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ABSTRACT 1 

 2 
 Eukaryotic organisms are defined by their compartmentalization and various 3 

organelles.  The membranes that define these organelles require complex nanomachines 4 

(known as translocons) to selectively mediate the import of proteins from the cytosol 5 

where they are synthesized into the organelle. The plastid, (specifically the chloroplast) 6 

which is characteristic of plant cells, possibly represents the most complex system of 7 

protein sorting, requiring many different translocons located in the three membranes 8 

found in this organelle. Despite having a small genome, the vast majority of plastid- 9 

localized proteins are nuclear-encoded and must be post-translationally imported from 10 

the cytosol. These proteins are encoded as a larger molecular weight precursor that 11 

contains a special “zip code” at their N-terminus appropriately called a transit peptide 12 

(TP). 13 

 The mechanism of how the transit peptide mediates the selective targeting and 14 

translocation of precursor proteins into chloroplasts remains unclear. We aim to precisely 15 

understand how transit peptides are recognized and processed by the Translocon of the 16 

Outer Chloroplast membrane (abbreviated TOC). This is still a paradox, since several 17 

thousand different transit peptides exist in a given plant species, yet show very little 18 

similarity with each other – however, they seem to function in a common pathway that 19 

involves the recognition one or more receptor GTPases, which are proposed to function 20 

as “gatekeepers.” The current study extends our understanding of both TP 21 

physicochemical motifs as well as our understanding of the TOC34 GTP hydrolysis cycle.  22 

Furthermore, this study has advanced methodologies for transient expression and in vivo 23 

localization imaging using Pisum sativum. Together, our results have made a significant 24 

step forward in our understanding of the plastid protein import cycle. 25 

  26 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 2 
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Disclosure:  1 
Portions of this chapter have been published in a review paper: Chotewutmontri P.,* 2 

Holbrook. K* and Bruce, B. 2016. Plastid Protein Recognition and Import. International 3 

Review of Cellular and Molecular Biology. In press. (* denotes equal authorship).  4 

1.1 Origin of Plastids 5 
Robert C. Hooke first proposed the term “cell” 350 years ago when he observed a 6 

thin slice of cork under a simple microscope.  Cells are now considered to be the smallest 7 

functional component of living organisms, and are functionally defined by their 8 

compartmentalization and various organelles. The membranes that define these 9 

organelles serve an important role in both intracellular communication as well as 10 

exchange of materials.  For a plant cell, the plastid organelle is a key component in energy 11 

conversion.   12 

Over century ago, plastids were proposed to be derived from cyanobacteria (Martin 13 

and Kowallik, 1999). It is now widely accepted based on phylogenetic analysis that the 14 

primary plastids originated from endosymbiosis of a cyanobacterial ancestor (Baum, 15 

2013; Criscuolo and Gribaldo, 2011; Douglas, 1998; McFadden, 2014; McFadden and 16 

van Dooren, 2004). Interpretation of the fossil record and molecular clock analysis date 17 

the endosymbiosis event to over 1.2 billion years ago (Butterfield, 2000; Yoon et al., 18 

2004). Cyanobacterial endosymbiosis provided the advantage of photosynthetic 19 

capability, and many cyanobacterial genes were transferred to the nucleus. The ability of 20 

plastids to import nuclear-encoded proteins enabled the plastid ancestry to transfer its 21 

genes to the nucleus without compromising metabolic capacity (Allen, 2003) (Figure 1- 22 

1). This process allowed endosymbiont gene copies to undergo pseudogenization and 23 

later loss, which resulted in a reduction in plastid genome size (Martin et al., 1993). Thus, 24 

most plastid proteins are synthesized in the cytosol and are post-translationally imported 25 

into their functional location inside the plastid. While plastid protein import was crucial in 26 

facilitating the endosymbiosis event in the past, it is indispensable to the function of the 27 

cells in Arabidopsis where over 2,500 proteins in Arabidopsis must gain access to 28 

plastids. 29 

 30 
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Figure 1-1 Plastid Protein Import 1 

Cartoon schematic depicting the import of proteins into a plastid. Many proteins functional 2 

in the chloroplast are encoded by the nucleus and translated in the cytosol as precursor 3 

proteins with a short, N-terminal extension called the transit peptide. The transit peptide 4 

is required for the proper targeting and translocation of precursor proteins into their 5 

functional location in the plastid.  6 

  7 



 

 4 

1.2 Plastid Protein Targeting Routes 1 
 Proteins targeted to plastids can be delivered post-translationally to six plastid 2 

locations: the outer envelope membrane (OM), the intermembrane space (IMS), the inner 3 

envelope membrane (IM), the stroma, the thylakoid membrane and the thylakoid lumen 4 

(Keegstra and Cline, 1999; Li and Chiu, 2010). Most of these processes involve protein 5 

translocation across the plastid membranes: the outer envelope, the inner envelope and 6 

the thylakoid membranes. In general, protein translocation across or insertion into 7 

membrane is mediated by oligomeric membrane complexes termed translocons (Walter 8 

and Lingappa, 1986). The majority of plastid-targeted proteins are synthesized as 9 

precursors containing the N-terminal targeting sequences called transit peptides (TPs) 10 

(Dobberstein et al., 1977; Kleffmann et al., 2004). Similar to the signal hypothesis (Blobel, 11 

1980), TPs act as an intrinsic signal on the precursor protein that is recognized by the 12 

targeting receptors associated with the translocons. TPs direct translocation of precursor 13 

proteins across the double membranes of plastids via the translocon at the outer envelope 14 

of chloroplasts (TOC) and the translocon at the inner envelope of chloroplasts (TIC) in a 15 

process described as the general import pathway (Cline and Henry, 1996; Schnell et al., 16 

1997; van 't Hof and de Kruijff, 1995a). After the precursor is translocated into the stroma, 17 

the TP is readily cleaved allowing the mature domain to fold into its native conformation 18 

or to be further targeted to the thylakoid (Richter and Lamppa, 2002a). So far, the TP has 19 

been utilized in targeting precursor proteins to all of the six locations of plastids and is 20 

considered to function in the general import pathway. This pathway recognizes diverse 21 

TP sequences from various functional groups of proteins. In summary, the general import 22 

pathway functions similar to a central transit hub where the majority of plastid-targeted 23 

proteins pass through before reaching their final locations. 24 

1.2.1 The general import pathway 25 
 The general import pathway is a working model describing a TP-directed translocation 26 

of proteins into the stroma of plastids (Bruce, 2000a). Figure 1-2 illustrates the sequential 27 

steps in the pathway that reflect the processes that take place in the cytosol, at both the 28 

OM and IM, and in the stroma. We have not included steps that are involved in the 29 

subsequent targeting to the thylakoid nor do we address the targeting to the OM, IM or 30 

IMS. Figure 1-2 represents a somewhat selective model that has consolidated many 31 



 

 5 

years of work, but emerging research continues to develop a more complete picture of 1 

the import system. 2 

 The OM of plastids has been shown to recruit cytosolic precursors using multiple 3 

pathways. Work performed using isolated chloroplasts shows that the precursors are able 4 

to directly bind to TOC on the surface of chloroplasts (Figure 1-2, step 1a). The binding 5 

is reversible when lacking ATP/GTP and denoted as energy-independent binding (Jarvis, 6 

2008a; Kouranov and Schnell, 1997; Perry and Keegstra, 1994). Addition of GTP also 7 

promotes binding (Inoue and Akita, 2008; Young et al., 1999). TP interaction with 8 

chloroplast lipids suggests that the precursor can directly bind to the lipid surface (Figure 9 

1-2,step 1e) before being transferred to the membrane receptors TOC159 and TOC34 10 

(Figure 1-2, step 2f,	3a) (Pilon et al., 1995a; Pinnaduwage and Bruce, 1996). Cytosolic 11 

factors were shown to interact and recruit precursors to the membrane receptors. 12 

Cytosolic Hsp90 captures precursor (Figure 1-2, step 1d) and delivers it to the membrane 13 

receptor TOC64 (Figure 1-2, step 2d) (Qbadou et al., 2006). Phosphorylated TPs interact 14 

with 14-3-3 and form the guidance complex with cytosolic Hsp70 (Figure 1-2, step 1c) 15 

(May and Soll, 2000b).The guidance complex was proposed to dock to membrane 16 

receptors TOC159 (Figure 1-2, step 2c,	3a) or TOC34 (Figure 1-2, step 2b) (May and 17 

Soll, 2000b; Qbadou et al., 2006).Another pathway utilizes the cytosolic TOC159 pool to 18 

deliver precursor to the membrane (Figure 1-2, step 1b,	2a) (Hiltbrunner et al., 2001; 19 

Smith et al., 2004). When low levels of ATP (<0.1 mM) are present, with or without GTP, 20 

the precursor engages in an irreversible binding state, which is referred to as the early 21 

import intermediate (Inoue and Akita, 2008; Kessler et al., 1994; Kouranov and Schnell, 22 

1997; Olsen and Keegstra, 1992; Perry and Keegstra, 1994; Young et al., 1999). The 23 

switching from energy-independent to energy-dependent bindings seems to involve 24 

TOC75 (Paila et al., 2016). In the presence of 0.1 mM ATP at 4°C, about 110 amino acids 25 

are buried in the translocons (Figure 1-2, step 4) (Akita and Inoue, 2009; Inoue and Akita, 26 

2008). When the temperature is increased to 25°C, about 130 amino acids are buried 27 

(Figure 1-2, step 5) (Akita and Inoue, 2009; Inoue and Akita, 2008). At this step, the 28 

precursor spans the double membrane via the TOC75 and TIC20/21 channels and TP 29 

interacts with TIC110 (Akita et al., 1997; Chen and Li, 2007b; Inoue and Akita, 2008; 30 

Nielsen et al., 1997) forming the contact site between the double membranes  31 
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Figure 1-2: The steps of the general import pathway  
Cytosolic precursors can be targeted to plastids directly by interacting with TOC (1a), or 

by interacting with the lipids (1e) before transferring to membrane Toc159 (2f) and 

reaching Toc34 (3a). The precursors can also interact with cytosolic Toc159 (1b) before 

transferring to Toc34 (2a). TPs can interact with Hsp90 (1d) before being targeted to 

Toc64 (2d) and further transferred to Toc34 (3b). Phosphorylated TPs can interact with 

the guidance complex (1c) composed of 14-3-3 and Hsp70c in cytosol. The precursors 

from guidance complexes can be transferred to membrane receptors Toc159 (2c) or 

Toc34 (2b). The binding state of precursor to the chloroplast can be subdivided based 

on GTP/ATP level and temperature of the system (4-5). When the ATP level is greater 

than 1 mM, the translocation process is initiated by Hsp93/cpHsp70 (6). When the 

precursors emerge into the stroma, stromal processing peptidase (SPP) will cleave TP 

from precursor proteins releasing the mature domain (7). TP will be further degraded by 

PreP1/PreP2 peptidases (8). Adapted from Chotewutmontri, Holbrook and Bruce 2016. 
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Figure 1-2 Continued 



 

 8 

(Schnell and Blobel, 1993b). The translocation process is initiated by the ATPase 1 

chaperones Hsp93/cpHsp70 when the ATP level is above 1 mM (Figure 1-2, step 6) (Shi 2 

and Theg, 2010b; Su and Li, 2010). When the precursor emerges into the stroma, stromal 3 

processing peptidase (SPP) will cleave TP from the precursor, releasing the mature 4 

domain (Figure 1-2, step 7) (Richter and Lamppa, 1998). TP will be further degraded by 5 

presequence peptidases, PreP1/PreP2 (Figure 1-2, step 8) (Glaser et al., 2006). The 6 

detailed mechanism of processes such as the specificity of TP recognition and threading 7 

of precursors into the stroma requires further study.  8 

1.2.2 Roles of the Components of the General Import Pathway 9 

1.2.2.1 Transit Peptides 10 
Transit peptides (TPs) are N-terminal extensions that are cleaved during or after 11 

import. They were first identified forty years ago by Dobberstein and coworkers 12 

(Dobberstein, 1977) in Chlamydomonas for the small subunit of Rubisco and named 13 

transit peptides by Chua (1979) to be differentiated from the signal peptides. They are 14 

often encoded by the first exon and represent an addition of new coding information 15 

relative to the ancestral gene structure found in cyanobacteria (Kilian and Kroth, 2004; 16 

Tonkin et al., 2008).TPs are necessary and sufficient to facilitate protein import into 17 

plastids; the mature domain alone fails to be imported while addition of TP can direct the 18 

import of a non-plastid protein into a plastid (Bruce, 2001). Thus, TP contains information 19 

governing the import process. The length of TPs vary from 20-150 amino acids based on 20 

the position of the processing site (Balsera et al., 2009b). However, it has been 21 

established that short TPs cannot direct the import (Bionda et al., 2010). Import only 22 

occurs when short TPs were extended into their mature domains to reach at least 60- 23 

amino acids long (Bionda et al., 2010). 24 

Many attempts have been made to identify the conserved motifs present amid 25 

diverse TPs using primary sequence alignment, but the conservation becomes greatly 26 

reduced with the increasing numbers of TPs analyzed (Karlin-Neumann and Tobin, 1986; 27 

von Heijne et al., 1989a). Amino acid composition and organization are also highly 28 

divergent (Bruce, 2000). Nevertheless, three regions were loosely defined: i) N-terminal 29 

domain of about 10 residues, lacking charged amino acids, ending with Pro/Gly and 30 
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preferably having Ala as the second residue, ii) central domain, lacking acidic amino acids 1 

but rich in hydroxylated amino acids, and iii) C-terminal domain, rich in Arg and possibly 2 

forming an amphiphilic β-strand (Bruce, 2001; von Heijne et al., 1989).  3 

A few studies have determined NMR structures of TPs including those of TPs of 4 

RuBisCO activase (Krimm et al., 1999) and ferredoxin (Lancelin et al., 1994b) from 5 

Chlamydomonas, as well as the TP of ferredoxin from a higher plant Silene latifolia (Wienk 6 

et al., 1999). Even though TPs are found to be unstructured in aqueous solution, they 7 

were shown to adopt alpha-helical structures in membrane-mimetic environments 8 

inferring the possible formation and of an alpha-helix in TP recognition (Bruce, 2001a). 9 

Notably, the most stable alpha-helix of the TP present in higher plant ferredoxin contains 10 

a semi-conserved FGLK motif that was suggested to interact with the translocation 11 

apparatus (Schleiff et al., 2002b; Wienk et al., 2000). This is an example of the semi- 12 

conserved physicochemical motifs of TPs that are proposed to function as interacting 13 

domains determining organelle specificity.  14 

1.2.2.2 Cytosolic factors 15 
Precursors are proposed to maintain import-competency by interacting with 16 

cytosolic chaperones (Jackson-Constan et al., 2001). In fact, multiple Hsp70 binding sites 17 

have been shown in the majority of TPs (Ivey et al., 2000a; Rial et al., 2000; Zhang and 18 

Glaser, 2002). While cytosolic Hsp70 is essential for the in vitro import of a membrane 19 

protein, the precursor of the light harvesting chlorophyll a/b-binding protein (Waegemann 20 

et al., 1990), it is not necessary for the in vitro import of precursors of soluble proteins 21 

such as ferredoxin (prFD) (Pilon et al., 1990) and the small subunit of RuBisCO (prSSU) 22 

(Dabney-Smith et al., 1999).  23 

Another biochemically identified cytosolic factor, the guidance complex composed 24 

of 14-3-3 and Hsp70 proteins, improves the efficiency of import (May and Soll, 2000b)14- 25 

3-3 recognizes the phosphorylated TPs (May and Soll, 2000b).This guidance complex 26 

was proposed to deliver the precursor to membrane receptors TOC64, TOC159 or 27 

TOC34 (May and Soll, 2000b). Later experiments showed that the complex associates 28 

with TOC34 but not with TOC64 (Qbadou et al., 2006). Furthermore, some precursors 29 

associate with another cytosolic chaperone, Hsp90. This chaperone delivers precursors 30 

to TOC64 through the interaction between tetratricopeptide repeats of TOC64 and Hsp90 31 
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(Qbadou et al., 2006). The precursor is subsequently transferred to TOC34 (Qbadou et 1 

al., 2006). In addition, TP receptor TOC159 (Ma et al., 1996; Perry and Keegstra, 1994) 2 

has been suggested to distribute both in soluble cytosolic and membrane-bound forms 3 

(Hiltbrunner et al., 2001) and it has been proposed that cytosolic TOC159 interacts with 4 

precursor proteins and shuttle them to the translocon.  5 

1.2.2.3 Outer envelope lipids 6 
The composition of lipids making up plastid envelope membranes resembles that 7 

of cyanobacteria (Joyard et al., 1991). These membranes contain high levels of 8 

glycerolipids, monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) 9 

and sulfolipid (SL), and low levels of phospholipids, phosphatidylcholine (PC), 10 

phosphatidylglycerol (PG) and phosphatidylinositol (PI). The composition of the lipids in 11 

plastids seems to be maintained over all plastid forms (Joyard et al., 1991). The presence 12 

of galactolipids, MGDG and DGDG make the outer membrane of the plastids unique 13 

among the cytosolically exposed membranes (Bruce, 1998). 14 

The roles of lipids in the general import pathway have been analyzed mainly 15 

through the interactions with TPs (Pilon et al., 1995a; Pinnaduwage and Bruce, 1996; van 16 

't Hof and de Kruijff, 1995b; van 't Hof et al., 1991; van 't Hof et al., 1993). TPs interact 17 

specifically with MGDG containing membranes (Pilon et al., 1995a; Pinnaduwage and 18 

Bruce, 1996), which has been proposed to be mediated by hydroxylated amino acids 19 

(Pilon et al., 1995a). A study using an Arabidopsis dgd1 mutant containing less than 10% 20 

wild-type DGDG levels showed that the mutant chloroplasts import proteins to the stroma 21 

slower than the wild-type chloroplasts (Chen and Li, 1998). This import rate correlated 22 

with the reduction of the early import intermediate suggests that the increased proportion 23 

of MGDG in dgd1 mutant envelope might trap the precursor at the energy-independent 24 

binding state (Chen and Li, 1998). Another study using an Arabidopsis MGDG synthase 25 

mutant (mgd1-1) producing 42% wild-type MGDG levels showed that protein import was 26 

not affected, which may be due to the high levels of remaining MGDG (Aronsson, 2008). 27 

How TP-lipid interactions function in the import process remains unclear. However, 28 

the ability of TPs to reorient MGDG containing bilayers has been hypothesized to be 29 

involved (Bruce, 1998a; Chupin et al., 1994). Another possibility is based on the 30 

observations that TPs only adopt secondary structures upon binding to lipids. It was 31 
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proposed that the TP-chloroplast membrane interaction triggers the folding of a specific 1 

recognition element for protein import (Bruce, 1998). 2 

1.2.2.4 TOC apparatus 3 

1.2.2.4.1 Core complex 4 
The TOC-TP recognition event is the first step in the general import pathway in 5 

chloroplasts. The TOC core complex is composed of 3 subunits, TOC159, TOC75 and 6 

TOC34, and forms a hetero-oligomeric complex ranging from 500 to 1,000 kDa (Chen 7 

and Li, 2007b; Kikuchi et al., 2006a; Schleiff et al., 2003a). (Jarvis, 2008a). Both TOC159 8 

and TOC34 contain a GTPase domain (Kessler et al., 1994) while TOC75 is a beta-barrel 9 

protein (Hinnah et al., 1997). The subunits are named based on their predicted molecular 10 

weights in kDa (Schnell et al., 1997). The stoichiometry of these subunits is still debatable. 11 

Ratios of 4:4:1 and 6:6:2 for TOC34:TOC75:TOC159 have been proposed (Kikuchi et al., 12 

2006a; Schleiff et al., 2003a). This complex size difference also indicates the possibility 13 

of dynamic complex forming higher order structure The size and components of the active 14 

TOC core complex are dynamic. Through the course of plastid differentiation, plastids 15 

can increase in size greater than 100-fold and proteins, lipids, and cofactors necessary 16 

for photosynthesis accumulate (Mullet, 1988). The chloroplast import apparatus must 17 

therefore be able to accommodate the increase in the expression of key photosynthetic 18 

proteins.  The protein import capability of chloroplasts decreases over the course of 19 

development, and has been experimentally determined to decline as much as 20-fold in 20 

in vitro import assays (Dahlin and Cline, 1991). Thus, the core complex can be modified 21 

and its size depends on the metabolic and developmental state of the cell. It is clear that 22 

the core complex is dynamic and this modulation represents another level of regulation 23 

on the general import pathway. 24 

1.2.2.4.2 TOC Complex Assembly  25 
The exact sequence of events in TOC complex assembly remains unclear. 26 

However, studies have established that levels of TOC75 protein are significantly higher 27 

than both TOC34 and TOC159 at early stages of development during plastid biogenesis 28 

(Kouranov et al., 1998). Therefore, it is likely that “free” TOC75 is able to nucleate the 29 

assembly of new TOC complexes. The TOC75 channel could facilitate interaction 30 
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between the transmembrane helices of the TOC core complex proteins and the lipid 1 

bilayer (Hofmann and Theg, 2005b; Richardson et al., 2014). Analysis of atTOC75 2 

revealed that POTRA domains recruit atTOC33 and atTOC159 and the deletions of 3 

POTRA domains altered TOC complex assembly (Paila et al., 2016), supporting the 4 

nucleation role of TOC75. Reconstitution of the complex from individual components has 5 

established that TOC159 insertion is dependent on both TOC75 and TOC34, suggesting 6 

that TOC159 is the final element of the core complex assembly (Wallas et al., 2003). 7 

Interactions between the G-domains of the TOC34 and TOC159 receptors likely maintain 8 

the stability and stoichiometry of the complex. This assembly mechanism would suggest 9 

that the receptor integration determines the rate of formation of new TOC complexes 10 

(Richardson et al., 2014). However, TOC75 is the common element in TOC complexes. 11 

Although the measured size of TOC complexes are heterogeneous, most complexes are 12 

found at over ~800kDa, suggesting that the core complex contains two molecules of 13 

TOC159 and six molecules each of TOC34 and TOC75 (Chen and Li, 2007a; Kikuchi et 14 

al., 2006b; Schleiff et al., 2003a). Excess TOC75 could provide a pool of nucleating 15 

protein for rapid assembly of distinct complexes, with varying integration of 16 

TOC34/TOC159 family members. Additional analysis of the targeting of the individual 17 

TOC core components is required to fully understand the factors that control complex 18 

assembly.  19 

1.2.2.5 TIC apparatus 20 
The TIC complex was identified to be composed of TIC20, TIC21, TIC22, TIC32, 21 

TIC40, TIC55, TIC62 and TIC110 (Bedard and Jarvis, 2005; Kessler and Schnell, 2006; 22 

Smith, 2006; Soll and Schleiff, 2004). Their functions in protein import range from 23 

facilitating precursor translocation through IMS, TOC-TIC formation, TIC channel 24 

formation, stromal motor function, and regulation of import. Many TIC subunits have been 25 

hypothesized to form the translocation channel of the inner envelope. However, the first 26 

proposed TIC channel was identified via electrophysiological measurement, called 27 

protein import related anion channel (PIRAC) (van den Wijngaard and Vredenberg, 1999). 28 

PIRAC opening is regulated by TP (Dabney-Smith et al., 1999; van den Wijngaard et al., 29 

1999) and it was found to associate with TIC110 (van den Wijngaard and Vredenberg, 30 

1999). Another electrophysiological experiment identified TP regulated cation channel 31 
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TIC110 as a TIC channel (Heins et al., 2002). This result excludes PIRAC as functioning 1 

directly as the TIC channel since all other protein translocation channels are cation 2 

selective (Heins et al., 2002). It was later found that TIC110 contains 6 transmembrane 3 

helices and the opening was regulated by Ca2+ (Balsera et al., 2009a). TIC110 is also 4 

essential for TIC complex formation (Inaba et al., 2005). The other potential TIC channels 5 

are TIC20 and TIC21, which are related to the pore-forming subunits of the mitochondria 6 

translocon in the inner envelope (Reumann and Keegstra, 1999; Teng et al., 2006). The 7 

attic20 RNAi knockdown and attic21 knockout plants showed defective translocation 8 

across inner membranes (Chen et al., 2002; Teng et al., 2006). While TIC20 is expressed 9 

mainly in early development, TIC21 is expressed at a later stage indicating a shared 10 

function of these proteins (Teng et al., 2006). Components of the TIC system still require 11 

additional research to fully understand their role in the import cycle. 12 

1.2.2.6 Stromal motors 13 
It is well established that internal ATP hydrolysis is the driving force for plastid 14 

protein translocation (Theg et al., 1989a). Since the identification of Hsp70 family of 15 

proteins involved in protein import into endoplasmic reticulum (ER) and mitochondria 16 

(Chirico et al., 1988; Deshaies et al., 1988; Murakami et al., 1988; Zimmermann et al., 17 

1988), ATPase chaperones have been proposed to drive the translocation of precursor 18 

proteins into plastids (Keegstra and Cline, 1999; Marshall et al., 1990). Two classes of 19 

chaperones, Hsp70 and Hsp100, have now been estabalished to associate with and 20 

facilitate the protein translocation. 21 

Three Hsp70 proteins associated with chloroplasts were first identified from pea 22 

OM and stroma (Marshall et al., 1990). Later, a Hsp70 was identified in the pea 23 

chloroplast OM as an import intermediate associated protein (IAP) (Schnell et al., 1994). 24 

This IAP can be detected by antibodies against mammalian cytosolic Hsp70, mAb SPA- 25 

820 (Schnell et al., 1994). Because the Hsp70 IAP was protected from an OM 26 

impermeable protease thermolysin, it was proposed to localize in the IMS and interact 27 

with incoming precursor proteins translocated through TOC75 (Schnell et al., 1994). The 28 

gene corresponding to the Hsp70 IAP has not yet been identified. A later study, however, 29 

found that the protein recognized by mAb SPA-820 is located in the stroma (Ratnayake 30 

et al., 2008). The other outer membrane Hsp70s from pea and spinach, the thermolysin- 31 
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sensitive Com70s, were shown to associate with various precursors (Ko et al., 1992; 1 

Kourtz and Ko, 1997). Com70 also has higher sequence similarity with mammalian 2 

cognate Hsp70s than E. coli Hsp70, DnaK (Ko et al., 1992). It was later suggested that 3 

Com70 is the cytosolic Hsp70-1 (Guy and Li, 1998; Li et al., 1994). A stromal Hsp70 was 4 

later shown to associate with the translocation complexes (Nielsen et al., 1997). 5 

In Arabidopsis, the only 2 Hsp70s predicted to harbor TP were shown to localize 6 

in the stroma (Ratnayake et al., 2008; Su and Li, 2008; Sung et al., 2001). These stromal 7 

Hsp70s are closely related to the bacterial Hsp70, DnaK (Ratnayake et al., 2008) and 8 

were named atcpHsc70-1 and atcpHsc70-2 (Su and Li, 2008). These cpHsc70s were 9 

shown to be directly involved in protein import. The atcphsc70-1 atcphsc70-2 double 10 

knockout is lethal and the single knockout plants showed reduced protein import 11 

efficiencies (Su and Li, 2010). Biochemical analysis also found atcpHsc70s stably 12 

associate with the translocons and the precursors (Su and Li, 2010). The stromal Hsp70, 13 

ppHsp70-2 involved in protein import was concurrently identified in moss Physcomitrella 14 

patens (Shi and Theg, 2010b).  15 

The stromal Hsp93 (ClpC), a member of the Hsp100 chaperone family, was first 16 

identified to be stably associated with the translocons (Nielsen et al., 1997). Two 17 

homologs were found in Arabidopsis, atHsp93-V and atHsp93-III (Kovacheva et al., 18 

2005). Crosslinking data suggested that Hsp93, TIC110 and TIC40 function in concert 19 

during protein import (Chou et al., 2003), consistent with genetic analysis results 20 

(Kovacheva et al., 2005). The molecular interactions between these proteins have been 21 

studied. The binding of TP to TIC110 triggers the association of TIC110 with TIC40, which 22 

in turn induces the release of TP from TIC110 (Chou et al., 2006). TIC40 was also shown 23 

to stimulate Hsp93 ATP hydrolysis. Because it has lower affinity to ADP-bound Hsp93, 24 

TIC40 was suggested to act as an ATPase activating protein of Hsp93 (Chou et al., 2006). 25 

Nonetheless, a mutant of Hsp93 that obviates its ability to interact with Clp proteolytic 26 

core demonstrates the role of Hsp93 in quality control (Flores-Pérez et al., 2016). 27 

Both Hsp70 and Hsp100 systems are essential for viability of plants (Shi and Theg, 28 

2011). Knockout of each system are lethal such as those observed in atcphsc70-1 29 

atcphsc70-2 double knockout (Su and Li, 2008), athsp93-V athsp93-III-2 double knockout 30 

(Kovacheva et al., 2007), and pphsp70-2 knockout (Shi and Theg, 2010b). However, 31 
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these results may reflect not only their roles in protein import but also other roles in plant 1 

development (Constan et al., 2004; Lee et al., 2007; Su and Li, 2008). In minimally 2 

invasive cases, the knockout lines of a single homolog of each system, such as 3 

atcphsp70-1, atcphsp70-2, and athsp93-V single mutants, import efficiencies dropped to 4 

about 40-60% (Su and Li, 2010) indicating important roles in protein import of each 5 

system. When the functions of both systems were reduced by knocking out a single 6 

homolog from each system such as the atcphsp70-1 athsp93-V double knockout plant, 7 

import was further reduced to 30% (Su and Li, 2010). This additional reduction compared 8 

to the effect of each single mutant, together with the coimmunoprecipitation of Hsp70 and 9 

Hsp93 suggested that both systems act in concert in the same complex (Shi and Theg, 10 

2011). 11 

Interesting, quantitative analysis to determine the energetics of preprotein import 12 

have shown it to be an energy intensive process. Using two different precursors prepared 13 

by three distinct techniques, Shi and Theg have shown that the import of a precursor 14 

protein into chloroplasts is accompanied by the hydrolysis of ∼650 ATP molecules. This 15 

translates to a ΔG protein transport of some 27,300 kJ/mol protein imported. When the 16 

cost of preprotein import is expanded to include the complete biogenesis of the organelle, 17 

they estimate that protein import across the plastid envelope membranes consumes 18 

∼0.6% of the total light-saturated energy output of the organelle (Shi and Theg, 2013). 19 

1.2.2.7 Peptidases 20 
The processing of prSSU was discovered nearly 40 years ago (Dobberstein et al., 21 

1977). This finding led to the identification of two SPPs from pea (Oblong and Lamppa, 22 

1992; VanderVere et al., 1995) and one in Arabidopsis (Richter and Lamppa, 1998; 23 

Zhong et al., 2003). SPP is classified as a member of the metalloprotease M16B 24 

subfamily with a zinc-binding motif (Aleshin et al., 2009; Richter and Lamppa, 1998; 25 

Richter et al., 2005; VanderVere et al., 1995). It was shown that SPP is the general 26 

processing enzyme of plastid protein import by its ability to proteolyze various precursors 27 

(Richter and Lamppa, 1998). SPP specifically binds to the C-terminal 12 residues of TP 28 

of prFD (Richter and Lamppa, 1999, 2002b, 2003). In vitro, the TP directs precursor 29 

binding to SPP (Richter and Lamppa, 1999). The mature domain is released immediately 30 

after cleavage of TP while TP remains attached (Richter and Lamppa, 1999). TP is further 31 
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fragmented before release from SPP (Richter and Lamppa, 1999). The SPP recognition 1 

sites at the C-terminus of TP seem to share a weak binding motif (Emanuelsson et al., 2 

1999; Gavel and von Heijne, 1990). Later, the physicochemical properties at specific 3 

residues were proposed to form a SPP binding motif (Richter and Lamppa, 2002b). In 4 

fact, the regions at the C-termini of TPs show a positive net charge and are conserved at 5 

the position -1 for basic residue and positions -4, -3, -2 and +1 for uncharged residues 6 

relative to the SPP cleavage sites (Richter and Lamppa, 2002b). 7 

Free cleaved TPs in the stroma are potentially harmful (Glaser et al., 2006) and are 8 

degraded by presequence peptidases (PrePs) (Bhushan et al., 2005). PrePs were 9 

originally identified from the mitochondrial matrix as mitochondrial presequence 10 

degradation enzymes (Stahl et al., 2002). They are classified as members of the 11 

metalloprotease M16C subfamily (Glaser et al., 2006). Arabidopsis has 2 PrePs, atPreP1 12 

and atPreP2. Both proteins were found to have dual localizations in both chloroplasts and 13 

mitochondria (Bhushan et al., 2003; Bhushan et al., 2005; Moberg et al., 2003; Stahl et 14 

al., 2002). In addition, these proteins have different tissue-specific expression patterns; 15 

atPreP1 is expressed highly in flowers and can be detected in sliliques while atPreP2 is 16 

expressed in leaves, shoots and roots (Bhushan et al., 2005). 17 

1.2.3 Non-canonical trafficking 18 
Although the general import pathway directs the transport of thousands of plastid 19 

targeted proteins, non-canonical pathways are critical for organelle function. The 20 

chloroplast proteomic data suggests that around 20% of chloroplast proteins lack any 21 

predictable targeting sequence (Kleffmann et al., 2004) and around 1-8% of chloroplast 22 

targeted precursors contain an ER signal peptide (Kleffmann et al., 2004; Zybailov et al., 23 

2008). Thus, a small fraction of protein lacking TPs are still able to target to the plastids. 24 

In recent years, several alternate targeting pathways have been reported (Figure 1-3). 25 

Non-canonical transport pathways include vesicle mediated trafficking, import of tail- 26 

anchored/signal anchored membrane proteins, and import of proteins with dual targeting 27 

signals to the mitochondria and plastid. In this section we summarize the current 28 

understanding of non-canonical transport, although many aspects of these pathways 29 

remain unclear and the focus of ongoing research.  Developing a clearer picture of the 30 
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integration of non-canonical transport with the general import pathway will provide insight 1 

into plastid biogenesis and organelle maintenance.   2 

1.2.3.1 Vesicle mediated trafficking 3 
Organelles cannot synthesize every molecule they require, so a variety of 4 

metabolites, lipids and proteins must be exchanged via the secretory pathway, which is 5 

well studied between the ER, Golgi and plasma membrane. Accumulating evidence 6 

suggests that both a cytosol to plastid and intra-plastid vesicle delivery system exist for 7 

both lipids and proteins (Karim and Aronsson, 2014; Khan et al., 2013; Lu, 2016). In 8 

agreement, Arabidopsis genome analysis, bioinformatics, and web-based localization 9 

prediction tools have confirmed that there are plastid localized proteins with high 10 

sequence similarity to the components of the cytosolic  11 

vesicular system (Khan et al., 2013). Analyses have identified eight COPII related 12 

proteins, as well as proteins related to SNAREs and RABs (Andersson and Sandelius, 13 

2004; Brandizzi, 2011). Furthermore, active GTPase homologs to SAR1 and dynamin 14 

were identified (Khan et al., 2013). Thus, intra-plastid vesicular trafficking appears to use 15 

a system analogous to COPII-mediated transport. However, even though putative 16 

components of the intra-plastid vesicular trafficking mechanism have been identified, 17 

substantial research is required to understand their specific roles in transport.  18 

The evolutionary basis for plastid vesicle trafficking has been the focus of several 19 

studies. Interestingly, several of the proteins implicated in plastid vesicular trafficking are 20 

conserved in cyanobacteria (Keller and Schneider, 2013; Khan et al., 2013), implying that 21 

vesicle trafficking may have developed before endosymbiosis. However, there are also 22 

clear similarities with the cytosolic system, suggesting possible transfer of secretory 23 

pathway components to the plastid via divergent evolution (Vothknecht and Soll, 2005). 24 

Analysis of organisms from diverse lineages suggests a late evolutionary development of 25 

plastid vesicular trafficking (Westphal et al., 2003). However, new phylogenetic analyses 26 

of Arabidopsis thaliana and Oryza sativa suggests that vesicular trafficked proteins are of 27 

eukaryotic (not cyanobacterial) origin (Gagat et al., 2013). The early eukaryotic host- 28 

derived proteins were already targeted to the endomembrane system by their signal 29 

peptide and pre-adapted to be targeted to plastids via the same system. Furthermore, 30 

endomembrane transport was the only viable plastid import route for several eukaryotic 31 
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proteins that require post-translational modifications or dual targeting to the plastid and 1 

cell wall. The phylogenetic results are consistent with a later development of 2 

endomembrane trafficking to plastids (Gagat et al., 2013). It is likely that the system 3 

developed in response to selective pressure to maintain a complex thylakoid membrane 4 

(Karim and Aronsson, 2014), which is spatially separated from the chloroplast envelope 5 

by the aqueous stroma in higher plants. 6 

The lipids that comprise the thylakoid are synthesized through a pathway that 7 

involves exchange of lipid precursors from the ER to the IM; the final lipid products are 8 

produced in the IM but must reach their destination in the thylakoid (Douce and Joyard, 9 

1990). Although there are several hypotheses for lipid transfer, both ultrastructural and 10 

biochemical evidence supports a vesicular mediated trafficking system for lipid movement 11 

to the thylakoid (Karim and Aronsson, 2014). Although vesicular lipid movement has been 12 

characterized, protein targeting through vesicles is less defined. Furthermore, it remains 13 

unclear if vesicles only play a role in intra-plastid localization of proteins, or if proteins can 14 

be targeted from the cytosol to the plastid via vesicles. Two such proteins that utilize 15 

vesicle trafficking from the cytosol contain signal peptide for ER targeting, carbonic 16 

anhydrase 1 (Villarejo et al., 2005) and nucleotide pyrophosphatase/ phosphordiesterase 17 

1 (Nanjo et al., 2006), were shown to localize to plastids. Additionally, a recent study 18 

searched for nuclear encoded proteins that may be trafficked to the thylakoid via vesicles. 19 

Bioinformatic analysis identified homologs to thylakoid localized proteins with a COPII 20 

selection motif and found 21 transmembrane and 12 soluble candidates (Khan et al., 21 

2013). About 45% of these candidates are linked to photosynthesis, implying that a subset 22 

of nuclear encoded proteins are trafficked to the thylakoid via vesicles (Khan et al., 2013). 23 

Furthermore, RNAi knockdown of a candidate SAR1 homolog GTPase (cspar1) resulted 24 

in downregulation of several nuclear encoded photosynthetic proteins, suggesting they 25 

are potentially trafficked via vesicles (Bang et al., 2012). Thus, both bioinformatics and 26 

experimental data support a role for vesicles in both intra-plastid delivery and cytosol to 27 

plastid mediated protein transport. Developing a better understanding of this system could 28 

have important implications in plastid biogenesis, thylakoid maintenance and assembly 29 

of the photosynthetic apparatus (Lu, 2016). 30 
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Figure 1-3: Non-canonical trafficking pathways into the plastid 
Schematic depicts noncanonical plastid trafficking pathways: (1) 

Vesicle trafficking of a protein from the ER/endomembrane system to 

the plastid; vesicle trafficking of protein/lipids from the IM to the 

thylakoid (2) SA/TA protein cytosolic translation and insertion into the 

plastid OM (3) dual targeting of a protein to the mitochondria and 

plastid through the TOM/TIM (mitochondria) and TOC/TIC complexes.  
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1.2.3.2 Signal anchored and tail anchored proteins 1 
Outer membrane proteins play a key role in intracellular communication, including 2 

exchange of metabolites and lipid synthesis. At least six pathways mediate protein 3 

targeting to the outer envelope of plastids (Hofmann and Theg, 2005a; Jarvis, 2008a; 4 

Richardson et al., 2014). Furthermore, correct localization of plastid outer membrane 5 

proteins is critical for the function of the general import pathway. Outer membrane 6 

proteins are a group of diverse proteins that can be divided into alpha-helical 7 

transmembrane domain (TMD) containing proteins and beta barrels consisting of multiple 8 

transmembrane beta strands (Inoue, 2015). TMD containing proteins can be further 9 

classified based on the number and location(s) of their TMD sequence (N-terminal, middle 10 

or C-terminal) (Lee et al., 2014). These proteins are nuclear encoded and synthesized on 11 

cytosolic ribosomes; they have distinct, specific requirements for post-translationally 12 

targeting to their functional location. In plastids both signal anchored (SA) and tail 13 

anchored (TA) proteins play an important role in outer membrane communication. 14 

Although both SA and TA proteins have hydrophobic TMD domains that direct insertion 15 

into the plastid OM, the secondary signals that mediate organelle specificity are not well 16 

understood. Physicochemical domains near the TMD, such as positively charged 17 

residues, seem to play a role in trafficking (Lee et al., 2014). Cytosolic factors likely play 18 

a role in the post-translational insertion of SA/TA proteins. Some OM proteins also contain 19 

a specialized TP sequence. For example, TOC75 utilizes a bipartite targeting sequence 20 

composed of stromal TP and envelope targeting signal (Inoue and Keegstra, 2003; Tranel 21 

and Keegstra, 1996). The insertions of OEP14, TOC159 and TOC75 also require some 22 

components of the general import pathway. Other outer envelope targeting pathways 23 

have been shown but are not well characterized (Hofmann and Theg, 2005a). 24 

The most studied pathway for OM proteins requires an N-terminal TMD targeting 25 

signal anchor, which is found in proteins such as the outer envelope protein of 14 kDa 26 

(OEP14) and the TOC subunit of 64 kDa (TOC64) (Hofmann and Theg, 2005b; Lee et 27 

al., 2001). SA proteins are a class of outer envelope proteins with a single TMD that acts 28 

as both the localization signal and membrane anchor (Rapoport, 2007). SA proteins lack 29 

a cleavable TP; a moderately hydrophobic TMD acts as the primary targeting signal. 30 

Another required motif for targeting of SA proteins appears to be a C-terminal positively 31 
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charged domain (Rapaport, 2003). However, distinguishing the similar localization signals 1 

for plastids versus mitochondria has proven challenging (Lee et al., 2014; Lee et al., 2 

2011).  3 

Another pathway involves a C-terminal “tail anchor” TMD targeting sequence such 4 

as those present in TOC34 and TOC159 (Smith et al., 2002; Tsai et al., 1999). TA proteins 5 

contain a single C-terminal TMD and basic residues in a C-terminal sequence. Similar to 6 

SA proteins, TA proteins lack a cleavable TP. Plastid TA sequences do not share any 7 

obvious conserved sequence motifs, but they have a significantly higher hydrophobicity 8 

index versus mitochondrial TA proteins (Lee et al., 2014).  9 

Only a few plastid TA proteins have been studied in depth, including TOC complex 10 

receptors TOC33 and TOC34. The C-terminal TMD domain of these proteins is necessary 11 

but not sufficient for OM localization; the GTPase domain of these proteins is required as 12 

well (Dhanoa et al., 2010). However, the exact targeting mechanism is unclear, because 13 

a truncated form of the TOC159 GTPase domain lacking a TA domain still correctly 14 

localizes to the OM (Smith et al., 2002). Thus it appears that the TA sequence is not 15 

always sufficient and other sequence context is necessary for correct localization. The 16 

mechanisms that regulate SA/TA protein organelle specificity and insertion will be key to 17 

understanding organelle biogenesis and plant development in depth.  18 

1.2.4 Dual Targeting to Plastids and Mitochondria 19 
Analogous to plastids, mitochondria import more than 1,000 proteins that are nuclear 20 

encoded and synthesized in the cytosol as precursor proteins (Murcha et al., 2014). The 21 

mitochondrial protein import complex is a set of multi-subunit protein complexes that 22 

recognize and transport mitochondrial proteins to their functional location (Schulz et al., 23 

2015). The majority of mitochondrial proteins destined for the mitochondrial matrix contain 24 

a cleavable N-terminal presequence that is necessary and sufficient for import (Murcha 25 

et al., 2014; Schulz et al., 2015). Mitochondrial presequence amino acid composition is 26 

remarkably similar to chloroplast TPs. Mitochondrial presequences exhibit a high 27 

concentration of hydrophobic and positively charged residues, with an abundance of both 28 

proline and glycine, and an absence of negative charge (Bhushan et al., 2006; Huang et 29 

al., 2009a). Comparison of TPs and presequences suggests that specificity is likely 30 

determined by precise structural and physicochemical motifs that are required for explicit 31 
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recognition and translocation (Bhushan et al., 2006; Huang et al., 2009b). However, a 1 

subset of proteins function in both mitochondria and chloroplasts. Mechanisms for dual 2 

import must balance organelle selectivity but retain the ability to target either organelle.  3 

Organelle targeting is normally highly specific. Interestingly, in in vitro studies, 4 

mistargeting of chloroplast proteins into mitochondria has been reported, but 5 

mislocalization of mitochondria proteins into chloroplasts has never been observed 6 

(Bhushan et al., 2006; Cleary et al., 2002; Huang et al., 2009b; Lister et al., 2001; Murcha 7 

et al., 2014). The lack of in vivo evidence for chloroplast to mitochondria mistargeting 8 

implies that there are several factors that provide organelle specificity. Cytosolic factors 9 

have been implicated in providing an extra level of targeting control (Rudhe et al., 2002). 10 

The OM lipids of mitochondria and chloroplasts also have a proposed role in protein 11 

recognition and organelle specificity. Additionally, both mitochondrial presequences and 12 

chloroplast TPs contain intrinsically disordered regions in aqueous medium that form 13 

secondary structure in membrane mimetic environments, which may aid in organelle 14 

selection. The mature protein itself appears to contain signals that assist correct organelle 15 

localization, possibly through interaction with the protein import machinery on the outer 16 

organelle envelope (Dabney-Smith, 1999). Furthermore, mitochondrial presequences 17 

appear to contain a positively charged chloroplast import avoidance signal near the N- 18 

terminus (Ge et al., 2014). Thus, it is likely that specificity is driven by a combination of 19 

several physicochemical factors. However, exactly how a dual targeting signal can be 20 

recognized by distinct receptors is still unclear.  21 

Dual targeted transit sequences have been divided into two major classes: twin 22 

presequences or an ambiguous dual targeting peptide (dTP) (Murcha et al., 2014; 23 

Peeters and Small, 2001; Silva-Filho, 2003). Twin presequences comprise two specific 24 

targeting domains that are positioned in tandem. Protein expression produces two 25 

proteins with alternate targeting signals because of two alternate in frame translation 26 

initiation codons (Danpure, 1995; Silva-Filho, 2003). Alternatively, dTPs involve a single 27 

ambiguous targeting sequence. Most dTPs contain overlapping targeting signals for both 28 

chloroplast and mitochondrial import (Carrie and Small, 2013). Thus, the dTP contains 29 

weak targeting signals for both organelles, and subtle sequence and physicochemical 30 

properties are essential for the fidelity of targeting. However, how a protein containing 31 
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weak targeting signals for both organelles “selects” an organelle remains unclear. This is 1 

likely regulated by both the metabolic state and developmental stage of the cell. dTP 2 

containing proteins include proteins involved in translation, DNA synthesis and 3 

maintenance, cellular protein folding, turnover and maintenance, and energy production 4 

(Carrie et al., 2009; Carrie and Small, 2013; Carrie and Whelan, 2013). It is not surprising 5 

that many of these proteins are trafficked to both organelles because similar processes 6 

are required for the function of both chloroplasts and mitochondria. Interestingly, 7 

bioinformatics and experimental analysis suggests that there is a larger proportion of dual 8 

targeted proteins than expected; over 500 Arabidopsis proteins are predicted to be dual 9 

targeted (Baudisch et al., 2014; Mitschke et al., 2009). Recent analysis suggests that dual 10 

targeted proteins are trafficked in the same pathways as organelle specific precursors 11 

(Baudisch et al., 2014; Langner et al., 2014). Therefore, understanding the signals that 12 

allow a dTP to be recognized by distinct translocons may also provide insight into 13 

canonical targeting pathways.  14 

1.3.2 Expression control 15 
Spatial and temporal expressions of the nuclear-encoded plastid precursor 16 

proteins under different internal and external conditions are well documented (Drea et al., 17 

2001; Gesch et al., 2003; Harmer et al., 2000; Knight et al., 2002; Plumley and Schmidt, 18 

1989; Vorst et al., 1990; Zhou et al., 2006). These regulations alter the cytosolic levels of 19 

precursors, which affect the rates of the precursor protein import. Because most nuclear- 20 

encoded plastid proteins utilize the general import pathway, changing the expression level 21 

of any of these proteins can also potentially affect the import rates of other proteins (Row 22 

and Gray, 2001a). Recent evidence indicates that some of the gene expression regulation 23 

of nuclear-encoded plastid proteins also involves retrograde signaling from the plastids 24 

(Estavillo et al., 2011; Gray et al., 2003; Kakizaki et al., 2009; Pesaresi et al., 2006). In 25 

addition to the precursor proteins, the expression of the translocon components are also 26 

highly regulated. While green tissues express higher levels of atTOC33, atTOC159, 27 

atTOC64-III, atTIC55, atTIC62 and atTIC40, non-green tissues express higher levels of 28 

atTOC34, atTOC132, atTOC120, atTIC20-I and atTIC20-IV (Gutensohn et al., 2000; 29 

Vojta et al., 2004). A transcription factor CIA2 was also shown to upregulate atTOC33 30 

and atTOC75-III expressions in leaves (Sun et al., 2001; Sun et al., 2009). Thus, cells 31 



 

 24 

control spatial and temporal protein import rates by altering precursor proteins levels and 1 

generate different combinations of translocon components. 2 

1.3.3 Precursor specific import pathways 3 

1.3.3.1 Photosynthetic and non-photosynthetic precursors 4 
It was proposed that the multiple paralogs of the translocon subunits perform 5 

different functions (Jarvis et al., 1998). Currently, several lines of evidence support this 6 

hypothesis. Knockout mutant phenotype analysis and biochemical characterization found 7 

that atTOC33 associates with atTOC159 in the TOC complex functioning in the import of 8 

photosynthetic proteins while atTOC34, atTOC132, atTOC120 are found in the TOC 9 

complex that functions in the import of nonphotosynthetic proteins (Ivanova et al., 2004; 10 

Kubis et al., 2004; Smith et al., 2004). In spinach, two TOC34 isoforms were also identified 11 

(Voigt et al., 2005) suggesting that other plants also may utilize specialized TOC 12 

receptors. In addition, the A domains of TOC159 have been shown to function in 13 

precursor selectivity of atTOC159 and atTOC132 (Inoue et al., 2010). This selectivity is 14 

further shown to rely on the TP sequence of the precursors (Wan et al., 1996; Yan et al., 15 

2006). 16 

However, the element(s) of TP corresponding to precursor-class selection is still 17 

largely unknown (Jarvis, 2008a). One of the element discovered was a segment on the 18 

TP of Arabidopsis small subunit of RuBisCO (atSStp) from residue 41 to 49, which 19 

governs the TOC159-dependent pathway (Lee et al., 2009a). Another element was 20 

identified from microarray analysis of nuclear-encoded plastid protein genes in ppi1 21 

mutant, the atTOC33 knockout plant (Vojta et al., 2004). Only the down-regulated genes 22 

were shown to contain positively charged amino acids at the C-terminal of TPs (−8 and 23 

−1 positions) suggesting this element is involved in atTOC34 recognition (Vojta et al., 24 

2004). 25 

The precursor-specific pathways seem to merge at the TIC complex where TIC 26 

components were found to associate with both photosynthetic and nonphotosynthetic 27 

proteins (Chen et al., 2002; Jarvis, 2008a; Kovacheva et al., 2005). Nevertheless, 28 

atTIC20-IV was suggested to function in the alternative import pathway for housekeeping 29 

proteins (Kikuchi et al., 2013). 30 
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1.3.3.2 Age-specific precursors 1 
Recently, the age-dependent regulation of protein import has been discovered 2 

(Teng et al., 2012). Based on the optimal import rates, precursors can be classified into 3 

3 different groups based on the age of chloroplasts: young chloroplast specific, old 4 

chloroplast specific, and age-independent. The import efficiency into different ages of 5 

chloroplasts was shown to depend on the sequence of the TP (Teng et al., 2012). Import 6 

competition assays also found that TPs competed better within their own groups, 7 

suggesting each group utilizes a specific pathway (Teng et al., 2012). The attempt to 8 

determine the age-specific signal of TPs identified two consecutive positively charged 9 

residues as a signal for the old chloroplast specific pathway (Teng et al., 2012). It is still 10 

unknown whether specific TOC receptor combinations participate in this recognition or if 11 

post-translational modification is involved in creating the age-dependent signal of TP 12 

(Teng et al., 2012). Although the physiological relevance of age-dependent import was 13 

shown by analyzing the precursor gene families, where each precursor contained a TP 14 

from a different age-selective group (Teng et al., 2012), it is unknown as to whether the 15 

aging of chloroplasts only depends on the age-selective import and/or differential 16 

expression of the precursors. 17 

Nevertheless, the only reported components of translocons that differentially 18 

function at different ages are atTIC20 and atTIC21. Whereas atTIC20 function is 19 

important in the early development stage, TIC21 function becomes dominant in the 20 

mature stage (Li and Chiu, 2010; Teng et al., 2006). 21 

1.3.4 Redox regulation 22 
The redox regulation of plastid protein import was shown to occur at both TOC and 23 

TIC translocons (Balsera et al., 2010). Earlier studies found that Cys-modifying agents 24 

(Friedman and Keegstra, 1989; Row and Gray, 2001b) and disulfide reducing agents 25 

(Pilon et al., 1992b; Stengel et al., 2009), inhibit and stimulate protein import, respectively. 26 

Protein import in Physcomitrella and Chlamydomonas were also enhanced in the 27 

presence of reducing agents (Stengel et al., 2009). In addition, the oxidant CuCl2 was 28 

found to inhibit protein import by inducing disulfide bridge formation between TOC34, 29 

TOC75 and TOC159 (Seedorf and Soll, 1995). Disulfide bridge dimerization of TOC34 30 

with a single conserved Cys has also been shown both in vitro and in organello (Lee et 31 
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al., 2009b). These findings indicate the possibility of redox-dependent disulfide bridge 1 

regulation of protein import. 2 

Another level of redox regulation involves TIC subunits. It was proposed that TIC 3 

components containing redox-related domains might be involved in regulation (Bedard 4 

and Jarvis, 2005). While both dehydrogenases TIC62 and TIC32 harbor NADPH-binding 5 

sites (Chigri et al., 2006; Stengel et al., 2008), TIC55 has a Rieske 2Fe-2S center (Caliebe 6 

et al., 1997). Additionally, TIC62 contains a binding site for ferredoxin-NADP+ reductase 7 

(FNR) (Stengel et al., 2008). The ratios of stromal NADP+/NADPH have been shown to 8 

regulate the movement of TIC62 between stroma and inner envelope, and the interaction 9 

of TIC62 with FNR (Stengel et al., 2008). In reducing condition, TIC62 accumulates in the 10 

stroma and has a higher affinity to FNR (Stengel et al., 2008). Another study showed that 11 

NADPH abolished TIC62 and TIC32 interaction with TIC110 (Chigri et al., 2006). Lastly, 12 

the stromal NADP+/NADPH ratio has been linked to regulate chloroplast protein import of 13 

a subgroup of precursors where higher ratios stimulate import (Stengel et al., 2009). This 14 

result confirms the role of redox regulation in protein import. Further studies would be 15 

required to determine the exact mechanism controlling the redox regulation. 16 

1.3.5 Phosphorylation regulation 17 
Phosphorylation of TPs has also been shown to regulate protein import. 18 

Phosphorylation of multiple precursors have been observed (Chen et al., 2014; Lamberti 19 

et al., 2011b; Waegemann and Soll, 1996) together with the identification of the kinases 20 

(Martin et al., 2006). The cytosolic guidance complex is proposed to recognize 21 

phosphorylated precursors before delivering them to the translocons (May and Soll, 22 

2000b). Although the phosphorylation consensus sequence (P/G (X) (K/R) X(S/T) X(S*T*) 23 

(May and Soll, 2000b) is not present in the sequence of all chloroplast targeted proteins, 24 

Ser/Thr residues are highly abundant in TPs. Furthermore, knockout of cytosolic kinases 25 

shows a clear effect in chloroplast differentiation (Lamberti et al., 2011b). A 26 

phosphorylation-dephosphorylation cycle has been suggested, where the incoming 27 

precursors are in phosphorylated forms and a translocon-associated phosphatase 28 

dephosphorylates the precursors to initiate translocation (Waegemann and Soll, 1996). 29 

However, the phosphatase has not yet been identified. Nevertheless, the mutants of three 30 

TPs lacking the phosphorylation sites were able to direct the import of GFP into the 31 
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plastids, which indicates that phosphorylation of TP is not required for plastid targeting 1 

(Nakrieko et al., 2004). Phosphorylation-dephosphorylation cycles may ensure that a 2 

subset of highly expressed proteins reach the plastid efficiently (Holbrook et al., 2016; 3 

Nakrieko et al., 2004) 4 

1.3.6 Regulation by ubiquitin-proteasome system 5 
The level of precursor proteins in cytosol has been shown to be regulated by the 6 

ubiquitin-proteasome system, specifically through the cytosolic Hsc70 and the C-terminus 7 

of Hsc70-interacting protein (CHIP) E3 ubiquitin ligase pathway (Lee et al., 2009c; Shen 8 

et al., 2007). Interestingly, other evidence also indicated that a putative C3HC4-type really 9 

interesting new gene (RING) E3 ubiquitin ligase SP1 interacts with all of the TOC 10 

components and initiates their degradation via proteasome (Ling et al., 2012). It was 11 

proposed that E3 ubiquitin ligase SP1 regulates the turnover of TOC components through 12 

ubiquination and degradation pathways. In combination with the differential expression of 13 

TOC components, this results in modulation of the composition of TOC components (Ling 14 

et al., 2012). SP1 mediated TOC composition change was also suggested to control the 15 

transition between plastid types (Ling et al., 2012). Clearly, regulation of both the complex 16 

components and precursor proteins work together to modulate import to the plastid.  This 17 

is a highly complex system and additional analysis of regulation pathways are still 18 

required to fully understand how these pathways interplay. 19 

1.4 Concluding Remarks 20 
Significant research has focused on the mechanisms that control import of nuclear 21 

encoded precursor proteins.  The general import pathway represents a central hub for 22 

recognition, regulation and membrane translocation of precursors; this system plays a 23 

key role in organelle function and homeostasis.   However, it is clear that noncanonical 24 

pathways work in concert with the TOC/TIC system to respond to developmental and 25 

physiological responses in the cell.  The focus of our current study is to develop a detailed 26 

understanding of TOC receptor function as well as the elements guiding TP recognition 27 

and import.  28 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 1 

 2 

  3 
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2.1 Bioinformatic analysis of TPs 1 

2.1.1 Alignment of SStp 2 
The full-length protein sequences of the small subunit of RuBisCO from green plants 3 

(Viridiplantae) were retrieved from UniProt database (release 2014_05) by query search 4 

using key words “Ribulose bisphosphate carboxylase small chain”, “taxonomy:33090” 5 

and “fragment:no”. A total of 429 sequences were matched using this criteria. Sequences 6 

with 100% identity were deemed redundant and removed using CD-HIT (Li and Godzik, 7 

2006). The remaining 384 sequences were aligned using MAFFT (Katoh et al., 2005) 8 

which was shown to outperform the other programs in aligning the benchmark short linear 9 

motif data sets (Perrodou et al., 2008). The aligned sequences were submitted to 10 

MaxAlign (Gouveia-Oliveira et al., 2007) to remove poorly aligned sequences and to 11 

reduce gap positions. Four additional poorly aligned sequences were removed via visual 12 

inspection which resulted in the final 328 sequences. These sequences were realigned 13 

with MAFFT. The consensus and logo plot of the alignment were generated using Jalview 14 

program (Waterhouse et al., 2009). Only TP sequences were shown, identified based on 15 

the cleavage site of the tobacco sequence (Mueller et al., 1983). 16 

2.1.2 Analysis of Arabidopsis TPs 17 
Analysis of the Arabidopsis genome found 912 highly confidently predicted (using multiple 18 

prediction algorithms) plastid precursors, of which, 327 proteins contain a similar length 19 

of transit peptide at ~50-60 a.a. and 231 precursors contain at least one ‘FGLK’ motif. We 20 

selected a subset of 24 proteins based on the presence of FGLK motif around residues 21 

28-39. Using multiple online tools (TargetP, ChloroP 1.1, iPSORT, Predotar, PredSL, 22 

ProtComp, Protein Prowler) these precursors were then further analyzed to predict their 23 

subcellular location. The output from these prediction tools was integrated into a 24 

mathematical scoring algorithm to select the 7 most confidently predicted chloroplast 25 

proteins, as described in Chapter 5. 26 

2.2 Polymerase Chain Reaction 27 

2.2.1 Amplification of DNA inserts 28 
Some DNA inserts used for cloning were produced via polymerase chain reaction (PCR) 29 

of the desired sequence with specific primers.  The template/construct names and primer 30 
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sequences are listed in Appendix 1, 2 and 3. High efficiency polymerase (TaKara ExTaq 1 

or Phusion HotStart polymerase MasterMix) were used to amplify DNA inserts. 20 µL 2 

reactions contained 0.4 ng/µL DNA templates, 1X ExTaq Buffer, 0.03 U/µL polymerase, 3 

0.2 mM each/dNTPs, and 0.2 µM of each primer (ExTaq), or 1X MasterMix and 0. 2 µM 4 

of each primer (Phusion). The PCR conditions were set with an initial denaturation of 2 5 

min at 94°C (20 sec initial denaturation for Phusion), followed by 20-25 cycles of 6 

denaturation/annealing/extension (15 sec denaturation at 94°C (5 sec denaturation for 7 

Phusion), 15 sec at annealing temperature, and 1 min/1kb amplicon at 72°C (30 sec per 8 

kb for Phusion) ), a step of extension for 10 min at 72°C and a holding step at 4°C. 9 

Annealing temperatures were chosen based on the average melting temperature of the 10 

primers.   11 

2.3 Construction of vectors 12 

2.3.1 Vectors based on pET21D 13 
The soluble, Δtransmembrane fragment of psToc34 was expressed in-frame with a C- 14 

terminal 6XHistidine tag (Reddick et al., 2007b).  Site directed mutagenesis was 15 

performed using TaKara high fidelity polymerase according to Quik-Change instructions 16 

provided by Stratagene. All PCR-generated constructs were sequenced to ensure fidelity 17 

of amplification. Primers are shown in Appendix 1. 18 

 19 

2.3.2 Vectors based on pAN187 20 
 In vivo SStp-NT (RuBisCO) small subunit sequence derived from N. tobacum) or FDtp 21 

(sequence derived from S. latifolia) assay constructs were generated in pAN187 vector 22 

(Nelson, 2007) with a C-terminal YFP tag as previously described (Chotewutmontri et al., 23 

2012). Site directed mutagenesis was performed using TaKara high fidelity polymerase 24 

according to Quik-Change instructions provided by Stratagene. All PCR-generated 25 

constructs were sequenced to ensure fidelity of amplification using the 35S F primer. 26 

Mutagenesis primers are shown in Appendix 2. 27 

Concatemerized Arabidopsis thaliana TP sequences were ordered from Epoch Life 28 

Sciences (Missouri City, Texas) (Chapter 5) were amplified using primers in Appendix 3 29 

and inserted into the CloneJet cloning vector using the manufacturer’s instructions 30 
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(ThermoFisher). Confirmed CloneJet constructs were digested with NHE1 and NCO1 and 1 

inserted into the pAN187 expression vector using NHE1 and NCO1 sites.  New constructs 2 

were named according to the TP number (1-7)and Rule number (1-6) (Figure 5-4).  3 

Dual tag constructs (H-S-SStp) were expressed in the pET30a vector in frame with an N- 4 

terminal 6XHis-S protein tag. PCR amplification using TaKara high fidelity polymerase 5 

and site directed mutagenesis was performed based on Quik-Change instructions 6 

provided by the manufacturer (Stratagene). All PCR-generated constructs were 7 

sequenced to ensure fidelity of amplification. 8 

2.3.3 Vectors for Agrobacterium based transformation 9 
WT or mutant SStp-NT derived from pAN187 construct were directionally cloned 10 

into the binary vector pFGC19. Constructs were verified using DNA sequencing.  11 

Constructs were maintained in GV3101 Agrobacterium using the appropriate antibiotics.  12 

2.4 Expression and purification of proteins 13 

2.4.1 psToc34 recombinant expression and purification 14 
To study interaction of Toc34 with TPs, Toc34 was expressed in E.coli BL-21 RIPL as 15 

described previously (Reddick et al., 2007b). The truncated, soluble GTPase domain of 16 

P. sativum Toc34 was expressed in frame with a 6xHis tag in the pET21D construct. Cells 17 

were cultured in Luria-Bertani (LB: 1% tryptone, 0.5% yeast extract and 1% NaCl) at 37°C 18 

and shaken at 225rpm until O.D.600 reached 0.4-0.5.  Cells were induced with 1 mM (final 19 

concentration) IPTG and protein was expressed 3 hrs at 37°C with shaking at 225 rpm. 20 

Cells were collected and lysed in Buffer A (20 mM Na-phosphate, pH8.0, 1 mM MgCl2, 21 

500 mM NaCl, 0.1% Triton X-100 , 1 mM PMSF, 1 µM leupeptin and 1 µM pepstatin) with 22 

a French press.  Samples were sonicated (30s sonication/ 45s cooldown for 5 min of total 23 

process time) to fragment DNA. The lysate was centrifuged at 20,000 x g for 30 min to 24 

remove insoluble proteins.  Supernatent was loaded on Ni-NTA resin (Gold Biotech) and 25 

extensively washed using Buffer A + 15 mM Imidazole. Bound proteins were stored at - 26 

20°C in 1X GBS buffer (20 mM Tricine-KOH, pH 7.65, 1 mM MgCl2, 50 mM NaCl, 1 mM 27 

β-mercaptoethanol with 20% glycerol) until the day of an experiment. Proteins were 28 

thawed and eluted using Buffer B (20 mM Tricine-KOH, pH 7.65, 1 mM MgCl2, 50 mM 29 
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NaCl + protease inhibitors) and assayed for protein content using BCA or Bradford protein 1 

assays. 2 

2.4.2 Recombinant expression and purification of peptides using the IMPACT 3 
system 4 
Expression of TPs was performed as described previously (Reddick et al., 2007b) using 5 

the IMPACT system (New England Biolabs).  Peptides were tagged at the C-terminus 6 

with an inducible self-cleavage Intein protease fused to a chitin binding domain (CBD).  7 

After purification, only Pro-Gly was still tagged to the peptides.  E.coli ER2566 (New 8 

England Biolabs) transformed with pTYB2 constructs were cultured in LB and shaken at 9 

225 rpm until O.D.600 reached 0.3-0.4. Expression was induced with 1 mM IPTG and 10 

cultured overnight at 25°C. Cells were harvested and lysed using Buffer C (20 mM Na- 11 

phosphate, pH 8.0, 500 mM NaCl, 0.1% Triton X-100, 1 mM PMSF, 1 µM leupeptin and 12 

1 µM pepstatin using a French press and sonication (45s sonication/30s cooldown with 5 13 

min total process time) to fragment DNA.  Lysate was centrifuged at 20,000 x g for 30 14 

min.  Supernatent was loaded onto chitin resin (New England Biolabs) and washed 15 

extensively using Buffer D (20 mM Na-phosphate pH 8.0, 500 mM NaCl, and 1 mM 16 

EDTA).  Cleavage was induced by replacing the column buffer with Buffer E (1 mM Na- 17 

phosphate pH 7.5 and 50 mM β-mercaptoethanol ) and incubating overnight at 4°C.  18 

Peptides were eluted with Buffer E without β-mercaptoethanol and lyophilized to remove 19 

β-mercaptoethanol.  Lyophilized peptides were stored at -80°C until use.  20 

2.5 Pea Plant growth 21 
Dwarf pea (P. sativum – Green Arrow cultivar) were acquired from J.W. Jung Seed Co. 22 

and stored at 4°C.  Seeds were imbibed overnight in cold running tap water with aeration 23 

before being planted in 35cm x 50 cm x 39 cm metal flat with coarse vermiculite (for use 24 

in chloroplast isolation experiments) or in plastic containers with vermiculite 25 

(Agrobacterium tumefaciens vacuum transformations).  About 400 mL dry seeds were 26 

used per flat.  Peas were grown in a growth chamber with illumination at ~100 µE/m2/sec 27 

on a 14hr light and 10hr dark cycle. Transient protein expression/plant transformation 28 

protocols are described in detail in the method development section of Chapter 6.  29 



 

 33 

2.6 Chloroplast isolation 1 
Chloroplasts were isolated from P.sativum plants as previously described (Bruce et al., 2 

1994). Briefly, plant tissues were diced with a food processor.  Plant tissues were kept in 3 

the dark and buffers were kept on ice or at 4°C throughout the procedure.  Grinding Buffer 4 

(GB: 330 mM sorbitol, 1 mM MgCl2, 1 mM MnCl2, 2 mM EDTA, 0.1% BSA, 50 mM 5 

HEPES-KOH, pH 7.3) was added to the diced tissue before homogenization using a 6 

Polytron homogenizer.  We used about 400 mL GB per flat of peas. The homogenate was 7 

filtered through 2 layers of Miracloth (Calbiochem) and two layers of cheesecloth.  The 8 

filtrate was centrifuged at 3,500 x g for 7 min to collect a chloroplast pellet.  Import buffer 9 

(IB: 300 mM sorbitol, 50 mM HEPES-KOH, pH 8.0) was added to the chloroplast pellet 10 

and a paintbrush was used to resuspend the chloroplasts. The resuspension was loaded 11 

on top of a continuous Percoll / IB(GE Healthcare) gradient. The loaded gradients were 12 

centrifuged at 5,800 x g for 15 min. Intact chloroplasts were collected from the lower dark 13 

green band using a 14-gauge stainless steel needle. To remove Percoll, the collected 14 

fraction was diluted in a 2-fold volume of IB and centrifuged at 3,500 x g for 10 min.  The 15 

pelleted chloroplasts were resuspended in IB before loading on a second Percoll 16 

continuous gradient.  After removal of Percoll, chlorophyll content was assayed and 17 

chloroplasts were used immediately in further experiments.  18 

2.7 Chlorophyll measurement 19 
Chlorophyll was extracted from isolated chloroplasts by adding 10 µL of chloroplast 20 

suspension into 990 µL of 80% acetone.  The suspension was mixed by vortexing for 1 21 

min and centrifuged at 21,000 x g for 1 min to remove insoluble material.  The absorbance 22 

of chlorophyll pigment in 80% acetone was assayed at 663 and 645 nm.  The total 23 

chlorophyll in mg/mL was calculated based on the equation described by Arnon (1949).   24 

2.8 Kinetic analysis of psToc34 25 

2.8.1 Phosphate release assay for GTP hydrolysis 26 
Phosphate release analysis, scintillation counting, and data fitting to the Michaelis- 27 

Menton equation were performed as reported in (Chotewutmontri et al., 2012; Reddick et 28 

al., 2008a; Reddick et al., 2007b). 29 
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GTP hydrolysis assays were performed as described in (Reddick et al., 2007b). Briefly, 1 

in a flat-bottom 96 well microplate, reactions were performed in GBS, 10 nM [γ-32P]GTP, 2 

and varying concentrations of cold GTP, with a final reaction volume of 100 µL. Purified 3 

TOC protein was added to the mixture to start the reaction. At the times indicated in the 4 

figures (see Chapter 3), a 12.5 µL aliquot was removed and added to 200 µL of 10% w/v 5 

activated charcoal in 50 mM HCl, 5 mM H3PO4. The mixture was thoroughly resuspended 6 

using vigorously pipetting with a multichannel pipet. The charcoal suspension was 7 

transferred to a 96-well 0.2 µm filter plate (Pall Corb, Ann Arbor MI), and vauum filtered 8 

into a receiving 96 well microplate.  An 8 uL aliquot of filtrate was added to 150 µL of 9 

MicroScint 40 scintillation fluid (PerkinElmer Life Sciences) and mixed well.  Counting 10 

was performed using a 96-well microplate scintillation counter (TopCount NXT Microplate 11 

Scintillation Counter (PerkinElmer Life Sciences).  Counts/min data were graphed as 12 

counts/min versus time using GraphPad Prism.  13 

2.8.2  Data analysis 14 
As described in (Reddick et al., 2007b), the experiment was set up so that the reaction 15 

rate was linear over a 30 min time course.  The Δcpm/min values were calculated from 16 

the slope of the line generated by counts/min versus time.  Using the known specific 17 

activity of the isotope, the enzyme concentration, and the counting efficiency, the slope 18 

was transformed into a reaction velocity (GTP hydrolyzed/min/µmol of TOC protein). To 19 

determine the reaction parameters Vmax and Km values, the cold GTP concentration was 20 

varied. Once the rate values had been calculated for each GTP concentration, the rates 21 

(y axis) were graphed against the total GTP concentration (substrate)(x-axis). These 22 

values were fit using the Michaelis-Menton equation: 23 

𝑣 =
𝑉$%&[𝑆]
𝐾$ + [𝑆] 24 

2.9 MALDI-TOF 25 
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF 26 

MS) was performed using a Microflex mass spectrometer (Bruker Daltonics) similar to a 27 

previously described protocol (Reddick et al., 2007). Mass spectra were acquired in 28 
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positive ion mode. The peaks were identified using flexAnalysis software (Bruker 1 

Daltonics) and analyzed withFindPept (Gattiker et al., 2002). 2 

2.10 Quantitative analysis of in vivo protein import assays using 3 
fluorescent imaging 4 
We calculated relative intensity ratio measurements to assess the amount of imported 5 

protein. Measurements of camera noise subtracted epifluorescence images were taken 6 

using ImageJ software (Abramoff, 2004) essentially as described in (Chotewutmontri et 7 

al., 2012). Briefly, the intensity per pixel values from different areas in the images were 8 

calculated from the summation of intensity signals in the area divided by the total number 9 

of pixels in the area. A circlular area was drawn to fit around individual plastids to measure 10 

the plastid intensity per pixel. The same circlular area was enlarged to threefold diameter, 11 

so that the area shared the same center, but integrated signals from the cytosol. The 12 

cytosol intensity was calculated from the ring area between the former and enlarged 13 

circles. A rectangular area outside the fluorescing cell in the same image was used to 14 

calculate the background intensity per pixel. The background intensity value was 15 

subtracted from the plastid and cytosol intensity per pixel values. For each plastid, a ratio 16 

between the background removed plastid and cytosol intensity per pixel values were 17 

calculated. The ratio of intensity of each cell is the average of all plastid ratio values.  18 

 19 
  20 
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CHAPTER 3: COUPLING OF MOLECULAR MODELING WITH IN VITRO 2 

ENZYMATIC ANALYSES TO ELUCIDATE HOW THE TOC GTPASE 3 

MECHANISM IS COUPLED TO THE PRE-PROTEIN IMPORT CYCLE 4 

  5 
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Abstract: 1 
 Most plastid-localized proteins are nuclear-encoded and post-translationally imported 2 

from the cytosol.  The mechanism for the selective translocation of precursor proteins 3 

appears to involve the recognition of the transit peptide by the TOC GTPases, which act 4 

as receptors or gatekeepers.  It is widely hypothesized that the primary targeting 5 

specificity is mediated through specific interactions between the transit peptide and the 6 

TOC receptors, TOC34 and TOC159.  Although it is known that both TOC34 and TOC159 7 

are GTPases and bind precursor proteins, little is understood about how their intrinsic 8 

GTPase activity is involved in the import process.   9 

 To aid in the elucidation of this complex process, we have developed highly sensitive 10 

GTP-binding and hydrolysis assays to characterize the catalytic mechanism of the TOC34 11 

GTPase component.  We have extended our analysis of TOC34 to integrate molecular 12 

dynamics simulations and QM/MM calculations.  Molecular modeling has allowed for the 13 

design of site-specific mutations near the active site of TOC34 so that we can investigate 14 

its catalytic mechanism in detail. We are currently testing mutant proteins using the 15 

soluble, truncated GTPase domain expressed and purified in E. coli.  Next, we will enlist 16 

in vitro kinetic analyses to further test the characteristics of these mutants.  Our work is 17 

expected to make a major step forward in the understanding of the TOC GTPase catalytic 18 

mechanism as well as its importance in the preprotein import cycle.   19 

 20 

3.1 Introduction 21 
The mechanism and contribution of the TOC GTPase cycle is a complex question, 22 

and represents a “black box” in the field. Although high resolution structural data and 23 

detailed kinetic analysis is available (Aronsson et al., 2010; Lumme et al., 2014; Reddick 24 

et al., 2007b; Schleiff et al., 2002a; Sun et al., 2002a) understanding of the mechanism 25 

of TP recognition, the detailed catalytic mechanism of TOC34 GTP hydrolysis, and even 26 

the contribution of the TOC GTPase cycle are lacking. We have developed a simple 27 

model (Figure 3-1) to describe the possible function of the TOC receptors. In this model, 28 

the homo/heterodimerized TOC receptors represent a “closed” system.  Once GTP 29 

nucleotide or TP is added to the system, the TOC receptors monomerize or change 30 

conformation to allow the precursor protein to be “loaded” into the TOC complex.  The 31 
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precursor protein is able to access the TOC75 channel, and the protein can be 1 

translocated into the plastid stroma. Our current studies focus on developing the 2 

framework to test many aspects of this model, including the GTPase catalytic mechanism 3 

of TOC34, homodimerization of TOC34 and detailed interaction analysis with TPs.  4 

 We have developed highly sensitive GTP  hydrolysis assays to characterize the 5 

catalytic mechanism of the TOC34 GTPase component in detail using a variety of active 6 

site mutants. Furthermore, we have extended analysis of TP interaction with the TOC34 7 

receptor component using a combination of fluorescence resonance energy transfer 8 

(FRET) and chemical crosslinking. TOC34 has been well established to directly interact 9 

with TPs (Aronsson et al., 2010; Chotewutmontri et al., 2012; Lumme et al., 2014; 10 

Reddick et al., 2007b). However, despite a great deal of research focus, the location of 11 

TP-TOC34 interaction is still unclear.  To analyze the TP-TOC34 interaction in detail, we 12 

developed methodology using an array of solvent exposed single Cys mutants and a 13 

combination of techniques including fluorescence resonance energy transfer (FRET) and 14 

homobifunctional chemical crosslinkers bis-maleimidohexane (BMH) and copper 15 

phenanthroline (CuP) (Figure 3-2). Using homobifunctional chemical crosslinking, we 16 

can stabilize the homodimeric vs. monomeric form of TOC34 for analysis using 17 

biochemical methods such as SDS-PAGE. BMH is a sulfhydryl reactive crosslinker with 18 

a 13 Å spacer arm, while CuP is a zero length oxidant. Chemical crosslinking is useful 19 

for high throughput testing of a variety of different mutants and nucleotide conditions. By 20 

combining FRET experiments with crosslinking we can start to develop a “map” of the 21 

TP interaction sites on TOC34. Our work is expected to make a major step forward in the 22 

understanding of the TOC GTPase catalytic mechanism as well as its importance in the 23 

preprotein import cycle.   24 

 The mechanism of FRET involves a donor fluorophore in an excited electronic 25 

state which can transfer its energy to a nearby acceptor florophore through long-range 26 

dipole-dipole interactions.  Conceptually, the rate of energy transfer depends on the 27 

spectral overlap between the donor emission and acceptor absorption spectra (Figure 3- 28 

2A).  The distance separating the donor and acceptor molecule will affect the resonance 29 

energy transfer rate and allow for interaction to be detected.  We can take this a step 30 

further by using different acceptor molecules as shown in Figure 3-3.  For example, signal 31 
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from Acceptor fluorochrome 590 can detect distance differences between 30Å and 50Å, 1 

allowing the differentiation between long distance interactions. Similarly, Acceptor 2 

fluorochrome 700 can detect distance differences between 10Å and 30Å, allowing the 3 

differentiation between short distance interactions.  Thus, FRET based studies facilitates 4 

dynamic monitoring of the TOC34-TP interaction. 5 

3.1.2 TOC GTPase activity  6 
Many studies have focused on understanding TOC receptor function, and our current 7 

work aims to build on the groundwork laid by previous studies.  TOC159 and TOC34 are 8 

thought of as the receptors or “gatekeepers” of the TOC translocon.  Both of these 9 

proteins are well established to hydrolyze GTP and bind to precursor proteins (Reddick 10 

et al., 2007b). Although the TOC GTPase cycle has been studied in detail in vitro, less is 11 

understood about how the system works in concert to contribute to precursor import. 12 

TOC34 was crystallized nearly 15 years ago (Sun et al., 2002a). Structurally, the overall 13 

fold of the TOC34 monomer is divided into a globular GTP binding domain (G-domain) 14 

and a small C-terminal alpha helical part.  TOC34 is structurally remarkably similar to the 15 

well-studied small GTPase p21RAS. Structural superposition of Ras-GppNp and TOC34- 16 

GDP reveals that TOC34 has 6 sequence inserts I1-I6 (Figure 3-4), which, except for 15, 17 

have implications in dimerization and GTPase activity (Pai et al., 1989; Sun et al., 2002a) 18 

(Figure 3-4). Despite this high-resolution structural data, many aspects of TOC34 19 

function as well as the physiological function of GTP hydrolysis on protein import remain 20 

unclear. Homodimerization of TOC receptors are common; atTOC33, psTOC34 and 21 

psTOC159 have been shown to dimerize (Koenig et al., 2008a; Koenig et al., 2008b; 22 

Oreb et al., 2011; Reddick et al., 2007a; Sun et al., 2002b; Yeh et al., 2007). 23 

Heterodimerizations between atTOC33 and atTOC159 and between psTOC34 and 24 

psTOC159 were also observed (Bauer et al., 2002; Becker et al., 2004; Hiltbrunner et 25 

al., 2001; Rahim et al., 2009; Smith et al., 2002). Dimerization of atTOC33 was 26 

determined to be involved in the transition of precursor proteins from binding to 27 

translocation state of the import (Lee et al., 2009b). At least three factors have been 28 

found to affect dimerization in vitro. (i) Monomer-dimer equilibrium of atTOC33 and 29 

psTOC34 depends on their concentrations with the dissociation constants (Kd) around 30 

400 μM and 50 μM, respectively (Koenig et al., 2008a; Oreb et al., 2011; Reddick et al., 31 
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2007a). Based on the closed proximity of TOC34 in the core TOC complex (Schleiff et 1 

al., 2003a), TOC34 is likely to favor a dimer form in the complex (Lumme et al., 2014). 2 

(ii) Nucleotide loading state is another factor that affects dimerization. In both atTOC33 3 

and psTOC34 cases, the GDP-bound forms produce more dimers than the GTP- bound 4 

forms (Koenig et al., 2008a; Lumme et al., 2014). The same effect was also reported in 5 

the heterodimerization between atTOC159 and atTOC33 (Smith et al., 2002). 6 

Surprisingly, the addition of a GTP transition state analog, aluminum fluoride, shifted the 7 

equilibrium of both atTOC33 and psTOC34 to become exclusively dimers (Koenig et al., 8 

2008b). These findings and recent work using FRET interaction analysis indicate that the 9 

dimerization is likely triggered by GTP hydrolysis (Lumme et al., 2014). Furthermore, it 10 

can also be speculated that with the presumed active TOC receptor, the monomeric 11 

GTP-bound state hydrolyzes GTP to become dimer, which subsequently traps it in the 12 

dimeric GDP-bound inactive state. The dimeric conformation was shown to prevent 13 

nucleotide exchange (Oreb et al., 2011) even though TOC receptors have higher 14 

affinities to GTP than GDP (Jelic et al., 2003; Reddick et al., 2007a). In agreement, 15 

TOC34 has been classified as a member of the GAD GTPase family, a subclass of small 16 

GTPases that are activated by nucleotide dependent dimerization (Gasper, 2009; 17 

Lumme et al., 2014).  Putative GAD members have a role in a wide variety of cellular 18 

processes, including membrane fusion and fission (atlastin) (Bian et al., 2011), vesicle 19 

trafficking (dynamin)(Chappie et al., 2010), and cytokinesis (septin) (Sirajuddin et al., 20 

2009). GADs possess all the structural elements of the classic “switch” mechanism of 21 

small GTPases, but reciprocally activate their catalytic sites in the dimeric state, 22 

rendering classic GEFs and GAPs unnecessary for activity (Gasper, 2009). Lastly, (iii) 23 

the effect of TP on TOC receptor functions has been the subject of many studies. GTP- 24 

bound forms of atTOC33 (Gutensohn et al., 2000), psTOC34 (Jelic et al., 2002b; Schleiff 25 

et al., 2002b) and psTOC159 (Becker et al., 2004; Kouranov and Schnell, 1997) have 26 

higher affinities to TP than the GDP-bound forms. TP is well known to stimulate TOC 27 

receptor GTP hydrolysis (Becker et al., 2004; Jelic et al., 2003; Oreb et al., 2011; Reddick 28 

et al., 2007a). Two separate roles of TP in GTP hydrolysis have been reported. First, it 29 

was shown that TP stimulated GTP hydrolysis of psTOC34 while maintaining the same 30 

nucleotide exchange rate suggesting a role of TP as a GAP but not guanine nucleotide  31 
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Figure 3-1: How does GTP hydrolysis contribute to the TOC 
import cycle? 
Cartoon schematic showing predicted preprotein interaction with the 

TOC translocon.  In this model, the receptor complex is 

monomerized (”opened”) through interaction with either GTP or TP. 

Subsequent GTP hydrolysis allows the precursor protein to pass 

through the beta-barrel TOC75.  ATP hydrolysis by stromal 

chaperones pulls the precursor protein into the stroma. 
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Figure 3-2: Investigating TP-TOC interaction with FRET, BMH and CuP  
A. Model of FRET interaction. High energy wavelength fluorochrome 

attaches to cysteine on donor and low energy wavelength fluorochrome 

attaches to cysteine on acceptor. Donor is excited and placed with acceptor 

in fluorometer. FRET results in specific wavelength emission from acceptor. 

B. Example spectrum showing FRET expected results C. Chemical 

structures of crosslinkers BMH and CuP. D. Example SDS-PAGE showing 

expected results using chemical crosslinkers 
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Figure 3-3: FRET efficiency measurements 
A. FRET efficiency equation. B. Table shows calculated efficiency of the 

three chosen fluorochromes at different distances using the equation 

shown above. R(0) values were provided by the manufacturer (Attoc-

Tec). Acceptor fluorochrome 590 shows a difference between 30Å and 

50Å, allowing the differentiation between long distance interactions. 

Acceptor fluorochrome 700 shows a difference between 10Å and 30Å, 

allowing the differentiation between short distance interactions.  
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   1 

exchange factors (GEF) (Reddick et al., 2008b; Reddick et al., 2007a) since GAP and 2 

GEF can both increase GTP hydrolysis but GAP lowers the transition state energy 3 

(Scheffzek et al., 1997) while GEF stimulates GDP exchange (Bos et al., 2007). 4 

Interestingly, another study found that TP stimulated GTP hydrolysis of atTOC33 only 5 

when atTOC33 was in the dimeric form but not in the monomeric form (Oreb et al., 6 

2011).Further analysis found that TP stimulated atTOC33 GTP hydrolysis through 7 

interacting with the dimer and increases the nucleotide exchange rate, which suggests 8 

the role of TP as a GDP-dissociation inhibitor-displacement factor where each atTOC33 9 

in the dimer acts as GDP-dissociation inhibitor and TP disrupts the dimer (Oreb et al., 10 

2011). The GAP function of TPs is not at odds with a GAD mechanism for TOC34. Based 11 

on FRET and PELDOR analysis, Lumme et al (2014) suggest that TOC34 can interact 12 

with TPs in a dimeric GDP bound state, and that GTP alters TOC34 conformation to a 13 

“looser” structure that would allow for precursor protein import through the TOC75 beta- 14 

barrel channel.  Thus, TP GAP function may act as a regulatory switch to ensure the 15 

specificity of plastid import.   16 

Other discrepancies are found in the GTP hydrolysis measurements of TOC 17 

receptors. We compared the crystal structure of TOC34 to the well-studied small GTPase 18 

Ras (Bourne et al., 1991; Sun et al., 2002a) (Figure 3-4, 3-5).  In the canonical Ras 19 

superfamily GTPase mechanism, the carbomyl oxygen of Gln-61 activates a water 20 

molecule for nucleophilic attack on the γ-phosphate of GTP(Bourne et al., 1991). 21 

Classically, the highly conserved Thr-35 residue of Ras is responsible for interaction with 22 

the γ-phosphate of GTP, yet TOC34 family members lack this residue (Bourne et al., 23 

1991; Sun et al., 2002a). Furthermore, In the G3 motif, TOC34 has the sequence motif 24 

Asp93-X-X-Gly-Leu97 instead of the canonical Asp57-X-X-Gly-Gln61 of Ras.  25 

Interestingly, Ras Gln61 has been established to be essential for GTP hydrolysis activity, 26 

so the absence of this residue implies that TOC34 has a modified hydrolysis mechanism 27 

(Bourne et al., 1991). Previous work has taken advantage of sequence alignment 28 

between the two proteins to predict residues directly involved in the catalytic mechanism 29 

of psTOC34 (Sun et al., 2002a). Several residues have been hypothesized to be the 30 

catalytic residues of TOC34 (Aronsson et al., 2010). However, mutagenesis in the 31 
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proposed psTOC34 “active site” has met with little success: mutants retain WT GTP 1 

hydrolysis activity (Aronsson et al., 2010). Furthermore, while one laboratory found that 2 

regardless of concentration, monomer or homodimer, psTOC34, atTOC33, atTOC34 and 3 

atTOC159 maintain similar GTP hydrolytic rates (Reddick et al., 2007a), another 4 

laboratory found that the dimers of psTOC159 and atTOC33 hydrolyze GTP faster than 5 

their monomers (Yeh et al., 2007). These differences could be explained by two reasons. 6 

First, GTP hydrolysis and dimerization are diminished over time as can be seen in both 7 

atTOC33 and psTOC34 (Koenig et al., 2008a; Yeh et al., 2007). Second, the method 8 

based on the capture of TOC receptor on a surface may change the monomer-dimer 9 

equilibrium compared to what is seen in solution.  10 

When the Arg130 of atTOC33 and the Arg133 of psTOC34, which were proposed 11 

to function similarly to the Arg finger of Ras GAP (Kessler and Schnell, 2002) were 12 

mutated to Ala, it was clear that these mutants were unable to dimerize (Koenig et al., 13 

2008a; Lee et al., 2009b; Reddick et al., 2007a; Yeh et al., 2007). While two reports found 14 

that atTOC33 mutant (R130A) was able to hydrolyze GTP at 0.6-1 fold of the wild-type 15 

level (Koenig et al., 2008a; Lee et al., 2009b), two reports showed that psTOC34 mutant 16 

(R133A) hydrolyzed GTP at much lower rate, much less than 0.3 fold of the wild-type 17 

level (Koenig et al., 2008a; Reddick et al., 2007a). These results may indicate a structural 18 

difference between atTOC33 and psTOC34 functions. While psTOC34 has a high 19 

dimerization affinity (Koenig et al., 2008a; Reddick et al., 2007a), atTOC33 has lower 20 

affinity for dimerization (Koenig et al., 2008a; Oreb et al., 2011) and is able to support 21 

GTP hydrolysis in monomeric form (Koenig et al., 2008a; Lee et al., 2009b).  22 

In summary, current analysis of the TOC GTPases system benefits from a wealth 23 

of previous research. We can take advantage of previously established TOC GTP 24 

hydrolysis studies and GTPase-inactive mutants to set up a robust system to test our 25 

model shown in Figure 3-1.  We used a combination of QM/MM modeling, kinetic analysis 26 

and crosslinking/FRET interaction studies to build our understanding of the TOC34 GTP 27 

hydrolysis mechanism as well as how TOC34 interacts with itself and with the TP.  28 

Together, these analyses can be used to gain insight into the mechanism that regulates 29 

protein import into the plastid.  30 
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 Figure 3-4: Structural domains of  TOC33/34 with RAS 
A. Structural alignment of atToc33 (PDB 3BB4) and human p21Ras (HRas; 

PDB 5B2X) using jFATCAT tool on PDB server. Paraseptin GTPase atToc33 

shows expansion segments (in red and cyan) in comparison to Septin GTPase 

HRas (in yellow). I1-I5, sequence inserts; G1-G5, GTP/GDP-binding protein 

motifs. 

B. Structure of atToc33 as in panel A but without HRas. 
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Figure 3-5: Alignment of TOC33/34  
Alignment of TOC GTPases with HRas. Top label indicates 

features of TOC GTPases as in Figure 3-4. The secondary 

structure depiction at the bottom was derived from atToc33 (PDB 

3BB4), psToc34 (PDB 3BB1) and HRas (PDB 5B2X). 
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3.2 Results 1 

3.2.1 QM/MM and molecular modeling  2 

We collaborated with Dr. Hong Guo’s laboratory (University of Tennessee) for our 3 

computational experiments.  Ab initio QM/MM molecular dynamics simulations were 4 

performed in CHARMM/GAMESS-US (Figure 3-6). In the current study, we have 5 

combined QM/MM calculations and molecular modeling to propose an alternate psTOC34 6 

catalytic site.  Based on the QM/MM results, we have employed site directed mutagenesis 7 

and highly sensitive GTP hydrolysis assays to characterize the catalytic mechanism of 8 

the psTOC34 GTPase.  Moleulcar modeling simulations suggest that psTOC34 Glu-73 9 

acts to align a water molecule for nucleophilic attack on the γ-phospate of bound GTP, 10 

hydrolyzing the bond and leading to the formation of GDP and free phosphate (Figure 3- 11 

6). Suprisingly, this information implies that Glu-73 is a central component of the 12 

psTOC34 catalytic mechanism. Previous work had not implicated Glu-73 (Aronsson et 13 

al., 2010; Reddick et al., 2007b; Sun et al., 2002a), so we focused our site-directed 14 

mutagenesis studies in this region. Importantly, Glu-73 is highly conserved and located 15 

within the switch I region of the canonical G2 domain, so Glu-73 appears to be a logical 16 

candidate for contribution to the catalysis mechanism (Figure 3-1 and 3-2). We moved 17 

our studies into in vitro biochemistry to test the hypotheses developed through 18 

computational work. We performed site directed mutagenesis to produce a variety of 19 

psTOC34 mutants, focusing on both Glu-73 as well as the amino acids structurally close 20 

to the proposed active site.  We aimed to produce mutants with a variety of effects - from 21 

nearly WT GTPase activity to inactive - to carefully probe the hypothesized catalytic 22 

mechanism.   23 

3.2.2 Production of psTOC34 mutant proteins 24 

The truncated soluble, GTPase domain of psTOC34 mutant proteins were purified via a 25 

recombinant E.coli based expression system that is well-established in the Bruce lab 26 

(Figure 3-7A) (Reddick et al., 2007b). We used a 6X HIS-tag to isolate TOC34 with metal 27 

affinity chromatography.  Figure 3-7B lists the array of mutants used in this study.  We 28 

selected a variety of mutations to alter the physicochemical properties of the active site, 29 
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by removing specialized side chains (Ala mutations – E73A, Q71A), adding or removing 1 

charge (Q71R, Q71E, E73Q) or adding hydroxylated amino acids (E73S).  We also 2 

combined mutations to make double and triple mutants (E73G/G74E, Q71E/E73D, 3 

Q71E/E73S, Q71E/E73G/G74E).  We verified the identity of the mutant proteins using 4 

MALDI-TOF mass spectrometry (Figure 3-7B). We tested the global secondary structure 5 

using circular dichroism (CD) to ensure that mutagenesis did not alter global protein 6 

structure (Figure 3-7C-D). CD spectra were deconvoluted and the protein composition 7 

was compared to the WT crystal structure (Figure 3.7D) (Sun et al., 2002a). 8 

3.2.3 Enzymology of psTOC34 mutant proteins 9 
 Highly sensitive GTP hydrolysis assays using [γ-32P] labeled GTP were 10 

performed on each mutant to test its GTP hydrolytic rate compared to the WT psTOC34 11 

protein, and negative control R133A psTOC34, which is catalytically inactive (Reddick et 12 

al., 2007b). We used a protocol first developed in the Bruce lab for these assays; data 13 

was collected as Counts per minute (CPM) and converted to enzyme activity units 14 

(Reddick et al., 2008b; Reddick et al., 2007b). This data was fit to the Michaelis-Menton 15 

equation to calculate Vmax and Km kinetic parameters. 16 

 We focused our initial studies on both single (Figure 3-8) and double mutants 17 

(Figure 3-9). We generated both Vmax and Km kinetic parameters for each mutant protein 18 

and analyzed their similarity to WT. (Figure 3-10).   Importantly, predicted inactive Ala 19 

mutation of Glu 73 (E73A) shows near-WT hydrolysis rates, suggesting that the QM/MM 20 

prediction is not an accurate depiction of the TOC34 active site. However, unexpectedly, 21 

several mutants, particularly E73Q, show increased catalytic rates.  It is important to note 22 

that the Km value for WT psTOC34 is slightly higher than previously published results 23 

(Figure 3-10) (Reddick et al., 2007b).  This is likely due to variations in the experimental 24 

procedure as well as variations in purity of the commercially purchased [γ-32P] labeled 25 

GTP.  26 

3.2.4 Interaction studies using chemical crosslinking and FRET  27 
 We investigated the recognition of a model transit peptide (SS-tp, Rubisco small- 28 

subunit transit peptide) with the recombinant form of the cytosolic domain of psTOC34 29 

used in our GTPase analyses (Figure 3-5). We took advantage of the single conserved 30 
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cysteine on TOC34 (Cys215) to facilitate homobifunctional crosslinking or attachment of 1 

sulfhydryl reactive fluorochromes for FRET.   Previously, we created a series of 14 2 

different solvent-exposed TOC34 single Cys mutants, which allow for fluorochromes or 3 

crosslinkers to be placed in different locations on the surface of TOC34 (Figure 3-11). 4 

Furthermore we generated several cysteine mutations selectively placed along the length 5 

of the transit peptide (S3C; S34C; G52C) (Figure 3-11).   The collection of both TOC34 6 

and TP Cys mutants provide a range of sulfhydryl-reactive locations so that we can fully 7 

probe the interaction site of TOC34-TP. 8 

3.2.4.1 Homobifunctional crosslinking of TOC34  9 

 WT TOC34 has a defined, well-studied profile under conditions of 10 

homobifunctional crosslinking using BMH and visualized with SDS-PAGE.  In the 11 

absence of crosslinker, TOC34 is found as a monomeric species, whereas in the 12 

presence of BMH, a second species at about 58kDa is observed. The size shift indicates 13 

that two TOC34 monomers are linked via their respective Cys215 residue, which is 14 

located at the dimeric interface (Sun et al., 2002a). BMH crosslinking covalently joins the 15 

monomers, since reducing agent (DTT) in sample loading buffer does not affect their gel 16 

mobility.  However, TOC34 remains in a monomeric form in the presence of WT TP, even 17 

in the presence of crosslinker (Reddick, 2010).  This suggests that TP directly interacts 18 

with TOC34 and affects the homodimeric interface. Furthermore, negative control R133A 19 

mutant TOC34 remains in a monomeric form which indicates that mutation of R133A 20 

alters the homodimeric interface.  We used WT and R133A as control proteins in our 21 

chemical crosslinking studies.  For our preliminary analysis, we used BMH crosslinker 22 

plus either ATP, GTP or GDP to test the effect of active site mutagenesis on TOC34 23 

homodimerization. Our results are summarized in Figure 3-12. Our crosslinking results 24 

somewhat reflect our enzymology analysis; for example, mutants with low enzymatic 25 

activity, such as Q71R, E73D and R133A all show reduced homodimerization.  However, 26 

our BMH analysis did not explain why some mutants show an increase in catalytic rate.  27 

CuP is an oxidizing reagant that is a catalytst for oxidation of –SH groups on single Cys 28 

residues.   29 
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Figure 3-6: QM/MM modeling of TOC34 active site 
Proposed GTP hydrolysis mechanism. QM/MM MD simulations were 

performed by CHARMM/GAMESS-US. Figures were plotted by VMD and 

residues are shown by ball and stick format.  QM/MM MD simulation was 

performed in collaboration with Dr. Hong Guo’s laboratory (University of 

Tennessee) 
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Figure 3-7: E.coli based recombinant expression and verification of 
TOC34 proteins 
A. psToc34 was expressed in BL-21 RIPL E. coli and purified using Ni-

NTA resin. Transit peptide was purified using chitin affinity 

chromatography. The example Toc34 eluate (lane 1) and transit peptide 

eluate (lane 2) was separated on a Tris-Tricine Gel and visualized by 

Coomassie Blue staining. B. MALDI-TOF was performed on a Bruker 

Daltonics MicroflexTM mass spectrometer using Bruker Daltonics 

Protein Standards II as external and internal standards.  Table 

summarizes the calculated molecular weight and the +1 charge state. Δ 

mass was calculated using the FindPept tool, www.expasy.org.  C. 

Representative circular dichroism data obtained from psToc34 mutants 

D. Secondary structure estimation of psToc34 mutants based on CD 

data deconvoluted with CDPRO.   Secondary structure content of WT 

psToc34 was determined using the STRIDE program with Chain B (PDB 

ID 1H65).  
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Figure 3-7 Continued 
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Figure 3-8: Enzymology of TOC34 single mutants 
γ-32P labeled GTP was used to study GTP hydrolysis of WT psToc34 and 

psToc34 mutant proteins; the kinetic data for each single mutant is labeled on 

each graph. Linear regression of CPM vs Time data (decreasing slope is 

proportional to increasing [GTP]) yields data plotted using the Michaelis-

Menton equation, representing both VMAX and KM. Bottom right panel 

represents the combined kinetic data for psToc34 single mutants compared 

to WT psToc34 expressed as % GTP hydrolysis of WT psToc34.   
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Figure 3-8 Continued 
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Figure 3-9: Enzymology of TOC34 double and triple mutants 
γ-32P labeled GTP was used to study GTP hydrolysis of WT psToc34 and 

psToc34 mutant proteins; the kinetic data for each mutant is labeled on each 

graph. Linear regression of CPM vs Time data (decreasing slope is proportional 

to increasing [GTP]) yields data plotted using the Michaelis-Menton equation, 
representing both VMAX and KM.  Bottom panel represents the combined kinetic 

data for psToc34 double mutants compared to WT psToc34 expressed as % 

GTP hydrolysis of WT psToc34.   
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Figure 3-10: Enzymatic Parameters  
Table of measured kinetic parameters for WT psToc34 and single-/double-

/triple- active site mutants.  
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CuP is appealing for our studies because it does not have a spacer arm, thus allowing 1 

us to probe very short range interactions. We started this analysis using CuP to crosslink 2 

TOC34 and TP.  We focused our analysis on WT, increased catalysis mutant E73Q, and 3 

reduced catalysis mutants E73D and Q71R (Figure 3-13).  We find that both E73D and 4 

Q71R show a decreased homodimerization.  E73Q shows a somewhat decreased 5 

monomerization sensitivity in the presence of TP. Thus, homodimerization may serve as 6 

an output to understand changes in TOC34 catalytic rates. However, chemical 7 

crosslinking only allows us to take a biochemical snapshot of protein behavior.  To 8 

develop a more dynamic understanding of TOC34 activity, we developed FRET protocols 9 

to assay TP and TOC34 interaction.  10 

3.2.4.2 Development of FRET protocols for TP-TOC34 studies 11 

 For FRET experiments, single Cys residues were modified with sulfhydryl- 12 

reactive fluorochromes such as ATTO-Tec 495, 590, and 700 (Figure 3-5 and Figure 3- 13 

14). To optimize our experiments, we focused on developing protocols to increase 14 

fluorochrome labeling efficiency.  This is critical for accurate experimental results, 15 

because the molar ratio of labeled protein is required to generate distance information  16 

(Figure 3-15).  We used ATTO-Tec manufacturer’s protocols and the degree-of-labeling 17 

equation (provided by ATTO-Tec) to assess our protein labeling efficiency.  We altered 18 

Cys reducing conditions and labeling time to optimize labeling.  Seperating labled from 19 

unlabeled protein is a technical limitation of this assay; because the fluorochromes are 20 

small relative to the size of the protein.  Furthermore, optimizing TP labeling is difficult 21 

due to the small size of TP. TOC34 can be seperated from unconjugated dye using a 22 

size exclusion column, but retention of TP in commerical desalting columns affects 23 

protein yield.   24 

 We started with preliminary proof-of-principle experiments to test whether the 25 

FRET system could be used for TOC34-TP interaction.  We generated interaction data 26 

using the donor 495 labeled TOC34 (Cys215) protein and acceptor 590-labeled WT 27 

(Cys57) SStp and 700-labeled WT SStp.  The FRET measurement was sensitive to 28 

protein concentration; we could only detect interaction using the 495-590 label 29 

combination, suggesting that the interaction is more long-range (Figure 3-16). We 30 
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extended our analysis by using S113C mutant TOC34, to move the donor fluorochrome 1 

to the opposite side of the TOC34 protein (Figure 3-18). We could not detect 495-590 or 2 

495-700 FRET using this mutant (Figure 3-17B).  Using our preliminary data in 3 

combination with previous studies, we developed a simple “map” of the possible 4 

interaction site(s) for TP-TOC34 (Figure 3-19).  Now that we have established the 5 

methodology for FRET and chemical crosslinking, we can use an array of Cys mutants 6 

to generate a more resolved picture of TP-TOC34 interactions.   7 

3.3 Discussion 8 
 We began this project with the aim to develop the mechanistic understanding of 9 

the psToc34 GTP hydrolysis cycle.  Using QM/MM and molecular modeling, we 10 

hypothesized that E73A would have a disruptive effect on TOC34 GTPase activity, yet 11 

our experimental data shows that E73A has a near WT kinetic rate.  Although this does 12 

not rule out a possible role for E73 in the catalytic mechanism, it suggests that TOC34 13 

does not have the same mechanism predicted by the QM/MM calculations.   14 

 Unexpectedly, we have found several mutants that show increased catalytic 15 

ability; however, the mechanism by which these mutations affect psTOC34 activity 16 

remains unclear.  To gain mechanistic insight, we have aligned psTOC34 with the 17 

canonical human GTPase, p21Ras (Figure 3-18). The activitly of small GTPases like Ras 18 

are modulated by interacting partners known as Guanine Exchange Factors (GEFs, which 19 

turn “on” the GTPase), and GTPase Activating Proteins (GAPs) which turn “off” the 20 

GTPase (Bourne et al., 1991). Previous data has established that WT TP has a GTPase 21 

activating function for psTOC34 and increases its catalytic rate by 2-fold and may have a 22 

GAP-like role in TOC34 function (Reddick et al., 2007b). However, the mechanism of 23 

transit peptide GAP activity is unknown.  We speculate that mutations that increase 24 

psTOC34 GTPase rate may be mimicking the structural changes of TP interaction with 25 

TOC34. We plan to test this hypothesis by performing GTPase assays with mutant 26 

proteins in the presence of TP, and we expect that these “GAP locked” mutants will be 27 

insenstive to TP stimulation (Figure 3-20).  By using a combination of kinetics and 28 

molecular modeling, we expect to gain further insight into the TOC34 GTP hydrolysis 29 

mechanism.  30 

 31 
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  3 Figure 3-11: psToc34 and RuBisCO SStp Cysteine Mutants 
A. psToc34 crystal structure (PDB 1H65) dimer rendered in PyMol. GDP is 

shown as a space filling model.  Solvent exposed cysteine mutations highlighted 

in blue space-filling representation. These cysteine mutations serve as 

attachment points for fluorochromes to be used for FRET experiments. Mutants 

S39C, S167C, and S113C  will be used as possible negative controls. WT C215 

is highlighted in red.  

B. Protein sequences of wild type, C57Y, and the double mutants, with mutations 

underlined along length of sequence. C. A cartoon schematic of the RuBisCO 

SStp with Cys mutations shown along the length of the TP. These Cys residues 

will be used to attach fluorochromes to investigate different regions of the transit 

peptide and their interactions with psToc34. 
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Figure 3-11 Continued 
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  1 Figure 3-12: BMH based crosslinking of TOC34 homodimers 
Gel images show psTOC34 WT and mutant proteins crosslinked using 

homobifunctional, sulhydryl reactive bismaleimidohexane and separated 

using SDS-PAGE gel electrophoresis. were crosslinked using 

Quantification bars represent crosslinking visualized using SDS-PAGE. 

Crosslinking was measured via densitometry analysis (QuantOne 

software) and normalized to control WT amounts. Bar graph depicts the 

Dimer:Monomer ratio (WT normalized to 100%).   
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 Figure 3-12 Continued 
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Figure 3-13: CuP based crosslinking of TOC34 homodimers 
psToc34 WT and mutant proteins were crosslinked using copper-

phenanthroline crosslinker (CuP). A. Representative image of CuP 

mediated crosslinking of WT Toc34  separated using SDS-PAGE. 

Conditions are denoted by the symbols (+) and (-).  B. Quantification of CuP 

crosslinking of WT and mutant psToc34 active site mutants, before and after 

incubation with SStp as denoted by symbols (+) and (-).   
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Figure 3-14: Fluorochrome Properties and Structure 
A. Structure and absorption and emission spectrums of the chosen fluorochrome: 

Atto-tec 495. Table shows optical data of the carboxy derivative (in water) for this 

fluorochrome. B. Structure and absorption and emission spectrums of the chosen 

fluorochrome: Atto-tec 590. Table shows optical data of the carboxy derivative (in 

water) for this fluorochrome. C. Absorption and emission spectrums of the chosen 

fluorochrome: Atto-tec 700. Table shows optical data of the carboxy derivative (in 

water) for this fluorochrome. The structure for Atto-tec 700 is undisclosed. 
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Figure 3-14 Continued 
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Figure 3-15: Optimization of Toc34-Atto495 Labeling Efficiency  
A. The degree of labeling (DOL, dye-to-protein ratio) obtained by labeling 

procedures (described by Atto-Tec) can be determined by absorption 

spectroscopy.  Using the UV-Vis spectrum, the absorbance (Amax) at the 

absorption maximum (λabs) of the dye and the absorbance (A280) at 280 nm 

(absorption maximum of protein) are determined.  The concentration of the 

conjugated dye is given by: c(dye) = Amax / εmax • d, where εmax is the 

extinction coefficient of the dye at the absorption maximum. The protein 

concentration is determined from its absorbance maximum at 280nm (εprot is 

the extinction coefficient of the protein at 280 nm).  Because all dyes exhibit 

some absorption at 280 nm, the measured absorbance A280 must be corrected 

for the contribution of the dye. This is given by Amax • CF280.  Calculated DOL 

can vary by about 20% according to Atto-tec manufacturer’s instructions. B. 
The degree of labeling determined for WT-Toc34 incubated with Atto-495 

under various conditions for optimization. TCEP reducing agent was used as 

recommended by Atto-Tec.  Under all conditions, after reducing treatment, 

label was incubated with protein for 2 hours at room temperature in the dark 

before separation of unconjugated label using Zeba (Pierce) desalting 

columns).  UV-VIS absorbance spectra were collected to determine the sample 

absorbance at 280nm and 495nm.   
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Figure 3-15 Continued 
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  1 Figure 3-16: Preliminary FRET based interaction studies with 
TOC34 and TP 
A. Measured interaction between wild type TOC34 labeled with Atto-

tec495 and S3C TP labeled with Atto-tec 590 and Atto-tec 700. B. FRET 

emissions of 495-labeled wild type Toc34 with 590-labeled wild type SS-

tp organized by molar ratio. C. The FRET efficiency of 495-labeled wild 

type Toc34 and 590-labeled wild type SS-tp and 700-labeled wild type 

SS-tp vs. the molar ratio of transit peptide to Toc34.  
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Figure 3-16 Continued 
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Figure 3-17: FRET based interaction studies of Toc34 
Bars show the mean ± SEM FRET signal of WT toc34-Atto 495 incubated with 

various SS-tp-Atto 590 constructs.  Raw fluorescence counts were baseline 

subtracted and normalized to WT toc34 alone (100%).  * and ** indicate 

conditions where FRET signal was significantly higher than the control value 

(p<0.05 and p<0.0015, respectively) One Way ANOVA with Bonferroni Post Hoc 

Analysis. A. Left panel bar graph shows interaction between WT labeled TOC34 

and TP labeled at the N-terminus (S3C), middle domain (S34C), or C-terminus 

(G52C, WT). Right panel bar graph shows interaction between WT labeled 

TOC34 and WT labeled TP with basal, GTP or GDP nucleotide added. B. Bar 

graph show FRET signal between WT labeled TOC34 or S113C/C215S labeled 

TOC34 and WT labeled TP in the presence of GTP.  
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Figure 3-17 Continued 
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We have performed preliminary FRET experiments with wild type psTOC34 and 1 

S113C/C215S psTOC34 as donors and wild type SStpNT, S3C/C57Y, S34C/C57Y, and 2 

G52C/C57Y SStpNT. We hope to investigate which region of the TP is bound to the 3 

psTOC34 by looking at the anisotropy of the fluorescently labeled transit peptide as well 4 

as possible spectral shifts of the fluorochrome. In addition, we have also synthesized 14 5 

different solvent-exposed single cysteine TOC34 mutants.  We plan to use these mutants 6 

to investigate the region of TOC34 that may interact with SS-tp using Fluorescence 7 

Resonance Energy Transfer (FRET).  We expect that this project can be expanded to 8 

further investigate the dynamics of the TOC complex interactions. A plate reader is being 9 

optimized for our FRET experiments and will be used for future experiments due to its 10 

ability to support multiple conditions using smaller quantities and substantially less time 11 

with comparable results to the fluorometer. Emissions from the acceptor fluorochrome 12 

(with auto-activation of the acceptor fluorochrome subtracted) indicate interaction 13 

between donor and acceptor. This information will be gathered to determine which 14 

regions of transit peptide interact with which regions of TOC34 based on the FRET 15 

efficiency of our donor and acceptor pairs. Our proposed model (Figure 3-19) of TP and 16 

TOC34 interaction is based  on FRET and data using an alternate fluorochrome called 17 

MIANS (Reddick, 2010). Taken together, our work suggests that the C-terminus  of transit 18 

peptide is more important for binding TOC34 than the N-terminus. The binding region 19 

shown here of TOC34 is based on similarities with the major histocomatibility complex. 20 

Atto-tec 590 labeled WT SS-tp emits due to energy transfer from Atto-tec 495 labeled WT 21 

psTOC34. Atto-tec 590 labeled S3C/C57Y SS-tp does not emit, as it is too far from the 22 

donor to be excited.   The results so far support our proposed model (Figure 3-19) taking 23 

into consideration labeling efficiencies, which began low, but are improving greatly with 24 

each experiment. We are currently collecting data on additional SStp titration 25 

experiments. Beyond these FRET experiments, the cysteine mutants of transit peptide 26 

can also be fluorescently labeled and used for anisotropy experiments. In summary, the 27 

groundwork of this project can be expanded to dissect the details of the psTOC34 catalytic 28 

mechanism, and eventually apply our detailed findings to better understand the import 29 

cycle of the TOC translocon. 30 

 31 
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Figure 3-18: The Active Site of Toc34 
Superposition of WT psToc34 (green) and human p21 Ras (blue) crystal 

structures (PDB 1H65 and 4Q21, respectively).  Inset shows a close-up 

of the alignment of the known Ras catalytic residue (Q61), and residues 

involved in GTP binding (T35) and γ-phosphate stabilization (G60).  

psToc34 residues of interest shown in green, and GDP is shown in 

orange. 
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Figure 3-18 Continued 
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Figure 3-19: Model for Toc interaction with TP  
A model of transit peptide and Toc34 interaction based  on FRET and 

MIANS data (Reddick 2010) suggesting the C-terminus  of transit peptide 

is more important for binding Toc34 than the N-terminus. The binding 

region shown here of Toc34 is based on similarities with the major 

histocomatibility complex. Atto-tec 590 labeled WT SS-tp emits due to 

energy transfer from Atto-tec 495 labeled WT psToc34. Atto-tec 590 

labeled S3C/C57Y SS-tp does not emit, as it is too far from the donor to 

be excited.    
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Figure 3-20: Model of E73Q GTP hydrolysis stimulation 
Cartoon schematic depicts the proposed stimulation of GTP hydrolysis by 

either WT TP interaction or E73Q mutation. Additional work will test whether 

E73Q is “locked” in a conformation similar to productive interaction with WT 

TP.  
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CHAPTER 4: FUNCTIONAL ANALYSIS OF SEMI-CONSERVED 2 

TRANSIT PEPTIDE MOTIFS  3 

 4 
  5 
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Disclosure:  1 
The work reported in this chapter has been published in a research paper by Holbrook et 2 

al (2016). The results primarily generated by other authors are cited in the Figure Legends 3 

as appropriate and are included in this chapter only to clarify the findings.  4 

Abstract: 5 
Over 95% of plastid proteins are nuclear-encoded as precursors containing an N-terminal 6 

extension known as the transit peptide (TP). Although highly variable, TPs direct the 7 

precursors through a conserved, posttranslational mechanism involving translocons in 8 

the outer (Toc) and inner envelope (Tic). The organelle import specificity is mediated by 9 

one or more components of the Toc complex. However, the high TP diversity creates a 10 

paradox on how the sequences can be specifically recognized. An emerging model of TP 11 

design is that they contain multiple loosely conserved motifs that are recognized at 12 

different steps in the targeting and transport process. Bioinformatics has established that 13 

many TPs contain semi-conserved physicochemical motifs, termed FGLK. In order to 14 

characterize FGLK motifs in TP recognition and import, we have analyzed two well- 15 

studied TPs from the precursor of RuBisCO small subunit (SStp) and ferredoxin (Fdtp). 16 

Both SStp and Fdtp contain two FGLK motifs. Analysis of large set mutations (~85) in 17 

these two motifs using in vitro, in organello, and in vivo approaches support a model in 18 

which the FGLK domains mediate interaction with Toc34 and possibly other TOC 19 

components. In vivo import analysis suggests that multiple FGLK motifs are functionally 20 

redundant. Furthermore, we discuss how FGLK motifs are required for efficient precursor 21 

protein import and how these elements may permit a convergent function of this highly 22 

variable class of targeting sequences. 23 

 24 

 25 

  26 



 

4.1 Introduction 1 
 Eukaryotic organisms are defined by their compartmentalization and various 2 

organelles. The membranes that define these organelles present a barrier to the selective 3 

translocation of proteins from the cytosol into their functional location in the organelle. In 4 

plant cells, the plastid represents one of the most complex systems of protein sorting, 5 

requiring several translocons located in the three membranes found in this organelle 6 

(Andrès et al., 2010; Bruce, 2000b; Jarvis, 2008b; Li et al., 2007; Schleiff et al., 2003b; 7 

Schnell et al., 1990). The vast majority of plastid-localized proteins are nuclear-encoded 8 

and must be post-translationally imported from the cytosol. These proteins are encoded 9 

as precursors with a N-terminal sequence of approximately 55 amino acids called a transit 10 

peptide (TP), which is required for efficient recognition and import of target proteins into 11 

the chloroplast (Andrès et al., 2010; Bruce, 2000b; Bruce, 2001b; Chotewutmontri et al., 12 

2012; Dobberstein, 1977; Li et al., 2007; Schmidt GW, 1979). 13 

 Although it has been well established that the TP is required for recognition and import 14 

of precursor proteins by the Translocon of Outer Chloroplast membrane (TOC) and 15 

Translocon of the Inner Chloroplast membrane (TIC), neither the mechanistic details of 16 

this interaction nor how this interaction promotes an organelle specific recognition are 17 

well understood. The mechanism by which proteins are targeted to the chloroplast has 18 

been largely determined by careful analysis of in vitro import assays using purified 19 

chloroplasts (Keegstra, 1989; Keegstra, 1999).Various models have shown that 20 

translocation can happen coordinately using ATP hydrolysis or in distinct steps across 21 

each envelope membrane (Liu et al., 2014; Scott and Theg, 1996). It is widely 22 

hypothesized that the primary targeting step providing organelle specificity is via 23 

interactions between the TP and the TOC receptors, TOC34 and TOC159 24 

(Chotewutmontri et al., 2012; Jelic et al., 2002a; Lee, 2009; Reddick et al., 2007b; 25 

Sveshnikova et al., 2000). Although its clear that TPs are highly divergent in sequence 26 

and length, a universal model of chloroplast protein import will need to account for a 27 

common mechanism(s) allowing highly  divergent TPs to be recognized (Bruce, 2000b). 28 

Previous work from multiple groups has focused on a combination of mutagenesis (Lee, 29 

2002; Pilon et al., 1995b), deletion (Kindle, 1998a, b; Rensink, 1998, 2000) and domain 30 

swapping experiments (de Castro Silva Filho, 1996) to identify TP functional domains 31 
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(von Heijne et al., 1989b); however, based on TP sequence variation, these results are 1 

difficult to extend to TPs in general. Recent work has focused on physicochemical motifs, 2 

rather than identification of primary sequence similarity, to identify common modes of TP 3 

recognition. We have identified a specific N-terminal TP domain that is required to 4 

facilitate interaction with plastid-localized molecular chaperones (Chotewutmontri et al., 5 

2012; Ivey et al., 2000b). This motif is followed by a second physicochemical element that 6 

interacts with the TOC receptor proteins and appears to promote TP chloroplast binding, 7 

but cannot support import alone. This region is termed ‘FGLK,’ which is loosely defined 8 

as a (1) aromatic amino acid, (2) a turn-inducing or helix breaking amino acid, (3) a small 9 

nonpolar amino acid, (4) a basic amino acid, and (5) the absence of negatively charged 10 

amino acids Asp or Glu (Chotewutmontri et al., 2012; Lee, 2006, 2009; Pilon et al., 11 

1995b). Thus, previous work suggests that TPs do not share any consensus sequences, 12 

but contain specific physicochemical elements that allow them to be recognized by a 13 

common import mechanism utilizing a discrete set of Toc GTPases, a single Toc75 14 

complex, and a universal requirement for stromal ATP. The properties of TP 15 

physicochemical blocks are likely to be context sensitive, and may behave differently as 16 

a function of pH, membrane-like conditions, or the presence of translocon components 17 

(Bruce, 1998b; Chotewutmontri et al., 2012; Lancelin et al., 1994a; von Heijne, 1991; 18 

Wienk, 1999).  19 

 To dissect the contributions of the FGLK domains individually and each of the 20 

component amino acids, we have developed a systematic approach using two well- 21 

studied TPs. We have generated a comprehensive set of deletion and substitution 22 

mutants to evaluate physicochemical elements such as hydrophobicity, flexibility and 23 

charge within the FGLK domain. Our approach includes in vitro analysis of the interaction 24 

of mutant peptides with the isolated cytosolic GTPase domain of TOC34, and in organello 25 

assays to measure binding and import of mutant peptides with isolated chloroplasts. We 26 

have also developed in vivo analyses in onion epidermal cells to assess the ability of the 27 

cell to target and import mutant peptides into the plastid under physiological conditions. 28 

Overall, our results highlight the ability of a set of loosely conserved physicochemical 29 

properties of TPs to maintain both the specificity and promiscuity of the plastid import 30 

mechanism. 31 
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4.2 Results 1 

4.2.1 Alignment of SStp reveals semi-conserved domains 2 
 Previous research has suggested that semi-conserved physicochemical motifs have 3 

an important functional role in the recognition and import of chloroplast targeted proteins 4 

(Chotewutmontri et al., 2012; Ivey et al., 2000b; Lee, 2009; Pilon et al., 1995b). To 5 

determine the extent of the FGLK domain presence and conservation, we aligned 328 6 

full-length protein sequences of the small subunit of RuBisCO from 120 green plants (data 7 

not shown). Representative sequence alignment of SStp from green algae, moss, rice, 8 

Arabidopsis, pea and tobacco are shown in Figure 4-1A. Identified consensus sequences 9 

from different lineages are highlighted as a logo plot in Figure 4-1B; the height of the black 10 

bar denotes the abundance of the consensus residue, and the height of the letter 11 

indicates the abundance of that amino acid in the consensus motif. Our analysis identified 12 

two FGLK domains, Domain I (DI) and Domain II (DII), which are highlighted in gray 13 

(Figure 4-1A and 4-1B). FGLK domains have been implicated in TP import 14 

(Chotewutmontri et al., 2012; Lee, 2009; Pilon et al., 1995b), so we focused our studies 15 

on the detailed analyses of this physicochemical element. 16 

4.2.2 The semi-conserved FGLK domain is required for chloroplast binding and 17 
import 18 
 To detect the binding of SStp to the chloroplast surface, we used a combination of 19 

flow cytometry, fluorescent microscopy and Far Western Blotting (Subramanian et al., 20 

2001). We used a dual epitope tagged form of SStp denoted H-S-SStp (His6– S-peptide 21 

– SStp, expressed recombinantly in E. coli and purified (data not shown)) to directly 22 

monitor the effect of the TP without contributions from the mature domain. Although this 23 

construct is able to compete with WT TP for preprotein binding, it cannot be translocated 24 

into the stroma (Subramanian et al., 2001). Transit peptides with the dual epitope present 25 

still function in chloroplast binding and import completion assays with the same efficiency 26 

as unmodified peptides (Subramanian et al., 2001). The three C-terminal deletion 27 

mutants, H-S-SStpΔh, H-S-SStpΔ H, and H-S-SStpΔ a, have two, one, or zero FGLK motifs 28 

remaining in their sequences respectively (Figure 4-2A). 29 
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Figure 4-1: Alignment of the small subunit of RuBisCO transit peptides 
Two semi-conserved FGLK domains were identified and highlighted among 

these sequences. A. Representative sequences from different lineage groups. 

CHLRE, green alga Chlamydomonas reinhardtii; PHYPA, moss Physcomitrella 

patens; ORYSJ, rice Oryza sativa subsp. japonica; ARATH, Arabidopsis 

thaliana; PEA, pea Pisum sativum; TOBAC, tobacco Nicotiana tabacum. B. 

Consensus sequences and sequence logos of the alignment separated into 

lineages. The height of the black bar shows the relative abundance of the 

consensus residue. The height of amino acid letter in a bar shows the relative 

abundance of the residue in that column. Bioinformatic analysis performed by 

Prakitchai Chotewutmontri.  
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 1 
 We used a previously established flow cytometric analysis (Subramanian et al., 2001) 2 

to measure the amount of H-S-SStp bound to chloroplast. This assay allows direct 3 

fluorescent measurement of the amount of H-S-SStp bound to individual chloroplasts via 4 

by detection of S-tag of H-S-SStp and using FITC-S-protein (Kim and Raines, 1993). One 5 

advantage of FACS is that each organelle is individually measured, instead of measuring 6 

an average signal that results from a population of organelles. Thus, this assay permits 7 

high-throughput detection, allowing a large number of organelles (>10,000) to be 8 

analyzed for statistically significant results. In our previous study, we established controls 9 

to specifically identify intact chloroplasts and controls for chlorophyll autofluorescence 10 

(Subramanian et al., 2001). Although all 3 mutants have the H-S motif at the N-terminus, 11 

only H-S-SStpΔ5 binds to chloroplasts similar to the WT construct; the other mutants, H- 12 

S-SStpΔ25 and H-S-SStpΔ36 are negative for FITC staining (Figure 4-2B). Comparison of 13 

the H-S-SStpΔ5 and the H-S-SStpΔ25, would suggest a key determinant resides between 14 

residue G35 and R54; this region contains all of Domain II. 15 

 We tested the spatial distribution of the bound H-S-SStp on the chloroplast surface 16 

using laser scanning confocal microscopy (LCSM) and an S-protein FITC conjugate to 17 

label intact pea chloroplasts after a binding reaction (30 µM ATP) with H-S-SStp 18 

constructs (Figure 4-2C). Chloroplasts are depicted in red, and green labeling indicates 19 

regions of H-S-SStp interaction on the chloroplast surface. We find that labeling of both 20 

H-S-SStpWT and H-S-SStpΔ5 reveal punctate, patch-like labeling. However, H-S-SStpΔ25 21 

and H-S-SStpΔ36 show no labeling, supporting our FACS analysis.  22 

 Chloroplast interaction was further verified using far-Western blotting of total 23 

chloroplast proteins using the S-protein AP conjugates following binding and re-isolation 24 

over Percoll gradient (Figure 4-2D). Both WT and H-S-SStpΔ5 were easily detected, and 25 

as expected H-S-SStpΔ25 and H-S-SStpΔ36 do not show chemiluminescent signal (Figure 26 

4-2B-C). Importantly, these results suggest that removal TP length and/or removal of the 27 

Domain II motif prevents productive interaction with the chloroplast outer membrane.  28 

  29 
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  1 Figure 4-2: Truncation of the transit peptide C-terminus abrogates import and 
chloroplast interaction  
A. Schematic showing the sequence and domains of WT His-S-SStp and deletion 

mutants B. Graphical analysis of FACS study of chloroplast binding of H-S-SStp 

constructs tagged with S-protein FITC and incubated with chloroplasts. Binding 

reactions were performed in the presence of 30 μM ATP. Number of chloroplasts 

counted is shown on the y-axis and counts of S-Protein FITC labeling is shown on 

the x-axis. C. LSCM analysis of chloroplast binding of H-S-SStp constructs tagged 

with S-protein FITC. Chloroplasts are depicted in red and FITC signal is shown in 

green. D. Chemiluminescent detection of a Western Blot of a binding reaction 

showing interaction between H-S-SStpWT and H-S-SStpΔ5 and chloroplasts. + fields 

show conditions in each lane. Binding reactions were performed in the presence of 

30 μM ATP as described previously (Subramanian et al 2001). After the binding 

reaction, intact chloroplasts were subjected to SDS-PAGE. S-protein alkaline 

phosphatase was used for detection. Experiments performed by Chitra 

Subramanian.  
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Figure 4-2 Continued 
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4.2.3 In vitro import competitions confirm the involvement of both FGLK 1 
domains 2 
 To specifically test the relative importance of the two FGLK domains in protein import, 3 

we have used in organello chloroplast import competition assays. We generated mutants 4 

of full-length tobacco RuBisCO precursor (prSSU) where we fully or partially deleted each 5 

of the two FGLK regions (denoted DI and DII). We constructed six deletion variants: 6 

ΔFTGLK (DIΔ5), ΔFTG (DI-NΔ3), ΔGLK (DI-CΔ3), ΔFPVSR (DIIΔ5), ΔFPV (DII-NΔ3), 7 

and ΔVSR (DII-CΔ3). The radiolabeled mutant precursor proteins, WT preprotein 8 

(prSSU), and mature protein (mSSU) were recombinantly expressed in E. coli and purified 9 

(data not shown). They were then tested in chloroplast import competition assays. The 10 

concentration of 35S-labeled prSSU was held constant at 100 nM while the concentration 11 

of the competitor protein was increased from 0 to 600 nM. Import of the labeled prSSU 12 

can be observed by quantifying accumulation of the radiolabeled mature domain in re- 13 

isolated chloroplasts. To quantify this competition ability we computed an IC50 value, 14 

defined as the concentration of inhibitor required for inhibition of 50% of import activity 15 

(Figure 4-3). We used the mature domain of small subunit RuBisCo (mSSU), which lacks 16 

the TP sequence, as a negative control unable to compete for import into chloroplasts 17 

((Figure 4-4A-B).). Both the full DIΔ5 and DIIΔ5 deletion mutants showed a significant 18 

reduction in their ability to compete for import (Figure 4-4A) with an IC50 values more than 19 

tenfold higher than WT prSSU (Figure 4-3). All of the deletions are less active than the 20 

WT prSSU yet the deletion of either DI or DII raised the IC50 to >1700 nM. To test the 21 

relative importance of the N-terminal and C-terminal regions of the FGLK domain we also 22 

deleted the first and last 3 residues of each motif individually (Figure 4-4B).). Both of the 23 

N-terminal partial deletions have a less dramatic effect on competition ability raising the 24 

IC50 only to ~350 nM for DI-NΔ3 and with DII-NΔ3 somewhat higher with an IC50 of ~750 25 

nM. The two C-terminal partial deletions, DI-C Δ3 and DII-CΔ3, both have substantially 26 

higher IC50 values values (~1000 nM) (Figure 4-3).  Thus our data suggests that there is 27 

a both a specific importance for FGLK motifs and a requirement for the C-terminal 28 

residues (-GLK/-VSR). 29 
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Figure 4-3: IC50 values for in organello competition assays 
Table lists IC50 values (the amount of competitor required for 50% inhibition 

of WT 35S labeled protein into isolated chloroplasts) for competition assays  
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Figure 4-4: In vitro analysis of the SStp FGLK domain 
A. Graphical analysis of in vitro competition assays using 35S labeled 

prSSU with increasing unlabeled mutant competitor protein where 

the FGLK motifs (DI or DII) have been deleted. B. Graphical analysis 

of in vitro competition assays using 35S labeled prSSU with 

increasing unlabeled mutant competitor protein with partial deletion 

of FGLK domains (N or C terminus of DI or DII). Experiments 

performed by Sarah Wright.  
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4.2.4 In vivo analysis suggests that multiple FGLK domains are redundant in 1 
function 2 
 Although our in organello data suggests a clear importance for each of the two FGLK 3 

motifs found in prSSU, the specific role of the FGLK motif in vivo remains poorly studied. 4 

In vivo analysis allows us to capture a long time scale, physiological response to compare 5 

with our short time scale, reductionist in organello biochemical assays. We have 6 

developed an in vivo assay, described in Chotewutmontri et al, using a SStp-20 mature 7 

domain residues-YFP chimeric construct to track the localization of mutant TPs in onion 8 

cells (Chotewutmontri and Bruce, 2015; Chotewutmontri et al., 2012). Although onion 9 

leucoplasts are non-green plastids, there are several recent in vitro and in vivo studies 10 

that show import to non-green plastids is similar to differentiated chloroplasts (Chu and 11 

Li, 2015; Hirohashi et al., 2001; Primavesi et al., 2007).  Collectively, these works show 12 

that although there may be different expression levels of certain Toc GTPases and even 13 

possibly different import activities of these different plastid sub-types, there is a common 14 

mechanism of transit peptide recognition and translocation.  15 

 We generated a series of internal deletion constructs, removing either part or all of 16 

each FGLK motif. As a control against TP length-dependent effects (Bionda, 2010), we 17 

also constructed a series of Ser-substitution mutants, shown as green bars (Figure 4-5A). 18 

We selected Ser substitution because it is the most abundant amino acid in TP sequences 19 

(von Heijne et al., 1989b) suggesting a relatively neutral impact on TP structure and/or 20 

function. Transient expression of TP-YFP constructs and calculating a fluorescence ratio 21 

(plastid:cytosol) allows us to indirectly determine levels of YFP-protein import to the 22 

plastid compared to the surrounding cytosol; computing a ratio helps control for cell-to- 23 

cell variations in expression levels. When mutant constructs are not correctly targeted to 24 

the plastid, we observe YFP fluorescence in the cytosol and other cellular compartments 25 

including the nucleus (Figure 4-6).  26 

 The ratio of plastid:cytosol YFP signal intensity is reduced by 5% for the DIΔ5 27 

construct; and 29% for the DIIΔ5 construct, which was found to be not statistically 28 

significant (quantification shown in Figure 4-5A; representative images shown in Figure 29 

4-5B). However, deletion of both motifs in the same construct (construct DI/DIIΔ10)  30 
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Figure 4-5: in vivo localization assays reveal that semi-conserved motifs have a 
redundant role in transit peptide import 
A. Transient expression of chimeric SStpNt-YFP constructs in onion (Allium cepa) were 

live-imaged using epi-fluoresecence microscopy. Alignment depicts location of 

mutations in the SStp sequence; domains DI and DII are highlighted in grey. Bars show 

the ratio of plastid localized signal intensity/cytosolic localized signal intensity. Blue bars 

denote deletion constructs and green bars denote Ser substitution constructs. “*” 

indicate cells where WT SStpNt-YFP displays a significantly higher Plastid/Cytosol ratio 

(more plastid labeling) than cells where SStpNt-YFP is more localized in the cytosol. 

(N=at least 15 cells per condition) One Way ANOVA with Bonferroni Post Hoc Analysis. 

DNI = Does not import; No stars = P > 0.05; * = P ≤ 0.05; **= P ≤ 0.01; ***= P ≤ 0.001; 

**** = P ≤ 0.0001 B. Representative epi-fluorescence microscopy images of the 

quantified data shown in A.  
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Figure 4-5 Continued 
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Figure 4-6: Confocal images of leucoplasts transformed with TP-YFP 
constructs 
Z-series max projection of onion epidermal slices transformed with SStp-NT-

YFP (WT) (Top Panel) or DI-5S/DII-5S-YFP (Bottom Panel).  Images were 

taken on a Leica LSCM SP8 LightGate Microscope.  
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results in abrogated import (Figure 4-5A-B). Furthermore, Ser substitution of both of DI 1 

and DII motifs (construct DI/DII 10S) can not restore plastid localization to WT levels 2 

(Figure 4-5A-B), yet provides an increase to 23% of WT plastid:cytosol signal intensity. 3 

Interestingly, removal of only the C-terminal elements of both of the motifs (construct DI- 4 

C/DII-C Δ6) reduces import to 34% of WT levels, even when the region is substituted with 5 

Ser residues, import is only 43% of WT (construct DI-C/DII-C 6S) (Figure 4-5A-B). This 6 

data is in agreement with our import competition results shown in Figure 4-4. Deletion of 7 

the N-terminal elements (construct DI-N/DII-NΔ6) also results in cytosolic mislocalization 8 

of the protein; however, substitution with Ser (construct DI-N/DII-N 6S) restores to 73% 9 

of WT import levels. In addition, in every case Ser replacement of the all of the DI and DII 10 

double mutants either increased the import activity (DI/DII 10S; DI-N/DII-N 6S; and DI- 11 

C/DII-C 6S) and did not change it significantly from the deletions (DI-N/DII-C 6S; DI-C/DII- 12 

N 6S), implying that spacing may contribute function of these two domains in vivo. 13 

4.2.5 In vitro analysis of the roles of aromatic residues in the FGLK domain 14 
 The first component of this motif is the inclusion of an aromatic amino acid such as 15 

Phe/Trp. We tested the role of the two Phe residues in Domain I/II motifs using in 16 

organello assays with isolated chloroplasts as described in Figure 4-4. We focused on 17 

generating several constructs in which both of the FGLK Phe are mutated to Trp, Ser, or 18 

Ala. These were produced via recombinant expression system in E. coli (data not shown). 19 

In import competition assays (Figure. 4-7A-D; Figure 4-3), mutation of aromatic Phe 20 

residues to aromatic Trp results in near-WT competition with 35S labeled WT prSSU 21 

(Figure 4-7C), as expected. However, mutation to Ala (Figure 4-7A) or Ser (Figure 4-7B) 22 

significantly reduces competition (Figure 4-7D). This data suggests that loss of aromatic 23 

residues results in decreased TP recognition or import. In in vivo localization assays, we 24 

find that mutation of DI and DII Phe residues to Ala results in a 24% reduction in plastid 25 

import (quantification shown Figure 4-8A, IC50 values shown in Figure 4-3). 26 

4.2.6 Structural flexibility affects binding, import and processing of TPs 27 
 TPs have been previously described (von Heijne, 1991) as the “perfect random coil;” 28 

some part of this lack of structure is due to their relatively high content of the helix 29 

breaking residues Pro/Gly. Due to their placement within the FGLK motif, we investigated 30 
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how these specific residues of the FGLK motif using in organello assays with isolated 1 

chloroplasts. To test the role of structural flexibility, we mutated the Pro and Gly residues 2 

located near DI and DII (Pro25, Gly28, and Pro36) to Ala. We used an E. coli recombinant 3 

expression system to generate 35S-labeled WT and mutant proteins for import time course 4 

assays. We incubated 35S-prSSU WT and mutant proteins with isolated chloroplasts and 5 

monitored the rate of import and processing to the radiolabeled mSSU species. This 6 

assay allowed us to compare the kinetics import for mutant proteins compared to WT 7 

prSSU. We find that all three single Pro/Gly mutants (DI-P 1A, DI-G 1A and DII-P 1A) are 8 

able to be imported at a reduced rate. The DI-G 1A mutant is only reduced by 25%, yet 9 

the double Pro mutations show a reduction of 50-60% of WT SStp (Figure 4-9A). A 10 

second confirmation of the import ability of these P/G-A mutants is their competition for 11 

import at near-WT levels (Figure 4-9B). However, when we tested double and triple 12 

Pro/Gly substitution (double mutants DI-PG 2A, DI-G/DII-P 2A, DI-P/DII-P 2A, and triple 13 

mutant DI-PG/DII-P 3A), the triple mutant shows only 10% of the WT plastid localization 14 

(Figure 4-9C). In import competition assays, the triple mutant DI-PG/DII-P 3A is virtually 15 

unable to compete for import and the double mutants display an intermediate effect, with 16 

DI-PG 2A much more strongly affected (Figure 4-9D; Figure 4-3). 17 

 Because we established the importance of helix-breaking residues in in vitro analysis, 18 

we decided to test the in vivo localization of our Pro deficient mutants. We tested double 19 

substitution mutants DI-PG 2S and DI-PG 2A, and our triple mutant DI-PG/DII-P 3A; yet 20 

only the triple mutant DI-PG/DII-P 3A shows significant 39% reduction in plastid 21 

localization (quantification is shown in Figure 4-8B). The loss of plastid localization in vivo 22 

of the triple mutant agrees with the effects seen in Figure 4-9A-D, yet the observation that 23 

this in vivo effect is milder than the in vitro results is interesting. Removing the helix 24 

breaking residues P/G may extend the alpha helical nature of the TP. We have already 25 

shown that SStp has forms two helical segments when placed in a membrane mimetic 26 

environment (Bruce, 1998b). Increasing the helical length or stability of the TP could lead 27 

to a higher energy requirement for protein translocation. Since it is well established that 28 

protein import is driven by stromal ATPase activity (Liu et al., 2014; Shi and Theg, 2013; 29 

Theg et al., 1989b), we investigated if the import of these mutants could be increased by 30 

raising the levels of available ATP. However, even at very high ATP concentrations (>2  31 
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Figure 4-7: in vitro analysis of the role of aromatic residues in FGLK motif 
A-C. Graphical analysis of in vitro import competition assays of Ala (A), Ser (B) and 

Trp (C) substitution mutants using 35S labeled WT prSSU and increasing 

concentration of unlabeled mutants incubated with isolated chloroplasts. D. Graph 

summarizes the effects of DI/DII Phe substitution to Trp, Ser or Ala in in vitro 

competition assays using 35S labeled WT prSSU and unlabeled mutants, as 

depicted in A-C. Experiments performed by Huixia Zhang.  
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  1 Figure 4-8: Analysis of Phe and Pro mutations on TP import 
efficiency 
A-B. Transient expression of chimeric SStpNt-YFP constructs in onion 

(Allium cepa) were live-imaged using epi-fluoresecence microscopy. 

Alignment depicts location of mutations in the SStp sequence; domains DI 

and DII are highlighted in grey. Bars show the ratio of plastid localized 

signal intensity/cytosolic localized signal intensity. Substitution to Ala is 

shown in gray bars/Ser is shown in green. N=at least 15 cells per condition. 

One Way ANOVA with Bonferroni Post Hoc Analysis. C. Graphical 

analysis of in vitro protein import assays using isolated chloroplasts and 

35S labeled prSSU with increasing concentrations of [ATP], shown as a 

function of %WT mSSU import levels. [ATP] titration performed by Sarah 

Wright. 
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Figure 4-8 Continued 
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Figure 4-9: in vitro analysis of the role of aromatic residues in 
FGLK motif 
A-C. Graphical analysis of in vitro import competition assays of Ala 

(A), Ser (B) and Trp (C) substitution mutants using 35S labeled WT 

prSSU and increasing concentration of unlabeled mutants incubated 

with isolated chloroplasts. D. Graph summarizes the effects of DI/DII 

Phe substitution to Trp, Ser or Ala in in vitro competition assays using 
35S labeled WT prSSU and unlabeled mutants, as depicted in A-C. 

Experiments performed by Sarah Wright.  
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mM), the import machinery cannot efficiently transport the mutant precursor protein at WT 1 

levels (Figure 4-8C). 2 

4.2.7 Loss of TP flexibility decreases interaction with psTOC34 in vitro 3 
 Both the in vitro and in vivo results suggest contributions of the complete Domains I/II, 4 

as well as roles for specific residues. In light of these results we investigated the effect of 5 

TP mutations on the interaction with the GTPase psTOC34 component of the TOC 6 

translocon, using in vitro assays (Chotewutmontri et al., 2012; Reddick et al., 2007b; 7 

Schleiff et al., 2002a; Sun et al., 2002a; Sveshnikova et al., 2000). We employed an E. 8 

coli based recombinant expression system to produce both TOC34 protein and full-length 9 

TPs, as previously described (Chotewutmontri et al., 2012; Reddick et al., 2007b). Two 10 

of these assays include the ability of WT SStp to induce monomerization of recombinant 11 

TOC34 and to function as GTPase Activating Partner (GAP)-like stimulatory activity on 12 

the GTP hydrolysis rate of psTOC34 (Chotewutmontri et al., 2012; Reddick et al., 2007b). 13 

 We used analytical ultracentrifugation (AUC) to monitor the oligomeric state of 14 

psTOC34 to test the overall contribution of the DI and DII domains of SStp, as well as the 15 

effect of helix breaking residues (Pro/Gly). We have previously shown that WT psTOC34 16 

exists in a concentration dependent equilibrium between the monomeric and dimeric 17 

forms (Reddick et al., 2007b). When we add WT SStp from tobacco (Nt) or pea (Ps) the 18 

equilibrium strongly shifts psTOC34 toward a monomeric state (Figure 4-10A). However, 19 

incubation of psTOC34 with mutated TPs lacking either the DI domain, DII domain or the 20 

FGLK localized flexible residues (Pro25, Gly28, Pro36) results in a reduced monomerization 21 

effect. 22 

 The disruption of homodimerization affinity was confirmed with a simple SDS-PAGE 23 

assay following covalent crosslinking using a sulhydryl-reactive, homobifunctional 24 

crosslinking agent, Bismaleimidohexane (BMH). BMH reacts with the single Cys residue 25 

(Cys215) in psTOC34 that flanks the homodimeric interface observed in the crystal 26 

structure of TOC34 (Sun et al., 2002a). Figure 4-10B summarizes our crosslinking results 27 

with SStp and psTOC34. Under control conditions, addition of BMH stabilizes 28 

approximately 66% of the protein in a dimeric species on SDS-PAGE (Figure 4-10B, lane 29 

2), yet addition of WT SStp protein strongly shifts the TOC34 protein toward a monomeric 30 

species, with only 15% dimeric species (Fig. 5B, lane 3). In agreement with our AUC 31 
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analysis, the triple mutant DI-PG/DII-P 3A does not monomerize TOC34 to the same 1 

extent as the WT SSTp protein, resulting in about 30% dimeric species (Figure 4-10B, 2 

lane 4).  3 

 We further tested the effect of the DI-PG/DII-P 3A substitution using a sensitive 4 

phosphate release assay to monitor psTOC34 GTPase activity (Chotewutmontri et al., 5 

2012; Reddick et al., 2007b) (Figure 4-10C). PsTOC34 GTPase basal catalytic rates have 6 

been previously described (Reddick et al., 2007b); we find that titration of a 25 fold molar 7 

excess of WT SStp results in a maximal stimulatory effect, increasing the Vmax by ~1.6 8 

fold to 69.3 nmol GTP/min/μmol psTOC34. However, incubation with the same 9 

concentration of DI-PG/DII-P 3 mutant maintains near basal TOC34 GTP hydrolysis 10 

levels with a Vmax of 32 nmol GTP/min/μmol psTOC34 and Km of 2.9 μmol. These two 11 

assays in combination indicate that the loss of flexibility of SStp directly reduces the 12 

productive interaction with Toc34 in vitro.  13 

4.2.8 Basic residues required for in vivo import efficiency 14 
 Since our previous assays (Figure 4-4) suggested a unique requirement for the C- 15 

terminal portion of the DI and DII domains and since both of these domains contain at 16 

least one basic residue, we decided to more carefully test its importance by substituting 17 

the TP basic residues with either Ser or Ala (Figure 4-11A-B). We focused on in vivo 18 

analysis to test the importance of basic residues because our previous analysis 19 

established that only mutations with a strong in organello effect impact affect in vivo 20 

localization. Our previous in vivo localization analysis required substantial deletions or 21 

substitutions in DI and DII for construct mislocalization (Figure 4-5A-B). Mutation of a 22 

single basic residue (K30, R39, K40) results in mildly reduced plastid localization levels (a 23 

10% reduction for R39 and K40); only K30 mutagenesis shows a significant 26% reduction 24 

(Figure 4-11A). However, we find that substitution of all three basic residues in the DI and 25 

DII domains results in a strong cytosolic mislocalization (Figure 4-11A). Substitution of K- 26 

RK with Ala results in a 78% reduction in plastid localization; Ser substitution reduces 27 

localization by 45%. Moreover, double mutations result in intermediate phenotypes (DII- 28 

RK 2S and 2A). There are two other basic residues in the SStp sequence, Arg14 and 29 

Arg54, so we tested whether the mislocalization of DI-K/DII-RK 3A or 3S is due to loss of  30 
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Figure 4-10: The SStpNt DI-PG / DII-P 3A mutant shows reduced ability to 
interact with psTOC34 in in vitro experiments 
A. Quantification of AUC analysis reveals that psTOC34 exists in a monomer-

dimer equilibrium, and incubation with either SStpNt or SStpPs biases the 

equilibrium toward the monomeric form. The SStpNt DI-PG / DII-P 3A mutant 

does not significantly alter the equilibrium. B. Sulfhydryl-based crosslinking of 

TOC34 with TP mutants and nucleotides. + fields show reaction conditions for 

each lane. Monomer and dimer were separated using SDS-PAGE and 

quantified as a percentage of normalized dimer (basal conditions with BMH 

were normalized to 100%). WT and mutant transit peptide and were incubated 

with psTOC34 and crosslinked using the sulfhydryl-reactive crosslinking agent 

BMH. C. 25 fold molar excess WT SStpNt transit peptide stimulates psTOC34 

GTP hydrolysis in a radiolabeled γ32P-GTP experiment, but the same 

concentration of SStpNt DI-PG / DII-P 3A mutant cannot. The γ32P-GTP was 

held constant at 10nM throughout the experiment. Counts/min of TOC34 

hydrolysis at increasing GTP concentration were used to calculate a slope that 

was mathematically transformed into a rate expressed as nanomoles of GTP 

hydrolyzed per min per μmol TOC34, and graphed to yield a Michaelis-Menten 

substrate velocity plot. Experiments were carried out essentially as described 

in (Reddick et al., 2007b). Experiments performed by Sarah Wright and Evan 

Reddick.  
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Figure 4-10 Continued 
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Figure 4-11: in vivo localization assays reveal that basic residues located in 
the FGLK domain are required for import efficiency 
A. Transient expression of chimeric SStpNt-YFP constructs in onion (Allium cepa) 

were live-imaged using epi-fluorescence microscopy. Alignment depicts location of 

mutations in the SStp sequence; domains DI and DII are highlighted in grey. Bars 

show the ratio of plastid localized signal intensity/cytosolic localized signal intensity. 

Blue bars denote deletion constructs and green bars denote Ser substitution 

constructs; substitution to Ala is shown in gray. (N=at least 15 cells per condition) 

One Way ANOVA with Bonferroni Post Hoc Analysis B. Representative epi-

fluorescent microscopy images of Ala substitution mutants. Image quantification is 

depicted in A.  
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Figure 4-11 Continued 
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basic residues in the physiochemical DI/DII domains, or if the effect is nonspecific to loss 1 

of positive charge. We find that substitution mutant R14R54 2A has no effect on protein 2 

localization compared to the WT control protein. Furthermore, addition of R14R54 mutation 3 

to the DI-K/DII-RK 3A construct (R14-DI-K/DII-RK-R54) does not increase mislocalization 4 

of the DI-K/DII-RK 3A construct (Figure 4-11A-B). 5 

4.2.9 Importance of FGLK domains other TP sequences 6 
 Since our analyses suggest that FGLK is a required element in TP import in SStp, we 7 

decided to extend our analysis to a second model TP. The ferredoxin TP (FdTP) is 8 

probably the second most well characterized transit peptides (Chotewutmontri et al., 9 

2012; Pilon et al., 1992a; Pilon et al., 1992c; Pilon et al., 1995b). Both of these are highly 10 

abundant preproteins targeted to the stoma of chloroplasts. Much of the early work 11 

focused on the FdTP from Silene latifolia (S. pratenis)(Smeekens et al., 1985). Alignment 12 

of ~40 FdTPs from angiosperms (Figure 4-12) indicate that these TPs also contain two 13 

FGLK domains (labeled as Domain I and Domain II) with a consensus sequence FLRKQP 14 

and FGLK, respectively.  15 

 Based on this alignment we identified two regions in the Silene precursor that contain 16 

the basic elements of the FGLK motif, denoted as DI-DII (Figure 4-12 and Figure 4-13). 17 

We systematically mutated these regions to Ser and used our in vivo YFP chimera assay 18 

to test the localization of the WT versus mutant constructs. We find that mutation of DII 19 

alone (FGLK; DII-4S) has no effect on the plastid localization of FDtp; however, mutation 20 

of DI (PKQQPM) in combination with the DII domain (DI-6S/DII-4S/RRS) abrogates 21 

chloroplast localization, similar to what we observed with SStp. To test the relative 22 

contributions of the amino acids in DI, we performed a similar Ser replacement tested the 23 

effect of substitution of the N- (PKQ) and C- (QPM) regions. We find that DI-N substitution 24 

(DI-N 3S) results in about a 29% reduction in import; however mutagenesis of DI-C (DI- 25 

C 3S) results in a 41% reduction from WT localization. However, when DI-N/DI-C is 26 

mutated in combination with DII, the construct is significantly mislocalized, indicating the 27 

additive effect of DI and DII domains and suggesting that these two FGLK motifs are 28 

redundant in function.  29 

 30 
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Figure 4-12: Alignment of the Ferredoxin Transit Peptide.  
Angiosperm transit peptides have been aligned using the NCBI Blast Alignment tool 

with manual adjustment to connect the two “FGLK” domains. Amino acids within 

the transit peptide have been colored in the following ways: basic residues (R/K/H), 

helix breaking residues (G/P), Aromatic residues (F/W/Y), polar residues (N/Q) and 

acidic residues (D/E). The potential phosphorylated serine and threonine residues 

located between Domain I and Domain II are show as S/T. The sequences are 

listed alphabetically with the Silene sequence placed above the alignment and the 

consensus sequence at the bottom. The predicted SPP cleavage site is shown with 

the vertical line and the two FGLK domains are shown with a shaded box and a 

box within the consensus. A third partially conserved domain is shown with a 

dashed box in the bottom consensus. 
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Figure 4-12 Continued 
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Figure 4-13: In vivo localization reveals FGLK domains in FdTP are 
required for efficient plastid localization 
A. Transient expression of chimeric FDF-YFP constructs in onion (Allium 

cepa) were live-imaged using epi-fluorescence microscopy. Alignment 

depicts location of mutations in the FDF sequence; domains DI and DII are 

highlighted in grey. Bars show the ratio of plastid localized signal 

intensity/cytosolic localized signal intensity. (N=at least 15 cells per 

condition) One Way ANOVA with Bonferroni Post Hoc Analysis B. 

Representative epi-fluorescence microscopy images of the quantified data 

shown in A.  
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Figure 4-13 Continued 
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4.2.10 TP phosphorylation is not required for plastid protein import 1 
 Earlier work has shown that chloroplast precursors can be phosphorylated at specific 2 

Ser (Martin et al., 2006; Waegemann and Soll, 1996). These Ser residues have been 3 

partially mapped in prSSU to a motif that falls between the two FGLK motifs. The result 4 

of the phosphorylation has been proposed to enhance the affinity of the TP for the 14:3:3 5 

proteins found within a guidance complex (May and Soll, 2000a). Because of this activity 6 

and the proximal location of this phosphorylation site, we decided to directly test the role 7 

of phosphorylation in precursor recognition and import into leucoplasts using a series of 8 

non-phosphorylatable or phosphomimetic mutations in FDtp and SStp (Fig. 8A-B). 9 

Analysis of the ~40 angiosperm ferredoxin transit peptides indicate that there is a variable 10 

number (from 2-5) of phosphorylatable residues between Domain I and Domain II (Figure 11 

4-12). In the Silene Fdtp sequence, we selected 3 possible phosphorylation sites in the 12 

FDtp sequence, S24, S25 and T28 (denoted SST). We then made pairwise comparisons of 13 

the non-phosphorylatable S-to-A mutants to the WT, as well as a pairwise comparison 14 

between non-phosphorylatable to the phosphomimetic mutants in FDtp (Figure 4-14). In 15 

SStp, we selected residues that have been previously implicated as phosphorylation sites 16 

(S31/S34, T27/S38) (Figure 4-14). Interestingly, in each of the non-phosphorylatable 17 

mutations (S/T to A) the import was actually slightly higher than the WT FDtp. This ranges 18 

from ~6% in ASA to a high of 33% in SAA, and overall these averaged about 22% above 19 

the WT FdTP; in no case was the introduction of a non-phosphorylatable Ala residue 20 

statistically lower than the WT FdTP. We observed a similar slight stimulation with the two 21 

Ser residues in SStp when they were changed to Ala. 22 

 However, upon mutation of the Ser to a phosphomimetic reside (S/T to D/E) we 23 

observed a general decrease in import. This ranged from a minor but not statistically 24 

significant change in T28 (SSA vs. SSE) to a S25-to-D (SDT) compared to very strong 25 

effect for S24 (DST) which resulted in a 30% reduction in correct localization (Figure 4- 26 

14). The change in T28 was intermediate with about a 20% reduction in plastid 27 

accumulation. This effect was somewhat additive since we find that the double 28 

substitution SDE and DDT mutants show about 35% lower plastid import vs the 29 

correlating single Ala mutants (SAA and AAT, respectively). Similar to FDtp, SStp 30 

S31/S34A also shows an increase in plastid localization, whereas T27/S37 results in about 31 
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a 30% reduction in protein localization (Figure 4-14). Overall, we find that the replacement 1 

of S/T to a non-phosphorylatable alanine. consistently result in plastid localization equal 2 

to or greater than the WT counterparts. However, these results indicate that the 3 

introduction of the phosphomimetic residue, Asp, consistently lowers the targeting activity 4 

in vivo in both SStp and Fdtp. 5 

4.2.11 Potential Role for TP cis-Prolines 6 
We hypothesize that specific cis Xaa-Pro residue(s) could alter the structure of the TP to 7 

increase or decrease recognition with one or more of the TOC components and affect 8 

precursor import efficiency. To further investigate the predicted isomeric form of Pro 9 

residues in the vicinity of the FGLK domains, we used CISPEPpred prediction software 10 

to predict Pro cis/trans peptide bond conformation in the RuBisCo small subunit TP 11 

(Figure 4-15 A & B) (Song et al., 2006)). We aligned 24 SStp sequences from green plants 12 

using ClustalX and overlayed the CISPEPpred prediction for cis Xaa-Pro residues. 13 

Although only three Pro positions were largely conserved (near positions 22, 30, & 41) 14 

only the Pro at position 30 was predicted to have a potential cis confirmation (Figure 4- 15 

15 A & B). This residue was predicted to be a cis Xaa-Pro in approximately 70% of the 16 

TPs. Interestingly, all of the cis Xaa-Pro residues are predicted to occur in the middle of 17 

the SStp sequence.  18 

 Next, we wanted to investigate the occurrence of cis Xaa-Pro residues in a database 19 

of 912 confidently predicted TPs using CISPEPpred (Chotewutmontri et al., 2012). 20 

Interestingly, this program predicted that ~35% of the TPs contained at least one cis Xaa- 21 

Pro. This is significant since only ~5% of all Pro are found in the cis confirmation of 22 

proteins with known structures (Jabs et al., 1999; Pall and Chakraabarti, 1999; Weiss et 23 

al., 1998). Recent studies have suggested that cis Pro conformation correlates with local 24 

amino acid sequence content (Song et al., 2006). When we looked at the flanking 25 

sequences (+/- five residues, xxxxxPxxxxx) of the predicted cis (Figure 4-15 C) and 26 

predicted trans (Figure 4-15D) Pro sequences from the Arabidopsis 912-TP database 27 

using a logo plot, we saw a clear difference in the frequency of flanking amino acids. The 28 

cis Pro residues have a very high occurrence of additional Pro residues that seem to be 29 

found on both sides of the cis Pro. We also see higher occurrence of Phe residues 30 

immediately flanking the cis Pro. However, the trans Pro residues seem to have a very 31 
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uniformly distributed pattern with S>L>P>R/K in the logo plot, occurring nearly equally on 1 

both sides of the trans Pro. However, it is difficult to discern the causality of these differing 2 

amino acid distributions. 3 

4.3 Discussion 4 
 Despite the wide divergence of TP sequence and structure (Bruce, 2000b), previous 5 

studies implicate two physicochemical motifs in precursor protein targeting and import 6 

(Chotewutmontri et al., 2012; Ivey et al., 2000b; Lee, 2006, 2009; Pilon et al., 1995b). 7 

One motif is an uncharged N-terminal HSP70 interaction domain that functions to engage 8 

stromal ATP-dependent chaperones driving translocation (Chotewutmontri & Bruce, 9 

2015). Considerable evidence now suggests HSP70 functions as this translocation motor 10 

for a subset of precursors (Chotewutmontri et al., 2012; Liu et al., 2014; Shi and Theg, 11 

2010a). We have previously shown that this motif is followed by one or more FGLK motifs, 12 

which were initially reported many years ago, yet detailed description of their function is 13 

still lacking (Pilon et al., 1995b). Importantly, FGLK motifs represent a physicochemical 14 

element versus a sequence consensus. In this work, we greatly extend the analysis by 15 

combining in vitro, in organello, and in vivo assays. This provides a highly quantitative 16 

and resolved biochemical insight while confirming a clear physiological role in living cells.  17 

4.3.1 FGLK domains are required for in organello binding 18 
 In prior work, chimeric constructs placed the reporter protein C-terminal to the TP 19 

sequence, analogous to a native TP domain structure. These studies showed robust 20 

activity of the chloroplast translocator, resulting in complete translocation of the chimeric 21 

fusion protein into the stroma (America et al., 1994). However, our previous work 22 

(Subramanian et al., 2001) characterized H-S-SStp, which could not be translocated into 23 

the chloroplast stroma yet was able to compete with TP for preprotein binding to intact 24 

chloroplasts. The addition of the S-tag provides a sensitive and quantitative reporter via 25 

its interaction with S-protein (Kim and Raines, 1993). The chimeric construct places 21 26 

charged residues at the N-terminus of SStp, which conflicts with a widely regarded 27 

property of TPs (Chotewutmontri & Bruce, 2015; (Chotewutmontri et al., 2012; Pilon et 28 

al., 1995b; Subramanian et al., 2001; von Heijne, 1991). Despite the inability of this 29 

construct to translocate across the chloroplast envelope  30 
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Figure 4-14: Phosphorylation of FDtp and SStp is not required for plastid 
import 
A-B. Transient expression of chimeric FDF-YFP constructs (A) or SStpNT-YFP 

constructs (B) in onion (Allium cepa) were live-imaged using epi-fluorescence 

microscopy. Alignment depicts location of mutations in the FDF sequence. Bars 

show the ratio of plastid localized signal intensity/cytosolic localized signal 

intensity. (N=at least 15 cells per condition) One Way ANOVA with Bonferroni 

Post Hoc Analysis.  
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Figure 4-15: Potential Role of Cis-Proline in TP recognition 
(A) Alignment of 24 RuBisCo small subunit TPs using ClustalX; Pro residues are 

highlighted in black. (B) Graph summarizes the locations of aligned Pro residues from 

(A). Cis-Pro were predicted using CISPEP-pred online tool at 

http://sunflower.kuicr.kyotou.ac.jp/~sjn/cispep/. (C-D) Logo plots of +5 and -5 amino 

acid positions around a cis-predicted Pro (C) and a trans-predicted Pro (D). Data set 

is 912 Arabidopsis TP sequences as identified in Chotewutmontri et al. (2012).  Cis-

Pro were predicted in the data set using CISPEP-pred. FDF analysis performed by 

Lily Moncrief.  
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Figure 4-15 Continued 
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 (Chotewutmontri et al., 2012; Subramanian et al., 2001), it is an ideal substrate to 1 

explore binding to the chloroplast surface.  2 

 Previous TEM microscopy showed that the inner and outer chloroplast membranes 3 

come together at punctate contact sites (Cline et al., 1985), and biochemical analysis of 4 

the TOC-TIC core complex suggests that membrane contact sites represent the locations 5 

of active protein transport (Schleiff et al., 2003b). Thus, we conclude that the punctate 6 

fluorescent pattern observed for the WT and Δ5 constructs represent H-S-SStp bound to 7 

the TOC-TIC supramolecular complexes (Figure 4-2C). Prior work has also demonstrated 8 

a punctate TP immunofluorescent imaging pattern (Schnell and Blobel, 1993a; 9 

Subramanian et al., 2001); however, unlike the divalent antibody based studies, our 10 

labeling approach uses a monovalent S-Protein FITC. This assay obviates the possibility 11 

that the punctate labeling arises from capping or clustering due to the multivalent nature 12 

of antibodies. It is not clear why they are punctate in nature but suggests an additional 13 

level of supramolecular organization. BN-PAGE has observed at least three sizes of the 14 

TOC complex so this punctate fluorescent labeling may be detecting these larger 15 

complexes (Chen and Li, 2007a; Kikuchi et al., 2006b). 16 

 The C-terminal TP truncations clearly disrupt H-S-SStp interaction with isolated 17 

chloroplasts (Figure 4-2A-D). It is clear from the differential effect of Δ5 vs. Δ25, that the 18 

critical residues are between G26 and R52.  This region contains all of the second, C- 19 

terminal FGLK motif, which in pea is FPVKK. Interesingly, when we test the deletion of 20 

either the full domain I or II in import competition, both are nearly equal in their ability to 21 

compete with prSSU. This confirms that it is FGLK domains themselves that are key for 22 

recognition and binding to chloroplasts. However, it is not clear why the two assays show 23 

somewhat different importances of the two domains. The charged N-terminus of His-S- 24 

SStp possibly counteracts or reduces the efficacy of the single N-terminal FGLK domain 25 

to support binding. Interestingly, a basic residue doublet (RxRy) located within a FGLK 26 

domain has been implicated as a recognition sequence element necessary for TP 27 

recognition/import in older chloroplasts (Ling et al., 2012). Mutating this basic residue 28 

doublet in the Tic40 precursor abrogated import of the precursor into older chloroplasts 29 

but not younger chloroplasts (Yi-Shan et al., 2012). 30 

 31 
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4.3.2 Differential role of from the individual amino acids 1 
 We further resolve this interaction by comparing the deletion of either the first three 2 

residues of either DI (FTG) or DII (FPV) versus the last three residues of DI (GLK) or DII 3 

(VSR), revealing a more severe result when the C-terminal residues were removed 4 

(Figure 4-4). However, both the N or C terminal mutants were more active than the 5 

complete removal of either DI or DII, suggesting that productive import involves all of 6 

physicochemical elements in the FGLK domain. Since the Ser substitution partially 7 

restores import of the DI-N/DII-NΔ6, it suggests spacing may be critical, but could also 8 

suggest that simply removing the N-terminal residues may eliminate some secondary 9 

structural elements that affect TP recognition. These results indicate that an element(s) 10 

in the C-terminal regions of the FGLK motifs, such as positively charged residues, may 11 

play a critical role in binding and/or import efficiency (Figure 4-11A-B).  12 
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Figure 4-16: Bimodal model for TP import 
We propose a dynamic recognition model, where (1) cytosolic TP recognition is 

driven through productive interaction between the TOC receptor components, such 

as TOC159 and TOC34. This is likely driven through electrostatic interactions 

involving Arg residues in the TP FGLK domains. Initial recognition may occur 

through interaction between TP hydrophobic residues and chloroplast lipids (not 

shown). (2) Following initial recognition, the TP is captured and the TOC translocon 

is made accessible, possibly through structural changes driven by GTP hydrolysis. 

(3) Cytosolic capture is followed by recognition of sequence elements in the N-

terminus of the TP and stromal chaperones. (4) “Pulling” of the TP into the 

chloroplast by stromal chaperones such as chloroplastic HSP70 and HSP93. 
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Furthermore, import analysis of Arabidopsis E1αtp (the TP of E1α subunit of pyruvate 1 

dehydrogenase) found that both block Ala mutagenesis of a FGLK domain or a region 2 

containing 3 basic residues resulted in significant equivalent reduction in import (Lee, 3 

2009). In agreement, our data suggests a dose-dependent threshold for basic residues 4 

in import efficiency; loss of 2 or more basic residues within the FGLK domains abrogates 5 

import (Figure 4-11A). The functional contribution of the positive charge requires their 6 

centralized placement proximal to the FGLK recognition elements, since removal of 7 

flanking residues at the N- and C-terminus (R14 and R54 respectively) had no effect on 8 

import efficiency in SStp (Figure 4-11A). Thus it appears that a direct correlation exists 9 

between the basic residues in the FGLK domain and TP recognition/import. Future work 10 

will explore the structural basis of this interaction.  11 

 The effects of mutation on FGLK components such as Phe (Figure 4-7; Figure 4- 12 

8A&B; Figure 4-9) are milder in in vivo experiments versus in vitro. Collectively, our data 13 

sugessts that there may be factors present in the cytsol and absent in our in organello 14 

assays that contribute to the import process, which negate the effect of Phe or Pro/Gly 15 

substition on TP secondary structure.  Furthermore, this implies that the basic residues 16 

have a greater contribution to TP recognition/import since their mutagenesis abrogates 17 

import in vivo (Figure 4-11A-B).  18 

 We further verified the redundancy of multiple FGLK domains using in vivo localization 19 

analysis of FdTP, which also contains 2 FGLK physicochemical motifis. Similar to SStp, 20 

mutagenesis of only one FGLK domain resulted in WT plastid localization; whereas 21 

mutagenesis of both domains abrogated import (Figure 4-13). Collectively, these results 22 

suggest that the in vivo import can utilize either DI or DII with some redundancy. It is also 23 

interesting that partial deletions of FGLK domains in SStp still show some ability to 24 

compete for preprotein recognition (Figure 4-4), suggesting that the two domains may be 25 

somewhat redundant in promoting recognition. How these two domains are recognized is 26 

not known in detail, but it is possible each element is recognized by adjacent monomers 27 

in either a hetero- or homo-dimeric form of the TOC receptors, TOC34 and/or TOC159 28 

(Lumme et al., 2014). 29 
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4.3.3 Direct Effects on TOC34 Structure and Activity 1 
 The effects of TP-TOC34 interaction on Toc34 homodimeric state and basal GTP 2 

hydrolysis activity has potential implications in the regulation of chloroplast protein import. 3 

Previously, the GTPase cycle of Toc34 has been hypothesized to function as a major 4 

regulatory switch in protein import. There is considerable evidence that the homo- and 5 

possible heterodimerization of Toc34 contributes to its GTPase cycle (Aronsson et al., 6 

2010; Jelic et al., 2002a; Lumme et al., 2014; Reddick et al., 2008a). Previous 7 

experimental data supports that the FGLK motif functions as a TOC34 binding element 8 

(Chotewutmontri et al., 2012; Lee, 2006; Reddick et al., 2007b; Sun et al., 2002a). In the 9 

future, it would be interesting to see if the FGLK sequence can interact directly with 10 

TOC34 and either disrupt the stability of the dimer or stimulate GTPase activity. We find 11 

that removal of Pro residues from the vicinity of the FGLK motifs inhibits productive 12 

interaction between SStp and TOC34, both in AUC analyses and GTPase-stimulating 13 

experiments (Figure 4-10A-C). Although no high resolution structural information is 14 

currently available for the TP-TOC34 complex (likely due to low affinity of the complex), 15 

we suggest that loss of Pro residues near the FGLK motif disrupt secondary structural 16 

elements that are induced upon TOC34 interaction. Arg finger motifs have been identified 17 

in GTPase activating proteins (GAPs) in different orientation, suggesting that Arg fingers 18 

rotate into a catalytic position at the transition state (Sprang, 1997). It is plausible to 19 

hypothesize that loss of TP Pro residues prevents productive TP Arg orientation, thus 20 

inhibiting the productive interaction between TOC and TP. Interestingly, even at high ATP 21 

concentrations; the import machinery cannot overcome the loss of Pro residues in the 22 

FGLK domain (Figure 4-8C). Thus, it is tempting to speculate that the (R/K) basic residues 23 

and their orientation in the FGLK motif might also interact with TOC34 in such a way that 24 

it also stimulates GTP hydrolysis, which would bridge the importance of the FGLK domain 25 

with the proposed GAP function of the TP. Alternatively, the loss of flexibility of the TP 26 

may hinder the probability or kinetics of TP insertion into the protein conducting channel 27 

and/or diminish the TP N-terminus interaction with the stromal ATP-dependent molecular 28 

motors (Chotewutmontri and Bruce, 2015).  Furthermore, it is possible that the removal 29 

of these prolines may preclude TP from inducing conformational changes in the Toc34.  30 

This may prevent changes in the homo- or heterodimer that would normally lead to TP 31 
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insertion into the translocon. In summary, it is clear that specific components of the FGLK 1 

domain have a direct role on TP recognition by Toc34 or other Toc receptor(s).  2 

4.3.4 Role of TP phosphorylation in plastid import 3 
Previous reports have hypothesized that a cytosolic kinase phosphorylates Ser and Thr 4 

residues in the TP consensus motif (P/G)Xn(R/K)Xn(S/T)Xn(S*/T*) were n = 0-3 amino 5 

acids spacer and S*/T* represents the phosphate acceptor (Waegemann and Soll, 1996).  6 

However, the detailed role of TP phosphorylation in this process is still remains poorly 7 

characterized and there are conflicting results about the importance of phosphorylation in 8 

TP recognition and import (Chen et al., 2014; Lamberti et al., 2011b; Nakrieko et al., 2004; 9 

Nickel et al., 2015). Because this proposed consensus motif can overlap with TP FGLK 10 

motifs, we decided to analyze the effect of phosphorylation in two different TPs using our 11 

in vivo protein localization assay. To test the importance of TP phosphorylation in plastid 12 

import, we designed mutations to either mimic the negative charge associated with a 13 

phosphorylated Ser/Thr or replace the Ser/Thr with a non-phosphorylatable residue, 14 

alanine. We find that non-phosphorylatable mutants consistently show a stronger plastid 15 

localization versus their phosphomimetic counterparts (Figure 4-14). In support of our 16 

data, previously, SStp S31/34A and S31/34D prSSU-GFP mutants were transiently 17 

expressed in Arabidopsis protoplasts (Lamberti et al., 2011a). These experiments 18 

suggested that removal of phosphorylation sites (S31/S34A) results in plastid localization; 19 

whereas phosphomimetic S31/34D mutations lead to mislocalization of the construct 20 

(Lamberti et al., 2011a). Interestingly, western blot analysis of protoplast import suggests 21 

that the S31/34A construct shows an increase in plastid binding compared to the WT 22 

construct. Collectively our results suggest that phosphorylation is not essential for 23 

precursor import, nor does a non-dephosphorylated, phosphomimetic substrate abolish 24 

precursor import or yield mislocalization. We speculate that phosphorylation may 25 

contribute to enhanced interaction with the cytosolic guidance complex (May and Soll, 26 

2000a) but an unidentified phosphatase removes phosphoryl groups before precursor 27 

import (Lamberti et al., 2011a). Whether this effect is simply a change in the TPs net 28 

charge or if some other more specific interaction is involved such as enhanced binding to 29 

the TOC receptors is not known. However, we have previously shown that the 30 
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phosphorylated form of a SStp-derived synthetic peptide interacts more tightly with a 1 

recombinant form of psTOC34 that would support this latter model (Schleiff et al., 2002a). 2 

4.3.5 Potential Role of TP cis-Prolines 3 
The TP FGLK physicochemical domains have an established role in import efficiency 4 

(Chotewutmontri et al., 2012; Lee et al., 2006; Pilon et al., 1992b); these domains often 5 

contain Pro residues (Figure 4-15). Pro residues can exist in two isomeric forms, trans 6 

and more uncommonly, cis (Song et al., 2006). The cis Xaa-Pro peptide bond (where Xaa 7 

can be any amino acid) can introduce a “kink” into a protein sequence, a structural 8 

element that has been suggested to contribute to several important cellular processes, 9 

including cell signaling, replication, and regulating protein activity (Andreotti, 2003; 10 

Dugave and Demange, 2003). Interestingly, TP Pro residues have been previously 11 

suggested to play a role in both recognition and efficient import of precursor proteins 12 

(Chotewutmontri et al., 2012) Furthermore, FKBP, a peptidyl proline isomerase was 13 

previously suggested as a putative guidance complex component (Fellerer et al., 2011; 14 

Lee et al., 2013). We suggest that the Pro-induced “kinks” may enable recognition or 15 

attachment of one or more proteins functioning as molecular ratchets which could 16 

facilitate efficient precursor import into the plastid stroma.  17 

The role of the amino acid context flanking the cis-proline residues remains unclear. Do 18 

the flanking sequences simply influence the Pro isomeric form; or does recognition of the 19 

cis Pro isomeric form require some additional residues for its maximum specificity or 20 

recognition by the translocon(s)? Although how processing is coupled to translocation is 21 

not known, it is not surprising that this may be an intimate interaction that requires subtle 22 

spatial control between the emerging preprotein and SPP in the stroma. Investigating the 23 

potential role of cis-Pro racheting “kinks” in the TP sequence will be a topic of future study.  24 

4.3.6 Conclusions 25 
 We propose a new TP import model that incorporates a dynamic recognition 26 

mechanism as depicted in Figure 4-16. TP import is likely driven by formation of a 27 

secondary structural element, which would allow TOC34 to rapidly sample the side-chain 28 

conformations of the FGLK physicochemical domain possibly regardless of orientation 29 

(Chotewutmontri et al., 2012), as the case of the reversed sequences. This dynamic 30 
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sampling would enable rapid yet relatively promiscuous binding so that many divergent 1 

TP sequences which only contain a common physiochemical property could be “trapped” 2 

via a very small class of related Toc receptors. This “trapping” is then followed by an 3 

insertion and second step of recognition by the stromal ATP-dependent molecular motors. 4 

By requiring two independent and spatially separate modes of recognition would allow 5 

the chloroplast to rapidly recognize a diverse set of proteins on the surface yet only import 6 

those that contain a recognition element for Hsp70 or an alternative ATP-dependent 7 

molecular motor. Future work is needed to see how these two domains must be spatially 8 

separated in the transit peptide to insure both rapid and precise client recognition. In 9 

addition, it is possible that these peptides may first encounter the non-polar environment 10 

of the outer membrane and form helical segments that help provide some structural 11 

“conformity” to the TPs facilitating both recognition and also lowering diffusion barriers. 12 

 13 

 14 

  15 
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CHAPTER 5: EXTENDING FUNCTIONAL ANALYSIS OF FGLK MOTIFS 2 

TO OTHER ARABIDOPSIS TRANSIT PEPTIDES   3 
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Abstract:  1 

Even though the physicochemical FGLK motif is semi-conserved in TP sequences, and 2 

has a clear role in the import of model TPs from RuBisCO and ferredoxin, its global 3 

importance to the recognition and import of preproteins remains unclear. Our previous 4 

work has provided a solid foundation for understanding transit peptide recognition; 5 

however, due to the diversity of TP sequences, it is difficult to extend our results to 6 

represent a common mechanism for precursor recognition.  We have developed a 7 

combination of bioinformatics and in vivo experiments to test the relative importance of 8 

FGLK domains in other Arabidopsis transit peptides. Our preliminary microscopy results 9 

show that this robust methodology can be used to efficiently assess TP physicochemical 10 

motifs. Our work highlights the complexity of TP structure and the interplay between 11 

different TP sequence elements.  	 12 

5.1 Introduction 13 

To investigate the universality of the FGLK motif we have developed a heuristic approach 14 

to identify other precursors containing this motif in the model plant Arabidopsis genome. 15 

We developed methodology using a series of online prediction tools to efficiently analyze 16 

plastid predicted proteins in the Arabidopsis genome. Our preliminary goal for this work 17 

was to identify TPs with similar length and domain structure as compared to SStp and 18 

Fdtp used in Chapter 4.  This analysis can be expanded to other TPs in the future. We 19 

developed a series of mutagenesis “rules” to remove TP physicochemical domains. Next, 20 

we applied our in vivo protein localization assay (described in Chapter 4, see Figure 4-3) 21 

to assess the import efficiency of precursor protein constructs by using a chimeric transit 22 

peptide-fluorescent protein (FP) construct. This methodology allows us to quantify the 23 

cytosolic pool versus correctly imported protein. Using an in vivo approach, we can obtain 24 

high throughput, mechanistic insight about the role of the FGLK motif in the import 25 

process.  Future research in the Bruce lab will focus on utilizing this toolkit of chimeric TP 26 

constructs as well as analyzing and quantifying data. Our work is expected to have a 27 

major impact in the understanding of the functional motifs in TPs. 28 
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5.2 Results 1 

5.2.1 Genome Analysis 2 
To start this project, our goal was to use a series of TPs with a similar length and domain 3 

structure compared to SStp and FDtp.  We used a series of bioinformatics tools to narrow 4 

our Arabidopsis protein dataset to a small set of proteins for our preliminary studies 5 

(Figure 5-1). Analysis of the Arabidopsis genome found 912 highly confidently predicted 6 

(using multiple prediction algorithms) plastid precursors, of which, 327 proteins contain a 7 

similar length of transit peptide at ~50-60 a.a. and 231 precursors contain at least one 8 

‘FGLK’ motif. We selected a subset of 24 proteins based on the presence of FGLK motif 9 

around residues 28-39. Using multiple online tools these precursors were then further 10 

analyzed to predict their subcellular location. The output from these prediction tools was 11 

integrated into a mathematical scoring algorithm (described below) to select the most 12 

confidently predicted chloroplast proteins, while avoiding potentially dual-targeted 13 

proteins to the mitochondria, shown in Figure 5-2.  Figure 5-1 outlines our methodology 14 

for selecting TPs for this study. To limit the number of inconsistencies found in the 15 

localization prediction software, we used an algorithm to weigh the localization software 16 

predictions to avoid the mitochondria, while increasing the chances of importing to the 17 

chloroplast. This involved consolidation of the following prediction tools: ChloroP 1.1, 18 

TargetP, iPSORT, Predotar, PredSL, ProtComp, and Protein Prowler (Figure 5-2).  The 19 

number generated from this algorithm allowed us to identify 7 proteins that were most 20 

confidently predicted to the chloroplast: Glutamine-5-phosphoribosylpyrophosphate 21 

amidotransferase, Glucose-6-phosphate dehydrogenase, CHLI subunitol magnesium 22 

chelatase, 2C-methyl D erythritol 2,4- cyclophosphate synthase, Beta-carotenoid 23 

hydroxylase, Allene-oxide cyclase, and Rubisco Activase (Figure 5-2). Figure 5-3 shows 24 

the amino acid sequence of each TP used in this study. Proteins were ranked 1-7 based 25 

on their algorithm score, which corresponds to their likelihood to be targeted to the 26 

chloroplast. 27 

  28 
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Figure 5-1: Selection of additional TP precursors 
Analysis of the Arabidopsis genome found 912 highly confident predicted plastid 

precursors, of which, 327 proteins contain a similar length of transit peptide at ~50-

60 a.a. and 231 precursors contain at least one ‘FGLK’ motif. We selected a subset 

of 24 proteins based on the presence of FGLK motif around residues 28-39, the 

functional annotation (Plant Proteome Database and Phytozome), proteomic 

localization (Plant Proteome Database), level of expression (Arabidopsis eFP 

Browser), and coexpression analysis (ATTED-II). These precursors were then 

further analyzed using localization predictions (TargetP, ChloroP 1.1, iPSORT, 

Pedotar, PredSL, ProtComp, Protein Prowler). The output from these prediction 

tools was integrated into a mathematical scoring algorithm to select the 7 most 

confidently predicted chloroplast proteins, while avoiding potentially dual-targeted 

proteins to the mitochondria.  
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Figure 5-1 Continued 
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Figure 5-2: Predicting proteins using online plastid prediction algorithms 
To limit the number of inconsistencies found in the localization prediction 

software, an algorithm weighting the localization software was developed to avoid 

the mitochondria, while increasing the chances of importing to the chloroplast. 

This involved consolidation of the following prediction tools: ChloroP 1.1, 

TargetP, iPSORT, Predotar, PredSL, ProtComp, and Protein Prowler.  The 

number generated from this algorithm allowed us to choose 7 proteins that were 

most confidently predicted to the chloroplast: Glutamine-5-

phosphoribosylpyrophosphate amidotransferase, Glucose-6-phosphate 

dehydrogenase, CHLI subunitol magnesium chelatase, 2C-methyl D erythritol 

2,4- cyclophosphate synthase, Beta-carotenoid hydroxylase, Allene-oxide 

cyclase, and Rubisco Activase.  
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Figure 5-2 Continued 
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5.2.2 Mutagenesis and cloning strategy 1 
To test our representative array of TPs, we designed a series of mutagenesis rules to 2 

assess the contribution of the physicochemical domains of the TPs. The rules are shown 3 

in Figure 5-4. The mutagenesis was designed to remove either one (Rule 2 & Rule 3) or 4 

both (Rule 4) FGLK domains.  We also added a rule to test the global importance of basic 5 

residues in the FGLK domain (Rule 5; Figure 4-6, Figure 5-4). Our miscellaneous rule 6 

was added to test any additional physicochemical features we wanted to test in our 7 

analysis.  The selected mutants for each TP are shown in Figure 5-5. Regions selected 8 

for mutagenesis are highlighted in yellow.  We mutated regions of interest to Ser because 9 

Ser is the most common amino acid in TP sequences (Chotewutmontri et al., 2012; 10 

Holbrook et al., 2016), so we expect this mutation would have minimal effect on TP 11 

secondary structure. We ordered  each TP “Rule Set” as a single, synthetic, 12 

concatemerized sequence (6 vectors in total) (Epoch Biotech, Missouri City, Texas) and 13 

designed primers so that each TP could be moved into an expression construct in frame 14 

with YFP as a reporter construct. Our cloning strategy is described in Figure 5-6.  Briefly, 15 

in order to move each TP sequence from its concatemerized rule vector, we designed 16 

primers corresponding to each TP within the vector.  Each TP was moved into an 17 

individual CloneJet vector (42 unique CloneJets) then cloned into an expression vector in 18 

frame with YFP.  As described in detail in Chapter 4, our expression vector setup allows 19 

us to use biolistic transformation of onion epidermal cells to test the localization of TP- 20 

YFP mutants. Our CloneJet intermediate vector system will allow us to easily move our 21 

constructs into binary vectors for expression using Agrobacterium tumefaciens 22 

transformation. 23 

5.2.3 In vivo analysis of TP6: Allene oxide cyclase 24 
We have started preliminary testing of TP6 in our biolistic assays. This set of TP-YFP 25 

mutants correspond to the precursor of Allene-oxide cyclase  (AOC) and is implicated in 26 

the biosynthesis of jasomonate. Qualitative results are shown in Figure 5-7.  We plan to 27 

test each mutant using both qualitative and quantitative microscopy analysis.  So far, we 28 

have successfully cloned 5 of the 6 TP6 constructs.  Interestingly, Rule 6 (Miscellaneous) 29 

shows a very pronounced abrogation of import as compared to any of the other mutants.  30 

We have highlighted the unique mutagenized sequence in Rule 6 (Figure 5-7, bottom 31 
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panel). Although we cannot make conclusions about the import competence of TP6 until 1 

we have the full selection of mutants, it is clear that the mutants in this assay shows a 2 

range of import capabilities.  3 

5.3 Discussion 4 

5.3.1 Development of bioinformatics and microscopy methodolgy 5 
Using a heuristic bioinformatics’ approach we have selected 7 new chloroplast 6 

transit peptides to perform a combined directed mutagenesis and in vivo targeting 7 

assay.  These peptides share a similar length and targeting prediction to the well-studied 8 

model transit peptides, SStp and Fdtp.  These sequences also contain two of the semi- 9 

conserved FGLK motifs. Furthermore, these sequences correspond to proteins with a 10 

wide range of function; from hormone synthesis to components involved in 11 

photosynthesis.  Classic model TPs used in transport research have been largely limited 12 

to highly imported photosynthetic proteins. Our goal is to establish that the FGLK 13 

physicochemical domain has a broad importance in plastid protein import regardless of 14 

protein function. 15 

We generated a set of synthetic genes to make six distinct classes of 16 

mutations.  These synthetic TPs have now been cloned in frame with the fluorescent 17 

protein YFP. We have constructed the transient expression vectors to allow biolistic 18 

transformation into onion epidermis tissue, which contain non-green leucoplasts.  This 19 

system has the advantage of being free from chlorophyll auto fluorescence and permits 20 

a more direct quantitation of the cytosolic/plastid localization. However, in the future we 21 

will use our new Leica SP8 LSCM that is equipped with both a white light laser and the 22 

new LightGate fluorsecence lifetime discrimination feature. This combination will allow 23 

this assay to be applied to pea seedlings that contain differentiated chloroplasts.  This will 24 

involve an Agrobacterium- mediated transformation (discussed in Chapter 6) that will 25 

allow large quantities of isolated chloroplasts to be isolated and 26 

biochemically/immunologically characterized for both import and processing 27 

fidelity. Furthermore, future analyses will permit a detailed comparison of the targeting 28 

activity and fidelity on two distinct classes of plastids that may in fact have distinct TOC 29 

translocon composition with different TOC34/TOC159 isoforms. 30 
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Figure 5-3: Preprotein amino acid sequences 
The amino acid sequence of selected preproteins.  We used a 

prediction parameter from  Chloro P to determine the proposed length 

of each transit peptide (c-TP= 50- 60).  The signaling sequence for 

each preprotein is shown in black text.  The red text indicates the first 

10 residues of the mature domain, following each predicted transit 

peptide region. 
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Figure 5-4: Mutagenesis Rules 
These rules indicate the physicochemical regions selected for 

systematic serine mutagenesis chosen for each preprotein.  These 

were determined based on the results from our algorithm 

predictions, as well as a sequence alignment of each TP.  We 

utilized our previous work (Chapter 4) as a basis to determine 

which physicochemical domains to focus on. Miscellaneous Rule 6 

was included to cover any unique physicochemical domains we 

wanted to include in our mutagenesis studies.  
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Figure 5-5: Selected TP Mutants 
Each panel shows the amino acid sequence for a selected TP sequence for 

precursors 1-7.. The yellow regions indicate regions that were mutated from 

their wild type residue to a Serine residue.  
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Figure 5-5 Continued 



 

 139 

5.3.2 Identification of FGLK sequences and complexity of TP structure 1 
We used bioinformatic programs to identify TP FGLK sequences in our selected TPs.  2 

Importantly, this analysis highlighted the complexity of TP physicochemical domains. We 3 

attempted to limit our analysis to TPs with similar properties (2 FGLK domains, close to 4 

equal length of TP). However, due to the loose conservation of the FGLK domain, some 5 

TPs had additional sequences that may act as an FGLK sequence. For example, we find 6 

that TP6-Rule6 (Figure 5-7) shows strongly abrogated import when the sequence 7 

“RNLSRNHQSHQ” is removed.  It is possible that this sequence is important due to its 8 

positive charge; RNHQ may also act as a a section of a surrounding FGLK 9 

physicochemical domains.  Thus, although it is clear that FGLK has a central role in TP 10 

recognition and import, the significance of TP structure still requires further study.  This 11 

assay highlights the complexity of TP structure and the interplay between different 12 

sequence elements. Our future analyses will assay TP1-TP6 for their import capability.  13 

The robust methodology of this study allows us to easily expand to study additional TPs 14 

with different domain structure, or to expand our mutagenesis rule library for TP1-TP6.  15 

We can easily extend our analysis to analyze unique physicochemical motifs identified in 16 

other assays.  17 

  18 



 

 140 

 1 
 

Figure 5-6: TP molecular cloning and expression strategy 
Each transit peptide was ordered in a concatemerized vector per rule 

(Epoch Biotech).  In order to move each TP individually from its Rule 

vector, we designed primers corresponding to each TP within a rule 

vector.  Each rule was stored in a CloneJet vector.  Then, TPs were 

incubated with restriction enzymes prior to their placement in an 

expression vector to ensure unidirectional integration into the vector.  

Each final construct consists of an individual TP sequence, 10 amino acids 

of the precursor mature domain, and in-frame YFP as a fluorescent 

reporter.  



 

 141 

  1 

 

Figure 5-7: In vivo qualitative analysis of TP6 
A. Representative epi-fluorescence microscopy images of TP6 Rule2-Rule6. 

Transient expression of chimeric TP6-YFP mutant constructs in onion (Allium 

cepa) were live-imaged using epi-fluoresecence microscopy. Bottom panel 

depicts alignment of TP6 sequence with each mutant region shown in red.  The 

unique mutagenized sequence of TP6-Rule6 is highlighted in yellow.  
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CHAPTER 6: IMPROVED APPROACHES FOR VISUALIZATION, 1 

QUANTIFICATION, AND DETECTION OF IN VIVO PLASTID PROTEIN 2 

TARGETING 3 

  4 
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Abstract: 1 
 Correct protein localization is integral to the function of biological systems.  Transient 2 

fluorescent protein expression represents a simple, high-throughput method to assay 3 

protein localization in living cells. We have tested and improved several popular transient 4 

expression techniques using the primary reference organism for in organello localization 5 

studies, dwarf pea seedlings (Pisum sativum). For our comparative analysis, we have 6 

developed new methodology for Agrobacterium tumefaciens based transformation of 7 

dwarf pea seedlings (Pisum sativum). We are also developing protocols for transient 8 

protein expression in pea protoplasts. We are testing many different parameters, 9 

including plant age, culturing technques and transformation protocols.  10 

 We extended methodology development to improve biolistic protocols for monocot 11 

plants. We have focused on developing protocols using commercial leeks (Allium 12 

ampeloprasum var. porrum) to test plastid localization of fluorescent proteins.  We find 13 

that use of commercial leek epidermis tissue significantly improves biolistic transformation 14 

efficiency compared to commercial onion epidermis tissue (Allium cepa).  Although the 15 

physiology of the leek leads to a developmental gradient of leucoplasts to chloroplasts, 16 

leek tissues can be transformed at a consistent rate. Furthermore, laser scanning 17 

confocal microscopy (LSCM) analysis using LightGate allows us to move our analysis 18 

into the most physiologically relevant plastid import system, differentiated chloroplasts.   19 

We discuss our results in context of classical methodologies compared to these technical 20 

advances.   21 

6.1 Introduction 22 
 Although protein trafficking has been the focus of research for many years, our 23 

understanding of the factors that influence protein localization is far from complete. 24 

Transient expression techniques allow for relatively high-throughput analysis of 25 

fluorescent protein localization.  Our research is focused on protein transport into the plant 26 

cell plastid.  Plastids represent a particularly complex destination, requiring several 27 

translocons located in three membranes of this organelle.  To assess the localization of 28 

WT/mutant plastid proteins in vivo, we have developed an assay using a chimeric transit 29 

peptide (TP)-fluorescent protein (FP) construct to analyze their cellular sublocalization 30 

using fluorescence microscopy. We have already developed methodology that allows us 31 
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to quantify the cytosolic pool versus correctly imported protein (discussed in Chapter 4).  1 

We recently received access to the Leica SP8 LightGate microscope, with laser scanning 2 

confocal microscopy (LSCM) technology that greatly improves our ability to do 3 

complicated imaging.  Previously, we were technically limited to analysis of protein import 4 

in non-green plastids (leukoplasts) due to the color battle between high chlorophyll 5 

autofluorescence in green differentiated chloroplasts versus the fluorescence of our 6 

chimeric TP reporter construct. Fluorescence is defined by both emission intensity and 7 

fluorescence lifetime. The combination of a white light laser and new technology called 8 

LightGate allows us to filter out reflected light based on fluorescence lifetime, and thus 9 

detected signal is purely fluorescent protein emission. Thus, this technology allows us to 10 

move our research into the most physiologically relevant system, differentiated 11 

chloroplasts.  12 

 In our previous research (Chotewutmontri and Bruce, 2015; Chotewutmontri et al., 13 

2012; Holbrook et al., 2016), we chose to use onion epidermal cells because their lack of 14 

chlorophyll was amendable to our quantification method. However, the most robust way 15 

to perform both in organello and in vivo experiments would be to use the same system 16 

(differentiated chloroplasts derived from dwarf pea seedlings) for both methodologies – 17 

however, protocols are not currently available.  Thus, we focused on developing and 18 

improving methodologies used for plastid research. Several techniques are commonly 19 

used for transient plant expression: Agrobacterium tumefaciens mediated transformation, 20 

protoplast transformation and biolistic transformation. We focused on comparing the 21 

protocol ease, transformation rate, and quantification efficacy to compare methodologies. 22 

Our TP-FP construct combines the wild type transit peptide of ribulose 1,5-bisphosphate 23 

carboxylase/oxygenase (RuBisCo) of tobacco with 20 amino acids of the mature domain 24 

to ensure WT protein behavior, with C-terminal YFP as a fluorescept reporter. Because 25 

the behavior of this construct has been analyzed in tobacco, Arabidopsis thaliana and 26 

onion plastids, we used this YFP chimera as an output to directly compare the 27 

methodologies tested in this study.   28 
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6.2 Results 1 

6.2.1 Plant growth 2 
 Leeks and onions used in our biolistic analysis were purchased commercially on the 3 

day of the experiment. Using sterile conditions, onion inner epidermal peels from the third 4 

bulb layer (about 2.5 cm x 2.5 cm) were placed on agar plates containing 1x Murashige 5 

and Skoog (MS) salts, 30g/L sucrose and 2% agar.  Leek sections were removed from 6 

the bulb with epidermis intact, and placed on MS agar plates.   Adaxial onion epidermal 7 

peels or leek sections were bombarded within 1 hour of placing on agar plates. Biolistic 8 

bombardment is described later in this Chapter.  9 

 Dwarf pea seeds were acquired from J.W. Jung Seed Company and stored at 4C. 10 

Seeds were imbibed overnight by running cold tap water with aeration at room 11 

temperature before being planted.  Seeds were placed on top of “coarse” grade 12 

vermiculite in a plastic pot. The seeds were then covered with a 1.5cm layer of vermiculite. 13 

A wire mesh screen with 0.6 mm x 0.6 mm opening was placed on top of the seeds and 14 

secured by folding the mesh around the edges of the pot.  Peas were grown in a growth 15 

chamber with illumination at approximately 100 uE/m2/sec on a 14h light and 10 h dark 16 

cycle.  The temperature was set at 18C and 20C for the light and dark periods, 17 

respectively.  We tested both 9 day old seedlings and 11 day old seedlings and found 18 

that 11 day old seedlings transformed the most effectively using Agrobacterium 19 

tumefaciens.  Our 11 day old seedlings had about 2 sets of compound leaves, with both 20 

sets of leaves expanding. Protoplasts were made using Day 14 leaves. Figure 6-1 shows 21 

an example of the setup used for pea growth on Day1, Day6 and Day 14.  22 

6.2.2 Productions of Protoplasts 23 
 On Day 14, 1.5g of pea leaves were collected and the epidermal layer was carefully 24 

removed using forceps. Pea tissue was cut into approximately 5mm strips and were 25 

placed into 25mL Enzyme Solution (1.5% Cellulase -Trichoderma viride, 0.75% 26 

Macerozyme R-10, 0.6M Mannitol, 10mM MES at pH 5.7, 10mM CaCl2, and 0.1% BSA). 27 

The pea tissue and enzyme mixture was gently rotated for 4 hours in light at room   28 
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Figure 6-1: Pisum sativum growth 
Dwarf pea seedlings were acquired from J.W. Jung Seed Company and stored 

at 4C. Seeds were imbibed overnight by running cold tap water with aeration at 

room temperature before being planted.  Seeds were placed on top of “coarse” 

grade vermiculite in a plastic pot (A).  The seeds were then covered with a 1.5cm 

layer of vermiculite. A wire mesh screen with 0.6 mm x 0.6 mm opening was 

placed on top of the seeds and secured by folding the mesh around the edges of 

the pot.  Peas were grown in a growth chamber with illumination at approximately 

100 uE/m2/sec on a 14h light and 10 h dark cycle.  The temperature was set at 

18C and 20C for the light and dark periods, respectively.  

 



 

 147 

  1 

                       

Figure 6-1 Continued 



 

 148 

temperature. Once the enzymatic digestion was complete, equal parts of W5 Solution 1 

(154 mM NaCl, 125 mM CaCl2, 5 mM KCl and 2 mM MES at pH 5.7) was added to the 2 

flask and was shaken vigorously for 15 seconds to neutralize the enzymes. The mixture 3 

was filtered through 40μm nylon mesh, and the mesh was thorough washed with fresh 4 

W5 Solution.  Filtrate containing protoplasts was centrifuged in a swinging bucket rotor at 5 

1,500 rpm for 3 minutes. The supernatant was discarded, and the pellets were suspended 6 

in 30ml of W5 solution. Resuspended protoplasts were centrifuged again, and the pellet 7 

was gently resuspended in MMG solution (0.4 M mannitol, 15 mM MgCl2 and 4 mM MES 8 

at pH 5.7). Using a hemocytometer, we counted protoplasts; the final protoplast 9 

concentration can be adjusted accordingly for downstream experiments. A panel of 10 

example images of pea protoplasts are shown in Figure 6-2.  11 

6.2.3 Agrobacterium tumefaciens mediated transformation of Pisum sativum 12 
 Agrobacterium tumefaciens based transformation is a useful system for transient 13 

expression in systems like Arabidopsis and tobacco, but protocols to transform Pisum 14 

sativum are not well developed. We used Arabidopsis floral dip media for our study 15 

(0.22% (w/v) Murashige & Skoog Basal Medium, 5.0% (w/v) sucrose, 44 nM 16 

benzylaminopurine, pH 5.7 (Clough and Bent, 1998). We utilized strain GV3101 17 

Agrobacterium tumefaciens  (kindly provided by Dr. Andreas Nebenfuehr, University of 18 

Tennessee) carrying a binary plasmid encoding our TP-FP construct.  Agrobacterium was 19 

cultured in YEB media (10g/L yeast extract, 5g/L beef extract, 5g/L peptone, 5g/L 20 

sucrose, 0.5g/L MgSO4 7H2O) containing the correct antibiotic at 28C and shaking at 225 21 

rpm for 20-24h until stationary phase.  Cells were harvested by centrifugation at 3,500 g 22 

for 10 minutes and washed once with ice cold water and once with infiltration media. Cells 23 

were resuspended to OD600 of 0.1 for infiltration.  Surfactant Silwet L-77 (Lehle Seeds, 24 

Round Rock, TX, USA) at 0.05% was added to the cells immediately prior to vacuum 25 

application.  To transform pea seedlings, the top vermiculite layer of the pea seedling pot 26 

was shaken off completely. Vermiculite causes bubbles during the vacuum infiltration step 27 

and affects transformation efficiency. The pea pot was then inverted and the tissues were 28 

submerged in the Agrobacterium suspension and placed in the vacuum chamber. The 29 

vacuum (approximately 9.15 kPa) was held for 90 s and released; this process was 30 

repeated once. The pot was then wrapped in a plastic bag to maintain humidity. The  31 



 

 149 

  1 

 

Figure 6-2: Protoplasts derived from Pisum sativum 
Panel shows protopasts produced from 14 day old pea seedlings imaged with 

light microscopy.  
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plants were returned to the growth chamber and plastic bags were removed after 24h.  1 

This transformation sequence is shown in Figure 6-3.Leaves were analyzed for 2 

fluorescence after 48 hours using a Leica SP8 confocal microscope; our analysis 3 

suggests that optimal visualization occurs between 48-72 hrs (data not shown). We 4 

visualized at pea leaves at 48 hrs post transformation using confocal microscopy (Figure 5 

6-4).  6 

6.2.4 Biolistic transformations 7 
All assays were performed essentially as described in (Chotewutmontri et al., 2012) and 8 

(Nelson, 2007). The PDS-1000/He Biolistic Particle Delivery System (Bio-Rad) was used. 9 

60 mg/mL of M-17 tungsten particles (onion) in 50% glycerol were prepared by vortexing 10 

with 70% ethanol for 10 min and rinsing 3 times with sterile water.  The plasmid vectors 11 

(pAN187 vectors) were coated on tungsten particles by incubating 10 µL of the tungsten 12 

solution with ~1 µg of plasmid DNA (<10 µL), 25 µL of 2.5 M MgCl2 and 5 µL of 200 mM 13 

spermidine. The coated particles were incubated for 20 min on ice, washed once in 70% 14 

ethanol and 3 times in absolute ethanol before being resuspended in 10 µL of absolute 15 

ethanol.  Macrocarriers (Bio-Rad) were coated with 10 µL of the tungsten-DNA mixture.  16 

Bombardment was performed using 1,100 psi overspeed discs (Bio-Rad).  As described 17 

in Section 6.2.1, adaxial epidermal peels or leek sections with intact epidermal sections 18 

were used where the adaxial surface was placed against the surface of a Murashige and 19 

Skoog Basal Media agar plate and kept at room temperature in the dark until analysis 20 

(14-16 hrs post bombardment unless otherwise noted).  21 

6.2.4 Leek epidermis transforms with a higher efficiency than onion epidermis 22 
We have focused on improving existing biolistic transformation protocols used in the 23 

Bruce lab.  Initially, we used previously established biolistics protocols to transform onion 24 

epidermis (Nelson, 2007). After 12-18 hours, we imaged this cells using epifluorescence 25 

microscopy and measured the distribution of YFP to generate a ratio of plastid:cytosol 26 

YFP signal localization (Chotewutmontri et al., 2012; Holbrook et al., 2016). This 27 

methodology allows us to indirectly determine levels of protein import to the plastid 28 

compared to the surrounding cytosol (Figure 4-3). A fluorescence ratio helps control for 29 

cell-to-cell variations in expression levels following biolistic transformation. When mutant 30 
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constructs are not correctly targeted to the plastid, we observe YFP fluorescence in the 1 

cytosol and other cellular compartments including the nucleus. Our current study 2 

improves several aspects of transient protein expression using commercial leeks (Allium 3 

ampeloprasum).   4 

Instead of forming a tight bulb like an onion, leeks produce a long cylinder of bundled leaf 5 

sheaths; there is a clear developmental greening along the leek cylinder. This can be 6 

advantageous, since both undifferentiated leukoplasts as well as differentiated 7 

chloroplasts are available for transformation. To test biolistic transformation, on leek 8 

epidermis tissue, we divided commercial leeks into three sections: Bottom (B), containing 9 

undifferentiated leucoplasts; Middle (M), containing a mixture of leucoplasts and 10 

chloroplasts; and Top (T) containing mostly differentiated chloroplasts (Figure 6-5A).  We 11 

first tested the transformation rate of leek epidermal tissue from Section M compared to 12 

onion epidermal tissue. We have previously characterized the highly reproducible plastid 13 

localization of this construct.  We analyzed 5 sections (about 1.5 x 105 microns2 each) 14 

and find that leeks show a significantly higher rate of transformation (p<0.0001) as 15 

compared to onion epidermis (Figure 6-5B-C and quantification shown in 6-5D).   We 16 

tested several aspects of transient protein expression. First we assessed the chlorophyll 17 

content of 5 leek sections (Figure 6-5A; 6-6A). Sections 4 and 5 correspond to “Top” 18 

region of the leek; section 3 corresponds to the “Middle” section, and sections 1 and 2 19 

correspond to the “bottom” section. Differentiated chloroplasts contain higher amounts of 20 

chlorophyll; there is a clear gradient in plastid differentiation based on the content of 21 

chlorophyll. We extended this analysis by assessing the protein content using BCA 22 

analysis (Thermo Fisher). We used RIPA buffer solubilization by dry weight of the section 23 

and graphed the measured total protein concentration.  We find that the sections have a 24 

nearly equal protein content (Figure 6-6B).  After initially observing that the rate of 25 

transformation was greatly improved in commercial leeks versus onions, we decided to 26 

more carefully test plastid protein localization.  We set up a series of basic fluorescence 27 

based localization assessments. First, we tested whether there was difference in plastid 28 

protein localization based on the section location within the bulb, as depicted in Figure 6- 29 

7A. We transformed the sections using biolistic transformation and quantified protein 30 

localization of WT SStp-YFP.   31 
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Figure 6-3: Transformation of pea tissue using Agrobacterium 
tumefaciens 
11 day old pea seedlings (1) were dipped into infilitration media 

containing 0.1 OD600 of Agrobacterium tummefaciens harboring our 

gene of interest (2). To ensure leaf infiltration, the dipped plant was 

placed into a chamber and vacuum was applied twice for 90s (3).  The 

vacuum infiltrated plant was covered in plastic for 24 hours to maintain 

humidity.  
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  1 Figure 6-4: Analysis of chloroplasts transformed with SStp-YFP 
using LSCM 
Agrobacterium transformed pea leaves expressing WT SStp-YFP and 

imaged using LightGate technology on the Leica SP8 confocal 

microscope.  Chlorophyll fluorescence is shown in red and YFP 

fluorescence is shown in yellow.  Bottom right panel shows a schematic 

of a leaf crossection.  White and yellow arrows correspond to transformed 

cells. Next we will develop methodology to accurately quantify the 

subcellular localization of TP-YFP proteins expressed in differentiated 

chloroplasts.  
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Figure 6-4 Continued 
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Although some variation in localization is expected, we find that the WT localization 1 

between sections is relatively consistent (Figure 6-7B). Next, we tested the timeframe of 2 

plastid protein localization. For this analysis, we selected M4 because this section 3 

represents a “middle” domain that is expected to have import attributes between the fully 4 

differentiated plastids in the “top” section and the undifferentiated leukoplasts in the 5 

“bottom” section. Starting at 2 hours post biolistic bombardment, we assessed as many 6 

cells as possible for fluorescence, in a section approximately 1 cm x 1 cm.  Starting about 7 

about 6 hours post transformation, many transformed cells could be identified. 8 

Fluorescence localization was still easy to identify at 30 hrs post-bombardment (Figure 6- 9 

7C). Thus, leek biolistics represents a flexible, simple to quantify transformation method 10 

for plastid localization.   11 

6.2.5 Leek plastids have a more uniform structure and lack stromules 12 
Previous research has identified that both abiotic and biotic stressors can contribute to 13 

the formation of stromules.  Stromules are thin, stroma-filled tubules that extend from the 14 

surface of all plastid types. These protrusions are highly dynamic, but the primary function 15 

of stromules remains unresolved (Natesan et al., 2005).  Because stromules extend into 16 

the cytosol surrounding the plastid, their presence can cause artifacts in our quantification 17 

methodology. We investigated the ultrastructure of leek and onion plastids transiently 18 

expressing SStpNT-YFP using confocal microscopy.  We find that onion plastids show a 19 

consistently higher occurrence of stromules as compared to leek plastids (Figure 6-8, 20 

compare top and bottom panels, stromules are denoted with a white arrow). Presence of 21 

stromules directly affects plastid versus cytosolic fluorescence ratios, as depicted in 22 

Figure 6-8B.  Both the leek and onion samples were transformed with the same WT 23 

construct, but including stromules in the quantification introduces an artifactually lower 24 

plastid:cytosol fluorescence ratio in the onion sample. We are currently working on 25 

protocols to further assess leek and onion ultrastructure using transmission electron 26 

microscopy.  27 

6.3 Discussion 28 
 Plastid protein import has been a focus of research for almost 40 years. By combining 29 

the in organello assays with in vivo microscopy, we can get a clearer picture of the factors 30 
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that influence precursor recognition and import. In organello assays use isolated pea 1 

chloroplasts and purified precursor protein. However, the ability to work with pea 2 

chloroplast in in vivo research is limited by the presence of chlorophyll.  In previous work, 3 

we have utilized onion epidermal leukoplasts, which are amenable to our quantification 4 

method described in Chapter 4 (Chotewutmontri and Bruce, 2015; Chotewutmontri et al., 5 

2012; Holbrook et al., 2016). Furthermore, some protein import studies utilize protoplasts 6 

derived from Arabidopsis thaliana (Lee et al., 2006; Lee, 2009). However, by developing 7 

protocols to use pea chloroplasts with in vivo microscopy, we would be able to better  8 

combine our in vivo and in organello work.  We can also use these protocols in the future 9 

to compare the efficacy of different quantification methods. In this methods study, we first 10 

developed a pea protocol to efficiently produce protoplasts based on methods derived 11 

from Zhang et al. (Zhang, 2011).  We find that several factors influence the production 12 

and quality of protoplasts, including the amount of plant tissue used initially and type of 13 

enzymes used. Removal of the epidermal layer appears to be critical. We also worked on 14 

improving methodology for the transient expression of SStp-YFP in pea seedlings using 15 

Agrobacterium tumefaciens. We find that using two rounds of vacuum infiltration greatly 16 

increases transformation rate.  We observed transformation in both epidermal cells 17 

(punctate labeling) as well as mesophyll cells (round cells) using Agrobacterium (compare 18 

top and bottom panels of Figure 6-4). 19 
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 1 
Figure 6-5: Biolistic transformation of commercial leeks is more 
efficient than biolistic transformation of onions 
A. Image depicts the structure of a commercially purchased leek.  Dashed 

lines denote the approximate sectioning points for Bottom (B), Middle (M) 

and Top (T) sections for biolistic transformation, discussed later in this work.    

B-C. Transient expression of chimeric SStpNt-YFP constructs in leek and 

onion were live-imaged using epi-fluorescence microscopy.  Top panel 

depicts GFP fluorescence and phase contrast representative images of 

transformed leek cells; C panels depict transformed onion cells.  Scale bar 

denotes 1400 microns. C. Quantification of the number of transformed cells 

(positive GFP staining) for 5 images (150,000 microns2  each). *** indicates 

conditions with a significantly higher transformation efficiency (p<0.0001) 

Unpaired t-test 
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Figure 6-5 Continued 
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Figure 6-6: Chlorophyll and protein content in leek sections 
A. Chlorophyll content approximation based on fluorescence in leek sections. 

Sections 4-5 correspond to “Top” region of the leek; section 3 corresponds 

to the “Middle” section, and sections 1-2 correspond to the “bottom” section. 

B. RIPA solubilized sections (corresponding to the sections in A) were 

analyzed using BCA analysis (Thermo fisher) for protein content. Measured 

protein content/mg of fresh weight (y-axis) was graphed by leek section 

number (x- axis) 
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Figure 6-6 Continued 
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Figure 6-7: In vivo localization analysis of WT SStp-YFP in leeks 
A. Image depicts approximate location of leek sections used for this study.  

3,4,5 denote the section location within the leek bulb. B,M,T denote “bottom,” 

“middle,” or “top,” respectively. See figure 6-2A.  B. Points show the ratio of 

plastid localized signal intensity/cytosolic localized signal intensity 8 hours 

post biolistic transformation of commercial leek sections. B, M, and T 

represent the bottom, middle and top sections of the leek as defined in A. C. 

Points show the ratio of plastid localized signal intensity/cytosolic localized 

signal intensity post biolistic transformation.  The number of hours post 

transformation is denoted on the X-axis. The results reflect the approximate 

signal intensity (YFP protein signal) of the SStpNT-YFP construct over time.  
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Figure 6-7 Continued 
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Figure 6-8: Confocal microscopy reveals the presence of stromules on 
onion plastids, but not leek plastids 
A. Transient expression of chimeric SStpNt-YFP constructs in leek and onion 

were live-imaged using confocal microscopy.  Top panel depicts GFP 

fluorescence of 3 representative images of transformed leek cells; bottom 

panels depict transformed onion cells. White arrows indicate stromules 

present on onion plastids. B. Bars show the ratio of plastid localized signal 

intensity/cytosolic localized signal intensity. ** indicate cells where WT 

SStpNt-YFP displays a significantly higher Plastid/Cytosol ratio (more plastid 

labeling) than cells where SStpNt-YFP is more localized in the cytosol. (N= 6 

cells per condition, p<0.001) Unpaired T-test 
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 Next, we will develop methodology to quantify plastid versus cytosolic expression of 1 

TP-YFP constructs in chloroplasts. Our analyses are made possible by improving imaging 2 

technology. We have recent access to the Leica SP8 LightGate microscope, new laser 3 

scanning confocal microscopy (LSCM) technology that greatly improves our ability to do 4 

complicated imaging.  Previously, we were technically limited to analysis of protein import 5 

in leukoplasts due to the interference of high chlorophyll autofluorescence in green 6 

differentiated chloroplasts versus the fluorescence of TP-YFP. LightGate allows us to filter 7 

out reflected light based on fluorescence lifetime, and thus detected signal is purely 8 

fluorescence emission. We can use this technology to greatly improve our understanding 9 

of protein import in differentiated chloroplasts; this methodology will also allow us to 10 

compare similarities and differences between import in different plastid types. Although 11 

differentiated chloroplasts have been used for many years in in organello analysis, it is 12 

clear that combining in vivo physiological data will allow us to see a clearer picture of 13 

plastid import (compare Figure 4-2 and 4-7).  14 

 We have also worked on improving biolistic transformation protocols in the lab. 15 

Unexpectedly, we find that use of commercial leeks instead of onions resulted in better 16 

transformation efficiency. Leeks are also useful because a gradient of plastid 17 

differentiation is available (Figure 6-5A). Furthermore, leeks appear to have a consistently 18 

lower rate of stromule formation. In previous studies, stromules have been hypothesized 19 

to be associated with nutrient recycling under stress conditions (Mathur et al., 2013; 20 

Natesan et al., 2005).   Because we are using commercially derived produce, it is difficult 21 

to predict the presence of stromules.  However, a lower rate of stromules makes accurate 22 

protein localization quantification much easier. Future biolistic research in the Bruce lab 23 

will focus on improving existing onion based biolistic protocols for use with leeks. 24 

Ultimately, our goal is combine our knowledge of protein import assays with new 25 

microscopy technology to move our trafficking research forward.  26 

 27 

 28 
 29 
  30 
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 1 

  2 
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 A great deal of research focus has been dedicated to plastid protein import.  The 1 

general import pathway balances the import of thousands of proteins while maintaining a 2 

high degree of specificity; this system is critical for organelle function. Our current 3 

research study has investigated several aspects of protein import; we focused on 4 

understanding both the physicochemical recognition elements of the TP as well as the 5 

mechanistic function of the TOC34 receptor component. The semi conserved FGLK 6 

domain appears to represent a central recognition element for the TP. Future work in the 7 

Bruce Lab will focus on the contributions of plastid OM membrane lipids and how they 8 

affect TP physicochemical elements.  9 

 Why do in organello and in vivo import results show some differences (compare Figure 10 

7-1 and Figure 7-2)? The heat maps shown in Figure 7-1 and 7-2 summarize our findings 11 

using in organello versus in vivo analyses; the X-axis correlates to the TP region tested 12 

and the Y axis shows the mutant proteins we tested.  Magenta color denotes a strong 13 

abrogation of WT TP recognition or import.  The difference between in organello and in 14 

vivo assays is a complex question that appears to involve the presence of cytosolic 15 

factors. Although cytosolic factors were shown to associate with some precursors and in 16 

certain cases increase import efficiencies, these factors were found to be non-essential 17 

both in organello (Dabney-Smith et al., 1999; Pilon et al., 1990) and in vivo (Aronsson et 18 

al., 2007; Hofmann and Theg, 2005c; Nakrieko et al., 2004). The rate of in organello 19 

protein import without cytosolic factors was also suggested to be sufficient to sustain 20 

chloroplast development (Pilon et al., 1992d). Our study (2016) combined detailed 21 

analysis of TP import using in organello and in vivo assays.  In organello analyses provide 22 

a highly quantitative and resolved biochemical insight while in vivo assays confirm a clear 23 

physiological role in living cells. However, it is clear that there are differential results 24 

between the in organello and in vivo results. Although mutagenesis of a single FGLK 25 

physicochemical domain shows a clear import defect in in vitro assays, mutagenesis of 26 

both domains is required to abrogate in vivo import. We hypothesize that cytosolic factors, 27 

which may somewhat aid in WT precursor targeting, are essential for the targeting of 28 

mutant proteins. To test this hypothesis, we plan to add cytosolic extract to our in 29 

organello assays to attempt to recapitulate our in vivo results. 30 
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 The TOC34/TOC159 receptor components represent a translocon “lock” and their 1 

unique mechanistic role in import requires further study. We have developed a strong 2 

basis for understanding plastid import, future detailed analysis of the components 3 

mediating cytosolic recognition, TOC assembly, and regulation of the import process will 4 

farther develop our understanding of plastid import. Furthermore, understanding how 5 

diverse TPs mediate the selective targeting and translocation of precursors will reveal 6 

important regulation and quality control elements of this pathway. The integration and 7 

balance of many different import pathways for a single organelle exemplifies the 8 

complexity of eukaryotic cells. In the future we plan to integrate our in vitro, in organello, 9 

and emerging methodologies for in vivo assays to develop a clearer picture of the plastid 10 

import cycle.  For example, the strong importance of TP basic residues (Chapter 4) may 11 

be related to the TOC34 GTP hydrolysis requirement for R133 (Chapter 3) (Figure 7-3).  12 

In summary, emerging studies that integrate the assembly and regulation of the plastid 13 

import pathways will contribute to uncovering the mechanisms that mediate the plasticity 14 

of organelle development. 15 

 16 
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Figure 7-1: In organello heat map 
Heat map summarizes in organello experiments described in Chapter 4. 

The X axis corresponds to the TP sequence; Y axis shows mutants tested 

in these experiments.  Magenta color corrlates to a strong abrogation of 

WT TP recognition or import.  
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Figure 7-2: In vivo heat map 
Heat map summarizes in organello experiments described in Chapter 4. The X 

axis corresponds to the TP sequence; Y axis shows mutants tested in these 

experiments.  Magenta color corrlates to a strong abrogation of WT TP 

recognition or import.  
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Figure 7-3: Potential requirement for positive charge in TP recognition 
Cartoon schematic showing hypothesized interaction between TP and TOC34, 

highlighting the importance of both TP basic residues and the importance of 

R133 in the TOC34 GTPase cycle. GDP is shown in green ball-and-stick format. 

TOC34 crystal structure is shown as a blue ribbon diagram; R133 is shown as 

a gray-spacing filling model.  
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