  Rubredoxin-like superfamily protein 2 Thylakoid-integral Envelope, 

Thylakoid 

Plastid;  

Plasma 

membrane 

AT1G54730.2  Major facilitator superfamily protein 1 - - - 

AT1G54780.1  Thylakoid lumen 18.3 kda protein 1,2 Thylakoid-

peripheral-

lumenal 

Thylakoid Plastid;  

Plasma 

membrane 

AT1G55450.1  S-adenosyl-L-methionine-dependent methyltransferases 

superfamily  

1 Envelope - Plastid;  

Plasma 

membrane 

AT1G55550.1  P-loop containing nucleoside triphosphate hydrolases 

superfamily  

1 - - - 

AT1G56200.1  Embryo defective 1303 1,2 Plastid Envelope Plastid 

AT1G56200.2  Embryo defective 1303 2 Plastid Envelope - 

AT1G56510.1  Disease resistance protein (TIR-NBS-LRR class) 1 - - - 

AT1G56540.1  Disease resistance protein (TIR-NBS-LRR class) family 1,2 - - - 

AT1G57610.2  Protein of unknown function (DUF607) 1 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3536
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3558
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3660
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3709
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3715
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3836
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588134
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3863
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3923
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3950
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=3996
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4175
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587879
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4261
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466034
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4293
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4319
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4421
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4451
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467591
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4453
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4463
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4484
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4489
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4557
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4568
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4636
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586765
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4664
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4667
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466067


 

108 
 

AT1G59520.2  Cw7 1 - - - 

AT1G61180.2  LRR and NB-ARC domains-containing disease resistance protein 1,2 - - - 

AT1G61290.1  Syntaxin of plants 124 1,2,3 Cytosol; Plasma 

membrane 

- - 

AT1G61520.2  Photosystem I light harvesting complex gene 3 2 Thylakoid-integral - - 

AT1G62978.1  Unknown protein 2 - - - 

AT1G63750.1  Disease resistance protein (TIR-NBS-LRR class) family 2 - - - 

AT1G63750.2  Disease resistance protein (TIR-NBS-LRR class) family 2 - - - 

AT1G63750.3  Disease resistance protein (TIR-NBS-LRR class) family 2 - - - 

AT1G64220.1  Translocase of outer membrane 7 kda subunit 2 2,3 - - - 

AT1G64355.2  Unknown protein 1 - - - 

AT1G64550.1  General control non-repressible 3 1 - - - 

AT1G64850.1  Calcium-binding EF hand family protein 1 - Envelope Plastid; 

Peroxisome 

AT1G65060.2  4-coumarate:coa ligase 3 2 - - - 

AT1G65230.1  Uncharacterized conserved protein (DUF2358) 2 Thylakoid - Plastid 

AT1G65985.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT1G66820.1  Glycine-rich protein 1 - Envelope Plastid 

AT1G67150.1  Plant protein of unknown function (DUF247) 2 - - - 

AT1G67150.2  Plant protein of unknown function (DUF247) 1,2 - - - 

AT1G67150.3  Plant protein of unknown function (DUF247) 2 - - - 

AT1G67450.1  F-box and associated interaction domains-containing protein 1,2 - - - 

AT1G67740.1  Photosystem II BY 1 Thylakoid-integral Thylakoid Plastid 

AT1G68910.1  WPP domain-interacting protein 2 1,2 - - - 

AT1G69330.1  RING/U-box superfamily protein 1 - - - 

AT1G69935.1  Short hypocotyl in white light1 1,2 - - - 

AT1G70944.1  Unknown protein  - - - 

AT1G71200.1  Basic helix-loop-helix (bhlh) DNA-binding superfamily protein 1 - - - 

AT1G71360.1  Galactose-binding protein 1 - - - 

AT1G72020.1  Unknown protein 1,2 - - - 

AT1G72090.1  Methylthiotransferase 1,2,3 - - - 

AT1G72141.1  Unknown protein 2 - - - 

AT1G72416.3  Chaperone dnaj-domain superfamily protein 2,3 - - - 

AT1G72500.1  Inter-alpha-trypsin inhibitor heavy chain-related 1 - - - 

AT1G73370.1  Sucrose synthase 6 1 - - - 

AT1G73980.1  Phosphoribulokinase / Uridine kinase family 1,2 - - - 

AT1G74130.1  Rhomboid-related intramembrane serine protease family 

protein 

1 - - Plastid; 

Mitochondria 

AT1G74370.1  RING/U-box superfamily protein 1 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28027
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467541
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=4967
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467535
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587913
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5214
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586791
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586792
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5260
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467466
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5296
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5325
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27750
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5360
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5433
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5521
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5554
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467548
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588184
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5582
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5614
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5738
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5775
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5839
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587923
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5967
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=5984
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6039
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6046
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587880
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588200
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6088
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6177
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6240
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6257
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6282
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AT1G75180.1  Erythronate-4-phosphate dehydrogenase family protein 2,3 - - - 

AT1G75180.3  Erythronate-4-phosphate dehydrogenase family protein 1,2 - - - 

AT1G76480.1  Unknown protein 1,2 - - - 

AT1G76580.1  Squamosa promoter-binding protein-like transcription factor  1 - - - 

AT1G76770.1  HSP20-like chaperones superfamily protein 1,2,3 - - - 

AT1G76780.1  HSP20-like chaperones superfamily protein 1,2,3 - - - 

AT1G77490.1  Thylakoidal ascorbate peroxidase 1,2 Thylakoid-integral Thylakoid Plastid 

AT1G77765.1  Unknown protein 1,2 - - - 

AT1G77765.4  Unknown protein 2 - - - 

AT1G77880.1  Galactose oxidase/kelch repeat superfamily protein 2,3 - - - 

AT1G77910.1  Unknown protein 1,2 - - - 

AT1G78172.1  Unknown protein 2 - - - 

AT1G78260.2  RNA-binding (RRM/RBD/RNP motifs) family protein 2 - - - 

AT1G79040.1  Photosystem II subunit R 1,2 Thylakoid-integral Thylakoid Plastid; Plasma 

membrane 

AT1G79170.1  Unknown protein 1,2 - - - 

AT1G79450.2  ALA-interacting subunit 5 1,2 - - - 

AT1G79590.1  Syntaxin of plants 52 2,3 - - - 

AT1G79590.2  Syntaxin of plants 52 1,2 - - - 

AT1G79660.1  Unknown protein 1 - - - 

AT1G79760.1  Downstream target of AGL15-4 1,2 - - - 

AT1G79780.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT1G80555.1  Isocitrate/isopropylmalate dehydrogenase family protein 2 - - - 

AT1G80890.1  Unknown protein 1,2 - - - 

AT2G01240.1  Reticulon family protein 1 - - - 

AT2G01300.1  Unknown protein 1,2 - - - 

AT2G01470.1  SEC12P-like 2 protein 1,2,3 ER  - - 

AT2G01590.1  Chlororespiratory reduction 3 1,2 Thylakoid - - 

AT2G01770.1  Vacuolar iron transporter 1 1 - - - 

AT2G01870.1  Unknown protein 1 Plastid - Plastid 

AT2G02510.1  NADH dehydrogenase (ubiquinone)s 2 - - Plastid; 

Mitochondria; 

Peroxisome 

AT2G03290.1  Emp24/gp25l/p24 family/GOLD family protein 1 - - - 

AT2G04060.1  Glycosyl hydrolase family 35 protein 2 - - - 

AT2G04864.1  Unknown protein 2 - - - 

AT2G04900.1  Unknown protein 1 - - - 

AT2G05310.1  Unknown protein 2 Not plastid - Plastid 

AT2G06520.1  Photosystem II subunit X 1 Thylakoid-integral - Plastid 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6359
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466170
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6484
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6494
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6513
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6514
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6588
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6615
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588213
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6628
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6631
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588044
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466193
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6749
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6762
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466199
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6800
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467652
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6809
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6819
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6821
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586871
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=6934
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7007
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7014
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7031
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7044
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7063
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7073
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7130
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7207
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7275
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588345
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7358
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7392
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7493
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AT2G09838.1  Unknown protein 2 - - - 

AT2G11778.1  Unknown protein 2 - - - 

AT2G14835.1  RING/U-box superfamily protein 2 - - - 

AT2G14835.2  RING/U-box superfamily protein 1,2 - - - 

AT2G15025.1  Beta-galactosidase related protein 2 - - - 

AT2G15670.1  SEC14 cytosolic factor family protein  2 - - - 

AT2G16040.1  Hat dimerisation domain-containing protein / transposase-

related 

1 - - - 

AT2G16460.1  Protein of unknown function (DUF1640) 1 Not plastid - - 

AT2G17050.1  Disease resistance protein (TIR-NBS-LRR class), putative 1,2 - - - 

AT2G17972.1  Unknown protein 2 Thylakoid - Plastid 

AT2G18200.1  Unknown protein 1,2 - - - 

AT2G18260.1  Syntaxin of plants 112 1,2,3 - - - 

AT2G18410.2  Unknown protein 1 - - - 

AT2G18860.1  Syntaxin/t-SNARE family protein 1,2,3 - - - 

AT2G18860.2  Syntaxin/t-SNARE family protein 2 - - - 

AT2G19080.1  Metaxin-related 2 - - - 

AT2G19680.2  Mitochondrial ATP synthase subunit G protein 1 Not plastid - - 

AT2G19850.2  Unknown protein 1 - - - 

AT2G19950.1  Golgin candidate 1 1,2,3 - - - 

AT2G20060.1  Ribosomal protein L4/L1 family 1 - - - 

AT2G20100.2  Basic helix-loop-helix (bhlh) DNA-binding superfamily protein 1,2 - - - 

AT2G20362.1  Unknown protein 2 - - - 

AT2G20920.1  Protein of unknown function (DUF3353) 1 Plastid - Plastid 

AT2G23310.1  Rer1 family protein 1 - - - 

AT2G23310.2  Rer1 family protein 1 - - - 

AT2G23670.1  Homolog of Synechocystis YCF37 1 Thylakoid Thylakoid Plastid 

AT2G24550.1  Unknown protein 1,2 - - - 

AT2G24945.1  Unknown protein 2 - - - 

AT2G25052.1  Unknown protein 2 - - - 

AT2G25120.1  Bromo-adjacent homology (BAH) domain-containing protein 1,2,3 - - - 

AT2G25340.1  Vesicle-associated membrane protein 712 1 - - - 

AT2G25470.1  Receptor like protein 21 1,2 - - Plastid 

AT2G25490.1  EIN3-binding F box protein 1 1 - - - 

AT2G25510.1  Unknown protein 2 - - - 

AT2G26070.1  Protein of unknown function (DUF778) 1 - - - 

AT2G26130.1  RING/U-box protein with C6HC-type zinc finger 1,2,3 - - - 

AT2G26135.1  RING/U-box protein with C6HC-type zinc finger 1,2,3 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588394
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588369
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=7947
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466296
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588458
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8030
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8067
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8104
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8168
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8264
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8289
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8296
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467684
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8355
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587098
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8378
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587101
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=838751
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8466
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8477
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587104
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588431
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8575
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8812
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27595
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8847
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8937
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8975
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588327
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=8992
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9014
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9026
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9028
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9030
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9091
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9096
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466372
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AT2G26240.1  Transmembrane proteins 14C 1 - - - 

AT2G26500.1  Cytochrome b6f complex subunit (petm), putative 1,2 Thylakoid-integral - Plastid 

AT2G26500.2  Cytochrome b6f complex subunit (petm), putative 2 Thylakoid-integral - - 

AT2G26810.3  Putative methyltransferase family protein  - - - 

AT2G26860.2  FBD, F-box and Leucine Rich Repeat domains containing 

protein 

 - - - 

AT2G27140.1  HSP20-like chaperones superfamily protein 1,2,3 - - - 

AT2G27300.1  NTM1-like 8 2,3 - - - 

AT2G27310.1  F-box family protein 1,2,3 - - - 

AT2G27370.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT2G27500.1  Glycosyl hydrolase superfamily protein 1 - - - 

AT2G27500.3  Glycosyl hydrolase superfamily protein 2 - - - 

AT2G27730.1  Copper ion binding 2 Mitochondria - - 

AT2G28460.1  Cysteine/Histidine-rich C1 domain family protein 1 - - - 

AT2G28580.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT2G28800.1  63 kda inner membrane family protein 1 Thylakoid-integral Thylakoid Plastid 

AT2G29300.1  NAD(P)-binding Rossmann-fold superfamily protein 1 - - - 

AT2G29654.1  Unknown protein 2 - - - 

AT2G30040.1  Mitogen-activated protein kinase kinase kinase 14 1 - - - 

AT2G30570.1  Photosystem II reaction center W 1 Thylakoid-integral - Plastid 

AT2G30615.1  F-box and associated interaction domains-containing protein  1,2 - - - 

AT2G30680.1  Glucan synthase-like 3  2 - - - 

AT2G31490.1  Unknown protein 1,2 Mitochondria - - 

AT2G32240.1  Unknown protein 1,2,3 - - - 

AT2G32340.1  Trab family protein 1,2,3 - - - 

AT2G32480.2  Arabidopsis serine protease 1 Envelope-inner - - 

AT2G32660.1  Receptor like protein 22 1 - - - 

AT2G32720.1  Cytochrome B5 isoform B 1,2,3 - - - 

AT2G32790.1  Ubiquitin-conjugating enzyme family protein 1 - - - 

AT2G33030.1  Receptor like protein 25 1 - - - 

AT2G33110.1  Vesicle-associated membrane protein 723 3 - - - 

AT2G33120.1  Synaptobrevin-related protein 1 3 Plasma 

membrane 

- - 

AT2G33855.1  Unknown protein 2 - - - 

AT2G34200.1  RING/FYVE/PHD zinc finger superfamily protein 1,2,3 - - - 

AT2G34315.1  Avirulence induced gene (AIG1) family protein 2 - - - 

AT2G34580.2  Herpesvirus UL13 1 - - - 

AT2G35070.1  Unknown protein 2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9106
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9134
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27597
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588565
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466374
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9200
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9216
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9217
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9223
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9238
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467781
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9262
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9339
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9351
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9373
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9419
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588357
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9495
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9547
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9553
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9560
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9649
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9729
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9740
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466418
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9773
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9780
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9788
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9813
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9821
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9822
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9904
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9930
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=9942
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588493
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10018
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AT2G35090.1  Protein of unknown function (DUF1640) 2 - - - 

AT2G35190.1  Novel plant snare 11 1,2,3 - - - 

AT2G35658.1  Unknown protein 2 - - - 

AT2G35658.2  Unknown protein 2 - - - 

AT2G35658.3  Unknown protein 2 - - - 

AT2G36090.1  F-box family protein 1,2 - - - 

AT2G36100.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT2G36200.1  P-loop containing nucleoside triphosphate hydrolases protein 1 - - - 

AT2G36330.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT2G36430.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT2G36500.1  CBS / octicosapeptide/Phox/Bemp1 (PB1) domains-containing  1,2 - - - 

AT2G36885.2  Unknown protein 1 - - - 

AT2G36900.1  Membrin 11 2,3 - - - 

AT2G37950.1  RING/FYVE/PHD zinc finger superfamily protein 1,2,3 - - - 

AT2G38500.1  2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase protein 1,2 - - - 

AT2G38780.1  Unknown protein 1,2 - - - 

AT2G39290.1  Phosphatidylglycerolphosphate synthase 1 2 Mitochondria; 

Plastid 

Envelope Plastid; 

Mitochondria 

AT2G39865.1  Unknown protein 2 - - - 

AT2G40765.1  Unknown protein 1,2 Mitochondria - - 

AT2G41000.1  Chaperone dnaj-domain superfamily protein 1 - - - 

AT2G41200.1  Unknown protein 1 - - - 

AT2G41905.1  Arabinogalactan protein 23  1 - - - 

AT2G41910.1  Protein kinase superfamily protein 1,2,3 - - - 

AT2G42220.1  Rhodanese/Cell cycle control phosphatase superfamily protein 1 Thylakoid Thylakoid Plastid 

AT2G42240.2  RNA-binding (RRM/RBD/RNP motifs) family protein 1 - - - 

AT2G42310.1  Unknown protein 1 - - - 

AT2G42975.1  Unknown protein 1,2 Plastid - Plastid 

AT2G43260.1  F-box and associated interaction domains-containing protein 1 - - - 

AT2G43261.3  Unknown protein 2 - - - 

AT2G43261.4  Unknown protein 2 - - - 

AT2G43270.1  F-box and associated interaction domains-containing protein 1,2,3 - - - 

AT2G43540.1  Unknown protein 1,2 - - - 

AT2G43780.1  Unknown protein 2 - - - 

AT2G44080.1  ARGOS-like 1 - - - 

AT2G44490.1  Glycosyl hydrolase superfamily protein 1,2,3 - - Plastid 

AT2G44930.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT2G45070.4  Preprotein translocase Sec, Sec61-beta subunit protein 1 Not plastid - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10021
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10031
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588451
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588495
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588571
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10129
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10130
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10139
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10153
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10164
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10172
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466451
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10210
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10320
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10379
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10407
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10462
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588362
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10624
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10651
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10672
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466498
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10743
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10773
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=586950
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10783
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10849
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10878
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588518
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588519
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10879
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10906
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10931
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=10963
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11006
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11052
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587114
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AT2G45140.1  Plant VAP homolog 12 1,2,3 Plasma 

membrane 

- - 

AT2G45200.1  Golgi snare 12 1,2,3 - - - 

AT2G46308.1  Unknown protein 2 - - - 

AT2G46550.1  Unknown protein 1,2 - - - 

AT2G46650.1  Cytochrome B5 isoform C 1,2,3 - - - 

AT2G47070.1  Squamosa promoter binding protein-like 1 1,2,3 - - - 

AT2G47380.1  Cytochrome c oxidase subunit Vc family protein 2 - - - 

AT3G01090.2  SNF1 kinase homolog 10 1 - - - 

AT3G01311.1  Protein of unknown function (DUF569) 1,2,3 - - - 

AT3G01345.1  Expressed protein 2 - - - 

AT3G03341.1  Unknown protein 2 - - - 

AT3G03800.1  Syntaxin of plants 131 1,2,3 - - - 

AT3G03870.1  Unknown protein 1 - - - 

AT3G03970.1  ARM repeat superfamily protein 2,3 - - - 

AT3G03970.2  ARM repeat superfamily protein 1,2 - - - 

AT3G03970.3  ARM repeat superfamily protein 2 - - - 

AT3G04460.1  Peroxin-12 1 - - - 

AT3G05130.1  Prefoldin chaperone subunit family protein  1,2 - - - 

AT3G05310.1  MIRO-related GTP-ase 3 1,2 - - - 

AT3G05710.1  Syntaxin of plants 43 2,3 - - - 

AT3G05710.2  Syntaxin of plants 43 1,2 - - - 

AT3G06330.1  RING/U-box superfamily protein 1 - - - 

AT3G06600.1  Unknown protein 2 - - - 

AT3G06600.2  Unknown protein 1,2 - - - 

AT3G06960.1  Pigment defective 320 1 Envelope-outer Envelope Plastid 

AT3G07425.1  Unknown protein 2 - - - 

AT3G07910.1  Reactive oxygen species modulator 1 1 - - - 

AT3G08920.1  Rhodanese/Cell cycle control phosphatase superfamily protein 1 Thylakoid Thylakoid, 

Envelope 

Plastid 

AT3G08940.1  Light harvesting complex photosystem II 1 Thylakoid-integral - Plastid; Plasma 

membrane 

AT3G09050.1  Unknown protein 1 Thylakoid - Plastid 

AT3G09740.1  Syntaxin of plants 71 1,2,3 Plasma 

membrane 

- - 

AT3G09922.1  Induced by phosphate starvation1 1,2 - - - 

AT3G10500.1  NAC domain containing protein 53 1,2,3 - - - 

AT3G10680.1  HSP20-like chaperones superfamily protein 2,3 - Envelope Plastid 

AT3G10870.1  Methyl esterase 17 1 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11071
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11077
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588299
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11221
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11231
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11277
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11307
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27733
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466554
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466556
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588688
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11690
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11698
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11709
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466566
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466567
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11758
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11827
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11847
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11890
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28228
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11955
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=11983
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588853
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12026
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466595
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12122
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12178
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12180
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12192
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12262
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27781
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12341
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12362
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12383
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AT3G11010.1  Receptor like protein 34 2 - - - 

AT3G11580.2  AP2/B3-like transcriptional factor family protein 2,3 - - - 

AT3G11740.1  Protein of unknown function (DUF567) 1 - - - 

AT3G11820.1  Syntaxin of plants 121 1,3 Plasma 

membrane 

- - 

AT3G12140.3  Emsy N Terminus (ENT)/ plant Tudor-like domain protein 1,3 - - - 

AT3G12685.1  Acid phosphatase/vanadium-dependent haloperoxidase 

protein 

1 - - - 

AT3G13224.1  RNA-binding (RRM/RBD/RNP motifs) family protein 2 - - - 

AT3G13360.1  WPP domain interacting protein 3 1,2 - - - 

AT3G13445.2  TATA binding protein 1 2 - - - 

AT3G14430.1  Unknown protein 2 - - - 

AT3G14452.1  Unknown protein 2 - - - 

AT3G15340.1  Proton pump interactor 2 1,2 - - - 

AT3G15340.2  Proton pump interactor 2 2 - - - 

AT3G15351.2  Unknown protein 2 - - - 

AT3G15395.1  Unknown protein 2 - - - 

AT3G15395.2  Unknown protein 2 - - - 

AT3G15395.3  Unknown protein 2 - - - 

AT3G15395.4  Unknown protein 2 - - - 

AT3G15548.1  Unknown protein 2 - - - 

AT3G15605.1  Nucleic acid binding 1 - - - 

AT3G15780.1  Unknown protein 2 - - - 

AT3G15900.1  Unknown protein 1,2 - Thylakoid Plastid 

AT3G16900.1  Protein of unknown function (DUF567) 1 - - - 

AT3G17000.1  Ubiquitin-conjugating enzyme 32 1,2 - - - 

AT3G17440.1  Novel plant snare 13 1,3 Plasma 

membrane 

- - 

AT3G17830.1  Molecular chaperone Hsp40/dnaj family protein 2 Plastid Envelope Plastid 

AT3G18480.1  CCAAT-displacement protein alternatively spliced product 2 - - - 

AT3G19010.2  2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 

superfamily  

1 - - - 

AT3G19180.2  Paralog of ARC6 2 Envelope-inner - - 

AT3G20900.1  Unknown protein 2 - - - 

AT3G21371.1  Unknown protein 2 - - - 

AT3G21640.1  FKBP-type peptidyl-prolyl cis-trans isomerase family protein 2,3 - - - 

AT3G21710.1  Unknown protein 2 - - - 

AT3G21710.2  Unknown protein 1 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12397
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27790
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12468
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12476
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467920
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12567
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12626
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12647
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468081
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12770
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588674
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12863
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588865
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468019
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466669
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466670
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468023
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587367
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588771
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16810
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=12914
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http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13129
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13197
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28035
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468083
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13451
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588707
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13528
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13535
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466698
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AT3G22190.1  IQ-domain 5 1 Plasma 

membrane 

- - 

AT3G22231.1  Pathogen and circadian controlled 1 1 Plasma 

membrane 

- - 

AT3G22425.1  Imidazoleglycerol-phosphate dehydratase 1 - - - 

AT3G22430.1   Domain of unknown function XS  1,2 - - - 

AT3G22920.1  Cyclophilin-like peptidyl-prolyl cis-trans isomerase family 

protein 

1,2,3 - - - 

AT3G23010.1  Receptor like protein 36 1,2 - - - 

AT3G24315.1  Sec20 family protein 3 - - - 

AT3G24350.1  Syntaxin of plants 32 1,2,3 - - - 

AT3G24560.2  Adenine nucleotide alpha hydrolases-like superfamily protein 1 - - - 

AT3G25620.1  ABC-2 type transporter family protein 1 - - - 

AT3G25716.1  Unknown protein 2 - - - 

AT3G26580.1  Tetratricopeptide repeat (TPR)-like superfamily protein 1,2,3 Plastid stroma; 

thylakoid 

- Plastid 

AT3G26800.1  Unknown protein 2 - - - 

AT3G27070.1  Translocase outer membrane 20-1 1,2,3 - - - 

AT3G27080.1  Translocase of outer membrane 20 kda subunit 3 1,2,3 - - - 

AT3G28250.1  Carbohydrate-binding X8 domain superfamily protein 1,2 - - - 

AT3G28590.1  Unknown protein 1,2 - - - 

AT3G28670.1  Oxidoreductase, zinc-binding dehydrogenase family protein 1,2 - - - 

AT3G29034.1  Unknown protein 1 - - - 

AT3G29100.1  Vesicle transport V-snare 13 1 - - - 

AT3G29270.2  RING/U-box superfamily protein 1 - - - 

AT3G30705.1  Unknown protein 2 - - - 

AT3G43480.1  Zinc ion binding;nucleic acid binding  2 - - - 

AT3G43580.1  Beta-galactosidase related protein 2 - - - 

AT3G43840.1  3-oxo-5-alpha-steroid 4-dehydrogenase family protein 1 - - - 

AT3G44070.1  Glycosyl hydrolase family 35 protein 2 - - - 

AT3G44290.1  NAC domain containing protein 60 1,2,3 - - - 

AT3G44326.1  F-box family protein 1,2 - - - 

AT3G44700.1  Plant protein of unknown function 1 - - - 

AT3G44870.1  S-adenosyl-L-methionine-dependent methyltransferases 

protein 

1,2 - - - 

AT3G44880.1  Pheophorbide a oxygenase family protein with Rieske domain 1 Thylakoid Envelope, 

Thylakoid 

Plastid; Plasma 

membrane 

AT3G45280.1  Syntaxin of plants 72 1,2,3 - - - 

AT3G45460.1  IBR domain containing protein 1,2,3 - - - 

AT3G45480.1  RING/U-box protein with C6HC-type zinc finger 1,2,3 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13583
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13588
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28049
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13609
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13658
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13667
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13807
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13811
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466705
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=13928
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588804
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14034
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14060
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14088
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14089
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14207
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14242
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14250
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28106
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14299
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466724
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588675
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14729
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14743
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14774
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14801
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14826
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468602
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14868
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http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14891
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14933
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14952
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14954
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AT3G45500.1  RING/U-box protein with C6HC-type zinc finger  1 - - - 

AT3G45540.1  RING/U-box protein with C6HC-type zinc finger 1,2,3 - - - 

AT3G45950.1  Pre-mrna splicing Prp18-interacting factor 1 - - - 

AT3G46450.1  SEC14 cytosolic factor family protein  2 - - - 

AT3G46450.2  SEC14 cytosolic factor family protein  1,2 - - - 

AT3G47170.1  HXXXD-type acyl-transferase family protein 1 - - - 

AT3G47200.2  Plant protein of unknown function (DUF247) 1 - - - 

AT3G47250.1  Plant protein of unknown function (DUF247) 2 - - - 

AT3G47250.2  Plant protein of unknown function (DUF247) 2 - - - 

AT3G47250.3  Plant protein of unknown function (DUF247) 1,2 - - - 

AT3G47410.1  Unknown protein 1,2 - - - 

AT3G47550.2  RING/FYVE/PHD zinc finger superfamily protein 2 - - - 

AT3G47550.6  RING/FYVE/PHD zinc finger superfamily protein 1 - - - 

AT3G47836.1  Unknown protein 2 - - - 

AT3G47836.2  Unknown protein 2 - - - 

AT3G48185.1  Unknown protein 2 - - - 

AT3G48570.1  Sece/sec61-gamma protein transport protein 1,2,3 - -  

AT3G49430.2  SER/ARG-rich protein 34A 1,2,3 - - - 

AT3G49530.1  NAC domain containing protein 62 1,3 - - - 

AT3G50130.1  Plant protein of unknown function (DUF247) 2 - - - 

AT3G50140.1  Plant protein of unknown function (DUF247) 2 - - - 

AT3G50150.1  Plant protein of unknown function (DUF247) 2 - - - 

AT3G50160.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT3G50170.1  Plant protein of unknown function (DUF247) 2,3 - - - 

AT3G50170.2  Plant protein of unknown function (DUF247) 2 - - - 

AT3G50180.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT3G50190.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT3G50830.1  Cold-regulated 413-plasma membrane 2 1 - - - 

AT3G50910.1  Unknown protein 1,2 - - - 

AT3G51632.1  Conserved peptide upstream open reading frame 44 2 - - - 

AT3G52070.1  Unknown protein 1,2 - - - 

AT3G52070.2  Unknown protein 2 - - - 

AT3G52400.1  Syntaxin of plants 122 1,3 Plasma 

membrane 

- - 

AT3G52620.1  Unknown protein 1,2 - - - 

AT3G52950.1  CBS / octicosapeptide/Phox/Bemp1 (PB1) domains protein 1,2 - - - 

AT3G53240.1  Receptor like protein 45 1,2 - - - 

AT3G53290.1  Cytochrome P450, family 71, subfamily B, polypeptide 30  1 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14956
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=14961
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15004
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15053
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466738
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15125
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468046
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15133
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28312
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28313
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15150
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28143
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466744
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15195
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587301
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15230
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15272
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587307
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15373
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15433
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15434
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15435
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15436
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15437
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587309
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15438
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15439
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15506
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15514
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588780
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15629
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28158
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15663
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15686
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15719
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15749
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15754
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AT3G53470.1  Unknown protein 2 Thylakoid - Plastid 

AT3G53470.2  Unknown protein 1,2 Thylakoid - - 

AT3G53611.1  Unknown protein 2 - - - 

AT3G54010.1  FKBP-type peptidyl-prolyl cis-trans isomerase family protein 1,2,3 - - - 

AT3G54010.2  FKBP-type peptidyl-prolyl cis-trans isomerase family protein 2 - - - 

AT3G54300.1  Vesicle-associated membrane protein 727 3 - - - 

AT3G54300.2  Vesicle-associated membrane protein 727 1 - - - 

AT3G54380.2  SAC3/GANP/Nin1/mts3/eif-3 p25 family 1,2 - - - 

AT3G54730.1  Ovate family protein 9  1 - - - 

AT3G55030.1  Phosphatidylglycerolphosphate synthase 2 1 - Envelope Plastid 

AT3G55360.1  3-oxo-5-alpha-steroid 4-dehydrogenase family protein 1 - - - 

AT3G55600.1  Membrane fusion protein Use1 1,2,3 - - - 

AT3G56010.1  Unknown protein 1,2 Plastid - Plastid 

AT3G56300.1  Cysteinyl-trna synthetase, class Ia family protein 1,2,3 - - - 

AT3G57090.1  Tetratricopeptide repeat (TPR)-like superfamily protein 1,2,3 Mitochondria; 

Peroxisome; 

Plastid 

- Plastid; 

Peroxisome; 

Mitochondria 

AT3G57690.1  Arabinogalactan protein 23 1 - Envelope - 

AT3G57785.1  Unknown protein 1 - - - 

AT3G58170.1  BET1P/SFT1P-like protein 14A 1,2,3 - - - 

AT3G58840.1  Tropomyosin-related 2,3 - - - 

AT3G58840.2  Tropomyosin-related 1,2 - - - 

AT3G58890.1  RNI-like superfamily protein 3 - - - 

AT3G58970.1  Magnesium transporter 6 1 - - - 

AT3G59500.1  Integral membrane HRF1 family protein 1 - - - 

AT3G59900.1  Auxin-regulated gene involved in organ size 1 - - - 

AT3G60030.1  Squamosa promoter-binding protein-like 12 1,2,3 - - - 

AT3G60470.1  Plant protein of unknown function (DUF247) 2,3 - - - 

AT3G60540.1  Preprotein translocase Sec, Sec61-beta subunit protein 2 - - - 

AT3G60540.2  Preprotein translocase Sec, Sec61-beta subunit protein 1,2 - - - 

AT3G60600.1  Vesicle associated protein 1,2,3 - - - 

AT3G61450.1  Syntaxin of plants 73 1,2,3 - - - 

AT3G61710.1  Autophagy 6 1 - - - 

AT3G61898.1  Unknown protein 2 - - - 

AT3G62190.1  Chaperone dnaj-domain superfamily protein 1,2 - - - 

AT3G62210.1  Putative endonuclease or glycosyl hydrolase 1,2 - - - 

AT3G62422.1  Conserved peptide upstream open reading frame 3 2 - - - 

AT3G62500.1  SET domain protein 14  2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15773
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28331
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588758
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15827
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28172
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15856
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587322
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16827
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15897
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15928
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15961
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=15984
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16028
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16057
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16137
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16199
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16209
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16250
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16318
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587347
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16323
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16331
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http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16438
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16483
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16490
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http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468899
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16658
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16660
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588785
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16689
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AT3G62590.1  Alpha/beta-Hydrolases superfamily protein 1,2 - - - 

AT3G62880.2  Mitochondrial import inner membrane translocase subunit 

protein 

1 Plastid - Plastid 

AT3G63150.1  MIRO-related GTP-ase 2 2 Mitochondria - - 

AT3G63160.1  Unknown protein 2 Envelope-outer-

integral 

Envelope Plastid; Nucleus; 

Plasma 

membrane 

AT3G63410.1  S-adenosyl-L-methionine-dependent methyltransferases 

protein 

1,2 Envelope-inner-

integral 

Envelope Plastid; Plasma 

membrane 

AT4G00170.1  Plant VAMP (vesicle-associated membrane protein) family 

protein 

1,2,3 - - - 

AT4G00460.1  RHO guanyl-nucleotide exchange factor 3 2 - - - 

AT4G00630.1  K+ efflux antiporter 2 1 Envelope Envelope Plastid; Plasma 

membrane 

AT4G01150.2  Unknown protein 2 Thylakoid-integral - - 

AT4G01540.1  NAC with transmembrane motif1 2,3 - - - 

AT4G01540.2  NAC with transmembrane motif1 2 - - - 

AT4G01550.1  NAC domain containing protein 69 1,2,3 - - - 

AT4G01550.2  NAC domain containing protein 69 2 - - - 

AT4G01703.1  Unknown protein 2 - - - 

AT4G01883.1  Polyketide cyclase / dehydrase and lipid transport protein 1 Plastid Stroma Plastid 

AT4G02195.1  Syntaxin of plants 42 1,2,3 - - - 

AT4G02725.1  Unknown protein 1 - Thylakoid Plastid 

AT4G02725.2  Unknown protein 2 - Thylakoid - 

AT4G03113.1  Unknown protein 2 - - - 

AT4G03320.1  Translocon at the inner envelope membrane of chloroplasts 

20-IV 

1 Envelope-inner; 

mitochondria 

- - 

AT4G03330.1  Syntaxin of plants 123 1,2,3 - - - 

AT4G03410.2  Peroxisomal membrane 22 kda (Mpv17/PMP22) family protein 1 - - - 

AT4G03510.1  RING membrane-anchor 1 2 - - - 

AT4G03510.2  RING membrane-anchor 1 1,2 - - - 

AT4G04470.1  Peroxisomal membrane 22 kda (Mpv17/PMP22) family protein 1 - - - 

AT4G04780.2  Rna polymerase ii holoenzyme component srb7  1 - - - 

AT4G04870.1  Cardiolipin synthase 2 - - - 

AT4G04925.1  Unknown protein 2 - - - 

AT4G08140.1   26S proteasome regulatory subunit S2 1A  2 - - - 

AT4G08590.1  ORTHRUS-like 2,3 - - - 

AT4G08590.2  ORTHRUS-like 1,2 - - - 

AT4G08874.1  Beta-galactosidase related protein  1,2 - - - 

AT4G09350.1  Chaperone dnaj-domain superfamily protein 1,2 Thylakoid - Plastid 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16698
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467879
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16755
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16756
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16781
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16849
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20992
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=16903
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589096
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17005
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587414
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17006
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587423
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589036
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468623
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17079
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466853
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587425
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589010
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17207
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17208
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466855
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17227
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466856
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17337
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587428
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17382
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466862
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17595
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17644
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587432
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17677
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17725
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AT4G09760.3  Protein kinase superfamily protein 2,3 - - - 

AT4G10170.1  SNARE-like superfamily protein 2,3 - - - 

AT4G10170.2  SNARE-like superfamily protein 1,2 - - - 

AT4G10340.1  Light harvesting complex of photosystem II 5 1 Thylakoid-integral Thylakoid Plastid; Nucleus; 

Plasma 

membrane 

AT4G10845.1  Unknown protein 1 - - - 

AT4G11970.1  YTH family protein 2 - - - 

AT4G12230.1  Alpha/beta-Hydrolases superfamily protein 1 - - - 

AT4G12990.1  Unknown protein 2 - - - 

AT4G13500.1  Unknown protein 2 Plastid Thylakoid Plastid 

AT4G13810.1  Receptor like protein 47 2 - - - 

AT4G14305.1  Peroxisomal membrane 22 kda (Mpv17/PMP22) family protein 1 - - - 

AT4G14358.1  Unknown protein 2 - - - 

AT4G14455.1  Target SNARE coiled-coil domain protein 1,2,3 - - - 

AT4G14600.1  Target SNARE coiled-coil domain protein 1,2,3 - - - 

AT4G14870.1  Sece/sec61-gamma protein transport protein 1,2 Thylakoid-integral - Plastid;  

Plasma 

membrane 

AT4G15755.1  Calcium-dependent lipid-binding (calb domain) family protein 1 - - - 

AT4G16040.1  Unknown protein 1,2 - - - 

AT4G16143.2  Importin alpha isoform 2 1 Not plastid - - 

AT4G16170.1  Unknown protein 1,2 - - - 

AT4G16250.1  Phytochrome D 1 - - - 

AT4G16695.1  Unknown protein 2 - - - 

AT4G16695.2  Unknown protein 2 - - - 

AT4G16840.1  Unknown protein 1,2 - - - 

AT4G17420.1  Tryptophan RNA-binding attenuator protein-like 2 - - - 

AT4G19330.1  Galactose oxidase/kelch repeat superfamily protein 1,2 - - - 

AT4G19400.1  Profilin family protein 1 - - - 

AT4G19910.1  Toll-Interleukin-Resistance (TIR) domain family protein 1,2,3 - - - 

AT4G19920.1  Toll-Interleukin-Resistance (TIR) domain family protein 1 - - - 

AT4G19925.1  Toll-Interleukin-Resistance (TIR) domain family protein 1 - - - 

AT4G21105.1  Cytochrome-c oxidases;electron carriers 1,2 Not plastid - - 

AT4G21215.1  Unknown protein 2 - - - 

AT4G21215.2  Unknown protein 2 - - - 

AT4G21880.1  Pentatricopeptide repeat (PPR) superfamily protein 1 - - - 

AT4G22160.2  Unknown protein 1 - - - 

AT4G22370.1  Unknown protein 1,2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466876
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17814
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466877
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17831
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=17883
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18001
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18027
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18104
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18160
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18191
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468884
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589057
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28125
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18281
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18315
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18419
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18452
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=839686
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18472
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18482
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28133
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466912
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18553
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18611
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18822
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18829
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466927
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=18882
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466928
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19004
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19016
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466933
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19087
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28150
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19141


 

120 
 

AT4G22420.1  Ubiquitin-specific protease family C19-related protein 1 - - - 

AT4G22440.1  Unknown protein 1 - - - 

AT4G22800.1  Unknown protein 1 - - - 

AT4G22830.1  Unknown protein 1 - - - 

AT4G23271.1  Unknown protein 2 - - - 

AT4G23515.1  Toll-Interleukin-Resistance (TIR) domain family protein 1,2,3 - - - 

AT4G24110.1  Unknown protein 1,2 - - - 

AT4G24290.2  MAC/Perforin domain-containing protein 1,2 - - - 

AT4G24730.1  Calcineurin-like metallo-phosphoesterase superfamily protein 2,3 - - - 

AT4G24920.1  Sece/sec61-gamma protein transport protein 2,3 - - - 

AT4G24950.1  Unknown protein 1,2 - - - 

AT4G25170.1  Uncharacterised conserved protein (UCP012943) 1 - - - 

AT4G25530.1  Flowering wageningen 1 - - - 

AT4G26620.1  Sucrase/ferredoxin-like family protein 1 - - - 

AT4G27500.1  Proton pump interactor 1 1,2,3 - - - 

AT4G27840.1  SNARE-like superfamily protein 1 - - - 

AT4G28270.1  RING membrane-anchor 2 2 - - - 

AT4G28280.1  Lorelei-like-gpi anchored protein 3 1 - - - 

AT4G28580.1  Magnesium transport 5 1 - - - 

AT4G28640.2  Indole-3-acetic acid inducible 11 1,2,3 - - - 

AT4G30240.1  Syntaxin/t-SNARE family protein 1,2,3 - - - 

AT4G30845.1  Unknown protein 1 - - - 

AT4G31030.1  Putative membrane lipoprotein 1 - - - 

AT4G31570.1  Unknown protein 1,2 - - - 

AT4G31980.1  Unknown protein 2 - - - 

AT4G32150.1  Vesicle-associated membrane protein 711 1 Vacuole - - 

AT4G33940.1  RING/U-box superfamily protein 1 - - - 

AT4G34190.1  Stress enhanced protein 1 1,2 Thylakoid-integral - - 

AT4G34640.1  Squalene synthase 1 1,2 - - - 

AT4G34650.1  Squalene synthase 2 1,2 - - - 

AT4G35000.1  Ascorbate peroxidase 3 1,2,3 Peroxisome Envelope Plastid; Vacuole; 

Peroxisome; 

Mitochondria; 

Plasma 

membrane 

AT4G35580.1  NAC transcription factor-like 9 2,3 - - - 

AT4G35580.2  NAC transcription factor-like 9 1 - - - 

AT4G35970.1  Ascorbate peroxidase 5 1,2,3 Peroxisome - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19145
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19147
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19186
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19189
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=588994
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=466948
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19319
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28157
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19383
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19402
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19405
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19428
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19466
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19577
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19669
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19706
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19752
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19753
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19785
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587511
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=19957
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587407
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20041
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20095
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20139
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20158
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20351
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20380
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20429
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20430
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20465
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20528
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589158
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20569
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AT4G35987.1  S-adenosyl-L-methionine-dependent methyltransferases 

protein 

1,2 - - - 

AT4G36150.1  Disease resistance protein (TIR-NBS-LRR class) family 1,2 - Thylakoid Plastid 

AT4G36690.2  U2 snrnp auxilliary factor, large subunit, splicing factor 1,2 - - - 

AT4G36925.1  Unknown protein 1,2 - - - 

AT4G37830.2  Cytochrome c oxidase-related 1 - - - 

AT4G37980.2  Elicitor-activated gene 3-1 1 Not plastid - - 

AT4G38090.3  Ribosomal protein S5 domain 2-like superfamily protein 2 - - - 

AT4G38490.1  Unknown protein 1,2 - - - 

AT4G39460.1  S-adenosylmethionine carrier 1 1 Envelope-inner-

integral 

Envelope Plastid; 

Mitochondria; 

Plasma 

membrane 

AT4G39900.1  Unknown protein 1,2 - - - 

AT4G40045.1  Unknown protein 2 - - - 

AT5G01080.1  Beta-galactosidase related protein 2 - - - 

AT5G01530.1  Light harvesting complex photosystem II 1 Thylakoid-integral Thylakoid Plastid; Nucleus; 

Plasma 

membrane 

AT5G01881.1  Unknown protein 1,2 - - - 

AT5G01910.2  Unknown protein 2 - - - 

AT5G01980.1  RING/U-box superfamily protein 1,2,3 - - - 

AT5G02160.1  Unknown protein 1,2 Plastid - Plastid 

AT5G02720.1  Unknown protein 1 - - - 

AT5G03545.1  Unknown protein 1,2 - - - 

AT5G04080.1  Unknown protein 1 - - - 

AT5G04310.1  Pectin lyase-like superfamily protein 2 - - - 

AT5G04410.1  NAC domain containing protein 2 1,2,3 - - - 

AT5G04890.1  HSP20-like chaperones superfamily protein 1,2,3 - - - 

AT5G05000.1  Translocon at the outer envelope membrane of chloroplasts 34 3 Envelope-outer-

integral 

Envelope Plastid 

AT5G05660.1  Sequence-specific DNA binding transcription factors 1,2 - - - 

AT5G05750.1  DNAJ heat shock N-terminal domain-containing protein 1 - - - 

AT5G05760.1  Syntaxin of plants 31 1,2,3 - - - 

AT5G05830.1  RING/FYVE/PHD zinc finger superfamily protein 1,2,3 - - - 

AT5G06190.1  Unknown protein 2 - - - 

AT5G06560.1  Protein of unknown function, DUF593 3 - - - 

AT5G06710.2  Homeobox from Arabidopsis thaliana 1,2,3 - - - 

AT5G07930.2  MEI2 C-terminal RRM only like 2 1 - - - 

AT5G08040.1  Mitochondrial import receptor subunit TOM5 homolog 2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20572
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20590
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28369
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20665
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587546
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468211
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589160
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20822
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20918
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20967
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=20985
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21008
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21055
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468636
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589392
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21101
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21119
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21176
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28926
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21317
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21340
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21350
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21399
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21411
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21479
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21488
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21489
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21496
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21533
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21572
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467093
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587847
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21723
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AT5G08050.1  Protein of unknown function (DUF1118) 1 Thylakoid Thylakoid Plastid;  

Plasma 

membrane 

AT5G08080.1  Syntaxin of plants 132 1,2,3 Plasma 

membrane 

- - 

AT5G09240.3  Ssdna-binding transcriptional regulator 1 - - - 

AT5G09310.1  Gamma-secretase aspartyl protease complex, presenilin 

enhancer-2  

1 - - - 

AT5G09560.1  RNA-binding KH domain-containing protein 1 - - - 

AT5G09600.1  Succinate dehydrogenase 3-1 1 - - - 

AT5G09690.2  Magnesium transporter 7 1 - - - 

AT5G09710.1  Magnesium transporter cora-like family protein 1 - - - 

AT5G09711.1  Unknown protein 2 - - - 

AT5G10040.1  Unknown protein 2 - - - 

AT5G11150.1  Vesicle-associated membrane protein 713 1 Vacuole - - 

AT5G11290.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT5G11320.2  Flavin-binding monooxygenase family protein 2 - - - 

AT5G11390.1  WPP domain-interacting protein 1 1,2 - - - 

AT5G12390.1  Tetratricopeptide repeat (TPR)-like superfamily protein 1,2 - - - 

AT5G12400.1  DNA binding;zinc ion binding;DNA binding 1 - - - 

AT5G13190.1   LPS-induced tumor necrosis factor alpha factor 3 - - - 

AT5G13610.1  Protein of unknown function (DUF155) 2 - - - 

AT5G14160.1  F-box family protein 2 - - - 

AT5G15200.2  Ribosomal protein S4 2 Cytosol - - 

AT5G15500.2  Ankyrin repeat family protein 1 - - - 

AT5G15880.1  Unknown protein 1,2,3 - Stromal Plastid 

AT5G16830.1  Syntaxin of plants 21 1,2,3 - - - 

AT5G16950.1  Unknown protein 1,2 - - - 

AT5G17170.1  Rubredoxin family protein 1,2 Thylakoid Thylakoid Plastid 

AT5G18130.2  Unknown protein 1 - - - 

AT5G18525.1  Protein serine/threonine kinases;protein tyrosine kinases 1 - - - 

AT5G18530.1  Beige/BEACH domain-containing protein 2 - - - 

AT5G18661.1  Unknown protein 2 - - - 

AT5G18830.1  Squamosa promoter binding protein-like 7 2,3 - - - 

AT5G18830.2  Squamosa promoter binding protein-like 7 1,2 - - - 

AT5G19570.1  Unknown protein 1 - - - 

AT5G19660.1  SITE-1 protease 2 - - - 

AT5G20045.1  Unknown protein 1,2 - - - 

AT5G20310.1  Adenine nucleotide alpha hydrolases-like superfamily protein 1,2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21724
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21727
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467105
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21813
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21839
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21843
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28546
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21854
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589292
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21888
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=21999
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22013
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28551
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22023
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22124
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22125
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22169
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22214
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22271
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589425
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28558
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22444
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22542
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22554
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22576
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467146
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467154
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22713
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589318
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22743
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28739
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22817
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22826
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467164
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22894
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AT5G20970.1  HSP20-like chaperones superfamily protein 1,2 - - - 

AT5G21430.1  Chaperone dnaj-domain superfamily protein 1,2 Thylakoid-integral Envelope, 

Thylakoid 

Plastid 

AT5G21430.2  Chaperone dnaj-domain superfamily protein 2 Thylakoid-integral Envelope, 

Thylakoid 

- 

AT5G21990.1  Tetratricopeptide repeat (TPR)-like superfamily protein 1,2 Envelope-outer - - 

AT5G22360.1  Vesicle-associated membrane protein 714 1 - - - 

AT5G22540.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT5G22550.1  Plant protein of unknown function (DUF247) 2 - - - 

AT5G22550.2  Plant protein of unknown function (DUF247) 1,2 - - - 

AT5G22560.1  Plant protein of unknown function (DUF247) 1,2 - - - 

AT5G23040.1  Protein of unknown function (DUF3353) 1 Envelope Envelope Plastid; 

Mitochondria 

AT5G25425.1  Glycine-rich protein 1,2 - - - 

AT5G26030.1  Ferrochelatase 1 2 Plastid - Plastid 

AT5G26030.2  Ferrochelatase 1 1,2 Plastid - - 

AT5G26270.1  Unknown protein 1 - - - 

AT5G26790.1  Unknown protein 2 - - - 

AT5G26840.1  Unknown protein 2 - - - 

AT5G26980.1  Syntaxin of plants 41 2,3 - - - 

AT5G26980.2  Syntaxin of plants 41 1,2 - - - 

AT5G27330.1  Prefoldin chaperone subunit family protein 1,2 - - - 

AT5G27540.1  MIRO-related GTP-ase 1 2 Mitochondria - - 

AT5G27540.2  MIRO-related GTP-ase 1 2 Mitochondria - - 

AT5G28235.1  Ulp1 protease family protein 1 - - - 

AT5G28463.1  Unknown protein 2 - - - 

AT5G35180.4  Protein of unknown function (DUF1336) 1 - - - 

AT5G35195.1  Defensin-like (DEFL) family protein 2 - - - 

AT5G35375.1  Unknown protein 2 - - - 

AT5G35470.1  Unknown protein 1 - - - 

AT5G35540.1  Unknown protein 1,2 - - - 

AT5G36240.1  Zinc knuckle (CCHC-type) family protein 1 - - - 

AT5G36690.1  Unknown protein 1,2 - - - 

AT5G36780.1  Unknown protein 2 - - - 

AT5G36930.1  Disease resistance protein (TIR-NBS-LRR class) family 1,2 - - - 

AT5G36930.2  Disease resistance protein (TIR-NBS-LRR class) family 2 - - - 

AT5G37360.1  Unknown protein 2 Thylakoid Thylakoid Plastid 

AT5G37480.1  Unknown protein 1,2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22962
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28571
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468370
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=22992
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23030
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23048
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23050
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467171
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23052
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23101
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23351
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23406
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468419
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23429
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23464
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23469
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23483
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468549
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23518
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23540
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468541
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23612
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23639
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=840104
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468835
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=587639
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23920
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=23929
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24017
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24029
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24040
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24056
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589453
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24101
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24115
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AT5G39510.1  Vesicle transport v-SNARE family protein 1,2,3 Extracellular; 

Golgi; Vacuole 

- - 

AT5G40382.1  Cytochrome c oxidase subunit Vc family protein 2 - - - 

AT5G40510.1  Sucrase/ferredoxin-like family protein 1,2,3 - - - 

AT5G40910.1  Disease resistance protein (TIR-NBS-LRR class) family 1,2 - - - 

AT5G40930.1  Translocase of outer membrane 20-4 1,2,3 - - - 

AT5G41071.1  Unknown protein 2 - - - 

AT5G41401.1  Unknown protein 2 - - - 

AT5G41530.1   DNA-binding storekeeper protein-related  1,2 - - - 

AT5G42320.1  Zn-dependent exopeptidases superfamily protein 2 - - - 

AT5G43570.1  Serine protease inhibitor, potato inhibitor I-type family protein 1,2 - - - 

AT5G43970.1  Translocase of outer membrane 22-V 1,2,3 - - - 

AT5G44650.1  Ycf3-interacting protein 1 2 Thylakoid - Plastid 

AT5G44900.1  Toll-Interleukin-Resistance (TIR) domain family protein 2 - - - 

AT5G44910.1  Toll-Interleukin-Resistance (TIR) domain family protein 1 - - - 

AT5G46295.1  Unknown protein 2 - - - 

AT5G46850.1  Unknown protein 1,2,3 - - - 

AT5G46860.1  Syntaxin/t-SNARE family protein 1,2,3 ER; vacuole - - 

AT5G47180.1  Plant VAMP (vesicle-associated membrane protein) family 

protein 

2 - - - 

AT5G47180.2  Plant VAMP (vesicle-associated membrane protein) family 

protein 

1,2,3 - - - 

AT5G47229.1  Unknown protein 2 - - - 

AT5G47410.1  Similar to hypothetical protein 25.t00068 [Brassica oleracea]  2 - - - 

AT5G47570.1  Unknown protein 1,2 - - - 

AT5G48630.1  Cyclin family protein 3 - - - 

AT5G48657.1  Defense protein-related 1 - - - 

AT5G48810.1  Cytochrome B5 isoform D 1,2,3 ER - - 

AT5G48830.1  Unknown protein 2 - - - 

AT5G49150.1  Gamete expressed 2 2 Plasma 

membrane 

- - 

AT5G49290.1  Receptor like protein 56 1,2 - - - 

AT5G50335.1  Unknown protein 1 - - - 

AT5G50430.1  Ubiquitin-conjugating enzyme 33 2 - - - 

AT5G50430.2  Ubiquitin-conjugating enzyme 33 1,2 - - - 

AT5G50430.3  Ubiquitin-conjugating enzyme 33 2 - - - 

AT5G50440.1  Membrin 12 2,3 - - - 

AT5G50460.1  Sece/sec61-gamma protein transport protein 1,2,3 - - - 

AT5G50530.1  CBS / octicosapeptide/Phox/Bemp1 (PB1) domain protein 2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24328
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589368
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24431
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24474
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24476
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589268
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589272
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24537
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24621
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24757
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24799
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24872
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24898
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=24899
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25047
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25104
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25105
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25139
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25140
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589237
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25164
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25182
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25293
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467259
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25313
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25315
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25347
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25362
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25472
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25483
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468336
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468337
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25484
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25486
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25493


 

125 
 

AT5G50550.1  Transducin/WD40 repeat-like superfamily protein 1,2,3 - - - 

AT5G50640.1  CBS / octicosapeptide/Phox/Bemp1 (PB1) domain protein 2 - - - 

AT5G50650.1  Transducin/WD40 repeat-like superfamily protein 2 - - - 

AT5G51010.1  Rubredoxin-like superfamily protein 2 - Thylakoid Plastid 

AT5G52580.1  Rabgap/TBC domain-containing protein 1 - - - 

AT5G52980.1  Vma12  1 - - - 

AT5G53050.2  Alpha/beta-Hydrolases superfamily protein 2 - - - 

AT5G53050.3  Alpha/beta-Hydrolases superfamily protein 2 - - - 

AT5G53560.1  Cytochrome B5 isoform E 1,2,3 Plasma 

membrane 

- Plastid 

AT5G54980.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT5G55610.2  Unknown protein 1 Mitochondria - - 

AT5G55750.1  Hydroxyproline-rich glycoprotein family protein 1,2 - - - 

AT5G55900.1  Sucrase/ferredoxin-like family protein 1 - - - 

AT5G56210.1  WPP domain interacting protein 2 1 - - - 

AT5G56730.1  Insulinase (Peptidase family M16) protein 2 Plastid Envelope Plastid 

AT5G57150.2  Basic helix-loop-helix (bhlh) DNA-binding superfamily protein 1 - - - 

AT5G58570.1  Unknown protein 1 - - - 

AT5G59000.1  RING/FYVE/PHD zinc finger superfamily protein 1,2,3 - - - 

AT5G59960.1  Unknown protein 1,2 - - - 

AT5G60460.1  Preprotein translocase Sec, Sec61-beta subunit protein 1 - - - 

AT5G61310.1  Cytochrome c oxidase subunit Vc family protein 2 - - - 

AT5G61310.2  Cytochrome c oxidase subunit Vc family protein 2 - - - 

AT5G61310.3  Cytochrome c oxidase subunit Vc family protein 2 - - - 

AT5G61310.4  Cytochrome c oxidase subunit Vc family protein 2 - - - 

AT5G61490.1  Uncharacterised conserved protein (UCP012943) 1,2,3 - - - 

AT5G61997.1  Unknown protein 2 - - - 

AT5G62820.1  Uncharacterised protein family (UPF0497) 1 - - - 

AT5G63490.1  CBS / octicosapeptide/Phox/Bemp1 (PB1) domain protein 2 - - - 

AT5G64560.1  Magnesium transporter 9 1 - - - 

AT5G64940.1  ABC2 homolog 13 2 Envelope-inner-

integral 

Thylakoid Plastid;  

Plasma 

membrane  

AT5G64940.2  ABC2 homolog 13 2 Envelope-inner-

integral 

- - 

AT5G64970.1  Mitochondrial substrate carrier family protein 1 - - Plastid 

AT5G65440.2  Unknown protein 2 - - - 

AT5G66020.1  Phosphoinositide phosphatase family protein 1 - - - 

AT5G66052.1  Unknown protein 1,2 - - - 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25495
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25505
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25507
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25547
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25710
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25752
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467280
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468534
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25811
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=25965
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467289
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26044
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26061
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26095
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26149
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=467297
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26346
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26392
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26495
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26545
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26630
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28839
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=468325
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589548
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26648
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589257
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26787
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26853
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=26963
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27004
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=28860
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27007
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=589534
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27116
http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27121
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a List of all 760 proteins that are predicted to possess a TA topology, based on their identification in at least 

one of three previous bioinformatics-based searches of the Arabidopsis deduced proteome (Kriechbaumer 

et al., 2009; Pedrazzini, 2009; Dhanoa et al., 2010. Proteins are listed in order of their AGI number. See 

text for additional details. 
b Arabidopsis gene identifier (AGI) number represents the systematic designation given to each locus, gene 

and its corresponding protein product(s) by The Arabidopsis Information Resource (TAIR) 

(http://www.arabidopsis.org). 
c Annotation of the protein’s function(s) based on the ‘Standard’ annotation search tool at the Plant 

Proteomics Database (PPDB) (http://ppdb.tc.cornell.edu) (Sun et al., 2008). 
d Numbers correspond to previously published bioinformatics screen(s) in which the predicted TA protein 

was identified: (1) Dhanoa et al., 2010; (2) Kreichbaumer et al., 2009; (3) Pedrazzini, 2009. 
e Protein’s annotated intracellular localization(s) based on the ‘Search’ tool at PPDB. Proteins with no 

assigned intracellular localization are indicated by a dash. 
f Protein’s annotated subplastid localization based on the ‘Search’ tool at the Arabidopsis thaliana 

Choroplast (AT_Chloro) database (http://www.grenoble.prabi.fr) (Ferro et al., 2010). Proteins with no 

assigned plastid localization are indicated by a dash. 
g Protein’s annotated intracellular localization based on the ‘Search’ tool at the SUBcellular localisation 

database for Arabidopsis proteins (SUBA) (http://suba.plantenergy.uwa.edu.au/) (Heazelwood et al., 2007; 

Tanz et al., 2013). Only the intracellular localization data for those proteins assigned to be ‘Plastid’, based 

on published mass spectrometry (MS/MS) and/or in vivo GFP fusion protein localization data, are listed. 

 

AT5G66480.1  Unknown protein 2 - - - 

 

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27165
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Appendix II: List of all primers used in this study 

Name Sequence (5'-3') 
HT1  CCTCTAGAGTCGACAAAAATCACCAG 

HT2  CTGGTGATTTTTGTCGACTCTAGAGG 

HT3  CCGGCCGGATCCATGGGAAATGAGACG 

HT4  CCGGCCGTCGACCTACTTGTTAGC 

HT5  CCGGCCAGATCTATGGAGGAGCCTTGT 

HT6  CCGGCCCTCGAGCTAGAGAAGCCT 

HT7 CCGGCCGGATCCATGGCCTCTTG 

HT8 CCGGCCGTCGACTCAGATGGGTTG 

HT9 CCGGCCGGATCCATGGCTATGGCG 

HT10 CCGGCCGTCGACTTATCGCCTTCT 

HT11 CCGGCCGGATCCATGTCACTAACCGCA 

HT12 CCGGCCGTCGACTCAGCTGAAGAA 

HT13 CCGGCCGGATCCATGTCCGTTTCTCTC 

HT14 CCGGCCGTCGACTTAGAAACCAGA 

HT15 CCGGCCAGATCTATGGCGGCGGTT 

HT16 CCGGCCAGATCTTTATCTTTGTAA 

HT17 GAAGGAGATATAGGATCCGCTAGCATGACT 

HT18 AGTCATGCTAGCGGATCCTATATCTCCTTC 

HT19 CCGGCCCATATGGAGGAGCCTTGTGAG 

HT20 CCGGCCGGATCCCTAGAGAAGCCTCCT 

HT21 CCGGCCCATATGGCGGCGGTTATTGGA 

HT22 CCGGCCGGATCCTTATCTTTGTAAGAT 

HT23 GATCCAGCAGCAGCAGCGTGGAACAAAAGTTGATTTCTGAAGAAGATCTGTCGTCTTCCCGGCCATCGCG 

HT24 CGCGATGGCCGGGAAGACGACAGATCTTCTTCAGAAATCAACTTTTGTTCCACGCTGCTGCTGCTGGATC 

HT25 GATGCAGCAGCAGCAGCGTGGAACAAAAGTTGATTTCTGAAGAAGATCTGTCGTCTTCCCGGCCATCGGC 

HT26 GCCGATGGCCGGGAAGACGACAGATCTTCTTCAGAAATCAACTTTTGTTCCACGCTGCTGCTGCTGCATC 

HT27 CGCTTCTGATGCAGCTCAATTGATAGAACAAAAGTTGATTTCTGAAGAAGATCTGAGCGCTAAAGAAGATATCAAAGTTC 

HT28 GAACTTTGATATCTTCTTTAGCGCTCAGATCTTCTTCAGAAATCAACTTTTGTTCTATCAATTGAGCTGCATCAGAAGCG 

HT29 GCAGCAGCAGCAGCGTGGGATCCATGGAACAAAAGTTGATTTCTG 

HT30 CAGAAATCAACTTTTGTTCCATGGATCCCACGCTGCTGCTGCTGC 

HT31 CTAGGGAACAAAAGTTGATTTCTGAAGAAGATCTGC 

HT32 CTAGGCAGATCTTCTTCAGAAATCAACTTTTGTTCC 

HT33 CGCTTCTGATGCAGCTCAATTGATAGGATCCATGCCTAGGAGCGCTAAAGAAGATATCAAAGCTC 

HT34 GAGCTTTGATATCTTCTTTAGCGCTCCTAGGCATGGATCCTATCAATTGAGCTGCATCAGAAGCG 

HT35 CCGGTTTACACTGAGATAAGAGGATCCATGCCTAGGACTATGACGACGAGTAATCTGAGG 

HT36 CCTCAGATTACTCGTCGTCATAGTCCTAGGCATGGATCCTCTTATCTCAGTGTAAACCGG 

HT37 GCGAATTCCAGAGCTAACGCCGGATCCATGCCTAGGGTCGATTTCGACGACGAGGG 

HT38 CCCTCGTCGTCGAAATCGACCCTAGGCATGGATCCGGCGTTAGCTCTGGAATTCGC 

HT39  TATGATGGAACAAAAGTTGATTTCTGAAGAAGATCTGCA 

HT40 TATGCAGATCTTCTTCAGAAATCAACTTTTGTTCCATCA 

HT41  GAGGATCCATGCCTAGGCCTAGGACTATGACGACGGAACAAAAGTTGATTTCTG 

HT42 CAGAAATCAACTTTTGTTCCGTCGTCATAGTCCTAGGCCTAGGCATGGATCCTC 

HT43  CAATCAACTACCAGATAATTCAGGAGGAGGCTTCTC 
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HT44 GAGAAGCCTCCTCCTGAATTATCTGGTAGTTGATTG 

HT45  GGGACGAGCACGAGGGGGATTTCACCAAAATGTGCC 

HT46 GGCACATTTTGGTGAAATCCCCCTCGTGCTCGTCCC 

HT47  GGAGATTAACGGTGTTAGAGGGGGAGGGTACTCAGAAGGAGGTTCTTCAC 

HT48 GTGAAGAACCTCCTTCTGAGTACCCTCCCCCTCTAACACCGTTAATCTCC 

HT49  CTAGGTACCCATACGACGTGCCAGACTACGCCC 

HT50 CTAGGGGCGTAGTCTGGCACGTCGTATGGGTAC 

HT51  GGGATTGGTGTCGGTCTTCTCGTTGCTAGCCGTACTTATCAATCAACTACCAGAACC 

HT52 GGTTCTGGTAGTTGATTGATAAGTACGGCTAGCAACGAGAAGACCGACACCAATCCC 

HT53  CCTCTTGTCCACTCTCTTTGCTAGCGGTGGTAATAACAACTCCG 

HT54 CGGAGTTGTTATTACCACCGCTAGCAAAGAGAGTGGACAAGAGG 

HT55  GTGTTAATCCCTATCTACATGTGGTTCTCTGGTTTCTAAATCAAGGATCAGATCGTTCCC 

HT56 GGGAACGATCTGATCCTTGATTTAGAAACCAGAGAACCACATGTAGATAGGGATTAACAC 

HT57  CCATCATCTTCGGAGTTCCTTGGTATTTGATGACCTTCAGGAGGAGGCTTCTCTAGACTCAAGGGTCAAAGCATCAATCTCACC 

HT58 GGTGAGATTGATGCTTTGACCCTTGAGTCTAGAGAAGCCTCCTCCTGAAGGTCATCAAATACCAAGGAACTCCGAAGATGATGG 

HT59 GGAGTTCCTTGGTATTTGATGCGTACTTATCAATCAACTACCAGAACCTTCAGGAGGAGGCTTCTC 

HT60 GAGAAGCCTCCTCCTGAAGGTTCTGGTAGTTGATTGATAAGTACGCATCAAATACCAAGGAACTCC 

HT61 GTGTTAATCCCTATCTACATGTGGAATAACAACTCCGATTTCTCTGGTTTCTAAATCAAGG 

HT62 CCTTGATTTAGAAACCAGAGAAATCGGAGTTGTTATTCCACATGTAGATAGGGATTAACAC 

HT63 CGACGGTACCGCAAGCCCCGGGATGG 

HT64 CCATCCCGGGGCTTGCGGTACCGTCG 

HT65 GGCCGGGTCGACATGAACAGAATGAGATGGG 

HT66 GGCCGGCCTAGGCTATGTCTCAAAGAAACG 

HT67 GGCCGGGTCGACATGTTTAACGGGTTAATGG 

HT68 GGCCGGCCTAGGCTAGTTTCCAATATAGCC 

HT69 GGCCGGGTCGACATGGTGGAGAAGTCAGG 

HT70 GGCCGGCCTAGGTCAGGCGCCCGACG 

HT71 GGCCGGGGATCCATGGTGGAGAAGTCAGG 

HT72 GGCCGGGAATTCTCAGGCGCCCGACGG 

HT73 GCGATAGAGCTCGTGTTTGCTAGCTGAAAGCCATTGTTCAAGAAGC 

HT74 GCTTCTTGAACAATGGCTTTCAGCTAGCAAACACGAGCTCTATCGC 

HT75 GGCCGGGCTAGCATGGTGGAGAAGTCAGG 

HT76 GGCCGGGCTAGCCCGGCGCCCGACGG 

HT77 CCTTGGTATTTGATGGCTAGCACTCAAGGGTCAAAGC 

HT78 GCTTTGACCCTTGAGTGCTAGCCATCAAATACCAAGG 

HT79 GGCCGGGCTAGCAAGCCATTGTTCAAGAAGC 

HT80 GGCCGGGCTAGCTCAGGCGCCCGACGG 

HT81 GGCTGGCGATAGAGCTCGTGTTTCACCGTCTCGGCTATATTGGAAACTAGTCCAAGGACAAATCCGATTCCG 

HT82 CGGAATCGGATTTGTCCTTGGACTAGTTTCCAATATAGCCGAGACGGTGAAACACGAGCTCTATCGCCAGCC 

HT83 GGCCGGCATATGGTGGAGAAGTCAGGAGG 

HT84 GCTGGTGATGAAGCCATTGGTTCGAGCTAGCGCAATCAAGTCCGATGTTTCG 

HT85 CGAAACATCGGACTTGATTGCGCTAGCTCGAACCAATGGCTTCATCACCAGC 

HT86 GGCCGGCCCGGGATGGCGGGCTCGCCGCCCCCTGTCACCGCGGATGACTCCGATTCCAAAGACAAGTCC 

HT87 CGCTATCTCGAGCACAAACTTTGGCAAGAACTTCTTCAGGCTGGAGGACTTGTCTTTGGAATCGG 

HT88 GCCAAAGTTTGTGCTCGAGATAGCGCTGTGGGGAGTGGCGTTGGTGGGAGTGGTTGTTACGG 
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HT89 CCGGCCCCCGGGTGGTTTCAACTCTTTTGGTGTGCCCTTTTTCTGTGTCGCCGTAACAACCACTCCCACC 

HT90 GGAATCTCTCTTACTCGATGCAACGCTGTTCCCGGGTCGTCCAATTCTTCCAGTACGTTGG 

HT91 CCAACGTACTGGAAGAATTGGACGACCCGGGAACAGCGTTGCATCGAGTAAGAGAGATTCC 

HT92 GTGGTTGTTGGCTTCTTATACCTAAAGCCATTGTTCAAGAAGCTG 

HT93 CAGCTTCTTGAACAATGGCTTTAGGTATAAGAAGCCAACAACCAC 

HT94 CCTGCAGGTCGACCCAGGGAAGGATCCAGATCTCCC 

HT95 GGGAGATCTGGATCCTTCCCTGGGTCGACCTGCAGG 

HT96 GCTATAGTTTCGGGTATACTTCTTTGAAGAAGAAAGTGAGGCCTCATGG 

HT97 CCATGAGGCCTCACTTTCTTCTTCAAAGAAGTATACCCGAAACTATAGC 

HT98 GGATGAACTATACAAATCTAGTGGATCCCCAAAATTGGAGAAACCAACAGG 

HT99 CCTGTTGGTTTCTCCAATTTTGGGGATCCACTAGATTTGTATAGTTCATCC 

HT100 GCTGGCGATAGAGCTCGTGTTTCGTAAGAAGTAGAAGCCATTGTTCAAGAAGCTGAGC 

HT101 GCTCAGCTTCTTGAACAATGGCTTCTACTTCTTACGAAACACGAGCTCTATCGCCAGC 

HT102 GGTGGGATGGCTGGCGCTTCTCCTTATAGAGCTCGTGTTTAAGCC 

HT103 GGCTTAAACACGAGCTCTATAAGGAGAAGCGCCAGCCATCCCACC 

HT104 CTAGCCAAGGAGCAATCAGAAATGATATCAAGACAAGTGGAAAGCCACTTTAAG 

HT105 CTAGCTTAAAGTGGCTTTCCACTTGTCTTGATATCATTTCTGATTGCTCCTTGG 

HT106 GCTGAGCTCCTCCAAGGACAAATCCTGATCCGACGATGCCACCGTCCC 

HT107 GGGACGGTGGCATCGTCGGATCAGGATTTGTCCTTGGAGGAGCTCAGC 

HT108 CGGAGTTCCTTGGTATTTGATGAAGGCCGATAAAGCTCGAAAAGC 

HT109 GCTTTTCGAGCTTTATCGGCCTTCATCAAATACCAAGGAACTCCG 

HT110 CTAGCCGTACTTATCAATCAACTACCAGAACCTTCAGGAGGAGGCTTCTCTAGG 

HT111 CTAGCCTAGAGAAGCCTCCTCCTGAAGGTTCTGGTAGTTGATTGATAAGTACGG 

HT112 CCGGCCGTCGACATGGCGGAGAAGAGCC 

HT113 CCGGCCGCTAGCTCATTTTTCTTCATCGCG 

HT114 CCGGCCGTCGACATGTTGGATCTAATTTTGAAACAGC 

HT115 CCGGCCGCTAGCTCAAGAATCTTTCCCATGGC 

HT116 CCGGCCGTCGACATGATTGGAGGTTTTAATTCGG 

HT117 CCGGCCCCCGGGTTATACAGATATCAGCGCCAAACC 

HT118 CCGGCGGTACCATGGTTGGCATTGAATCTCATCG 

HT119 CCGGCCCCCGGGCTAGTGAGTTGTTGTGTGTCTTTTCC 

HT120 CCGGCCGTCGACATGTGTAGGTCGCCCG 

HT121 CCGGCCGCTAGCTTAGAAGAAGGTTCTTCTTGTCC 

HT122 CCGGCCTCTAGAATGGAATCACAAGGACCTTCTAATGG 

HT123 CCGGCCCCCGGGTCAGAAAAACGGCAGCC 

HT124 CCGGCCGTCGACATGGGTGGGATGTGTATGTC 

HT125 CCGGCCGCTAGCTCAACGGCACCGGACG 

HT126 CCGGCCTCTAGAATGGAGCAGATACATTCTTTGG 

HT127 CCGGCCCCCGGGTCATGGCAAGACAGGCATGG 

HT128 GGCGATAGAGCTCGTGTTTGATTCCGACGATGCCACC 

HT129 GGTGGCATCGTCGGAATCAAACACGAGCTCTATCGCC 
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Appendix III: List of solutions used in this study 

Luria-Bertani (LB) Medium  

To 800 mL ddH2O add:  

-25 g LB Medium (Difco)  

-Stir to dissolve and adjust volume to 1 L  

-Autoclave as indicated above and store at 4°C   

LB Plates  

Add 15 g of Bacto-agar (Difco) to LB solution. Autoclave and cool to 50°C before adding the appropriate 

antibiotic stock solution. Pour approximately 20 mL per 100 x 15 mm Petri plate (Fisher Scientific) and 

following solidification, store at 4°C. 

SOC Medium  

To 980 mL of ddH2O add:  

28 g of SOB medium (Difco)  

Autoclave. Cool to 50°C and add:  

20% glucose Filter sterilize and store at 4°C   

Antibiotic Stock Solution  

All antibiotic salts (see below) were dissolved in 8 mL of ddH2O (with the exception of rifampicin, which 

is dissolved in DMSO) and the volume was adjusted to 10 mL with ddH2O (or DMSO). Filter sterilize 

and store as 1 mL aliquots at -20°C  

Antibiotic salt Stock Concentration Dissolved Working 
Concentration 

Ampicillin sodium salt  100 mg/mL  50 µg/mL  

Kanamycin sulphate (Gibco)  50 mg/mL  50 µg/mL  

Streptomycin (Gibco)  50 mg/mL  50 µg/mL  
Rifampicin 50 mg/mL  50 µg/mL  
Spectinomycin 50 mg/mL  50 µg/mL  

Gentamycin sulfate  50 mg/mL  50 µg/mL  
 

RF1  

To 500 mL of ddH2O:  

-100 mM RbCl  

-50 mM MnCl2·4H2O  

-30 mM KOAc  

-10 mM CaCl2·2H2O  

-15% glycerol  
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-pH to 5.8 with acetic acid and filter sterilize with a 0.22µm filter and store at 4°C  

RF2  

To 500 mL of ddH2O add:  

-10mM MOPS  

-10 mM RbCl 

-75 mM CaCl2·2H2O 

-15% (V/V) glycerol  

-pH to 6.8 with 1 N NaOH, filter sterilize with a 0.22µm filter and store at 4°C   

TAE Buffer (50x stock)  

To 800 mL ddH2O add:  

-242g Tris Base  

-57.1 mL glacial acetic acid  

-100 mL 0.5M EDTA (pH 8.0)  

-Adjust volume to 1L and store at 4°C   

5x Cohesive/Annealing Buffer  

To 800 μL ddH2O add:  

-250 mM of 1M Tris-HCl stock solution (pH 7.6)  

-50 mM MgCl2  

-25% (w/v) polyethylene glycol 8000  

-Vortex to dissolve then, once vortexed, add:  

-5 mM adenine triphosphate (ATP)  

-5 mM dithiothreitol (DTT)  

-Adjust volume to 1 mL with ddH2O, mix, then aliquot to 50 μL stocks and store at -20°C.   

Murashige-Skoog (MS) Growth Medium (for culturing tobacco BY-2 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  



 

132 
 

-200 μL 2,4-dichlorophenoxyacetic acid (2,4-D) (in 1 mg/mL 95% (v/v) ethanol stock solutions) 

-1 mL thiamine HCl (in 1mg/mL ddH2O stock solution)(ICN Biomedicals Inc.) 

-Adjust pH to 5.0 with 0.5 N KOH  

- Adjust volume to 1 L with ddH2O and aliquot 50 mL into 125 mL culture flasks  

-Autoclave 20 minutes and store at 4°C  

Tobacco BY-2 Transformation Buffer  

Prepare MS growth medium as above, omitting 2,4-D, but adding: 

-45.55 g sorbitol (250 mM)  

-45.55 g mannitol (250 mM)  

-Adjust pH to 5.0 with 0.5 M KOH  

-Adjust volume to 1 L, autoclave and store at 4°C  

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 60 °C with continuous stirring and maintain at 60°C for at least 30 minutes Add 10 N NaOH until the 

solution will become almost clear and filter through 1mm Whatman No. 4 paper (Fisher Scientific). 

Adjust volume to 1 L and store as 45 mL aliquots at -20°C. 

Fixation Buffer  

1:1 (v/v) mixture of 8% (w/v) formaldehyde and tobacco BY-2 transformation buffer   

10x Phosphate-Buffered Saline (PBS)  

To 700 mL ddH2O add (Note: each component must dissolve completely before adding the next):  

-800 g NaCl (1370 mM)  

-20 g KCl (27 mM)  

-114 g Na2HPO4 (43 mM)  

-20 g KH2PO4 (14 mM)  

-Adjust pH to 7.3 with 10 N KOH  

-Adjust volume to 1 L with ddH2O, autoclave and store at room temperature   

1x Phosphate-Buffered Saline (PBS)  

To 900ml ddH2O add 100ml 10x PBS 

10% (v/v) triton X-100  

-To 9 mL of 1x PBS add 1mL of triton X-100 

-Mix thoroughly by vortexing or rocking  


