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ABSTRACT 

Signal recognition particles (SRPs) in pro- and eukaryotes function in 

cotranslational targeting of nascent poplypeptides to an SRP receptor at the target 

membrane. A unique chloroplast SRP (cpSRP) functions post-translationally to direct 

light-harvesting chlorophyll-binding proteins (LHCPs) to the receptor cpFtsY at the 

thylakoid membrane for LHCP insertion in a process involving the integral membrane 

protein Albino3 (Alb3) and requiring GTP. Work here focuses on understanding cpSRP 

targeting events at the thylakoid membrane, specifically those involving Alb3 and the 

lipid environment. 

We show an interaction between the novel cpSRP subunit cpSRP43 and the 

soluble, stromal-exposed C terminus of Albino3 (Alb3-Cterm). We determine that the 

site for this interaction is housed in an ankyrin repeat region of cpSRP43. Further, we 

provide functional relevance to this interaction within the overall targeting pathway. We 

also examine the role of lipids in cpSRP targeting and show the ability of artificial 

liposomes to support critical cpSRP functions. Work was also done in creating thylakoid-

mimicking liposomes and using various microscopy techniques to visualize targeting 

components in a lipid environment. Finally, we report an interaction between Alb3 and 

the Arabidopsis thaliana large ribosomal subunit protein L23, which hints at a 

cotranslational function for Alb3. 
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INTRODUCTION 

Sorting, routing and localization of proteins to specific sites within the cell are 

critical requirements that allow for compartmentalization of functionally diverse 

molecules into highly organized and specialized regions. The majority of proteins are 

synthesized in the cytosol and must then be trafficked to the appropriate membrane or 

organelle. Once proteins are routed to a specific organelle, such as mitochondria, 

endoplasmic reticulum, or chloroplasts, further targeting to an exact site of function, such 

as a specific membrane or soluble space, is necessary. 

Work presented here focuses on protein targeting to the chloroplast thylakoid 

membrane by the chloroplast signal recognition particle (cpSRP) pathway. The aim of 

this work is to elucidate the role of the integral membrane cpSRP insertase Albino3 

(Alb3) and the lipid environment of the targeted thylakoid membrane. This work 

identifies key membrane interactions and the function of those interactions in cpSRP 

targeting. 

Protein targeting to membranes is accomplished by different pathways and 

components depending on the substrate and its targeted destination. However, despite the 

different routes, most targeting systems share basic components – a recognition element 

which identifies a particular substrate with its destination, an energy source to power the 

translocation event, a pore-complex which regulates substrate passage into and through 

membranes, and often soluble and membrane-bound protein components which aid in or 

are essential to targeting. The many variations of the basic targeting pathway theme show 

the high degree of specialization that exists both intracellularly and across different 

domains of life. Much of what is known about protein targeting comes from bacterial 
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export systems, which are the most heavily studied targeting pathways. Regardless of 

pathway or organism, however, the soluble targeting components and their functions are 

better characterized than the membrane components and membrane-associated steps. 
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CHLOROPLAST THYLAKOID TARGETING 

 Chloroplast proteins are derived from two distinct genomes, that of the nucleus 

and the plastid. The vast majority (> 95 %) of chloroplast proteins are encoded in the 

nucleus (1), synthesized in the cytosol, and then must be imported into the chloroplast. 

These proteins contain a transit peptide that minimally specifies chloroplast import and 

sometimes the final destination. Due to the post-translational nature of these imported 

proteins, many of which are integral membrane proteins, chaperones, including heat 

shock proteins among others, are heavily involved in order to maintain substrate 

solubility prior to chloroplast import. Not all chloroplast targeted proteins are routed to 

the thylakoid. There are two other potential chloroplast membrane destinations, the outer 

envelope and the inner envelope, but these are outside the scope of this research [for 

review see (2)]. For proteins destined for the thylakoid, they must first pass through the 

outer and inner chloroplast membranes. This translocation is accomplished by the 

translocon of the outer envelope membrane of chloroplasts (TOC) and the translocon of 

the inner envelope membrane of chloroplasts (TIC). Another subset of proteins, those 

encoded by the chloroplast genome, are cotranslationally targeted as a ribosome nascent 

chain complex (RNC). Regardless of genomic origin, stromal proteins continuing to the 

thylakoid membrane or lumen are targeted by one of four different pathways – the 

chloroplast secretory (cpSec) pathway, the chloroplast twin arginine translocation (cpTat) 

pathway, the spontaneous pathway, or the cpSRP pathway (Fig. 1.1). These pathways, 

except for the spontaneous pathway to which no proteinaceous or energy requirements 

have been reported, all utilize an integral membrane protein translocase/insertase and an 

energy source driving the event. A detailed overview of each pathway covering substrate 
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recognition elements, known substrates, soluble and membrane protein components, and 

energy requirements is given below and summarized in Fig. 1.1. 

Secretory Pathway 

Sec systems are found in the eukaryotic endoplasmic reticulum (3), the plasma 

membrane of both Archaea (4) and Eubacteria (5-7), and the chloroplast thylakoid 

membranes of plants and algae (8-9). All Sec systems involve soluble accessory proteins, 

which vary depending on the organism, and a protein conducting channel. One 

conserved, critical targeting factor is the GTPase SecA, which powers the Sec 

translocation event. The channel consists primarily of two membrane proteins, the multi-

spanning SecY (Sec61α) and the single spanning SecE (Sec61γ), but bacterial channels 

also contain SecG.  

Understanding of the cpSec pathway has greatly benefited from advances in the 

study of the related Sec protein machinery in E. coli. But while much homology between 

bacterial and chloroplast Sec components has been shown, much of the chloroplast 

system remains unclear. No homologs of the bacterial chaperone SecB have been found, 

nor have any stromal chaperone/accessory proteins been identified. Other components 

present in Escherichia coli Sec system, which exports proteins across the plasma 

membrane, but lacking in the chloroplast system are members of the membrane complex 

SecDFyajC [for review see (10-12)]. 

The most well studied role of the versatile cpSec system is the post-translational 

translocation of substrates across the thylakoid membrane into the lumen. It is estimated 

that half of all lumenal proteins are transported by the cpSec pathway, with the other half 

reaching the lumen via the cpTat pathway. However, a second function of the Sec 
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translocon is the cotranslational integration of membrane spanning proteins into the lipid 

bilayer of the thylakoid. One shared feature of all cpSec transported substrates is the 

requirement to be in an unfolded state. With the absence of identified soluble chaperone 

and accessory proteins in the cpSec pathway, it remains to be known how substrates are 

unfolded prior to translocation or, alternatively, how cpSec substrates are maintained in 

an unfolded state in the chloroplast stroma. 

 Post-translation substrates of the cpSec pathway, including the identified 

plastocyanin and a 33-kDa subunit of the oxygen evolving complex (OE33), are targeted 

to the thylakoid lumen (8, 13). All post-translational Sec substrates contain an N-terminal 

stroma-targeting transit peptide, which is cleaved by stromal processing peptidase (SPP) 

after import into the chloroplast. This cleavage reveals a second targeting peptide, the 

lumenal-targeting signal peptide. Signal peptides of both the Sec and TAT pathways 

contain a large, acidic N-domain, an internal hydrophobic domain, and a polar C-terminal 

domain ending with A-X-A, which is the cleavage site for the thylakoid processing 

peptidase (TPP) after lumenal entry (14). 

 Mechanistically, the chloroplast Sec system operates quite similarly to the E. coli 

system (15-16). Unfolded precursors, in the absence of ATP, can bind the thylakoid. This 

membrane binding is stimulated by cpSecA, and cross-linking experiments have revealed 

a membrane complex containing substrate, cpSecA, and cpSecY (17). The translocation 

event requires ATP and is driven by a bind and release mechanism involving the ATPase 

cpSecA (17). Translocation inhibition using azide (SecA inhibitor) (8, 18) or anti-cpSecY 

IgG pretreatment (19) has been demonstrated. 



7 
 

 The cpSecYE translocase also participates in cotranslational integration of 

thylakoid membrane proteins. Less is known about the targeting of these plastid-encoded 

substrates due to the difficultly in recreating the pathway using isolated thylakoid assays. 

Not only does it require all the necessary components for an in vitro translation system, 

but these membrane proteins are often part of larger complexes, which greatly 

complicates reconstitution. Thus the evidence for the known cotranslational cpSec 

substrates, cytochrome F and photosystem 2 subunit D, is mainly indirect. Cytochrome F 

is inserted into the thylakoid membrane as a single transmembrane anchor with a large 

lumenal domain. Cytochrome F was first shown as a cpSec substrate when the precursor 

accumulated in a cpSecA null maize mutant (20). These results were verified by pathway 

reconstitution assays (21-22). This shows that cpSecA is critical in cotranslational cpSec 

targeting. The possibility exists that cpSRP54 is also bound to the cytochrome F RNC 

complex (23), but results have been unclear (22). A second cotranslational substrate of 

the cpSec pathway is D1. Pulse-chase radiolabel assays in intact chloroplasts have shown 

D1 associates with SecY as a RNC, not as a full-length protein (24). This work also 

showed an association between SecY and the chloroplast ribosome. In vitro translation of 

D1 has shown an interaction between the nascent chain and cpSRP54 (25-26). Further, 

Chlamydomonas reinhardtii Alb3 knockout mutants show production of D1, but a lack of 

assembly into PSII (27). Taken together, these results suggest cpSRP54 targets a D1 

RNC to the cpSecYE translocase for integration. D1 is then assembled into PSII in a 

process involving Alb3, but not cpSecYE (24). 
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Twin Arginine Translocation Pathway 

 There are two features that distinguish substrates of the cpTAT pathway from 

cpSec substrates. Like Sec substrates, cpTat precursors contain a bipartite transit 

sequence. Upon import into the stroma, the transit sequence is cleaved, revealing a 

lumenal signal peptide with the same basic makeup as Sec substrates (N-domain, H-

domain, and C-domain). cpTat precursors, however, are distinguished by two arginine 

residues in the N-domain of the signal peptide, which gives the pathway its name (14). A 

second difference from the cpSec pathway is the ability of the cpTAT pathway to 

translocate fully folded substrates. Folded cpTat transport was suggested based on the 

tight folding of natural cpTat substrates (28-29), and confirmed when internally cross-

linked proteins fused to cpTat substrates were effectively transported (30-31). However, 

evidence exists that cpTat also has the ability to handle misfolded and unfolded proteins 

as well (31). 

 Unlike chloroplast Sec, where much of what is known comes from the 

homologous bacterial system, the first Tat pathway component was identified in 

thylakoid studies (32-33). A homolog of this initial component, High chlorophyll 

fluorescence 106 (Hcf106), was subsequently identified in prokaryotes (the Tat system is 

absent from fungi and animals) and advances in Tat pathway understanding have come 

from both bacterial and thylakoid work. 

In addition to Hcf106 (TatB in bacteria), two other proteins makeup the cpTat 

translocase. Tha4 (TatA), like Hcf106, is a single span membrane protein (34). The third 

component, cpTatC (TatC) contains six transmembrane domains (35). All three 

components are required for cpTat function, as antibodies against any of the three 
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proteins abolishes the pathway (19, 35). The three integral membrane cpTat components 

exist in two distinct populations. cpTatC and Hcf106 exist in a ~700 kDa complex that 

contains multiple copies of the two proteins in a 1:1 ratio (36). Tha4 exists in a separate 

subpopulation as a homo-oligomer (37-38). The cpTatc-Hcf106 complex serves as the 

cpTat receptor, binding precursors in the absence of Tha4 (36, 39). Binding and cross-

linking of the cpTat substrate OE17 precursor to the cpTat receptor complex revealed the 

signal peptide, near the double arginine residues, interacted with cpTatC, and the 

hydrophobic region of the signal peptide interacted with Hcf106 (40-41). This 

compliments other work showing the twin arginine motif and a continuous hydrophobic 

domain of the signal peptide are necessary and sufficient for cpTat receptor binding (39, 

41-42). Results from the bacterial Tat pathway show two precursors can simultaneously 

bind one cpTatC-Hcf106 receptor complex (43). More recent work with cpTat shows as 

many as four precursors can bind a single receptor complex and be transported 

simultaneously with an efficiency near that of monomer translocation (44). The cpTat 

substrate OE17 binds first to the thylakoid lipid membrane, not the receptor complex 

(29). Similarly, a chimeric precursor called 16/23, bound thylakoids and produced a 

degradation fragment after proteolysis, indicating partial insertion into the lipid bilayer 

prior to translocation (45). These substrates are thought to interact with the receptor at a 

later stage. 

 The functional cpTat translocase is formed only in the presence of receptor-bound 

precursor and the establishment of a membrane ΔpH (38-39). Satisfaction of those two 

requirements triggers assembly of a cpTatC-Hcf106-Tha4 complex. The oligomerization 

state of Tha4 in the final cpTat translocase varies, ranging up to decamers (37). The 
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requirement of Tha4 recruitment to form the active translocase coupled with the varying 

number of Tha4 molecules present in said translocase have led to models predicting a 

central role for Tha4 in cpTat substrate translocation. Translocating folded proteins of 

various sizes across a membrane without membrane leaking is a difficult task. One model 

proposes that the number of Tha4 molecules in the translocase depends on the size of 

substrate (46). For larger substrates, more Tha4 would assist in forming a larger 

membrane pore through which the protein would pass. However, substrate size does not 

seem to correspond to increased oligomers of Tha4 (37). A second model proposes that 

recruitment of Tha4, followed by possible structural changes, locally weakens the 

membrane, allowing substrate to pass through in a Tha4-assisted manner (38, 47). Future 

work will help to further evaluate each model. Regardless of how the physical process 

happens, the energy required for cpTat translocation is supplied by the electrochemical 

potential, which is primarily in the form of a pH gradient. Initial investigations into the 

energy requirements of the cpTat pathway were in vitro transport assays using isolated 

chloroplasts or thylakoids. This work showed no requirement for nucleotide 

triphosphates, but that the proton gradient (ΔpH) is both essential and exclusive to drive 

cpTat transport (48-49). Later in vivo studies have shown ΔpH is not strictly required, 

and that the electric potential (Δψ) may be sufficient in place of ΔpH (50-51). Follow-up 

in vivo studies have shown that cpTat transport may be possible in the total absence of a 

ΔpH and an electric potential (52). Further work is needed to settle the seeming 

discrepancy between in vitro and in vivo results. 
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Spontaneous Pathway 

 A third thylakoid targeting pathway is unique to chloroplasts and is unlike the 

other plastid targeting pathways in that it has neither proteinaceous nor energy 

requirements [for review see (53)]. Many integral thylakoid proteins, ranging from single 

span to multi-spanning, seem to integrate via the spontaneous pathways, yet little is 

known about the mechanism of insertion. Spontaneous insertion was initially 

characterized for single-span, nuclear-encoded subunits of the ATP synthase complex 

(CFoII) (54) and photosystem II (PsbW and PsbX) (55). These proteins contain a Sec-like 

bipartite transit sequence, but isolated thylakoid integration experiments have shown 

insertion does not require stromal extract, nucleotide triphosphates or a known translocon 

(54-58). An insertion mechanism has been proposed whereby the thylakoid localization 

signal serves as a second hydrophobic region. The two hydrophobic domains insert and 

the hydrophilic region forms a lumen-exposed loop (58). Signal sequence cleavage by 

TPP forms the mature protein. 

 Nuclear-encoded photosystem I subunits PsaK and PsaG also spontaneously 

insert. These proteins contain two transmembrane domains, with an N and C terminus 

extending into the lumen and a positively-charged, stromal-exposed loop region (59-60). 

Unlike the spontaneous single-span proteins, whose insertion is proposed to be driven by 

hydrophobic interactions, the positive loop region of these double-span proteins is critical 

for integration (60). 

 A third class of spontaneously inserting proteins are nuclear-encoded and multi-

spanning (PsbY, Elip2, PsbS, cpSecE, Tha4, and Hcf106) (55, 61-63). However, in vitro 

results seem to show insertion of Elip2 and PsbS is not always truly spontaneous and may 
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require stromal factors and nucleotide triphosphates (61). Interestingly, the third member 

of the cpTat translocase, cpTatC, does not insert spontaneously and requires additional 

targeting factors, but does not use any of the traditional translocons for insertion. Martin 

et al. (64) speculate that cpTatC, and possibly other translocase proteins, may insert by a 

yet unknown pathway involving the insertase Alb4 or SecY2, homologs of Alb3 and 

SecY respectively. 

Signal Recognition Particle Pathway 

 The signal recognition particle (SRP) targeting pathway is present across all 

domains of life, targeting proteins to the endoplasmic reticulum, cytoplasmic membrane 

and chloroplast thylakoid membrane [for review see (65)]. Much conservation is 

observed across all SRP pathways, but key differences exist as well, particularly in the 

chloroplast system (Fig. 1.2). While other SRP systems target a host of substrates, cpSRP 

seems specific for a family of light-harvesting chlorophyll-binding proteins (LHCPs). 

LHCPs are synthesized in the cytosol and must then be imported through the chloroplast 

outer and inner envelope (via TOC and TIC) into the stroma before targeting to the 

thylakoid membrane. This highlights a main difference in cpSRP targeting compared to 

other systems – because LHCP is translated in the cytosol and must then be imported, 

cpSRP functions post-translationally. Mammalian and bacterial SRPs function 

cotranslationally, targeting the ribosome nascent chain complex (RNC) to the membrane 

for integration. 

All SRPs contain a conserved 54-kDa GTPase subunit called SRP54 in mammals, 

fifty four homolog (ffh) in bacteria, and cpSRP54 in plants. The mammalian and bacterial 

SRP molecules also contain an RNA-moiety that is lacking in chloroplasts. The cpSRP 
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molecule, however, contains a unique 43-kDa subunit (cpSRP43) that is critical to cpSRP 

targeting (66-67) (Fig. 1.2). Conservation also exists between SRP receptor (SR) 

molecules. All hydrolyze GTP, although the mammalian SR contains a second integral 

membrane GTPase receptor subunit (SRβ) tethered to the membrane-associated subunit 

(SRα). SRα is homologous to the E. coli and chloroplast SR (FtsY and cpFtsY, 

respectively), which both partition between the membrane and soluble phase (Fig. 1.2). 

The mammalian and bacterial SRP pathways ultimately target to a Sec translocase, with 

YidC also functioning in integration of SRP-targeted substrates in bacteria (65). While 

preliminary evidence exists for cotranslational cpSRP54 targeting to a cpSec translocase 

(24-26), the most studied cpSRP insertase is the YidC family member Alb3 (68) (Fig. 

1.2). Mitochondrial Oxa1 is a third member of the YidC/Alb3 family, and more recent 

work has identified a second family member in chloroplasts (Alb4) (69) and gram 

positive bacteria (YidC2) (70). 

Like the mammalian and bacterial counterparts, cpSRP54 is composed of an NG-

domain that binds and hydrolyzes GTP and a C-terminal M-domain (71). In 

cotranslational systems, the M-domain binds the ribosome, the RNA moiety, and samples 

peptides as they emerge from the ribosome, binding the hydrophobic signal sequence of 

SRP substrates (65, 72-73). In post-translational cpSRP targeting, which lacks a RNC and 

RNA moiety, the M-domain interacts with cpSRP43 to form the cpSRP heterodimer 

molecule (74-76). cpSRP43 is made up almost entirely of protein interaction domains. It 

is composed of three chromodomains (CD), one at the N terminus (CD1) and two at the 

C terminus (CD2 and CD3). The central region of the molecule is made up of four 

ankyrin (Ank) repeats (Ank1, Ank2, Ank3 and Ank4) (74-76). Using a variety of 
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methods including pepscan, yeast-two- hybrid, copurification, and ITC, CD2 was 

identified and confirmed as the interaction site with the M-domain of cpSRP54 (75-78). 

In vitro experiments have shown formation of the SRP heterodimer is a critical 

interaction and that absence of either subunit abolishes LHCP integration (74, 79). 

However, more recent in vivo results show that in the absence of cpSRP54 (and cpFtsY), 

LHCP is integrated via a cpSRP43 only pathway (80). 

Interaction of the cpSRP dimer with LHCP, post stromal import, forms the 

targeting molecule termed transit complex, which maintains the highly hydrophobic 

LHCP in soluble, integration competent state (81). An 18 amino acid segment of LHCP 

(L18) located between transmembrane domains 2 and 3 interacts with the Ank region of 

cpSRP43, specifically Ank1 (75, 82-83), while the M-domain of cpSRP54 binds 

hydrophobic sequences. Recent work has shown cpSRP43 exhibits a unique chaperone 

ability for the substrate LHCP. cpSRP43, independent of cpSRP54 and ATP, can reverse 

aggregation of LHCP (84-85). However, the functional relevance of this disaggregase 

activity has not been shown. In addition to maintaining LHCP solubility, transit complex 

formation is thought to prime cpSRP54 for GTP binding, based on homologous systems 

(86). 

At the thylakoid membrane, transit complex docks with the receptor cpFtY (87-

88), which interacts with the NG-domain of cpSRP54 (89). cpFtsY partitions between the 

stroma and thylakoid (88, 90), but no evidence exists of a soluble cpFtsY-transit complex 

molecule. In addition, cpFtsY tethered to the thylakoid membrane is fully functional in 

LHCP integration suggesting that the partitioning is not required (90). cpFtsY contains a 

short N-terminal region responsible for membrane binding (90) and a conserved NG-
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domain that house GTPase activity (87). Once membrane and GTP bound, cpFtsY is 

primed for interaction with cpSRP.  Likewise, GTP-bound transit complex in the stroma 

targets to and interacts with GTP-bound FtsY at the thylakoid membrane. It is likely that 

this membrane complex forms and is then directed to Alb3, since formation at the 

membrane can take place in the absence of an available Alb3 (91) (See Fig. 1.3 for a 

model of cpSRP targeting). 

Alb3 is known to play a role in the insertion of LHCP (68), however the 

mechanism is not known. Nor has it been shown that Alb3 acts as the insertase, although 

this is largely assumed. The possibility exists that Alb3 holds delivered LHCP in a 

competent state for chlorophyll attachment and downstream assembly, thereby acting as a 

chaperone (92). It is also possible that the cpSec translocase plays a role, as it is known to 

exist in a complex with Alb3 (93), and can be copurified with a cpSRP/cpFtsY membrane 

complex locked at Alb3 using non-hydrolyzable GTP analogs (91). However, the fact 

that antibodies to cpSecY do not affect LHCP integration argues against a role of the 

cpSec translocase in LHCP insertion (19). 

As the lack of understanding about the role of Alb3 shows, the picture of cpSRP 

targeting begins to cloud at the membrane. Much is still unknown about the membrane-

associated targeting steps and about the mechanism of LHCP insertion. Thus, we set out 

to answer important question concerning cpSRP membrane events. How does the SRP 

membrane complex associate with Alb3? What triggers/regulates membrane events 

including LHCP release and GTP hydrolysis? What role, if any, does the lipid 

environment play? Does Alb3 operate outside LHCP integration, perhaps in a 

cotranslational role like family members YidC and Oxa1? Work done here not only helps 
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answers those and other essential questions, but adds to the overall understanding of 

cpSRP targeting events that take place at the membrane interface. 
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Figure 1.1. Model showing the four thylakoid targeting pathways. 

Nuclear-encoded precursors are synthesized in the cytosol and contain an N-terminal 
chloroplast targeting sequence. Proteins targeting to the lumen contain a lumen targeting 
domain. After transport through the chloroplast envelopes via TOC/TIC, proteins enter 
one of four pathways. Soluble factors, energy requirements and membrane components 
are shown for each pathway. 
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Figure 1.2. Comparison of SRP, SRP receptor, and SRP translocase from different 
organisms. 

Components of the mammalian, E. coli, and chloroplast SRP systems are shown. 
Mammalian and bacterial SRPs contain an RNA moiety, while chloroplast SRP contains 
a unique 43-kDa protein subunit. All organisms utilize a homologous receptor protein, 
but mammals additionally have a transmembrane receptor subunit. Mammals and E. coli 
both use a Sec translocase, while E. coli and chloroplast have homologous insertase 
proteins YidC and Alb3. The possibility exists that additional membrane components 
exist for the chloroplast pathway. 
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Figure 1.3. Model of chloroplast cpSRP targeting. 

The cpSRP heterodimer (cpSRP54/cpSRP43) binds substrate LHCP to form the soluble 
transit complex. GTP-bound transit complex interacts with GTP-bound receptor cpFtsY 
at the thylakoid membrane. The membrane complex then targets to the integral 
membrane protein Alb3. In a series of poorly understood steps, LHCP is released from 
transit complex for integration, while cpSRP54 and cpFtsY hydrolyze GTP, promoting 
component release. 
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SUMMARY 

The chloroplast signal recognition particle (cpSRP) and its receptor, chloroplast 

FtsY (cpFtsY), form an essential complex with the translocase Albino3 (Alb3) during 

post-translational targeting of light-harvesting chlorophyll-binding proteins (LHCPs). 

Here, we describe a combination of studies that explore the binding interface and 

functional role of a functionally critical cpSRP43-Alb3 interaction. Using recombinant 

proteins corresponding to the C terminus of Alb3 (Alb3-Cterm) and various domains of 

cpSRP43, we identify the ankyrin repeat region of cpSRP43 as the domain primarily 

responsible for the interaction with Alb3-Cterm. Furthermore, we show Alb3-Cterm 

dissociates a cpSRP-LHCP targeting complex in vitro and stimulates GTP hydrolysis by 

cpSRP54 and cpFtsY in a strictly cpSRP43-dependent manner. These results support a 

model in which interactions between the ankyrin region of cpSRP43 and the C terminus 

of Alb3 promote distinct membrane-localized events, including LHCP release from 

cpSRP and release of targeting components from Alb3. 
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INTRODUCTION 

Mitochondrial inner membranes and chloroplast thylakoid membranes are densely 

populated with protein complexes vital to the production of metabolic energy. For both 

membrane systems, biogenesis requires specialized protein sorting and integration 

systems, which localize nucleus- and organelle-encoded proteins to the target membrane. 

Consistent with the prokaryotic origin of mitochondria and chloroplasts, protein insertion 

into their energy-generating membranes is accomplished via the action of Oxa1p and 

Albino3 (Alb3), respectively, which belong to a family of protein insertases that includes 

YidC in bacteria (1-6). 

Although YidC/Oxa1p/Alb3 homologues vary dramatically in length (225–795 

residues), all share a conserved hydrophobic core of about 200 residues (2) that extends 

across five transmembrane domains leaving the C terminus exposed to the cytoplasm, 

matrix, or stroma, respectively (Fig. 2.1). Complementation studies demonstrated that the 

core regions of both Oxa1p and Alb3 functionally replace the core of YidC to insert 

membrane proteins via a “YidC only” pathway (7-8). Similarly, a chimera of YidC fused 

with a portion of the C terminus of Oxa1p was useful in demonstrating that the core 

region of YidC can functionally replace the core region of Oxa1p (9). These experimental 

results show that the core regions of YidC/Oxa1p/Alb3 are at least partially 

interchangeable and house the capacity for assisting membrane protein transition into 

adjacent bilayers. They also support the possibility that a conserved function of the 

YidC/Oxa1p/Alb3 C terminus is to bind soluble targeting machinery. For example, the 

hydrophilic C-terminal extension of Oxa1p forms an α-helical domain essential for 

interacting with the ribosome during cotranslational integration (10-11). 
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Like Oxa1p, Alb3 contains a hydrophilic C-terminal extension that may play a 

critical role in protein targeting (12-13). Alb3 works in conjunction with a post-

translational chloroplast signal recognition particle (cpSRP) targeting system to integrate 

a family of nuclearly encoded light-harvesting chlorophyll-binding proteins (LHCPs) into 

thylakoid membranes where they are assembled with chlorophyll to form light-harvesting 

complexes (14-17). Antibody binding to the C terminus of Alb3 inhibits LHCP 

integration and prevents an Alb3-cpSRP interaction (12), suggesting interactions with the 

C terminus of Alb3 may be required in the cpSRP-dependent targeting reaction. 

cpSRP is a heterodimer composed of a highly conserved 54-kDa GTPase 

(cpSRP54) and a 43-kDa protein (cpSRP43) unique to chloroplasts (18-20). LHCP 

precursors imported into the chloroplast stroma from the cytosol are N-terminally 

processed and bound by cpSRP to form a soluble cpSRP-LHCP complex, termed transit 

complex, which maintains mature-sized LHCP in an integration-competent state (19, 21). 

Transit complex interacts with a thylakoid membrane-associated SRP receptor GTPase 

(cpFtsY) prior to interaction with Alb3 (12). Although the membrane-localized steps are 

not well understood, a mechanism must exist for the regulated transfer of LHCP from 

cpSRP to Alb3 and most likely involves the cpSRP54/cpFtsY GTP hydrolysis cycle. By 

analogy to cotranslational SRP targeting mechanisms, LHCP release from cpSRP is 

presumably accompanied by reciprocal GTP hydrolysis by cpSRP54 and cpFtsY to 

stimulate their release from each other and from Alb3, ensuring their availability for 

subsequent rounds of targeting 

 cpSRP-dependent targeting of LHCPs is novel in that it functions post-

translationally, targeting fully synthesized substrates. All other known SRP targeting 
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systems are cotranslational and utilize the translating ribosome as a regulator of substrate 

binding, GTP hydrolysis, and protein-protein interactions (22-23). The evolutionary 

acquisition of cpSRP43 appears critical for post-translational targeting of LHCPs (24). 

cpSRP43 not only binds targeting substrate (LHCP) but was recently shown to provide 

both novel and specific chaperone function, capable of independently reversing 

aggregation of the highly hydrophobic LHCPs (25-26). Furthermore, cpSRP43 interacts 

with cpSRP54 and specifically copurifies Alb3 from isolated thylakoid membranes (24, 

27-30). More recently, we and others demonstrated that cpSRP43 binding to Alb3 is 

mediated by the Alb3 C terminus (13, 31). However, the physiological significance of 

this low affinity interaction (9.7 µM) remains uncertain. 

cpSRP43 is composed of two types of characteristic protein-protein interaction 

domains: chromodomains (CD) and ankyrin (Ank) repeats (arranged CD1-Ank1-Ank2-

Ank3-Ank4-CD2-CD3; Fig. 2.2) (27, 30). A conserved motif in LHCP, L18, is bound by 

the Ank repeat region of cpSRP43 (27-28, 30, 32-33), and cpSRP54 is bound by CD2 

(27, 34-35). As expected, these regions are critical for formation of transit complex 

(Ank1-CD2), LHCP integration (CD1-CD2), and regulation of GTP hydrolysis (CD1) 

(27). Although Falk et al. (13) suggest that CD2-CD3 are responsible for cpSRP43 

binding to the C terminus of Alb3, the physiological contribution of this interaction in the 

LHCP targeting mechanism is not known, and CD3 can be removed from cpSRP43 

without consequence to the efficiency of transit complex formation or LHCP integration 

into isolated thylakoids (27).  

Although key LHCP targeting/insertion components and transit of LHCP through 

the stroma to the thylakoids have been examined in detail, many questions remain 



  33 
 

concerning the orchestration and timing of membrane-associated cpSRP-dependent 

targeting events. Results described in this study indicate that the Ank repeat domain of 

cpSRP43 is responsible for high affinity binding to Alb3-Cterm (97 nM) with CD2 

contributing slightly to the binding interface. We show that this interaction is functionally 

critical for efficient assembly of a cpSRP-cpFtsY-Alb3 membrane complex and is used in 

LHCP targeting to regulate the timing of GTP hydrolysis by cpSRP54/cpFtsY. Our data 

also indicate that cpSRP43 binding to Alb3-Cterm affects the stability of transit complex, 

which supports a role of this interaction in promoting release of LHCP from cpSRP at the 

thylakoid membrane. Collectively, our results support a model whereby cpSRP43 targets 

available Alb3 via its C terminus and communicates this interaction to cpSRP/cpFtsY 

thereby triggering downstream events (e.g. GTP hydrolysis and substrate release) 

required to promote LHCP integration into the thylakoid membrane. 
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MATERIALS AND METHODS 

All reagents, enzymes, and primers used were purchased commercially. Plasmids 

described previously were used for in vitro transcription and translation of pLHCP (36), 

cpSRP43 (37), and cpFtsY (37). Recombinant purified cpSRP43, GSTcpSRP43, GST, 

GST-Ank1-CD2, GST-CD1, GST-CD2, CD2, ΔCD1, ΔCD2, and ΔCD3 were prepared 

as described previously (27). His-cpSRP43 (24), Trx-His-Stag-cpFtsY (12, 38), and 

cpSRP54-His (12) were prepared as described with the exception of a new restriction site 

(XhoI) for cpFtsY (39). A peptide corresponding to the cpSRP43-binding site in LHCP, 

L18 (VDPLYPGGSFDPLGLASS), has been previously described (33). Antibodies to the 

following proteins have also been described as follows: Alb3-Cterm (40), Alb3–50 amino 

acids (17), cpSRP43 (12), cpFtsY (12), and cpSRP54(12). All cloned sequences were 

verified by sequencing.  

Construction of Alb3-Cterm Clones 

A cDNA clone for PPF1 (defined as Alb3 in Pisum sativum) was obtained by RT-

PCR using total RNA from P. sativum. Forward and reverse primers matching the 

sequence for PPF1 (accession number Y12618) were designed to include EcoRI and XbaI 

sites, respectively, for ligation into pGEM-4Z (Promega). The coding sequence for PPF1-

Cterm, a 124-amino acid segment of PPF1 beginning at NNVLSTA and ending at 

SKRKPVA, was amplified by PCR from PPF1-pGEM-4Z. The resulting PCR fragment 

was restricted with BamHI and XbaI and then ligated into similarly restricted pGEM-4Z 

to produce the plasmid Alb3-Cterm-pGEM-4Z. Forward and reverse primers were 

designed to match the beginning and ending of the Alb3-Cterm and to include SphI and 

HindIII sites, respectively, for ligation into pQE-80L (Qiagen). The forward primer also 
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included a two amino acid linker (SA), a FLAGTM tag, and a Thrombin cleavage site. 

The resulting PCR fragment was restricted with SphI and HindIII and then ligated into 

similarly restricted pQE-80L to create the plasmid His-FLAG-Alb3-Cterm-pQE-80L. 

This plasmid was transformed into BL21 Star (Invitrogen) and used for IPTG-induced 

expression of His-FLAG-Alb3-Cterm. All Alb3 constructs are from P. sativum. 

To produce His-Stag-Alb3-Cterm, His-FLAG-Alb3-CtermpQE-80L was 

amplified by PCR with a reverse primer designed to match the ending of the Alb3-Cterm 

sequence and a forward primer designed to replace the FLAG tag (DYKDDDDK) with 

an S tag (KETAAAKFERQHMDS) resulting in a construct with a His6 tag, SA linker, 

Stag, thrombin cleavage site, and the 124-amino acid segment of PPF1 beginning at 

NNVLSTA and ending at SKRKPVA. This plasmid, referred to as His-Stag-Alb3-Cterm-

pQE-80L, was transformed into BL21 Star and used for IPTG-induced expression of His-

Stag-Alb3-Cterm. 

Briefly, expressed Alb3-Cterm peptides were affinity-purified over Talon® 

Superflow metal affinity chromatography and either followed directly by desalting into 

HKMK (10mMHepes-KOH, pH 8.0, 10mM MgCl2, 100mM KCl) buffer or followed by 

a cation exchange step over Resource S (binding: 20mM Hepes, pH 8, 10mM KCl, and 

elution: 20mM Hepes, pH 8, 1 M KCl) and then desalting into HKMK buffer. 

Construction of cpSRP43 Clones 

Coding sequences for CD1 and CD2 were amplified by PCR from GST-CD1-

pGEX-4T-2 and GST-CD2-pGEX-4T-2 (27) using forward primers designed to 

incorporate a BamHI restriction site and His6 tag and match the beginning of the CD1 

(GEVNKII) or CD2 (QVFEYAE) coding sequences and reverse primers designed to 
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match a pGEX plasmid. Coding sequences for Ank1-CD2 were amplified by PCR from 

GST-ΔCD3 (27) using forward primers designed to incorporate a BamHI restriction site 

and a His6 tag and match the beginning of Ank1 (SEYETP) and reverse primers designed 

to match a pGEX plasmid. PCR products were restricted with BamHI and EcoRI (His-

CD1 and His-Ank1-CD2) or XhoI (His-CD2) and ligated into similarly restricted pGEX-

6P-2, producing GST-His-CD1-pGEX-6P-2, GST-His-CD2-pGEX-6P-2, and GST-His-

Ank1-CD2-pGEX-6P-2. His-CD1, His-CD2, and His-Ank1-CD2 plasmids were 

transformed into BL21 Star and used for IPTG-induced expression of these constructs as 

described previously (27). The ΔCD2/CD3 cpSRP43 construct for expression in 

Escherichia coli was produced by PCR amplification of the entire mature cpSRP43-

pGEX-6P-2 plasmid (38) minus the codons for amino acids to be deleted (Δ273–377; 

missing residues AEVDEI…QQPMNE). The use of phosphorylated primers 

corresponding to the flanking regions of the sequence to be deleted allowed for efficient 

ligation of the PCR products to re-circularize the plasmid and form the desired coding 

sequence for GST-ΔCD2/CD3-pGEX-6P-2. This plasmid was transformed into BL21 

Star for IPTG-induced expression. 

Briefly, expressed GST constructs were affinity-purified by using glutathione-

SepharoseTM 4 Fast Flow resin (GE Healthcare) followed by a desalting step into HKM 

(10 mM Hepes-KOH, pH 8.0, 10mM MgCl2) buffer as described. Following the 

glutathione-Sepharose purification, cleaved constructs were brought to 50 mM Tris-HCl, 

150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.0, and incubated with PreScissionTM 

protease (GE Healthcare) overnight at 4 °C. Cleaved constructs were desalted into 

phosphate-buffered saline and passed over glutathione-Sepharose 4 Fast Flow resin for 
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removal of cleaved GST and PreScissionTM protease followed by desalting into HKM 

buffer. 

Ank1–4 was amplified from mature cpSRP43 in pGEM-4Z (37) using forward 

and reverse primers designed to match the beginning (EYETPWW) and ending 

(RRIGLEKVINV) of Ank1–4 and incorporate BamHI and SalI sites. PCR products were 

restricted with BamHI and SalI and ligated into similarly restricted pQE-80L, producing 

His-Ank1–4-pQE-80L. This plasmid was transformed into BL21 Star and used for IPTG 

induced expression of His-Ank1–4. His-Ank1– 4 was produced as inclusion bodies, 

solubilized in 8 M urea, and purified as a soluble protein with Talon® Superflow metal 

affinity resin. His-Ank-1– 4 containing 8 M urea was dialyzed against Tris-HCl, pH 7.5, 

and subsequently buffer exchanged into HKM. 

Preparation of Chloroplasts and Radiolabeled Precursors 

Intact chloroplasts were isolated from 10- to 12-day-old pea seedlings (P. sativum 

cv. Laxton’s Progress) and used to prepare thylakoids and stroma as described previously 

(41). Chlorophyll (Chl) content was determined as described previously (42). Thylakoids 

were isolated from lysed chloroplasts by centrifugation and salt-washed (SW) two times 

with 1 M potassium acetate in import buffer (IB: 50 mM Hepes-KOH, pH 8.0, 0.33 M 

sorbitol) and two times with IB with 10 mM MgCl2 (IBM) prior to use. For protease 

treatment, SW thylakoids were diluted to 0.5 mg/ml Chl in IB with 0.2 mg/ml 

thermolysin and 1 mM CaCl2 and incubated for 40–60 min (P. sativum). Subsequently, 

samples were combined with EDTA in IB to 20 mM EDTA, and either washed or applied 

to a 7.5% PercollTM (GE Healthcare) gradient in IB containing 10 mM EDTA. Pellets 
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from the Percoll gradient were washed once with IB containing 10 mM EDTA and twice 

with IBM. Protease-treated thylakoids were resuspended at 1 mg/ml Chl in IBM. 

In vitro transcribed capped RNA was translated in the presence of 

[35S]methionine (43) using a wheat germ system to produce radiolabeled proteins (41). 

Precursor LHCP translation products were diluted 2-fold with 30 mM unlabeled Met in 

IB. cpSRP43, cpSRP54, and cpFtsY constructs were labeled with ratios of labeled and 

unlabeled Met such that an equal 35S signal represented equimolar protein as described 

previously (37). Constructs were quantified by comparing the 35S signal from a given 

protein band as analyzed by SDS-PAGE and phosphorimaging. Equimolar amounts of 

proteins were added to each experiment. 

Thylakoid Binding Assay 

P. sativum thylakoid binding assays included SW or protease-treated thylakoids 

(equal to 75 µg of Chl) in IBM and radiolabeled cpSRP43 or cpFtsY. Reactions were 

incubated for 30 min in light at 25 °C. Thylakoids were centrifuged at 3200 × g for 6 

min, washed in 1 ml of IBM, and transferred to clean tubes. Thylakoids were then 

pelleted, solubilized in SDS buffer, and heated. Amounts equivalent to 7.5 µg of Chl per 

sample were analyzed by SDS-PAGE and phosphorimaging. 

Protein Binding Assays 

Alb3 coprecipitation by cpSRP components was examined by incubating SW 

thylakoids (equal to 75 µg of Chl) with 10 µg of His-tagged protein and in the presence 

or absence of 0.5 µM GMP-PNP at 25 °C for 30 min in light. Thylakoids were washed 

with 600 µl of IBM and solubilized with 2% n-dodecyl-β-D-maltoside (maltoside) in IB 

for 10 min. Samples were centrifuged at 70,000 × g for 12 min, and soluble material was 
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incubated with 50 µl of a 50% Talon Superflow metal affinity resin slurry in IB for 30 

min while shaking. Resin was washed three times with 0.1% maltoside in IB and once 

with IB before elution in 50 µl of SDS sample buffer. Eluted proteins were separated by 

12.5% SDS-PAGE and Western blotted for cpSRP43, cpSRP54, cpFtsY, and Alb3. The 

protein loading control lane is equivalent to 1/100th of the available Alb3 as based on the 

total amount of thylakoids used. 

GST-cpSRP43 constructs/Alb3-Cterm binding assays were performed by 

incubating 350 pmol (4.7 µM final concentration) of GST-fused cpSRP43 or construct 

with 1500 pmol (20 µM final concentration) of His-Stag-Alb3-Cterm for 15 min at 25 °C 

and adding 30 µl of a 50% glutathione-Sepharose 4 Fast Flow slurry in 10 mM Hepes-

KOH, pH 8.0, 10 mM MgCl2 (HKM), in a final volume of 75 µl. Samples were allowed 

to mix for 30 min at 4 °C and then transferred to a 0.8-ml centrifuge column (Pierce) and 

washed three times with 0.75 ml of 20 mM HK, 300 mM KCl, 10 mM MgCl2, 2% 

Tween 20, three times with 0.75 ml of 0.1% maltoside in IB, and three times with 0.75 ml 

of HKM. Coprecipitating proteins were eluted in 75 µl of SDS-PAGE solubilization 

buffer. Eluted proteins were separated by 12.5% SDS-PAGE and visualized by staining 

with Coomassie Blue. 

Coprecipitation of cpSRP43 and constructs by His-Stag-Alb3-Cterm was 

accomplished by incubating 800 pmol (8 µM final concentration) of Alb3-Cterm with 30 

µl of 50% S-protein/agarose slurry (Novagen) in IB and shaking gently for 15 min at 25 

°C. After addition of 1500 pmol (15 µM final concentration) of cpSRP43 or construct, in 

a final volume of 100 µl, samples were allowed to mix for 30 min at 4 °C and then 

transferred to a 0.8-ml centrifuge column and washed three times with 0.1% maltoside in 
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IB. Coprecipitating proteins were eluted in 75 µl of SDS-PAGE solubilization buffer. 

Eluted proteins were separated by 12.5% SDS-PAGE and visualized by staining with 

Coomassie Blue. For his-Flag-Alb3-Cterm coprecipitation of cpSRP43, 800 pmol of his-

Flag-Alb3-Cterm were incubated with 1500 pmol of cpSRP43 in a final volume of 75 µl 

while shaking gently for 15 min at 25 °C. After addition of 20 µl 50% Talon Superflow 

metal affinity resin slurry in 10 mM HK, 10 mM MgCl2, samples were allowed to mix 30 

min at 4 °C and then transferred to a 0.8 ml Centrifuge Column and washed three times 

with a buffer containing 50 mM Na2HPO4, 300 mM NaCl, and 10 mM imidazole, pH 7. 

Coprecipitating proteins were eluted in 75 µl of a buffer containing 50 mM Na2HPO4, 

300 mM NaCl, and 150 mM imidazole, pH 7. Eluted proteins were separated by 12.5% 

SDS-PAGE and visualized by staining with Coomassie Blue and Western blotting for 

cpSRP43 (see Analysis of Samples section below for detailed protocol). 

Isothermal Titration Calorimetry (ITC) 

ITC experiments were performed by Dr. Suresh Kumar’s lab using a VP-ITC 

titration microcalorimeter (MicroCal Inc.). All solutions were degassed under vacuum 

and equilibrated at 25 °C prior to titration. Protein or peptide (50–200 µM) was loaded 

into the sample cell (1.4 ml), and the titration syringe was loaded with another protein or 

peptide at 10–30-fold higher concentration. Titrations were routinely carried out using 

40–50 injections of 6-µl aliquots using the injection rate of 5–7-min intervals with a 

stirring rate of 340 rpm. Solutions were prepared either in a buffer containing 10 mM 

Tris, 100 mM NaCl, pH 7.5, or in HKM. Titration curves were corrected for protein-free 

buffer and analyzed using Origin ITC software (MicroCal Inc.) (44). 
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Transit Complex Formation Assays 

Transit complex was formed in 60-µl assays by mixing 25 pmol (0.4 µM final 

concentration) each cpSRP43 and cpSRP54 with 10 µl of diluted translation product 

similar to assays described previously (33, 45). Assays were incubated for 20 min at 25 

°C, and then 0–2000 pmol (0–33.3 µM) of either His-Stag-Alb3-Cterm peptide in 20 µl 

of HKMK, CD3 in HKM, or GST in HKM was added as indicated. Assays were 

incubated for 20 min at 25 °C and then centrifuged at 70,000 × g for 1 h. The top 30-µl 

supernatant was removed, cooled on ice, and prepared for native PAGE by the addition of 

5 µl of 50% glycerol. 

In moving radiolabel assays, transit complex components (cpSRP43, cpSRP54, 

and LHCP) were all produced by in vitro transcription/translation via a wheat germ 

system. Indicated protein component was translated in the presence of [35S]methionine 

to produce the radiolabeled protein. The other two components were translated in the 

presence of nonradioactive Met. Proteins (10 µl of each TP) were then treated as above to 

form transit complex prior to the addition of 0–5000 pmol (0–83.3 µM) of His-Stag-

Alb3-Cterm and analysis by native PAGE. 

Analysis of Samples 

A portion of each sample from each assay was analyzed by SDS-PAGE (or native 

PAGE as indicated) followed by Western blotting or phosphorimaging. GE Healthcare 

image analysis software (ImageQuant) was used for quantification of radiolabeled protein 

from phosphorimages obtained using a Typhoon 8600. Horseradish peroxidase-labeled 

mouse IgG (Southern Biotech) was used as secondary antibody, and blots were 

developed with SuperSignal® West Pico chemiluminescent substrate (Pierce). Western 
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blots were imaged using an Alpha Innotech FluorChem IS-8900 using chemiluminescent 

detection. AlphaEase FC Stand Alone software (Alpha Innotech) was used for 

quantification. SDS-PAGE standards (Invitrogen) were used to calculate molecular 

weights (MagicMarkTM XP Western Standard for Western blots; BenchmarkTM Protein 

Ladder for Coomassie-stained gels). Protein concentrations were estimated by Coomassie 

Blue staining. 

GTPase Assays 

Recombinant cpSRP54 and cpFtsY were assayed for GTPase activity alone or in 

the presence of recombinant cpSRP43, recombinant cpSRP43 deletion constructs, and/or 

His-Stag-Alb3-Cterm as described previously (27, 46). GTPase activity was measured in 

solution by determining the amount of inorganic phosphate released by GTP hydrolysis. 

Assays containing 150 pmol (1 µM final concentration) of cpSRP43 (or indicated 

construct), cpSRP54, cpFtsY, the indicated amount of His-Stag-Alb3-Cterm (0–40 µM, 

0–6000 pmol), and 2 mM GTP were brought to a final volume of 150 µl in HKM and 

incubated at 30 °C for 1 h. After incubation, SDS was added to a final concentration of 

6% to denature protein components and prevent subsequent GTPase activity. The 

addition of ascorbic acid and ammonium molybdate (to 6 and 1%, respectively) was 

followed by a 5-min incubation, and subsequently each assay was brought to 1% sodium 

citrate, sodium (meta)arsenite, and acetic acid for a final volume of 1.05 ml. The 

absorbance of each sample was then measured at 850 nm. Throughout the duration of the 

experiment, the amount of GTP hydrolyzed increased linearly. Furthermore, a standard 

curve of inorganic phosphate (Pi) was linear from 2 to 75 nmol of Pi and was used to 

determine the amount of Pi released in each assay. A substrate control that lacked protein 
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components and a zero time control with the protein denatured by the addition of 6% 

SDS prior to the addition of GTP varied from 0.0 to 2.3 nmol of Pi between experiments 

and were used to correct for nonspecific hydrolysis and background hydrolysis for each 

assay. 
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RESULTS 

cpSRP43 Interacts with the Thylakoid Membrane Protein Alb3 

We previously demonstrated that His-tagged cpSRP43 binds SW P. sativum 

thylakoid membranes and copurifies Alb3 (24). More recently, it was published that 

cpSRP43 alone or as a heterodimer with cpSRP54 binds Alb3 through interactions 

between chromodomains (CDs) at the C terminus of cpSRP43 (CD2 and CD3) and the 

stroma-exposed C terminus of Alb3 (13). However, the physiological role of cpSRP43 

binding to Alb3 is not known. In this context, we asked whether cpSRP43 plays a role in 

promoting Alb3 association with a cpSRP-cpFtsY complex, which forms at the thylakoid 

membrane (12). His-tagged cpSRP43, cpSRP54, and cpFtsY constructs shown to be 

active in reconstituting LHCP integration into isolated thylakoids and able to form a 

stable complex with Alb3 (12) were incubated with SW thylakoids in the presence or 

absence of GMP-PNP. Membranes were solubilized with maltoside and then mixed with 

Talon® Superflow metal affinity resin to repurify His-tagged constructs and associated 

proteins (Fig. 2.3). Samples were probed for His-tagged constructs and coprecipitating 

Alb3 (P. sativum PPF1). Assays containing cpSRP54, cpFtsY, or both copurify ~6% or 

less of the available Alb3, which is slightly above background binding (~2%) to the resin 

(Fig. 2.3, A and B). In contrast, assays containing cpSRP43 copurify ~15% of the 

available Alb3 (Fig. 2.3, A and B). Similar amounts of each added His-tagged construct 

were repurified indicating that changes in the amount of copurified Alb3 are not due to 

inaccessible His tags. The requirement for cpSRP43 to copurify Alb3 suggests that 

cpSRP43 functions as the bridge that connects cpSRP and cpFtsY to Alb3. 



  45 
 

Copurification of Alb3 could stem from interaction of cpSRP43 with an unknown 

Alb3-associated thylakoid protein or could stem from binding of cpSRP43 to the Alb3 C 

terminus, an interaction reported recently using recombinant cpSRP43 and protein 

corresponding to the C terminus of Alb3 (Alb3-Cterm) (13). However, the reported 

affinity between cpSRP43 and Alb3-Cterm (Kd ~10 µM) seems insufficient to support 

specific molecular interactions expected for efficient protein targeting and approaches 

affinity values observed for nonspecific protein interactions (47). To investigate these 

possibilities further, we tested the ability of cpSRP43 to bind thylakoids lacking the C 

terminus of Alb3. Alb3 contains five transmembrane domains with its N terminus facing 

the thylakoid lumen (6). Thermolysin treatment of thylakoid membranes removes the C 

terminus of Alb3, but otherwise it has no effect on Alb3 integrity as judged by the size of 

the protease-resistant fragment (~30 kDa), which is detectable with antisera to a protease-

resistant, stroma-exposed loop (anti-50 amino acids) and undetectable using antibody 

against the Alb3 C terminus Fig. 2.4 B). Although binding of cpFtsY to protease-treated 

thylakoids is unaffected because of its affinity for thylakoid lipids (37), the ability of 

cpSRP43 to bind protease-treated thylakoids is diminished by ~80% (Fig. 2.4 A), further 

supporting a role of the Alb3 C terminus in cpSRP43 binding to thylakoids. Taken 

together with the results of Fig. 2.3, these data suggest that one role of cpSRP43 binding 

to the Alb3 C terminus is to promote efficient formation of a cpSRP-cpFtsY-Alb3 

complex. 

cpSRP43 and Alb3-Cterm Interact with High Affinity 

To better understand how a low affinity interaction is used to support cpSRP43-

Alb3 association, we used ITC and copurification assays to reexamine the binding of 
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cpSRP43 to recombinant Alb3-Cterm expressed and pufiried from E. coli. As expected, 

cpSRP43 and Alb3-Cterm coprecipiate using a variety of resins and recombinant tags 

(Fig. 2.5 A-C). Surprisingly, however, ITC demonstrated that the affinity of cpSRP43 for 

His-FLAG-Alb3-Cterm was in the nanomolar range (94 nM; Fig. 2.5 D) as opposed to 

the micromolar (~10 µM) affinity reported earlier (13). Although the reason(s) for the 

observed discrepancy in the binding affinity is not clear, systematic examination of the 

buffer components used by Falk et al. (13) to observe micromolar affinity revealed that 

glycerol (at 5% v/v concentration) contributes significantly to the heat of the reaction and 

consequently influences the ability to accurately measure the Kd values using binding 

isothermogram (Fig. 2.6). 

Ankyrin Region of cpSRP43 Provides the Primary Interface for Binding Alb3-Cterm 

Because ITC conducted in the presence of glycerol had also been used to 

demonstrate that CD2 and CD3 of cpSRP43 provide the binding interface for Alb3-Cterm 

(13), the role of cpSRP43 domains in binding Alb3-Cterm was examined using both ITC 

in the absence of glycerol and copurification assays. cpSRP43 domain deletions (Fig. 2.2) 

were examined by ITC for their ability to interact with His-FLAG-Alb3-Cterm (Fig. 2.7). 

Similar to cpSRP43 (Kd(app) ~94 nM), His-Ank1-CD2 interacts with a near 1:1 

stoichiometry and exhibits a high binding affinity for Alb3-Cterm (Kd(app) ~64 nM; Fig. 

2.7 A). The binding affinity of Alb3-Cterm for His-Ank1–4 (Fig. 2.7 B) is marginally 

lower (Kd(app) ~205 nM) than that observed for cpSRP43 or His-Ank1-CD2, but 

remains in the nanomolar range. In contrast, Alb3-Cterm interaction with CD2 exhibits 

negligible binding affinity (Kd(app) ~350 µM; Fig. 2.7 C) as compared with that 

observed for Alb3-Cterm binding to cpSRP43, His-Ank1-CD2, or His-Ank1–4. In 
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contrast to Falk et al. (13), these observations indicate that the binding site for Alb3-

Cterm lies in the ankyrin repeat region of cpSRP43 with the second chromodomain 

possibly adding to the interaction face based on comparison of the affinity of Alb3-Cterm 

for His-Ank1–4 and His-Ank1-CD2. 

Copurification assays were conducted to confirm and extend the results obtained 

using ITC. Equimolar concentrations of GST, GST-cpSRP43, GST-Ank1-CD2, GST-

CD2, GST-ΔCD2/CD3, or GST-CD1 (refer to Fig. 2.7 D) were incubated with His-Stag-

Alb3-Cterm and recovered using glutathione-Sepharose. Bound proteins were eluted, 

separated by SDS-PAGE, and visualized directly by staining with Coomassie Blue. GST-

cpSRP43 specifically coprecipitates Alb3-Cterm (apparent molecular mass ~20 kDa) at a 

ratio of ~0.85 pmol of Alb3-Cterm copurified per pmol of cpSRP43 (Fig. 2.8 A). GST-

tagged constructs containing the ankyrin repeat region of cpSRP43 are also capable of 

copurifying Alb3-Cterm; GST-Ank1-CD2 and GST-CD2/CD3 both copurified Alb3-

Cterm at a ratio greater than 0.6 pmol of Alb3-Cterm per pmol of construct. Those 

constructs lacking the ankyrin repeats (CD1 and CD2) exhibit strong decreases in the 

amount of Alb3-Cterm copurified (less than 0.07 pmol of Alb3-Cterm per pmol of 

construct). 

Likewise, we utilized a His-Stag-Alb3-Cterm construct to verify an interaction 

between Alb3-Cterm and the ankyrin region of cpSRP43. cpSRP43 and constructs His-

Ank1-CD2, ΔCD2/CD3, His-Ank1–4, and His-CD2 were incubated with His-Stag-Alb3-

Cterm and repurified using S-protein-agarose (Fig. 2.8 B). Eluted proteins were separated 

by SDS-PAGE and visualized directly by staining with Coomassie Blue. Fig. 2.8 B 

shows that cpSRP43, His-Ank1-CD2, ΔCD2/CD3, and His-Ank1–4 are specifically 
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copurified with Alb3-Cterm, albeit to a lesser extent in the case of ΔCD2/CD3 and His-

Ank1–4. Quantification from four separate assays shows that His-Stag-Alb3-Cterm 

coprecipitates His-Ank1-CD2 at ~90% the level of cpSRP43. His-Ank1–4 is 

coprecipitated at ~70% of the level of cpSRP43. CD2/CD3 was copurified at ~50% of 

cpSRP43, whereas copurification of His-CD2 is only ~15% of cpSRP43. Decreased 

copurification of His-Ank1–4 by Alb3-Cterm is likely due to the absence of CD2, which, 

in agreement with ITC (Fig. 2.7) and previous copurifications (Fig. 2.8 A), provides 

minor additional strength to the interaction. The presence of CD1 reduces the amount of 

cpSRP43 construct copurified by Alb3-Cterm (~70% by Ank1–4 compared with ~50% 

by ΔCD2/CD3). It is interesting to speculate that CD1 may serve as a negative regulator 

of cpSRP43 binding to Alb3. 

Alb3-Cterm Stimulates GTP Hydrolysis by cpSRP GTPases in a cpSRP43-dependent 

Manner 

 GTP binding and hydrolysis by cpSRP54/cpFtsY are critical for LHCP integration 

into the thylakoid membrane (12, 16). Given that the timing of GTP hydrolysis is 

carefully synchronized in SRP targeting to the endoplasmic reticulum as part of a 

mechanism to ensure that SRP is released from its receptor only after encountering an 

available translocase, it seems plausible that a similar mechanism to promote GTP 

hydrolysis only when Alb3 is available may involve cpSRP43 binding to Alb3-Cterm. To 

examine a possible influence of Alb3 on the GTP hydrolysis activity of cpSRP54/cpFtsY, 

we utilized a colorimetric assay that measures the release of Pi by GTP hydrolysis as 

described previously (27, 46). The amount of Pi released by 150 pmol each of cpSRP54 

and cpFtsY (9.3 nmol of Pi per h) does not appear to be changed by the addition of His-
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Stag-Alb3-Cterm. However, in the presence of cpSRP43, GTP hydrolysis by cpSRP54 

and cpFtsY is stimulated in a linear fashion with increasing amounts of Alb3-Cterm (Fig. 

2.9). The addition of 6000 pmol of Alb3-Cterm to 150 pmol each of 

cpSRP43/cpSRP54/cpFtsY (40 mol of Alb3-Cterm, 1 mol of cpSRP43/cpSRP54/cpFtsY) 

results in a 5-fold stimulation in GTP hydrolysis (from 12.7 to 51.3 nmol of Pi). It is 

important to note that GTP hydrolysis assays were conducted in the absence of the signal 

peptide-mimicking detergent Nikkol, which is known to elevate the GTP hydrolysis 

activities of SRP/SRP receptor (48-49) as well as cpSRP/cpFtsY (50). Regardless, our 

data demonstrate the ability of Alb3-Cterm to stimulate GTPase activity of cpSRP54 and 

cpFtsY is absolutely dependent on the presence of cpSRP43, which points to the 

cpSRP43-Alb3 interaction as representing a critical step in the recycling of cpSRP and its 

receptor. 

cpSRP43 Ankyrin Repeats and Chromodomain 2, but Not Chromodomain 3, Are 

Necessary for the Alb3-Cterm Stimulation of GTP Hydrolysis by the cpSRP GTPases 

A construct corresponding to the Ank1-CD2 region of cpSRP43 substitutes for 

full-length cpSRP43 in promoting stimulation of GTP hydrolysis by Alb3-Cterm (Fig. 

2.10). Moreover, only cpSRP43 constructs containing both the Ank repeat domain and 

CD2 (ΔCD1, ΔCD3, and Ank1-CD2) were able to replace cpSRP43 in the ability to 

respond to the addition of Alb3-Cterm. Binding of the Ank repeat domain of cpSRP43 to 

Alb3-Cterm is likely communicated to cpSRP54/cpFtsY through interaction of the CD2 

domain of cpSRP43 with cpSRP54 (34-35, 51). It is noteworthy that cpSRP43 constructs 

lacking CD1 (ΔCD1, His-Ank1-CD2) exhibit elevated levels of GTP hydrolysis in the 

absence of Alb3-Cterm such that stimulation of GTP hydrolysis by addition of Alb3-
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Cterm is less pronounced. These observations are consistent with our previous work 

showing that CD1 serves as a negative regulator of GTP hydrolysis (27). Taken together, 

the data presented in Figs. 2.8 and 2.10 argue for a model in which Alb3 binding to the 

cpSRP43 Ank region is communicated by CD2 to cpSRP GTPases via a mechanism that 

reverses the negative GTPase regulation associated with CD1. 

cpSRP43/Alb3-Cterm Interaction Plays a Role in the Separation of LHCP from cpSRP 

It is well established that regulation of the GTPase cycle is a primary means of 

ensuring highly efficient and unidirectional SRP targeting. Membrane-bound ribosome-

nascent chains associated with SRP and SRP receptor remain in the GTP-bound 

conformation in the absence of an active translocation channel (52), suggesting that the 

interaction with the translocon and release of the signal sequence are prerequisite for 

GTP hydrolysis. Similarly, the interaction of signal peptides with SRP-SRP receptor 

complex inhibits GTPase activity in the absence of an available Sec translocase (53-54). 

We also observe a reduction in GTP hydrolysis by cpSRP54 and cpFtsY in the presence 

of cpSRP43 and L18.5 Like cotranslationally targeted nascent polypeptides, LHCP must 

be released from cpSRP prior to or simultaneous with the recycling of the targeting 

components. The question lingers as to the events that initiate LHCP release from cpSRP. 

We took advantage of the fact that radiolabeled LHCP in complex with cpSRP43 and 

cpSRP54 can be detected as a soluble complex (termed transit complex) on 

nondenaturing gels (21, 33). If Alb3-Cterm binding to cpSRP43 is part of the mechanism 

to initiate LHCP release from cpSRP, we predict that transit complex formation and 

stability would be sensitive to the presence of Alb3-Cterm. 
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Fig. 2.11 A and B shows that incubation of radiolabeled pLHCP with cpSRP43 

and cpSRP54 reconstitutes formation of a cpSRP-LHCP transit complex, which migrates 

as a distinct band when examined using nondenaturing PAGE. In the absence of cpSRP, 

pLHCP remains in the sample well (not shown) as documented previously (33). The 

addition of His-Stag-Alb3-Cterm to the transit complex assay following complex 

formation results in an upward shift in the radiolabeled LHCP signal such that most of 

the LHCP is found in the well at the highest concentration of Alb3-Cterm. To understand 

whether upward migration of LHCP stems from a shift of the entire LHCP-cpSRP transit 

complex or reflects an Alb3-Cterm induced instability of transit complex, we used 

radiolabeled cpSRP43 or cpSRP54 to follow their relative migration. Whereas the 

migration of cpSRP43 and cpSRP54 in native gels was similarly shifted at all 

concentrations of Alb3-Cterm examined, increasing Alb3-Cterm concentrations caused 

LHCP to separate from the cpSRP components and accumulate in the well (Fig. 2.11 A). 

Both the shift in migration of cpSRP components and the accumulation of LHCP in the 

well appeared specific to the influence of Alb3-Cterm because neither GST nor the CD3 

domain of cpSRP43 as a recombinant protein affected transit complex migration (Fig. 

2.11 B). This destabilization effect appears to involve formation of a slow migrating 

intermediate complex, which contains cpSRP54/cpSRP43/LHCP. Presumably, the slow 

migration of this intermediate represents transit complex bound to Alb3-Cterm. However, 

this remains to be confirmed. Another possibility is that binding of Alb3-Cterm to 

cpSRP43 in a transit complex state induces a conformational change, either in cpSRP43 

individually or the transit complex as a species, leading to a shape/charge change that 

affects the migration of the complex into the nondenaturing gel. 
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Although the level of Alb3-Cterm required to observe changes in the transit 

complex are higher than anticipated, this could be expected if affinity of Alb3-Cterm for 

cpSRP43 is influenced by the lipid environment normally surrounding Alb3 or by 

cpSRP43 interaction partners, which differ at each step of the targeting pathway (e.g. 

affinity of Alb3-Cterm for cpSRP43 alone may be different from its affinity for cpSRP43 

in transit complex with cpSRP54 and LHCP or in a cpSRP54-LHCP-cpFtsY complex at 

the membrane). Related to this possibility, Alb3-Cterm binding to cpSRP43 may also 

influence the affinity of cpSRP43 for its interaction partners (e.g. LHCP) as part of the 

mechanism that leads to unidirectional targeting of LHCP to Alb3. The ability of Alb3-

Cterm to affect transit complex stability suggests there may be downstream effects on 

LHCP integration. However, studies involving the use of Alb3-Cterm to examine its 

influence on LHCP integration were inconclusive because of the ability of Alb3-Cterm to 

influence thylakoid membrane integrity (unpublished data). 
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DISCUSSION 

Previous work has established that the unique post-translational activities of an 

SRP targeting system in chloroplasts enable cpSRP to bind imported LHCP targeting 

substrates in the stroma and direct them to the thylakoid membrane, resulting in 

formation of a membrane complex containing cpSRP/cpFtsY, bound substrate, and Alb3 

(12, 17, 55). However, many of the mechanistic features underlying formation and 

disassembly of the membrane complex are not well understood. A possible role of 

cpSRP43 in membrane-localized targeting events was suggested by our previous work 

showing that cpSRP43 alone binds thylakoid membranes and is recovered in association 

with Alb3 (24). Data presented in this study indicate that the cpSRP43 binding of 

cpSRP54, LHCP, and Alb3 at distinct steps in the targeting pathway is used to 

communicate pathway progression of the targeting substrate to the evolutionarily 

conserved GTPases (cpSRP54/cpFtsY) such that GTPase activity is repressed until 

cpSRP43 interacts with an available Alb3 translocase. Together, our results support a 

model in which cpSRP43 serves as a translocon-sensing component to regulate the timing 

of membrane-associated steps in the post-translational cpSRP-dependent targeting 

pathway, e.g. transfer of substrate from cpSRP and recycling of SRP-targeting 

components. 

Details of a cpSRP43-Alb3 interaction were reported recently and indicated that 

cpSRP43 chromodomains (CD2-CD3) form the binding interface with Alb3-Cterm (13). 

However, the low affinity reported between Alb3-Cterm and cpSRP43 (Kd 9.7_M) or 

CD2-CD3 (Kd_25_M) led us to re-examine this interaction using a combination of 

approaches. Although our data confirm an interaction between cpSRP43 and Alb3-Cterm, 
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the affinity appears to be in the nanomolar (Kd_94 nM), not micromolar, range. The 

disparity between our findings and those reported likely emanate, in part, from the use of 

glycerol by Falk et al. (13) in ITC experiments, which contributes significantly to the 

heats of dilution and thereby influences the binding constant Kd calculation(s) (Fig. 2.6). 

Furthermore, although CD2 may contribute to the binding interface, our data (Figs. 2.5 

and 2.7) comparing affinity of Alb3-Cterm for cpSRP43, Ank1-CD2, and CD2 suggest 

that the ankyrin repeats provide the primary interface for binding to Alb3-Cterm (Kd_205 

nM). In addition, although Falk et al. (13) state that the interaction with Alb3-Cterm 

requires both CD2 and CD3, it should be noted that CD3 is not required for integration of 

LHCP (27). In vivo data also indicates that CD2 does not play a critical role in targeting 

to Alb3, but instead it is restricted to SRP dimer formation and cpSRP43 chaperone 

activity (24-26). 

Physiological significance of the interaction between cpSRP43 and Alb3-Cterm is 

supported by the ability of Alb3-Cterm peptide to stimulate GTP hydrolysis by 

cpSRP54/cpFtsY only in the presence of cpSRP43 and to promote release of LHCP from 

cpSRP in transit complex. cpSRP43 therefore appears to function as a mediator, linking 

the translocon, substrate, and cpSRP GTPases. In vivo studies have shown that LHCPs 

are predominantly routed via a cpSRP54 (cpFtsY)-dependent pathway but can be routed 

by a cpSRP54 (cpFtsY)-independent pathway in the absence of cpSRP54 (15). The 

cpSRP54-independent mechanism relies on cpSRP43, which is consistent with the ability 

of cpSRP43 to bind LHCP (28), function as an LHCP family-specific chaperone (25-26), 

and interact with the Alb3 insertase (13, 24). It should be noted that although there are 

several possible roles for cpSRP54 in LHCP localization, e.g. substrate release from 
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cpSRP43 or recycling of cpSRP43 from the membrane, it remains a possibility that 

cpSRP54-dependent differences in LHCP accumulation observed in vivo (56) occur at the 

level of targeting to Alb3. 

It is also important to consider that the Ank region of cpSRP43 functions to bind 

the L18 motif in LHCP, an event critical to formation of a cpSRP-LHCP transit complex 

in stroma (27-28, 30, 32-33). This raises the possibility that binding of Alb3-Cterm to the 

Ank region of cpSRP43 is part of a mechanism to reduce cpSRP43 affinity for LHCP, 

thereby serving to promote release of LHCP from cpSRP only in the presence of an 

available Alb3. The ability of Alb3-Cterm peptide to destabilize the transit complex is 

consistent with this hypothesis (Fig. 2.11). Although our data support a model in which 

the Alb3 C terminus interacts with cpSRP43 to initiate LHCP release from cpSRP at the 

membrane, binding of the released targeting substrate to Alb3 remains to be 

demonstrated. However, the levels of Alb3-Cterm, relative to the level of cpSRP in the 

assay, required to destabilize the transit complex were higher than expected, based on the 

high affinity of Alb3-Cterm for cpSPR43 (Fig. 2.5 D). This may stem from Alb3-Cterm 

exhibiting a lower affinity for cpSRP43 in transit complex relative to cpSRP43 alone or 

in a cpSRP-LHCP-cpFtsY complex at the membrane. Affinity of Alb3-Cterm for 

cpSRP43 in cpSRP heterodimer was reported to be considerably reduced relative to 

cpSRP43 alone (13). Furthermore, release of LHCP in an in vivo environment is likely 

directly coupled to integration and would therefore require full-length Alb3 and lipid 

components. Regardless, the concentration-dependent ability of Alb3-Cterm (but not 

GST or CD3; Fig. 2.11) to destabilize the transit complex appears to take place through 

formation of a slow migrating intermediate containing at least cpSRP54/cpSRP43/LHCP. 
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The formation and disappearance of this intermediate relative to the disappearance of 

transit complex and appearance of LHCP in the sample well (free from cpSRP) is 

consistent with the idea that formation of an intermediate is a required step during LHCP 

release from cpSRP. Considering the data shown here and the current model for GTPase 

regulation of cytosolic SRPs (57), we propose the following model for cpSRP GTPase 

regulation (Fig. 2.12). Binding of cpSRP to LHCP to form transit complex primes 

cpSRP54 for binding GTP. Interactions with thylakoid membranes prime cpFtsY for 

binding cpSRP54 and GTP (37). The GTP-bound cpSRP43-LHCP-cpSRP54 transit 

complex in stroma associates with GTP-bound cpFtsY on thylakoid membranes. The 

membrane-associated complex is directed to Alb3 via an interaction between the Ank1–4 

region of cpSRP43 and the C terminus of Alb3, which initiates LHCP release from 

cpSRP and GTP hydrolysis by cpSRP54/cpFtsY. In the absence of available Alb3, 

cpSRP/LHCP/cpFtsY remains in a membrane-associated complex because of an affinity 

of cpFtsY for lipids (37). GTP hydrolysis by cpSRP54 and cpFtsY leads to dissociation 

of cpSRP43/cpSRP54 and cpFtsY from Alb3. Our model, which incorporates general 

features from cotranslational SRP targeting systems, emphasizes a central role of 

cpSRP43 in soluble and membrane-targeting events because of its ability to bind Alb3 

and initiate steps that stimulate GTP hydrolysis as well as reduce cpSRP affinity for 

LHCP targeting substrate. We are currently working toward a greater understanding of 

the steps critical for LHCP release from cpSRP and recycling of soluble targeting 

components. 
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Figure 2.1.  Representation of the conservation among the Alb3, YidC, and Oxa1 
family members. 

Conserved regions of the Alb3, YidC, and Oxa1 membrane proteins are shown in black 
and non-conserved regions in gray. Alb3 of the thylakoid membrane and Oxa1 of the 
inner mitochondrial membrane are polytopic membrane proteins with five 
transmembrane domains. The N-terminus of Alb3 faces the interior thylakoid lumen 
while the C-terminus extends into the stroma. Oxa1 is arranged with the N-terminus in 
the intermembrane space and the C-terminus facing the matrix. YidC has a sixth 
transmembrane spanning domain so that both the N- and C-termini extend into the 
cytoplasm. Figure adapted from van Bloois et al., 2005 (8). 
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Figure 2.2. Model of the domain organization of cpSRP43 and cpSRP43 constructs. 

Depiction of the domain organization of cpSRP43, with triangles representing 
chromodomains and rounded rectangles representing ankyrins. Domains are listed in the 
N to C termini order across the top. Protein constructs described in this study are shown 
as listed on the left. 
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Figure 2.3. cpSRP43 is the predominant interacting partner with the translocase 
Alb3 in thylakoids. 

A) SW thylakoids (75 μg of Chl) were incubated with 10 μg of His-tagged constructs as 
indicated. Membranes were solubilized and used for purification with Talon Superflow 
metal affinity resin. Western blots of copurified proteins are shown probed for proteins 
indicated to the right. Protein Loading Control lanes contain thylakoid membranes or 50 
ng of His-tagged construct for comparing relative amounts precipitated. aa, amino acids. 
B) Graph depicts the amount of Alb3 copurified with His-tagged constructs. Total 
precipitated Alb3 was calculated from the relative signal of total thylakoid lane and 
eluate lanes in A. Data obtained by Naomi Marty. 
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Figure 2.4. cpSRP43 binding to thylakoid membranes is protease sensitive. 

A) Thylakoid membrane binding of radiolabeled cpSRP43 or cpFtsY was examined by 
incubation with salt-washed (SW) or protease-treated (PT) thylakoids. Thylakoids were 
re-isolated, washed and analyzed by SDS-PAGE and phosphorimaging.  In vitro 
translation products were labeled differentially with S35-Met and unlabeled Met such that 
equal signal represents equal molar quantities. S35 signal for individual components 
binding to SW thylakoids was set to 100 % and used for comparison and quantification of 
all other signals. B) Protease-treatment removes the soluble Alb3 C-terminus.  Samples 
of both SW and PT thylakoids used in A were examined for complete protease-treatment 
of the membranes.  Protease-treatment should result in conversion of Alb3 to Alb3-DP 
(detected by αAlb3-50aa), which indicates removal of the ~13 kD C-terminus (detected 
by αAlb3-Cterm). Data obtained by Naomi Marty. 
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Figure 2.5. cpSRP43 and Alb3-Cterm interact with high affinity. 

A) Equimolar concentrations of GST or GST-cpSRP43 were incubated with recombinant 
his-Stag-Alb3-Cterm (HSCterm) and then recovered using Glutathione Sepharose resin 
and eluted with SDS buffer.  The eluates were analyzed by SDS-PAGE and Coomassie 
blue staining. B) His-Stag-Alb3-Cterm (HSCterm) was incubated with recombinant 
cpSRP43 and then recovered using S-protein agarose resin and eluted with SDS 
solubilization buffer.  Eluates were analyzed as in A. C) His-Flag-Alb3-Cterm 
(HFCterm) was incubated with recombinant cpSRP43 and then recovered using Talon 
Superflow metal affinity resin and eluted with buffer containing imidazole.  Eluates were 
analyzed as in B or by Western blotting for cpSRP43. D) ITC curve showing data 
characterizing interactions between His-FLAG-Alb3-Cterm with cpSRP43. All 
experiments were done at 25 °C. The insets and larger panels show the raw and integrated 
data, respectively, of the titration of cpSRP43 with Alb3-Cterm. The solid line in the 
larger panels represents the best fit curve of the data (Microcal Origin). Data obtained by 
Dakashinamurthy Rajalingam. 
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Figure 2.6. ITC data characterizing effect of glycerol. 

ITC curves showing data characterizing the influence of 5% glycerol on the heats of 
dilution. All experiments were done at 25 °C.  The insert and larger panels show the raw 
and integrated data, respectively, of the titration of buffer consisting of 20 mM HEPES 
200 mM NaCl 2 mM MgCl2 1mM EDTA.  The solid line in the larger panels represents 
the best-fit curve of the data (Microcal Origin). A) Depiction of buffer vs. buffer without 
glycerol. B) Depiction of buffer vs. buffer with 5% glycerol (w/v) included in both the 
cell and syringe.  Significant heats of dilution are observed in the presence of glycerol. 
Data obtained by Anna Daily. 
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Figure 2.7. Ankyrin region of cpSRP43 is the interacting domain with the C 
terminus of Alb3. 

A, B, C) ITC curves showing data characterizing interactions between His-FLAG-Alb3-
Cterm with cpSRP43 constructs as indicated. All experiments were done at 25 °C. The 
insets and larger panels show the raw and integrated data, respectively, of the titration of 
cpSRP43 construct with Alb3-Cterm as indicated. The solid line in the larger panels 
represents the best fit curve of the data (Microcal Origin). Data obtained by 
Dakshinamurthy Rajalingam. 
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Figure 2.8. Ankyrin region of cpSRP43 and Alb3-Cterm coprecipitate. 

A) Equimolar concentrations of GST or GST-43 construct were incubated with His-Stag-
Alb3-Cterm and then recovered using glutathione-Sepharose resin and eluted with SDS 
buffer. Eluates were analyzed by SDS-PAGE and Coomassie Blue staining. B) 
Equimolar concentrations of His-Stag-Alb3-Cterm were incubated with cpSRP43, His-
Ank1-CD2, ΔCD2/CD3, His-Ank1–4, or His-CD2 and then recovered using S-protein-
agarose resin and eluted with SDS buffer. Lanes show proteins precipitated by His-Stag-
Alb3-Cterm (+) compared with background binding to resin alone (−). Lanes labeled RC 
(recombinant control) show appropriate migration distance of each cpSRP43 construct 
into the gel. Eluates were analyzed as in A. 
 



  65 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9. Alb3-Cterm binding to cpSRP43 stimulates GTP hydrolysis by the 
cpSRP GTPases. 

The effect of Alb3-Cterm on the GTP hydrolysis activity of cpSRP54 and cpFtsY was 
examined in the presence or absence of cpSRP43. Assays contained 150 pmol (1 μm final 
concentration) of cpSRP43, cpSRP54, and cpFtsY and 0–6000 pmol (0–40 μm final 
concentration) of His-Stag-Alb3-Cterm as indicated with 2 mm GTP as described under 
“Materials and Methods.” GTPase activity resulting in the release of Pi was determined 
according to González-Romo et al. (44) using known phosphate standards. The average 
and standard deviation were calculated from three separate experiments. 



  66 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.10. Ankyrin region of cpSRP43 and chromodomain 2 are necessary for 
Alb3-Cterm stimulation of GTP hydrolysis by the cpSRP GTPases. 

The effect of Alb3-Cterm on the GTP hydrolysis activity of cpSRP54 and cpFtsY was 
examined in the presence or absence of cpSRP43, His-Ank1–4, ΔCD1, ΔCD2, ΔCD3, 
His-Ank1-CD2, ΔCD2/CD3, His-CD1, and His-CD2. Assays contained 150 pmol (1 μm 
final concentration) of cpSRP43 construct, cpSRP54, and cpFtsY and 4000 pmol (27 μm 
final) of His-Stag-Alb3-Cterm as indicated with 2 mm GTP. GTPase activity resulting in 
the release of Pi was determined according to González-Romo et al. (44) using known 
phosphate standards. The average and standard deviation were calculated from three 
separate experiments. 
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Figure 2.11. Interaction of cpSRP43 and Alb3-Cterm destabilizes transit complex. 

A) In vitro translated transit complex components (pLHCP, cpSRP43, and cpSRP54) 
were incubated in the presence of increasing concentrations (0–83.3 μm and 0–5000 
pmol) of His-Stag-Alb3-Cterm as indicated. Transit complex formation was examined 
using native PAGE and phosphorimaging for the radiolabeled component as indicated 
(*). TC indicates transit complex band. B) Recombinant cpSRP43 and cpSRP54, in 
combination with in vitro translated and radiolabeled pLHCP, were used to form transit 
complex, which was monitored as in A after the addition of increasing concentrations (0–
33.3 μm and 0–2000 pmol) of His-Stag-Alb3-Cterm, GST, or CD3 as indicated. TC 
indicates transit complex band. 
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Figure 2.12. Current cpSRP43-dependent targeting model. 

Interactions with thylakoid membranes prime cpFtsY for binding cpSRP54 and GTP. 
Interactions with cpSRP43/LHCP prime cpSRP54 for binding GTP. The GTP-bound 
cpSRP43-LHCP-cpSRP54 complex associates with GTP-bound cpFtsY on thylakoid 
membranes. The membrane-associated complex is directed to Alb3 via an interaction 
between the Ank1–4 region of cpSRP43 and the C terminus of Alb3. cpSRP43 binding to 
the C terminus of Alb3 initiates LHCP release from cpSRP. LHCP, which acts as a 
negative regulator of hydrolysis, is released from cpSRP for insertion into thylakoids. In 
the absence of LHCP, interactions with thylakoid membranes, cpSRP43, and Alb3 trigger 
reciprocal stimulation of GTP hydrolysis by cpSRP54 and cpFtsY. GTP hydrolysis leads 
to dissociation of cpSRP43/54 and cpFtsY components from Alb3 and the thylakoid 
membrane. cpSRP43 may remain associated with Alb3 following departure of the 
GTPases from the membrane. 
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APPENDIX A 

RESPONSE TO FALK AND SINNING: THE C TERMINUS OF ALB3 

INTERACTS WITH THE CHROMODOMAINS 2 AND 3 OF CPSRP43 
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This is a response to a letter by Falk and Sinning (1) 

We recently identified the ankyrin region of cpSRP43 as the primary domain 

responsible for binding Alb3-Cterm during light-harvesting chlorophyll-binding protein 

(LHCP) targeting, an interaction shown to facilitate cpSRP43-dependent stimulation of 

cpSRP GTPases by Alb3-Cterm (2). Falk et al. (3), using only protein interaction assays, 

report that CD2CD3 of cpSRP43 forms the Alb3-Cterm binding interface, which appears 

inconsistent with the fact that CD3 is not required for LHCP integration (4) and that CD2 

is not required for LHCP integration by a cpSRP54/cpFtsY-independent pathway that 

relies on cpSRP43/Alb3 (5). 

We suggested that buffer choice, including the use of glycerol, may play a role in 

why Falk et al. (3) observed µM rather than nM affinity for cpSRP43 constructs (2). The 

use of high concentrations of glycerol in isothermal titration calorimetry (ITC) is known 

to cause experimental artifacts (6). Our control experiments clearly show that the use of 

glycerol, even at 5% v/v, causes significant background heat changes (Fig. A.1). In their 

letter, Sinning and Falk report a 13 µM affinity even in the absence of glycerol, 

suggesting glycerol may not be the primary cause for the reported differences. Although 

species-specific differences in Alb3-Cterm could explain the observed affinity 

differences, comparing GTPase stimulation by Arabidopsis and Pisum sativum Alb3-

Cterm does not support this possibility (Fig. A.2). 

Published reports (2, 4-5) supporting the physiological relevance of high affinity 

protein interactions still suggest that the low affinity of cpSRP43 for Alb3-Cterm 

reported by Falk et al. (3) stems from assay conditions unfavorable for observing the 

primary targeting interaction that takes place between Alb3-Cterm and the Ank region of 
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cpSRP43. Importantly, buffers used by Falk et al. (3) in ITC and size-exclusion 

experiments do not support LHCP integration (Fig. A.3). In addition, Ank-containing 

cpSRP43 constructs, including those that lack CD2 and/or CD3, are able to prevent 

binding of radiolabeled cpSRP43 to Alb3 in salt-washed thylakoids whereas 

chromodomains do not (Fig. A.4). 
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Figure A.1. Isothermal titration calorimetry investigation of the influence of glycerol 
in various buffers in buffer to buffer experiments. 

ITC was conducted by injecting a specific buffer/glycerol formulation into a sample well 
containing the same buffer/glycerol formulation. Buffers were: 
A) 10 mM phosphate,100 mM NaCl, 50 mM AMS, pH 6.5 
B) 10 mM phosphate, 100 mM NaCl, 50 mM AMS, 2.5% glycerol (v/v), pH 6.5 
C) 10 mM phosphate, 100 mM NaCl, 50 mM AMS, 5% glycerol (v/v), pH 6.5 
D) ITC Buffer (Falk et al. (3)): 20 mM HEPES/NaOH pH 7.5, 200 mM NaCl, 2 mM 
MgCl2, 1 mM EDTA, 0.25 mM TCEP 
E) ITC Buffer with 2.5% glycerol (Falk et al. (3)): 20 mM HEPES/NaOH pH 7.5, 200 
mM NaCl, 2 mM MgCl2, 1 mM EDTA, 0.25 mM TCEP, 2.5% glycerol (v/v) 
F) ITC Buffer with 5% glycerol (Falk et al. (3)): 20 mM HEPES/NaOH pH 7.5, 200 mM 
NaCl, 2 mM MgCl2, 1 mM EDTA, 0.25 mM TCEP, 5% glycerol (v/v) 
Although polyols such as glycerol are frequently used to stabilize proteins, they cannot be 
assumed innocuous. Data obtained by Anna Daily. 
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Figure A.2. Comparison of the ability of Pisum sativum and Arabidopsis thaliana 
Alb3-Cterm peptide to stimulate cpSRP43-dependent GTP hydrolysis by the cpSRP 
GTPases. 

The effect of Alb3-Cterm on the GTP hydrolysis activity of cpSRP54 and cpFtsY was 
examined in the presence or absence of cpSRP43. Assays contained 150 pmol (1 μM 
final concentration) of cpSRP43, cpSRP54, and cpFtsY and 4000 pmol (27 μM final) of 
P. sativum or A. thaliana Alb3-Cterm as indicated with 2 mM GTP. GTPase activity 
resulting in the release of inorganic phosphate (Pi) was determined according to Gonzalez 
and Romo (7) using known phosphate standards. The average and standard deviation 
were calculated from three separate experiments. In conclusion, peptides corresponding 
to both P. sativum and A. thaliana are able to increase GTP hydrolysis in a cpSRP43-
dependent manner, which is as expected given that the heterologous system has been 
repeatedly shown to be fully functional in reconstituting LHCP integration (see also Fig. 
A.3). 
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Figure A.3. Buffer influence on LHCP integration. 

Salt-washed thylakoids in IBM were incubated with 5 mM ATP, 1 mM GTP, 12.5 μL of 
radiolabeled pLHCP translation product, and recombinant cpSRP43, cpSRP54, and 
cpFtsY (2). The final volume was brought to 150 μL in IBM or to 150 μL with a final 
concentration matching the buffer listed: IBM: 50 mM Hepes/KOH pH 8.0, 330 mM 
sorbitol, 10 mM MgCl2; HKM: 10 mM Hepes/KOH pH 8.0, 10 mM MgCl2; ITC 
Buffer + 5% glycerol, Falk et al. (3): 20 mM Hepes/NaOH pH 7.5, 200 mM NaCl, 2 
mM MgCl2, 1 mM EDTA, 5% (w/v) glycerol, 0.25 mM tris(2-carboxyethyl)phosphine); 
ITC Buffer, Falk et al. (3): 20 mM Hepes/NaOH pH 7.5, 200 mM NaCl, 2 mM MgCl2, 
1 mM EDTA, 0.25mM tris(2-carboxyethyl)phosphine); SEC Buffer, Falk et al. (3): 20 
mM Hepes/NaOH pH 7.5, 200 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 1 mM DTT. 
Reactions were incubated at 25 °C for 30 min under light. Membranes were collected by 
centrifugation at 3200 × g for 6 min at 4 °C and protease-treated with thermolysin. 
Protease-treated membranes were solubilized in SDS buffer, heated, and analyzed by 
SDSPAGE and phosphorimaging. IQ Solutions software (Molecular Dynamics) was used 
to quantify pLHCP degradation product (DP), which is indicative of properly inserted 
LHCP. Each integration assay was compared with integration in IBM (set to 100%). 
Integration in HKM, used by Lewis et al., (2) for ITC and protein interaction/function 
assays, is equally efficient as IBM. Falk et al., (3) buffers do not support integration. 
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Figure A.4. Competition for cpSRP43 binding to the C terminus of Alb3 in salt-
washed thylakoids. 

Salt-washed thylakoids (equivalent to 75 μg of chlorophyll) and 8 nmol of recombinant 
cpSRP43 construct as indicated were incubated for 15 min at 25 °C in light. Equal 
amounts of radiolabeled cpSRP43 were added to each tube and incubated an additional 
30 min under the same conditions. Samples were pelleted, washed, and analyzed via 
SDS-PAGE and phosphorimaging for radiolabeled cpSRP43. The graph depicts the 
amount of radiolabeled cpSRP43 bound to salt-washed thylakoids relative to the amount 
recovered when no recombinant protein was added. It has been previously demonstrated 
that cpSRP43 binding to salt-washed thylakoids takes place through a cpSRP43/Alb3-
Cterm interaction (2). As shown, all of the ankyrin region-containing constructs 
(including cpSRP43 lacking CD2CD3) were able to prevent cpSRP43 binding to the C 
terminus of Alb3 in salt-washed thylakoids whereas chromodomains 1, 2, and 3 did not 
prevent cpSRP43 binding to thylakoids. 
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SUMMARY 

 The chloroplast thylakoid membrane is densely packed with proteins and hosts a 

variety of critical photosynthetic functions. Examining individual reactions of the 

chloroplast signal recognition particle (cpSRP) targeting pathway, particularly those 

taking place at the membrane, amidst this complexity is a difficult task. This work was 

aimed at studying the structure and arrangement of cpSRP membrane complex 

(composed of cpSRP54, cpSRP43, cpFtsY, and where applicable, Alb3) using advanced 

microscopy. Using confocal laser scanning microscopy (CLSM) and fluorescent nano-

crystal labeling, we mapped the location and abundance of the cpSRP insertase Albino3 

(Alb3) in intact thylakoids. Preliminary work was also done using cryo-Transmission 

Electron Microscopy (cryo-TEM) and Atomic Force Microscopy (AFM) to image 

thylakoid membranes and associated protein complexes. Further, we tested the ability of 

artificial membrane systems to support cpSRP targeting reactions with the possibility that 

liposomes would provide a less complex but physiologically relevant environment for 

studying targeting at the membrane. This work demonstrates that cpSRP complex 

formation and functions of the cpSRP receptor (cpFtsY) can be reconstituted on 

liposomes. The unique lipid composition of the thylakoid membrane was also considered 

and work was done to create thylakoid-mimicking liposomes. 
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INTRODUCTION 

The ultimate purpose of post-translational chloroplast signal recognition particle 

(cpSRP) targeting is to localize LHCPs to the chloroplast thylakoid membrane in an 

integration-competent state and deliver said substrate to the pathway insertase for 

integration into the thylakoid membrane in a functional state (for a review of cpSRP 

targeting, see Chapter 1: Introduction). Thus, a significant portion of the cpSRP targeting 

pathway involves membrane-associated steps requiring interplay between soluble and 

membrane components. The soluble, substrate-loaded cpSRP transit complex (cpSRP54, 

cpSRP43, and LHCP) must bind the thylakoid membrane and dock with a membrane-

partitioned receptor (cpFtsY). This complex must then target to the integral membrane 

insertase Alb3, which is composed of five transmembrane domains spanning the 

hydrophobic interior of the thylakoid membrane. Once docked, the LHCP substrate must 

be transferred to Alb3 and integrated into the lipid bilayer membrane for association with 

other photosynthetic components. Because much of the cpSRP pathway involves 

membrane-associated targeting steps, protein-lipid interactions and the thylakoid lipid 

environment are likely heavily involved in pathway coordination and arrangement. While 

much is known about the timing and nature of soluble protein interactions within the 

cpSRP pathway, understanding of basic membrane interactions and structural 

arrangements is comparatively lacking. For example, even the critical interaction between 

substrate LHCP and insertase Alb3, while assumed, has yet to be directly shown. 

Thylakoids are vital biological systems that serve as the sites of photosynthesis in 

plants. To carry-out this critical function, thylakoids are densely packed with 

photosynthetic pigments, enzymes required for photoreactions, carriers for electron 
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transport, proteins involved in proton pumping for ATP synthesis, and many other 

essential components (1-3). This complexity, which greatly increases the difficulty in 

studying individual proteins or distinct protein pathways, is an essential component in 

gathering a full understanding of the cpSRP pathway in a truly relevant physiological 

setting because of the major influence the membrane has on the structure and function of 

many peripheral membrane proteins and nearly all intergral membrane proteins. To 

further understanding of cpSRP pathway membrane events, we employed various 

microscopy techniques to visualize the cpSRP components either individually or in a 

complex at the thylakoid membrane. Our goal was to identify cpSRP proteins through the 

use of nano-crystal labeling and use molecular-level imaging to visualize the arrangement 

and structure of said proteins in their native environment. 

Currently, the primary techniques for high resolution structural determination of 

proteins are Nuclear Magnetic Resonance (NMR) and X-ray crystallography. These 

powerful techniques have improved dramatically in recent decades, both in terms of the 

types and numbers of proteins whose structures can be resolved as well as the level of 

molecular resolution obtainable. Although a primary drawback of X-ray crystallography 

is the requirement that one must be able to obtain protein crystals, x-ray structures now 

exist for a handful of membrane photosynthetic proteins (4-5). Likewise, strides have 

been made in overcoming traditional size limitations of NMR, and the upper limit is 

generally recognized to be around 30kDa (6). Structural determination of protein 

complexes and membrane proteins, on the scale of hundreds of kilo-Daltons, are now, in 

a very few cases, a possibility (6-7). However, unlike microscopy, both NMR and 

crystallography are indirect means of visualization, relying on diffraction patterns or 
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functional group maps to recreate protein structure. Furthermore, imaging of membrane 

proteins and membrane protein complexes in a membrane environment remains a 

daunting task. 

Conventional optical microscopy techniques have been widely used for studying 

plant biology over the last several centuries (8). However these techniques have always 

suffered from the light diffraction phenomenon of the optical lens system, which greatly 

limits the resolution. The development of fluorescence microscopy coupled with staining 

techniques provided major advances in plant anatomy research (8-9), but still failed to 

provide sufficient resolution for imaging at the molecular level (10-11). Progress in 

microscopy techniques, especially electron based scanning and transmission microscopy, 

improved the resolution to nanometer and angstrom levels, respectively, primarily 

because of the shorter wavelengths of the electron beam used (11). Electron microscopy 

techniques have proven to be far superior compared to the optical based microscopy 

techniques in terms of resolution, but this has come at the cost of extensive and difficult 

specimen preparation (11). A primary challenge of these advanced microscopy 

techniques is maintaining samples in physiological relevant conditions while imaging. 

Most electron microscopes require samples to be held under vacuum and often 

dehydrated, conditions which obviously are not native to biological samples. 

Scanning probe microscopy (SPM) techniques such as atomic force microscopy 

(AFM ) provide superior vertical resolution. Although SPM methods yield high lateral 

resolution compared to optical techniques, electron microscopy techniques currently 

provide the highest level of lateral resolution. SPM’s primary advantage over electron 

microscopy is the capability to maintain samples under physiologically relevant 



  88 
 

conditions during imaging. AFM has been used extensively in biological fields for 

studies of cells, DNA, proteins, chloroplasts, etc (12-14). Those studies were carried out 

on dry or chemically fixed samples or in liquids. However, studies on chloroplasts and 

thylakoids have only been conducted in either dry or chemically fixed conditions (12-14). 

The objective of the present research was to develop protocols for imaging 

thylakoids using AFM (under physiological conditions) as well as cryo transmission 

electron microscopy and compare the structural and morphological details obtained using 

both the techniques. These experiments would provide basic structural information of 

integral thylakoid membrane proteins and open pathways for developing new 

methodologies to extend the imaging techniques. Further, these studies will be widely 

useful in understanding membrane protein systems and nano-scale processes in biological 

systems. Once developed, we aimed to use these protocols in conjunction with nano-

crystal labeling to identify and study cpSRP pathway components in various stages of 

membrane targeting.  

A second approach we took to studying cpSRP membrane targeting was to 

develop a liposome-based system capable of supporting targeting steps. A cleaner system 

that incorporates lipid contributions while getting rid of other thylakoid proteins would 

provide an excellent substrate for the previously mentioned microscopic analyses. In 

addition, incorporating lipid membranes into protein-interaction and protein-function 

assays would provide a more in vivo like environment. Further, thylakoid-mimicking 

liposomes would be a valuable tool in determining what role, if any, lipids play in 

targeting and insertion.  
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Chloroplast membranes, including the thylakoid, have a unique lipid composition, 

containing a large amount of galactolipids (3, 15). The major lipid component, which 

makes up ~50 % or more of the thylakoid lipid content, is monogalactosyldiacylglycerol 

(MGDG), which has two polyunsaturated fatty acyl chains (3). Interesting, MGDG is a 

non-bilayer forming lipid, preferring a Hexagonal HII phase. This preference is because 

the high degree of unsaturation gives the tail of the lipid a larger cross-section as 

compared to the head group. This produces an overall cone shape, as opposed to the 

cylindrical shape of most phospholipids, which prevents tight side-by-side packing 

necessary for a bilayer (See Fig. 3.1 for illustration) (16). The second most abundant 

thylakoid lipid (~25-35 %) is another rare galactolipid, digalactosyldiacylglcerol 

(DGDG). DGDG, like MGDG, has a high degree of unsaturation in its tail region, but 

unlike MGDG, has a larger head group and thus is cylindrically shaped and bilayer 

forming (16). Both of the major galactolipids are uncharged. 

The third most abundant thylakoid lipid (~ 5-12 %) is a negatively charged 

sulfolipid, sulfoquinovosyldiacylglycerol (SQDG). SQDG is found in roughly the same 

amount as one of only two phospholipids in the thylakoid membrane, 

phosphatidylglycerol (PG) (3, 15). The second phospholipid, phosphatidylinositol (PI), is 

present in small amounts (~ 0.5-2 %) (3, 15). Small amounts of phosphatidylcholine (PC) 

are often reported to be a component of the thylakoid, but most believe this to be a 

contaminant from the outer chloroplast envelop (17-18). For an excellent review on the 

biogenesis and composition of the lipids comprising the thylakoid membrane see Douce 

and Joyard, 1996 (3). 
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Such a unique makeup hints at a role for the lipids in the various biological 

processes that take place at the thylakoid membrane. Work in this field has shown exactly 

that – both MGDG and DGDG, and to an extent the other thylakoid lipids, provide more 

than just the physical structure of the membrane, they have distinct functions in many 

critical thylakoid processes including protein transport and insertion (19-20), protein 

complex arrangement (21-22), and photosynthetic energy generation (20, 23). 

Specifically, D1, a core subunit of photosystem II, is rapidly degraded by high light (24-

25) and must be quickly regenerated into thylakoid membranes in these conditions to 

avoid photoinhibition (26). It has been shown that successful D1 repair, and thus 

tolerance to high light, requires polyunsaturated lipids (23). Interestingly, DI is a 

substrate of a cpSRP54/cotranslation insertion pathway (27) and interacts with Alb3, 

which seems to serve a critical chaperone/assembly, but not insertase, function (28). 

However, the overall understanding of the lipid contribution to thylakoid biogenesis and 

function is still in its infancy compared to what is known about protein components. In 

this work, we explore the role of lipids in cpSRP targeting reactions and work towards 

development of a thylakoid-mimicking liposome system that could reconstitute the 

distinct contributions of thylakoid lipids on protein targeting. Further, this artificial 

thylakoid would provide a more in vivo like environment without the organelle 

complexity for use with advanced microscopic as well as traditional biochemical 

techniques. 
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MATERIALS AND METHODS 

All reagents and enzymes used were purchased commercially. All primers were 

from Integrated DNA Technologies. The plasmid used for in vitro 

transcription/translation of pLHCP (psAB80XD/4) has been described (29). cpSRP43, 

cpFtsY, and cpSRP54 were prepared as described (30-32). Antibodies to the following 

proteins have also been described as follows: Alb3-Cterm (33), Alb3–50 amino acids 

(34), cpSRP43 (35), cpFtsY (35), and cpSRP54 (35). All cloned sequences were verified 

by sequencing. 

Preparation of Salt-washed Thylakoids 

Intact chloroplasts were isolated from 10- to 12-day-old pea seedlings (P. sativum 

cv. Laxton’s Progress) and used to prepare thylakoids and stroma as described previously 

(36). Chlorophyll (Chl) content was determined as described previously (37). Thylakoids 

were isolated from lysed chloroplasts by centrifugation and salt-washed (SW) two times 

with 1 M potassium acetate in import buffer (IB: 50 mM Hepes-KOH, pH 8.0, 0.33 M 

sorbitol) and two times with IB with 10 mM MgCl2 (IBM) prior to use. Thylakoids were 

resuspended at 1 mg chlorophyll per 1 mL of IBM prior to use. 

Sample preparation, Qdot tagging and CLSM Imaging 

Salt washed thylakoids at 2X concentration (1 mg chlorophyll/mL IBM) were 

incubated with antibodies against the cpSRP insertase Alb3. Antibodies generated against 

the stromal exposed C terminus of Alb3 (Alb3-Cterm) and a stromal exposed 50 amino 

acid loop (50aa) have been described previously (33-34). Six µL of total antibody (3 µL 

αAlb3-Cterm, 3 µL α50aa) were added for every 1 µL of salt washed thylakoid. 
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Thylakoids and antibodies were incubated on ice for 30 minutes, centrifuged at 3600 × g 

for 6 min, washed once with IBM and then resuspended at 2X thylakoids in IBM. 

Thylakoid samples were then diluted with 6:1 with secondary antibody conjugated 

quantum dot solution (Invitrogen: Qdot® goat F(ab’) 2 anti-rabbit IgG conjugate (H+L) 1 

µM solution, highly cross-adsorbed, in pH 8.3 borate buffer). In Fig. 3.2 Qdots 605 were 

used, but similar images were generated using Qdot 525 and 585 (not shown). Before 

imaging, tagged thylakoids were diluted 1:50 in IBM and 20 µL was placed a standard 

glass microscope slide. Samples were mounted in ProLong Gold anti-fade reagent 

(Molecular Probes, Eugene, OR) and covered with 1.5 mm cover slips. Samples were 

analyzed on a Leica TCS SP2 AOBS laser-confocal microscope (Leica Microsystems, 

Heidelberg, Germany). Light detection was optimized for the specific fluorescent probes 

used. Excitation was set at 448 nm. Emitted fluorescence was collected between 590-620 

nm in channel 1, which corresponds to Qdot 605, and between 620-700 nm for channel 2, 

which corresponds to chlorophyll autofluorescence. Chanel 3 is an overlay of channels 1 

and 2. Images were obtained and analyzed using Leica confocal software. Colors shown 

in Fig. 3.2 were artificially assigned. Laser intensity and and detectors were optimized to 

minimize cross-talk between channels. Fig. 3.2 A shows representative images of SW 

thylakoids with Qdot-tagged Alb3. Thylakoids that were not incubated with Qdots 

showed either very faint or no fluorescence in the Qdot emission range (not shown). Due 

to the high cost of Qdots, the large volume necessary to observe sufficient tagging, and 

the variability of CLSM imaging, controls where Qdots were added in the absence of 

primary Alb3 antibody, or in the presence of a primary antibody against a non-thylakoid 

protein were not done. As an alternative control, Fig. 3.2 B shows a sample that was 
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imaged for an extended period of time, meaning prolonged exposure to laser pulses, 

which caused noticeable photobleaching of the chlorophyll autofluorescence (channel 2, 

moving left to right), while the Qdot fluorescence was not affected (channel 1, moving 

left to right). 

Sample preparation and AFM Imaging 

For liquid imaging, samples were significantly diluted using IBM. Results 

indicate an optimum dilution of 50:1 (50 parts IBM, 1 part salt washed thylakoids) for a 

final concentration of 0.02 mg chlorophyll/mL. Dilution of the samples proved crucial 

because of the opacity of the thylakoid suspension, which resulted in two major AFM 

operational problems. The first one is by affecting the laser signal; while the AFM tip 

was submerged in the liquid, the laser beam traversing through the liquid was obstructed 

by the suspended thylakoids and this lead to unstable AFM scans by causing the changes 

in laser signal intensity and thus the sum signal. In addition, thylakoids had a tendency to 

stick to the AFM probe, thereby causing inaccuracies by changing the tip response in the 

scanning process. Dilution of the thylakoid samples with IBM decreased the number of 

suspended molecules and thus helped in reducing the above problems. 

For imaging purposes, ten microliters of diluted thylakoid sample were applied to 

freshly cleaved mica substrate. The surface charge of the freshly cleaved mica helps fix 

the thylakoids to the substrate and limits thylakoid movement during scanning. Samples 

were incubated on the mica for three to four minutes and subsequently washed with 

excess IBM to remove unfixed thylakoids. Three to four microliters of IBM solution was 

placed on the tip, which was on the liquid cell. Due to surface tension the liquid droplet 
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was held back while placing it on the scanning module. This ensured tip submersion in 

liquid buffer while scanning/imaging at room temperature. 

For the present work, Veeco Nanoscope IV, Multimode AFM was used to image 

salt washed thylakoids. Imaging was done in buffer solution (IBM) using contact and 

tapping modes. The tips used for imaging were Veeco silicon nitride probes with four 

cantilevers. The resonance frequency of these tips in tapping mode in liquid was always 

close to 8 kHz. 

Sample preparation and Cryo HRTEM imaging 

Thylakoids prepared as before were diluted 20:1 using IBM. Quantafoil Cu grid 

with carbon film was used for sample preparation. Initially, the Cu grid was dipped into 

the diluted thylakoid solution and removed after a five second incubation. The grid was 

then placed on a filter paper for two seconds to remove excess solution. The Cu grid was 

placed on the cryo TEM stage and initially cooled to -25 °C with liquid nitrogen under 

ambient conditions. After insertion into the TEM the sample temperature was lowered to 

-185 °C before turning the electron beam on for imaging. 

Cryo HRTEM studies were conducted on a JEOL 2100 cryo TEM. Spot size 4 

was used during the entire imaging process. Accelerating voltage of the electron beam 

was 200 kV. The sample was exposed to the electron beam only after the temperatures 

reached ~ -185 °C. 

Construction of cpFtsY F48A Clone 

cpFtsY clones were designed to match the mature coding sequence of Arabidopsis 

thaliana cpFtsY starting with the predicted mature amino acid sequence CSAGPSGF and 

to include KpnI and XbaI sites, respectively, for ligation into pGEM-4Z. PCR 
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amplification was used to create the substitution mutant F48A with incorporation of a 

Kozak sequence (Met-Ala) and restriction sites for insertion into pGEM-4Z. Expression 

clones were created by subcloning into pET-32b. All cloned sequences were verified by 

DNA sequencing (Molecular Resource Laboratory, University of Arkansas for Medical 

Sciences, Little Rock, AR). 

Liposome Preparation and Fluorescence Quenching Experiments 

Soybean total extract lipids (Avanti Polar Lipids) were dissolved at 100 mg/ml in 

chloroform, dried under nitrogen, and vacuum-desiccated overnight. Lipid pellets were 

resuspended to 10 mg/ml (13 mM) in 10 mM HEPES-KOH (pH 7), 100 mM KCl, and 1 

mM EDTA. The lipid solution was subjected to 15-s sonication/15-s rest cycles for 2 

min. Liposomes were clarified by centrifugation at 11,700 × g for 10 min at 4 °C and 

stored at 4 °C for up to 1 month. Liposomes were sized (Avanti mini-extruder) by 

passing through polycarbonate filters seven times. Brominated lipids were obtained by 

bromine addition to the unsaturated carbons of the soybean phosphatidylcholine fatty 

acyl chain as described (15). Bromine was added in 5 μL drops to 2 mL of 25 mg/mL 

soybean PC in chloroform. After each addition, solution would become colorless 

signifying bromine incorporation into the lipid tails. Bromine was added until color loss 

subsided and solution remained weakly yellow. Unincorporated bromine and chloroform 

were evaporated under nitrogen and vacuum desiccation before lipid resuspension. The 

brominated lipid mixture was extruded through 80-nm polycarbonate membranes and 

homogenized via freeze/thaw cycles. Fluorescence quenching was measured using a 

SpectraMax Gemini XS spectrofluorometer (Molecular Devices) set for maximum 

sensitivity and 282-nm excitation/330-nm emission wavelengths. Ten µg of protein in 50 
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µl of 10 mM HEPES-KOH (pH 8) and 10mM MgCl2 and 0–50 µl of liposomes were 

mixed and equilibrated for 20 min at 25 °C, and the fluorescence was measured. For each 

concentration, six measurements of five separate samples were acquired. Fluorescence 

quenching was estimated as the normalized value of (F0-F)/F0, where F0 is the average 

fluorescence of the samples without liposomes, and F is the average fluorescence for 

each concentration. 

Plant thylakoid lipids were purchased commercially from Lipid Products (Redhill, 

England). MGDG, DGDG, and SQDG were isolated from Spinach leaves. PG was from 

Kale. Lipids were stored in a methanol/chloroform solution under nitrogen until use. 

Thylakoid lipids were formed by mixing appropriate volumes of lipids in solution to 

closely match the percentage of each lipid in thylakoids (Fig. 3.5). Soy total lipid extract 

was added to the plant lipid mix to dilute the thylakoid lipids down to half the total lipid 

content. The addition of the soy extract was necessary to prevent MGDG from phase 

separating into the hexagonal HII phase and forming a precipitate that was insoluble even 

in organic solvents (i.e. methanol, chloroform). Glass beads were added to the soluble 

lipid mixture in a round bottom flask to increase surface area and thus decrease the 

thickness of the lipid cake that formed after drying the solution under nitrogen, followed 

by vacuum-desiccation for at least 2 hours. Lipids were then rehydrated by 

vortexing/heating. 

cpSRP membrane complex formation on liposomes 

 Volumes of cpSRP54, cpSRP43 and cpFtsY corresponding to 7 µg of protein 

were mixed with 55 µL of either 2X SW thylakoids, buffer, or liposomes at 10 µg/µL 

concentration. The non-hydrolyzable GTP analogue GMP-PNP was added for a final 0.5 
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mM concentration, and the entire reaction was brought to 100 µL in 10mM Tris-HCl (pH 

8.0), 50 mM KCl, 1 mM EDTA and incubated for 30 min. at 25 °C. Each sample was 

centrifuged at 100,000 × g and washed with buffer three times. After final resuspension 

of pellet, SDS solubilization buffer was added and samples were analyzed by SDS-PAGE 

and Western blotting. 

GTPase Assays 

GTPase activity assays were conducted at 22°C and contained 100 nM cpFtsY or 

F48A, 0.5 µM [-32P]GTP (400 Ci/mmol), and liposomes (0.2 mM to 1.0 mM as 

indicated in Fig. 3.7) in final volume of 5 µl buffer (50 mM Hepes, pH 8.0, 150 mM 

potassium acetate, 10 mM potassium chloride, 2 mM magnesium acetate, 0.01% 

octaethyleneglycol mono-N-dodecyl ether (C12 E8), and 2 mM DTT). Aliquots were 

removed at frequent time points and spotted onto PEI-cellulose thin layer plates as in 

(38).  
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RESULTS 

Alb3 is concentrated in non-appressed regions of the thylakoid membarne 

The goal of our work using CLSM was to visualize cpSRP complex arrangement 

at the thylakoid membrane. However, it became clear that achieving the magnification 

and resolution needed for this type of analysis was not possible because of instrumental 

and labeling limitations. Despite these limitations, the CLSM proved valuable in 

revealing the overall abundance and areas of concentration of Alb3 in the thylakoid 

membrane. This was an important finding—if sites of membrane complex assembly were 

rare, successfully imaging cpSRP components at the membrane using atomic level 

microscopy would be highly improbably due to difficulties in locating areas or interest. 

Numerical values of the number of Alb3 insertases per pea chloroplast (~650,000) have 

been published (34), but it is difficult to interpert those numbers when thinking at the 

level of a single protein within the vast membrane space of a thylakoid stack. Further, 

raw numbers do not provide details on the possibility that Alb3 could be more or less 

concentrated within the many microenvironments of the thylakoid membrane. This has 

already been shown to be the case with various thylakoid proteins and complexes 

including the LHCs, photosystem I and II, and ATP synthase (2, 39), all of which are 

highly compartmentalized within the membrane. Based up images in Fig. 1A, Alb3 is an 

abundant thylakoid protein concentrated in the non-appressed regions (stroma lamellar 

domains, grana-end membranes, and/or grana margins; Fig. 3.2). The two images shown 

represent a pattern of Alb3 distribution that was reproduced across multiple samples.  
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AFM and cryo-TEM reveal the complexity of the thylakoid membrane 

Fig. 3.3 shows AFM images of thylakoid stacks obtained using contact mode in 

IBM buffer solution. These micrographs show well resolved individual thylakoid 

structure. The size of thylakoids was measured to be ~ 470 nm, which is in close 

agreement with the values reported in the literature ~ 510 nm (10, 14) under dry 

condition. It has been argued that contact mode AFM causes sample and tip damage due 

to the forces exerted by the tip during scanning compared to the lesser forces of tapping 

mode. With soft samples such as biological materials, contact mode may lead to the 

sample damage, which is highly undesired. 

Tapping mode operation in liquids is a challenging task. The damping effect of 

the liquid on the vibrating tip reduces resonance frequency of the cantilevers. In the 

present study the resonance frequency of silicon nitride probe tips was found to be close 

to 8 kHz in liquid compared to 60 kHz in air. The major challenges of tapping mode 

imaging in liquid are evaporation of liquid during imaging/scanning and impurities in the 

liquid sample that stick to the tip thereby affecting the resonance frequency. Fig. 3.3 A 

shows the micrograph of stacked thylakoids (or grana) obtained in liquid/buffer solution 

using tapping mode operation. In the amplitude error image (right), a stack of thylakoids 

could be clearly seen. The resolution and contrast in the amplitude error image is very 

clear compared to the height image (left), due to a large change in the height (~2.5 µm) 

within the scanned area, which contributes to the loss of information in the height image. 

Thus, it is intuitive for minimal changes in height, amplitude error images might lose 

contrast easily, and this was observed in the later stages of thylakoid stack imaging in 

liquids (data not shown). From these studies it is clear that while imaging in liquid, when 
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the height or morphology changes are very large (few microns), amplitude error images 

are useful for obtaining good morphology contrast. 

Fig. 3.3 B shows the images of thylakoids in close up view. The right image 

renders the three dimensional view of the image shown on the left. In both cases, 

protrusions on the thylakoid surface could be easily seen. Fig. 3.3 C shows the 

topographic profile across the thylakoid surface in Fig. 3.3 B. It is clear that the 

topographic features on the thylakoid surface could be 10 to 20 nm in height. Since the 

thylakoid membrane houses numerous proteins, including those that take part in 

photosynthesis and in development of the proton gradient across the membrane, surface 

roughness of the membrane is expected. 

Thylakoid images obtained by cryo-TEM are shown in Fig. 3.4. Approximate size 

of thylakoids is 400 – 500 nm and this is in close agreement with the literature as well as 

the AFM images obtained (10, 14, 40). The lipid bilayer membrane could be seen as a 

parallel track structure in Fig. 3.4 B. The globular surface protrusions fit expectations of 

different membrane and surface proteins and protein complexes. The size of these surface 

protrusions is around 10 – 25 nm, which is in close agreement with the surface 

protrusions observed in line profile of AFM images – shown in Fig. 3.3 B and C. This 

further substantiates the imaging of thylakoid proteins and protein complexes by AFM 

and TEM, which yield strikingly similar, but complimentary results. 

While our data illustrate the high spatial resolution of solution-exposed protein 

complexes provided by both techniques, our results also point to the need for protein-

specific labels to differentiate the identity of protein complexes. Unlike traditional optical 

labels, which provide a fluorescent colored tag, a new generation of labels are required 
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for use with nanometer-scale imaging of complex membrane systems by AFM and TEM.  

In this context, the integration of protein-specific antibodies with novel nanomaterials 

currently being developed may provide the labeling specificity and critical physical 

characteristics to distinguish one membrane protein from the other in a complex system. 

However, overall surface roughness of thylakoids would make identifying even a nano-

tagged complex difficult. Alternatively, the placement of a single membrane protein 

complex into an artificial lipid bilayer (e.g. liposomes) could reduce the complexity 

associated with imaging biological membranes, thereby immediately increasing the utility 

of using AFM and cryo TEM to uncover nanometer scale structural details that underlay 

membrane protein function. 

Liposomes support membrane complex formation in the absence of Alb3 

 Published results have shown that a cpSRP membrane complex composed of 

cpSRP (cpSRP54 and cpSRP43) and cpFtsY can form at the thylakoid membrane even in 

the absence of an available Alb3 insertase (35). Thus, if liposomes are to be a viable 

means for studying cpSRP targeting membrane steps, they should be capable of 

supporting formation of said complex. Fig. 3.6 shows that while not as efficient as on 

Alb3 containing thylakoids, cpSRP complex does form on liposomes at a level above 

nonspecific precipitation. However, the fact that cpSRP complex associates and pellets 

with liposomes does not answer the question of whether or not that association is a real 

function of the pathway or simply a non-specific association.  

Liposomes support membrane binding function of cpFtsY 

In contrast to SecY/FtsY interaction in the bacterial system (41), no proteinaceous 

thylakoid component is needed to provide a binding site for cpFtsY to the thylakoid 
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membrane (for a more in-depth discussion on the role of cpFtsY in cpSRP targeting, see 

Chapter 1: Introduction). We previously published that neither protease treatment of salt-

washed thylakoids nor pretreatment of thylakoid membranes with antiserum against SecY 

or Alb3 prevents cpFtsY from partitioning to the thylakoid membrane (35). Taken 

together, these results suggest that cpFtsY is able to bind thylakoids through interaction 

with the lipid bilayer. We further identified a conserved phenylalanine residue in cpFtsY 

responsible for lipid binding (42). To determine if liposomes could support this 

membrane partitioning function of cpFtsY, soybean liposomes containing brominated 

acyl chains were used to examine the interaction of cpFtsY or the F48A mutant with lipid 

bilayers. Bromine quenching of cpFtsY Trp fluorescence served as an indicator of 

protein/bilayer interactions (43). As shown in Fig. 3.7 A, quenching of cpFtsY Trp 

fluorescence increased with the amount of brominated lipid in the assay. In contrast, 

brominated lipids exhibited a greatly reduced ability to quench Trp fluorescence of the 

F48A mutant, indicating impairment in lipid binding of F48A, which mirrors the loss of 

thylakoid binding. Together, these results suggest that soy liposomes are fully capable of 

supporting the natural membrane-binding function of cpFtsY. 

Liposomes Stimulate GTP Hydrolysis by cpFtsY 

In the presence of SRP, GTP hydrolysis by E. coli FtsY is stimulated by the 

addition of liposomes (44). Fig. 3.7 B shows that liposomes stimulated basal GTP 

hydrolysis by cpFtsY, but not by F48A, which lacks the ability to interact with the 

membrane. Importantly, F48A exhibited a GTP hydrolysis rate that was four times 

greater than cpFtsY in the absence of liposomes and did not respond to a rise in liposome 

concentration (Fig. 3.7 B). This corresponds to the earlier observations that lack of the 
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domain in E. coli FtsY increases basal hydrolysis rates (44-45). Taken together, these 

data confirm that Phe-48 is part of a structurally distinct, lipid-responsive domain. 

Interestingly, this lipid-responsive domain also appears to repress GTP hydrolysis when 

in solution, thereby limiting futile GTP hydrolysis by cpFtsY when not engaged in 

protein-targeting activities at the membrane. The ability to stimulate hydrolysis by 

cpFtsY shows that in addition to membrane binding, liposomes are able to support critical 

protein functions of the cpSRP pathway components. 
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DISCUSSION 

This work explored ways to analyze steps in the cpSRP targeting pathway at the 

membrane interface. Current protein interaction assays are not suitable for understanding 

the organization and inter-complex interactions of the cpSRP components at the 

membrane. Further, traditional methods for determining protein structure are not well-

suited to membrane analysis of a dynamic, multi-protein system. The use of modern 

microscopy techniques, namely AFM and TEM, offer the possibility of atomic-level 

imaging in a more native-like environment. Because of the relative newness of these 

technologies, protocols for imaging biological samples expectedly lag behind their use in 

materials sciences. In this work we developed necessary protocols while gaining valuable 

insight into the future difficulties that will need to be overcome to fully realize the goal of 

imaging protein-targeting events at the thylakoid membrane under physiological 

conditions. 

We successfully imaged thylakoid stacks using CLSM and were able to tag and 

image the cpSRP membrane insertase Alb3 with fluorescent, antibody-conjugated Qdots. 

This data (Fig. 3.2) shows an abundant protein that seems to concentrate on the non-

appressed regions of the thylakoid. This seems consistent with Alb3’s role as an 

insertase, as the targeting and integration reactions likely could not physically take place 

in the limited space of the appressed regions. However, questions remain about the 

accuracy of the Qdot tagging process. It is not possible to know the tagging efficiency or 

the ratio of Qdots to Alb3, which makes observations about the actual number of 

insertases impossible. Additionally, we observed a tendency of Qdots to self-aggregate, 

which makes it difficult to relate fluorescence intensity in a given region to amount of 
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Alb3 present. As mentioned in the materials and methods section, controls need to be 

performed using a non-related primary antibody. Despite these questions, data generated 

by CLSM indicated that cpSRP pathway insertion sites were abundant enough to pursue 

imaging by AFM and TEM. In addition, the ability of Qdots to withstand photobleaching 

was a critical component in our ability to use CLSM with photosynthetic membranes.  

Protocols for imaging thylakoids using AFM in liquid and cryo-TEM were 

successfully developed. AFM and cryo-TEM images show the surface roughness of 

thylakoids close to 10 to 25 nm and this can be attributed to the protruding protein 

structures and complexes embedded in the photosynthetic thylakoid membrane system. 

Further extension of these imaging methods and protocols could lead to high resolution 

imaging of protein structure, and thus aid understanding of biological processes at the 

nano-level. However, discrimination of individual proteins and systems on the molecular 

level will require more advanced labeling techniques. The use of nano-crystal labels was 

considered, but the unexpected level of surface complexity—literally the size and 

abundance of surface roughness—would make nano-crystals difficult if not impossible to 

locate.  

An additional alternative to differentially labeling is use synthetic, thylakoid-

mimicking liposomes. This would allow for cpSRP membrane analysis without the need 

to distinguish cpSRP components from other thylakoid constituents. To that end, we 

experimented with two different lipid compositions—a total soy lipid extract, which is 

quite different from the unique makeup of the thylakoid; and a combination of plant lipid 

extracts more closely mimicking the thylakoid. We have shown that even the soy total 

extract liposomes were able to support various cpSRP functions, membrane complex 
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formation, cpFtsY membrane partitioning, and cpFtsY GTPase stimulation; all critical to 

the proper functioning of the pathway in vivo. Further, we developed a protocol for the 

formation of thylakoid-like liposomes where half the lipid content mirrored the thylakoid 

but was diluted 1:1 with soy lipids. The presence of the readily bilayer forming soy lipids 

in conjunction with the lowered MGDG concentration and thinner lipid cake via the use 

of glass beads allowed for liposome formation with little to no separation into the 

hexagonal HII phase, and thus precipitation, by MGDG. It is interesting to speculate what 

further roles these thylakoid-like liposomes could support. In addition to complex 

formation and GTP hydrolysis stimulation, would a more in vivo like microenvironment 

stimulate the known ability of the C terminus of Alb3 to cause LHCP release from transit 

complex (46)? Regardless, it is a tool that will give a more reliable depiction of the role 

of the thylakoid membrane lipids in cpSRP targeting.  
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Figure 3.1. Representation of bilayer forming and non-bilayer forming lipids. 

Bilayer forming lipids, such as phospholids and the thylakoid galactolipid DGDG, are 
represented in the upper images. The lipid head and tail region have a similar cross-
sectional area, which gives the molecule a cylindrical shape and allows for packing in a 
bilayer structure. Non-bilayer forming lipids, such as MGDG, are represented in the 
lower images. These have a high degree of polyunsaturation in the lipid tails. This gives 
the tail region a larger cross-sectional area than the lipid head, resulting in a cone-shaped 
molecule that packs in the hexagonal HII phase. Figure adapted from Lee 2000 (16). 
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Figure 3.2. Thylakoid autofluorescence and Qdot 605 tagged Alb3 visualized by 
CLSM. 

Thylakoids were tagged with antibodies against two regions Alb3 (the C terminus and a 
50 amino acid loop) and then secondary antibodies conjugated to Qdot 605 fluorescent 
nano-crystals. All images were taken on a Leica TCS SP2 AOBS laser-confocal 
microscope (Leica Microsystems, Heidelberg, Germany). Excitation was set at 448 nm. 
Emission was collected between 590-620 (channel 1, Qdots 605) and 620-700 (channel 2, 
thylakoid autofluorescence). Chanel 3 is an overlay of channels 1 and 2. All colors are 
artificially generated. Scale bars equal 2 μm. A) Images of two different samples showing 
the distribution and abundance of Alb3 on the thylakoids. B) Time-course images 
showing longer laser exposure moving from left to right. Longer exposure corresponds to 
photobleaching and a reduction in intensity of thylakoid autofluorescence. Qdot 
fluorescence, however, is unchanged. 
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Figure 3.3. AFM analysis of thylakoid topography. 

Thylakoids in IBM buffer were imaged using a Veeco Nanoscope IV, Multimode AFM 
in tapping mode. A) Large area scan shows thylakoid stacks (grana). Left is height image, 
right is amplitude error image. B) Small area scan shows thylakoid surface roughness. 
Left is height image, right is 3D image. C) Line profile cross-section of thylakoid 
surface. Data obtained by Ramesh Guduru N.E. Lewis. 
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Figure 3.4. Cryo-TEM images of thylakoids. 

Thylakoids in IBM were placed on a Quantafoil Cu grid with carbon film and cooled to 
~-185 °C before imaging with a JEOL 2100 cryo TEM. A) Image of an entire thylakoid 
sample. B) Close-up view of different membrane sections of sample show in A. Arrows 
indicate parallel track lipid bilayer. Data obtained by Ramesh Guduru. 



  111 
 

 

 

 

 

Lipid 
Amount in 

Thylakoid (mol %) 

Monogalactosyldiacylglycerol (MGDG)  ~50 

Digalactosyldiacylglycerol (DGDG)  ~30 

Sulfoquinovosyldiacylglycerol (SQDG)  ~12 

Phoshphatidylglycerol (PG)  ~8 

Phosphatidylinositol (PI)  ~1 

   

 

 

Lipid 
Amount in Soy Total Extract 

(Avanti, mol %) 

Phosphatidylethanolamine (PE)  18.06 

Phosphatidylinositol (PI)  11.5 

Phosphatidylcholine (PC)  24.0 

Phosphatidic Acid (PA)  4.3 

LPC  4.6 

Other  37.0 

 

 

 

 

 

 

 

Figure 3.5. Lipid content of the thylakoid membrane and of Avanti soy total extract. 
Charts comparing the lipid type and relative percentage of total lipid makeup for 
thylakoid membranes and commercially purchased soy total extract. 
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Figure 3.6. Liposomes support cpSRP membrane complex formation. 
Equal µg amounts of cpSRP43, cpSRP54 and cpFtsY were incubated with either 2X SW 
thylakoids, 10 mg/ml soy extract liposomes or buffer in 10mM Tris-HCl (pH 8.0), 50 
mM KCl, 1 mM EDTA for 30 min. at 25 °C. Each sample was centrifuged and washed 
three times before analysis by SDS-PAGE and Western blotting. Blots show ability of 
soy extract liposomes to support cpSRP membrane complex formation, albeit at a level 
reduced from thylakoids. 
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Figure 3.7. Liposomes support critical functions of cpFtsY. 

A) Bromine was added to the fatty acyl chain of soybean phosphatidylcholine. 10 µg of 
either FtsY or F48A in 50 µl of 10 mM HEPES-KOH (pH 8) and 10mM MgCl2 and 0–
50 µl of brominated liposomes were mixed and equilibrated for 20 min at 25 °C, and the 
fluorescence was measured. Fluorescence quenching was estimated as the normalized 
value of (F0-F)/F0, where F0 is the average fluorescence of the samples without 
liposomes, and F is the average fluorescence for each concentration. B) Either cpFtsY or 
F48A were incubated with 0.5 µM [-32P]GTP and soy extract liposomes in final 
volume of 5 µl buffer (50 mM Hepes, pH 8.0, 150 mM potassium acetate, 10 mM 
potassium chloride, 2 mM magnesium acetate, 0.01% octaethyleneglycol mono-N-
dodecyl ether (C12 E8), and 2 mM DTT). Samples at frequent time points were spotted 
onto PEI-cellulose thin layer plates. Liposomes stimulate hydrolysis of FtsY, but not 
F48A, which lacks membrane binding capacity. 
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THE C TERMINUS OF ALBINO3 INTERACTS WITH THE RIBOSOSOMAL 
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SUMMARY 

The chloroplast thylakoid membrane protein Alb3 is a member of the 

Oxa1/YidC/Alb3 family responsible for membrane insertion of proteins in mitochondria, 

bacteria, and chloroplasts, respectively. Both Oxa1 and YidC function co-translationally 

and have been shown to interact with the ribosome during peptide synthesis/insertion. 

Alb3 is known to function as an insertase in the post-translational cpSRP pathway. Here, 

we show that the stromal-exposed C-terminal region of Alb3 interacts with the 

Arabidopsis thaliana ribosomal protein L23. This novel finding opens the possibility that 

Alb3 functions in both post- and cotranslation protein insertion, with the C terminus 

playing a critical role in both pathways. 
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INTRODUCTION 

 Oxa1, YidC, and Alb3 are a conserved family of proteins that function in 

membrane biogenesis in mitochondria, bacteria, and chloroplasts, respectively. This 

relatively recently discovered group of proteins serve multiple functions within its 

particular membrane system. New findings into the molecular mechanisms of this protein 

family has continually expanded their functions, which now includes insertase, 

translocase, chaperone, and assembly factor  activities [for review see Wang and Dalbey 

(1)]. These related but distinct roles allow the proteins to function within different 

pathways utilizing different substrates. 

 The mitochondrial inner membrane protein Oxa1 was the first member of this 

family discovered. Initially, Oxa1 was shown to serve as a translocase essential for the 

assembly of the cytochrome c oxidase complex (2-5). Future studies showed Oxa1 is 

essential for the proper insertion/assembly of many proteins and complexes involved in 

respiratory energy production (6-7). The most well studied role of Oxa1 involves 

assembly of the cytochrome oxidase (COX) complex. Oxa1 cotranslationally inserts 

COX subunits, which are mitochondrially encoded, into the inner membrane (7). In this 

cotranslational pathway Oxa1 not only acts as the insertase, but also serves directly as a 

ribosome receptor (8). This ribosome interaction requires the matrix-exposed C terminus 

of Oxa1 (9). Further, Mrp20, a component of the large ribosomal subunit which is 

homologous to L23, cross-links to Oxa1. In addition to cotranslational insertion of COX 

subunits, Oxa1 plays a role in the biogenesis of the F1F0-ATP synthase (6, 8). Unlike the 

COX subunits, however, Oxa1 null mutants show a greatly reduced, but still present, 

level of functional F1F0-ATP synthase (6-8). Formation of the multisubunit F1F0-ATP 
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synthase complex, not insertion of individual subunits, was disrupted by Oxa1 deletion 

(10). Further, Oxa1 forms a stable complex with the Atp9 subunit of F1F0-ATP synthase 

and can be copurified with the fully functional F1F0-ATP synthase complex. This data 

shows Oxa1 seems to serve a post-translational chaperone/assembly function for subunits 

of the F1F0-ATP synthase. 

 Similarly to Oxa1, the bacterial member of the protein family, YidC, can serve a 

variety of functions in bacterial membrane biogenesis. From its initial discovery, YidC 

has been shown to operate as an integrase/chaperone in conjunction with the Signal 

Recognition Particle-SEC pathway and as a SEC-independent insertase (11-13). Both 

YidC pathways are thought to be cotranslation, but a post-translational role has not been 

ruled out (14). Like Oxa1, YidC interacts with the ribosomal subunit L23, even though 

YidC lacks a large C terminus (15). Both Alb3 and Oxa1 can functionally replace YidC 

in bacteria (16-17). YidC can likewise functionally replace Oxa1, however it requires the 

ribosome-binding C terminus of Oxa1 (18). Gram positive bacteria contain a second 

YidC (YidC2/YdjG), which is more homologous to chloroplast Alb3 than gram negative 

YidC (18) and which has a large C terminus, similar to both Oxa1 and Alb3. 

Interestingly, S. mutans YidC2 requires no addition to functionally replace Oxa1 due to 

its large C-terminal domain which is competent in ribosome binding (19). 

 Compared to family members Oxa1 and YidC, relatively little is known about 

Alb3, particularly outside of its insertase role in post-translational chloroplast Signal 

Recognition Particle (cpSRP) targeting of light-harvesting chlorophyll-binding proteins  

(LHCP) to the thylakoid membrane (for a more in depth discussion on the role of Alb3 in 

cpSRP targeting, see Introduction). Similar to YidC, Alb3 has been shown to associate 



  122 
 

with the SEC translocon (20). However, we have previously demonstrated that the SEC 

translocon is not required for cpSRP/Alb3 insertion of LHCP. Regardless, it seems quite 

likely that Alb3, like YidC, may perform an additional assembly/chaperone function in 

conjunction with the SEC translocon, but this has not been shown.  

Alb3 has been speculated to play a role in assembly of D1 into photosystem II. D1 

is a chloroplast-encoded protein that is cotranslationally targeted to the SEC translocon 

for insertion into the thylakoid membrane (21-22). This targeting is likely assisted by 

cpSRP54, but not cpSRP43, bound to the ribosome, as cpSRP54 has shown to bind D1 as 

a nascent chain emerging from the chloroplast ribosome (23). Interestingly, in the 

Chlamydomonas reinhardtii alb3 knockout, D1 is integrated but not efficiently assembled 

into the PSII complex, hinting at a role for Alb3 post-insertion (24). Still, much is 

unknown about the likely alternative functions of Alb3 outside of LHCP insertion. 

 To this end, we aimed to investigate the possibility of an interaction between the 

ribosome and Alb3, which would hint at a cotranslational function for Alb3. Oxa1 and 

YidC (and YidC2) function cotranslationally and both have been reported to interact with 

the ribosomal protein L23 (15), which is located on the large subunit along the peptide 

exit tunnel. In addition, much evidence exists that the cpSRP54 homolog SRP54/Ffh 

binds L23 during cotranslational SRP targeting (25-27). In chloroplasts, however, cpSRP 

targeting is post-translational, utilizing the unique cpSRP43 molecule as a functional 

ribosome replacement (28). But outside of cpSRP targeting, the possibility exists that 

Alb3 may, like Oxa1 and YidC, function in ribosome binding. If this interaction does 

take place, the most attractive and probably binding site would be the C terminus of 

Alb3. The C terminus of Alb3 has shown to interact with cpSRP43, which targets the 
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cpSRP complex to and docks with the Alb3 insertase (29-30), a role traditionally fulfilled 

by the ribosome. In addition, it is the C-terminal extension in both Oxa1 and YidC2 that 

interacts with the ribosome in cotranslational targeting (9, 19). On the ribosomal side, 

both Oxa1 and YidC interact with the ribosomal subunit L23, among others (9, 15). 

 In this work we explore the possibility of an interaction between Alb3 and the 

ribosome. We further characterize this interaction by narrowing it to a specific domain of 

Alb3 and a particular ribosomal subunit. Finally, we discuss the implications and future 

possibilities of said interaction. 
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MATERIALS AND METHODS 

Chloroplast and Stromal Extract Isolation 

Intact chloroplasts were isolated from 10- to 12-day-old pea seedlings (Pisum. 

sativum cv. Laxton’s Progress) and used to prepare thylakoids and stroma as described 

previously (31). Chlorophyll (Chl) content was determined as described previously (32). 

Chloroplast stromal extract (SE) was isolated by suspending freshly isolated chloroplasts 

at 2 mg chlorophyll/mL HKM (10 mM Hepes-KOH, pH 8.0, 10 mM MgCl2) and 

incubating for 5 min on ice. Lysed chloroplasts were centrifuged at 3000 x g for 5 min, 

and the supernatant transferred to a new tube and spun 42000 × g for 30 min to remove 

membrane components. The resulting SE was aliquoted, flash frozen in liquid N2, and 

stored at -80°C until needed. 

Construction of Alb3-Cterm Clones 

Production of a recombinant peptide corresponding to the C-terminal 124-amino 

acids of PPF1 (defined as Alb3 in P. sativum, Alb3-Cterm) was as according to Lewis et 

al (29). Final products were an Alb3-Cterm peptide containing a six-histidine tag and 

either a Flag-tag or an Stag located at the N terminus of the peptide (His-Flag-Alb3-

Cterm or His-Stag-Alb3-Cterm). Alb3-Cterm constructs were purified over Talon® 

Superflow metal affinity chromatography and either desalted into HKMK (HKM with 

100 mM KCl) buffer or further purified by cation exchange over Resource S (binding: 20 

mM Hepes, pH 8, 10 mM KCl, and elution: 20 mM Hepes, pH 8, 1 M KCl) and then 

desalted into HKMK buffer. For full details on cloning, expression, and purification of 

Alb3-Cterm, see Chapter II: A Dynamic cpSRP43-Albino3 Interaction Mediates 
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Translocase Regulation of Chloroplast Signal Recognition Particle (cpSRP)-Targeting 

Components (Materials and Methods section). 

Construction of L23 Clones 

A ribosomal protein L23 clone was obtained by RT-PCR from Arabidopsis 

thaliana total RNA using a OneStep RT-PCR Kit (Qiagen). Forward and reverse primers 

matching the sequence for L23 (accession # 000932) were designed to include NdeI and 

XhoI sites, respectively, for ligation into similarly restricted pET-15b. In addition to the 

XhoI site, the reverse primer included a Strep-tag and stop codon, resulting in the 

following plasmid following ligation: His-L23-Strep-pET-15b. This plasmid was 

transformed into BL21 Star (Invitrogen) and used for IPTG induced expression of His-

L23-Strep.  

An in vitro transcription/translation L23 clone was produced using primers 

designed with an EcoR1 site and Kozak sequence so that the translated protein begins 

MDGIK and ends RKKRT with a stop codon and HindIII site. The resulting PCR product 

was restricted and ligated into pGEM-4Z to generate the plasmid L23-pGEM-4Z. 

In vitro transcription and translation 

 Capped L23 RNA was produced by in vitro transcription of L23-pGEM-4Z DNA 

using SP6 RNA polymerase (GE Healthcare). L23 RNA was translated using a wheat 

germ system (33) in the presence of 35S methionine to produce radiolabeled protein (34). 

Translation product was diluted two-fold in 100 mM Hepes-KOH (pH 8.0), 0.66 M 

sorbitol and 60 mM unlabeled methionine before use. 
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Recombinant L23 Purification 

L23 was purified from E. coli by slightly modifying a procedure used for the 

purification of maize L23 expressed in E. coli (35). E. coli (~ 5 g) expressing his-L23-

Strep were lysed using sonication (3 sets of 25 one-second bursts with 1min rest in 

between sets at level 8 with a Branson Sonifier 150 probe tip sonicator). Lysate was then 

centrifuged at 30,000 × g for 30 min at 4 °C. The resulting pellet was resuspended in 25 

mL of 1 % Triton X-100 by slow stirring for 15 min at room temperature and 

subsequently centrifuged at 30,000 × g for 30 min at 4 °C. The inclusion body pellet was 

washed twice by addition of 25 mL of 50 mM Tris-HCl (pH 8.1), 100 mM NaCl, 10 mM 

EDTA, 5 mM DTT, 500 µM PMSF, and 2 % Na-deoxycholate and stirring for 20 min at 

room temperature. The pellet was then washed once with 25 mL of 5 mM DTT, 500 µM 

PMSF. The washed inclusion bodies were then dissolved in 20 mL of 6 M guanidine-

HCl, 100 mM NH4-acetate (pH 5.2), 5 mM DTT, 500 µM PMSF and then applied to a 

HiPrepTM 26/10 Desalting Column (GE Healthcare) equilibrated in the same buffer. L23 

fractions were combined and renatured by overnight dialysis against ~1 L 50 mM NH4-

acetate (pH 5.2), 5 mM DTT, 500 µM PMSF using a Slide-A-Lyzer Dialysis Cassette 

(3500 MWCO, Pierce). L23 was then concentrated using a Vivaspin protein concentrator 

(5000 MWCO, Sartorius) to ~ ¼ original volume and quantified by SDS-PAGE. 

Size Exclusion Chromatography (SEC) 

SE was thawed on ice and concentrated to ~ half volume by centrifugation in a 

Vivaspin 5000 MWCO to an ~ 8X SE final. Concentrated SE was loaded at 0.5 mL/min 

onto a HiPrep Sephacryl S-300 16/60 SR gel filtration column prequilibrated in HKM. 

Fractions were collected in 96 well plates and analyzed for the presence of chloroplast 



  127 
 

ribosomes by Western blotting for cpSRP54, which is known to bind ribosomes and 

function in cotranslational chloroplast targeting (21, 23). cpSRP54 was found in two 

distinct pools, cpSRP54-ribosome (~47 mL flow volume) and cpSRP54-cpSRP43 (~61 

mL flow volume). High molecular weightcpSRP54 fractions were pooled and incubated 

with His-Flag-Alb3-Cterm for 10 min on ice. The sample was then centrifuged at 42000 

× g for 1 hour. Supernatant was concentrated to 600 µL using Vivaspin 5000 MWCO and 

then loaded at 0.5 mL/min on HiPrep Sephacryl S-300 16/60 SR gel filtration column 

equilibrated in HKM. Fractions were collected and analyzed for the presence of cpSRP54 

and Alb3-Cterm by Western blotting. Alb3-Cterm co-eluted with cpSRP54 (ribosomes) 

at 46.5-54 mL flow volume. An equal volume of Alb3-Cterm, in the absence of SE, 

loaded onto the column under the same conditions eluted at 100-105 mL flow volume as 

determined by Western blotting. 

Protein Binding Assays 

His-Stag-Alb3-Cterm equal to 800 pmols in 100 µL of import buffer (IB: 50 mM 

Hepes-KOH, pH 8.0, 0.33 M sorbitol) with 10 mM MgCl2 (IBM) was incubated with 30 

µL of a 50 % S-protein agarose slurry in HKM for 15 min at room temperature. 

Following incubation, 50 µL of radiolabeled L23 translation product was added and 

reactions were incubated at 4°C for 30 min under gentle agitation. Samples were washed 

six times with 0.1 % Maltoside in IB and three times with IB using 0.8 mL centrifuge 

colums (PIERCE). Proteins were eluted by adding 30 µl SDS-PAGE solubilization buffer 

(10 % glycerol, 5 % β-mercaptoethanol, 2 % SDS) and incubating for 30min at room 

temperature. Eluted proteins were analyzed by SDS-PAGE. 
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Either 500 pmols of recombinant His-L23-Strep or an equivalent volume of buffer 

were mixed with 30 µL Streptactin resin, brought to 150 µL with 50 mM NH4-Acetate 

(pH 7.5) and incubated for 15 min at room temperature. Either 500 or 1000 pmoles of 

HSCterm were added for a second 15 minute incubation at room temperature with gently 

shaking. Reactions were transferred to spin columns and washed three times with 50 mM 

NH4-Acetate (pH 7.5). Proteins were eluted by addition of 30 µL solubilization buffer 

and analyzed by SDS-PAGE. 

Analysis of Samples 

A portion of each sample from each assay was analyzed by SDS-PAGE followed 

by Coomassie Blue staining, Western blotting, or phosphorimaging. GE Healthcare 

image analysis software (ImageQuant) was used for quantification of radiolabeled protein 

from phosphorimages obtained using a Typhoon 8600. Horseradish peroxidase-labeled 

mouse IgG (Southern Biotech) was used as secondary antibody, and blots were 

developed with SuperSignal® West Pico chemiluminescent substrate (Pierce). Western 

blots were imaged using an Alpha Innotech FluorChem IS-8900 using chemiluminescent 

detection. AlphaEase FC Stand Alone software (Alpha Innotech) was used for 

quantification. SDS-PAGE standards (Invitrogen) were used to calculate molecular 

weights (MagicMarkTM XP Western Standard for Western blots; BenchmarkTM Protein 

Ladder for Coomassie-stained gels). Protein concentrations were estimated by Coomassie 

Blue staining. Primary antibodies to the following proteins have been described 

previously: cpSRP54 (36), Alb3-Cterm (37). 
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RESULTS 

Alb3-Cterm interacts with chloroplast ribosomes 

Using SEC, we studied the retention time of Alb3-Cterm alone and in the 

presence of pooled ribosomal/cpSRP54 fractions (21, 23). The retention time of Alb3-

Cterm on the column was dramatically reduced (from ~100 mL to ~47 mL) when 

preincubated with a cpSRP54-ribosome fraction isolated from chloroplast SE. This 

preliminary works suggests an interaction between the C terminus of Alb3 and the 

chloroplast ribosome. Future work includes the use of sucrose gradient centrifugation to 

isolate ribosomal fractions for SEC chromatography. In addition to confirming the 

presence of cpSRP54 (via Western blotting) in isolated ribosomal fractions, we will also 

confirm the presence of RNA by gel electrophoresis and EtBr staining. Currently we have 

demonstrated the ability to isolate ribosomal fractions by sucrose gradient centrifugation 

and confirm the presence of RNA and cpSRP54. Ideally, an antibody that is reactive with 

chloroplast ribosomal proteins will be identified for use as a final confirmation of the 

isolation procedures. Alternatively, we may consider making an antibody to A. thaliana 

L23. The sequence identity between A. thaliana and P. sativum is 80 %, so we would 

expect cross reactivity with chloroplast ribosomes isolated from P. sativum.  

Alb3-Cterm interacts with the ribosomal subunit L23 

 In trying to uncover the ribosome binding site for Alb3-Cterm, one strong 

possiblity was the ribosomal protein L23. L23 is known to interact with Alb3 family 

members Oxa1 and YidC L23 (9, 15). To this end, we produced two L23 clones, an in 

vitro produced peptide for radiolabeling and a recombinant peptide with two affinity tags. 

Recombinant expression and purification of Arabidopsis L23 had, to our knowledge, 
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never been accomplished and presented unique challenges. L23 expressed in E. coli was 

found, almost exclusively, in insoluble inclusion bodies. Traditional methods of isolating 

inclusion bodies (multiple sucrose washes and eventual solubilization in either 8 M urea 

or solubilization buffer) proved unsuccessful. However, adaptation of a published method 

for purification of maize L23 (35) was successful in purifying large quantities of soluble 

L23 from inclusion bodies (Fig. 4.1). This procedure yielded ~ 3 mg of protein per 1 L of 

expression. However, protein quantity was much lower than is likely possible due to loss 

of a significant amount of sample during desalting. This error is easily fixed and future 

purifications should yield much greater quantities of L23. While some residual 

contaminants remain, purity level of L23 should be sufficient of antibody generation. 

 Radiolabeled L23 was copurified using an Stag on Alb3-Cterm and S-protein 

agarose resin to isolate His-Stag-Alb3-Cterm and all copurifying proteins. The amount of 

L23 copurified was significantly above the level of background binding to the resin (Fig. 

4.2 A). Further, the reverse of this experiment was done using Streptactin reisn to isolate 

recombinant His-L23-Strep. Fig. 4.2 B shows that Alb3-Cterm copurifies to a level 

significantly above background binding of Alb3-Cterm to the resin alone. Taken together, 

results in Figs 4.2 show that the C terminus of Alb3 is involved in an interaction with the 

chloroplast ribosome, which minimally involves the large ribosomal subunit protein L23. 
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DISCUSSION 

Although much has been learned about the role of Alb3 in post-translational 

targeting by the cpSRP pathway in the past several years, it continues to be an ongoing 

area of study (29-30, 36-40). In contrast, while often speculated upon, little evidence 

exists for a cotranslational role of Alb3, either in insertion or assembly. The fact that 

Alb3 exists both independently and associated with the chloroplast Sec translocon (20), 

in addition to the cotranslational roles of Oxa1 and YidC, hints at the possibility of 

alternative functions for Alb3. Work done here focused on uncovering data that would 

not only further the notion of Alb3 operation in a cotranslational pathway, but also 

discover specific interactions that would facilitate such a function. While preliminary, our 

results have identified an interaction between the C terminus of Alb3 and the chloroplast 

ribosome. Specifically, we have identified an interaction between Alb3-Cterm and the 

ribosomal protein L23. While interesting, possibly the most significant aspects of this 

finding are the questions it raises as well as the future research possibilities it opens. For 

instance, what chloroplast encoded protein is the ribosome delivering to Alb3? Currently, 

LHCP is the only known substrate of Alb3. The Sec pathway inserted substrate D1 is a 

possible substrate of co-translationally active Alb3 where Alb3 may act in an assembly 

role (24, 41). However, significantly more work is needed to fully understand what if any 

link there is between Alb3 and D1. If Alb3 is required for efficient D1 assembly into 

PSII, it seems unlikely that Alb3 would interact with the ribosome when 

chaperoning/assembling a protein integrated by the Sec translocon. Regardless of the 

substrate, other important questions remain. Does Alb3 act independently in 

cotranslational targeting, or is it associated with the Sec translocon? Further, as is the 
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case with D1, is cpSRP54 involved in targeting the ribosome to Alb3? Our SEC results 

suggest that the presence of cpSRP54 on the ribosome does not hinder the interaction, but 

clearly more work is needed to determine if it is required or if the pathway operates 

independent of cpSRP components. In vivo studies of LHCP targeting in Arabidopsis 

mutants lacking both cpSRP54 and cpFtsY indentified a cpSRP43 only pathway for 

efficient targeting of LHCP to Alb3 (42). This is supported by findings that cpSRP43 can 

interact with Alb3-Cterm in the absence of cpSRP54 (29-30). Thus, neither the presence 

nor absence of cpSRP54 in cotranslational targeting to Alb3 would be surprising. Finally, 

it is interesting to speculate that competition exists between cpSRP43 (post-translational) 

and the ribosome (cotranslational) for binding to the C terminus of Alb3. While not 

successful as of yet, work is underway to determine if Alb3-Cterm binding to L23 

inhibits an interaction with cpSRP43, or if the reverse, prebinding of cpSRP43 to Alb3-

Cterm inhibits L23 interaction, is true. Determining the affinity of the ribosome (L23) for 

Alb3-Cterm would be useful for comparing to the affinity of cpSRP43 for Alb3-Cterm 

and possibly hint at how the C terminus regulates Alb3’s participation in post- or 

cotranslational targeting. 

These questions, which mostly require in vivo analysis, are difficult to address in 

the chloroplast system. The most common method for identification of interaction 

partners with Oxa1 and YidC has been in vivo crosslinking, which is a method that 

should be pursued for future research into the alternative functions of Alb3. However, 

crosslinking followed by immunoprecipitation of Alb3 or chloroplast ribosome isolation 

is not likely to be clear cut and will present difficulties both in deciphering and 

indentifying true data among non-specific artifacts. The positive of this approach is that it 
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has the ability to reveal interacting partners ranging from ribosomal proteins and nascent 

polypeptide substrates to neighboring translocons or other assembly factors. However, 

until such work is done, any statement about the meaning of this Alb3-L23 interaction is 

speculative at best. 

To this end, we have developed a very early model of Alb3 functioning as both a 

post- and cotranslational insertase (Fig. 4.3). In our model, the C terminus regulates 

binding of Alb3 to cpSRP43 or the chloroplast ribosome by a yet unknown mechanism. 

As shown, the C terminus of Alb3 binding to the ribosome is mediated by L23, although 

other ribosomal proteins are likely involved, as is the case with both Oxa1 and YidC (15, 

43). Further, our model does not rule out the possibility of other integral membrane 

proteins assisting Alb3 in this function, as indicated. While peripheral membrane proteins 

and soluble targeting factors are not shown, they obviously cannot be ruled out at this 

point. 
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Figure 4.1. Quantification of purified, recombinant L23. 

Recombinant L23 was purified and concentrated as described in Materials and Methods. 
Gel shows increasing volumes of a L23 (diluted 1:20 in SDS solubilization buffer) and 
increasing quantity of known BSA standard on the same gel. Top row of numbers 
indicates µL volume of diluted L23 loaded in corresponding lane. Bottom row of 
numbers indicates µg amount of BSA standard loaded in corresponding lane. 
Concentration of L23 was calculated using AlphaEase Fluorchem software (Alpha 
Innotech) by comparing band density to BSA standards. 
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Figure 4.2. The ribosomal protein L23 and Alb3-Cterm coprecipitate. 

A) Either 800 pmols of HSCterm or an equal volume of buffer alone were incubated with 
S-protein agarose, then radiolabled L23 translation product. Samples were washed six 
times with 0.1 % Maltoside in IB and three times with IB. Copurifying proteins were 
eluted with SDS sample buffer and analyzed by SDS-PAGE. Data obtained by Jennifer 
Rogers. B) Streptactin resin was incubated with either His-L23-Strep or buffer and then 
added to either 500 or 1000 pmols of HSCterm. After three buffer washes, proteins were 
eluted with SDS sample buffer and analyzed by SDS-PAGE 
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Figure 4.3. Model of post- and cotranslational targeting to Alb3. 
Alb3 functions in the post-translational insertion of LHCP by the cpSRP pathway. This 
model depicts a second, cotranslational function of Alb3 that involves the C terminus 
binding to the ribosomal protein L23. The possibility of the Sec translocase, or another 
unknown membrane protein, assisting in insertion/assembly is indicated by the unlabeled 
pink molecule. 
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 Signal Recognition Particle (SRP)-dependant protein targeting is a conserved 

system for the localization of proteins to their specific sites of function within the cell. 

Over the past 30 years, much work has been done to uncover the components associated 

with SRP targeting and to understand the function of those components within the 

pathway. This work has led to a detailed understanding of many facets of SRP targeting, 

and the nature of protein targeting in general, in both pro- and eukaryotes. Results from 

both structural and functional studies have clarified the picture so that knowledge of 

protein-protein interactions, critical functional domains of targeting components, and 

means of pathway regulation exist for many of the targeting steps. However, much 

mystery remains surrounding certain aspects of SRP targeting, particularly membrane-

associated events where understanding greatly lags behind soluble targeting steps.  

 The research presented here was focused on events at the membrane interface of 

the chloroplast signal recognition particle (cpSRP) targeting pathway. We aimed to gain a 

better understanding of the role of both the thylakoid lipid environment and the cpSRP 

insertase Albino3 (Alb3). This required the development of new tools to better study 

targeting events in a very complex environment. Using these tools, we made new 

discoveries and added increasing clarity to the model of cpSRP targeting. 

 We developed tools for studying cpSRP targeting on a less complex liposome 

membrane system. We showed liposomes made using soybean extract lipids were 

capable of supporting formation of a cpSRP membrane complex containing cpSRP54, 

cpSRP43, and cpFtsY at a level close to that observed for isolated thylakoids. We further 

showed the ability of soy liposomes to support more advanced functions of cpSRP 

components. Using brominated liposomes, we were able to quench tryptophan 
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fluorescence of chloroplast FtsY (cpFtsY) (1). This is a strong indicator of membrane 

binding and possibly partial insertion into the lipid bilayer. Confirmation of these results 

came from the dramatic decrease in quenching of fluorescence from a previously 

developed mutant of cpFtsY, which lacks the membrane-binding motif (1). Thus, cpFtsY 

is specifically able to bind liposomes using the same mechanism involved in binding to 

isolated thylakoid membranes. In addition, artificial liposomes stimulated GTP 

hydrolysis by the cpSRP GTPases – cpSRP54 and cpFtsY (1). Taken together, these 

results show that liposomes competently function in place of the thylakoid membrane in 

multiple cpSRP pathway steps. In addition, we developed liposomes with a lipid content 

much closer to the unique thylakoid membrane than our original soybean total extract 

liposomes. By doping a mixture of lipids mimicking the thylakoid membrane with soy 

lipids, we successfully generated liposomes, despite the presence of non-bilayer forming 

thylakoid lipids. These tools will be valuable in future studies on cpSRP membrane 

interactions, with the ultimate goal of reconstituting cpSRP targeting on liposomes. 

 As an alternative to traditional biochemical assays, we used three different 

microscopes – confocal laser scanning microscope (CLSM), atomic force microscope 

(AFM), and transmission electron microscope (TEM) – to visualize cpSRP components. 

Using a combination of antibody-nanocrystal labeling and CLSM, we were able to 

visualize the abundance and localization of the insertase Alb3 in the thylakoid membrane. 

Images of isolated thylakoids were captured using AFM and TEM, which gave a visual 

understanding of the complexity of the protein-rich thylakoid membrane. While we were 

not successful in imaging cpSRP targeting steps, the protocols developed here could 
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prove helpful in accomplishing that goal or others pertaining to thylakoid membrane 

visualization. 

 In addition to the lipid environment of the thylakoid membrane, this research 

focused on the cpSRP insertase Alb3. We showed two key interactions involving the C-

terminal domain of Alb3 (Alb3-Cterm) using both recombinant and in vitro translated 

peptides corresponding to this domain. Using a combination of copurification assays and 

isothermal titration calorimetry (ITC), we showed a high affinity interaction between the 

cpSRP subunit cpSRP43 and Alb3-Cterm (2). We narrowed down the site of this 

interaction, using a combination of copurification assays, ITC, and GTP hydrolysis 

assays, to the ankyrin repeat region of cpSRP43 (2). We further showed the functional 

relevance of this interaction in cpSRP membrane targeting steps. Using a GTP hydrolysis 

assay, we showed that the C terminus of Alb3 stimulates GTP hydrolysis of the cpSRP 

GTPases (cpSRP54 and cpFtsY) in a cpSRP43-dependant manner (2). In addition, as 

visualized by non-denaturing PAGE, we found that the addition of Alb3-Cterm to soluble 

cpSRP transit complex (cpSRP54-cpSRP43-LHCP) caused LHCP to separate from the 

cpSRP heterodimer (2). Taken together, these results add clarity to the role of Alb3 in 

cpSRP targeting membrane events and advance the overall understand of the pathway. It 

appears that the cpSRP54-cpSRP43 bound with LHCP substrate interacts with cpFtsY at 

the thylakoid membrane. This complex then targets to Alb3 via an interaction between 

the ankyrin repeat region of cpSRP43 and the C terminus of Alb3. This cpSRP43-Alb3 

interaction serves as a sensor of localization to the insertase and triggers appropriate 

events to advance the cpSRP targeting cycle. These events, the order of which is not 

known, are 1) release of LHCP substrate from the cpSRP heterodimer, presumably to 
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Alb3 and 2) hydrolysis of GTP by cpSRP54 and cpFtsY, presumably for release and 

recycling of cpSRP components. 

 A second interaction we identified is between the C terminus of Alb3 and the 

chloroplast 50S ribosomal protein L23 (Arabidopsis thaliana). Using size exclusion 

chromatography, we showed a shift in the elution profile of Alb3-Cterm following 

incubation with a cpSRP54-ribosome complex. L23 was identified as one of the 

ribosomal subunits responsible for the interaction with Alb3-Cterm using copurification 

assays. This interaction strongly hints at a role for Alb3 in co-translational protein 

targeting, as opposed to the traditional role of Alb3 in post-translational insertion of 

LHCP. Since the C terminus of Alb3 interacts with both cpSRP43 (post-translational 

targeting) and L23 (cotranslational targeting), future studies into the 

regulation/coordination of Alb3 participation in these distinct pathways by its C terminus 

will be interesting. We propose that cpSRP43 and the chloroplast ribosome might 

compete for interaction with Alb3-Cterm; however this proposition is purely speculative. 
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