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1. Summary

Precursor protein targeting toward surfaces of organelles is assisted by different cytosolic
chaperones. The Toc translocon recognizes precursor proteins and facilitates their
translocation across the outer envelope of chloroplasts. Toc64 is a subunit of the chloroplast
protein import machinery. This work focuses on topological and functional properties of
Toc64. The topological prediction of the protein by different programs revealed that Toc64
contains three transmembrane domains, which has been confirmed by the obtained
biochemical an experimental results. It was demonstrated that the TPR domain of Toc64 is
cytosolic exposed, whereas a second domain of about 30 kDa is exposed to the
intermembrane space and protected by the chloroplast outer envelope, which is a part of the
amidase and charged regions. Functional analysis demonstrated that Toc64 is a bi-functional
preprotein receptor. First, the cytosolic exposed TPR is the docking site for Hsp90 bound
precursor proteins. The Hsp90 is recognised by the clamp type TPR of Toc64. Hence, a novel
mechanism in which chaperones are recruited for a specific targeting event by a membrane-
inserted receptor is outlined. Second, the intermembrane space exposed domain allows the
association of Toc64 with the Toc complex and is involved in precursor protein recognition
and translocation across the intermembrane space. This domain also participates in the

formation of the intermembrane space complex, which involves Toc12, isHsp70 and Tic22.



2. Zusammenfassung

Im Zytosol wird die Zielsteuerung von Vorstufenproteinen zu der dulleren plastidéren
Hiillmembran durch verschiedene zytosolische Chaperone unterstiitzt. Die Erkennung und die
Translokation der Vorstufenproteine iiber die duBlere Hiillmembran wird durch den Toc-
Komplex katalysiert. Der Schwerpunkt dieser Arbeit war die Untersuchung struktureller und
funktioneller Eigenschaften des Toc64 Proteins, einer Untereinheit des Toc-Komplexes. In
silico Topologie-Vorhersagen fiir Toc64 ergaben drei Transmembranbereiche, welche auch
experimentell bestétigt werden konnten. Die topologische Analyse ergab, da3 die TPR-
Domine von Toc64 auf der zytosolischen Seite exponiert ist, wihrend ein protease-resistentes
Fragment mit einem apparenten Molekulargewicht von 30 kDa in den Intermembranraum
hineinragt. Dieses Fragment beinhaltet Teile der Amidase- sowie der geladenen Region.
Durch funktionelle Untersuchungen wurde gezeigt, dass Toc64 ein bifunktioneller
Vorstufenprotein-Rezeptor ist. Einerseits bildet die zytosolisch exponierte TPR Domine die
Erkennungsstelle fiir Hsp90 gebundene Vorstufenproteine. Hsp90 interagiert dabei mit der
,Clamp-typ* TPR Domain des Toc64 Proteins. Demzufolge wurde ein neuer Mechanismus,
in dem Chaperone fiir eine spezifische Zielsteuerung und Erkennung der Vorstufenproteine
durch membrane-inserierte Rezeptoren notwendig sind, gefunden. Andererseits ermoglicht
das im Intermembranraum exponierte 30 kDa Fragment die Assoziation von Toc64 mit dem
Toc-Komplex und ist involoviert in der Erkennung und Translokation der Vorstufenproteine.
Dieses Fragment ist auch an der Bildung des Intermembranraum-Komplexes, welches Toc12,

isHsp70 and Tic22 enthilt, beteiligt.



3. Introduction

Plastids are a heterogeneous family of organelles found ubiquitously in high plants and algae.
Most prominent amongst these are the chloroplasts, which are responsible for the light-
harvesting and carbon-fixation reactions of photosynthesis, as well as for the synthesis of
many essential metabolites, such as fatty acids and amino acids. Like mitochondria, plastids
entered the eukaryotic lineage through endosymbiosis. They are thought to be of
monophyletic origin, and to have evolved from an ancient photosynthetic prokaryote similar
to present-day cyanobacteria (Palmer, 2000; Leister, 2005). They are separated from the
surroundings cell by two membranes, which represent an effective barrier for metabolites and
proteins. Chloroplasts are complex organelles comprising six distinct suborganellar
compartments: they have three different membranes (the two envelope membranes and the
internal thylakoid membrane), and three discrete aqueous compartments (the intermembrane
space of the envelope, the stroma and the thylakoid lumen). As all plastids within an organism
contain the same limited complement of about 100 genes, it is the imported proteins that
define the developmental fate of the organelle. Therefore, most chloroplast proteins are
nuclear encoded, synthesized on cytosolic ribosomes as precursor proteins, and
posttranslationaly imported into the organelle via translocation complexes in the outer and
inner envelope membrane of chloroplast, in order to maintain various biochemical functions
(Soll and Schleift, 2004; Kessler and Schnell, 2004, Jarvis and Robinson, 2004). The import
comprises a complex system of cytosolic targeting, translocation through the two envelope
membranes and a subsequent intra-organellar sorting. Proteins destined for plastid import can
be divided into at least two classes (Soll and Schleiff, 2004). The first class includes proteins,
which are translated on cytosolic ribosomes as so called precursor proteins with a cleavable
N-terminal transit peptide. The transit peptide provides essential and sufficient information
for subsequent targeting towards and translocation into the plastid. This class encloses the
majority of plastid proteins (Soll and Schleiff, 2004). The proteins that belong to the second
class do not contain any cleavable transit peptide. Members of this class are most of the outer
envelope proteins and at least two inner envelope membrane proteins (Schleiff and Klosgen,
2001; Miras et al., 2002; Nada and Soll, 2004).

The first step in chloroplast protein translocation is the transport through the cytosol. While
the translocation process itself is understood in some molecular detail, the mechanism by
which the preproteins are transferred from the cytosol to the Toc translocon (translocon of the

outer envelope of chloroplasts) remains elusive. In case of chloroplasts it is proposed that



phosphorylation of some transit peptides (like the small subunit of RubisCO (pSSU))
enhances the import rate presumably through interaction with 14-3-3 proteins, which form a
guidance complex with Hsp70 proteins and potential other factors ( May and Soll, 2000).
Thus, phosphorylation of preproteins is not essential for import into chloroplasts, but was
suggested to accelerate the targeting and not the import process of a specific set of preproteins

(Nakrieko et al., 2004) (Figure 1).
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Figure 1: The cytoslic targeting of chloroplast precursor. In the cytosol, preproteins with an amino-
terminal presequence or transit sequence can form a cytosolic guidance complex upon phosphorylation
in the cytosol. This guidance complex consists of an HSP70 (heat shock protein-70) chaperone, 14-3-3
proteins and other unknown factors. All these complexes bind to TOC receptors in a GTP-dependent
manner. Other preproteins are targeted to the outer envelope without or by assisting of unknown
cytosolic factors.

The second step is the recognition of precursor proteins at the outer envelope membrane by
the Toc translocon. Until now five subunits of the Toc complex have been identified, namely
Toc159, Toc75, Toc34, Toc64, and Tocl2 (Soll and Schleiff, 2004). Toc75, Toc159 and
Toc34 represent the core proteins in the Toc complex. They form a stable core complex of

~550 kDa, which has a stoichiometric ratio of 4:4:1 for Toc34:Toc75:Toc159 (Schleiff et al.,



2003a). The translocation of the preproteins across the inner envelope membrane requires
proteins of the Tic translocon (translocon of the inner envelope of chloroplasts). Several Tic
subunits have been identified, and these are: Ticl110, Tic62, Tic55, Tic40, Tic32, Tic22 and
Tic20. Ticl10 is the major protein in the Tic complex. Tic22 is peripherally associated with
the outer face of the inner membrane. It might have a vital role in the translocation of the
preproteins across the intermembrane space (Kouranov et al., 1998). Therefore, Tic22 is the
only intermembrane space protein involved in preprotein translocation reported so far (Becker
et al., 2004a) (Figure 1).

The Toc/Tic complex facilitates the passage of the translated preproteins directed to the
stroma across the envelopes. Once it arrives in the stroma, the transit peptide is cleaved off by
a stromal metallo-peptidase called stromal processing peptidase (SPP), and subsequently
degraded by a second metallo-peptidase (TTP) (Oblong and Lamppa, 1992; VanderVere et al.,
1995; Richter and Lamppa, 1998).

3.1 Involvement of chaperones in preprotein translocation

Chaperones are phylogenetically one of the most conserved families of proteins found in all
organisms, from prokaryotes, yeasts and plants to animals. In their classical function
chaperones assist in protein folding and protein translocation. They prevent misfolding and
aggregation of proteins and facilitate refolding of denaturated proteins (Georgopoulos et al.
1993; Bukau et al. 1998).

Cytosolic targeting of precursor proteins to the chloroplast surface involves cytosolic Hsp70s
and 14-3-3 protein so called “guidance complex” and maybe other so far unknown
components (May and Soll, 2000). A subset of precursor proteins of chloroplast contains a
phosphorylation motif within the N-terminal transit peptide, which shares similarities to
14-3-3 binding sites. These proteins are bound by the “guidance complex”, which stimulate
transfer to the chloroplast surface. It has been reported that the association of chaperones of
the Hsp70 type is mediated by the nature of the transit peptide (Rial et al., 2000). Interestingly,
the 14-3-3 protein recognises the presequence of the precursor protein as well. The docking
site of the guidance complex, the stage and the mode of dissociation remains unknown.

The targeting of preproteins to the surface of mitochondria is comparable to chloroplasts. The
newly synthesized mitochondrial preproteins contain specific targeting signals and are usually
bound by factors which maintain the preproteins in a translocation-competent conformation.
These are chaperones of the Hsp70 family as well as specific factors like MSF (Mitochondrial
import Stimulation Factor) (Hachiya et al., 1993), which is a 14-3-3 protein different from



that of the “guidance complex” for chloroplasts (May and Soll, 2000). This “MSF”
presumably recognizes mitochondrial targeting signals (Murakami et al., 1988; Komiya et al.,
1996; Mihara et al., 1996). Recently, it was shown that the chaperone Hsp90, which has been
thought to act largely on signal transducing proteins, in cooperation with Hsp70, mediates the
targeting of a subset of mitochondrial preproteins to the translocon Tom70 in mammals
(Young et al., 2003). These chaperones interact with precursor proteins depending on the
presence of specific targeting information within the primary structure of the protein (Young
et al., 2003). Generally, it remains unknown whether Hsp70 binding is limited to the transit
sequence or comprises further targets in the mature domain, since cytosolic Hsp70 is
generally involved in the folding of newly synthesized proteins (Bukau et al, 2000; Young et
al, 2004), and its association seems to be required to keep the preproteins in an import
competent unfolded state and prevent the enzymatic activity of proteins in a wrong cellular

compartment (Deshaies et al., 1998, Weagemann et al., 1990).

3.2 Recognition and transfer of preproteins at the chloroplast surface

The translocon for preprotein transport across the outer envelope consists of three precursor
binding proteins with known or proposed functions, Toc34, Toc159 and Toc64 (Soll and
Schleiff, 2004; Kessler and Schnell, 2004). Toc159 and Toc34 are GTPases regulated by
phosphorylation. Toc34 acts as initial receptor within the Toc core complex composed of
Toc34, Toc159 (Schleiff et al, 2003b; Becker et al, 2004b) and the channel-forming Toc75
(Hinnah et al., 2002; Svesnikova et al., 2000). Toc34 is active for preprotein and GTP binding
in a nonphosphorylated state, and can be inactivated by phosphorylation (Jelic et al., 2002).
Toc34grp binds the phosphorylated C-terminus of preproteins with high affinity (Jelic et al
2002; Schleiff et al., 2002). Preprotein association enhances GTP hydrolysis and subsequently
preproteins are released to the next translocon subunit Toc159. The receptor can then be
recharged with GTP and enter a new recognition cycle. In an action that also requires GTP
hydrolysis, Toc159 initiates the transfer of the preprotein through the Toc75 channel (Becker
et al., 2004b). Tocl159 is crucial for the import process (Bauer et al., 2000, Schleiff et al.,
2003b, Smith et al., 2004).The essential role of Toc159 is underlined by a lethal phenotype of
a T-DNA insertion into atToc159 gene (Bauer et. al., 2000). This further indicates that the
four paralogues of this receptor found in A.thaliana namely, Toc159, Toc132, Toc120, Toc90
have a specialised function in organelle biogenesis (Xiong and Bauer, 2002). In line with this
finding, it was proposed that Toc159 paralogues exhibit different substrates specifity (Ivanova

et al., 2004, Kubis et al., 2004).



Arabidopsis thaliana encodes two isoforms of Toc34 with similar function, namely atToc33
and atToc34 (Soll and Schleiff, 2004). AtToc33 seems to be the functional analogue of
psToc34 (Jelic et al., 2003). The ppil mutant, a knockout of atToc33, has a pale phenotype
and retarded chloroplast development. However, later in development, plants partially recover
and are able to grow photoautotrophically on soil. This phenotype is probably due to the
presence of a homologue of atToc33 in Arabidopsis thaliana, which is atToc34 (Gutensohn et
al., 2000; Jarvis et al., 1998). Both functional subunits revealed different affinities for distinct
types of preproteins. AtToc33 mainly recognises photosynthetic preproteins (Jelic et al.,
2003), whereas atToc34 is involved in the import of nonphotosynthetic chloroplast proteins
(Kubis et al., 2003). In contrast, Toc159 is essential for the import process (Bauer et al, 2000)

because it facilitates the translocation event of preproteins (Schleiff et al, 2003a).

3.3 The Toc64 protein

In contrast to the GTPases, not much is known about Toc64. Toc64 is dynamically associated
with the Toc core complex in pea (Sohrt and Soll, 2000, Becker et al., 2004a). It is not
purified with the core complex, but the protein can be cross-linked to several subunits of the
Toc complex (Sohrt and Soll, 2000). The Arabidopsis genome contains at least three proteins
with similarities to Toc64, thereby suggesting that they are functional homologues (Jackson-
constan and Keegstra, 2001). All three genes appear to be expressed in vivo, but only
atToc64-1I1 was identified on a protein level in chloroplast membranes so far (Ferro et al.,
2002; Chew et al., 2004). AtToc64-V, on the other hand, was found to be targeted to
mitochondria (Chew et al., 2004).

Recent work suggested that Toc64 contains an N-terminal transmembrane region, which is
essential and sufficient for targeting to chloroplasts (Lee et al., 2004). Furthermore, it was
documented that the N-terminal transmembrane region has a Nj,-C,y orientation (Lee et al.,
2004). In addition, the N-terminal hydrophobic domain of the two isoforms PpToc64-1 and -2
of Physcomitrella patens was necessary for interaction with chloroplasts, consistent with this
region containing the transmembrane domain (Hofmann and Theg, 2005). Both proteins are
not extractable after their insertion into chloroplasts and both remained accessible to the
external protease, which leads to the suggestion of an entirely cytosolic exposed protein
conformation (Hofmann and Theg, 2005). Toc64 can interact with Toc12, a component of the
extended Toc translocon situated at the intermembrane space (Becker et al., 2004a). Tocl2
contains a J-domain, which reaches into the intermembrane space. This domain is common to

a family of Dnal proteins and is required for the interaction of these proteins with Hsp70.



Consequentially; Tocl2 was shown to interact with an Hsp70 homologue in the
intermembrane space (Marshall et al., 1990). Together with Toc64 and Tic22, they might
form a complex designed to assist in the transfer of precursor proteins across the
intermembrane space. The evidence for the specific function of the Toc64 biochemical
analysis will be presented in this work.

Primary sequence analysis of Toc64 revealed three domains (Sohrt and Soll, 2000). The first
motif exhibits homology to prokaryotic and eukaryotic amidases, the enzymatic function as an
amidase seems to be inactivated due to a point mutation at the position 170 (Ser — Gly) in its
active site. The second motif includes a charged region, and is followed by a C-terminal third
motif the threefold repeated TPR-motif (Sohrt and Soll, 2000). The TPR motifs share some
similarity to other TPR domains in proteins acting as cofactors of Hsp90 and Hsp70
chaperones or of the mitochondrial protein import receptor Tom70. The TPR motif is a 34-
amino acid consensus sequence that mediates protein-protein interactions in diverse cellular
pathways (Ratajczak et al., 1996). Peptide regions composed of three TPR motifs are
organized into a super-helical structure (Scheufler et al., 2000). The Toc64 TPR motif shares
some similarity to the motifs found in Hop (Hsp70/90 organizing protein) which acts as
cofactors of Hsp90 and Hsp70 chaperones or in the mitochondrial protein import receptor
Tom70 (Young el al., 1998; Ramsey et al., 2000, Young et al., 2003). Hop recognizes the C-
terminal sequences of Hsp90 and/or Hsp70 through specialized TPR domains (Scheufler et al.,
2000). Both chaperones share a conserved C-terminal EEVD sequence that binds the central
groove of the TPR domain (Demand et al., 1998; Young et al., 1998). The specificity for
either Hsp70 or Hsp90 is determined by hydrophobic contacts with neighbouring residues
(Scheufler et al, 2000). It was demonstrated that the TPR domain of Tom70 mediates the
association of chaperone affiliated preproteins (Young et al. 2003). The similarity of the TPR
domains of Tom70 and Toc64 is in line with the observation that one member of the Toc64
protein family in A. thaliana seems to replace Tom70 in plant mitochondria (Chew et al,
2004). Since, no homologue with any significant sequence identity to Tom70 can be detected
in the Arabidopsis genome (Lister et al., 2003). However, the function of the TPR domain in

Toc64 is still elusive.

3.4 The aim of this work
Toc64 is a component of the Toc translocon. To assign functional properties to single
domains of Toc64, the topology of the protein in chloroplast membranes was investigated

assisted by in silico analysis, to produce a topology model of Toc64. The evidence for the



existence of an intermembrane space exposed region of Toc64 has to be demonstrated, and its
function in intermembrane space complex formation and preprotein recognition had to be
explored. The function of chaperone docking and preprotein recognition by the TPR domain
of Toc64 was a further question to be investigated. The results are finaly implemented into the

current model of preprotein recognition and translocation.



4. Materials
4.1 Chemicals

If not otherwise noted, all chemicals were purchased from Sigma Aldrich (Miinchen,
Germany), Roth (Karlsruhe, Germany), Roche (Penzberg, Germany) or Merck (Darmstadt,
Germany). N-decylmaltoside was supplied from Glycon GmbH (Luckenwalde, Germany).
Radio-labelled amino acids and nucleotides were obtained from GE-Healthcare (Freiburg,

Germany).

4.2 Enzymes, kits and peptides

Enzymes for cloning, such as restriction endonucleases, T4-DNA-ligases and Tag-
polymerases, were obtained from Roche (Penzberg, Germany), MBI Fermentas (St. Leon-Rot,
Germany) or Qiagen (Hilden, Germany). Triplemaster-mix polymerase was purchased from
Eppendorf (TripleMaster PCR System, Hamburg, Germany) and Pfu DNA polymerase from
Promega (Mannheim, Germany). Thermolysin, proteinase K and chymotrypsin were
purchased from Roche (Penzberg, Germany), trypsin from Sigma Aldrich (Miinchen,
Germany) and RNase from GE-Healthcare (Freiburg, Germany). For DNA purification with
high yield the Plasmid Midi Kit from Macherey and Nagel (Diiren, Germany) was used,
whereas for DNA purification on a smaller scale the Silica Spin Kit from Biometra (Gottingen,
Germany) was utilised. Purfication of DNA fragments from agarose gels and purification of
PCR products were carried out using QIAquick purification Kits provided by Qiagen (Hilden,
Germany). In vitro translation was performed with reticulocyte or wheat germ extract
Translation Kit supplied by Promega (Mannheim, Germany). Protease inhibitor cocktail
tablets were purchased from Promega (Mannheim, Germany). The peptides CP of pSSU, PP1,
PP2 of the phosphate carrier and P90 of human Hsp90 protein were synthesised at the
Department of Peptide and Protein Chemistry at the Charite (Berlin, Germany).

4.3 Plant material and growth conditions

Seedlings of Arabidopsis thaliana were grown either on soil or on MS-plates (Murashige and
Skoog, 1962) supplemented with 1% (w/v) sucrose as described before (Kroll et al., 2001). In
both cases the plants were grown in a climate chamber at 20°C with a 14h / 10h daylight cycle.
Prior to illumination, plates were placed for 2 days at 4 °C to induce germination.

Pisum sativum (sort “Arvica”, Praha, Czech Republik) was grown on soil under day / night
cycle (12 h of light) in a climate chamber at 20°C.

10



4.4 DNA primers

All DNA primers used in PCR reaction were ordered from MWG-Biotech (Ebersberg,
Germany) or Quiagen (Hilden, Germany).

4.5 Vectors and E.coli strains

pET21d Stratagen (La Jolla, USA) (Studier und Moftatt, 1986)
pSP65 Promega (Madison, USA) (Studier und Moffatt, 1986)
pGEX-4T3  Amersham ( Freiburg, Germany)

pBluscript Stratagen ( La Jolla, USA) (Short et al., 1988)

pK7FWG2  VIB/ Ghent University (Ghent, Belgium)
DH5a GibcoBRL (Eggenstein, Deutschland) (Woodcock et al., 1989)
BI21(DE3) Novagen (Madison, USA) (Studier und Moffatt, 1986)

4.6 Membranes

Nitrocellulose membranes (Protran BA-S83, 0.2um) were purchased from Schleicher and

Schiill (Dassel, Germany).

4.7 Antibodies

In general primary antibodies against Toc64, Toc34 and 14-3-3 were produced by injection of
recombinantly expressed proteins into rabbits (Vojta et al., 2004). Antibodies against Hsp90
and Hsp70 were purchased from StressGen (Biomol, Hamburg, Germany) and antibody
against GFP from Aequorea victoria was from Roche (Penzburg, Germany). Secondary
antibodies against rabbit and rat IgG conjugates from goat were purchased from Sigma

(Miinchen, Germany).

4.8 Columns and column materials

The Ni*-NTA column material was supplied by Qiagen (Hilden, Germany), the AF-Tresyl
Toyopearl 650M for N-terminal protein coupling was obtained from Tosoh Bioscience
(Stuttgart, Germany). The thiol-activated propyl sepharose and thiol-activated sepharose were
obtained from Sigma (Miinchen, Germany). Protein-A sepharose was supplied by GE-
Healthcare (Freiburg, Germany).

11



5. Methods

5.1 Molecular biological methods
5.1.1. Standard methods

Bacterial strain culturing and transformation with DNA were performed according to standard

protocols (Sambrook et al., 1989). The preparation of the competent cells for DNA

transformation was based on the methods described by (Hanahan et al., 1985). Isolation,

restriction, ligation and agarose gel electrophoresis of DNA were performed according to the

standard procedures (Sambrook et al., 1989).

5.1.2 Cloning

Construct Vector Organism Amino acid Origin

Toc64 pET21d P. sativum full length (593aa) | Sohrt and Soll, 2000

Toc64-ATPR pET21d P. sativum 1-476 Sohrt and Soll, 2000

Toc64-TPR pET21d P. sativum 477-593 Sohrt and Soll, 2000

Toc64TPRys16a pET21d P. sativum 477-593 This work

Toc64TPRRss504 pET21d P. sativum 477-593 This work

atToc64111 pBluscript | A. thaliana full length (589aa) | This work

atToc64111-ATM pBluscript | A. thaliana 21-589 This work

atToc6411I-AA pBluscript | A. thaliana 1-21, 205-589 This work

atToc64111-AC pBluscript | A. thaliana 1-204, 398-589 This work

atToc64I1I-AAC pBluscript | A .thaliana 1-21, 398-589 This work

atToc64I1I-ATPR | pBluscript | A .thaliana 1-474 This work

atToc64111-Al pBluscript | A .thaliana 1-437 This work

atToc64111-A2 pBluscript | A .thaliana 1-250 This work

pOE33 pET3c P. sativum full length Waegemann and Soll, 1996

pOE33 pGEMA4Z T. aestivum full length Waegemann and Soll, 1996

pSSU pET21d N.tabacum full length Waegemann and Soll, 1996

pSSU pSP65 P.sativum full length Waegemann and Soll, 1996

pNTT1 pET16b A.thaliana | full length Prof. Neuhaus
(Kaiserslautern, Germany)

pMDH pSP65 P.sativum full length Prof. Neuhaus
(Kaiserslautern, Germany)

pPCl1 pSP65 P.sativum full length Prof. Klosgen (Halle, Germany)

pFd pSP65 A. thaliana full length Prof. Klosgen (Halle, Germany)

14-3-3 pET15b A. thaliana full length AG Soll

Toc34ATM pET21b P.sativum 1-252 Jelic et al., 2002

pOE33-GFP pK7FWG2 | T. aestivum full length This work

pSSU-GFP pOL-GFP N.tabacum full length AG Soll

Tablel. List of constructs used in this study. The name (column 1), the vector used for cloning
(column 2), the biological source (column 3), the purpose of cloning (column 4) and the source are
given for each construct.

Restriction sites for cloning of DNA fragments into plasmid vectors were generated by

polymerase chain reaction (PCR) (Saiki et al., 1989). PCR reaction was carried out as

recommended by polymerase suppliers for Triplemaster-mix polymerase or Pfu DNA
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polymerase. The atToc64-II1 construct was isolated from Arabidopsis cDNA library and
cloned in pBluscript. AtToc64-11I deletion-mutants for in vitro translation were generated
utilizing this constructs as template, truncations were generated by PCR with internal primers.
PCR products were cloned into pBluescript and controlled by sequencing. Toc64 from P.
sativum was used as template to generate constructs for expression, (Sohrt and Soll, 2000).
Constructs were subsequently cloned into pGEX-4T or pET21d and controlled by sequencing
(Table 1). Point mutations were introduced by QuickChange site-directed mutagenesis method
(Bedwell et al., 1989). In brief: the QuikChange site-directed mutagenesis method is
performed using Pfu-DNA polymerase. Pfu-DNA polymerase replicates both plasmid strands
with high fidelityll and without displacing the mutant oligonucleotide primers. The
oligonucleotide primers containing the desired mutation are complementary to opposite
strands of the vector. Following temperature cycling, the product is treated with Dpn 1. The
Dpn I endonuclease is specific for methylated and hemimethylated DNA and is used to digest
the parental DNA template and to select for mutation-containing synthesized DNA. DNA
isolated from almost all E. coli strains is dam methylated and therefore susceptible to Dpn I
digestion. The pOE33-GFP construct was generated using Gateway cloning technology

according to manufacturer’s recommendation (Invitrogen, Karlsruhe, Germany).

5.1.3 Schematic representation of Toc64 and Toc34 Constructs

A) psToc64
1 27 42 207 401 425 477 593
[fM]  amidase | charged region |HR] | TR | Toc64
TPR TPR
-6xHIS
[TM]  amidase | charged region | HR| j—— ATPR
[ GTPase domain l—— Teoasti
1 252
—| amidase i Toc64 Ami
{ charged region | Toc64 TPR GST-
Toc6t4 Cha
TPR
B) atToc64

1 21 42 307 474 554 589
'™  amidase | charged region  [HR] |  TPR | AtTocod wt

[ I 1 I ] atTocH4ATM
[ I 1 atToc64ATPR
(- { 1 I ] atTocH4AA
L1 | 1 ] atToc64AC
- - I ] atToc64AAC
(| 1 T 1437 atTocH4Al
(| | 1250 atTocH4A2

Figure 2. ps: Pisum sativum; at: Arabidopsis thaliana
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5.1.4 RNA lIsolastion from Arabidopsis thaliana and RT-PCR

mRNA was isolated from leaves using the RNeasy Plant Mini Kit according to the
recommendation of the manufacturers (Qiagen, Hilden, Germany).

The RT-PCR (reverse transcription PCR) reaction was conducted using Two-Step MMLV

RT-PCR Kit according to manufacturer’s recommendation (Promega, Mannheim, Germany).

5.2 Biochemical methods

5.2.1 In vitro transcription and translation

The in vitro transcripition of inearized plasmids was carried out in a reaction volume of 50ul
containing transcription buffer (10mM DTT, 100U Rnase inhibitor, 0.05% (w/v) BSA,
0.5mM ATP, CTP, and UTP, P’-5'-(7-Methyl)-Guanosin-P*-5"-Guanosin (Cap) and 10U
RNA polymerase. The reaction mixtrue was incubated for 15 min at 37°C. Finally, 12 mM
GTP was added and transcription mixture was incubated for another 60 min. The radioactive
labelled proteins were generated using in vitro translation of mRNA in reticulocyte lysate
translation following the manufacturer’s instructions. 150pCi of **S-methionine/cysteine
mixture were added for radioactive labelling.

The coupled in vitro transcription/translation was carried out using the TNT Kit (a coupled
system from Promega (Mannheim, Germany)) according to the recommendation of the

manufacturer.

5.2.2 Isolation of intact chloroplast and their fractionation

Isolation of intact chloroplasts from leaves of 10-12 day old garden pea and chloroplast
fractination was performed as described in (Schleiff et al. 2003). Arabidopsis thaliana
chloroplasts were isolated from 3-4 week old plants as described in (Arronson and Jarvis,

2002).

5.2.3 Import of preproteins into isolated chloroplast

For in vitro import assays into isolated chloroplasts, the postribosomal supernatant of
radioactive-labelled proteins after centrifugation (10 min / 250,000 x g / 4°C) was used. After
chloroplast purification the chlorophyll concentrations was determined as described by
(Arnon, 1949). A standard import assay into chloroplasts equivalent to 20 pg chlorophyll was
performed in 100 pl import buffer (10 mM methionine, 10mM cysteine, 20 mM potassium
gluconate, 10 mM NaHCOs, 3 mM MgSO4, 330 mM sorbitol, 50 mM Hepes/KOH pH 7.6)

containing up to 10% of in vitro translated *°S labelled protein. Import was initiated by
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addition of organelles to import mixture and transfer to 25°C. The reaction was stopped
afterl5 min or at the indicated times. Intact chloroplast were reisolated through a Percoll
cushion (40% Percoll in 330 mM sorbitol, 50 mM Hepes/KOH, pH 7.6) washed in 330 mM
sorbitol, 50 mM Hepes/KOH, pH 7.6, 3 mM MgCl,, and used for further treatments as
described (Schleiff et al., 2001).

5.2.4 Protease treatment and extraction of outer envelope vesicles or chloroplasts
Purified envelope membranes of chloroplasts or intact chloroplasts were treated with
proteases as described (Sveshnikova et al., 2000). After inhibition of the protease,
chloroplasts were disrupted by incubation in 20 mM Hepes pH 7.5 for 5 min on ice followed
by membrane recovery by centrifugation at 100 000 x g for 10 min at 4°C. Proteins of the
outer envelope or of the chloroplast membrane fraction were extracted by
Methanol / chloroform as described (Schleiff et al., 2001) and separated by SDS-PAGE.
Extraction of associated proteins was accomplished by the incubation of isolated chloroplasts
or outer envelope vesicles with 100 mM Na,CO; pH 11.4 for 20 min at 4°C. After re-isolation
of the membrane vesicles by centrifugation (256 000 x g, 10 min, 4°C) the soluble and

membrane fractions were subjected to SDS-PAGE analysis and immunoblotting.

5.2.5 Pegylation assay

After in vitro import assays chloroplasts were diluted with (2 mM EDTA, 20 mM PEG-MAL)
to give a final PEG-MAL (PEG-MAL, MW 5000; Shearwater.Inc, Holualoa, US)
concentration of 10 mM. After 20 min incubation at 4°C the crosslinking reaction was
quenched by addition of 100 mM DTT. Chloroplasts were subsequently treated as indicated in
the figure legends and the protein content analyzed by SDS-PAGE using MOPS running
buffer according to the protocol of the manufacturer for NuPAGE-Novex Gels (BIO.COM,
Canada).

5.2.6 Heterologous protein overexpression and purification

Expression of chimerical constructs was performed in E.coli strain BL21 (DE3). pOE33,
pSSU, Toc34ATM and GST-fusion constructs of Toc64 (GST-Ami, GST-Cha, GST-TPR)
were expressed and purified as described in (Weageman and Soll, 1996, Jelic et al., 2000,
Nada and Soll, 2004, Sohrt and Soll, 2000). In brief, plasmids containing cDNA encoding for
Toc64 constructs were transformed into BL21(DE3) cells and grown in 2YT/A media to an

ODgop of 0.4 at 37°C. Subsequently, the culture was cooled to 12°C before the expression was
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induced by addition of ImM IPTG (final concentration). After 12 hours cells were harvested,
resuspended in (100 mM Tris/HCI pH 8, 200 mM NaCl, 10 mM B-Mercaptoethanol) and
lysed by 1200 psi pressure in a french press. Large molecules like DNA or membrane shreds
were destroyed by 10 seconds of sonication. Subsequently, insoluble proteines were removed
by centrifugation (20000 x g, 30 min, 4°C). The supernatant was incubated with Ni-NTA for
45 min at 20°C. Subsequently, the column was washed with 15 column volumes 50 mM
Tris/HCI pH 8, 150 mM NaCl, 1 mM B-Mercaptoethanol and 5 column volumes of 50 mM
Tris/HCl pH 8, 1 M NaCl, 1 mM B-Mercaptoethanol. Bound proteins were eluted by 250 mM
imidazol, 50 mM Tris/HCI pH 8, 150 mM NaCl, 1 mM B-Mercaptoethanol. The eluted
proteins were pooled and directly dialysed against SmM Hepes KOH pH 7.6, 50 mM
K-Acetat, 5% Glycerol and 1mM B-Mercaptoethanol over night at 4°C. Precipitated proteins
were removed by centrifugation (25000 x g, 5 min, 4°C).

5.2.7 Analysis of protein-receptor interaction

5.2.7.1 Affinity chromatography with receptor coated Ni-NTA

For analysis of the interaction of preproteins with Toc proteins, the protein-loaded Ni-NTA
resin (final amount of 50 pmol of each Toc protein/100ul assay) was equilibrated with assay
buffer (20 mM Hepes, 50 mM KCI, 5 mM MgCl,). The competitors were added as indicated.
Then the resuspended resin was transferred into 1 ml Mobicol columns. A mixture of *°S-
labelled preproteins in assay buffer (maximum 7% (v/v) wheat germ or rabbit reticulocyte
lysate) was added, and the resin was resuspended. The binding was performed at 4°C for
30min. After sufficient washing with binding buffer the bound proteins were eluted with
buffer containing 500 mM NaCl. Flow through, wash and eluted fractions were subjected to
SDS-PAGE analysis.

The binding of wheat germ, pea or yeast chaperones to Toc64 was performed at 4°C for 30
min. SumM purified Toc64 full length, Toc64TPR or Toc64TPR with point mutations
proteins were coupled to the column material, and incubated with either wheat germ, pea or
yeast extract in binding buffer (20mM Hepes, 50mM KCI, 5SmM MgCl,). The bound proteins
were eluted by 500 mM NacCl in binding buffer (Young et al., 2003). The eluted samples were
subjected to SDS-PAGE analysis and immunoblotting.

5.2.7.2 Chromatography using protein coupled to Toyopearl matrix
Preproteins and Toc64 constructs were coupled to Toyopearl affinity matrix as described

(Schleiff et al., 2003). The concentration of bound on Toyopearl column material was
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1 mg/ml. Wgt S*-labelled pOE33 or pSSU were incubated with a Toc64 matrix. The binding
was performed as in (5.2.7.1). After sufficient washing, as controlled by subjecting the wash
steps to SDS-PAGE analysis, bound proteins were eluted by increasing amounts of expressed
Toc64TPR, Toc64ATPR, pSSU or pOE33 proteins. Eluted proteins were visualised by
autoradiography.

After Thermolysin treatement and carbonate extraction outer envelop vesicles were incubated
with pSSU or pOE33 coated matrices as in (5.2.7.1). After sufficient washing bound proteins

were eluted with 8 M urea from Toyopearl column material.

5.2.7.3 Chromatography with thiol sepharose coupled substrates

For binding site analysis peptides indicated (4.2) containing a carboxyl terminal cystein were
covalently coupled via a C-terminal cystein to thiol-activated Sepharose over night at 4°C to a
final concentration of 0.6mg/ml column resin in (0.1M Tris/HCI pH 7.5, 0.5M NaCl, 1mM
EDTA). After washing and controlling the coupling by measuring protein concentration at
ODsos, the matrices were incubated with isolated receptor proteins in binding buffer (20mM
Tricine/KOH pH 7.6, 0.1mM DTT, 5% glycerol, 0.05% TX-100, 50mM NaCl, 2mM MgCl,,
0.1%BSA) for 30min at RT. After binding the column was washed sufficiently with binding
buffer and bound proteins were eluted with 8M urea in binding buffer. The eluted samples

were subjected to SDS-PAGE analysis and immunoblotting.

5.2.10 Protoplast preparation, Pulse-Chase labelling and immunoprecipitation

Protoplasts were prepared from axenic leaves (4 to 7 cm long) of Nicotianatabacum cv. Petit
Havana SR1. Leaves were cut and incubated overnight in the presence of an enzymatic mix
containing 0.2% macerozyme and 0.4% cellulase prepared in K3 medium (Gamborg's BS5
basal medium with minimal organics (Sigma), supplemented with 750 mg/l CaCl,, 250 mg/I
NH4NOs, 136.2 g/l sucrose, 250 mg/l xylose, 1 mg/l 6-benzylaminopurine, and 1 mg/l
naphthalene-acetic acid, pH 5.5). Protoplasts were subjected to polyethylene glycol-mediated
transfection as described by (Pedrazzini et al., 1997). Forty micrograms of plasmid were used
to transform protoplasts at a concentration of 10° cells/ml. After transfection, protoplasts were
allowed to recover overnight in the dark at 25°C in K3 medium (Pedrazzini et al., 1997)
before pulse-chase experiments were performed. Pulse-chase labelling of protoplasts using
Pro-Mix (a mixture of *>S-Met and **S-Cys; Amersham Biosciences) was performed exactly
as described in (Pedrazzini et al., 1997). Protoplasts were treated with 2 uM GA

(Geldanamycin) at the beginning of the labelling period. After 2 hours incubation chase was
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performed by adding unlabelled methionine and cysteine to a final concentration of 10 mM
and 5 mM respectively. To recover protoplasts 3 volumes of W5 medium (9g/1 NaCl, 0.37 g/l
KCl, 18.37 g/l CaCl,-2H,0, 0.9 g/l glucose) were added, and protoplasts were pelleted by
centrifugation at 100 x g for 5 min. Cells were frozen in liquid nitrogen and stored at -80°C.
Homogenization of protoplasts was performed by adding 2 volumes of ice-cold
homogenization buffer (150 mM Tris/HCI, 150 mM NacCl, 1.5 mM EDTA, and 1.5% (w/v)
Triton X-100, pH 7.5) to the frozen samples supplemented with Protease inhibitor cocktail
tablets. Immunoprecipitation of the GFP fusion proteins was performed as described
(Pedrazzini et al., 1997), using rabbit polyclonal antisera raised against GFP. Immunoselected

proteins were analyzed by SDS-PAGE and fluorography.

5.2.11 Affinity purification of antibodies

Toc64 antiserum was incubated for 90 min at RT with recombinant proteins covalently
coupled to cyanogen bromide-activated Sepharose 4B (Amersham, Freiburg, Germany). The
flow through was used as a specific epitope depleted serum. After washing the column
(10.1 mM Na,HPOy4, 1.8 mM KH,PO4 pH 7.3, 2.7mM KCI, 140 mM NaCl), the bound
antibodies were eluted with 0,2 M Glycine pH 2.6. The pH of the eluate was immediately
adjusted with 1 M Tris-base pH 10 and used as a specific epitope serum. The activity of the

purified antibodies was controlled by immunoblotting.

5.2.12 BN-PAGE

The buffers used for BN-PAGE and the gel itself were used according to Kikuchi and
co-workers (Kikuchi et al., 2006). 1% dodecylmaltodise (Biomol, Hamburg, Germany) was
used to solubilise total chloroplasts according to 100 pg chlorophyll content for 10 min on ice.
Insoluble material was removed by centrifugation (256000 x g, 10 min, 4°C) and supplement
with BN-PAGE sample buffer (Kikuchi et al., 2006). The sample was loaded onto a 1.5 mm
thick 5-16% BN-PAGE and the run was performed as described (Kikuchi et al., 2006). For
two-dimensional analysis the individual lines were excised from the first dimension,
incubated for 30min at 20°C in 192 mM glycine, 25 mM Tris/HCI and 0.1% SDS.
Subsequently, the gel lines were polymerised in the 0.75 mm SDS-PAGE stacking gel and the

SDS-PAGE was run according to standard procedures.
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5.2.13 Size-exclusion chromatogphy and glycerol gradient

Wgt *S-labelled pOE33 was preincubated as indicated and loaded onto a Superdex 200
(at 4°C) using 100 mM KoAC, 20 mM Hepes/KOH, pH7.6, 5 mM MgCl, as running buffer or
a 4ml glycerol step gradient of 20 mM Tris/HCI pH7.6, 50 mM KoAc and 2 mM MgCl,
containing 10%, 20% 30% 40% 50% and 60% glycerol. The gradient was fractionated after
centrifugation (83 000 x g / 4°C / over night). Fractions were analysed by separation on

SDS-PAGE and autoradiography.

5.2.14 Bioinformatic analysis

The topological models of Toc64 were assigned based on the database Aramemnon
(Schwacke et al., 2003) using the protein from P. sativum (QIMUKSY), the protein from A.
thaliana (At3g17970) and the protein from Oryza sativa (Os02g51810). Predictions were

aligned and the averaged model was generated.

5.2.15 Calculation of the Clsg values for import inhibition and binding inhibition

For competition experiments a Clso value was calculated according to the following
assumptions: a K, of 282 nM for preprotein translocation was observed previously (Dabney-
Smith et al. 1999), and the concentration of precursor used here was way below. The import
was performed for 10 min, which was in the linear range of the kinetic. All reactions were
performed under inhibitor saturation. Here, the outer envelope proteins are about 2% of total
chloroplasts (Joyard et a. 1991) with a concentration of Toc64 of 0.07 pmol per pug and Toc34
of 0.17 pmol per ng total outer envelope proteins (Vojta et al. 2004). Using 20 pg chlorophyll
reflecting about 100 pg total proteins of chloroplasts leads to a final concentration of the
receptors in the reaction volume in the nanomolar range, being at thousand fold below the
final competitor concentration.

For binding experiments the determination of a correct Clsy value was not possible since
neither kinetic measurements nor the K,, values was performed or determined for that
interaction. Therefore, the values calculated are the concentrations where under similar
experimental conditions 50% of the bound protein was eluted. The values are given for

comparison.
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6. Results

6.1 Toc64 topology

6.1.1 Toc64 contains a 30 kDa resistant fragment

Toc64 is a subunit of the chloroplast protein import machinery, which can be crosslinked to
several subunits of the Toc complex (Sohrt and Soll, 2000). However, Toc64 was not co-
purified with the Toc core components in linear sucrose gradient. Hence, a dynamic
association of the Toc core translocon was suggested (Becker et al., 2004a). Primary sequence
analysis of Toc64 revealed three motifs. The first motif exhibits homology to prokaryotic and
eukaryotic amidases followed by the second motif the charged region and, the third
C-terminal motif, the threefold repeated TPR-motif (Sohrt and Soll, 2000). Recent work
suggests that Toc64 contains an N-terminal transmembrane region, which is essential and
sufficient for targeting to chloroplasts (Lee et al., 2004). In order to perform functional studies
of Toc64, the topological arrangement of the domains has to be elucidated. Therefore,
accessibility of the protein to different proteases in the outer envelope membranes of pea
chloroplasts was analyzed (5.2.4). Thermolysin is unable to cross the chloroplast outer
membrane under conditions used (Cline et al., 1984); therefore, it will degrade only those
portions of a protein that are exposed to the cytoplasm (Waegemann and Soll, 1992).
Thermolysin treatment of right side out outer envelope vesicles (OEVs; Fig. 3A, lane 1) (5.2.4)
revealed a 30 kDa protease resistant fragment (Fig. 3A, lane 2), which was not extractable by
carbonate treatment (Fig. 3A, lane 4). Under the conditions used, Toc64 itself and a form with
a truncated C-terminus (about 50kDa, Sohrt and Soll, 2000) were observed as well (Fig. 3A,
lane 4). The 15 kDa proteolytic fragment previously identified as a TPR region (Sohrt and
Soll, 2000) was detected in the supernatant after carbonate extraction of the membrane (Fig.
1A, lane 3). Confirming the previous observation, the carbonate resistant 30 kDa fragment
was also obtained after thermolysin treatment of chloroplasts (Fig. 3A, lane 5). This fragment
can be obtained independent of the protease used since incubation with proteinase K (Fig. 3B,
lane 3) or chymotrypsin (Fig. 3B, lane 4) resulted also in a stable fragment of similar size.
Interestingly, incubation of OEVs with chymotrypsin revealed an additional, slightly smaller
carbonate resistant fragment (Fig. 3B, lane 4). To assay whether the resistant fragment
exhibits the properties of a membrane protected region, the results were compared to the
proteolytic digestion of Toc159, since it was demonstrated that Toc159 contains a 52 kDa C-
terminal domain, which is protected by the membrane (Becker et al., 2004b). Similar protease
treatment of OEVs as performed for the analysis of Toc64 results in appearance of the

protease resistant membrane protected 52 kDa fragment of Toc159 (Fig. 3B, lane 6-8).
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Figure 3. Toc64 contains a 30 kDa resistant fragment.

A) 10 pg OEVs (OE, lane 1-4) or chloroplasts (500 pg chlorophyll, Chl, lane 5) were incubated with
thermolysin (Thr) (1ug for OE, 25 ug for chloroplasts, lane 2-5) followed by carbonate extraction
(NayCO3) (lane 3-5), untreated OEVs (10%, Lane 1). Proteins of the supernatant (S, lane 3) or the
pellet (P, lane 4, 5) were separated by SDS-PAGE and immunodecorated with aToc64 antiserum.
(B) 10 ug OEVs were incubated with different proteases. 5 ug thermolysin for 20 minutes on ice (Thr,
lane 2, 6), 40 mg/ml proteinase K for 2 minutes on ice (PK, lane 3, 7) or 1 pg chymotrypsin for 5
minutes at RT (Chy, lane 4, 8), Untreated OEVs (lane 1, 5). Products were analyzed by SDS-PAGE
and immunodecoration with aToc64 (lane 1-5) or aToc159 antiserum (lane 6-10). (C) 10 ug OEVs
were incubated with thermolysin (Thr, lane 2-4) either while sonication (So, lane 3) or in the presence
of Trition X-100 (TX, lane 4), untreated OEVs (lane 1). Proteins were separated and incubated with
aToc64 antiserum. (D) 10 pg OEVs were incubated with 1 pg trypsin on ice for the indicated time
period and separated by SDS-PAGE and immunodecorated with Toc64 (lane 1-4) or Tocl59
antibodies (lane 5-8). (E) 50 ug OEVs supplemented with 1 ug BSA (OE) or 1 ug expressed Toc64
suplemented with 40 pg IEVs (Toc64) were incubated with 25 ug thermolysin for the indicated time.
Proteins were separated and detected with aToc64 antiserum (lane 1-5). As control, 50% of
overexpressed Toc64 or OE is shown (lane 1). For (A-E) “*” indicates the 30 kDa fragment of Toc64,
“+” the 15 kDa fragment of Toc64 and “0” the 52 kDa fragment of Toc159. (F) Proteolytic digest of
outer envelope (circle) or expressed Toc64 (square) was performed as in (E) for the indicated time.
The amount of total protein (OE or Toc64 total, closed symbol) or the 30 kDa fragment (Toc64
30kDa, open symbol) in each time was determined by densitometry and expressed as ratio to loaded
protein.
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Both, the stability of the 30 kDa fragment of Toc64 and the occurrence of the 52 kDa
fragment of Toc159 implies an intermembrane space localization of the 30 kDa fragment.

To further test if the 30 kDa fragment indeed constitutes an intermembrane space localized
domain, OEVs were incubated with thermolysin either during sonication (Fig. 3C, lane 3) or
in the presence of Triton X-100 (Fig. 3C, line 4). Both treatments are thought to disrupt the
membrane (Becker et al., 2004a). Indeed, this treatment resulted in the degradation of the
30 kDa fragment of Toc64 (Fig. 3C, lane 3, 4). Furthermore, upon treatment of OEVs with
trypsin which, in contrast to thermolysin, penetrates the membrane more rapidly as
determined by the degradation of the 52 kDa fragment of Tocl59 (Fig. 3D, lane 8),
the 30 kDa fragment was degraded at a similar rate as the 52 kDa fragment of Toc159 (Fig.
3D, compare lane 2-4 and 6-8).

Tom70 of the mitochondrial outer membrane import apparatus shares several features with
Toc64; it exposes a TPR domain towards the cytosol and contains a proteolytically stable core
domain, which has a specific binding site for preproteins (Brix et al., 2000). To exclude the
possibility of protease resistance of Toc64 being caused by a specific fold of the domain,
soluble expressed Toc64, or OEVs were incubated with thermolysin for varying lengths of
time (Fig. 3E). The secondary structure content of the expressed Toc64 was confirmed by
CD-spectroscopy (Becker, personal communication) and light scattering (Tews, personal
comunication). The protein and lipid content was adjusted by supplementing Toc64 with inner
envelope vesicles and OEVs with BSA. Subsequent proteolysis revealed that the 30 kDa
fragment of Toc64 present in the outer envelope remained thermolysin resistant even after 30
minutes (Fig. 3E, lane 3, OE). Here the amount of the detectable protein was only slighly
reduced (Fig. 3F, closed circle). The fraction represented by the 30 kDa fragment, however,
increased over the time period of the proteolysis (Fig. 3F, open circle). In contrast, the
proteolytic fragment of the expressed Toc64 with similar migration properties as the 30 kDa
fragment of the membrane inserted Toc64, which initialy appered (Fig. 3E, lane 2, Toc64)
was degraded after 30 minutes (Fig. 3E, lane 3, Toc64). In contrast to the 30 kDa fragment of
the membrane inserted protein, which was enhanced in the same manner as the protein was
degraded (Fig. 3F, circle), the 30 kDa fragment of the soluble protein disappeared over time
(Fig. 3F, square). All results together suggest that the TPR containing domain of Toc64 is
exposed to the cytosol (Sohrt and Soll, 2000), whereas a second domain of about 30 kDa is

protected by the chloroplast outer envelope.
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6.1.2 Both, the amidase and the charged domain contribute to the formation of the
protease resistant 30 kDa fragment

To identify the domain which represents the stable 30 kDa fragment, Toc64 antibodies were
purified against two different epitopes representing different domains of Toc64, GST-Ami
and GST-Cha (5.1.3, Fig. 2A). The efficiency of the purification and the activity of the
remaining antibodies was confirmed by immunoblotting using expressed polypeptides (5.2.6)
representing the amidase domain (Fig. 4A, lane 1), the charged domain (Fig. 4A, lane 2) or
the TPR domain (Fig. 4A, lane 3). Thermolysin treated OEVs (5.2.4) were subsequently
immunodecorated using these antibodies (Fig. 4B, lane 2, 4, 6). Here both antibodies
recognizing the amidase and the chareged region decorated the 30 kDa fragment (Fig. 4B,
lane 4, 6). It was demonstrated that the purified antibodies against TPR region do not
recognize the 30 kDa fragment (Sohrt and Soll, 2000). From these results it can be concluded
that both, the amidase and the charged domain contribute to the 30 kDa fragment.
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Figure 4. Recognition of the 30 kDa fragment by domain specific antibodies.

(A) expressed Toc64Cha (lane 1, see Fig. 1A), Toc64TPR (lane 2) or Toc64Ami (lane 3) were
separated by SDS-PAGE and detected with aToc64 or with the purified antibodies against Toc64Ami
(aiAmi) or Toc64Cha (aCha). (B) OEVs were incubated with thermolysin (lane 2, 4, 6), untreated
OEVs (lane 1, 3, 5). Proteins were separated and detected with the indicated antiserum.

6.1.3 Topological modeling of Toc64

So far it was demonstrated that the 30 kDa protease resistant fragment of the protein present
in the outer envelope is at least partially represented by the amidase and charged regions. To
date, the topology of the protein was based on predictions (Sohrt and Soll, 2000) and on
proteolysis of the proteins from P. sativum (Sohrt and Soll, 2000) or P. patens (Rosenbaum
and Theg, 2005) after import into the outer envelope of chloroplasts from P. sativum. It was
documented that the N-terminal transmembrane region has an Nj,-C,, orientation (Lee et al.,
2004). To explain these results a topological model of Toc64 was created (5.2.14) (Fig. 5).

However, topology prediction by programs has to be taken with care since the prediction
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quality of the programs should not be overestimated (Moller et al., 2001). Therefore, three
Toc64 proteins - from P. sativum, A. thaliana and O. sativa - were analysed regarding their
predicted transmembrane regions by all of the programs (Fig. 5). The first transmembrane
region, which has been experimentally confirmed by (Lee et al., 2004), was not assigned for
the A.thaliana protein (Fig. 5). However, the alignment of all three topological models
considering all predicted transmembrane domains by individual programs indicates the

presence of two further transmembrane spanning regions.

experimental model

psToc64

8 26 98 116 142 156 187 209

atToc64-111

58 78 139 159 170 199

osToc64

18 38 154 174 313 333

proposed model

I ~30kDa

Figure 5. The topological model of Toc64.

The topological model of Toc64 was investigated as described in (4.2.14). Shown are the experimental
model with the confirmed first transmembrane domain (bar 1), all predicted transmembrane domains
for the proteins from P. sativum (bar 2), A. thaliana (bar 3) and O. sativa (bar 4). Bar 5 indicates the
proposed consensus model for Toc64 topology. Bars are aligned according to sequence alignment.
Transmembrane domain: (TM = white).

To confirm this model, Toc64 itself and truncated constructs containing deletions of the three
main domains of Toc64 (5.1.3, Fig. 2B) were imported into chloroplasts (5.2.2). For that, the
chloroplast localized A. thaliana protein Toc64-I11 (Chew et al., 2004) was used, which has a
similar amino acid composition of the N-terminal domain, proposed to function as insertion
signal (Lee et al., 2004), as Toc64 from pea (Fig. 6). The Arabidopsis Toc64-III protein
displays a high amino acid sequence identity (67%) with pea Toc64 (Fig. 6). The polypeptides
were synthesized by in vitro transcription/translation in the presence of S**-methionine (5.2.1)
and incubated with isolated chloroplasts (5.2.3). Subsequently, the topology of the inserted
proteins was analyzed (Fig. 7). As a control for import efficiency, pSSU was imported into
chloroplasts in parallel (Fig. 2A, lane 2). Protease treatment after completion of the import
reaction of Toc64 yielded two prominent proteolytic fragments (Fig. 7A, lane 4). The larger
fragment with an apparent molecular weight of about 30 kDa was resistant to carbonate
extraction indicating its membrane insertion (Fig. 7A, lane 5). In contrast, the smaller
fragment was largely extractable. Toc64 lacking the TPR domain (Fig. 7A, lane 6) revealed

the same insertion and proteolytic behavior as observed for the full length protein (Fig. 7A,
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lane 7, 8). This is consistent with the observation that the TPR region is exposed on the

cytosol (Fig. 3).
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Figure 6. Sequence alignment of pea Toc64 with the homologous protein atToc64l111 in
Arabidopsis.

The Arabidopsis protein is designated according to the location of the gene on the chromosome. ps:
P. sativum, at: A. thaliana. Identical amino acids are shown in black box and homologous ones in grey
box.

Deletion of the amidase and the charged domain resulted in a weak association of the protein
with the membrane surface (Fig. 7B, lane 5, 6). However, as for the Toc64 lacking the N-
terminal region, no insertion of Toc64AAC could be observed as determined by carbonate
extraction (Fig. 7B, lane 5, 6). This suggests further transmembrane regions within the
deleted region. Deleting the amidase and the charged region individually (Fig. 7B) resulted in
insertion of the proteins into the membrane (Fig. 7B, lane 2, 4). However, the topology of the
protein could not be restored by either one of the deletion constructs since no protease
resistant fragment could be obtained (Fig. 7A, lane 10, 12). This observation confirms the
presence of the transmembrane regions within the amidase and the charged region, which is
disrupted in both constructs (Model Fig. 5). It further suggests that all transmembrane regions
are required for correct topology of the protein. To identify the smallest region representing
the protease resistant fragment, constructs (Al, A2) with C-terminal truncations were
generated (5.1.3, Fig. 2B). Again, importing the construct bearing the 437 N-terminal amino
acids (A1) revealed the same 30 kDa fragment after proteolysis as for Toc64ATPR (ATPR)
(Fig. 7C, lane 2, 4). Using only the first 250 amino acids (A2) of atToc64 the protein was still

anchored to the membrane (Fig 7C, lane 2) confirming the presence of the localization signal

25



in the N-terminus, but no fragment was observed after protease treatment (not shown). This
observation is the result of the false topology of the protein after insertion. In conclusion, the
results from the experiments presented in Figure 7 suggest that the protease resistant region

has to be located between amino acids1 and 437.

pSSU  Toc64WT  Toc64ATPR  Toc64AA Toc64AC
TP 1 2 TP 3 4 5TP 6 7 8 TP 9 10 TP 1l 12

.

-+ - - +
Tocb64ATM O
B Toc64AA Toc64AC 070 (Y C
T 1 2 TP 3 4 T 5 6
. 1 2 TP 3 4
TocG4ATPR [ -431 ATPR
atToc64Al ) * 30kDa
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atToc64A2 | === 4 Al

atToc64ATM [ 2 |+ 30kDa
-

BEOE s s B o= W Na,CO,

Figure 7. Import of Toc64 and its constructs into isolated chloroplasts.

(A) Rlt-*S-labelled pSSU, Toc64wt, Toc64ATPR, Toc64AA or Toc64AC were imported into isolated
chloroplasts (10 pg chlorophyll). Re-isolated chloroplasts were either not treated (lane 1, 3, 6,9, 11) or
treated with thermolysin (3 pg/5pg chlorophyll, Thr, lane 2, 4, 5, 7, 8,10, 12) followed by carbonate
treatment for Toc64wt and Toc64ATPR (Na,COs, lane 5, 8). TP: 10% translation product (indicated
by white triangle). (B) Rlt-*S-labelled Toc64AA, Toc64AC, Toc64AAC or Toc64ATM were
incubated with chloroplasts as in (A). Re-isolated chloroplasts were either not treated (lane 1, 3, 5; 15
minutes, 25°C) or treated with carbonate (Na,COs, lane 2, 4, 6). (C) Rlt-**S-labelled Toc64ATPR,
Toc64A1 (aal-437), Toc64A2 (aal-250) or Toc64ATM were imported as in (A). Re-isolated
chloroplasts were either not treated (lane 1, 3) or treated with carbonate (lane 2). For Toc64ATPR (A)
and Toc64A1 (Al) constructs after import re-isolated chloroplasts are incubated with thermolysin (lane
4). For all experiments chloroplast proteins were separated by SDS-PAGE and visualized by
phosphor-imager exposure. The 30 kDa protease resistant fragment is indicated by a star. TP, 10%
translation product
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6.1.4 The 30 kDa fragment is membrane protected

So far the data indicated that the membrane inserted Toc64 has a stable domain of 30 kDa
between amino acid 1 and amino acid 437. To further confirm the membrane protected region
a pegylation assay was used (5.2.5) (Lu and Deutsch, 2001). After import of proteins into
chloroplasts, samples were incubated with pegylated maleimide (PEG-MAL), which modifies
the cysteine residues. PEG-MAL reagent does not cross membranes even upon incubation at
4°C for 24 h at high concentration (Lu and Deutsch 2001) resulting in crosslinks only on
cytoplasmic exposed cysteines. The apparent molecular weight of the protein is shifted by
about 10 kDa after crosslinking of a single PEG-MAL molecule to a cysteine within the
protein when analyzed by SDS-PAGE. First to test whether PEG-MAL penetrates the
membrane under conditions used here, the precursor form of Tic22, the intermembrane space
localized component of the translocation machinery, was imported into chloroplasts (5.2.3)
(Fig. 8B). Tic22 contains two cysteines, which are accessible for PEG-MAL as judged from
incubation of the translation product only (Fig. 8B, TP). After import into the intermembrane
space of the chloroplast Tic22 was processed and occurred as mature form (Fig. 8B, lane 1).
To assay whether imported Tic22 can be modified by PEG-MAL, the precursor form not
inserted into chloroplasts was removed by thermolysin before addition of PEG-MAL (Fig. 8B,
lane 2). However, no labeling of the imported Tic22 was observed (Fig. 8B, lane 2) except
when the membrane was disrupted by addition of SDS (Fig 8B, lane 3). In the latter case two
modifications were observed indicating that the mature form of Tic22 is generally accessible
to PEG-MAL modification. This confirmed that PEG-MAL did not pass the outer membrane
under the conditions used. Accordingly, protection of the resistant domain of Toc64 to
proteolysis by the membrane could be probed. Since the cysteine distribution of Toc64 from
pea and from A. thaliana is slightly different (Fig. 8A), both proteins were imported into
chloroplasts (Fig. 8C, lane 1, 2) and subsequently labelled with PEG-MAL (Fig. 8C, lane 3,
4). For both proteins only two shifted bands were observed (Fig. 3B, lane 3, 4), even though
all cysteines were accessible before insertion in translation product (Fig. 8C, TP). When
probes after pegylation were treated with proteases the 30 kDa fragment was observed (Fig.
4C, lane 5, 6). This observation suggests that the modified cysteines are localized within
regions distinct from the 30 kDa membrane protected domain. (Fig. 8C, lane 5, 6). However,
one intermediate of about 40 kDa was obtained for the protein from pea suggesting that the
crosslink site might be close to the cleavage site of the protease and therefore somehow less
accessible (Fig. 8C, lane 6). To confirm that the 30 kDa fragment was not labeled in this case,

samples were first protease treated after import into chloroplasts (Fig. 8C, lane 7, 8) and
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subsequently incubated with PEG-MAL (Fig. 8C, lane 9, 10). In this case no shift was
observed suggesting that no cytsein was freely exposed to the chloroplast surface. To control
whether cysteines are protected by the membrane, the pegylation of the soluble expressed
Toc64 from P. sativum was tested. The results were compared to the observations for the

imported Toc64 from P. sativum (Fig. 8D).
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Figure 8. Localization of the protease resistant fragment.

(A) Shown is the domain structure of Toc64 and the cysteine distribution within atToc64 from A.
thaliana and psToc64 from P. sativum. (B) Radioactive labeled Tic22 (TP) was incubated with PEG-
MAL (lane TP+) or imported into chloroplasts as in Figure (7A). Re-isolated chloroplasts were either
not incubated (lane 1) or incubation with PEG-MAL (Peg, lane 2, 3) and followed by solubilization
0.1% SDS (lane 3). P: precursor, m: mature protein. (C) Radioactive labeled atToc64 or psToc64 was
imported into chloroplasts. Re-isolated chloroplasts were either not incubated (lane 1, 2) or incubated
with PEG-MAL (Peg, lane 3-6)) followed by thermolysin digestion (Peg>Thr, lane 5, 6), or re-isolated
chloroplasts were incubated first with thermolysin (Thr, lane 7, 8) followed by incubation with PEG-
MAL (Thr>Peg, lane 9, 10). For control, translation product was incubated with PEG-MAL for the
same time period (TP). (D) Radioactive labeled psToc64 (Lab) (TP, 10% for control) was imported.
Reisolated chlorplasts were either not treated (lane 1) or treated with PEG-MAL (lane 2-4) in the
presence of either 2M urea (lane 3) or 0.1% SDS (lane 4). Soluble expressed psToc64 (exp) (lane 5-8)
was incubated with PEG-MAL (lane 6-8) either in the presence of 2M urea (lane 7) or 0.1% SDS (lane
8). Lane C (C) shows the translation product incubated with PEG-MAL for 5 min to compare the
pattern expected. (E) Radioactive labeled atToc64ATPR or atToc64A1 (TP, 10%) were imported. Re-
isolated chloroplasts were either not incubated (lane 1, 3) or incubated with PEG-MAL (lane 2, 4).
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After pegylation, the expressed protein was labelled at one site after identical incubation times
(Fig. 8D, lane 6). After incubation with 2M Urea, the imported protein was still labeled at two
cysteines (Fig. 8D, lane 3). In contrast, the expressed protein shows a labeling of at least 6
cysteines (Fig. 8D, lane 7). A similar result was obtained when the expressed protein was
incubated with 0.1% SDS (Fig. 8D, lane 8). However, the 0.1% SDS disrupted the chloroplast
membrane and subsequently the imported protein became hyper-modified (Fig. 8D, lane 4).
These results suggest that many of the cysteins were protected by the membrane. To define
the number of PEG-MAL molecules crosslinked, migration of the imported Toc64 after
crosslinking with PEG-MAL without further treatments (Fig. 8D, lane 2) was analyzed by
SDS-PAGE. Comparing the migration of the crosslink products of psToc64 after import into
chloroplasts (Fig. 8D, line 2) with those observed after a short treatment of the translation
product (Fig. 8D, line C), crosslinking of two and three cysteins was confirmed (Fig. 8D,
compare lane 2 and C).

To identify the localisation of the cysteine crosslinks, the pegylation after import in
chloroplast of atToc64 from A. thaliana lacking the TPR motif (Toc64ATPR) or ending at the
position 437 (Toc64A1) was compared. As expected, Toc64ATPR was labeled at one position
(Fig. 8E, lane 2). Considering the proposed topological model (Fig 5) and that the 30 kDa
fragment is localized between amino acid 1 and 437 (Fig.7), one could consider amino acid
117, 144 or 424 to be modified in Toc64ATPR. However, these cysteines are not present in
the protein from P. sativum (Fig 8A) and therefore this assumption would contradict the
obtained similar labeling of the full length proteins from P. sativum and A. thaliana (Fig. 8C).
Following this argumentation, the labeling of the cysteine 117 which corresponds to the
cysteine at position 110 the protein from P. sativum could be proposed. To confirm the
observation, the construct ending at position 437 (Toc64A1) was imported and labeled.
Interestingly, this protein was modified at two cysteine residues (Fig. 4E, lane 4). This result
can be interpreted by proposing that either cysteine 144 or cysteine 424 became accessible by
removal of the region starting at amino acid 437 of Toc64. Hence, these results demonstrate
that most of the cysteines are protected by the membrane since only three were accessible
from the cytsolic side. Summarizing, a 30 kDa protease resistant domain was observed, which
can not be targeted from the outside but from the inside by PEG-MAL. For both proteins from
P. sativum and A. thaliana three exposed cysteines are present. As will be discussed later, it
could be suggested that cysteines 110/507/534 of pea and 117/531/558 of A. thaliana protein
are the exposed amino acids. Considering all observations, the 30 kDa region is localized

between amino acid 110 and 507 and exposed to the intermembrane space.
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Cytosolic side
Fig. 8F. Topological model of Toc64.
Outer envelope
See text for detailed explanation.

Intermembrane space

All results presented in the previous sections are summarized in the presented model (Fig. 8F).
The TPR containing domain of Toc64 is cytosolic exposed (Sohrt and Soll, 2000), whereas a
second domain of about 30 kDa is exposed to the intermembrane space and protected by the
chloroplast outer envelope. The protein has a N;j,-C,, orientation (Lee et al., 2004). The
topological model (Fig. 5) containing three transmembrane domains is well supported by the

obtained results (Fig. 8F).

6.2 Toc64 association with the complex

6.2.1 The intermembrane domain of Toc 64 is a part of the translocon

After establishing the existence of an intermembrane domain, its interaction with other
components of the outer envelope was analysed. It can be speculated that the intermembrane
space domain of Toc64 is involved in the formation of an intermembrane space complex,
which involves Toc64, Toc12 and an Hsp70 isoform (Becker et al., 2004b). However, Toc64
can be crosslinked to several subunits of the Toc complex (Sohrt and Soll, 2000) and it was
not co-purified with the Toc core components in linear sucrose gradient. Hence, a dynamic
association of the Toc core translocon was suggested (Schleiff et al., 2003a) and a GTP
dependent association was shown (Becker, 2005). To further explore the complex,
chloroplasts were solubilised and subjected to BN-PAGE (Fig. 9A, B). In BN-PAGE protein
complexes are separated without denaturation. Immunodecoration of the first dimension with
antiserum against Toc64 revealed a complex of about 700 kDa (not shown). After
immunodecoration of the second dimension, it was confirmed that this complex contains
Tocl159, Toc75, Toc34, Toc64 Tocl2 and even Hsp70 (Fig. 9A, black arrow). A further
complex could be obtained at about 550 kDa (Fig. 9A, grey arrow) containing the 86 kDa
fragment of Toc159, Toc75, Toc34, Toc64 and Tocl2. At the same molecular weight, no co-
migration of the outer envelope protein Oepl6 or the Tic components Tic40 or Tic110 was

observed. Therefore, two different forms of the Toc complex were obtained. Interestingly,
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both complexes contained Toc64. The difference to previous results can be explained by the
use of different solubilisation and purification strategy. That alteration of the isolation
strategies can reveal the purification of different complexes, however, was previously found
for other translocation machineries like the Tom complex in the outer mitochondrial

membrane (e.g. Kiinkele et al., 1998; Athing et al., 1999).

(=] (= o] o
A Bsd 8 B 12
BN d W
9
66 . - -
: 669-
45 *'. o >4 - -
36 1 . PO
29 - o 4401 ﬁ
3 -
0] 2 232 I
14 1401 A P
sps| & 661l < direct
ws Toc159 | . -
~ ] ~ | Toc75 %;1
Toc34 8
i == == Toct4 8
Toc12 |+ 3 &
Hsp70 e =
>
- QOep16 §
Ticd0 |G
©
— gt Tic110 |F

Figure 9. The translocon of the outer envelope.

(A, B) Chloroplasts (100 pg chlorophyll) were solubilized by addition of 1.5% dodecylmaltoside and
subjected to BN-PAGE (BN). One lane was excised from the gel and proteins were separated in the
second dimension on SDS-PAGE (SDS) followed by transfer to nitrocellulose membrane and
detection with the indicated antibodies (WB). The arrows indicate the migration of the Toc
components. In B, radioactive labeled Toc64 (lane 1) or Toc64ATPR (lane 2) were incubated with
chloroplasts prior to solubilization. The first dimension was analyzed by autoradiography. (C) A
model of GTP-dependent association of Toc64 to the Toc translocon is presented.

To understand, whether the intermembrane space part of the Toc64 also assembles with the
complex, Toc64 and Toc64ATPR were imported into chloroplasts prior to solubilisation
(Fig. 9B). Both proteins assembled into complexes of about 700 and 550 kDa. Therefore, the
TPR domain is not required for the assembly of Toc64 into the complex. However, a size
difference between complexes containing Toc64 with or without TPR domain was not
observed. This can be explained by the limited resolution of the BN-PAGE and by a high ratio
of endogenous Toc64 to imported Toc64. In line with this, fractionation of complexes of

solubilised chloroplasts by size exclusion chromatography revealed the previously observed
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Toc complex of about 550 kDa (Becker personal communication). Further, after thermolysin
treatment of chloroplasts before solubilisation, the Toc complex migrates with a molecular
weight of about 300-350 kDa and interestingly, the 30 kDa fragment of Toc64 migrates with
the Toc complex, suggesting a second association site within the Toc64 beside the identified
interaction side within the TPR domain (Becker, personal comunication).

The translocon at the outer envelope of chloroplasts contains at least three proteins discussed
as receptors for chloroplastic precursor proteins, namely Toc34, Toc64 (Soll and Schleiff,
2004) and Tocl159 (Becker et al., 2004b). It was demonstrated that Toc34GMP-PNP is the
docking site for the dynamically associated Toc64 in the Toc core complex and this
interaction is mediated by the cytosolic exposed TPR domain of Toc64 (Becker, 2005). The
interaction between the Toc core components and Toc64 is specific. Since, Toc64TPR
interacts with the cytosolic domain of Toc34 in a GTP dependent manner (Becker, 2005) (Fig.
9C, Model). It can be concluded that the intermembrane space is involved in the formation of
Toc complex and on the cytosolic phase of the membrane the association of Toc64 via its

TPR with the Toc core complex is modulated by GTP (Fig. 9C, Model).

6.3 Toc64 is a preprotein receptor

6.3.1 Interaction of precursor proteins with Toc64

After demonstrating that Toc64 is a part of the translocon, the function of Toc64 in preprotein
translocation into chloroplast has to be elucidated. Therefore the soluble expressed proteins
Toc64, Toc34ATM and cBag (Bcl2-associated anthanogene) were used to inhibit the import
of prepoteins into chloroplasts (Fig.2A, Fig 10A). The correct folding of the expressed
proteins was confirmed by structural analysis (Becker and Oreb, personal communication).
The translocation of wheat germ translated (wgt) *°S-labelled precursor of the thylakoid
lumen localised oxygen evolving complex subunit of 33 kDa (wgt-pOE33) containing a
bipartite targeting signal was reduced by more than 80% of the control in the presence of
10 uM Toc64 (Fig 10A, 3-6; Fig 10B, black triangle) but significantly less in the presence of
10 uM Toc34ATMgrp from P. sativum (Toc34) (Fig. 10A, 3-6; Fig 10B, white triangle),
which was previousely established as a preprotein receptor (Sveshnikova et al., 2000). No
inhibition effect was observed for cBag (Bcl2-associated anthanogene). cBag was found to
inhibit the Hsp70 dependent translocation into mitochondria (Young et al. 2003). This finding
indicates that Hsp70 might not be essential for targeting of pOE33. The influence of the Toc
proteins used is not restricted to wgt-pOE33 since the translocation of the wheat germ

translated *°S-labelled precursor form of the small subunit of RubisCO (wgt-pSSU) into
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isolated organelles was also reduced by 80% in the presence of 10 uM of Toc64 (Fig 10B,
black circle) or of Toc34ATMgrp (Fig 10B, white circle).
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Figure 10. Toc64 is a preprotein receptor.

(A, B) Chloroplasts (20 pg chlorophyll) were incubated with wgt S*-labelled pOE33 (A, B triangle)
or pSSU (B circle) in the presence of increasing amounts 1-10 uM (final concentration, lane 3-6) of
cBAG (A, upper part; B, grey), Toc64 (middle part, black) or Toc34ATM (lower part, white) at 25°C
(lane 2-6) for 10 min. A control was kept at 4°C (lane 1). Chloroplasts were reisolated and import was
visualized, quantified and compared to import without competitor (line 2). The average of at least 3
independent experiments is shown. Error bars are omitted for clarity. (p, precursor; i, stromal
intermediate; m, mature protein) (C) Wgt S*>-labelled pOE33, pSSU or mSSU were incubated with a
Toc64 (lane 2-3), Toc34 (lane 4-5) or BSA (lane 6-7) affinity matrix. Proteins in the final wash (W)
and elution (E) are visualized. Lane 1 (TP) shows 20% of the protein loaded. (D, E) Chloroplasts (20
ng chlorophyll) were incubated with wgt S**-labelled pOE33 (D; E, triangle) or pSSU (E, circle) in the
presence of 1-10 uM (final concentration, lane 3-6) Toc64ATPR (D, upper part; E, white) or
Toc64TPR (D, lower part; black) at 25°C (lane 2-5) for 10 min. A control was kept at 4°C (lane 1).
Chloroplasts were reisolated and subjected to SDS-PAGE and import was visualized by
autoradiography. (p, precursor; i, stromal intermediate; m, mature protein). Translocation efficiency
was quantified and compared to the import without competitor (E). Average of 3 independent
experiments is shown. Inhib: inhibitor
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Furthermore, the direct association of the precursor proteins pSSU and pOE33 to Toc64 and
to Toc34 as control was tested. Both wgt preproteins bind to a matrix coated with either
receptor (Fig. 10C, lane 3, 5), but only with background levels to a BSA coated matrix (Fig.
10C, lane 7). The recognition of preproteins is transit sequence dependent since no interaction
of the mature form of SSU with either Toc34 or Toc64 above background level was observed
(Fig. 10C, lane 3, 5). This result demonstrates that Toc64 acts as a receptor for both tested

preproteins.

6.3.2 The different domains of Toc64 facilitate recognition of preprotein

To identify the domains of Toc64 acting as a receptor for preproteins, two truncated
constructs Toc64ATPR and Toc64TPR (5.1.3, Fig. 2A), were used to inhibit the import of
wgt-pSSU, and wgt-pOE33 into chloroplast (5.2.3) (Fig. 10D, E). Toc64TPR inhibited the
translocation of wgt-pOE33 into chloroplasts (Figure 10D, TPR, lane 3-6; 10E, black triangle)
with the same efficiency as full-length Toc64 (Fig. 10A). In contrast, the import of
reticulocyte lysate translated pOE33 was not affected by Toc64TPR (data not shown).
Toc64ATPR inhibits the import of wgt-pOE33 with a 5 times lower efficiency when
compared to the full-length receptor (Fig. 10E, ATPR, lane 3-6; 10E, white triangle).
Surprisingly, the translocation of pSSU was not affected by addition of Toc64TPR (Fig. 10E,
black circle), but by addition of Toc64ATPR (Fig. 10E, white circle).

To confirm this result, the binding of the both preproteins to Toc64TPR and Toc64ATPR
loaded matrices was investigated (5.2.7). In line with this, a strong association of wgt-pSSU
with Toc64ATPR (Fig. 11A, lane 5; ATPR; Fig. 11C), but only a weak interaction with
Toc64TPR was observed (Fig. 11A; lane 7, TPR; Figl1C). In contrast, wgt-pOE33 was
recognized by Toc64TPR with high efficiency (Figure 2D; lane 7, TPR; Figure F lane 7, TPR),
but less efficient by Toc64ATPR (Fig. 11A; lane 5, ATPR; Fig. 11C). The latter result is in
line with the low capacity of Toc64ATPR to reduce the translocation of wgt-pOE33 into
chloroplasts (Fig 10D; 10E). Analyzing the binding of reticulocyte lysate translated rtl-pSSU
to Toc64 showed a similar association of pSSU with Toc64 (Fig. 11B, lane 3) as with
Toc64ATPR (Fig. 11B, lane 5, Fig. 11C). In contrast, the interaction of rtl-pOE33 with
Toc64TPR is reduced to the level of the recognition by Toc64ATPR when reticulocyte lysate
translated preprotein is used in comparison to wgt-pOE33 (Fig. 11B, lane 5, compare with
11B, lane 3, 5, 7). In conclusion, the recognition of preproteins by the TPR domain of Toc64
is translation system dependent, whereas the recognition by the N-terminal domain is

translation system independent (Fig. 11C).
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Figure 11. Preprotein recognition by Toc64.

A) Wgt S*-labelled pSSU, MDH, Ferredoxin, pOE33, NTT1 or PC were incubated with a
Toc64 (lane 2-3), Toc64ATPR (lane 4-5), Toc64TPR (lane 6-7) or BSA (lane 8-9) matrix.
Proteins of wash (W) and elution fraction (E) are visualized. Lane 1 shows 20% of the
translation product used (TP). B) Rlt-S*>-labelled pSSU or pOE33 (TP, lane 1, 100% loading)
were incubated with a Toc64, Toc64ATPR (ATPR), Toc64TPR (TPR) or BSA matrix.
Proteins of wash (W) and elution (E) are visualized. C) Quantification of multiple
experiments is provided. Values are given in percent input.

To confirm that the observed differential recognition by Toc64 is not limited to pOE33 and
pSSU, in vitro association of the nucleotide transport protein 1 (pNTT1), the precursor of the
malate dehydrogenase (pMDH), ferredoxin (pFd) and plastocyanine 1 (pPC) with
Toc64ATPR and Toc64TPR loaded matrices was analysed (Fig. 11A, 11C). Like for pOE33,
a strong association of wgt-pNTT1 (inner envelope), pPC (Thylakoide) with the Toc64TPR
affinity matrix was observed (Fig. 11A, NTTI1, PC; Fig. 11C). In contrast, the stromal
proteins pMDH and pFd behaved as pSSU; they bind with high efficiency to Toc64ATPR
(Fig. 11A, MDH, Fd; Fig. 11C). The specificity of all the binding assays was confirmed by
the absence of the preproteins association with the BSA coated column. Therefore, distinct
preproteins contain additional information which results in recognition and targeting via

Toc64, mainly the the cytosolic exposed TPR domain.
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6.3.3 The interaction between Toc64TPR and preproteins is indirect

The observed differential affinity of the two domains of Toc64 was further explored for their
ability to compete for the interaction between wgt-pOE33 or wgt-pSSU and full length Toc64.
After binding of wgt-pSSU and wgt-pOE33 to Toc64 coated toyopearl matrix (5.2.7), the
soluble expressed Toc64ATPR and Toc64TPR were added in order to compete for the
interaction of Toc64 to the respective preprotein and subsequently elution of the preproteins
from the affinity matrix. Here, Toc64TPR efficiently competed for the association between
Toc64 and pOE33 (Fig. 12B, triangle), but not for the association between Toc64 and pSSU
(Fig. 12B, circle). In line, significant higher concentrations of Toc64ATPR than of Toc64TPR
are required for competition of the pOE33-Toc64 interaction (Fig. 12B, 12C, triangles). The
opposite result was obtained for pSSU (Fig. 12A, 12B, circles), where Toc64ATPR compete
efficiently pSSU-Toc64 interaction. Therefore, different domains of Toc64 facilitate the
recognition of pSSU and pOE33.
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Figure 12. Preprotein recognition, competion and transfer.

A) The experimental scheme including the symbol legend is given. B-D) Wgt S**-labelled pOE33
(triangle) or pSSU (circle) were incubated with a Toc64 matrix. After sufficient wash, bound proteins
were eluted by increasing amounts of expressed Toc64TPR (B), Toc64ATPR (C), pSSU (for pSSU, D)
or pOE33 (for pOE33, D). The amount of bound preprotein was quantified and is shown as percent of
initial bound protein. Toc64TPR: black, Toc64ATPR: white.

To distinguish between a direct and an indirect interaction of the preproteins with Toc64, a
matrix charged with Toc64 was incubated with wgt-pOE33 in the presence of heterologously
expressed pOE33 as competitor (Fig. 12D). Here, only a weak competition was obtained (Fig.
12D, triangle) since about 90% of the wgt-pOE33 remained bound to Toc64 even in the
presence of 0.8 uM pOE33. In contrast, expressed pSSU competed efficiently for the binding
of wgt-pSSU to Toc64 ((Figure 12D, circle). This indicates that a specificity factor present in
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the wheat germ lysate might mediate the interaction of wgt-pOE33 with the TPR region,
wheras the association between wgt-pSSU seams to be direct to the N-terminal domain of
Toc64. In conclusion, both domains within Toc64, the intermembrane space exposed region
and the cytosolic exposed TPR, are involved in preportein recognition. The interaction
between Toc64ATPR and the preproteins seems to be direct and translation system
independent, whereas the interaction with Toc64TPR seems to be indirect and translation

system dependent.

6.4 Function of the intermembrane space domain

6.4.1 The intermembrane space region of Toc64 recognises precursor proteins

The previous data demonstrated the existence of an intermembrane domain and also its
involvement in complex assembly and that Toc64ATPR recognizes the rtl preproteines. The
function of this intermembrane exposed region has been further addressed. At first, outer
envelope membranes were treated with thermolysin (5.2.4) (Fig. 13A, lane 1), the 30 kDa
protease resistant fragment was isolated (Fig. 13A, lane 2) and incubated with affinity
matrices charged with different overexpressed preproteins pOE33 and pSSU (5.2.7) (Fig.
13A, lane 3, 4). In this experiment an interaction between both preproteins and the protease
resistant 30 kDa domain was observed. In addition, the interaction of proteins targeted to the
inner envelope with the intermembrane space exposed region of Toc64 was tested. The
interaction of Toc64ATPR comprising the intermembrane space exposed domain with a
phosphate carrier was investigated. For that, a dot blot with 13 amino acid long peptides,
representing the entire sequence of the phosphate carrier, was incubated with expressed and
purified Toc64ATPR. The interaction was analyzed by subsequent incubation with aToc64
antibodies (Reger, personal communication). The phosphate carrier was chosen since the
protein contains a classical transit sequence and represents one of the smaller inner envelope
proteins. Interestingly, Toc64 did not recognize the presequence of the phosphate carrier with
highest efficiency but the loop region between the first and the second transmembrane region
(Reger, personal communication). Subsequently the peptides with highest affinity for
Toc64ATPR were synthesized. The sequences of the two regions with the highest binding
affinity are given in Table 2. To test the specificity of these peptides, Toc64ATPR was
incubated in the absence or presence of peptides with a pSSU coated matrix (5.2.7) since the
interaction of the intermembrane space domain with this protein was previously demonstrated

(Fig 13A). Here, the two peptides with the highest intensity in the dot blot assay efficiently
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competed for an interaction between the receptor Toc64 and the precursor pSSU (Fig. 13B,

lane 5, 7), whereas a control peptide did not compete for this interaction (Fig. 13B, lane 3).
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Figure 13. The properties of the intermembrane space domain of the Toc64 receptor.

(A) OEVs were incubated with thermolysin (lane 1), purified by sucrose density centrifugation,
solubilized by addition of decylmaltoside (lane 2) and incubated with matrices coated with pOE33
(lane 3) or pSSU (Line 4). The eluted fraction (lane 3, 4) was collected, subjected to SDS-PAGE and
immunodecorated by aToc64 antibodies. (B) Expressed and purified pSSU covalently coupled to a
Toyo-Pear]l matrix was incubated with Toc64ATPR (lane 1) in the absence (lane 8, 9) or presence of
20 uM of CP (lane 2, 3), PP1 (lane 4, 5) or PP2 (lane 6, 7). The wash (even numbers) and elution (odd
numbers) are shown. (C) A thiol-sepharose matrix was incubated with BSA (lane 2), the CP (lane 3),
PP1(lane 4) and PP2 (lane 5). The matrix was subsequently incubated with Toc64ATPR (lane 1, 10%
load). The eluted proteins where subjected to SDS-PAGE, transferred to nitrocellulose membrane and
immunodecorated by Toc64 antibodies. (D) Wgt S*-labelled pSSU (TP: 10%translation product)
was incubated for 10 minutes with chloroplasts (10 pg chlorophyll, lane 12) in the presence of 20 pM
of the CP (lane 1-3), PP1 (lane 4-6) or PP2 (lane 7-9). Further, 10 uM of Toc64ATPR (lane 2, 5, 8, 10;
64) or Toc34ATM (lane (3, 6, 9, 11; 34) were added to the reaction. Imported protein was visualized
by SDS-PAGE followed by autoradiography. The migration of the precursor form (pSSU) and the
mature form (mSSU) is indicated. Control peptide (CP); peptide 1 (PP1); peptide 2 (PP2).

(E) A model of the action of the intermembrane space of Toc64 is presented.

To confirm the direct interaction between Toc64ATPR and the peptides, they were coupled to
thiol-sepharose (5.2.7) and subsequently incubated with expressed receptor protein. As in the
competition experiment, a specific interaction of Toc64ATPR with the two identified peptides
was obtained (Fig. 13C, lane 4, 5) but not with a matrix coated with BSA or the control
peptide (Fig. 13C, lane 2, 3). Next, the ability of the peptides to inhibit protein translocation
of pSSU into chloroplast was analyzed (Fig. 13D). For that, pSSU was incubated with
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chloroplasts in the presence of 20 uM peptides. The protein translocation was drastically
reduced (Fig. 13D, Line 4, 7). However, when 10 uM Toc64ATPR and the peptides were
added in parallel, the import was partially restored (Fig. 13D, lane 5, 8). This demonstrates
that Toc64ATPR indeed recognizes the peptides, especially since Toc34 addition could not
restore the protein translocation (Fig. 13D, lane 6, 9). The control peptide also inhibited the
translocation of pSSU (Fig. 13D, line 1-3), but not to the same extent as the other peptides
and the inhibition was not reduced in the presence of Toc64ATPR (Fig. 13D, lane 2). As
previously shown in the section 6.3.1, Toc64ATPR and Toc34 competed for the translocation
of pSSU when added (Fig. 13D). It can be concluded that Toc64ATPR, which contains the
intermembrane space region, specifically recognizes the phosphate carrier at regions distinct
from the transit peptide. Hence, the intermembrane space region of Toc64 is involved in

preprotein recognition and translocation through the intermembrane space (Fig. 13E).

Peptide | Amino acid range | Amino acid composition
PP1 116-140 ylfnvifnilnkkiynyfpypytvs
PP2 310-340 fadaiakvgmtkfisdlfwvgmfyhlyngla
CP - vapftglksaasfpc

Table 2. Peptides of phosphate carrier with affinity for Toc64 identified using dot blot analysis.
Given is the amino acid range within phosphate carrier and the amino acid composition (the
nomenclature as in figure 13). The sequence of the used synthetic peptides is underlined. Last line
gives the sequence of the control peptide used.

6.5 Function of the cytosolic exposed TPR

After characterizing the involvement of the intermembrane space exposed region in preprotein
recognition, the function of the cytosolic exposed TPR region was investigated. In the section
6.3.2, it was demonstrated that the recognition of preproteins by the TPR domain of Toc64 is
translation system dependent and specific factor present in the wheat germ lysate might
mediate this interaction. Furthermore, distinct preproteins contain additional information
which results in recognition and targeting via the Toc64 TPR.

To characterise the factor present in wheat germ, which mediates the interaction between
pOE33 and Toc64TPR, the effect of ATP addition to the Toc64-pOE33 interaction was
analysed. Therefore, Wgt-pOE33 or wgt-pSSU were bound to Toc34 and Toc64 loaded
affinity matrices (Fig. 14A), the ATP was used for elution and the fractions were analysed.
Indeed, ATP eluted the bound wgt-pOE33 from Toc64 (Fig. 14A, lane 3), but not from Toc34.
This suggests an interaction of Toc64 with ATP dependent factors, e.g. chaperones associated

with pOE33 in the cytosol. It is known that the binding of ATP to the chaperones promotes
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conformational rearrangements in the entire chaperone which results in changes in the affinity
for peptide substrates (Buchberger et al., 1995, Panaretou et al., 1998). In contrast, wgt-pSSU
bound to Toc64 was not eluted in the presence of ATP, supporting a differential mode of

recognition by Toc64 (Fig. 14A).
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Figure 14. Toc64 recognises preproteins associated with chaperones.

A) Wet S**-labelled pOE33 or pSSU (lane 1, 20% of total) was bound to Toc34 or Toc64 affinity
matrix and eluted by ATP. Proteins of wash (lane 2), elution (lane 3) and remaining on the column
after ATP treatment (lane 4) were visualized. B-C) Cytosolic extract from pea (B) or wheat germ (C)
was incubated with a Toc34, Toc64 or BSA matrix. Flow through (lane 1, B) or 10% loading (lane 1,
C), wash (lane 2) and elution (lane 3) were immunodecorated using o.14-3-3 antibodies. D) Expressed
atl4-3-3-e was incubated with Toc34ATM (10% shown in lane 1), immunuprecipitated by o14-3-3
(top) or aToc34 (Bottom) antibodies. Proteins from the load, wash (lane 2) and elution (lane 3) were
separated and immunodecorated with the indicated antibodies. E) As in D) but precipitated with o.14-
3-3 (lane 1) or preimmune serum (lane 2) and the precipitate decorated with a’Toc34 antibodies. F)
Expressed atl14-3-3-¢ was incubated with Toc64 (10% shown in lane 1), precipitated by a.14-3-3 (top)
or aToc64 antibodies. Proteins from loaded, wash (lane 2) and elution (lane 3) were detected with the
indicated antibodies. G) Expressed atl14-3-3-¢ was incubated with Toc64 and Toc34 together (10%
shown in lane 1), precipitated by a14-3-3. Proteins from the load, wash (lane 2) and elution (lane 3)
were separated by SDS PAGE and immunodecorated with the indicated antibodies. H) Rlt-pOE33 (-
1), wgt-pOE33 (-wg) or wgt-pSSU was precipitated by preimmune serum (lane 2), aHsp70 (lane 3),
oHsp90 (lane 4) or al4-3-3 antibodies (lane 5). The precipitated proteins were visualized by
autoradiography. (10% translation product, lane 1), IP: immunupecipitation.
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6.5.1 Toc64 recognizes Hsp90-associated precursor proteins

The previous data indicate that the interaction of Toc64TPR with wgt-pOE33 is mediated by
ATP dependent factors, like chaperones, interacting with the preprotein in the cytosol.
Previously, it was speculated (Sohrt and Soll, 2000) that Toc64 might be the docking site for a
cytosolic guidance complex for chloroplast preproteins, which consist of at least 14-3-3 and
Hsp70 (May and Soll, 2000). To test this, soluble leaf extract from pea or wheat germ lysate
was incubated with a Toc64, Toc34 or BSA loaded matrices (Fig. 14B, C) and the bound
proteins were analysed. The major guidance complex component 14-3-3 interacts with Toc34
but not with Toc64 (Fig. 14B, lane 3; Fig.14C, lane 3). The interaction between 14-3-3 and
Toc34 was further confirmed by incubation of soluble expressed Toc34 and 14-3-3 in solution
and subsequent coimmunoprecipitation by a14-3-3 or aToc34 antibodies (Fig. 14D, lane 3).
The interaction observed was found to be specific since the preimmune serum was not able to
precipitate the complex (Fig. 14E). When Toc64 was preincubated with 14-3-3, no complex
could be precipitated by a14-3-3 or by aToc64 antibodies (Fig. 14F, lane 3). To exclude an
influence of Toc64 on the interaction of Toc34 with 14-3-3, both receptor proteins Toc64,
Toc34 and 14-3-3 were mixed. Only Toc34, but not Toc64, was precipitated by the a14-3-3
antibodies (Fig. 14G, lane 3). In conclusion, Toc34 assembles the initial receptor for the
guidance complex by direct recognition of 14-3-3.

So far, the data confirm that Toc64 interacts with wgt-pOE33 in an ATP-dependent manner
(Fig. 14A) but does not recognize the guidance complex (Fig. 4B-G). To analyse which
chaperones are associated with the preproteins in the translation system, wgt-pSSU, wgt-
pOE33 or rlt-pOE33 (Fig. 14H) were immunoprecipitated using antibodies against 14-3-3
(Fig. 14H, lane 5), Hsp70 (Fig. 14H, lane 3) or Hsp90 (Fig. 14H, lane 4). All proteins were
precipitated by Hsp70 antibodies, and only pSSU was precipitated by 14-3-3 antibodies. Here,
wgt-pOE33, but not rtl-pOE33 was most efficiently precipitated by the antibodies against
Hsp90 (lane 4) even though Hsp90 is present in reticulocyte lysate (Young et al. 2003) and
which should be recognised by our commercial monoclonal antibodies. Hence, wgt-pOE33
seems to be associated with a complex distinct from the previously identified guidance
complex (May and Soll, 2000). In general, preproteins are associated with Hsp70 in all
translation systems, which is may be important to prevent aggregation of the preproteins.

To further test the chaperone/Toc64 interaction, a potent competitor of chaperone docking the
C-terminal domain of humanHsp90 (aa566-732, C90, Young et al, 2003) was used. When
wgt-pSSU (Figure 15A, black bar) or wgt-pOE33 (Fig. 15A, grey bar) were incubated with a
Toc64 charged matrix in the presence of the C90 (Fig. 15A, Young et al, 2003), only the
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interaction of pOE33 with Toc64 was reduced by 60%. In line with this observation, the
import of pOE33 into chloroplasts (Fig. 15B, triangle), but not of pSSU was reduced in the
presence of C90 (Fig. 15B, circle). This supports that pOE33 interacts with Toc64 via Hsp90
since C90 is known to compete for the recognition of Hsp90 by TPR domains (Young et al,
2003).
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Figure 15. Toc64 recognises preproteins associated with Hsp90.

A) Wgt pSSU (black bar) or pOE33 (grey bar) was incubated with Toc64 matrix in the presence of the
C-terminal domain of Hsp90 (C90) or 14-3-3-¢. The subsequent binding of preproteins was quantified
and compared to the binding without the competitor. B) Translocation efficiency of pSSU (circle) or
pOE33 (triangle) in the presence of increasing amounts of the C90 construct was quantified and
compared to import without competitor.

Surprisingly, the association between pSSU and Toc64 loaded matrix was largely decreased
in the presence of 14-3-3 (Fig. 15A, black bar), most likely due to a direct competition for
binding sites within the transit sequence, since 14-3-3 does not interact with Toc64 (Figure 4B,
C, F, G, lane 3), but with the preprotein (Fig. 14H, lane 5). 14-3-3 also reduced the
association of pOE33 and Toc64 (Fig. 14H, grey bar) even though the effect of 14-3-3 was
not pronounced as for pSSU. This might be explained by the similar fold of 14-3-3 and TPR
domains (Das et al, 1998). 14-3-3 would therefore compete for Toc64TPR by recognition of
the chaperones in vitro when added in chemical amounts. In conclusion, the association

between Toc64 and wgt-pOE33 resembles the behaviour of a chaperone mediated interaction.

6.5.2 The Hsp90 is recognized by the TPR domain

The association of Hsp70 and Hsp90 to pOE33 (Fig. 14, 15) leads to the question which
chaperone is recognised by Toc64. Therefore, soluble expressed Toc64, Toc64ATPR and
Toc64TPR (5.1.3, Fig. 2A) were incubated with a matrix charged with a polypeptide
reflecting the C-terminal portion of human Hsp70 (5.2.7) (C70, aa383-646, Figure 16A, lane
1-3) or Hsp90 (C90, Fig. 16A, lane 4-6). Toc64 and Toc64TPR bound to the C90 (Fig. 16,
lane 6), but not to the C70 matrix (Fig. 16, lane 3). In addition, a molar excess of peptide
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representing the 23 C-terminal amino acids of Hsp90 (P90, Fig. 16B, lane 4), but not the
peptide representing the 25 C-terminal amino acids of Hsp70 (P70, Fig. 16B, lane 3) is able to
compete for the interaction between Toc64TPR and the C-terminal construct of Hsp90 (C90).
In contrast, Toc64 recognises both, Hsp70 and Hsp90 present in wheat germ lysate as
determined by their interaction with a matrix charged with Toc64 or Toc64TPR proteins
(Fig. 16C, upper panel). Here, Toc64 recognizes Hsp70 with higher efficiency than Hsp90
(Fig. 16C, lane 2), whereas the TPR region revealed a stronger interaction with Hsp90
(Fig. 16C, lane 4) suggesting that the transmembrane region present in Toc64 might act as a
substrate for Hsp70. Silver staining of the fractions eluted from the Toc64 and Toc64TPR
affinity matrices revealed the association of three proteins. The identity of the chaperones
Hsp90 and Hsp70 were confirmed by immunodecoration and mass spectrometry (gi5123910,
2i12827002). The protein of 50 kDa was identified as tubulin (Fig. 16C, square), however the
specificity of this interaction remains elusive. Tubulin is the basic structural unit of

microtubules, which are one of the components of the cytoskeleton.
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To analyse the specificity of the chaperone interaction to Toc64TPR, wheat germ lysate was

supplemented by additional cytosolic psHsp70 prior to incubation with Toc64TPR coated
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matrix. Hsp70 was purified from a soluble extract of lysed plant cells and the purity of the
chaperone was controlled by SDS-PAGE (data not shown). No competition of Hsp90
recognition by Toc64TPR was observed (Fig. 17A). In parallel, incubating increasing
amounts of wheat germ lysate with a Toc64TPR matrix enhanced the interaction of Hsp90
with TPR, but not of Hsp70 (Fig. 17B). Further, incubating wheat germ lysate with the
Toc64TPR matrix in the presence of the C90 construct reduced the interaction of Hsp90 to
Toc64TPR but not of Hsp70 (Fig. 17C). All results together confirm that Hsp90 is recognised
by Toc64 with higher affinity than Hsp70.
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Further, Toc64TPR matrix was incubated with either a soluble extract from pea, or with yeast
extract (5.2.7). The association of pea Hsp90 to TPR was stronger (60% of total) in
comparison to pea Hsp70 (15% of total) (Fig. 18A, line 3). Yeast Hsp90 interact with
Toc64TPR, but not of with yeast Hsp70 (Fig. 18B, lane 3). In contrast, Toc64ATPR did not
associate with yeast Hsp90 but to some extent with Hsp70 (Fig. 18B, lane 6). The latter
finding might reflect a substrate recognition of Hsp70 since the construct (C70, aa383-646)
not containing the ATPase domain does not associate with Toc64ATPR (Fig. 16A).
Summarising, a basal recognition of Hsp70 was expected, especially since the C-terminus of
plant Hsp90 and Hsp70 is closer related than these of fungal or mammal chaperones

(Fig. 18C). The exposed clamp type TPR domain recognises a plant specific Hsp90 chaperone.
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Figure 18. TPR of Toc64 recognizes a plant specific Hsp90.

A) Lysate from P. sativum (LD, lane 1 shows 25%) was incubated with a Toc64 matrix. Wash (lane 2)
and elution (lane 3) were separated by SDS-PAGE and immunodecorated by aHsp70 or aHsp90
antibodies. The binding efficiency of Hsp90 or Hsp70 was quantified for at least 3 independent
experiments and is given as percent of input. B) Yeast lysate was incubated with Toc64TPR (lane 2-4,
TPR), or Toc64ATPR matrix (lane 5-7, ATPR). Loading (LD, lane 1,4 shows 25%), wash (W) and
elution (E) were immunodecorated by aHsp70 or aHsp90. C) An alignment of the 10 C-terminal
amino acids of representative Hsp70 or Hsp90 from human (Hs), yeast (Sc), wheat (Ta) or A. thaliana
(At) is shown.

6.5.3 Toc64TPR behaves like a clamp type TPR

Tom70 (the outer membrane translocon in mitochondria) contains seven TPR motifs (Steger
et al., 1990). Interestingly, it was shown that the three N-terminal TPR motifs have some
similarity to a class of proteins that act as cofactors for the Hsp90 and Hsp70 chaperones in
the folding process, involved in signal transduction (Young et al., 2001). Some of these
cochaperones, typified as Hop, recognize the C-terminal sequences of Hsp90 and/or Hsp70
through specialized TPR domains (Scheufler et al., 2000). A dicarboxylate clamp in the TPR
domain coordinates the C-terminal aspartate residue conserved in both chaperones, and the
specificity for Hsp90 or Hsp70 is determined by hydrophobic contacts with neighbouring
residues (Scheufler et al., 2000; Brinker et al., 2002).

The TPR domain of Toc64 assembles a clamp type fold as shown by its alignment with the
TPR of Hop and Tom70 (Fig. 19A) and homology modelling (Mirus, personal
communication). To test the prediction of the Toc64 TPR clamp type, point mutations
specifically reducing the interaction of TPR with chaperones were introduced (Scheufler et al.
2000). Both Toc64grssoa and Toc64TPRysisa were soluble expressed and used for in vitro
binding assay (5.1.3, Fig. 2A; 5.2.7).
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Figure 19. TPR of Toc64 is a clamp type and its interaction with chaperones is specific.
A) An alignment of psToc64TPR (aa477-593), hsStyl (aa 4-120, TPR1, aa225-247, TPR2A) and
scTom70 (aa99-213) is shown. Circles indicate positions of electrostatic interaction of TPR2A with
the C-terminus of Hsp90 and squares indicate positions of hydrophobic interactions. Closed symbols
mark amino acids mutated in Toc64. B) Wheat germ lysate (L, lane 1 shows 25%) was incubated with
a Toc64 (lane 2, 3), TPR (lane 4, 5), TPRgssoa (lane 6, 7) or TPRys6a (lane 8, 9) matrix. Proteins from
final wash (W) and elution (E) were immunodecorated by aHsp70 or aHsp90 antibodies. C) At least 3
experiments as in C) were quantified and binding efficiency of Hsp90 (black) or Hsp70 (grey)
normalised to interaction of the chaperones to Toc64. D) Chloroplasts (20 pg chlorophyll) were
incubated with wgt S**-labelled pOE33 in the presence of the indicated amounts of Toc64TPR (solid
line) or Toc64TPRysi6a (dashed line) at 25°C for 10 min. Translocation efficiency of pOE33 (triangle)
was quantified and compared to import without competitor. The average of at least 3 independent
experiments is shown. E) Wgt S*-labelled pOE33 was incubated with Toc64TPR or Toc64TPRys 64
matrix. The elutions were collected, the amount of the bound S*-labelled pOE33 was quantified and
normalized to association of pOE33 to Toc64TPR. F) The model of the interaction of Toc64TPR with
the Hsp90 bound preproteins is shown.

In comparison to Toc64TPR, the interaction of Toc64grssoa with Hsp90 or Hsp70 from wheat
germ lysate was reduced by 70-80% (Fig. 19B, lane 3, 5, 7; Fig. 19C). In contrast,
Toc64TPRNsi6a still recognises Hsp70, but not Hsp90 (Fig. 19B, lane 9, Fig. 19C). In line,
Toc64TPRNsisa Was used as a competitor for the import of pOE33 into the chloroplast to
discriminate the role of Hsp90 in wgt-pOE33. The competion of the import of pOE33 was
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only very low (Figure 19D). Further, the efficiency of the recognition of wgt-pOE33 by
Toc64TPRNsi6a loaded matrix was significantly reduced compared to wild type TPR (Fig.
19E). In summary, the clamp type TPR motif of Toc64 interacts with Hsp90 with high affinity
but also with Hsp70, though with low efficiency. As determined previousely, pOE33 import
into isolated chloroplasts was not affected by the presence of cBag (Fig. 10A). This C-
terminal Bag domain of Bag-1 binds to the ATPase domain of Hsp70 to promote the
exchange of ADP for ATP (Brehmer et al, 2001), which leads to the dissociation of the
polypeptide from Hsp70. In contrast, cBag does not affect Hsp90/substrate interactions
(Young and Hartl, 2000). Therefore, in case of an Hsp70 mediated interaction with Toc64, the
presence of cBag should reduce the recognition and subsequent translocation of the preprotein.
This is consistent with the observation that the import of rtl-pOE33 into chloroplasts was not
reduced upon Toc64TPR addition (data not shown), since the preprotein was precipitated with
Hsp70 antibodies but not with Hsp90 antibodies (Fig. 14H). Taken together, all these results
suggest a receptor function of the TPR domain of Toc64 preferentially for Hsp90 bound
preproteins (Fig. 19F).

6.5.4 The pOE33 guiding complex to Toc64

After demonstrating that pOE33 is associated with cytosolic chaperones (Fig. 14), which are
recognised by Toc64 (Fig 16-19), the preprotein complex itself was analysed. It was reported
that Hsp70 in its ADP-bound state exhibits a high affinity for substrate but the substrate
association and dissociation rate is low (Mayer et al., 2000). The ATPase cycle of Hsp90
differs significantly from that of Hsp70. The Binding of ATP to Hsp90 causes only a slow
release of substrate, and the conversion to the ADP state through hydrolysis of the bound ATP
leads to fast release of substrate. Hsp90 in the ADP-bound state does not dissociate the
complex with substrate (Young and Hartl, 2000).

Therefore, cell free wgt-pOE33 in the presence of ADP was subjected to size exclusion
chromatography. The preprotein pOE33 eluted in a complex with an apparent molecular size
of about 350 kDa (Fig. 20A, filled circles). Shifting the experimental conditions from 4°C to
25°C significantly decreased the amount of the complex purified (data not shown). With
addition of ATP, which stimulates the dissociation of the chaperones, almost no complex was
obtained (Fig. 20A, open circle). Comparing the distribution of pSSU translated in wheat

germ (Fig. 20A, triangle) it becomes obvious that both proteins assemble different complexes.
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Figure 20. The pOE33 guiding complex.

A) Wgt S*-labelled pOE33 (circle) or pSSU (grey triangle) was incubated with ADP (closed symbol)
or ATP (open symbol) and applied onto Superdex 200 at 4°C. The amount of pOE33 in the indicated
fractions was quantified. The column was calibrated with standard molecules for size exclusion
chromatography (white triangle). On the bottom the distribution of the two peaks is indicated by a
gaussian distribution (lines). B) Indicated fractions of the size exclusion separation (in A) were
immunopreciptated by oHsp90 antibodies (top) or precipitated by incubation with Toc64TPR
(bottom). Shown is 10% of the loading (10% L) and the precipitated fraction (Prec.). C) Fraction II of
the size exclusion (see A, 10% shown in lane 1) was incubated with an affinity matrix charged with
Toc34 (top) or Toc64 (bottom) after addition of ADP (lane 2) or ATP (lane 3). The latter lanes show
the eluted protein.

The association of pOE33 with Hsp90 was subsequently probed by immunoprecipitating the
protein from fractions of the gradient with antibodies against Hsp90 (Fig. 20B). The amount
of protein precipitated was the highest in the peak fraction. However, a minor amount of
protein was still precipitated from the fraction of higher and lower molecular weight. This
might reflect the portion of complex assembled pOE33 in these fractions considering a normal
distributions of complexes in a size exclusion experiment (indicated in Fig. 20A, bottom). In
line pOE33 of the peak fractions binds to Toc64TPR, mainly pOE33 from the Fraction II
binds efficiently (Fig. 20B, bottom). To probe if this complex can also be recognised by
Toc34, the complex was incubated with ADP (Fig. 20C, lane 2) or ATP (Fig. 20C, lane 3) and
with Toc34 or Toc64, respectively. As before, Toc64 was able to interact with the complex in
the presence of ADP, but this binding was drastically reduced in the presence of ATP, which
led to the disassembly of the complex (Fig. 20A). In contrast, Toc34 interacts with the
preprotein only after the complex is dissociated (Fig. 20C, lane 2 vs. 3).
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Figure 21. The pOE33 guiding complex interacts with TPR of Toc64.

A) Wgt S*-labelled pOE33 was subjected to glycerol gradient centrifugation. The density direction is
given at the bottom. The grey area indicates fractions where RubisCO was detected. Four fractions (I-
IV) were incubated with a TPR-matrix (top panel, right). Flow through (F) and elution (E) are shown.
pOE33 was subsequently immunoprecipitated from fraction ITIT by Hsp90 antibodies (bottom). B) Wgt
S*-labelled pOE33 (-) was incubated with apyrase (AP), 1 mM ADP (ADP) or geldanamycin (GA)
and subjected to glycerol gradient centrifugation. After fractionation, the amount of pOE33 in high
molecular weight complexes was quantified and normalised to loading. The amount of complexed
pOE33 is shown in relation to treatment with geldanamycin. C) Wgt S*-labelled pOE33 (shown are
10%, L) was incubated with ADP in the absence (lane 3-5) or in the presence of Toc64TPR (lane 6-8,
TPR) prior to immunoprecipitation by aTocl2 (lane 3, 6) or aHsp90 antibodies (lane 4, 5, 7, 8). The
precipitate of Hsp90 antibodies were further immunoprecipitated by antisera against Toc64
(aHsp90>aToc64). Shown are one representative wash step (lane 2) and elutions.

To confirm the presence of the complex observed by size exclusion, wgt-pOE33 was
subjected to glycerol gradient centrifugation in the presence of the Hsp90-specific inhibitor
geldanamycin (GA), which blocks the ATP-driven chaperone cycle of Hsp90 with high
affinity (Young and Hartl, 2000) (Fig. 21A). The pOE33 preprotein present in the peak
fractions comigrating with the RubisCO complex (Fig. 21A, 11, III, grey region) revealed a
high affinity for Toc64TPR (Fig. 21A, right, top). In addition, an association of pOE33
present in fraction III of the glycerol gradient with Hsp90 could be demonstrated (Fig. 21A,

III, bottom). However, this method is limited by the extended experimental time explaining

49



the lower abundance of the complex in comparison to the size exclusion purification. To test
the stability of the complex, wgt-pOE33 was treated with apyrase, ADP or geldanamycin
(GA), which is known to stabilize the substrate binding of Hsp90 specifically (Young and
Hartl, 2000). After separation of wgt-pOE33 by a glycerol gradient, the largest amount of
complex was found in the presence of geldanamycin (Fig. 21B), and the smallest without
addition (Fig.21B, -). In conclusion, complex formation is dependent on precursor
recognition by Hsp90. So far, it was demonstrated that pOE33 is a part of the complex
containing Hsp90, which is recognised by Toc64. To further demonstrate that the entire
complex is indeed recognised by the TPR domain, wgt-pOE33 was co-precipitated by
oHsp90 and aTocl2 antibodies (the latter for control) in the absence or presence of
Toc64TPR (Fig. 21C). As before, aHsp90 antibodies precipitated pOE33 efficiently (Fig.
21C, lane 4, 7) independent of the presence of the TPR. When the eluted proteins were
precipitated by aToc64 antibodies, the formation of the complex could be confirmed (Fig.
21C, lane 8). Hence, Toc64 indeed recognises the cytosolic complex containing pOE33 and

Hsp90.
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Figure 22. Preprotein translocation depends on recognition of Hsp90 by Toc64.

A) Wgt-pSSU (upper panel, white bar) or pOE33 (lower panel, black) were imported into isolated
chloroplasts (20 pg chlorophyll) after mock (lane 2) or geldanaymycin treatment (lanes 3, 4) of
translation product (lane 1 shows 10 %). Proteins of the re-isolated chloroplasts were separated by
SDS-PAGE and visualised by phoshorimaging. The import efficiency (appearance of mature protein)
quantified using AIDA software. The relation of import of geldanamycin treated to mock treated
translation products is depicted. B) Tobacco protoplasts were transformed with plasmids encoding
pSSU-GFP or pOE33-GFP. 16 hours after transfection radioactive labelled methionine was added and
cells incubated for 2 hours in the absence (lane 1) or presence (lane 2) of geldanamycin. The mature
protein was immunoprecipitated by GFP antibodies.
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To demonstrate the participation of Hsp90 in targeting of preproteins to Toc64, wgt pSSU and
pOE33 were imported into chloroplasts in vitro (Fig. 22A) either in the absence or presence of
geldanamycin. In the presence of geldanamycin, a reduced translocation of pOE33, but not of
pSSU, was obtained in both experiments. The translocation was reduced by 40% in vitro
(Fig. 22A, quantification). The inhibition efficiency resembles the previously reported
reduction of translocation of Tom70 dependent precursor into mitochondria in the presence of
geldanamycin (Young et al. 2003). In addition, tobacco protoplasts were transformed by
pOE33-GFP and pSSU-GFP constructs with subsequent pulse-chase labelling in the presence
or absence of GA. After labelling, proteins were immunoprecipitated by antibodies against
GFP. Like as observed for the in vitro import into chloroplast, the import of pOE33 in vivo
was reduced in the presence of GA, but not of pSSU (Fig. 22B).

6.5.5 Depletion of the gene encoding for Toc64111 impairs protein tanslocation efficiency
To further investigate the role of Toc64, a loss of function mutant for Toc64-II1 (At3g17970)
was analysed (Fig. 23A). Arabidopsis plants of selected line 1 contained a homozygote T-
DNA insertion since no gene specific PCR product could be obtained (Fig. 23B, lane 2).
Furthermore, chloroplasts were isolated from the knockout plants (5.2.2) and subjected to
SDS-PAGE and immunoblot analysis (Fig. 23C). These plants did not contain Toc64-I11
protein in the outer envelope (Fig. 23C), which can be explained by the absence of the
transcript as analysed by RT-PCR on isolated mRNA from wild type or mutant plants (5.1.4)
(Fig. 23D). The transcript level of toc64-l or toc64-V was not altered. However, these two
proteins can not replace Toc64 in the outer envelope of chloroplasts since Toc64-V is a
mitochondrial receptor and Toc64-1 does not contain a TPR domain (Chew et al. 2004). In
line with the previous report, the double-knockout mutant of Physcomitrella patens plants did
not show a visible growth phenotype (Rosenbaum-Hofmann and Theg, 2005). Physcomitrella
patens contains two proteins related to Toc64 (Hofmann and Theg, 2003). When the import of
wgt-pOE33 into chloroplasts of the Arabidopsis wild type and the mutants lacking Toc64I11
protein was compared, the translocation of wgt-pOE33 associated with Hsp90 into
chloroplasts from the knock out line was reduced about 40% compared to the import into the
wild type (Fig. 23E and 23F, import and quantification). A similar reduction was reported for
the translocation of proteins dependent on the TPR domain containing Tom70 in the deletion
strain of this receptor (Young et al. 2003, Hinnes et al. 1990). In contrast, the translocation of

rtl-pOE33, which was not associated with Hsp90 as confirmed in the immunoprecipitation
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assay (Fig. 14H), into chloroplasts of P. patens Toc64 mutants was not altered in comparison
to wild type (Rosenbaum-Hofmann and Theg, 2005).

Summarising, Toc64 is the receptor for preproteins delivered by a complex including the
cytosolic Hsp90. This suggests a receptor function of the cytosolic exposed TPR domain of

Toc64, preferentially for Hsp90 bound preproteins.
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Figure 23. Depletion of Toc64 impairs preprotein translocation efficiency.

Plants of salk line 087087 (T-DNA insertion model in A) were grown on soil. B) T-DNA insertion
was analysed by PCR using UTR specific and UTR/T-DNA specific primer pairs. C) Chloroplasts
(10pg chlorophyll, of wild type (lane 1) or knock out plants (lane 2) were separated on SDS-PAGE,
immunodecorated using indicated antibodies (top) or stained by coomassie blue (CB). D) Isolated
mRNA was used for RT-PCR for the indicated number of cycles amplifying the indicated genes, actin
is used as loading control). E) Wgt-pOE33 (lane 1, 10% translation product) was incubated with
arabidpsis chloroplasts isolated from wild type (lane 2-4, wt), or knock out line 1 (lane 5-6, 1i 1) plants
for the indicated times. F) The import efficiency (G) was quantified for 3 independent experiments.
The reduction of pOE33 import into line 1 chloroplasts (open circles) compared to wild type
chloroplasts (closed circles) is shown as inset.

6.5.6 Toc64 is not involvement in chloroplast movement

In the section 6.5.2 (Fig. 16C) it was observed that Toc64TPR interacts with tubulin from
wheat germ lysate. The tubulin interaction might point toward a function of Toc64 in
chloroplast movement. In general, it is believed that chloroplast movement is facilitated by
actin filaments, not by tubulins (Wada, 2003).Therefore, the T-DNA insertion lines of
Toc64I1I and Chupl were analysed. Chupl is a protein involved in chloroplast movement, as

a T-DNA insertion leads to a loss of avoidance movement. This loss can be experimentally
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analysed by illumination of a leaf section of wild type and knockout plants with a high light
intensity (see Figure). In wild type plants the reorientation of chloroplasts can easily be seen,
whereas in the knock out plants no difference to sections without illumination can be
determined, which is a clear sign of the loss of avoidance movement. In contrast to the
depletion of Chupl, the light exposure of leafs from the knockout Atoc64-111 plants leads to
the typical avoidance movement as observed for wild type plants as assayed by the
decolouration of the leaf in the exposed area. From that, it can be excluded that any gene
targeted by a T-DNA insertion in the analysed knockout Atoc64-11l plant is involved in the
chloroplast movement. Therefore, Toc64 is involved in protein transloction and the tubulin

interaction is unspecific.
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Figure 24. Toc64 is not involved in chloroplast movement.

The knockout Plants of Toc64Ill were grown on soil and leaves were harvested after 30 days.
Immediately after harvesting, leaves were subjected to light exposure as described (Oikawa et al. Plant
Cell 2003). For control, leafs from wt A. thaliana and from AChup 1 lines were exposed to the same
light source. The results of the exposure are shown. Arrow shows the light exposed section of the
leaves.

6.5.7 The functional association of Toc64 with Toc34

In the previous section it was shown that TPR domain of Toc64 is the docking site for Hsp90
delivered preproteins. Toc64 was linked to the Toc translocon by chemical cross-linking
(Sohrt and Soll, 2000) and a dynamic association with the Toc core translocon was suggested
(Becker et al., 2004a). It was demonstrated that Toc34GMP-PNP is the docking site for Toc64
in the Toc core complex and this interaction is mediated by the cytosolic exposed TPR
domain of Toc64 (Becker, 2005). The question asked is, whether the preproteins bound to
Toc64TPR will be transferred to Toc34 and how? It was demonstrated that Toc34 acts as a

preprotein receptor (Jelic et al., 2002). To investigate preprotein transfer, wgt-pOE33 was
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incubated with a matrix charged with Toc64 (Fig. 25A) or Toc34ATM in the presence of
GMP-PNP (Fig. 25B). Subsequently, the binding of the precursor protein with the translocons
was competed by soluble expressed Toc64 (black), Toc34 in the absence (white) or presence
of GMP-PNP (grey). Soluble Toc64 protein efficiently competes for the interaction between
Toc64 affinity matrix and pOE33 (Fig. 25A, black triangle). In contrast, the soluble Toc34
protein competed for the interaction between Toc64 affinity matrix and pOE33 only with low

efficiency (Fig. 25A, white triangle) even in the presence of GMP-PNP (Fig. 25A, grey

triangle).
A B
100 Toc64 100 Toc34gue.ene
2 80 - b e
é | 80 | Toc64
- 1 Toc34
§ 40 1 40 g L
20 -_ 20 = _T0C34tix11!-1!xp
0 — T T T 1 0 T
0.0 02 04 06 08 00 02 04 06 038

competitor (LM) competitor (LM)

Figure 25.Preprotein transfer from Toc64 to Toc34.

Wegt S¥-labelled pOE33 was incubated with a Toc64 (A) or Toc34ATM coated matrix in the presence
of 0.5 mM MgCl, and 1 mM GMP-PNP (B) followed by addition of increasing amounts of Toc64
(black) or Toc34ATM (white) loaded with GMP-PNP (grey). The amount of bound preprotein was
quantified and is shown as percent of total bound protein. The average of at least 3 independent results
is shown.

However, it was established previously that Toc34 in its GMP-PNP bound form recognises
preproteins like pOE33 with high affinity. This interaction might be targeted toward the free
preprotein, since the high affinity interaction was reconstituted in vitro as well (Schleiff et al,
2002). Hence, the competition experiment was performed with Toc34 as a bait. The
competition of the complex between pOE33 and Toc34 by Toc34 in the absence or presence
of GMP-PNP revealed a similar efficiency as found for the self-competition by Toc64 (not
shown, Fig. 25B, grey triangle). Toc64 competed with a low efficiency for the interaction

between Toc34gmp-pne and pOE33 (Fig. 25B, black triangle). This finding supports that Toc34
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recognises the precursor after dissociation from Hsp90, since Toc64 only recognises the
chaperone associated precursor protein. The results suggest that an additional trigger is
required for the release of pOE33 from Toc64 to Toc34. In a parallel study it could be
demonstrated that a preprotein loaded Toc64 interacts with Toc34GMP-PNP and upon
addition of ATP the preprotein is released from Toc64-TPR and afterwards can be recognised

by Toc34GMP-PNP (Becker, 2005).
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7. Discussion

7.1 Topology model of the Toc64

Recent work suggested that Toc64 contains an N-terminal transmembrane region, which is
essential and sufficient for targeting to chloroplasts (Lee et al., 2004). Furthermore, it was
documented that the N-terminal transmembrane region has an Nj,-C,, orientation (Lee et al.,
2004). In addition, the N-terminal hydrophobic domain of the two isoforms ppToc64-1 and -2
of Physcomitrella patens was necessary for interaction with chloroplasts, consistent with this
region containing the transmembrane domain (Hofmann and Theg, 2005).

To date, the topology of the protein was based on prediction (Sohrt and Soll, 2000) and two
experiments facilitating proteolysis of the proteins from P. sativum (Sohrt and Soll,2000) or P.
patens (Hofmann and Theg, 2005) after import into the outer envelope of chloroplasts from P.
sativum (Hofmann and Theg, 2005). However, topology prediction by programs has to be
taken with care since the prediction quality of the programs should not be overestimated
(Moller et al., 2001). For example, for the LHC proteins three transmembrane regions were
obtained by crystallography (Kiihlbrandt and Wang, 1991). Therefore, the database
Aramemnon (Schwanke et al., 2003) was used to analyze this protein class in A. thaliana. For
only one out of 13 proteins three transmembrane domains were assigned as consensus
topology, whereas for three out of 13 only a single transmembrane region was proposed.
Surprisingly, even for these three proteins single programs suggested three transmembrane
regions. From this analysis it became clear that membrane spanning regions embedded in
protein complexes or associated with ligands might well escape most of the prediction
programs. Therefore, the three Toc64 proteins were analyzed regarding their predicted
transmembrane regions by any available program (Fig. 5). In line with the observation for
LHC proteins, the first transmembrane region, which was experimentally confirmed (Lee et
al., 2004), was not assigned to the A. thaliana protein (Fig. 5). However, the alignment of all
three topological models considering all predicted transmembrane domains by individual
programs indicate the presence of two further transmembrane spanning regions. Based on the
obtained Nj,-C,y orientation of the first transmembrane domain (Lee et al., 2004), in the new
model the TPR domain is exposed to the cytosol, which is in line with previous results (Sohrt
and Soll, 2000) and that the domain is in the supernatant after thermolysin digestion and
subsequent carbonate extraction of the membrane (Figure 3-4). Furthermore, the topological
model containing three transmembrane domains (Fig. 5) is very well supported by the

obtained experimental results (Figure 3-7). First, the intermembrane space domain would be
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about 30 kDa, the size of the protease resistant fragment observed after thermolysine
treatment of right side out outer envelope vesicles and after import of Toc64 into intact
chloroplast. This 30 kDa was not extractabe by carbonate treatment (Fig. 3, 7). Previously, a
limited proteolysis of translation product (Hofmann and Theg, 2005) revealed a fragment
stable against proteolytic digestion as well. Interestingly, this fragment was only observed for
ppToc64-1 and not for ppToc64-2 even though a protease resistant fragment after
translocation was obtained for both proteins, and the protease resistant fragment of the protein
in the translation product migrates with a lightly different molecular weight (Hofmann and
Theg, 2005). However, the stability of this protease resistant fragment in PpToc64 was not
tested and essential controls to judge the membrane penetration of the protease are missing in
this work. Second, the membrane protected fragment of Toc64 is a portion of the amidase and
charged regions, which is confirmed by the staining of this stable fragment by antibodies
recognizing these domains (Fig. 4). In contrast, antibodies against TPR do not recognize this
stable fragment (Sohrt and Soll, 2000). Third, on the basis of the import of the radioactive
labeled deletion constructs of Toc64 from A. thaliana the presence of the predicted
transmembrane regions within the deleted domains are required for protein insertion. Since
only Toc64 lacking the TPR domain or Toc64A1(1-437) revealed the same insertion and
proteolytic behavior as observed for full length protein protein (Fig. 7). Fourth, the 30 kDa
fragment was not accessible, since the size of the fragment did not change after the
peggylation. Therefore, the cysteines within the stable fragment are protected by the
membrane (Fig. 8). Based on the proposed topological model (Fig. 5), the peggylation results
obtained for the full length protein can be explained by the modification of cysteine
110/507/534 of P. sativum and 117/531/558 of A. thaliana protein. The cysteines 110 and 117
are located at the N-terminal portion of Toc64 and the cysteines 507/534 and 531/558 are
located in the cytosolic exposed TPR. The additional crosslink found for atToc64Al can be
explained by peggylation of either cysteine 144 or 424, which might be covered by the
membrane and the cytosolic exposed domain in the other constructs. The topological results
obtained are also in line with the results presented for PpToc64 from P. patens (Hofmann and
Theg, 2005). For these proteins a resistant fragment was obtained after translocation. The
presence of the protease resistant fragment in the translation product (Hofmann and Theg,
2005) could be well explained by protection by assisting chaperones or by folding of the

domain, both not contradicting its location in the intermembrane space.
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7.2 Toc64 is a component of the Toc translocon

Toc64 is a component of the Toc complex. It can be crosslinked to several subunits of the Toc
complex (Sohrt and Soll, 2000). However, Toc64 was not copurified with the Toc core
components in linear sucrose gradient. Hence, a dynamic association of the Toc core
translocon was suggested (Sohrt and Soll, 2000, Becker et al., 2004a). It was demonstrated
that Toc64 itself associates with the GTP-charged Toc complex by interaction of its TPR
domain with the cytosolic exposed region of Toc34 (Becker, 2005) (Fig. 26). Hence, the
modification of the isolation strategies can reveal the purification of different complexes,
which was previously found for other translocation machineries like the Tom complex in the
outer mitochondrial membrane (e.g. Kiinkele et al., 1998; Athing et al., 1999). The same was
observed by BN-PAGE analysis, Toc64 assembles in a complex of about 700 kDa, which
contains Toc159, Toc75, Toc34, Toc64, and Tocl2. A further complex could be obtained at
about 550 kDa containing the 86 kDa fragment of Toc159, Toc75, Toc34, Toc64 and Tocl2
(Fig. 9). Therefore, two different forms of the Toc complex were obtained and both
complexes contained Toc64 (Fig. 9). Interestingly, Toc64ATPR protein is assembled in
chloroplasts in the same manner as Toc64 (Fig. 9). Therefore, the TPR domain is not required
for the assembly of Toc64 into the complex. However, a size difference between the

complexes containing Toc64 with or without TPR domain was not expected (Fig. 9).

Toc64

GDP GDP

Figure 26. A model of GTP-dependent association of Toc64 to the Toc core complex is presented.

Interestingly, Tom70 of the mitochondrial outer membrane import machinery shares several
features with Toc64. First, it dynamically associates with the Tom core complex (Kiinkele et
al., 1998). However, this interaction has not been studied in detail. Second, it exposes a TPR-

domain towards the cytosol. Third, the amount of Tom70 is two to five fold reduced in
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comparison to the receptor components and Tom40 in the purified Tom translocon (Kiinkele
et al., 1998). Moreover, as obtained for the Toc64-Toc34 interaction, an interaction between
Tom20 and Tom70 was reported by chemical cross-linking and communoprecipiation in situ

(Haucke et al., 1996).

7.3 Toc64 is a receptor for specific preproteins

The translocon at the outer envelope of chloroplasts contains at least two proteins discussed as
receptors for chloroplastic precursor proteins, namely Toc34 and Toc64 (Soll and Schleiff,
2004). Toc34 acts as an initial receptor for preproteins either in monomeric form or delivered
by the guidance complex (Figure 5, 9, 10; Becker et al. 2004). The receptor recognises both,
the transit sequence (Schleiff et al. 2002) and the 14-3-3 of the guidance complex (Fig. 14)
via a GTP regulated cytosolic domain (Schleiff et al. 2003). Furthermore the function of
Toc64 was analysed. The receptor revealed differential recognition for wgt-preproteins (Fig.
10, 11). This differential recognition by Toc64 is not limited to wgt-pOE33 and wgt-pSSU,
but to other preproteins as well. The wgt-pNTT1 (inner envelop localised protein), pPC
(Thylakoid protein) bind strongly to Toc64TPR. In contrast, the stromal proteins pMDH and
pFd behaved as pSSU (Figure 11). Therefore, distinct preproteins contain additional
information which results in recognition and targeting via Toc64. One explanation might be
the nature of the presequence, as all proteins not targeted via Hsp90 are located in the stroma.
However, bared on 4000 proposed plastidic proteins the set of 6 proteins might be to limited
to allow a statistical conclusion. In addition, Unlike for Hsp70, the exact structural features
recognized by Hsp90 are not yet understood. In fulfilling its role, Hsp90 operates as part of
multichaperone machinery in the cytosol, which includes Hsp70 and other cochaperones
(Young et al., 2001 review). This interaction is mediated by the cytosolic exposed clamp type
TPR domain (Fig 10, 11), which recognises Hsp90 chaperone (Fig. 14-17), but not the
preprotein (Fig. 12). Therefore, ATP eluted the bound wgt-preprotein from Toc64 (Fig. 14),
but not from Toc34. The Hsp90 interaction with Toc64 is in line with the observation that
clamp type TPR domains recognise the C-terminus of the chaperones (Scheufler et al. 2000).
Here, the domains recognising Hsp90 molecules reveal the highest affinity for C-terminal
EEVD motif of Hsp90, which are highly conserved among all Hsp70 and Hsp90 molecules.
Furthermore, domains recognising Hsp90 reveal a higher affinity for Hsp70 molecules than
vice versa (Scheufler et al. 2000, Brinker et al. 2002). Therefore, in in vitro pull down
experiments a basal recognition of Hsp70 by Toc64 was expected, whereas the TPR region

revealed a stronger interaction with Hsp90 (Fig. 16). Additionally, the C-terminus of Hsp90
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was able to compete for translocation (Fig. 15). Furthermore, Hsp90 interaction with
Toc64TPR was not disrupted by addition of increasing amounts of Hsp70 (Fig. 17).
Therefore, the clamp type TPR motif of Toc64 interacts with Hsp90 with high affinity but
also with Hsp70 though with low efficiency (Fig. 15-18). However, an Hsp70 mediated
interaction with Toc64 was excluded since the presence cBag during import into chloroplast
does not reduce the recognition and subsequent translocation of the preprotein. It could be
also demonstrated that Hsp90 indeed is involved in complex initiation between Toc64 and the
precursor (Fig. 20-22) and this might be an alternative pathway.

Hsp70s from mammals or yeast are not recognised by Toc64TPR (Fig. 18). The different
selectivity might be explained by the conserved lysine within the C-terminal portion of the
plant Hsp70 and Hsp90 chaperones (Fig. 18C). Hsp70 of other species have the branched
threonine at this position. Interestingly, yeast Tom70 interacts with Hsp70, whereas human
Tom?70 recognises both, Hsp70 and Hsp90, even though Hsp90 with higher affinity (Young et
al. 2003). Further support for the influence of Hsp90 on import comes from the inhibition of
the preprotein translocation into chloroplast by Geldanamycin (Fig. 22). The same result was
obtained in the mammalian mitochondrial system. Therefore, the clamp type TPR domain of
Toc64 builds an Hsp90 docking site receiving complexed preproteins.

Proteins containing TPR domain seem to be widely used in preprotein import in eukaryotic
cells. Sec72 of the posttranslational import into the endoplasmatic reticulum and Pex5 of the
peroxisomal protein translocation machinery are two receptor proteins with TPR domains
(Gatto et al., 2000, Ponting 2000). However, an interaction with cytosolic chaperones of Pex5
and Sec72 remains to be investigated (Ponting 2000, Harper et al., 2003). Toc64 action
parallels the action of Tom70. This chaperone preprotein targeting pathway may be compared
with the posttranslational translocation of some soluble secretory proteins across the ER
membrane (Rapoport et al., 1996). In the latter system, chaperones including Hsp70 keep the
preproteins unfolded before translocation, but apparently no specific docking sites for
chaperones are required for targeting. Instead, preproteins are recognized by components on
the cytosolic face of the ER membrane, followed by translocation involving lumenal Hsp70
(Rapoport et al., 1996). In the Toc64 and Tom70 pathway, the functions of chaperone docking
and preprotein recognition are combined within the receptors, perhaps reflecting a more active
role of the cytosolic chaperones in preprotein import.

It was demonstrated that after the Hsp90 mediated preprotein recognition by TPR, the
cytosolic exposed domain of Toc64, the preproteins are delivered to the core complex (Fig. 20;

Becker, 2005). Toc64TPR itself is stably associated with the GTP-charged Toc complex by
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interaction with the cytosolic exposed region of Toc34 (Fig.25). The dissociation of the
preprotein from the chaperone with ATP (Fig 14, 20) initiates its recognition by the second
receptor of this pathway, Toc34 (Fig. 3, 14, 25; Becker, 2005). Such ATP dependent transfer
of preproteins from Tom70 to Tom20 was also demonstrated in vitro (Komiya et al., 1997).
Finally, delivery of the Hsp90 bounded preprotein from Toc64 to the core complex leads to
the dissociation of Toc64TPR (Fig. 25), which is then open for a new uptake for Hsp90
guided preproteins. It still unclear how in vivo the chaperone dissociates from the receptor and
by which mechanism are preproteins are transferred to Toc34. Hence, Toc34 acts as a general
entrance receptor of the Toc core complex for incoming preproteins (Becker et al., 2004b).
This observation is in line with the reduction of pOE33 import into chloroplasts from AToc33
knock out plants (Kubis et al. 2003). When compared to the translocon of mitochondria, the
function of Toc64 parallels the action of Tom70 (Rehling et al, 2004). Both receptors are not
essential as determined by knock out analysis (Young et al, 2003; Rosenbaum-Hofmann and
Theg, 2005, Fig.23). Furthermore, a homologue of Toc64, but no homologue of Tom70, is
found in the translocon of plant mitochondria (Chew et al, 2004). In turn, Toc34 takes over
the function of two mitochondrial translocon subunits, namely Tom20, the initial receptor for
mitochondrial preproteins, and Tom22, the initial docking site for all preproteins within the
core complex (Rehling et al. 2004). The interaction of the preprotein with Toc34 stimulates its
endogenous GTPase activity leading to a dissociation of Toc34 from the preprotein (Jelic et
al., 2002; Becker et al., 2004b) and its transfer to Toc159. Here, the preprotein again induces
GTP-hydrolysis of Tocl59 by which the receptor pushes the preprotein through the
translocation channel (Becker et al., 2004b).

In contrast to the initial steps of translocation across the outer membrane, almost nothing is
known about the mechanism of translocation through the intermembrane space. The
functional analysis of Toc64 implies that the intermembrane space domain is involved in the
formation of an intermembrane space complex, which involves Toc64, Toc12 and an isHsp70
isoform (Becker et al., 2004a), and in preprotein recognition in the intermembrane space (Fig.
13). As for Toc64, a second preprotein recognition site different from the clamp-typeTPR
domain in a 25 kDa core domain of Tom70 was reported (Brix et al., 2000). Analyzing the
interaction of Toc64ATPR with the phosphate carrier localized in the inner envelope
membrane revealed that in this case not the presequence but specific regions within the
protein are recognized (Reger, personal communication). Threfore, it is thinkable that after
crossing the Toc75 channel the preproteins are recognised by the intermembrane space region

of Toc64 and possibly together with the intermembrane space components Toc12, isHsp70
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and Tic22 which mediate either the transfer to the Tic translocons or insertion of the
preprotein into the inner membrane. The existence of an intermembrane space complex in
preprotein translocation in chloroplast seems to be reasonable, since the involvement of such
system was already described for mitochondria. The 'small Tim' (translocase of the inner
mitochondrial membrane) proteins have been found to participate by assisting precursor
transport through the intermembrane space to the target complex either in the outer or inner
membrane. Tim9/Tim10 and Tim8&/Tim13 complexes keep the preproteins crossing the

intermembrane space in a translocation competent state (Curran et al., 2002; Paschen et al.,

2000).
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8. Conclusion

Toc64 is a subunit of the chloroplast protein import machinery. In this work topological and
functional properties of Toc64 were analysed. Moreover, a novel mechanism in which
chaperones are recruited for a specific targeting event by a membrane-inserted receptor was
outlined. Primary sequence analysis of Toc64 revealed three motifs. The first motif exhibits
homology to prokaryotic and eukaryotic amidases, and is followed by the second motif,
the charged region, and a C-terminal third motif the threefold repeated TPR-motif. The
topological prediction of the protein by different programs revealed that Toc64 contains three
transmembrane domains, which agrees well with the obtained results. All transmembrane
regions are required for the correct topology of the protein. The protein has an Nj-Coy
orientation (Lee et al., 2004). The TPR containing domain of Toc64 is cytosolic exposed,
whereas a second domain of about 30 kDa is exposed to the intermembrane space and
protected by the chloroplast outer envelope, which is a part of the amidase and charged
regions.

Functional analysis demonstrated that Toc64 is a bi-functional preprotein receptor:

e The intermembrane space exposed domain participates in the formation of the
intermembrane space complex, which involves Tocl2, isHsp70 and Tic22 (Becker et al.,
2004). This domain allows the association with the Toc complex and is involved in precursor
protein recognition and translocation across the intermembrane space.

e The cytosolic exposed clamp-type TPR is the docking site for Hsp90 bound precursor
proteins, with subsequent transfer to Toc34. This process resembles the preprotein recognition
by Tom70 and delivery to Tom 20 in the mitochondrial import system.

In general, preproteins are associated with Hsp70 in all translation systems, which may be
important to prevent aggregation of the preproteins. In the Toc64 pathway, the functions of
chaperone docking and preprotein recognition are combined within the receptors, reflecting a

more active role of the cytosolic chaperones in preprotein import.
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