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Tat (twin arginine translocation) systems transport proteins in folded conformation 

across prokaryote and prokaryote-derived membranes without breaching the 

permeability barrier. The machinery consists of three components in the photosynthetic 

thylakoid membrane. Multiple copies of Hcf106 and cpTatC form a receptor complex 

that recognizes the twin arginine signal peptide of precursor proteins. cpTatC is the 

primary receptor component. After precursor proteins bind to the receptor complex, 

Tha4, thought to facilitate transmembrane passage, assembles as a homo-oligomer 

with the precursor bound receptor complex and the precursor protein is transported 

across the membrane. 

Here, we used saturation binding analysis of the OE17 precursor and transport 

kinetics to determine the stoichiometry of Tat components for binding and transport. For 

these studies we developed a novel quantitative immunoblotting method that uses 

radiolabeled full-length proteins as standards of known concentration to quantify 

endogenous Tat components with an error of 5-8%. Three separate approaches 

showed that each cpTatC non-cooperatively binds a precursor protein, suggesting that 

a fully occupied receptor complex binds 8 precursor proteins. Transport kinetics of 
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bound precursor showed that precursor-bound sites are independently functional for 

transport and that, with sufficient Tha4, the translocation step obeys first order kinetics 

with a kcat ~0.3 min-1. Analysis of transport rate as a function of the Tha4 concentration 

identified a breakpoint in the relationship, indicating that 28 Tha4 protomers is the 

minimal oligomer for transport of a single OE17 precursor protein. These results offer 

insight into the yet undetermined translocation mechanism of the Tat system and a 

means to test current hypotheses for the transmembrane passage of precursor proteins. 
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CHAPTER 1 
PROTEIN TRANSPORT ACROSS BIOLOGICAL MEMBRANES AND THE 

MECHANISTIC ROLE OF OLIGOMER FORMATION 

Overview 

Our understanding of protein translocation systems has deeply changed in the last 

decade. Crystal structures and elegant biochemical studies of protein transport in 

organelles, the endoplasmic reticulum (ER) and the cytoplasmic membrane of 

prokaryotes are unraveling an unexpected level of complexity and sophistication in the 

targeting and localization of proteins. Emerging evidence from different protein transport 

systems suggests that homo-oligomers play different roles in the molecular machineries 

that constitute the active translocases. In some cases, oligomers provide docking 

platforms that stabilize interactions playing an indirect function during translocation. In 

other instances, homo-oligomeric assemblies have been proposed as the mechanism 

for transient pore formation, playing a key role in protein transport. Other functions could 

also arise for homo-oligomers in protein transport. For example, in other systems not 

related to protein translocation, homo-oligomers allow allosteric cooperativity and 

provide multivalent active sites in enzymes among other functions. Here, we will review 

the current knowledge about the role of homo-oligomeric assemblies in protein transport 

systems and its implications in the mechanisms of protein translocation. 

Introduction 

Protein targeting and localization have been essential features of life since 

membranes appeared as the boundary defining elements that created different 

subcellular compartments. The new barriers imposed by membranes allowed cells to 

modify and optimize each compartment for specific functions and metabolic reactions. 

This process of compartment specialization most likely occurred in parallel to the 



 

15 

development of membrane protein insertion systems (Bohnsack and Schleiff, 2010). 

Proteins spanning the membrane bilayer were necessary to control the concentration 

and composition of each compartment and allowed the communication between them 

and the external environment. Phylogenetic and bioinformatic studies suggest that 

membrane transporters arose from small peptides consisting of single and double 

transmembrane domains (TM) that could oligomerize to create structures able to 

transport small molecules across the membrane (Saier, 2003). These peptides probably 

inserted “spontaneously” into the lipid bilayer through their hydrophobic TM domains, 

giving rise to the first targeting signals in the primordial cell (Blobel et al., 1980; 

Pohlschröder et al., 2005). Later in evolution, intragenic duplication events allowed 

small molecule transporters to evolve into larger and more complex structures that had 

soluble domains to interact specifically with substrates or other proteins (Saier, 2000). 

This enabled a new variety of functions in membrane transporters that ultimately gave 

rise to the protein translocation machineries we find in modern day prokaryotes and 

eukaryotes (Pohlschröder et al., 2005). 

Sec Protein Transport  

Sec systems are universally conserved and constitute the major route for protein 

insertion and secretion in the cell. The Sec channel is a heterotrimer complex formed by 

Sec61αβγ in eukaryotes and SecYEG in bacteria. The Sec61α subunit in eukaryotes 

and SecY in bacteria form the Sec channel, an hourglass shaped channel through 

which proteins are threaded in an unfolded conformation (Rapoport, 2007). The Sec 

channel is a central but passive component that requires the interaction with other 

partners for transport of proteins across or into the membrane. Some of these 

interactions result in Sec-channel oligomers that provide specific functions. 
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During cotranslational transport the Sec channel associates with ribosomes to 

translocate proteins as they are translated and emerge from the ribosome. This mode of 

translocation is especially important for integral membrane proteins that are more likely 

to aggregate if released in a hydrophilic environment. In cotranslational transport the 

signal peptide is recognized by SRP as it emerges from the ribosome (Luirink and 

Sinning, 2004). Upon SRP binding, translation halts until the SRP-ribosome complex 

docks with the SRP receptor in the membrane (Gilmore et al., 1982). After this, the 

ribosome is transferred to a Sec channel, translation resumes and TM domains are 

laterally released into the lipid bilayer (Rapoport, 2007). At some point in the process 

that is not yet clear, the ribosome-Sec channel complex associates with three other 

unoccupied Sec channels forming a tetramer that can be visualized by electron cryo-

microscopy of arrested translating ribosomes (Ménétret et al., 2005; Osborne et al., 

2005). In this oligomeric arrangement, it is thought that only one Sec channel serves to 

translocate the preprotein and the others participate in the interactions with the 

ribosome, possibly providing more stability to the complex. 

Oligomers of Sec channels also seem to play an important role in posttranslational 

transport. In this mode of transport, preproteins are kept in a transport competent 

conformation by chaperones and directed to the Sec channel. In bacteria, binding of the 

ATPase SecA to the preprotein and association with the SecYEG translocase promotes 

cycles of ATP hydrolysis that drive protein transport (Economou and Wickner, 1994). It 

has been proposed that precursor translocation by SecA occurs by a pushing 

mechanism, in which SecA ATP driven conformational changes result in binding and 

release of the precursor and vectorial movement through the Sec channel (Rapoport, 
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2007). Evidence of Sec channel oligomers in posttranslational transport comes from 

crosslinking studies in bacteria where two SecY copies were fused in tandem with one 

copy carrying an inactivating mutation that could be rescued with a WT SecY second 

copy (Osborne and Rapoport, 2007). Interestingly, the rescued SecY could be 

crosslinked to the signal peptide and mature domain of the preprotein and the WT copy 

to SecA indicating that only one copy serves as the channel while the other serves as a 

docking platform for SecA. In eukaryotes, posttranslational transport occurs by a 

ratcheting mechanism where BiP, an ER lumen ATPase, is recruited to the Sec channel 

and binds to the incoming preprotein in the trans side of the membrane (Panzner et al., 

1995). In this mode of transport, the preprotein is thought to move through the channel 

by Brownian motion and BiP binding would prevent backsliding and allow a net forward 

movement into the ER (Rapoport, 2007). Although, no direct evidence for Sec channel 

oligomers has been found in posttranslational translocation in eukaryotes, it is 

conceivable that a similar mechanism is in place for BiP docking and binding to the 

incoming preprotein. 

Organelle Protein Import Systems 

Organelles are eukaryotic inventions that play different fundamental roles in the 

cell's metabolism. They are characterized for being membrane enclosed internal 

compartments in the cell, and therefore require protein translocation systems to 

correctly localize their protein complement. For the endomembrane system organelles 

and the peroxisomes, this is at least partially accomplished by trafficking of vesicles that 

contain proteins integrated into their membranes or cargo proteins that have been 

translocated by the Sec system into the ER (Pfeffer and Rothman, 1987). In this way, 
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the Sec translocase and a complex protein and vesicle sorting system directly 

participate in the biogenesis and maintenance of these organelles. 

Prokaryotic derived organelles, namely mitochondria and plastids, retain a 

functional genetic system and translation machineries. However, ~99% of the protein 

coding genes were transferred to the host nucleus, and thus require relocation to their 

original compartments (Wickner and Schekman, 2005). Vesicle transport was not an 

ideal system for these organelles since simple vesicle fusion would not directly allow 

access to the inner compartments of these organelles (Gross and Bhattacharya, 2009). 

To address this issue, eukaryotic cells developed new protein transport systems that 

are able to target newly synthesized proteins to all subcompartments of prokaryote 

derived organelles. 

Mitochondrial Protein Import Systems 

Proteins encoded in the nucleus and translated on cytosolic ribosomes are 

targeted to the mitochondrial surface by two classes or targeting signals: N-terminal 

cleavable signals or discrete internal signals distributed along the mature domain of the 

protein (Dolezal et al., 2006; Neupert and Herrmann, 2007). The first step in protein 

import into mitochondria is mediated by the Translocase of the Outer Membrane (Tom) 

complex. The Tom complex is composed of several membrane proteins that can be 

divided in two groups according to their function: receptors and channel-forming 

proteins. The receptors Tom20 and Tom70, specialize in recognizing preproteins 

containing N-terminal cleavable presequences or internal targeting sequences 

respectively (Neupert and Herrmann, 2007). The central component that forms the Tom 

channel is Tom40, which is predicted to have a β-barrel structure. Interestingly, 

individual Tom40 channels appear to form dimers as suggested by single particle 
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imaging of solubilized complexes (Kunkele et al., 1998). Based on the molecular weight 

of the Tom complex, it was suggested that each Tom channel contains more than one 

copy of Tom40 (Kunkele et al., 1998), hence oligomerization of Tom40 molecules plays 

a dual role in the biogenesis of the Tom complex, i.e. in the formation of individual Tom 

channels and in the assembly of the active Tom complex with two Tom channels. 

Dimers or trimers of porins and channels in the outer membrane of prokaryotes and 

prokaryote-derived organelles are not rare but is surprising that Tom40 developed this 

ability considering it is a β-barrel of eukaryotic origin (Dyall et al., 2004). After receptor 

binding, preproteins are released from cytosolic chaperones and cross the Tom channel 

by walking through a sequence of binding sites with increasing affinity along the channel 

(Komiya et al., 1998). It is still not clear if Tom channels can be active simultaneously or 

if, as in Sec channel dimers, only one copy is active while the other plays a 

complementary role during translocation. 

After crossing the outer membrane, preproteins destined to the mitochondrial 

matrix and the inner membrane associate with the receptors of the Tim23 translocase of 

the inner membrane, Tim23 and Tim50 (Chacinska et al., 2009; Dolezal et al., 2006; 

Neupert and Herrmann, 2007). The Tim23 complex contains equimolar amounts of 

three proteins: Tim23, Tim17 and Tim44 (Moro et al., 1999) two of which have been 

shown to form dimers. Tim23 transiently forms dimers through the N-terminal receptor 

domain that is exposed to the inter membrane space (Bauer et al., 1996). Dimer 

formation requires the membrane electric potential and presequence recognition causes 

Tim23 dimers to dissociate and to presumably open the channel (Bauer et al., 1996). 

The C-terminal domain of Tim23 was shown to form channels when reconstituted into 
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lipid bilayers (Truscott et al., 2001); whether Tim23 also dimerizes to form the channel 

hasn't been directly demonstrated. In the matrix side of the inner membrane, Tim44 also 

forms dimers. Tim44 is a peripheral membrane protein that recruits mtHsp70, an 

ATPase that is a key component of the import motor in the Tim23 complex. Dimers of 

Tim44 provide a double docking platform for two mtHsp70 proteins to allow efficient 

transport of preproteins by a ratcheting mechanism similar to BiP in the ER (Moro et al., 

1999). To complete transport, the protein Mge1 triggers the exchange of ADP by ATP in 

mtHsp70 and the release of the preprotein in the matrix were the presequence is 

cleaved by the matrix processing peptidase (Gakh et al., 2002). Alternatively, 

preproteins destined to the inner membrane can be laterally released and integrated by 

a stop transfer mechanism (van Loon et al., 1986). 

Two other pathways can localize preproteins to the inner membrane of 

mitochondria. In the conservative pathway the bacterially conserved oxidase assembly 

(Oxa1) machinery allows membrane insertion of preproteins that were fully translocated 

into the matrix (Hartl et al., 1986). Oxa1 has 5 predicted TM domains and it is proposed 

to form the core of the translocase. Interestingly, Oxa1 proteins have been shown to 

form homo-dimers that can cotranslationally integrate inner membrane proteins 

encoded in the mitochondrial genome (Hell et al., 2001; Kohler et al., 2009). The 

interactions between Oxa1 dimers and the ribosome show significant parallels to the 

SecYEG system, presumably with similar mechanistic implications. Alternatively, 

preproteins lacking a presequence can be directly transferred from the Tom complex to 

a different inner membrane translocase, the Tim22 complex, which is specialized in 

integration of solute carrier proteins (Neupert and Herrmann, 2007). In this pathway, a 
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group of small Tim proteins are essential to prevent aggregation of carrier proteins while 

they are in the intermembrane space (Webb et al., 2006). The Tim22 complex was 

reconstituted into planar lipid bilayers after affinity purification and showed 

conductances characteristic of two coupled pores (Rehling et al., 2003). The two pore 

structure was confirmed by single-particle electron microscopy (Rehling et al., 2003). 

Upon incubation of reconstituted Tim22 complex with P2 peptide from the phosphate 

carrier, one of the channels showed rapid gating activity while the other was closed. 

From these results it was proposed that the Tim22 complex is composed of two 

channels that coordinately open and close, one at a time, to integrate carrier proteins 

into the inner membrane. 

The outer membrane of the mitochondrion is derived from its prokaryotic ancestor 

and most of its proteins have a β-barrel structure. β-barrel membrane proteins are 

translated in the cytosol, transported through the Tom complex and inserted into the 

outer membrane with assistance of the sorting and assembly machinery, the Sam 

complex (Wiedemann et al., 2003). The core component of the Sam complex is Sam50, 

which has a predicted β-barrel structure and the ability to form channels when 

reconstituted into lipid bilayers (Paschen et al., 2003). The oligomeric state of Sam50 is 

unknown but its bacterial homolog, Omp85, was shown to form ring shaped particles in 

liposomes that when analyzed by BN-PAGE appear as dimers, trimers and possibly 

tetramers (Robert et al., 2006). The mechanism of β-barrel protein insertion and 

assembly in the mitochondrial and bacterial outer membrane remains largely unknown. 

It has been suggested that unfolded preproteins bind to the POTRA domains of Omp85 

by β-strand augmentation and that insertion into the membrane occurs at the interface 
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of Omp85 with the membrane (Hagan et al., 2010).The role of oligomeric assemblies in 

β-barrel membrane protein insertion remains to be elucidated. 

Chloroplasts Protein Import Systems 

Access of precursor proteins to the chloroplast is facilitated by the translocases of 

the outer and inner envelopes, Toc and Tic, respectively (Kouranov et al., 1998; Schnell 

et al., 1994). Targeting signals, called transit peptides, efficiently direct cytosolic 

precursor proteins to the chloroplast despite their variability in length and primary 

sequence (Li and Chiu, 2010). Two receptor components, Toc159 and Toc34 

collaborate in the recognition and delivery of precursor proteins to the Toc75 channel. 

The exact roles of the two receptors are still a matter of debate, however, evidence from 

different studies suggest that Toc159 provides the initial recognition site and Toc34 

facilitates the transfer of the precursor to the channel and translocation across the outer 

envelope in a GTP hydrolysis dependent manner (Kessler et al., 1994; Schleiff and 

Becker, 2010; Young et al., 1999). Toc75, a chloroplast homolog of Omp85 in bacteria, 

can be reconstituted into planar lipid bilayers and displays conductance characteristics 

of a single pore (Hinnah et al., 1997; Hinnah et al., 2002). Similar to its bacterial 

homolog, Toc75 has a predicted β-barrel structure as indicated by circular dichroism-

spectroscopy, topology studies and prediction programs (Hinnah et al., 1997; 

Sveshnikova et al., 2000). Despite the electro-physiological evidence of Toc75 forming 

a single pore channel, the oligomeric state and the organization of the Toc complex and 

in particular of Toc75, remain controversial. BN-PAGE and size exclusion 

chromatography suggested that the stoichiometry and composition of the Toc complex 

is 1:3:3 (Toc159:Toc75:Toc34) (Kikuchi et al., 2006). On the other hand, single particle 

EM reconstructions of purified Toc complexes show a larger ring with an internal finger-
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like structure that divides it into four equal regions (Schleiff et al., 2003). The resolution 

of the reconstruction is not sufficient to distinguish between 4 individual Toc75 channels 

or one channel composed of 4 Toc75 proteins. Interestingly, the reconstituted Toc 

complex was able to bind 4 nanogold-labeled transit peptides in a GTP dependent 

manner, favoring the idea of a Toc complex with 4 independent channels (Schleiff et al., 

2003). 

Import of precursor proteins into the chloroplast stroma requires the coordinated 

work of the Toc and Tic complexes. At the inner envelope membrane, Tic20 and Tic21 

are thought to form the channel for translocation of precursor proteins into the 

chloroplast stroma (Kikuchi et al., 2009; Kouranov et al., 1998). Tic110, a membrane 

protein component of the Tic complex, has been proposed to play a dual role as 

receptor and channel forming protein (Balsera et al., 2009; Inaba et al., 2003). However, 

Tic110 topology and function are still controversial and need further confirmation (Li and 

Chiu, 2010). As opposed to the Toc channel, the Tic channel most certainly consists of 

α-helical TM segments contributed by two or possibly three different proteins. At the 

stromal side of the inner envelope, two heat shock proteins, Hsp93 and Hsp70, have 

been proposed to serve as the motor for protein translocation into chloroplasts (Nielsen 

et al., 1997; Shi and Theg, 2010; Su and Li, 2008). After crossing the inner envelope, 

the transit peptide is cleaved off by the stromal processing peptidase (SPP) (Richter 

and Lamppa, 1998). Once in the stroma, precursor proteins can fold if targeted to this 

compartment or they can be further directed to the thylakoid membrane by distinct 

translocation pathways. 
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Thylakoid Protein Import Pathways 

Precursor proteins targeted to the thylakoids can be nuclear or chloroplast 

encoded and they can be inserted into the membrane or translocated into the lumen by 

one of four bacterially conserved translocation pathways: cpSec, cpTat, Alb3 and the 

spontaneous pathway (Jarvis and Robinson, 2004; Keegstra and Cline, 1999). Signal 

peptides exposed after SPP processing interact with soluble or membrane-bound 

receptors that direct them to the thylakoid translocation machineries. Considering our 

limited mechanistic understanding of Alb3 and cpSec systems, we will only review cpTat 

of the thylakoid translocation machineries. 

Twin Arginine Translocation System in Thylakoid Membranes 

The twin arginine translocation system, called Tat, transports folded proteins 

across the thylakoid membrane in chloroplasts and the cytoplasmic membrane in 

prokaryotes. Tat systems employ the proton motive force as the sole source of energy 

for protein transport (Berks et al., 2003; Cline and McCaffery, 2007; Lee et al., 2006; 

Müller and Klösgen, 2005). These unusual features differentiate Tat from other protein 

translocation systems that transport unfolded proteins and are energized by NTP 

hydrolysis. 

Three membrane proteins are the components of Tat systems: cpTatC, Hcf106 

and Tha4 in thylakoids or their bacterial orthologs TatC, TatB and TatA, respectively. 

These components are organized in homo and hetero oligomers that have been 

proposed to play crucial roles in the mechanism of protein transport. cpTatC and Hcf106 

form a receptor complex that directly recognizes precursors carrying Tat signal 

peptides. The receptor complex has been characterized in detergent extracts as a 

multimeric complex of 500 to 700 kDa that contains only cpTatC-Hcf106 (TatB-TatC) in 
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a 1:1 molar ratio, suggesting ~7-8 copies of each component per complex (Bolhuis et 

al., 2001). Site directed crosslinking studies identify TatC as the primary receptor for the 

twin arginine signal peptide (Alami et al., 2003; Gérard and Cline, 2006), suggesting 

that each receptor complex could potentially bind 7-8 precursor proteins, although this 

notion has been a matter of recent debate and still remains unanswered. Support for the 

multivalent receptor model comes from a study of the thylakoid Tat system that showed 

that precursor proteins containing double cysteines in the mature domain form dimers 

and tetramers upon binding to single receptor complexes and are transported as 

oligomers (Ma and Cline, 2010). On the other hand, a structural study of E. coli 

precursor protein-bound receptor complexes suggested a maximum of two binding sites 

per complex (Tarry et al., 2009). However, the two bound precursors invariably were 

positioned next to each other forming a ~50° angle with respect to the center of the 

TatBC complex. Considering this, a potential of ~7 binding sites can be inferred in the E 

coli receptor complex. 

Tha4 (TatA) forms a separate homo-oligomeric complex that varies in size 

according to the stage of protein transport (Dabney-Smith and Cline, 2009; Dabney-

Smith et al., 2006; Leake et al., 2008). Binding of the precursor protein in the presence 

of the proton motive force triggers Tha4 assembly with the receptor complex to form the 

translocase (Mori and Cline, 2002). Tha4 is thought to facilitate some kind of 

passageway across the lipid bilayer possibly through a transient or gated channel. The 

proton gradient is needed for Tha4 assembly and presumably for the translocation step, 

since a proton counterflow is tightly coupled to protein transport (Alder and Theg, 

2003a). Tat substrates vary in size from ~2 kDa to over 100 kDa, meaning that the Tat 
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channel has the ability to adjust its internal diameter according to the passenger protein 

(Berks et al., 2000). The current knowledge about the role of Tha4 (TatA) oligomers is 

ambiguous. TatA was initially thought to exist as a collection of homo-oligomers of 

different sizes (Gohlke et al., 2005). One school of thought suggested that such 

oligomers were selectively recruited to fit the size of the folded substrate (Sargent et al., 

2006). However, in vivo and biochemical experiments dispute this earlier hypothesis. 

Real-time imaging of TatA-YFP in cells lacking a TatBC receptor showed a diffuse 

population of tetrameric TatA, whereas in cells containing a functional TatBC and Tat 

substrates, large TatA aggregates were seen that vary in size with a median of ~ 25 

TatA protomers (Leake et al., 2008). Similarly, Cys-Cys crosslinking studies with 

thylakoid membranes show evidence of Tha4 tetramers with transmembrane domain 

contacts until stimulated to transport proteins, whence Tha4 oligomerizes through the 

carboxyl tails and forms oligomers containing at least 18 protomers (Dabney-Smith and 

Cline, 2009). The transient nature of Tha4 higher-oligomers has prevented a further 

characterization and study of its role in protein transport. Until now it has only been 

hypothesized that Tha4 oligomers vary in size to transport precursors of different 

diameters, however, the functional size of the Tha4 oligomer remains elusive. Similarly, 

Tha4 assembly with the receptor complex is still poorly understood. 

Peroxisome Protein Import Systems 

Proteins targeted to the peroxisome can be localized by two distinct pathways: the 

ER pathway and the peroxisome importomer pathway (Ma et al., 2011). Most 

peroxisomal membrane proteins are first integrated into the ER membrane by the 

Sec61 translocase and directed to existing peroxisomes by vesicle trafficking (Platta 

and Erdmann, 2007). ER derived vesicles not only contribute to peroxisome 
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maintenance but they can also de novo generate mature peroxisomes as indicated by 

real-time in vivo fluorescent microscopy studies in cells initially devoid of peroxisomes 

(Hoepfner et al., 2005). Targeting of peroxisome matrix proteins involves the 

coordinated action of multiple soluble and membrane integral complexes that 

collectively form the peroxisome importomer. Similarly to the Tat transport system, the 

peroxisome importomer machinery is capable of translocating folded and even 

oligomeric complexes into the peroxisome matrix without compromising the permeability 

barrier (Ma et al., 2011). Cytosolic cargo proteins containing peroxisome targeting 

signals, PTS1 or PTS2, are recognized by soluble receptors, Pex5 and Pex7 

respectively (Purdue et al., 1998; Stanley and Wilmanns, 2006). Cargo-receptor 

complexes are then directed to the peroxisome membrane where they are recognized 

by the docking complex. The docking complex is composed primarily of Pex13 and 

Pex14 (Platta and Erdmann, 2007). Following docking, the assembled importomer 

translocates the cargo by an still unknown mechanism (Ma et al., 2011).The absence of 

an electro-chemical potential across the peroxisome membrane and the fact that no 

NTPs are required during the translocation step, has led to the hypothesis that protein-

protein interactions could provide the energy necessary for protein translocation 

(Azevedo and Schliebs, 2006; Oliveira et al., 2003). After cargo release into the matrix, 

receptor proteins are recycled back in the cytosol by the recycling complex in a process 

that involves ATP hydrolysis and ubiquitination of receptor proteins (Platta et al., 2005). 

Homo-oligomers of two Pex proteins, Pex5 and Pex14, have been proposed to be 

the structural components of the importomer channel and to participate in cargo 

translocation. Pex14, a major component of the docking complex, was first suggested to 
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form homo-oligomers in a yeast two hybrid screen (Brocard et al., 1997). This was later 

confirmed for endogenous and recombinant Pex14 that were shown to form homo-

oligomers of different sizes, from dimers to octamers, by chemical cross-linking and 

sedimentation assays (Itoh and Fujiki, 2006). In this study, a conserved coiled-coil 

domain in Pex14 was shown to be required for oligomerization. The topology of Pex14 

is still controversial. Membrane extraction and protease protection assays in most 

organisms suggest that Pex14 is an integral membrane protein, however, in S. 

cerevisiae Pex14 can be extracted from the membrane at a pH 11.5 (Azevedo and 

Schliebs, 2006). Although Pex14 topology is still controversial, its predicted 16-residues 

TM domain and its ability to oligomerize make it a good candidate for being a structural 

element of the cargo conducting channel (Azevedo and Schliebs, 2006). The oligomeric 

state of the receptor Pex5 in its cytosolic form has been a matter of recent debate with 

some studies supporting a monomeric form and others a tetrameric form. Support for 

monomeric Pex5 comes from structural studies using in solution small angle x-ray 

scattering (Shiozawa et al., 2009). On the other hand, evidence for tetrameric Pex5 

comes from in vivo studies using the split-ubiquitin technique that reported Pex5:Pex5 

interactions in yeast (Eckert and Johnsson, 2003) and from in vitro assays with 

recombinant Pex5 appearing as tetramers by sizing chromatography (Schliebs et al., 

1999). Recently, structural and functional roles for Pex5 and Pex14 homo-oligomeric 

assemblies were suggested after the reconstitution of a minimal peroxisome importomer 

(Meinecke et al., 2010). In this study, affinity purified yeast complexes contained Pex5 

and Pex14 in a 1:1 ratio and when reconstituted into planar lipid bilayers displayed a 

channel activity induced by cargo-receptor interactions. Interestingly, the observed 
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conductances varied with the size of the cargo-receptor complex used in the assay 

showing a maximum pore size of 9 nm for a cargo-receptor complex of 750 kDa. 

Considering the apparent size of the pore-forming complex, 600-800 kDa, it was 

proposed that Pex5 and Pex14 must form some kind of homo and/or hetero-oligomeric 

assembly at the open pore (Meinecke et al., 2010). The docking domain of Pex5 in the 

cargo-receptor complex is mainly unstructured in solution (Carvalho et al., 2006) but 

has the potential to form up to 5 amphipathic helices upon docking that could display 

pore forming properties and contribute in the formation of the transient pore (Meinecke 

et al., 2010). 

Conclusions 

Protein oligomerization is a common phenomena in cellular systems. In fact, a 

survey of the Protein Data Bank in 1993 indicated that ~35% of the proteins in a cell are 

oligomeric (Jones and Thoronton, 1996), and of those, most are homo-oligomers 

(Goodsell and Olson, 2000). Oligomers can be classified according to their composition 

(homo or hetero-oligomers), their duration and strength (stable or transient), their ability 

to respond to stimuli (pH, nucleotide binding, membrane binding, phosphorylation, etc) 

and their mode of interaction (indefinite or discrete) among others (Ali and Imperiali, 

2005). These features enable oligomeric complexes to play essential roles in processes 

such as cell division (microtubules), vesicle trafficking (actin filaments), membrane 

fission (dynamins), and energy transduction (ring motors), that monomeric proteins 

would not be able to perform. 

Homo-oligomers of membrane proteins are best characterized in complexes of the 

bacterial outer membrane. The functions of some of these multimeric complexes include 

catalytic cooperativity (OmpLA), active sites multivalency (trimeric autotransporters), 



 

30 

and structural scaffolding (TolC) (Meng et al., 2009). Homo-oligomeric complexes 

involved in protein translocation systems show specific functions that include: increased 

stability (Sec channels), coordinated transport activity (Tim22), and transient pore 

formation (Tat and peroxisome importomer). A detailed characterization of the role of 

homo-oligomeric assemblies in Tat systems is fundamental for understanding the 

mechanism of protein translocation. Of special interest is the functional size and 

dynamics of Tha4 (TatA) oligomers, the component thought to facilitate protein 

movement across the membrane.  
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CHAPTER 2 
METHOD DEVELOPMENT FOR MEMBRANE PROTEIN QUANTIFICATION  

Summary 

Low abundance membrane proteins are difficult to quantify with any accuracy. 

Absolute mass spectrometry and immunoblotting are typical methods of choice. We 

found that immunoblotting using soluble antigens as standards was very inaccurate due 

to differential behavior of antigen and membrane protein with respect to electroblotting 

and antibody reactivity with blots. A novel method was developed that employs 

radiolabeled in vitro translated full-length membrane proteins as standards that are 

quantified by radiolabel counting. Proof-of-concept experiments with three different 

membrane proteins indicated an error of 5 to 8%, a dramatic improvement over 

previous methods. Our method is generally applicable, requiring only a good antibody, 

relevant cDNA, and a commercial or homemade in vitro translation system. Moreover, it 

is simple, inexpensive, and can be used for routine analysis. 

Introduction 

Membrane proteins represent ~26% of the proteome in eukaryotes (Fagerberg et 

al., 2010). They play many essential roles in signaling, transport, and biogenesis in 

different organelles and subcellular domains. Recent advances in methods such as 

fluorescent microscopy, mass spectrometry, and specific attachment of probes and 

tags, have greatly improved our understanding of their functions (Gingras et al., 2007; 

Joo et al., 2010). However, knowledge of membrane protein function and mechanism 

still trails behind their soluble counterparts. This is mainly explained by the difficulties in 

obtaining structural information, in expression and purification protocols, and in 

developing in-vitro reconstituted assays, among others. A fundamental step towards 
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understanding membrane protein function is to develop quantitative methods to 

accurately measure the concentration of membrane proteins, especially low abundance 

membrane proteins. Such a method would enable studies of their stoichiometry in the 

membrane and in solubilized complexes. Only a few methods have been developed to 

quantify membrane proteins. These include absolute mass spectrometry quantification 

and quantitative immunoblotting (Barnidge et al., 2003; Gerber et al., 2003). Absolute 

mass spectrometry quantification requires access to a LC MS/MS mass spectrometer 

with multiple reaction monitoring capabilities (MRM) and a considerable investment in 

time and money simply to prepare for the measurement. On the other hand, quantitative 

immunoblotting can give accurate measurements of membrane protein, but requires 

appropriate standard proteins. 

We have investigated methods for quantifying the membrane protein components 

of the Twin arginine translocation system (Tat) present in the thylakoids of chloroplasts 

and the cytoplasmic membrane of prokaryotes. Thylakoid translocases are low 

abundance membrane proteins that play a critical role in the targeting and localization of 

lumenal and membrane integrated proteins (Cline and Theg, 2007; Henry et al., 2007). 

Their components are typically present in tens of thousands per thylakoid, compared to 

the proteins of the photosynthetic complexes, which are present at ~ 1 million copies 

per thylakoid. To date, study of translocase components has primarily been limited to 

qualitative methods with a few examples of semi-quantitative studies (Jack et al., 2001; 

Jakob et al., 2009; Mori et al., 2001). The Tat system consists of three membrane 

proteins, called cpTatC, Hcf106 and Tha4 in thylakoids and TatC, TatB and TatA in 

bacteria. Precursor proteins transported by Tat are first recognized by the receptor 
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complex, a ~700 kDa complex formed only by cpTatC and Hcf106. In the presence of a 

proton gradient, a Tha4 oligomer is recruited to the precursor-bound receptor complex 

and the precursor is transported by a still unknown mechanism. Different models 

propose that Tha4 would serve as the precursor passageway across the membrane 

(Bruser and Sanders, 2003; Sargent et al., 2006). Previous quantifications of Tat 

components in pea chloroplasts and E. coli by different semi-quantitative methods have 

produced components stoichiometry that support this model (Jack et al., 2001; Mori et 

al., 2001). However, a recent study of Arabidopsis thylakoids, using similar methods, 

found a very different stoichiometry that questioned the proposed role for Tha4 (TatA) 

as the protein-conducting channel (Jakob et al., 2009). In addition to the debate on 

Tha4's role in protein transport, the lack of quantitative information regarding the 

number of binding sites in the receptor complex and the functional size of the Tha4 

oligomer, limits our understanding of the mechanism of Tat transport. 

Here, we modified the traditional semi-quantitative immunoblotting protocol to 

have an accurate and reliable way of quantifying Tat components and precursor 

proteins. The method is relatively simple and generally applicable to membrane and 

soluble proteins alike, provided that antibodies to the proteins are available. The method 

uses radiolabeled in vitro translated full length Tat components as standards of known 

concentration. The concentration of standards is determined after isotope dilution 

experiments to estimate the specific radioactivity of the tracer amino acid present in the 

wheat germ (WG) extract used for in vitro translation. Protein concentrations in test 

samples are estimated by immunoblotting and densitometry analysis within the linear 

range of standards. The accuracy of the method was dramatically improved by using 
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full-length proteins as standards and a careful accounting of the gel extraction 

efficiencies for each component. A proof-of-concept experiment demonstrate that the 

method permits quantitative studies of low abundance membrane proteins in complex 

native environments. In addition, the obtained quantities of Tat components support the 

role of Tha4 (TatA) as the protein-conducting component of the Tat system. 

Results 

Previous semi-quantitative methods to quantify Tat components in thylakoids used 

immunoblotting of the endogenous components compared to antigen standards that 

consisted of a bacterially expressed soluble domain of the component in question. The 

assumption was that the standards would behave similarly as the endogenous 

components. We tested this by using radiolabeled soluble domain cpTatC (sdTatC) and 

the full-length cpTatC proteins obtained by in vitro translation with a wheat germ 

system. Radiolabeled proteins were solubilized in SDS buffer and analyzed by SDS-

PAGE in duplicate, one gel for fluorography and another gel for immunoblotting as 

described in figure legend (Fig. 2-1). The two translation products were then quantified 

by two methods, by radiolabel counting and by the immunoblot signal compared to the 

bacterially expressed cpTatC soluble domain (Fig. 2-1, A and B). If the assumption was 

true, the molar ratio between soluble domain proteins and full-length proteins should be 

the same before and after immunoblotting. Surprisingly, we found that soluble domain 

alone behaves very differently during electro-transfer to blotting membranes and/or 

reaction with antibody than the full-length cpTatC protein (Fig. 2-1D). This experiment 

indicated that using the soluble domain as standard in immunoblotting overestimated 

the amount of full-length cpTatC and moderately underestimated the in vitro translated 

soluble domain. This differential behavior is probably due to the different molecular 



 

35 

masses of cpTatC ~ 33kDa vs. sdTatC ~ 10 kDa, and especially the different 

hydrophobicities, e.g. the GRAVY index for cpTatC 0.46 and sdTatC -0.99. The different 

behavior of stromal domain proteins versus full-length proteins was not reduced by 

using polyvinylidine fluoride versus nitrocellulose membranes or different gel systems 

(Laemmli versus tricine SDS-PAGE). A similar experiment with Hcf106 also found that 

sdHcf106 standards overestimated full-length Hcf106 (data not shown). We sought to 

eliminate this systematic error in the quantification of Tat components by using full-

length proteins as standards of known concentration. However, due to the multiple 

difficulties in expressing and purifying thylakoid Tat components, we used WG in vitro 

translated (IVT) full-length proteins as standards of known concentration. 

Determining the Concentration of Standards 

The concentration of radiolabeled in vitro translated standards can be determined 

by scintillation counting of bands extracted from SDS gels if the specific radioactivity of 

translation products is known. The specific radioactivity of translation products depends 

on the amount of unlabeled leucine (or other amino acid depending on the isotopically 

labeled amino acid) present in the wheat germ extract and the amount of tritiated 

leucine added to the translation mixture. Isotope dilution experiments were used to 

determine the concentration of unlabeled leucine in each the wheat germ extract 

preparation (Patrick et al., 1989). For each calibration, three different mRNAs were 

translated with the same amount of radiolabel and different amounts of unlabeled 

leucine. The reciprocal of the radioactivity extracted from each band was plotted against 

the total leucine concentration in the reaction (Fig. 2-2, B and C). The amount of 

unlabeled leucine contributed by the WG is indicated by the intercept with the y-axis. 

The concentration of unlabeled leucine obtained with the three different mRNAs was 3.8 
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µM (SD 0.22). Leucine was not a limiting factor in the reaction because immunoblots of 

translation reactions gave essentially the same signal for the range of leucine 

concentrations in the experiment (Fig. 2-2 A, lower panel). In a standard translation 

reaction the amount of WG extract is 60% vol/vol and the amount of 3H leucine added is 

45 µCi (~0.3 nmol 3H-leu). Considering the amount of unlabeled leucine present in the 

WG extract, our translation products have a specific radioactivity of ~ 51 µCi/ nmol leu. 

Extraction Efficiencies of In Vitro Translated Proteins 

Radiolabeled IVT proteins were routinely quantified by extracting gel slices with 

TS-2 (RPI) followed by scintillation counting (Appendix Experimental Procedures). Thus, 

it’s not only important to have a well-calibrated scintillation counter, but also to 

determine the efficiency of extracting different proteins from polyacrylamide gels. Our 

liquid scintillation system was checked for tritium counting efficiencies and a new 

quench correction curve was generated with a set of new tritium quenched standards 

(Perking Elmer). Color quench correction was also checked with samples containing a 

known amount of isotope and increasing amounts of chlorophyll. Extraction efficiency 

was determined with two different approaches. His-tagged proteins were purified by 

metal affinity chromatography and the radioactivity determined by direct counting was 

compared to that obtained by extracting proteins from gels (Fig. 2-3 A). Second, 

proteins were first integrated into thylakoid membranes by chloroplast import, thylakoid 

integration, or binding of precursor proteins and similarly analyzed (Fig. 2-3 B). Gel 

slices were obtained for the main band of the purified protein, and also for the rest of the 

lane, above and below the main band (Fig. 2-3 C). Table 2-1 summarizes the results 

obtained for extraction efficiencies. 
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As indicated in Table 2-1, the main band representation of the total radioactivity 

varied from 60% to 89% depending on the protein in question. Both approaches, Ni++ 

purification and membrane association, yielded very similar results with only small 

differences in their values for main band representation. cpTatC, the most hydrophobic 

of all, showed some aggregation that can be seen in extended exposure of fluorograms 

and immunoblots of IVT cpTatC (Fig. 2-3 B). Aggregates of translation products 

accounted for the radioactivity extracted above the main band since no radioactivity 

could be detected in a mock translation. Interestingly, this aggregation is reduced in the 

membrane associated protein, indicating that cpTatC is less prone to aggregation when 

inserted in a lipid bilayer. Total radioactivity extracted and main band representation 

were used as correction factors in our novel quantitative immunoblotting method. Total 

radioactivity extracted with Nickel purified proteins was used as extraction efficiency to 

correct the amount of IVT standards. The values obtained for the main protein band and 

above main band in membrane associated proteins were used as correction factors in 

our immunoblotting quantification of total endogenous components in thylakoid 

membranes. 

Proof of Concept Experiment 

In order to crosscheck our novel quantification procedure we determined the levels 

of cpTatC, Hcf106, and Tha4 in thylakoid membranes after integrating additional Tat 

components by import/integration of radiolabeled translation products. In this proof of 

concept experiment, the additional components that derive from in vitro translation are 

determined by immunoblotting (i.e. the increase in immunoblot signal over mock-

import/integrated thylakoids) and compared to the amounts determined by radiolabel 

counting. The results are shown in Fig. 2-4. The error of our quantitative immunoblot 
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method to estimate the amount of imported/integrated TatC, Hcf106 and Tha4 was 8, 5 

and 5%, respectively, a dramatic improvement over previous methods. Thus, this 

approach can be used to determine not only the concentration of Tat components in 

thylakoids, but also of in vitro translated precursor proteins. 

Re-evaluation of the Quantities of cpTat Components in Pea Chloroplasts 

The role of Tha4 (TatA) was questioned by a recent study in Arabidopsis (Jakob et 

al., 2009) that found a different stoichiometry of Tat components than that reported for 

pea thylakoids and E coli Tat components. They found that TatA was the least abundant 

of the three components, challenging its proposed role as the protein conducting 

channel. For this reason we decided to use our improved quantification method to re-

evaluate the stoichiometry of Tat components in pea chloroplasts. To do this, we 

prepared intact chloroplasts from three biological replicates and used them to isolate 

thylakoid membranes. Intact chloroplasts and washed thylakoids were used for 

quantification to prevent an underestimation of Tha4 and Hcf106, which can be found in 

small amounts in envelope membranes after fractionation (Fincher et al., 2003). 

Chloroplasts and thylakoids were analyzed by SDS-PAGE and immunoblotted for 

quantification with IVT full-length protein standards. Table 2-2 shows the number of 

molecules per chloroplast, per thylakoid and the ratio of components. 

The concentrations and stoichiometry of cpTat components reported previously 

were 1:5:8 (cpTatC:Hcf106:Tha4) (Mori et al., 2001). Using full-length in vitro translated 

standards we found that cpTatC and Hcf106 maintain a similar ratio of 1:5 but with 

different concentrations in the membranes (Table 2-2). As expected, the amounts of 

cpTatC and Hcf106 did not significantly vary between intact chloroplasts and thylakoids. 

The concentration of Tha4 in thylakoids is similar to the one reported previously but with 
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a higher ratio to cpTatC i.e. 1:15. In intact chloroplasts, the ratio of Tha4 to cpTatC was 

higher than in thylakoids and closer to the stoichiometry in E coli, i.e. 1:24. 

Conclusions 

Taken together, these results demonstrate that when using appropriate standards, 

immunoblotting provides an accurate and reliable method for quantifying low-

abundance membrane proteins. This protocol offers a tool to study the relative and 

absolute abundance of membrane proteins when inserted in a lipid bilayer or after 

solubilization and purification under native conditions. When studying membrane protein 

receptors, this method can be used to determine the number of binding sites per 

receptor and identify cooperativity between binding sites. Reorganization or 

rearrangements in membrane protein complexes can also be studied upon placing 

appropriate affinity tags in one of the complex components. An important advantage of 

this immunoblotting method over others is that it is inexpensive and doesn't require 

special instruments, making it ideal as a routine analysis to measure the concentration 

of membrane proteins. 
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Table 2-1.  Extraction efficiencies of radiolabeled proteins from dried gels 

 In solution 
 Gel extracted 

 Main band  Above main band  Below main band  Total radioactivity 
extracted 

Protein 

Ni++ purified or 
membrane 
associated 

(%)  

Ni++ purified 
 
 

(%) 

Membrane 
associated 

 
(%)  

Ni++ purified 
 
 

(%) 

Membrane 
associated 

 
(%)  

Ni++ purified 
 
 

(%) 

Membrane 
associated 

 
(%)  

Ni++ purified 
 
 

(%) 

Membrane 
associated 

 
(%) 

cpTatC 100  60 (0.6) 67 (1.3)  19 (0.5) 11 (0.2)  14 (0.8) 8 (0.2)  94 (0.7) 86 (2.9) 

Hcf106 100  72 (0.4) 73 (0.1)  3 (0.2) 3 (0.03)  15 (0.3) 9 (0.01)  90 (0.7) 85 (0.1) 

Tha4 100  71 (1.0) 79 (1.5)  9 (0.7) 7 (0.3)  5 (0.2) 5 (0.1)  85 (1.6) 91 (1.2) 

tOE17 100  89 (0.5) 82 (0.6)  1 (0.1) 3 (0.3)  5 (0.04) 5 (0.1)  95 (0.6) 90 (0.7) 

Reported numbers are averages of three technical replicates. Standard deviation is indicated in parenthesis. 

 

Table 2-2.  Re-evaluation of Tat components in pea chloroplasts and thylakoids 

Protein 

Intact chloroplasts 
(molec/cp)  

Thylakoids 
(molec/Thy)  

Stoichiometry 
chloroplasts 

Stoichiometry 
thylakoids Average SD  Average SD  

cpTatC 8,200 (400)  9,100 (150)  1 1 
Hcf106 39,600 (2,300)  38,300 (1,700)  ~5 ~4 
Tha4 196,000 (13,600)  134,600 (33,300)  ~24 ~15 
Reported numbers are average of three biological replicates. Standard deviation is indicated in parenthesis. 
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Figure 2-1.  Differential behavior between soluble-stromal-domains and full-length 
proteins in immunoblotting. Full-length cpTatC (mcpTatC) and stromal-
domain cpTatC (sdcpTatC) were in vitro translated and diluted in order to 
have similar immunoblot signal intensities. Antibodies against sdcpTatC (Mori 
et al., 2001) were used for immunoblotting. Samples were loaded in triplicate 
and analyzed in a 10% tricine SDS-PAGE followed by immunoblotting (a) or 
fluorography (b). Electroblotting and detection were performed as described 
in Appendix Experimental Procedures. Immunoblot quantification by 
densitometry analysis was done within the linear range sdTatC standards of 
known concentration expressed in bacteria (c). Proteins were quantified by 
scintillation counting as described in Appendix Experimental Procedures. 
Comparison of the amounts of protein quantified by scintillation counting 
versus immunoblotting (d). (*) degradation product of mTatC not considered 
in quantifications.  
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Figure 2-2.  Isotope dilution analysis to determine translation product's specific 

radioactivity. WG translation reactions with increasing amounts of unlabeled 
leucine were incubated at 25°C for 1 h and analyzed by SDS-PAGE followed 
by fluorography and immunoblotting (A, upper and lower panels respectively). 
Bands with radiolabeled translation products were excised from gels and 
prepared for scintillation counting as described in Appendix Experimental 
Procedures. Isotope dilution analysis establishes that when plotting the 
concentration of total leucine added to the reaction (added unlabeled leu plus 
added 3H-leu) versus the reciprocal of the radioactivity, the size of the 
endogenous pool of unlabeled amino acid corresponds to the negative 
intercept of the regression line with the y-axis (y = total [leu] = [unlabeled 
leu]+[3H-leu] = m*1/dpm + c, where m is the slope of the regression line and c 
the intercept with the y-axis). Three different mRNAs (mTatC, Tha4 and 
tOE17) were used for isotope dilution experiments and plotted (B and C). 

  



 

43 

 
 
Figure 2-3.  Gel extraction efficiencies of in vitro translated proteins. In vitro translated 

His tagged Tat components and precursor protein were purified by Ni-affinity 
chromatography following the manufacturer instructions (A) mTatC-GS-His 
purification is shown as a representative example. Gel slices were obtained 
for the main band and for above and below the main band of purified proteins 
(B). Proteins were extracted using TS2 and incubation at 50°C for 6 hours as 
described (Cline, 1986). Gel extracted proteins were compared to in-solution 
proteins after scintillation counting to obtain the extraction efficiency. (*) 
degradation product mTatC. Purified proteins were also obtained after import, 
binding or integration reactions with thylakoid membranes (B). IVT mTatC 
analyzed by fluorography and immunoblotting (C). 
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Figure 2-4.  Proof-of-concept experiment for Tat components quantification. preTatC 
and mock import reactions were each performed in 3 replicates for 1 hour as 
described in Appendix Experimental Procedures. Chloroplasts were repurified 
after import and treated with thermolysin for 40 min on ice previous to 
thylakoid isolation. Isolated thylakoids were analyzed by SDS-PAGE followed 
by fluorography (A, upper panel). Hcf106 and Tha4 integration were 
performed by incubating TP with thylakoid membranes at 25°C for 20 min as 
described in Appendix Experimental Procedures. Membranes were recovered 
by centrifugation, washed twice and resuspended in IBM buffer before being 
analyzed by SDS-PAGE and fluorography (B and C, upper panels). 
Imported/integrated components were quantified by scintillation counting as 
described in Appendix Experimental Procedures. Endogenous components 
plus imported/integrated components were quantified by immunoblotting with 
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IVT standards of known concentration of the component in question (A, B and 
C, lower panels). For immunoblotting quantification, each replicate was 
analyzed in a separate gel where a dilution series of mock treated 
membranes and import/integrated membranes were compared to the linear 
range of IVT full-length standard proteins (only one replicate is shown). 
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CHAPTER 3 
STOICHIOMETRY FOR BINDING AND TRANSPORT IN THE TWIN ARGININE 

TRANSLOCATION SYSTEM 

Summary 

Twin arginine translocation (Tat) systems are characterized for transporting folded 

proteins across membranes. Precursor protein transport is a four steps cyclical process 

where the translocase only assembles transiently. In the binding step, precursor 

proteins are recognized by the multimeric receptor complex. The number of binding 

sites in the receptor complex has been recently a matter of debate and remains to be 

determined in the thylakoid Tat system. Upon energizing the membranes with a proton 

gradient, Tha4 is recruited to the precursor-bound receptor complex and forms homo-

oligomers that are thought to facilitate precursor translocation across the membrane. 

Here, we used saturation binding analysis of the OE17 precursor and transport kinetics 

to determine the stoichiometry of Tat components for binding and transport. 

Introduction 

The Tat system is composed of stable and transient higher-order oligomeric 

assemblies. Hcf106 and cpTatC form a 700 kDa receptor complex that is thought to be 

a stable structure containing 7-8 copies of each component(Bolhuis et al., 2001). The 

role of such a large complex and the number of binding sites for precursor proteins are 

still unknown. Tha4 is a single transmembrane (TM) domain protein with a predicted 

amphipathic helix and a soluble C-tail that oligomerizes according to transport 

conditions (Dabney-Smith and Cline, 2009; Dabney-Smith et al., 2006; Leake et al., 

2008). In de-energized membranes or in the absence of bound precursor proteins Tha4 

exist as tetramers. Upon precursor binding in the presence of a proton motive force, 

Tha4 forms higher-order oligomers that are thought to provide a passageway for 
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precursor proteins across the membrane (Berks et al., 2003; Bruser and Sanders, 2003; 

Cline and Theg, 2007). The functional size of Tha4 homo-oligomers, a key aspect of Tat 

transport, still remains unknown. 

In the present studies, we have used quantitative biochemical analyses to 

determine the valency of the large Hcf106-cpTatC complex for binding and transporting 

precursor proteins. Our results indicate that each cpTatC subunit can bind a precursor 

protein, suggesting that each complex, when saturated, contains 7-8 precursor proteins. 

We find no evidence of cooperativity between binding sites from analysis of binding 

saturation experiments, suggesting that each site binds a precursor protein 

independently of any other site. Comparison of transport rates from ~20% occupied 

complexes vs. saturated complexes leads us to postulate that, when Tha4 is in excess, 

all sites can transport their bound precursor proteins independently and simultaneously. 

Analysis of transport kinetics from the bound state of membranes with different amounts 

of Tha4 per bound precursor protein indicate that for the OE17 precursor protein, a 

Tha4 oligomer of ~28 protomers is the minimal functional Tha4 for optimal transport 

rates. The implications of our findings for the mechanistic strategy of Tat systems are 

discussed. 

Results 

In vitro translated tOE17 V-20F was used as precursor protein for this study. This 

is a slightly modified version of the OE17 precursor that lacks several non-essential 

amino proximal residues and places a phenylalanine at the twin arginine (RR) +2 

position, resulting in higher affinity binding (Gérard and Cline, 2007; Ma and Cline, 

2000). The RR +2 F is found in most bacterial Tat substrates, where it plays an 

important role in transport efficiency (Stanley et al., 2000). In vitro translated precursor 
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protein was used because of its very low level of non-specific binding, i.e. compared to 

bacterially expressed precursor proteins (Ma and Cline, 2000). 

Also employed here is a method to accurately quantify both precursor protein and 

endogenous Tat components. In this method the precursor protein is quantified by 

radiolabel counting with appropriate corrections for the actual specific radioactivity of 

isotope in the translation reaction and the recovery of proteins extracted from gel slices. 

Tat components are quantified by immunoblotting using radiolabeled full-length proteins 

as standards. The advantage of this approach is that standard proteins used in 

immunoblotting are chemically identical to test proteins and quantification of precursor 

proteins as well as Tat components is ultimately dependent on radiolabel counting. This 

approach to quantifying precursor protein and Tat components has an error of ~5-8%, 

thereby enabling the studies reported here. 

Precursor Proteins Bind to the Tat Receptor with High Affinity and a Very Low 
Rate of Dissociation 

In developing an assay for precursor protein binding to thylakoid membranes, it 

was necessary to assess rates of association and dissociation of the precursor protein. 

In preliminary experiments, we found that binding occurred faster than we could 

practically determine with our assay, i.e. less than 5 min (data not shown). Because our 

binding reactions are carried out for 60 min, equilibrium is assured even with low 

concentrations of precursor protein. The dissociation rate of membrane-bound 

precursor protein was tested in several ways. When thylakoids recovered from 

saturation binding assays were incubated with buffer, less than 3% of bound precursor 

protein was released to the supernatant in 50 min of incubation at 25°C (data not 

shown). A more rigorous test of dissociation involved incubating thylakoids saturated 
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with radiolabeled precursor protein (see below and Fig. 3-1) with a saturating 

concentration of unlabeled precursor protein. Under these conditions, any radiolabeled 

precursor protein that dissociated from its binding site would be replaced by unlabeled 

precursor protein and the rate of dissociation could be estimated by appearance of 

radiolabeled precursor protein in the supernatant. As can be seen in Fig. 3-1, the 

amount of displaced radiolabeled precursor protein after 60 min at 0°C was low; 85% of 

radiolabeled precursor protein remained membrane bound (Fig. 3-1 A, B and C). Only 

when the incubation temperature was increased to 25°C was a substantial percentage 

of radiolabeled precursor protein released to the supernatant (Fig. 3-1 A, B and C). 

Curiously, some of the precursor protein released into the supernatant at 25°C was the 

size of mature OE17 (mOE17), suggesting it could have been processed by a protease 

in the wheat germ extract. Overall, these experiments indicated that the precursor 

protein has a very low dissociation rate from its binding site at 0°C, such that membrane 

recovery by centrifugation and washing would not significantly reduce the amount of 

bound precursor protein. 

Estimation of Non-specific Binding 

The specificity of binding to thylakoids was examined in several ways: binding of 

the non-functional twin lysine precursor protein, binding to thylakoids pretreated with 

antibodies to Tat receptor components, and binding to membranes pre-treated with 

protease. As with the experiment in Fig. 3-1, binding reactions were conducted with 

concentrations of precursor protein that would saturate the binding sites. As indicated in 

Fig. 3-2 A, pretreatment with antibodies to cpTatC, the primary receptor component 

(Alami et al., 2003; Gérard and Cline, 2006) reduced precursor protein binding to ~10% 

of that with mock treated membranes (lane 6). This reduction did not occur if the cpTatC 
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antigen ( 3.75 µM) was included in the antibody binding reaction (lane 5). Similarly, 

protease pretreatment of the membranes reduced binding to ~8% of control mock 

treated membrane (Fig. 3-2 A, lanes 7 and 8). Consistent with these values, binding of a 

non-functional KK precursor protein was ~7% of that of the RR precursor protein. This 

level of KK-precursor protein binding was unaffected by IgG pre-treatment (Fig. 3-2 B, 

lanes 2 to 6) or by protease-pretreatment of thylakoids (lanes 7, 8). These results 

indicate that under the conditions used to measure binding in this study, a low 

percentage of precursor proteins bind non-specifically to the lipid bilayer (Fig. 3-2 B, 

lanes 7 and 8). Moreover, they indicate that binding of the KK-precursor protein is a 

representative measure of non-specific binding. 

The Stoichiometry of Precursor Protein Binding to the Tat Receptor Complex 

Saturation binding experiments were performed as a first approach to determine 

precursor protein binding stoichiometry to cpTatC. Thylakoids recovered from each 

binding reaction were analyzed by SDS-PAGE/fluorography to quantify precursor 

protein (Fig. 3-3 A, upper panel, lanes 2 to 10) and SDS-PAGE immunoblotting in 

parallel to quantify cpTatC (data not shown). The expected binding saturation curve was 

obtained but with gradually increasing binding at upper concentrations. Non-specific 

binding, estimated with KK precursor protein (Fig. 3-3 C), was linear in the 

concentrations range used in the assay. Subtracting non-specific binding at each 

concentration from the RR precursor protein binding data produced a specific binding 

curve that asymptotically approached saturation at higher precursor protein 

concentrations (Fig. 3-3 C). Specifically bound precursor protein data was fit by 

nonlinear regression to a single-site binding model to obtain maximum binding (Bmax; 

Fig. 3-3 C), which was divided by the amount of cpTatC in each assay to give a binding 
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stoichiometry of 1.36 (SD 0.2) precursor proteins per cpTatC for four biological 

replicates. Essentially the same stoichiometry was obtained by Scatchard analysis of 

the binding data (Fig. 3-3 D) The dissociation constant (Kd) from four biological 

replicates was 1.2 nM (SD 0.1) (Fig. 3-3 C).  

Binding curves were also analyzed for any indication of cooperativity. The Hill 

coefficient for the four binding curves obtained from non-linear regression of a binding 

model that contains a Hill coefficient was 1.1 (SD 0.2). Because in practice, 

cooperativity is most evident in the middle region of the binding isotherm, a binding 

experiment with additional data points in this region of the curve was conducted and the 

data subjected to Hill analysis. The Hill coefficient in this more accurate determination 

was 1.2 (Fig. 3-4). This indicates that there is no cooperativity of binding, i.e. no 

interaction between sites. 

The Increase in Binding Sites that Result from Importing precpTatC into 
Chloroplasts is ~1 per Imported cpTatC 

The precursor/cpTatC binding stoichiometry at saturation was determined by two 

additional approaches that minimized non-specific binding. First, in vitro translated 

radiolabeled pre-cpTatC was imported into chloroplasts, and the thylakoids isolated 

from those chloroplasts were used for saturation binding reactions (Fig. 3-5 A). The 

amount of precursor protein bound was compared to the amount bound by thylakoids 

isolated from a mock import reaction. We hypothesized that if each cpTatC is binding 

one precursor protein, we should see an increase in binding equivalent to the molar 

amount of TatC imported. Note that in this approach the increase in binding and 

imported cpTatC are determined by radiolabel counting alone, and also that non-

specific binding does not affect the measurement. The ratio of precursor protein to 
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cpTatC by this method was 0.92:1 (SD 0.02) (Fig. 3-5 B). These results indicate that, if 

all imported cpTatC are functional, imported cpTatC proteins were each capable of 

binding one precursor protein. 

Stoichiometry of Precursor Protein per cpTatC Determined with Detergent 
Solubilized Precursor Protein-bound Tat Receptor 

A third approach involved saturating receptors, then solubilizing and purifying the 

complex by immuno-affinity to anti-Hcf106 IgG beads. The intention was to eliminate the 

contribution of the lipid bilayer to non-specific binding. The SDS eluate of washed beads 

was quantified for precursor protein and cpTatC. In three biological replicates ~65% of 

bound precursor protein was recovered in the supernatant after digitonin solubilization 

and 35% in the pellet (Fig. 3-6, A and C). This was somewhat surprising because 

immunoblot analysis of the same samples showed that almost all cpTatC was 

recovered in the supernatant (Fig. 3-6 B, lanes 1 and 2). Only small amount of 

precursor protein and undetectable levels of cpTatC were in the flow through and wash 

fractions of the immunoprecipitation, and the recovery of precursor protein was 85% 

(SD 8.1) (Fig. 3-6, A and C). Quantification of the eluate (Appendix Experimental 

Procedures; Fig. 3-6 D) gave a stoichiometry of precursor protein to cpTatC of 0.83:1 

(SD 0.21). A similar ratio was also obtained when a His-tagged precursor protein was 

used in the binding reaction and the digitonin-solubilized complex was purified by metal 

ion affinity chromatography (see below, Fig. 3-7). In summary, the ratio of precursor 

protein to cpTatC obtained by the three methods: binding saturation curves, increase in 

binding after cpTatC import, and purification of fully occupied complexes, was 1.36, 0.92 

and 0.83 respectively. The average of the 3 methods, 1.04, indicates a stoichiometry of 

1 precursor protein per cpTatC at saturation. In other words, each large receptor 
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complex contains ~8 precursor protein binding sites. Since cpTatC is the primary 

binding site for the signal peptides of precursor proteins, this suggests that each 

cpTatC-Hcf106 pair functions as a precursor protein-binding site. 

Bound Precursor Proteins are Dislodged from the Receptor Complex During BN-
PAGE Analysis 

Many previous experiments in our lab have analyzed precursor protein association 

with the Tat receptor complex by Blue Native Polyacrylamide Gel Electrophoresis (BN-

PAGE). Even under saturating conditions, precursor protein binding only up-shifted the 

molecular Mr of the receptor complex by ~ 50 kDa rather than the ~200 kDa expected 

for binding 8 precursor proteins (Fincher et al., 2003). To address this issue, binding 

sites were saturated with a precursor protein containing a His6 tag at its carboxyl 

terminus. Precursor-bound complexes were solubilized with digitonin and purified by 

metal affinity chromatography as described in Appendix Experimental Procedures. 

Purification fractions were analyzed by SDS-PAGE and BN-PAGE (Fig. 3-7, A and B 

respectively). As expected, quantification of precursor protein and cpTatC in the Ni-NTA 

eluate after SDS-PAGE indicated ~0.9 precursor proteins per cpTatC. However, 

quantification of precursor and cpTatC in the 700 kDa band of BN-PAGE gave a ratio of 

precursor protein to cpTatC of ~0.2. The significant amount of radiolabel smeared below 

the 700 kDa band that migrated at 23 kDa suggests that precursor proteins were 

dislodged from the receptor complex during BN-PAGE electrophoresis (Fig. 3-7 C). 

All Binding Sites are Independently Functional for Transport  

Transport of receptor-bound precursor proteins is a single turnover reaction. It 

occurs in two phases, a lag phase in which Tha4 assembles with the precursor protein-

bound receptor complex, followed by a transport phase (Mori and Cline, 2002). Tha4 



 

54 

assembles reversibly; it is completely disassembled by the end of the transport phase 

and will reassemble with additional precursor protein. In order to analyze transport 

characteristics, we conducted a variety of chase reactions of bound precursor proteins. 

Conceptually, the transport phase could proceed in two very different ways. In the 

simplest scenario, each binding site would be competent for Tha4 recruitment and 

transport. In this case, with sufficient Tha4, all bound precursor proteins would be 

transported independently. The rate of the transport phase would be governed by 1st 

order kinetics; i.e. rate =k*[precursor protein] and would be described by an exponential 

curve. On the other hand, transport of bound precursor proteins could proceed in a 

sequential fashion where only one site in the complex is active for transport at any time. 

This would be described by a different rate equation in which rate=k*[complexes with at 

least one bound precursor protein]. In the case of a precursor protein-saturated 

complex, transport rate in a sequential mode would be constant for an extended time 

until complexes were depleted of precursor protein. 

To differentiate between these two possible modes of transport, chase kinetics of 

receptor bound precursor protein were analyzed with different sets of starting conditions 

that included ~20% precursor protein occupancy of binding sites vs. full occupancy, and 

a range of Tha4 concentrations from 7 Tha4 per precursor protein to 120 Tha4 per 

precursor protein, obtained by supplementing reactions with in vitro translated Tha4 

(Dabney-Smith et al., 2003). Transport was scored by the appearance of the mature 

form of OE17 (mOE17; cleavage of the signal peptide). Two observations indicate that 

appearance of mOE17 accurately measures transport. Hashimoto et al. (1996) showed 

that the OE17 precursor is not processed until the entire protein is across the 
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membrane. Second, time course analysis in which reactions were terminated rapidly 

with HgCl2 (Reed et al., 1990) showed that all transported proteins had been processed 

to mature form (data not shown). As shown in Fig. 3-8, in 3 of 4 different conditions 

(including one in which all sites were occupied), ~ 90 of the initially bound precursor 

protein was transported in 25 to 30 min, which is consistent with ~10% non-specific 

binding. This indicates that all binding sites are functional for transport. 

The transport kinetics of these three cases exhibited a lag phase followed by an 

exponential phase. The data were best fit to a generic sigmoidal equation (Appendix 

Experimental Procedures). The transport phase was analyzed by subtracting the lag 

time in each chase (Appendix Experimental Procedures). In chase reactions where the 

Tha4 per precursor protein ratio was 25 or more, the transport phase was best fit to an 

exponential first order kinetic equation. Because of the differences in the absolute rate 

of transport for the different reactions, the data were plotted as % maximum transport 

on the same graph. The three curves could virtually be superimposed (Fig. 3-9) and 

yielded very similar kcat values of ~0.3. This indicates that, regardless of the occupancy 

level of receptor complexes, with sufficient Tha4, all precursor protein-bound sites were 

independently competent for transport (Fig. 3-9, Table 3-1).  

In one case, i.e. with saturated complexes, where the Tha4 per precursor protein 

ratio was only 7, the transport phase in the first 15 min was linear (i.e. constant rate), 

and then decreased to a lower rate. This suggests that 7 Tha4 per precursor protein is 

insufficient to functionally assemble in all sites at any one time, or in other words it can 

functionally assemble with a fraction of the occupied sites and recycles to new sites 

after each transport event (Fig. 3-9). If so, then a rough estimate of the fraction of sites 
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that were initially active in this case can be obtained from the ratio of maximum rates 

from parallel chases of precursor protein-saturated membranes with 7 Tha4 per 

precursor protein vs. 25 Tha4 per precursor protein (Fig 3-9, Table 3-1). A ratio of 0.28 

indicates that 7 Tha4 per precursor is enough to productively assemble with 28% of the 

precursor-bound sites, meaning that the minimum functional size of the Tha4 oligomer 

per bound OE17 precursor is 7÷0.28=25. 

The Minimal Tha4 Oligomer Required to Transport an OE17 Precursor has ~28 
Protomers. 

In order to better determine the minimum Tha4 oligomer per site, a series of chase 

reactions with precursor-saturated receptors was conducted (Fig. 3-10). The Tha4 per 

precursor protein ratio was varied by from 7 to 84 with in vitro translated Tha4. The 

chase data were fit to a sigmoidal model (Fig. 3-10 A) and the maximum transport rates 

determined from the first derivative of the curves (Fig. 3-10 B). When maximum rate 

was plotted vs. the Tha4 per precursor ratio (Fig. 3-10 C), chases with 20 to 84 Tha4 

per precursor protein had nearly identical maximum rates as expected from the results 

in Fig.3-9. However, the rate linearly declined with the drop in ratio below 20 Tha4 per 

precursor. Analysis of the transport rate break point from three independent 

experiments gave an estimate of the minimum functional size of the Tha4 oligomer of 

28 protomers (SD 6.9).  

A slightly different experimental design was used as an alternative approach to the 

optimal Tha4 oligomer. Endogenous Tha4 was the only source employed and the range 

of Tha4/precursor protein was obtained by varying the amount of bound precursor 

protein (Fig. 3-11). The average minimal Tha4 size for two such experiments was ~ 47 

Tha4 protomers. However, we think that this is an overestimate of the Tha4 that is 
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available to participate in the chase reaction. Subfractionation of chloroplasts showed 

that a significant amount of Tha4 is present in the envelope membranes (Fincher et al., 

2003). Quantification of the Tha4 content of intact chloroplasts vs. purified thylakoids 

suggest that envelope bound Tha4 contributes ~35% of the total. Our chase reactions 

contain most of envelope present in intact chloroplasts (Appendix Experimental 

Procedures). In the chases supplemented with in vitro translated Tha4 (Fig. 3-10), the 

influence of the unavailable envelope localized Tha4 or any inactive endogenous was 

less important to the calculation. Therefore, we think that the estimation of the 28 Tha4 

protomers per functional oligomer size is more accurate. 

Our analysis of the kinetic data assumes that the assembly step in the transport 

reaction involves Tha4 diffusion to and organization at the transport site. Thus, the 

assembly phase should depend upon the Tha4 availability. A plot of the lag time of the 

transport reactions in the experiment shown Fig. 3-10 does correlate with 

Tha4/precursor protein. Interestingly, at low concentrations of Tha4, there is a direct 

inverse relationship in the duration of the assembly phase, and above the Tha4 

oligomer minimal size, the lag time is independent of Tha4 concentration. A similar 

analysis of the experiment relying only on endogenous Tha4 indicates that the important 

factor is the ratio of Tha4/precursor and not the Tha4 concentration in the membranes 

(Fig. 3-11 B). Although the lag times in Fig. 3-10 are slightly longer than those showed 

in Fig 3-8, Table 3-1, both experiments suggest that there is a Tha4 concentration 

independent step in the assembly phase. 

Discussion 

This study addressed the stoichiometry of precursor protein binding to the cpTat 

receptor complex and explored the implications for the transport mechanism. We 
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previously showed that at least four precursor proteins can bind independently to a 

single cpTat complex and form tetramers by disulfide crosslinking (Ma and Cline, 2010). 

Bound tetramers were subsequently transported as an oligomer, arguing for a complex 

with at least 4 binding sites. In the present work, we found that each cpTatC binds a 

precursor protein, suggesting that each receptor complex has 7 to 8 binding sites. 

Analysis of the transport step showed that all precursor protein bound-receptor sites can 

function independently for transport and, furthermore, suggested a minimal Tha4 

oligomer size of 28 protomers for transporting an OE17 precursor protein. Thus, for the 

OE17 precursor, a functional Tat translocase unit consists of one TatC (one Hcf106) 

and ~28 Tha4. 

The ratio of precursor protein per cpTatC was determined with three different 

methods, each with advantages and disadvantages. Binding saturation assays are the 

most direct measurement of binding stoichiometry at saturation. However, they may 

overestimate the ratio of precursor protein per cpTatC if non-specific binding is 

underestimated. The second approach, increase in binding after importing precpTatC, is 

not affected by non-specific binding but assumes that all imported cpTatC is functional. 

The third approach, immunopurification of detergent solubilized complexes, eliminates 

the contribution of the lipid bilayer and other membrane proteins to non-specific binding, 

but is subject to any instability of the precursor-bound receptor complex. The fact that 

these three different approaches gave remarkably similar ratios indicates that these 

potential problems are minimal. The number of cpTatC-Hcf106 per receptor complex is 

an estimate based on analysis of detergent solubilized receptor complexes. The 

thylakoid receptor complex contains only cpTatC and Hcf106 (Mori and Cline, 
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unpublished) and migrates on BN-PAGE at 700 kDa. Membrane proteins generally 

migrate on BN-PAGE at 180% of the actual molecular weight due to contribution of 

bound Coomassie Brilliant Blue (Heuberger et al., 2002). Thus, the corrected molecular 

weight divided by the combined molecular weight of cpTatC plus Hcf106 suggests ~7.5 

heterodimers per complex, which is remarkable similar to the structural studies of Tarry 

et al. (2009). 

On the other hand, our binding stoichiometry is much greater than that reported by 

Tarry et al. (2009) for the isolated E coli TatBC receptor complex. They observed 

complexes containing 0, 1, or 2 bound pre-SufI precursor proteins. Interestingly, when 

two precursor proteins were bound, they were always found in adjacent positions 

separated by ~50° with respect to the center of the TatBC complex, a geometry that 

suggests 7 potential binding sites per complex. The most likely explanation for the 

difference between our results and those of Tarry is that preSufI progressively 

dissociated during purification. In fact, we found that electrophoresis of the digitonin-

solubilized thylakoid complex on BN-PAGE yielded a complex with a stoichiometry of 

0.2:1 precursor proteins per cpTatC, as the apparent result of dissociation during 

electrophoresis. Thus, the stoichiometry obtained for detergent solubilized and purified 

receptor complexes will depend on the harshness of the method and on the affinity and 

rate of dissociation of each particular precursor protein for the binding site. Consistent 

with this interpretation, a previous study of bound OE17 precursor proteins that were 

additionally stabilized by disulfide crosslinking to tetramers, reported that the precursor 

protein bound receptor complex migrated on BN-PAGE at ~800 kDa (Ma and Cline, 

2010). In the case of the OE17 precursor protein used here, which had a Kd of ~1 nM 
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and very slow dissociation at 4°C, more gentle manipulations, e.g. metal affinity 

chromatography, did not affect the ratio of precursor protein to cpTatC in solubilized 

complexes. However, it is not surprising that complexes isolated by Tarry (2009) had a 

much lower stoichiometry, considering that the precursors used have apparent Kd 

values of 50 to 100 nM. 

Multivalent receptors frequently exhibit cooperativity, wherein binding to one site 

alters the affinity of other sites in the complex. The issue of cooperativity for the Tat 

transport system has been a matter of debate. A study with thylakoid membranes 

suggested that cpTat displays positive cooperativity for transport (Alder and Theg, 

2003b) but did not differentiate between cooperativity at the binding or translocation 

step. Tarry et al. (2009) argued for a negative binding cooperativity for the E coli Tat 

system to explain the fact that TatBC complexes contained only one or two bound 

precursor proteins. In the present study, analysis of binding data gave a Hill coefficient 

of ~1, indicating that there is no cooperativity of binding. This was true even when 

binding points in the middle range between low occupancy and saturation were 

analyzed, where cooperativity is most likely to be detected. We interpret these data to 

indicate that binding sites are completely independent. The implication of this finding, 

i.e. that precursor proteins randomly bind to sites on the receptor complex, is currently 

under investigation. 

Transport of bound precursor proteins upon energizing thylakoid membranes 

involves assembly of a Tha4 oligomer with the precursor protein-bound receptor. 

Previous work characterized Tha4 assembly as an essential step and correlated Tha4 

assembly with a lag phase before transport begins (Mori and Cline, 2002). Here, we 
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confirmed that transport of bound precursor protein involves two steps and further 

showed that the relative abundance of Tha4 in the membrane is inversely proportional 

to the lag time when the Tha4 concentration is limiting. We also found evidence that the 

assembly step includes a Tha4 concentration independent event, possibly related to 

Tha4 polymerization and conformational changes upon docking with the receptor 

complex. 

Analysis of the transport phase of the chase reaction (Figs. 3-9, 3-10, and 3-11) 

gave considerable insight into the Tha4 requirement for the transport mechanism. 

Below a Tha4/precursor protein ratio of ~28, the maximum rate increased linearly with 

increasing ratio. Above a ratio of 28, the maximum transport rate was constant. 

Importantly the rate of transport at all levels above ~28 obeyed first order kinetics with 

comparable kcat  values. This was true regardless of the occupancy level of the receptor 

complex. This latter observation supports our interpretation that all precursor bound 

sites are independently functional for transport, and that, with sufficient Tha4, can 

transport simultaneously. The efficient transport of crosslinked tetrameric precursor 

proteins, each bound to a receptor site (Ma and Cline, 2010), provides independent 

support for that conclusion and even suggests that adjacent sites can collaborate for 

transport of an oligomer. 

Two other insights into mechanism could be gleaned from analysis of chase 

reactions. The first is the relative sluggishness of the translocation step. Under 

conditions of Tha4 excess, the rate is determined primarily by the translocation step. 

The kcat for transport was ~0.3 min-1, meaning that it takes ~3 min to transport a 20 kDa 

precursor protein. This is significantly longer than the 20 seconds that it takes to 
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transport the 37 kDa proOmpA by the E. coli SecA/SecYEG machinery (Liang et al., 

2009). Some of the difference may be due to the fact that our assays were conducted at 

15°C vs. the Sec assays at 37°C. However it is important to note that both temperatures 

are physiological temperatures for the respective organism, i.e. pea plants are grown at 

16°C. Current views are that transport of proteins by the Sec apparatus consists of 

processive feeding of 25 residue segments of the unfolded precursor protein through 

the SecYEG channel, with each step driven by the ATPase activity and conformational 

changes of SecA. There are two models for the translocation step of Tat systems. One 

is that Tha4 (TatA) assembles appropriately sized oligomeric channels through which 

the bound precursor protein crosses to the trans side of the membrane (Gohlke et al., 

2005; Leake et al., 2008). Another is that Tha4 (TatA) assembles oligomers at the site 

of the bound precursor protein that facilitate precursor protein transport by destabilizing 

the membrane bilayer (Bruser and Sanders, 2003). Although not strongly favoring either 

model, the sluggish transport step reported here does seem more consistent with 

facilitated movement through the bilayer than with transport through an appropriately 

sized channel. 

The second insight into Tat mechanism concerns the functional size of the Tha4 

oligomer. Much speculation has centered on the size and arrangement of Tha4 (TatA) 

at the translocation site. Initial channel models were proposed based on the molar ratio 

of endogenous Tat components (Berks et al., 2000). Although this has been dismissed 

in a recent report of far fewer Tha4 in Arabidopsis thylakoids than expected for a 

channel, (Jakob et al., 2009), this analysis may have underestimated the content due to 

the nature of the quantification method and the fact that Tha4 appears tenuously bound 
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to thylakoids. Several analyses of detergent solubilized TatA (Tha4) have made 

conclusions regarding the functional size and arrangements of TatA (Tha4) (Gohlke et 

al., 2005). However in vivo imaging experiments indicate that detergent-solubilized 

preparations do not accurately represent the situation in the membrane (Leake et al., 

2008). Recent studies have obtained size estimates that are more closely correlated 

with the transport reaction. Dabney-Smith, et al. (2009), suggested, based on Cys-Cys 

disulfide crosslinking, that Tha4 is present as tetramers when not involved in transport 

and as oligomers of at least 18 Tha4 protomers when involved in transport. Leake, et al. 

(2008), with in vivo imaging of TatA-YFP, also suggested that TatA is tetrameric when 

not transporting and can be observed as spots that range in size from 4 to 100 with a 

median size of 25 TatA when in an actively transporting bacterium. Thus one model that 

is gaining favor is called the polymerization model, where Tha4 (TatA) tetramers would 

polymerize at precursor bound receptor sites until a large enough oligomer for 

translocation is achieved; at which point the precursor is transported. 

One limitation of the Cys-Cys crosslinking estimate (Dabney-Smith and Cline, 

2009) and the in vivo imaging estimate (Leake et al., 2008) is that it was unclear 

whether the presumed oligomers was associated with one or more translocating 

precursor proteins. Here we took a different approach to determine the functional size of 

the Tha4 oligomer for a single translocating protein; we measured the minimal amount 

of Tha4 required to activate all precursor bound sites in the membrane for transport. By 

analyzing kinetics of a series of chase reactions in which all binding sites were 

occupied, we found a biphasic response to increasing levels of Tha4. Below the break 

point in the curve, maximum transport linearly increased with the Tha4 per precursor 
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protein ratio; above the break, maximum transport rate was constant and independent 

of additional Tha4. The break in the curve is most easily interpreted to mean that Tha4 

is sufficient for optimal transport at the break point. And the break point average for 

three such experiments was 28 ± 6.9 Tha4 protomers for each OE17 precursor. This 

number is tantalizing to view in the context of models for Tat transport. Gohlke et al. 

(2005) used single particle images of TatA complexes to estimate that 19 TatA 

protomers would provide a channel with 30-35 Å diameter, sufficient for the OE17 

precursor. At present, there is no way to know how many Tha4 would be required to 

destabilize the bilayer for translocation. Clearly, a better determination of the factors that 

influence optimal size is required. Among them are precursor size, specific targeting 

sequence, temperature, etc. The experiments described here provide a method for 

achieving that goal. 

In conclusion, the studies reported here for binding and transport indicate that for 

the OE17 precursor protein, a minimal Tat translocation unit consists of one cpTatC, 

one Hcf106, and 28 Tha4. This is an important advance in understanding the 

mechanism by which this unusual transport system can transport fully folded proteins 

across sealed membranes. However, these studies also raise a number of questions. 

For example, if Tha4 assembles as tetramers and polymerizes, then in the case where 

Tha4 is insufficient to activate all precursor-bound sites, there must be considerable 

dynamics of recruited Tha4 among sites to reach a functional size of the oligomer at any 

site. Without a dynamic exchange of Tha4 tetramers among precursor occupied sites, 

there would be no transport when falling substantially below the quantity of Tha4 

required to activate all precursor bound sites. However, that doesn’t seem occur (Figs 
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3-9, 3-10 and 3-11). Another question raised by our studies is how the Tha4 oligomer 

disassembles from one site and moves to another site. An efficient mode of doing this 

would be for the oligomer to simply move to an adjacent occupied site without 

disassembling into tetramers. Such a mechanism would provide an efficiency 

advantage for organizing non-interactive receptor units into a large multivalent receptor 

complex. 



 

66 

 
 
 
Table 3-1. Chase kinetic parameters 

Chase Receptor occupancy Tha4/precursor Lag time Max rate kcat Precursor half-life (t1/2) 

 (%) (mol/mol) (min) (%/min) (min-1) (min) 

Chase 1 100 7 1.3 5 NA NA 
Chase 2 100 25 0.8 23 0.24 2.89 
Chase 3 20 40 1.3 24 0.29 2.39 
Chase 4 20 120 0.4 26 0.32 2.16 
 
 
Table 3-2. Minimal Tha4 oligomer size 

Chase Receptor occupancy Tha4/precursor Lag time Max rate Fraction of 
active sites 

Functional Tha4 
oligomer estimate 

 (%) (molec/molec) (min) (%/min)  (molec) 

Chase 1 100 84 1.5 12.3 1.00 NA 
Chase 2 100 65 1.5 13.3 1.00 NA 
Chase 3 100 22 1.7 13.0 1.00 NA 
Chase 4 100 20 1.6 11.7 0.91 22.1 
Chase 5 100 15 2.0 10.9 0.85 17.5 
Chase 6 100 12 2.4 7.1 0.55 21.8 
Chase 7 100 7 3.1 3.0 0.23 28.6 
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Figure 3-1.  Precursor proteins bind with high affinity to the receptor complex and 

cannot be easily displaced. Thylakoid membranes were incubated with 
saturating amounts of radiolabeled precursor as described in Appendix 
Experimental Procedures. After binding, membranes were washed twice and 
then incubated with saturating amounts of unlabeled precursor at two 
temperatures: 0°C and 25°C. At time points, aliquots were removed and 
centrifuged. Membranes (A) and supernatant (B) fractions for each time point 
were analyzed by SDS-PAGE and fluorography. Radioactivity was measured 
by scintillation counting and plotted as percent of total for each time point (C). 
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Figure 3-2.  Precursors bind directly and specifically to cpTatC. Thylakoid membranes 

were treated with 0.5 mg/ml IgGs (lanes 3 to 6) in the absence or presence of 
antigen (lane 5) for 1 h on ice and then incubated with saturating amounts of 
radiolabeled precursor, RR tOE17 (A) or KK tOE17 (B). Alternatively, 
thylakoids were treated or mock treated with 100 µg/ml thermolysin (lanes 7 
and 8) for 40 min on ice. Proteolysis was terminated with EDTA after which 
membranes were recovered, washed with IB 5 mM EDTA, and then incubated 
with saturating amounts of radiolabeled precursor, RR tOE17 (A) or KK tOE17 
(B). After 1 h incubation with precursor, membranes were recovered by 
centrifugation, washed twice and resuspended in IBM buffer. Samples were 
analyzed by SDS-PAGE and fluorography as described in Appendix 
Experimental Procedures. 
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Figure 3-3.  Binding saturation assay in thylakoid membranes. (A) Increasing amounts 
of radiolabeled RR tOE17 were incubated with washed thylakoids for 1 h at 
4°C in a binding reaction as described in Appendix Experimental Procedures. 
Membranes recovered after binding were used to quantify bound precursor 
(A, upper panel) and the supernatant after binding to quantify free unbound 
precursor (A, lower panel). (B) Nonspecific binding was estimated in a parallel 
binding assay with a nonfunctional KK tOE17. (C) Total bound precursor 
(grey), non-specific binding (black) and total minus nonspecific binding (blue) 
were plotted against free unbound precursor. Specific binding was fitted to a 
single binding site model (solid blue line). (D) Scatchard analysis. 
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Figure 3-4.  Hill slope analysis indicates independent binding sites in the receptor 
complex. Increasing amounts of radiolabeled RR tOE17 precursor were 
incubated with thylakoid membranes for 1 h at 4°C in a binding reaction. The 
amounts of precursor for each binding reaction were chosen to have several 
points in the middle region of the curve. Membranes were recovered by 
centrifugation and washed twice with IBM. Samples were analyzed by SDS-
PAGE and fluorography as described in Appendix Experimental Procedures. 
(A, upper panel) precursor bound to thylakoids. The supernatant after binding 
was used to quantify free unbound precursor in the reaction (A, lower panel). 
(B) non-specific binding (gray diamonds) and total minus non-specific binding 
(black squares) were plotted versus free unbound precursor and fitted to a 
single binding site model. Hill plot for the middle region points in the curve 
(inset in C)  
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Figure 3-5.  Import of cpTatC into chloroplasts increases thylakoid binding capacity by 

~1 precursor per imported cpTatC. (A) preTatC and mock import reactions 
were each performed in 4 replicates for 1 hour as described in Appendix 
Experimental Procedures. Chloroplasts were repurified after import and 
treated with thermolysin for 40 min on ice previous to thylakoid isolation. 
Radiolabeled tOE17 was added to mock-import and to preTatC-import 
thylakoids and incubated in a binding reaction as described in Appendix 
Experimental Procedures. (B) Radiolabeled imported cpTatC and precursor 
were quantified by scintillation counting and plotted. Increase in binding was 
obtained as the difference in the amount of bound precursor between 
thylakoids with imported cpTatC and mock import thylakoids. Error bars 
represent the mean ± SD, n = 4. 
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Figure 3-6.  Immunopurified precursor bound receptor complex contains ~1 precursor 
per cpTatC. Thylakoids were incubated with saturating amounts of precursor 
in a binding reaction as described in Appendix Experimental Procedures. 
Precursor bound thylakoids were solubilized with digitonin and the insoluble 
pellet (lanes P) removed by centrifugation. The supernatant (lanes SN) was 
incubated with Hcf106 IgG beads (Appendix Experimental Procedures) and 
the unbound material (lanes FT) removed following centrifugation. The 
recovered beads were washed (lanes W) and then eluted (lanes E) with SDS 
buffer containing urea. (A) Precursor recovered in fractions. (B) cpTatC in 
fractions as determined by immunoblotting. (C) Precursor was quantified by 
scintillation counting in each fraction and displayed as percentage of starting 
material. (D) Precursor and cpTatC were quantified in the elution as described 
in Appendix Experimental Procedures. Error bars represent the mean ± SD, n 
= 3.  
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Figure 3-7.  Bound precursors are dissociated from the receptor complex during 
electrophoresis on BN-PAGE. Saturating amounts of His tagged precursor 
were incubated with thylakoids in a binding reaction. The recovered and 
washed thylakoids were solubilized with digitonin as described in Appendix 
Experimental Procedures. Solubilized membranes (lanes L) were incubated 
with Ni-NTA magnetic beads purified for metal ion affinity purification and the 
unbound fraction (lanes FT) removed after magnetic separation. The beads 
were washed (lanes W) and then eluted with EDTA (lanes E) and analyzed by 
SDS-PAGE (A) and BN-PAGE (B). Second dimension analysis of the BN-
PAGE lane L (C). The radioactivity in the second dimension gel was quantified 
separately for the receptor complex band (880-440 kDa) and below, and 
displayed as percentage of total.  
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Figure 3-8.  Chase kinetics in low occupancy and precursor-saturated thylakoid 
membranes with sufficient and insufficient Tha4.Thylakoid membranes were 
incubated in binding reactions with concentrations of precursor that resulted 
in 20% (A and B) or 100% (C and D) saturation of the receptor complexes. 
After binding, thylakoids were incubated with in vitro translated Tha4 (A and 
C) or mock translation (B and D) on ice for 20 min to allow Tha4 integration. 
Transport of bound precursor (chase) was initiated by addition of ATP and 
transfer to an illuminated bath at 15°C. Samples were removed at the 
designated times and analyzed as described in Appendix Experimental 
Procedures. The transported OE17 (mOE17) was fit to a generic sigmoidal 
equation (blue lines) (Appendix Experimental Procedures).Lag times were 
determined by the tangent method as described in Appendix Experimental 
Procedures (insets). Fluorograms of the chase reactions in C and D are 
displayed below the panels.  
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Figure 3-9.  Analysis of the transport phase in lag-subtracted chase reactions. The lag 
time from each chase experiment shown in Fig. 7 was estimated as described 
in Appendix Experimental Procedures, and subtracted from each time point. 
The resulting data were plotted as percent of maximum transport and fitted to 
an exponential first order equation. 
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Figure 3-10. Tha4 oligomer minimal size. Chase reactions with precursor saturated 
membranes were conducted with different amounts of in vitro translated Tha4 
as explained in Appendix Experimental Procedures. Chases were plotted as 
percent of time zero and fitted to a generic sigmoidal equation (A). Transport 
rates for each chase were estimated with the first derivative of the fitted 
curves (B). The amount of Tha4 per precursor was estimated for each chase 
as described in Appendix Experimental Procedures, and plotted versus 
maximum transport rates (C). A regression line for the four chases with <25 
Tha4 per precursor is shown. A line of the average max rate for the three 
chases with higher rates is shown. The intercept of the two lines (arrow) 
indicates in the x-axis the minimal size of the Tha4 oligomer (21 Tha4 per 
precursor). Lag times were estimated as described in Appendix Experimental 
Procedures and plotted versus the ratio of Tha4/precursor. 

   



 

77 

 
 

Figure 3-11.  Tha4 oligomer minimal size estimated with endogenous Tha4. Chase 
reactions with increasing amounts of precursor were conducted as explained 
in Fig 3-10 except that no Tha4 was added to the reaction. Chases were 
plotted as percent of time zero and fitted to a generic sigmoidal equation (A). 
Transport rates for each chase were estimated with the first derivative of the 
fitted curves (data not shown). Lag times were estimated as described in 
Appendix Experimental Procedures and plotted versus the ratio of 
Tha4/precursor (B). The amount of Tha4 per precursor was estimated for 
each chase as described in Appendix Experimental Procedures, and plotted 
versus maximum transport rates (C). Envelope localized Tha4 was subtracted 
from the total amount and plotted versus maximum transport rates (D) A 
regression line for the five chases with lower rates is shown (C and D). A 
regression line for the two chases with higher transport rates is shown (C and 
D). The intercept of the two lines (arrow) indicates in the x-axis the minimal 
size of the Tha4 oligomer (51 Tha4 per precursor in C, and 37 Tha4 per 
precursor in D). 
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CHAPTER 4 
SUMMARY AND CONCLUSIONS 

 

In these studies we developed a novel quantitative immunoblotting method that 

allows an accurate quantification of low abundance membrane proteins in complex 

systems. Proof-of-concept experiments indicated an error in the quantification that 

varied between 5 to 8%. The accuracy of the method relies on using full-length standard 

proteins obtained by in vitro translation and correction factors for gel extraction 

efficiencies. Importantly, once the correction factors are determined, the method can be 

performed in a routine basis and is inexpensive. This method can be used in 

mechanistic studies to describe the number of binding sites in a receptor and identify 

cooperativity between binding sites. Reorganization of membrane protein complexes 

can also be studied by placing affinity tags in one of the complex components. Finally, 

when combined with a kinetic assay, this method can be used to estimate the 

stoichiometry requirements for enzyme activity in native membranes. 

Two fundamental questions about the mechanism of protein transport by the twin 

arginine translocation (Tat) system were addressed in these studies: (1) the number of 

precursor binding sites in the Tat receptor complex and (2) the minimal size of the Tha4 

homo-oligomer. Three different experimental approaches showed that each cpTatC 

binds one precursor protein, indicating that each receptor complex can bind 7-8 

precursors. Analysis of transport reactions from the bound-state (chase) under different 

receptor occupancy levels and different amounts of Tha4, suggested that transport is 

independent at each binding site and that the minimal size of the Tha4 oligomer for the 

OE17 precursor is ~28 protomers. Analysis of the lag phase in chase reactions showed 
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an inverse linear relationship between lag time and the ratio of Tha4 per precursor 

below the minimal Tha4 oligomer size. Furthermore, we also found evidence that the 

assembly step includes a Tha4 concentration independent event which could be related 

to Tha4 polymerization or conformational changes. Analysis of the transport phase of 

membranes with sufficient Tha4 to activate all sites indicated kcat values of ~0.3 min-1 

that did not vary with receptor occupancy. 

The multivalent nature of the Tat receptor complex and the capability of each 

binding site to independently recruit a Tha4 oligomer and transport a bound precursor, 

revealed novel and interesting aspects of Tat protein transport and at the same time 

opened new questions. Since precursor binding is non-cooperative, the reason for 

having multiple binding sites in the receptor complex is not completely clear at this 

point. One possibility is that oligomeric precursor proteins, each bearing a signal 

peptide, could be coordinately transported across the membrane as it was shown by Ma 

and Cline (2010). Tha4 recruitment at each binding site would facilitate assembly of a 

Tha4 oligomer large enough to transport oligomeric precursor proteins. 

Currently, there are two models of how Tha4 could facilitate precursor 

translocation. One model proposes that Tha4 exists as a collection of oligomeric 

channels of different sizes that can be recruited to a precursor bound receptor complex. 

Precursor translocation would occur when the size of the Tha4 channel fits the size of 

the folded precursor. The second model proposes that Tha4 oligomers destabilize the 

membrane upon assembly with a precursor bound receptor complex and facilitate 

precursor transport. The results of these studies do not strongly support one model 

more than the other; however, the low kcat values reported seem more consistent with a 
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facilitated movement through the bilayer than transport by an appropriately sized 

channel. 

From the two existing models for Tat translocation, one could predict that larger 

precursors would require a larger Tha4 oligomer to be transported. Future studies 

should use the chase kinetics approach shown here to test the effect of precursor size 

in the rate of protein transport and in the Tha4 requirement to activate all binding sites. 

Other variables that would be interesting to study using a chase kinetics approach are 

precursor isoelectric point and reaction temperature. 
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APPENDIX 
EXPERIMENTAL PROCEDURES 

Source Plants, Chloroplasts and Thylakoid Isolation 

Intact chloroplasts were isolated from 9 to 10-day-old pea seedlings, Progress #9 

Improved, following published procedures (Cline et al., 1993). Chloroplasts were 

resuspended to 1 mg chlorophyll/ml in import buffer (330 mM sorbitol, 50 mM HEPES-

KOH, pH 8.0) and kept on ice until use. Isolated thylakoids were obtained from intact 

chloroplast by osmotic lysis. Chloroplast pellets were lysed at 2 mg chlorophyll/ml in 10 

mM HEPES-KOH, pH 8.0, containing 10 mM MgCl2 at 0°C for 5 min and adjusted to 

import buffer, 10 mM MgCl2. Thylakoids were obtained from lysates by centrifugation at 

3,300 X g for 8 min and washing with IB, 5 mM MgCl2. Thylakoids were resuspended to 

1 mg chlorophyll/ml in IB, 5 mM MgCl2 before use. Chlorophyll concentrations were 

determined according to Arnon (1949). 

Plasmid Construction and Mutagenesis 

Transcription clones for tOE17 V-20F (Gérard and Cline, 2007), preTatC and 

mTatC (Mori et al., 2001), and mTha4 (Fincher et al., 2003) are as described. The DNA 

clone for the His tagged precursor and His tagged mTatC were constructed by PCR 

mutagenesis using the QuickChangeTM kit (Stratagene, La Jolla, CA) by adding an 

unstructured linker consisting of  3 GGGGS repeats and 6 histidine residues at the C-

terminus of the protein. DNA sequencing on both strands at the University of Florida 

Interdisciplinary Center for Biotechnology Research DNA Sequencing Core Facility 

verified cloned constructs. 
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Preparation of Radiolabeled Precursors 

Capped mRNAs were transcribed in vitro with SP6 polymerase (Promega) and 

were translated in vitro in the presence of [3H]-leucine with a homemade wheat germ 

translation system (Cline, 1986). Translation was initiated by incubating translation 

mixtures at 25°C for 1 h and stopped by transferring to ice and adding 1 volume of 2X 

IB buffer containing 10 mM MgCl2 and 400 µM cycloheximide. 

Determination of Translation Product's Specific Radioactivity by Isotope Dilution 
Experiments 

Isotope dilution experiments were used to determine the size of the unlabeled 

leucine pool in wheat germ extracts. In this determination, translation reactions 

contained 40% v/v of homemade wheat germ extract, and the following components at 

final concentrations in the assay: 1.5 mM ATP, 1.5 mM GTP, 38 µM unlabeled amino 

acids except leucine, 0.45 µCi/µl [3H]-leucine (Perking Elmer), 12 mM phosphocreatine, 

1.4 mM dithiotrietol, 77 µg/ml creatine phosphokinase, 1.9 mM MgOAc, 126 mM KOAc, 

0.6 mM spermidine, 0.4 U/µl RNasin and mRNA. A series of translation reactions were 

carried out with increasing amounts of unlabeled leucine in a range from 0 to 80 µM 

final concentration. Translations were incubated at 25°C for 1 h and stopped by 

transferring to ice and adding 1 volume of 2X IB buffer, 400 µM cycloheximide. An 

aliquot of each translation received 1 volume of SDS sample buffer and was denatured 

at 37°C for 20 min. Translations were analyzed by SDS-PAGE and fluorography. 

Radiolabeled proteins were extracted from gel slices as described (Cline, 1986) and 

dpm were measured by liquid scintillation counting. The reciprocal of the radioactivity 

extracted from gel slices of radiolabeled proteins was plotted against total leucine 

concentration in the reaction (added unlabeled leu + [3H]-leucine). The negative 
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intercept with the y-axis of the regression line obtained from the data points represents 

the concentration of endogenous unlabeled leucine contributed by the wheat germ 

extract (Patrick et al., 1989). The specific radioactivity of in vitro translated proteins was 

calculated by multiplying the ratio of [3H]-leucine to total leucine in the translation 

reaction by the specific radioactivity of the [3H]-leucine indicated by the manufacturer.  

Scintillation Counting 

In vitro translated proteins labeled with tritiatedleucine were measured by 

scintillation counting in a Beckman LS 6500. Counting efficiency for tritium and quench 

correction curves (chemical and color quench) were checked. A new counting efficiency 

correlation curve for tritium was generated with a set of PerkinElmer quenched 

standards. Counting efficiency for tritium was ~61%. The color quench correction 

system was specifically checked for chlorophyll by counting samples with the same 

amount of isotope and increasing amounts of chlorophyll. The counting accuracy of 

pigmented samples over a range of 0 to 6 µg chlorophyll was in average –2.7%. 

Chloroplast Import and Thylakoid Protein Integration Assays 

Radiolabeled precpTatC was incubated with isolated chloroplasts (0.33 mg 

chlorophyll/ml), 5 mM Mg-ATP in IB with 120 µE of light in a 25°C water bath for 30 min. 

After import, chloroplasts were pelleted and treated with thermolysin (100 µg/ml) for 40 

min at 0°C. Protease treatment was stopped by adding EDTA to a final concentration of 

8 mM. Intact chloroplasts were re-purified by centrifugation through a 35% percoll, 5 

mM EDTA in IB. Recovered chloroplast were lysed hypotonically as described 

previously to separate stromal-intermediate cpTatC from thylakoid-integrated mcpTatC 

(Martin et al., 2009). Isolated thylakoids from import assays were washed once and 

resuspended to 1 mg chlorophyll/ml. 
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Integration of in vitro translated Hcf106 and Tha4 into isolated thylakoids was 

performed by incubating translation mixtures with washed thylakoids (0.5 mg 

chlorophyll/ml) at 25°C in the dark for 20 min. Following integration, membranes were 

washed twice with IB buffer, 5 mM MgCl2, and resuspended to 1 mg chlorophyll/ml. 

Precursor Binding 

In vitro translated precursor proteins were treated with apyrase (10 U per 100 µl 

translation) for 30 min on ice to remove nucleosides. Binding reactions were performed 

by incubating apyrase-treated in vitro translated precursor proteins with isolated 

thylakoids in the dark at 4°C for 1 h. with end-over-end mixing. After binding, thylakoids 

were recovered by centrifugation, washed twice and resuspended to 1 mg 

chlorophyll/ml in IB, 5 mM MgCl2. 

Binding saturation data analysis 

Specific binding curves were obtained by subtracting non-specific binding, 

determined with a KK precursor in a parallel assay, from total binding of the RR 

precursor protein. Specific binding data were fit by non-linear regression to a single site 

binding equation B=Bmax*[precursor]/(kd+[precursor]) where B=concentration of bound 

precursor, [precursor]=concentration of free, unbound precursor, and the fitting 

parameters Bmax= maximum binding, and kd=dissociation constant, using LabPlot-GNU 

software. The Hill coefficient in binding saturation assays was determined by fitting the 

data to a single site binding equation including a Hill slope term h (Bmax=Bmax 

*[precursor]h/(kdh+[precursor]h)).  

SDS-PAGE and Immunoblotting 

Samples containing cpTatC, Hcf106 or Tha4 received 1 vol of sample buffer (4% 

SDS, 66% glycerol, 5% β-mercaptoethanol, 2 mM EDTA, 125 mM M Tris, pH 6.8) and 
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were incubated at 37°C for 20 min before electrophoresis to prevent cpTatC 

aggregation. Samples for SDS-PAGE analysis of precursor proteins were also mixed 

with sample buffer as before but heated at 95°C for 2 min. The acrylamide 

concentration in the gels was chosen to be the minimum required to resolve the protein 

being analyzed. The purpose of this was to facilitate electrophoretic transfer to blotting 

membranes and minimize gel retention. In this way, cpTatC and Hcf106 were analyzed 

in gels containing 9% acrylamide, and Tha4 in 12.5% acrylamide. Samples were loaded 

in gels with a syringe to prevent carry over. Gels were electroblotted on 0.2 µm pore-

size polyvinylidine fluoride membranes for cpTatC and 0.2 µm pore-size nitrocellulose 

membranes for Hcf106 and Tha4. Before electroblotting, polyvinylidine fluoride 

membranes were wet in 100% methanol and then equilibrated in transfer buffer 20% 

methanol. Nitrocellulose membranes were directly equilibrated in transfer buffer 20% 

methanol. Electroblotting was performed in a wet tank system at 100 volts for 1 hour 

using transfer buffer (200 mM glycine, 25 mM Tris) containing 20% methanol. Blotted 

membranes were blocked for 25 min at room temperature in TBS-T buffer containing 

5% fat-free milk with shaking. After blocking, membranes were rinsed twice with TBS-T 

and incubated with primary antibody for 1 h. with shacking. Blots were rinsed twice and 

washed for 25 min with three changes of buffer before secondary antibody decoration. 

Secondary antibody incubation was done for 1 h. with shacking. After washing the blots 

as before, antibody complexes were detected with the enhanced chemiluminescence 

method (ECL, GE Helathcare). Immunoblot films where scanned at 600 dpi in 

translucent mode using an Epson Perfection 3170 scanner. Scanned images were 
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analyzed by densitometry using Quantity One software (Bio-Rad). Gels were processed 

for fluorography as described (Bonner and Laskey, 1974). 

Precursor Protein Chase Assay 

For transport assays of thylakoid bound precursor protein (chase), 40 μg 

chlorophyll of thylakoids recovered from binding assays were further incubated with 

apyrase treated in vitro translated unlabeled mTha4 or mock translation extract on ice in 

the dark for 20 min. Following mTha4 integration, precursor protein-bound thylakoids 

received 1 volume of stromal extract and were equilibrated to 15°C in the dark for 5 min. 

Aliquots of the mixture were removed as time zero samples and for cpTatC 

quantification. The chase reaction was initiated with Mg-ATP (12 mM final 

concentration) and transfer to ~100 μmol/m2/s white light at 15°C. At time points, 

aliquots were removed, mixed with SDS buffer and heated at 95°C for 3 min. Samples 

were analyzed by SDS-PAGE and fluorography. 

Chase Kinetics Data Analysis 

The amount of mature protein obtained for each time point was corrected for 

recovery and normalized to percent of time zero or percent of maximum transport as 

indicated. Normalized data were fit to a generic sigmoidal equation y=a*xb/(cb+xb) where 

y= mOE17, x= time , and a,b and c are fitting parameters, by nonlinear regression using 

the program Labplot-GNU. The maximum transport rate in a chase reaction was 

obtained with the 1st derivative of the fitted sigmoidal curve by numerical differentiation 

using Labplot-GNU. The lag time for each reaction was estimated by the intercept with 

the x-axis of the tangent line to the fitted sigmoidal model at the point of maximum 

transport rate (Auer and Kashchiev, 2010). Lag times were subtracted from each time 
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point and the resulting data plotted and fitted to a first order exponential equation  

y = a*e(-kcat*x)+c where y= mOE17, x= time and kcat is a fitting parameter. 

Digitonin Solubilization 

Thylakoid membranes were solubilized in 0.5% digitonin, 0.5 X IB, 20% glycerol, 

0.5 M amino-caproic acid and 2 mM PMSF at 1 mg chlorophyll per ml for 1 h at 4°C with 

end-over-end mixing. Insoluble material was then collected by centrifugation at 150,000 

x g at 2°C for 30 min and the supernatant removed to a new tube for further processing. 

Blue Native Polyacrylamide Gel Electrophoresis 

Thylakoids were solubilized with digitonin as described above and combined with 

1:10 volume of 5% Coomassie Brilliant Blue G (Serva), 100 mM BisTris-HCl, pH 7.0, 0.5 

M amino-caproic acid, 30% glycerol. BN-PAGE on 5-13.5% acrylamide gradient with 

0.75-mm-thick gels and fluorography or immunoblotting were as described (Cline and 

Mori, 2001; Gérard and Cline, 2007). For 2D analysis, whole-lanes or bands between 

the 880 and 440 kDa markers were excised and soaked in 1X SDS sample buffer for 10 

min at 37°C and were applied onto a 1-mm-thick SDS-PAGE.  

Non-denaturing Immunoprecipitation 

Thylakoids recovered from binding assays with saturating concentrations of 

precursor protein were solubilized with digitonin as described above except that the 

digitonin concentration was 1%. The 150,000 x g supernatant was incubated with 

protein A-Sepharose beads that had been cross-linked to Hcf106-IgG (Cline and Mori, 

2001) for 2 hrs with end-over-end mixing at 4°C. Unbound proteins were recovered by 

centrifugation and the beads were washed with 0.5% digitonin, 0.5 X IB, 0.5 M amino-

caproic acid, 20% glycerol for 10 min at 4°C. Bound proteins were recovered by 
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incubating the beads with 2X SDS, 8M urea, non-reducing sample buffer for 16 hrs at 

room temperature and removing the beads with a mini spin column (Promega). 

Metal Affinity Purification under Non-denaturing Conditions 

Washed precursor protein-bound thylakoids were solubilized with 0.5% digitonin 

as described above and the 150,000 x g supernatant combined with 1 volume 2X 

binding buffer (40 mM HEPES, pH 7.8, 300 mM NaCl, 40 mM Imidazole) and mixed 

with Ni-NTA magnetic agarose beads (Qiagen). The suspension was incubated at 4°C 

with end-over-end mixing for 8 hrs and unbound proteins recovered by removing the 

supernatant after 1 min in a magnetic rack. The beads were washed in 1X binding 

buffer, 0.25% digitonin for 2 min and bound proteins were eluted with 1X binding buffer 

0.25% digitonin, 100 mM EDTA for 1 h with end-over-end mixing at 4°C. A second 

elution was performed with 2X SDS sample buffer containing 100 mM EDTA at room 

temperature for 1 h. 
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