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1 Summary

1 Summary

Import of a hybrid construct consisting of the transit sequence of SU, the N-proximal part of
mature Ticl10 and the mature SSJ into chloroplasts led to the gpeaance of a soluble
stromal import intermediate and the proposal that Tic110 might use are-export pathway from
the stroma to the inner envelope membrane. For full length Tic110 no soluble intermediate
has been observed yet. One of the goals of this work was to investigate the import pathway of
Tic110 in more detall. In this reseach the soluble stroma intermediate of Ticl110 was
observed, its re-export to the membrane was followed, and findly, the intermediate was
isolated and co-immunopredpitated with the stromal chaperones H§p93 Hsp70and to alesser
extent Cpn60. The obtained results indicae that Ticl10, as proposed, uses a re-export
pathway (conservative sorting) during its import into the diloroplast inner envelope
membrane. Ticl10 also requires gromal chaperones for achieving its native conformation,
prior to the insertion into the inner envelope membrane. The pathway for targeting to the
intermembrane spaceof chloroplasts had not been intensively studied yet. For this reason, the
analysis of two intermembrane spacelocdized proteins was conducted: Tic22, a 22 kDa Tic-
complex protein component, and MGD1, synthase of MGDG, the most abundant galadolipid
in reture. Both proteins are nuclea-encoded and synthesized on cytosolic ribosomes with a
cleavable N-terminal chloroplast targeting presequence Tic22 was found to be asociated
with the outer faceof the inner envelope membrane, as well as with the inner faceof the outer
envelope membrane, even though at a lower level. MGD1 was proposed to be associated with
one of the envelopes by we&k eledrostatic interadions. Import properties of Tic22 and MGD1
and the locdizaion of MGD1 were investigated in this reseach. Results presented in this
thesis $ow that import of MGDL1 is dependent on, and that of Tic22 is enhanced by, but not
dependent on, addition of external ATP. Both preproteins neel thermolysin senstive
components on the diloroplast surface for succesful import. Chemica crosdinking and
iImmunopredpitation have demonstrated that Tic22 and MGDL1 interad with the components
of the Toc trandocon of the diloroplast outer envelope during their trandocaion. Import
competition experiments $1owed that both proteins use the Toc madinery of the general
import pathway. Therefore, proteins targeted to the intermembrane space seem to use the

same trandocaion mode acossthe outer envelope & gromal proteins.



2 Zusammenfassung

2 Zusammenfassung

Der Import in Chloroplasten eines hybriden Konstrukts, das aus dem Transitpeptid von SU,
dem N-proximal Tell von maturem Ticll0 wnd dem meturen SSJ besteht, fihrte zum
erscheinen eines 16dlichen stromalen Importintermediats und zu der Hypothese, dass Tic110
einen Reexport-Weg vom Stroma in die innere Hullmembran verwenden konnte. Fur das
Volllangen-Protein Tic110 war kein 10sliches Intermediat beobadhtet worden. Eines der Ziele
dieser Arbeit war den Importpfad von Tic110 ausfihrlicher untersuchen. In dieser Arbeit
wurde das 16diche stromale Intermediat von Ticl10 beobaditet, seine Re-Insertion in die
Membran wurde verfolgt, und schliefdlich wurde das Intermediat isoliert und mit den
stromalen Chaperonen Hsp93 Hsp70 wnd in einem kleineren Ausmald Cpn60 coimmun-
gefdllt. Die ehaltenen Ergebnise zegen, dass Tic110, einen Reexport-Weg wahrend seines
Imports in die innere Hillmembran von Chloroplasten verwendet. Tic110 benttigt stromale
Chaperone, um seine native Konformation vor der Insertion in die innere Hullmembran zu
erreichen. Der Import medhanismus, der die Proteine aim Intermembranraum von
Chloroplasten dirigiert, war noch nicht intensv untersucht worden. Deshalb wurde der Import
von zwel im Intermembranraum lokalisierten Proteinen analysiert: Tic22, ein 22 kDa Protein-
Bestandtell des Tic-Komplexes, und MGD1, Synthase des MGDG, des haufigsten
Galadolipid. Beide Proteine werden im Kern kodiert und an den Ribosomen im Cytosol mit
einer spaltbaren N-terminalen Prasequenz synthetisiert. Tic22 bindet an die AulRenseite der
inneren Hullmembran, und im geringerem Mal3e an die Innenseite der auf3eren Hullmembran.
MGD1 scheint Uber elektrostatische Interaktionen mit den Hullmembranen zu interagieren.
Das Importverhaten von Tic22 und MGD1 und de Lokaiserung von MGD1 wurden in
dieser Arbeit untersucht. Die hier prasentierten Ergebnise zegen, dass der Import von
MGD1 von extern zugefigtem ATP abhéngig ist im Gegensatz zu Tic22, desen
Importeffizienz in Anwesenheit von ATP zunimmt. Beide Vorstufenproteine bendtigen
Protease-sensitive Komponenten auf der Chloroplast-Oberflache fir den erfolgreichen Import.
Chemische Quervernetzungen und Immunféllungen haben gezegt, dass Tic22 und MGD1
wahrend ihrer Trandokation mit den Bestandtellen des Toc Komplexes interagieren.
Importkompetitions-Experimente zegten, dass beide Proteine die Toc Maschinerie des
algemeinen Importwegs verwenden. Daraus folgt, dass diese Proteine des
Intermembranraums denselben Weg Uber die @fRere Hullmembran rutzen wie stromale

Proteine.



3 Introduction

3 Introdu ction

Chloroplast originated from an endosymbiotic event, in which an ancestral photosynthetic
cyanobaderium was taken up by a heterotrophic host cdl that aready contained mitochondria
(Cavdier-Smith, 2000. Endosymbiotic evolution hes resulted in the transfer of genes
encoding the vast mgjority of the protein components of plastids to the nuclea genome
(Martin and Herrmann, 1998. In response to this displacemnent of genetic material, plastids
have evolved a system to post-trandationaly import nuclea encoded preproteins from their
gte of synthesis on cytoplasmic ribosomes (Keggstra and Cline, 1999 Martin et al., 2002
Jarvis, 2004). The plastid genome encodes 80-200 pastid-locdized proteins that are trandated
on 70S ribosomes and functionally assembled within the plastid (Jarvis and Robinson, 2004).
The protein import machinery of chloroplasts has no known functional equivalent in
cyanobaderia (Heins et al., 1998 Heins and Soll, 1998. Homologues of import transdocon
components Toc75, Tic5, Tic22 and Tic20 have been found encoded in the genome of
Synechocystis PCC6803 (Heins and Soll, 1998 Reumann and Keegstra, 1999, but Tocl59,
Toc34 and Ticll0 show no clea prokaryotic origin and might have been added to the
translocon during the @nversion of an endosymbiont to an organelle. Plant cdls regulate the
import apparatus in concet with the protein demands of the developing plastids (Mullet,
1998.

3.1 Protein import into chloroplasts

Most of the nuclea-encoded chloroplast proteins are synthesized with cleavable N-terminal
presequences that are necessary and sufficient for targeting to the diloroplast and for
trandocaion aaossthe dloroplast envelope (Keegstra d al., 1989 De Boer and Weisheek,
1991, Cline and Henry 1996. The targeting sequences are sequentialy decoded resulting in
the locdizaion of the polypeptide to the gpropriate organellar subcompartment: outer and
inner envelope membrane, intermembrane space stroma, thylakoid membranes or thylakoid
lumen (Keagstra ¢ al., 1995 Cline and Henry, 1996. Targeting sequences range in size from
about 30 to 120 amino adds and are eriched in hydroxylated residues and deficient in addic
residues (Figure 1). N-proximal 10-15 residues are devoid of Gly, Pro and charged residues, a
variable midde region of the transit peptide is rich in Ser, Thr, Lys and Arg, ladking adadic
residues; and a caboxy-proximal region is loosely conserved (lle/Va-x-Ala/Cys-Ala) and is
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the site where proteolitic processng occurs (Von Heijne d al., 1989 De Boer and Weisheek,
1991). Although there is no apparent similarity in primary sequence among the transit
sequences of different preaursor proteins, on the basis of import competition studies and
transt sequence swapping experiments it was believed that al preproteins use the same
medhanism for envelope trandocaion (Gray and Row, 1995. However, the eistence of
distinct import pathways has recantly been proposed (Kouranov et a., 1999 Nada and Soll,
2009). After trandation on cytosolic ribosomes, a g/tosolic protein kinase recognizes transit
sequences of chloroplast preaursor proteins, and is present only in plant extrads, e.g. whea
germ and pea The protein kinase phosphorylates, in an ATP-dependent manner, one spedfic
Ser or Thr residue within the stroma-targeting domain of the transit sequence (Waeggemann
and Soll, 1996. Phosphorylation might ad as a kinetic signal for targeting, but the
trandocaion of phosphorylated preaursor protein is inhibited (Bedker et al., 2005.
Dephosphorylation is catayzed by a protein phosphatase, which is probably locdized in the
outer envelope, and which is required to alow complete import of the preaursor into the
stroma.

stroma-targeting domain lumen-targeting domain
+ + + + +- ++ +
MASTQCFLHHQYAITTPTRTLSQRQVVTTKPNHIVCKAQKQDDVVDAVV SRRLALSVLIGAAAV GSKV SPADA

N

charged lumenal processng
stromal processng acidic hydrophobic core

Figure 1. Stroma-targeting damain drects import into chloroplast stroma and lumen-targeting danain
to the thylakoid lumen. Stroma-targeting damain is removed by stromal processng peptidase and
lumen-targeting damain by a second processng protease (from Cline and Henry, 1996.

Import of preaursor proteins into chloroplasts requires protease-sensitive cmponents on
the outer envelope membrane (Cline d a., 1985 Friedman and Keggstra, 1989. The lipids
found within plastid membranes are dso emerging as important players in the targeting,
insertion and assembly process of proteins in plastid membranes (Vant Hof et a., 1993
Bruce 1998 Dormann and Benning, 2002. The outer chloroplast envelope is grongly
negatively charged and enables formation of ionic interadions between preproteins and lipids
on the dloroplast surface(Fulgos and Soll, 2007). Both inner and outer chloroplast envelope
membranes are @mposed of unusua lipids, includng monogaladosyldiacylglycerol
(MGDG), digaadosyldiagylglycerol (DGDG), sulfolipid sulfoginovosidiagylglycerol
(SQDG) and negatively charged phosphatidylglycerol (PG) (Joyard et al., 1991, Pinnaduwage

4
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and Bruce 1996. The lipid/protein ratio of the outer membrane is very high (around 3
(Block et a., 1983 and has a dired influence on protein binding and import aaoss the
chloroplast envelopes.

On their way to the insde of the organelle, proteins have to transverse the outer
envelope membrane, the intermembrane space ad the inner envelope membrane of
chloroplasts. The Toc (trandocon of the outer envelope membrane) and the Tic (translocon of
the inner envelope membrane) trandocaion complexes are cmposed of different protein
subunits. They are esential for most of the proteins destined for chloroplasts and their
interplay enables successul trandocaion and targeting to the fina destination. For the protein
translocation inside the diloroplast stroma, formation of contad sites between outer and inner
chloroplast membrane, between Toc and Tic complexes, is needed (Pain et al., 1988 Schrell
et al., 199Q Alefsen et a., 1994 Kouranov and Schrell, 1996).

To acaomplish successul targeting and import into the organelle, freshly synthesized
proteins have to reman in the unfolded conformation. Plant 14-3-3 proteins interad
spedficdly with chloroplast preaursor proteins, reaognizing their phosphorylated transit
sequences. The gytosolic protein 14-3-3 is a moleaular chaperone that forms a dimer, where
eat monomer is able to bind one target preaursor protein. It is a cmponent of a 200 KDa
hetero-oligomeric complex, in which a 14-3-3 dmer cooperates with Hsp70 and perhaps with
additional, yet unidentified components (May and Soll, 2000. The formation of the preaursor
guidance-complex keeps the preprotein in a highly import-competent state. Dissciation of
the preaursor complex requires ATP. For around 73% of all plastid preaursor proteins at least
one site for hinding to Hsp70 was predicted (Ria et a., 2000. Chaperones from the Hsp70
family play the important role during protein import into chloroplasts. The diloroplastic outer
membrane protein 70 (Com70) is exposed on the gstoplasmic side of the membrane (Ko et al.,
1992 Wu et a., 1994). The other, Hsp70 import-associated protein, faces the intermembrane
space between the outer and inner envelope membranes (Marshal et a., 1990 Waegemann
and Soll, 1991, Schrell et a., 1994).

Multiple pathways exist for targeting and insertion of proteins into the envelope. The
first subgroup of proteins destined for the outer chloroplast envelope has internal non-
cleavable targeting signals and appeas to insert diredly into the outer envelope membrane
(Sdomon et al., 199Q Li et a., 1991, Soll et a., 1992. In this group belong single a-helicd
transmembrane proteins Oep7, Omp24, Oepl4 and Toc34 (Salomon et a., 199Q Fischer et
a., 1994 Li et a., 1991, Sedlorf et a., 1995 and pore-forming proteins Oegpl6, Oep21 and
Oep24 (Pohimeyer et al., 1997 Bolter et a., 1999 Pohimeyer et al., 1998. Those proteins do
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no require protease-senditive recegotors on the organellar surfaceor ATP for the integration
into the membrane (Waggemann and Soll, 1995. Toc34, for example, neither contains a
cleavable presequence, nor uses the genera import pathway. It inserts diredy by its C-
terminus into the lipid bilayer, stimulated by GTP, and independent of the presence of
charged lipids (May and Soll, 1998 Qbadou et a., 2003.

The second subgroup of OE destined proteins has a deavable presequence ad is
represented by Toc75 (Tranel et a., 1995 that neals protease-senstive receptors on the
chloroplast surface ad ATP hydrolysis for the insertion into the outer envelope membrane.
The preaursor of Toc75 has a bipartite targeting sequence which N-proxymal part direds the
protein to the dloroplast stroma, where it is processed by the stromal processng peptidase to
the intermediate-sized form (Trand et a., 1995 Trand and Keegstra, 1996 Inoue € 4.,
200]). The second part of the targeting sequence ontains a unique polyglycine stretch that
appeas to function as a stop transfer domain and is cleaved by plastidic type | signd
peptidase (Inoue d al., 2005, creding a mature Toc75 that is subsequently inserted to the
outer envelope membrane. For other outer envelope proteins, like Tocl59 and Toc64, the
topology is not determined so far (Bedker et al., 2005.

Most inner envelope proteins are synthesized with cleavable transit peptides and use the
genera import pathway (Toc and Tic complex, Figure 2) for their trandocaion. It was
suggested that some preproteins contain a hydrophobic stop-transfer signal in their sequence
and are released from the translocon on the level of the inner envelope. Others are first
targeted to the stroma by their stroma-targeting presequence, and their processed mature form
is subsequently re-exported into the inner envelope membrane, by so-cdled conservative
sorting (LUbed at al., 1997).

Different classes of preproteins em to exist, which interad preferentialy either with
Hsp70'14-3-3 or with Hsp90 chaperones. Toc34 reagnizes diredly preproteins brought by
the guidance @mmplex from the g/tosol to the diloroplast surface and is able to reaognize and
interad with all presequences. Recently it has been shown that some preaursor proteins
asociate with the stromal chaperone Hsp9O0. In this case, Toc64 ads as an initial docking site
for Hsp90aswciated preaursor proteins, by interading with Hsp90, and the subsequent
transfer of the preprotein from the preprotein-Hsp90-Toc64 complex to Toc34 occurs
(Qbadou et al., 2006. Toc34 in its GTP-bound state ads as the initial recegptor by binding
with high affinity to the transit peptide (Svesnikova @ al., 200Q Schleiff et a., 2002 Bedker
et a., 200d). Toc34 is converted to its GDP-bound state by preprotein-stimulated GTP
hydrolysis (Jelic & a., 2002, resulting in a transfer of the preprotein to Tocl59-GTP.
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Following dephosphorylation, the preprotein is driven aaossthe outer membrane through the
Toc75 channel via a GTP-dependent Tocl59 motor in a sewing-madine-like medanism
(Schleiff et a., 20033). The transfer of the preprotein from Toc34 to Tocl59 might be
fadlitated by the formation of a heterodimer (Smith et a., 2002. Tocl59 is the maor
phosphoprotein in the outer envelope and essential for chloroplast biogenesis (Bauer et al.,
2000. It possesses high homology to Toc34 in its GTPase domain (Kesder et a., 1994
Sedorf at a., 1995. The receptors Toc159 and Toc34 are reset to their GTP-bound state and
are realy for further recognition and trandocation cycles (Kesder and Schrell, 200§. The
preprotein is further transfered to the Toc75 trandocaion channel. 1t was proposed that Toc75
has a ostosolic preprotein-binding site and itself is able to differentiate between transit
peptides on the base of conformational and eledrostatic interadions (Ma d al., 1996 Hinnah
et a., 1997, Hinnah et a., 2002. The dannel opening and pore diameter are proposed to be
controlled by regulatory subunit/s. Toc75 and Tocl59 form the minimal transocon unit in
vitro that is able to spedficdly recognize ad trandocate dloroplast preproteins aaoss a
membrane (Schleiff et a., 20033). Toc34 represents the initial receptor for incoming
preproteins and together with Toc159 and Toc75 forms a Toc core cmplex (Schleiff et al.,
2003).

Toc64, Tocl2, intermembrane space Hsp70 and Tic22 asociate together to form
intermembrane space portion of the trandocaion complex (Bedker et a., 20049). The
J-domain of Tocl2 is proposed to reauit the Hsp70 of the outer envelope membrane to the
intermembrane space trandocon and fadlitate its interadion with the preprotein (Bedker et
al., 2004).

Seven protein subunits of the inner-envelope trandocon are known: Ticl10, Tic62,
Tic55, Tic40, Tic32, Tic22 and Tic20. Assembly of functional Tic complexes might be
dynamic and occurs in response to preprotein trandocation (Kouranov et a., 1998. Ticl110
was the first identified component of the Tic trandocon and represents a major component of
adive Tic complexes (Kesder and Blobel, 1996 Libed et a., 1996. It is an integral inner
envelope membrane protein, and structural predictions suggest that it conssts of two
transmembrane helices at its extreme anino terminus and a 97.5-kDa caboxyl-termind
region that is largely hydrophilic. Ticl10 from A. thaliana, atTicl10 was $own to be
esentia for the assembly and function of the protein import madinery of chloroplasts (Inaba
et a., 20095. Studies of Ticl10 topology and moleaular interadions have led to different
models for its role in protein import. In the first model, the caboxyl-terminal region of pea
Ticl10, psTicl10, was predicted to extend into the intermembrane spacebetween the outer
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Figure 2. Components of the translocons of the outer (Toc) and the inner (Tic) envelope
membr ane of chloroplasts. For detailed description seetext.

and inner envelope membranes and thereby mediate the interadions between the Toc and Tic
complexes during the trandocaion readion (Lubed et al., 1996 Libedk et a., 1997 May
and Soll, 1998. Topology studies performed by Jackson et al. (1998 indicaed that psTic110
exists in the opposite orientation with the mgjority of the protein extending into the stroma. In
this model, the large hydrophilic domain of Tic110 was proposed to serve & a docking site
for soluble stromal chaperones that assst in the trandocaion and folding of imported proteins
(Kesder and Blobel, 1996 Jadkson et a., 1998 Inaba d al., 2003 Chou et al., 2003 Kikuchi
et a., 2009. Experiments conducted in our laboratory showed that Tic110 was accessble to
proteases from the intermembrane space (Lubed et al., 1996. Recattly, Heins et al. (2002
proposed that Tic110 functions as the protein-conducting channel of the Tic trandocon. Tic62
shows drong homologies to NAD(H) dehydrogenases in eukaryotes and to Ycf39-like
proteins present in cyanobaderia and non-green algae ad is proposed to regulate protein
import into chloroplasts by sensing and reading to the redox state of the organelle (Ktchler et
a., 2002. Tich5 poseses a Rieske-type iron-sulphur cluster with a mononuclea iron-
binding site (Caliebe @ al., 1997 and therefore might ad as a regulatory subunit that uses the
iron-sulfur cluster as a redox sensor to influence the import competence of the diloroplast
(Soll and Tien, 1998. It has been proposed that Tic40 days an accesry role & a
co-chaperone in the stromal chaperone wmplex that fadlitates protein trandocaion aadossthe
inner membrane (Chou et a., 2003 Kovadeva & a., 2005. Tic32 faces the stromal
compartment of chloroplasts and is esential for chloroplast viability. It shows homology to
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short-chain dehydrogenases, and its adivity is regulated in a Ca®*/cdmodulin dependent
manner (Hoérmann et al., 2004 Chigri et a., 2006, suggesting a dua role of Tic32 in import:
one & a regulatory component that could determine trandocation rates aaoss the inner
envelope membrane (Chigri et al., 200§ and another as an important subunit in the assembly
of the eitire complex (Hormann et a., 2004). For Tic22 it was proposed to serve & a
functiona link between the trandocon complexes in the outer and inner envelopes of
chloroplasts (Kouranov and Schrell 1997 Kouranov et a., 1998. Tic20 was gown to
participate in the protein import aaossthe inner envelope membrane (Chen et a., 2002 and
its role & a part of protein-conducting channel at the inner envelope membrane aciated to
Tic22 and Tic110has been proposed (Kouranov et al., 1998 Chen et a., 2000.

In the stroma imported proteins associate with the stromal chaperone Hsp70 and some
with the dhaperonin Cpn60 (Lubben et a., 1989 Marshall and Keggstra, 1992 Tsugeki and
Nishimura, 1993 Madueno et al., 1993). Pea chloroplasts have at least two stromal Hsp70
isoforms. S78 and CSSL (Kesder and Blobel, 1996. Cpn60 is a member of the Hsp60 family
of chaperones and a homologue of the baderial chaperone GroEL. It could be
co-immunopredpitated with Ticl110 (Kesder and Blobel, 1996 only during contad sSite
formation, suggesting its indired role in chloroplast protein import. Hsp93 was found to be a
component of import complexes regardless of whether preaursor proteins were present
(Moore and Keegstra, 1993 Akita d al., 1997 Nielsen et al., 1997, Kouranov et al., 1998.
Hsp93 and Hsp70 might cooperate in pulling the preaursors into chloroplasts in a mecdhanism
analogous to that in mitochondria, while Cpn60 asssts the newly imported protein in folding
into its native conformation (Jackson-Constan et al., 2001).

In vitro protein import into chloroplasts was first demonstrated by Chua and Schmidt
and Highfield and Ellis in 1978 using the preaursor of the small subunit of RubisCO. The
import process can generaly be divided into several steps. binding of the preaursor to the
receotor proteins on the diloroplast surface trandocaion aaossthe two envelope membranes
and processng of the preaursor by the stroma-locdized processng peptidase.

Binding of the preaursors to the outer envelope membrane nstitutes the first step and
produces the first stable intermediate, so-cdled ealy import intermediate (Theg and Scott
1993 Schnell and Blobel, 1993. Binding requires less than 50 uM NTPs (both ATP and
GTP, Soll and Schleiff, 2004 in the o/toplasm or intermembrane space (Olsen et al., 1989
Olsen and Kegystra, 1992 Kesder and a., 1994 and the presence of outer envelope proteins
(Olsen and Keggstra, 1992 Theg and Scott, 1993. GTP hydrolysis is necessary for the
formation of ealy-import intermediates, but not for preaursor trandocaion (Young et al.,
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1999. Early intermediates are irreversibly bound (Theg and Scott, 1993 and are frequently
partialy proteded from protease treament of chloroplasts (Friedman and Keegstra, 1989
Wagyemann and Soll, 1991). For preaursor transport aaoss the outer envelope membrane
ATP in the intermembrane spaceis required (Scott and Theg, 1996 and import through the
inner envelope membrane into the stroma progresses if the ATP concentration is raised to
around 1 mM (Pain and Blobel, 1987 Theg et a., 1989 Theg and Scott, 1993 Schrell and
Blobel, 1993. This ATP is probably neeled for the adion of moleaular chaperones in the
stroma, which provide the driving force to complete import into the organelle (Kesder and
Blobel, 1996 Nielsen et al., 1997. Upon entering the stromal compartment, the transit
sequence is removed by SPP(Robinson and Ellis, 1984 Abad et al., 1989 VanderVere 4 dl.,
1995 Richter and Lamppa, 1999.

3.2 Aim of this work

3.2.1 Inner envelope membrane protein Ticl110

Tic110 is ynthesized with an N-terminal extension of 37 amino adds which functions as
clasgcd trangit peptide and engages the genera import pathway (LUbed et al., 1996 Libed
et a., 1997, Jadkson et a., 1998. Targeting to the inner envelope membrane gpeas to
require signals within the transmembrane regions of the protein. Studies using chimeric
proteins suggest that Tic110 might use astromal intermediate during its targeting to the inner
membrane (LuUbed et al., 1997). A hybrid protein consisting of the transit sequence of S,
the N-proxyma part of mature Ticl1l0 and the mature SJ (pSU-Ticl1ON-mS) is
completely imported into the dloroplast stroma. N-terminally processed soluble
Ticl1ON-mSSU sorting intermediate then enters a re-export pathway (LUbed et al., 1997).
Furthermore, dominant negative mutants of Tic110 that disrupt Tic complex formation result
in the acamulation of normal Ticl10 in the stroma (Inaba & a., 2005. These data suggest
that at least a subset of inner membrane proteins is re-inserted into the membrane from the
stroma dter import. Aim of thiswork wasto investigate import properties of Tic110

3.2.2 Intermembrane space protein Tic22
The pathway of targeting to the intermembrane spaceof chloroplasts has not been intensively
studied yet, due to the lack of a known marker for this sibcompartment. Tic22 is nuclea-

endoded and synthesized as a preprotein with a 50-amino aads long N-termina presequence
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Tic22 was identified as a candidate for a cmponent of the genera protein import macdinery
by its ability to covalently crosdink to nuclea-encoded preproteins trapped at an intermediate
stage in import aaossthe envelope (Kouranov and Schrell, 1997). Tic22 is a 22-kD protein
that is peripherally associated with the outer face of the inner envelope membrane and to a
lessr extent to the inner face of the outer envelope membrane (Kouranov et al., 1998
Kouranov et al., 1999.

Kouranov et a. (1999 investigated the import pathway of Tic22 into isolated
chloroplasts to define the requirements for targeting of proteins to the intermembrane space
The analysis of deletion mutants and chimeric proteins indicaed that the presequence of
Tic22 was necessary and sufficient for targeting to the intermembrane space Import of
pTic22 was found to be stimulated by ATP and required the presence of protease-sensitive
components on the diloroplast surface The competition experiments using excess of pSJ
indicated that its targeting to the intermembrane space does not involve the general import
pathway utilized by stroma preproteins. Kouranov et al. (1999 concluded that the
presequence of pTic22 des not function as a stromal transit sequence and that pTic22 is
targeted to the intermembrane spaceof chloroplasts by a novel import pathway that is distinct
from known pathways that target proteins to other chloroplast subcompartments. Import
properties of Tic22 have been further studied here, aming to the better charaderizaion of its

pathway to the intermembrane space

3.2.3 Intermembrane space protein MGD1

Galadolipids represent more than 80% of membrane lipids in higher plants, eukaryotic dgae
and cyanobaderia. 50% of gaadolipid content represents MGDG, a monolayer forming,
major structural lipid of chloroplasts and non-green plastids and the most abundant membrane
lipid in neture (Gounaris and Barber, 1983 Ohta d al., 2000. It is found in plastid envelopes,
as well as in thylakoid membranes. 20% of polar lipids in plants represents DGDG, a bilayer-
forming galadolipid. The ratio between MGDG and DGDG is important for chloroplast
ultrastructure, espedally during response to stressconditions.

Galadolipids are built from glycerol badkbone, two long fatty add chains, and galadose,
digaadose or sulfoquinovose unit. They are not charged at physiologicd pH and thus
represent the only neutral membrane lipid class in thylakoids. Galadolipids are synthesized
exclusvely at the diloroplast envelopes and from there transported to the thylakoids and
extraplastidic membranes (Bruce, 1998 Dormann and Benning, 2002. UDP-galadose serves
as a water-soluble donor of galadose unit to the hydrophobic receptor diacylglycerol, DAG,

11
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in a readion caayzed by MGDG synthase (Ongun and Mudd 1968. MGDG synthase
belongs to a heterogenous family (Marédhal et al., 2000 consisting of type A (atMGDL1 from
Arabidopsis, csMGD1 from Cucumis sativa, sSOMGD1 from Spinacia oleracea), type B
(atMGD2) and type C (atMGD3) proteins. Type A MGDG synthases are expressd in all
tisaues, found assciated in most cases with the inner envelope and represent the most
important MGDG synthase in green tissues (Jarvis et al., 2000. Type B is expressd in
flowers and type C in roots and young leaves (Kobayashi et a., 2004). Both B and C are
found to be asciated with the outer envelope membrane (Awai et al., 200]). Despite the
high abundance of MGDG in plastidic membranes, MGDG synthase represents only 1/1000
of membrane proteins (Joyard et a., 1998, which makes its purificaion, as well as most of
enzymatic analyses, aimost impossble (Marédhal et al., 1994. It is a basic protein with an
isoeledricd point of 9.5, adive & a 4548 kDa homodimer and is proposed to be wedly
attadhed to the envelope membranes by eledrostatic interadions (Shimojima & a., 1997).

The locdizaion of MGDG synthase adivity within envelope membranesis gill a matter
of controversy and seams to be different in 16:3 (Arabidops's, potato, tobac®, rape, spinad)
and 183 (pea cucumber, barley, maize) plants (Miége @ al., 1999 Jarvis et a., 200Q Ohta &
a., 200Q Awai et a., 200]). In spinadch, the adivity was found essentialy in envelope
fradions enriched in the inner membrane (Tietje and Heins, 1998, whereas the Stuation is
lessclea in 18:3 pants. For instance in pea tloroplasts, Cline and Keeggstra (1983 locdized
the adivity to the outer envelope membrane, but in several other analyses both inner and outer
membranes eamed to contain significant MGDG synthase adivity (Tietje and Heinz, 1998.
MGDG synthase is nuclea-encoded in higher plants and no homology with eukaryotic
glycosyltransferases has been found in database seaches (Ohta & al., 2000. MGDG synthase
is very well enzymaticdly charaderized (Marédha et al., 1994 Maréda et d., 1999, but its
import into chloroplasts has not been investigated yet. It has been proposed to be locaed in
the intermembrane space of chloroplasts, associated with either outer or inner chloroplast
envelope. The differencein locdizaion between 18:3 and 163 plants was proposed and a lot
of questions conceaning its topology remained unanswered. That was the reason to
investigate topology of MGDG synthase in P. sativum and import properties of A. thaliana
aMGD1. AtMGD1 is assumed to be locaed on the outer side of the inner envelope (Benning
and Ohta, 2005. Becaise MGD1 is proposed to be a1 intermembrane space protein, its
import properties $ould be compared to those of Tic22.

12
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4 Materials

4.1 Chemicals

All chemicds were purchased from Sigma Aldrich (Minchen, Germany), Roth GmbH & Co.
(Karlsruhe, Germany), Merck (Darmstadt, Germany), Serva Feinbiochemica (Heidelberg,
Germany), Fluka Chemie AG (Buchs, Swisg, Biomol Feinchemikalien GmbH (Hamburg,
Germany) and Applichem (Darmstadt, Germany).

Nitrocdlulose membrane was purchased from Protran (Schleicher& Schill, Germany),
blotting-papers from Maderey Nagel (Duren, Germany), Ni-NTA Superflow column was
from Qiagen (Hilden, Germany), ATP-agarose (A9264 from Sigma ad nProtein
A-Sepharose CL-4B from Amersham Biosciences (Uppsala, Sweden). Kodak Biomax-MR
films were provided by Eastman Kodak Company (Heidelberg, Germany). Fuji film imaging
plates were used for imaging analysis. They were provided by Fuji photo film company,
Japan.

4.2 Enzymes and kits

Restriction enzymes, DNA- and RNA-polymerase, and other nucleic adds modifying
enzymes were supdied by Roche (Mannheim, Germany), MBI Fermentas (St. Leon-Rot,
Germany), Pharmada Biotech (Freiburg, Germany) and Sigma. T4-DNA ligase was
purchased from Eppendorf (Hamburg, Germany). DSP crosdinker was supdied by Pierce
(Minchen, Germany). Thermolysin was supgied by Merck, apyrase and trypsin by Sigma,
soybean trypsin inhibitor and hexokinase by Roche, RNase by Amersham Pharmada Biotech
and lysozyme by Serva.

For small scde plasmid DNA isolation FastPlasmidrm Mini (Eppendorf) or mini boiling DNA
prep were used. Large scde DNA isolation was performed with Nucleobond AX (Maderey-
Nagel). Purificaion of DNA-fragments from agarose gels was performed using Nucleospin
Extrad Il (Maderey-Nagel) and puificaion of PCR products was caried out using
QIAquick PCR Purification Kit provided by Qiagen. DNA sequencing was caried out using
BigDye Terminator Cycle Sequencing Realy Readion Kit supfdied by Perkin Elmer

(Weiterstadt, Germany). In vitro transcription was performed using chemicads from MBI
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Fermentas. In vitro trandation was done with Flexi Rabhbit Reticulocyte Lysate System or
with TNT Coupled Reticulocyte Lysate System, supgdied by Promega (Madison, USA).

4.3 Molecular weight and size markers

Protein weight standards MW-SDS-70L and MW-SDS-200 from Sigma were used for SDS-
PAGE. DNA fragments ste marker for agarose gels was prepared by EcoRI/Hindlll
restriction of A—phage DNA, provided by MBI Fermentas.

4.4 Clones

4.4.1Ticllo0

Ticl10 the component of the trandocon of the inner envelope membrane of chloroplasts that
was used for this reseach derives from Pisum sativum (Kesder and Blobel, 1996 Libed et
a, 1996. The wding sequence is 2991 bp long, from which first 111 bp represent transit
sequence of 3.9 kDa, responsible for chloroplast targeting, and the remaining 2880bp make
1017 kDa mature protein. For the purpose of enhancing the radioadive signa after in vitro
trandation, additional 6 methionines were doned at the C-terminal end of the protein. Tic110
sequencewas cloned into pET21dvedor.

4.4.2 pSSU-Tic110N-mSSU

The hybrid construct pSSJ-Ticl0ON-mSSJ (Lubedk et al., 1997 contains the presequence of
pS (smal subunit of RubisCO, 1-192 bp), the N-terminal part of Tic110 (112817 bp of
original clone) and the mature part of SJ (175564 bp of the origina clone). Ticl10
sequence originates from Pisum sativum and pSSJ from Nicotiana sylvestris (locus
NSRUBSSJ, Acc. No. X53426 Jamet et al., 1997). pS-11ON-mSSJ construct is 1257 bp
long, encoding the 46 kDa protein. For the purpose of enhancing the radioadive signal after in
vitro trandation, additional 6 methionines were doned at the C-terminal end of the protein.
pS-110N-SSJ sequencewas cloned into pET21dvedor.
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MASL VL SSAAVATRSNVAQANMVAPFTGLKSAASFPVSRKQNLDI TSI AS
NGGRVQCMMMPPSSDTNNPASSSSPPQRPPKELNG El L VDKL SSPARL
ATSAVI VAGAVAAGYGL GSRFGGSRNAAL GGAVAL GAAGGAAAYAL NAAA
PQVAAVNL HNYVAGFDDPSI LTREDI EVI ANKYGVSKQDEAFKAEI CDI Y
SEFGSSVI PPGGEEL KGDEVDKI VNFKSSL GL DDPDAAAVHVE! GRKLFR
QKL EVGDREGGVEQRRAFQKLI YVSNI VFGDASSFL L PWKRVFKVMMWP
Pl NKKKYETFSYLPDLSQEQLL SEVEYL L KNGAWPCLEFETEHGFVYREN
NKSPGYYDGRYWI MAKL PMFGCTDATQVL AEVEEAKKAYPQAW RI | GFD
NVRQVQCI SFI AYKPEGYMVMVIVM

Figure 3. Protein sequence of pS-110N-SSU The presequence and the mature part belongng to
pSSJ from Nicotiana tabaccum are shown in bold. The midde part of the sequence consists of the
N-terminal part of Tic110 (amino acids 38-216). The presequence of the pSU, as well as of the whde
pS-110N-SSUJ construct, is shown in gay. Underlined are repeating sequences belongng to mSSU.
Addtion d six methionines at the C-terminusis sown initalic.

4.4.3 pSSU

Preaursor of the small subunit of RubisCO (pSSJ) was used as a ontrol protein for various
experiments performed in this thesis. The presequence of this clone originates from soybean
Glycine max and mature part from Pisum sativum. The total length of this clone is 537 bp that
encode rresponding 19 kDa protein (with 165 bp long presequence). The sequence was
cloned into pSF64 vedor.

4.4.4Tic22

Tic22/pET21d clone used for this work derives from A. thaliana. The sequence used
corresponds to the locus At4g33350. 807 bp long coding sequence gives rise to 28.5 kDa hig
protein, from which 177 bp or 6.3 kDa belong to the dloroplast targeting presequence For
the purpose of import experiments mature form of Tic22 (mTic22, 630 bp, 22.3 kDa) and
clone with C-terminal deletion (Tic22AC, 675 bp, 239 kDa) were produced. All 3 clones
were used in pET21dor pSF65 vedors.

4.4.5 MGD1

U16087 cDNA in pUNI51 vedor has been obtained from the Arabidopsis Biologicd
Resource Center. It corresponds to the Arabidopsis locus At4g31780 (UGT81A1), encoding
for type A MGDG synthase (AtMGD1). Coding sequence is 1602 bp long, encodes for 533
amino adds, or 56.5 kDa protein. For the purpose of overexpresson and in vitro transcription,
trandation and import experiments, original clone was redoned into pET21d and pSP65
vedors. Also, for the purpose of succesdul overexpresson, N-terminal 321 bp of the
preprotein have been removed and MGD1-P clone was creaed, 1281bp or 45.3 kDa long.
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4.4.6 pOE33 and mOE33

Oxygen evolving complex protein of 33 kDa (pOE33) and its mature form (mOE33) were
used for import competition experiments (sequence published by Murata € a., 1987 and the
mature form was cloned for the purpose of this gudy. pOE33 was cloned into pET3c vedor
and is 990bp long. MOE33 was cloned into pET21c vedor and consists of 747 bp.

4.4.7 Toc34ATM
Toc34ATM used for testing the interadtion with preaursor proteins was from P. sativum (Jelic
et a., 2002. It contans only 252 N-terminal amino adds, while the C-termina

transmembrane domain is removed.

4.4.8 Hsp93
Hsp93IpET21c DNA used for overexpresson and antibody production was kindly provided
by Prof. Dr. John E. Froehlich, Michigan State University, East Lansing, M1, USA.

4.5 Primers

All DNA primers used in PCR reacions were ordered either from MWG-Bioted (Ebersberg,

Germany), Qiagen or Invitrogen GmbH (Karlsruhe, Germany).

For cloning of Ticl110into pSP65 vedor:
Ticl10R 5-CCCGGG GIC GAC CTA GAA TACAAA CTTCTCTTC CTC-3
Ticll0L 5-CCCGGG GAA TTC ATG AAC CCT TCCACG CTA AAA C-3

For adding 6 Met on the C-termina end of Tic110 and pSSJ-Ticl1ON-mSSJ in pET21d
vedor:

STSpPETNcoFor 5-CCCGGGCCA TGGCTT CCT TAGTTC-3

Ticl10@ETNcoFor 5-CCCGGGCCA TGGACC CIT CCA C-3

STSMetXhoRev 5-CCGG CTC GAG TTA (CAT)s GTAGCCTTC GGGCTT GTA-3
Ticl1OMetXhoRev 5-CCGGCTC GAG CTA (CAT)s GAA TACAAA CTTCTCTTC C3

For cloning of Tic22, mTic22 and Tic22AC into pET21dvedor:
AraTic22NcoFor 5-CATG CCATG GAG TCA TCA GTG AAA CCCJ
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AramTic22NcoFor 5-CATG CCA TGGATG CAA TCCAAGTCT GGA ACC CG3
AraTic22XhoRev 5-CATG CTC GAG ACT CTT TGA TCA AAT CCT GC-3
AraTic22ACXhoRev 5-CATG CTC GAG AAA TTT GTT GAT CTC CTC TTG ATG-3

For cloning of Tic22, mTic22 and Tic22AC into pSP65 vedor:

AraTic22pSPe5SalFor 5-CTAG GTC GAC ATG GAG TCA TCA GTG AAA CCCJ
AraTic22pSPe5SalRev 5-CTAG CTGCAG TTACTC TTT GAT CAAATC CTG C-3
AramTic22pSPe5SalFor 5-CTAG GTC GAC ATG CAA TCCAAG TCT GGA ACC CG3
AraTic22ACpSP6e5PstRev 5-CTAG CTG CAGTTAAAT TTGTTGATC TCCTCT GAT G-3

For redoning of MGD1 and MGD1-P from pUNI51to pET21dand pSF65 vedors:
AtMGD12INheFor 5-CCCGGG QT AGC ATG CAA ACC CIT CAA CGGJ
AtMGDI121SadRev 5-CCCGGG GAG CTC GGC AGT GCAAGA GAGTTG-3
AtMGD1-P21INheFor 5-CCCGGG GCT AGC GTC GGA TTA TCG AGT GAT G-3
AtMGD165Sad~or 5-CCCGGG GAG CTC ATG CAAACC CIT CAA CGG-3
AtMGD1653PstRev 5-CCCGGGCTG CAG TTA GGC AGT GCA AGA GAG-3

For cloning of mOE33 from pOE33in pET21c vedor into pET21dvedor:
MOE33NcoFor 5-CTAG CCATG GAA GGT GCT CCA AAGAG-3
MOE33XhoRev 5-GGTGCTC GAGTTCAAGC-3

4.6 Vectors
Purpose Vedor name Company Reference
Trandation vedors pSF64 Promega Melton et al., 1984
pSF65 Promega Melton et al., 1984
Overexpresson PET-21c(+) Novagen Studier and Moffat, 1986
vedors (Madison, USA)
pPET-21d+) Novagen Studier and Moffat, 1986
(Madison, USA)

17



4 Materials

4.7 E. coli strains

Strain name | Purpose Company Author

DH5a Cloning GibcoBRL (Eggenstein, Gameny) | Woodcock et al., 1989

BL21(DE3) | Overexpresson | Novagen (Madison, USA) Studier and Moffat, 1986

BL21(DE3) | Overexpresson | Novagen (Madison, USA) Studier and Moffat, 1986
pRosetta

4.8 Growth media

For the purpose of overexpresson of proteins and growth of transformed baderia for the
cloning all E. coli strains were grown in LB medium (Sambrook et al., 1989.

4.9 Radioisotopes

35S Methionine/Cysteine mixture and *°S-Cysteine with spedfic adivity of 1000 Ci/mmol
were provided from Amersham Biosciences (Freiburg, Germany).

4.10 Antibodies

Primary polyclonal antibodies (a-Tocl59, a-Toc7X(1ll), a-Toc7xV), a-Toc34, a-TicllQ,
a-Tic22 and a-OEP16) were generated in the laboratory of Prof. Dr. Jirgen Soll by injedion
of purified antigens into a rabbit. a-Cpn60 antibody was kindly provided by Prof. Dr. Ulrich
Hartl vom Max-Planck-Institut fur Biochemie (Munchen, Germany). Antibodies a-MGD1-P,
a-Hsp93 and a-Hsp70 were produced for the purpose of this thesis (see Methods) by Pineda
Antibody Service (Berlin, Germany). Sewmndary antibodies (goat anti-rabhbit alkaline
phosphatase mnjugate) were obtained from Sigma.
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4.11 Plant material and growth conditions

Pisum sativum (sort “Arvica”, Praha, Czet Republik) was grown on vermiculit or on sand
under 12hday/ 12 h night cyclein a dimate chamber, at 20°C.

Soinacea oleracea was bought on the locd market, kept on cold and in the dark until use.
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5 Method s

5.1 General molecular biology methods

5.1.1 Standard methods

Baderia drain culturing and preparation of glycerol stocks were performed acording to
standard protocols (Sambrook et al., 1989. Competent cdls for DNA transformation were
prepared acording to Chung et a. (1989. Transformation of baderial DH5a and BL21(DE3)
strains was performed acwrding to Pope and Kent (1996.

5.1.2 Plasmid DNA isolation

Isolation of plasmid DNA from 3 ml culture for restriction anayss, subcloning, re-
transformation into another baderia strain and sequence analysis were d adapted from the
methods of Holmes and Quigley (1981). Large anounts of DNA for in vitro transcription and
trandation were isolated from 200 ml baderial cultures by NucleobondAX kit supgied by
Madherey-Nagel, acording to the manufadurer’s instructions. For isolation of high purity-
DNA for in vitro transcription CsCl density gradient separation (equili brium centrifugation
based on the different intercdation efficiency of ethidium-bromide) was used (Sambrook et
al., 1989. Fast purificaion of restricted plasmid DNA was performed by phenol/chloroform
DNA extradion followed by ethanol or isopropanol predpitation (Sambrook et a., 1989 or
by QiaQuick PCR Purification Kit from Qiagen.

5.1.3 Polymerase chain reaction (PCR)

The restriction sites for cloning of DNA fragments into plasmid vedors were alded by the
polymerase dhain readion (Saiki et a., 1999. A standard PCR reacion was caried out as
recommended by the polymerase supgier (TripleMaster PCR System, Eppendorf, Hamburg,
Germany). Temperatures were aljusted corresponding to the aineding temperatures of the
primers. The recombinant PCR technique (Higuchi, 1990 was used in creding the DNA
coding for chimericd protein constructs. Fragments of the @nstructs were synthesized
separately in standard PCR readions, purified over agarose gels by QiaQuick PCR
Purification Kit and used as templates for the second round of PCR with the two outer

primers, resulting in complete recombinant constructs (Sambrook et a., 1989. Vedors were
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dephosphorylated using alkaline phosphatase from cdf intestine (Roche Diagnostics GmbH,
Mannhaeim, Germany), prior to ligation with corresponding inserts.

5.1.4 Cloning techniques

Plasmid DNA isolation, restriction of plasmid DNA and PCR-amplified fragments, ligation,
as well as agarose gel eledrophoress of DNA were performed acwrding to standard
procedures (Sambrook et a., 1989. The readion conditions for the enzymes were aljusted
acwrding to the protocols provided by the manufadurers. Standard techniques were gplied
for the ligation of Tic22, mTic22, Tic22AC and MGDI1 into pET21d and pSP65 vectors, and
MGD1-P, as well as Tic110 and pS-110N-SSU with additional six C-termina methionines
into pET21dvedor.

5.1.5 In vitro transcription and translation
For in vitro transcription, isolated plasmid DNA was first purified either on CsCl gradient and
predpitated with isopropanol, or the combination of DNA-isolation kit NucleobondAX and
PCR-purificaion kit was used. The final pellet was resuspended in RNase free water, or the
last elution was performed in water or 0.1% TAE buffer. In vitro transcription of lineaized
plasmids was caried out in a readgion wolume of 50 pl containing transcription buffer
(supdied by MBI Fermentas), 10 mM DTT, 100 U RNase inhibitor, 0.05% (w/v) BSA, 0.5
mM ATP, CTP and UTP, 0.375mM m’-Guanosine (5') ppp (5') Guanosine (cg), 10 U SF6
or T7 RNA polymerase and 25-3.0 pg lineaized pasmid DNA. The readion mixture was
incubated for 30 minutes at 37°C to yield RNA with cgp at the 5'-end. Findly, 1.2 mM GTP
was added and transcription mixture was incubated for another 2 hours. mRNA was either
used dredly for in vitro trandation or stored under liquid N. In vitro trandation was caried
out using the Flexi Rabht Reticulocyte Lysate System or the TNT Coupled Reticulocyte
Lysate System, following the manufadurer’s instructions, with optimal RNA concentration
and adjusted potassum acdate, magnesum acdate and DTT concentrations, which were
determined by test trandations. 143 pCi of **S-methionine/cysteine mixture or 100 pCi of
>90% pure **S-cysteine (for the trandation of Tic22) were alded for radioadive labeling.
After trandation, the readion mixture was centrifuged at 50,000xg for 20 minutes at 4°C and
the postribosomal supernatant was used for import experiments.

Ticl10 clone in pET21d vedor (T7 polymerase) failed to trandate successully and that
was the reason for redoning of Ticl10cDNA into a pSF65 vedor, under the promoter of SF6
polymerase. Subsequent optimization did not result in any improvement in fina intensity of
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radioadively labelled trandation product. Finaly, six additional methionines at the end of
Tic110 coding sequence were alded, to enhance the radioadive signal of *°S-labelled

methionines after in vitro trandation (Figure 3).

5.2 Isolation of chloroplasts

5.2.1 Isolation of intact chloroplasts from pea

For isolation of intad chloroplasts (Schindler et al., 1987 peaseallings grown for 9-11 days
on vermiculit, under 12/12 hours dark/light cycle were used. All procedures were caried out
at 4°C. About 200 gof pealeaves were grinded in a kitchen Hender in approximately 300 ml
isolation medium (330 mM sorbit, 20 mM MOPS 13 mM Tris, 3 mM MgCl,, 0.1% (w/v)
BSA) and filtered through four layers of mull and one layer of gauze (30 um pore size). The
filtrate was centrifuged for 1 minute & 1500kg and the pellet was gently resuspended in about
Iml wash medium (330 mM sorbit, 50 mM HEPES/KOH, pH 7.6, 3 mM MgCl,). Intad
chloroplasts were reisolated via adiscontinuous Percoll gradient of 40% and 8% (in 330 MM
sorbit, 50 mM HEPES/KOH, pH 7.6) and centrifuged for 5 minutes at 300(xg in a swing out
rotor. After centrifugation two green bands of chloroplasts appeaed, where the bottom one
consisted of intad chloroplasts. This band was taken and washed two times, and finally
resuspended in a suitable volume of wash medium. Samples of chloroplasts (5ul) were
resolved in 5 ml of 80% aceone and chlorophyll concentration was estimated by measuring
the opticd dengity at three wavelengths against the solvent (Arnon, 1949. Chloroplasts were
used for further import experiments.

5.2.2 Isolation of intact chloroplasts from spinach

For isolation of intad spinadch chloroplasts, plants were bought at the locd market few hours
before isolation and kept cool and in the dark. Chloroplasts were isolated using the previously
described protocol for pea dloroplast isolation.

5.3 Preparation of inner and ou ter envelope vesicles

For isolation of inner and outer envelope vesicles from chloroplasts pea seeallings grown for
9-11 dhys on sand, under 12/12 hours dark/light cycle, were used. All procedures were caried
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out a 4°C. A few kg of pealeares were grinded in a kitchen dender in 10-15 | isolation
medium (330 mM sorbit, 20 mM MOPS 13 mM Tris, 0.1 mM MgCl,, 0.02% (w/v) BSA) and
filtered through four layers of mull and one layer of gauze (30 um pore size). The filtrate was
centrifuged for 5 minutes at 1500kg and the pellet was gently resuspended with brush and
intad chloroplasts were reisolated via a discontinuous Percoll gradient of 40% and 80%.
Intad chloroplasts were washed twice with wash medium (330 mM sorbit pH 7.6),
homogenized and further treaed acording to the modificaion (Waegemann et a., 1992 of
the previously described method (Keegstra and Y ousif, 1986.

5.4 Extraction of proteins from envelope vesicles

To distinguish between integra membrane proteins and soluble or peripheral membrane
proteins, envelope vesicles (sedion 5.3), were pelleted at 265000kg for 10 minutes at 4°C
and resuspended in either 10 MM HEPES/KOH pH 7.6 solution for 30 minutes on ice, or 6M
ureain 10 mM HEPES/KOH pH 7.6, 0.1 M NaCO3; pH 115 or 1M NaCl for 20 minutes at
RT, followed by centrifugation at 265000xg for 10 minutes at 4°C. Separated membrane and
soluble fradions were analyzed by SDS-PAGE and western-blotting.

5.5 Treatments of chloroplasts before import

5.5.1 ATP depletion from chloroplasts and in vitro translation product

Prior to chloroplast isolation, the peas were & least 1 hour in the dark (mostly over night).
After isolation, intad chloroplasts were left on ice in the dark for 30 minutes in order to
deplete ATP and therefore allow subsequent import experiments to be influenced only by
exogenously added ATP as an energy source For radioadively labelled in vitro trandation
product the ATP-hydrolysing enzyme gyrase was used to deplete endogenous ATP. A
standard readion mixture included 10 pl of trandation product and 05 U apyrase. The
read¢ion mixture was incubated at 25°C for 15 minutes and then used dredly for import
experiments. For depleting the ATP from in vitro trandation product Micro Bio-Spin
Chromatography Columns (Bio-Rad, Hercules, CA, USA) were used as well, acording to
producer’s recommendation. Readion of phosphate transfer from ATP to glucose, caayzed
by hexokinase was the third method used for ATP depletion from trandation product.
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Supposing that the ATP concentration in reticulocyte lysate fluctuates around 10 uM, the
exad amount of hexokinase neaded for the complete remova of ATP could be cdculated.
Readion was performed on 30°C for 10-15 minutes and stopped by addition of excess of
competitive inhibitor xylose for 5 minutes at 30°C.

5.5.2 Protease pretreatment of isolated intact chloroplasts

Protease treament of chloroplasts, prior to import of radioadively labelled protein, was
caried out using chloroplasts corresponding to 1 mg chlorophyll, 1 mg thermolysin, and 0.5
mM CaCl,. Wash medium (330 mM sorbit, 50 mM HEPES/KOH, pH 7.6, 3 mM M(Cl,) was
added to the final volume of 1 ml and the reacion was incubated for 30 minutes on ice To
stop the protease adion, 5 MM EDTA were alded and intad chloroplasts were reisolated via
a discontinuous Percoll gradient containing 5 mM EDTA and washed twice & described
before.

5.6 Import Experiments

5.6.1 Import of radioactively labelled proteins into intact chloroplasts

%3 |abelled preaursor proteins (trandation products) in the maximal amount of 10% (v/v) in
the readion were mixed with freshly prepared intad pea dloroplasts (equivalent to 15-20 ug
chlorophyll) in import buffer (330 mM sorbit, 50 MM HEPES/KOH pH 7.6, 3 mM MgSO,,
10 mM Met, 10 mM Cys, 20 MM K-gluconate, 10 mM NaHCOs, 2% BSA (w/v)) and upto 3
mM ATP in afinal volume of 100 pl (Waegemann and Soll, 1995. Optionally 80 mM K;PO,
were alded to enhance import rate (Hirsch and Soll, 1995. The import mix was incubated at
25°C for up to 20 minutes, depending on experimental requirements. Chloroplasts were
reisolated over a 40% Percoll cushion, washed, and samples were separated by SDS-PAGE.
Resulting gels were fluorographed (Bonner and Laskey, 1974 if nealed, dried and laid on
x-ray sendgtive films over night.

5.6.1.1 Pulse-chase experiments

During import into chloroplasts it is possble to trad changes in locdizaion and quantity of a
protein a different times, to the point it reades its fina destination. For this purpose
radioadively labelled preaursor protein was added to chloroplasts corresponding to 20 pg
chlorophyll in the import mixture without ATP (see dapter 5.6.1) and to final volume of
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100pl. For MGD1 80 mM K;PO, were alded to enhance import. Samples prepared this way
were incubated for 2 minutes on ice to accomplish the binding to the import receptors on the
chloroplast surface Samples were centrifuged at 150«g for 1 minute, washed once in the
import buffer and the final pellet was resuspended in import buffer containing 3 mM ATP to
alow complete import. The import readions were performed from O up to 32 minutes at
25°C. Reacions were stopped after different times by addition of Laemmli buffer and samples
were analyzed by SDS-PAGE.

For chasing the soluble stromal intermediates, Ticl1l0 and pS-110N-SSJ were
incubated with 20 pg chloroplasts in the import mix containing 3 mM ATP for 2 minutes at
25°C. Chloroplasts were pelleted and resuspended in the new import mix without ATP,
containing 0.5 pg thermolysin per pg chlorophyll. The readion was kept on ice for 10
minutes. Afterwards, the dloroplasts were reisolated on a Percoll cushion and resuspended in
the import mix in the presence or the ésence of 3 mM ATP. Samples were kept for 5 minutes
on ice and imported for 10 minutes at 25°C. All described steps were performed in the dark to
minimize the generation of internal ATP, produced insde dloroplasts via
photophosphorylation process After import readion, chloroplasts were pelleted 1 min at
150(xg, washed and separated into soluble and membrane fradions (sedion 5.6.2.1).

For the purpose of tradking the energy requirement of Ticl10 and pS-110N-SSJ on
reexport import pathway radioadively labelled preaursors were incubated with 20 pg
chloroplasts in the import mix containing 3 mM ATP for 2 minutes at 25°C. Afterwards
chloroplasts were pelleted and resuspended in the new import mix containing either ATP,
GTP or PEP at the final concentration of 3 mM, or non-hydrolyzable ATP homologs AMP-
PNP and/or ATP-y-S, a the final concentration of 5 mM. Fresh import mix was incubated on
ice for 5 minutes and subsequent 10 minutes on 25°C. All incubations were performed in the
dark to diminish the influence of internally produced ATP. Afterwards, chloroplasts were
pelleted 1 min at 1500kg, washed, and separated into soluble and membrane fradions.

5.6.1.2 Competition with pOE33 and mOE33 proteins

Up to 10 uM of purified competitor protein pOE33, as well as its mature form mOE33 (see
sedion 5.10.3) were alded to the import mixture. The import experiment was performed as
described in sedion 5.6.1. Maximum 15 pg of chlorophyll per readion was used and the
import reacion lasted 5 (pS3J) to 10 or 12 minutes (Tic22, MGD1) at 25°C.
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5.6.1.3 Competition for import by the cytosolic domain of Toc34 receptor
GTPase

In additionto 3mM ATP and 3mM GTP, upto 10 uM Toc34ATM were alded to the import
mixture. First, Toc34ATM was preincubated with GTP in the import mixture for 10 minutes
on ice Subsequently, radioadively labelled trandlation product has been added for another 10
minutes to alow the interadion of preprotein with Toc34ATM. At the end, 15 pg of
chloroplasts were alded for import and the reac¢ion was performed for 10-12 minutes at 25°C
for Tic22 and MGD1 and 5 minutes for pSSU.

5.6.1.4 Inhibition of import by Ni*" ions

For the purpose of stopping the import readion on the level of the outer envelope binding
1 mM NiSO, was added to the import mix (Rothen et al., 1997. Ni?* ions interad with the
His-tag on the C-terminus of radioadively trandated proteins and inhibit their passage acoss
the outer envelope. The dternative to alow only binding, but not the import of preproteins
into chloroplasts, was the incubation of the import mixture for 5 minutes on ice

5.6.1.5 Protease posttreatment of intact chloroplasts

After import, the progressof trandocation of proteins through the outer chloroplast envelope
was controlled by the treament of intad organelles with the protesse thermolysin.
Chloroplasts were pelleted from the import readion at 150«g for 1 minute & 4°C and
resuspended in 100 ul digestion buffer (330 mM sorbit, 50 mM HEPES/KOH, pH 7.6, 0.5
mM CaCl,). The digestion started with the aldition of thermolysin (0.5 pg per pg
chlorophyll) and was incubated on ice for 20 minutes. The readion was gopped by addition
of 5 mM EDTA, chloroplasts were pelleted again and washed in the digestion buffer
containing 5mM EDTA.

5.6.2 Suborganellar localization of imported constructs

5.6.2.1 Chloroplast fractionation into soluble and insoluble fractions

To distinguish between integra membrane proteins and soluble or peripheral membrane
proteins, chloroplasts reisolated after import were lysed in 10 mM HEPES/KOH pH 7.6 for
30 minutes on ice, followed by centrifugation at 265000xg for 10 minutes at 4°C to separate
the membranes from a soluble fradion.
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5.6.2.2 Extraction of proteins with 6M Urea and 0.1 M Na,COgsafter import

After import, reisolated chloroplast were lysed (see sedion 5.6.2.1), pelleted at 256,000xg,
and the pellet was subsequently treded with 6M ureain 10 mM HEPES/KOH pH 7.6 or
0.1 M NaCOs3 pH 11.5 for 20 minutes at RT. Samples were centrifuged at 256,000xg for 10
minutes at 4°C and the pellet and soluble fradions were analyzed by SDS-PAGE.

5.6.2.3 Chemical crosslinking and immunoprecipitation

After import, chloroplasts were re-isolated on a Percoll cushion, washed and chemicd
crosdinking was performed by incubation of chloroplasts with 0.5 mM dithiobis-sucanimdyl-
proprionate (DSP) in 330 mM sorbit, 50 mM HEPES/KOH pH 7.6, 0.5 mM CaCl,, for 15
minutes at 4°C. The readion was gopped by the aldition of 125 mM glycin and further
incubation at 4°C for 15 minutes. Chloroplasts were washed twice in 330 mM sorbit, 50 mM
HEPES/IKOH pH 7.6, 0.5 mM CaCl, and findly lysed in hypotonic buffer (20 mM
HEPES/KOH pH 7.6, 5 mM EDTA) for 30 minutes on ice A total membrane fradion was
recvered by centrifugation at 256,000xg for 30 minutes. Membranes were solublized in 1%
SDS (w/v), 25 mM HEPES/KOH pH 7.6, 150 mM NaCl, diluted tenfold in the @ove buffer
in the dsence of SDS, centrifuged for 2 minutes at 20,000xg and the supernatant was used for
immunopredpitation with the attisera against Toc7(1ll), Toc75(V), Toc34, Ticll0 and
OEP16. Antisera for the previoudly indicaed proteins were incubated with membranes and
0.5% egg albumine, rotating for 1 hour a RT, followed by purificaion on Protein A-
Sepharose. The dfinity matrix was washed 3 times with 10 bead-volumes of the mentioned
buffer before the dution with Laemmli sample buffer in the presence of [3-mercgptoethanol to

split the aosdink products.

5.7 Binding of Toc34ATM to precursor proteins

For one readion 300 pg puified Toc34ATM protein was coupled to 10 pl Ni-NTA matrix in
the binding buffer (50 mM NaCl, 50 mM NaPO,, 0.5% BSA, pH 7.9) for 45 minutes, rotating
a RT. Such matrix was used for investigation of interadion of soluble Toc34ATM with
preaursor proteins. The prepared matrix was preincubated with 1 mM GTP, and subsequently
10-12 pl of aradioadively labelled trandation product were gplied in the readion containing
1mM GTP, 2 mM MgCl,, 20 mM Tris/HCI pH 7.6, 50 mM NaCl and 0.5% BSA. Incubation
lasted 4550 minutes, rotating at RT. The matrix was subsequently washed 3 times with wash

27



5 Methods

buffer (50 mM NaCl, 50 mM NaPi, 30 mM imidazole, pH 7.9) and eluted in 50 ul elution
buffer (50 mM NaCl, 50 mM NaPi, 300 mM imidazole, pH 7.9). The flow through after
binding of preaursor proteins to Ni-NTA-Toc34ATM matrix, the last wash and the dution
were analysed by SDS-PAGE and the gel was exposed on an x-ray film.

5.8 Stromal processing assay

Chloroplasts were isolated from 9-11 dhys old pea as described (sedion 5.2.1). As isolation
and wash medium 330 mM sorbit and 50 MM HEPES/KOH pH 7.5 were used. Chloroplasts
corresponding to 800 pg chlorophyll were pelleted at 150«g for 1 minute and lysed in 1 ml
of 5 mM ice-cold HEPES/KOH pH 8 for 30 minutes on ice After centrifugation at 16,000xg
for 10 min on 4°C, subsequent ultracentrifugation of the supernatant using 137000xg for 1
hour was applied. The supernatant containing the adive stroma processng peptidase was
used in the processng assay. 15 pl supernatant, 2.5 pg chloramphenicol, 2-3 ul radioadively
labelled trandation product, and 20 MM HEPES/KOH pH 8 were mixed in a total volume of
25 ul for 90 minutes at 26°C. The readion was sopped by addition of Laemmli buffer and
samples were analyzed by SDS-PAGE.

5.9 Isolation of stromal protein Hsp70

Intad chloroplast from two Percoll gradients (isolated as described in sedion 5.2.1) were
washed 2 times in 330 mM sorbit, 50 mM Hepes’KOH pH 7.6, 3 mM MgCl,, pelleted at
100kg for 1 minute, gently resuspended in 15 ml buffer A (10 mM KAc, 2 mM MgCl,, 2
mM DTT, 20 mM HEPES/KOH pH 7.6), 1% Triton X-100 and left for 30 minutes on ice
Subsequent centrifugation at 12,000xg for 15 min at 4°C provided non-solubilized debris in
pellet and the supernatant that was diluted to 50 ml with buffer A and coupled to 65 mg ATP-
agarose (washed previoudy with buffer A by vaauum filtering through a nitrocdlulose
membrane). The incubation was performed over night a 4°C. Next day the matrix was
washed with 10 ml buffer A, 10 ml buffer B (1 M KAc, 2 mM MgCl,, 2 mM DTT, 20 mM
HEPES/KOH pH 7.6) and again 10 ml buffer A. 10 times 1 ml elution fradions were
colleaded by applying buffer E (10 mM ATP, 10 mM MgCl,, 2 mM DTT, 20 mM
HEPES/KOH pH 7.6, 10 mM KAc). The procedure was repeaed until a sufficient amount of
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highly purified protein fradions was colleded. Purified fradions were ncentrated using
Amicon Microcon centrifuga filter devices (Milli pore Corporation, Bedford, MA, USA) and
stored in 50 MM NaCl, 20 mM Tris/HCI pH 8.5 in concentration of 1 mg/ml in the purpose of
antibody production.

5.10 Protein overexpression and pu rification

5.10.1 Overexpression and purification of Hsp93

Stromal chaperone Hsp93 DNA in pET21c vedor was transformed into BL21 (DE3) pRosetta
competent cdls. Hsp93 potein was overexpressed in 1 | LB medium with 100 mg ampicilin,
100 mg chloramphenicol, 1 mM MgSO, and 0.4% glucose. Cells were grown at 37°C till they
readied O.D.go0 Of 0.6, induced with 0.5 mM IPTG and incubated at 30°C for 3 to 4 hours.
Baderia were pelleted and the protein was purified under denaturing conditions. Each 500 ml
baderia culture was lysed using 30 ml lysis buffer (50 mM NaCl, 20 mM TrigHCI, 5 mM
B-MeEtOH, 8 M Urea pH 8.0 to 8.5). Ureawas previousy deionized using MTO-Dowex
Marathon MR-3 beals (Supelco, Bellefonte, PA, USA). Solubilized cdls were stirred around
40 minutes, till the solution was tranducent. The supernatant taken after centrifugation at
10,00(xg for 30 minutes at RT was further filtered and puified using anion-exchange
chromatography (ResourceQ and MonoQ column, Aekta, Amersham Biosciences).
ResourceQ was used for large scde purification and MonoQ for obtaining highly purified
fradions. The isoeledricd point for Hsp93 of 6.55 was determined in silico, so the pH during
purification was adjusted to 8.0-8.5. After binding, protein was washed and eluted from the
column by applying the linea gradient ranging from 50 mM to 700 mM NaCl in TrigHCI
pH 8. The purest protein fradions were obtained by elution with 400-550 mM NaCl. Those
elutions were oncentrated using MFE-Milli pore membrane filters with the pore size of 30
kDa, and dissolved in 50 mM NaCl in 20 mM Tris/HCI pH 8.5, at a mncentration of 1 mg/ml,

for the purpose of antibody production.

5.10.2 Overexpression and purification of MGD1-P

Due to the problems with expresson of full length MGD1 construct, a form of this protein
without presequence (MGD1-P) was used for antibody-production. MGD1-P in pET21d
vedor was overexpressed in BL21(DE3) pRosetta cdls, in 1 | LB medium with 100 mg
ampicilin, 100 mg chloramphenicol, 1 mM MgSO, and 0.4% glucose. Cells were grown at
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37°C till they reated O.D.gp Of 0.6, induced with 0.5 mM IPTG and incubated at 30°C for 3
hours. Baderia were pelleted, lysed acording to QlAexpressonist (Qiagen) protocol and
insoluble protein was purified under denaturing conditions on Ni-NTA matrix. For ead 500
ml baderial culture 1 ml of Ni-NTA matrix was used. After applying the sample in hinding
buffer (QlIAexpressonist), column was washed in 10 ml W1 (150 mM NaCl, 20 mM
TrigHCI, 6 M ureg pH 8), 5 ml W2 (1 M NaCl, 20 mM TrigHCI, 6 M ureg pH 8), again
5 ml W1 and eluted with 5 times 1 ml of 150 mM NaCl, 20 mM TrigHCI, 6 M ureg 500 mM
imidazole, pH 8. Purificaion has been tried using pH gradient for washing (pH 6.3) and
elution (pH 5.9 and 4.5). This tria did not result in satisfying results and puificaions using
HiTrap column and by caion-exchange dromatography using PorousS column have been
performed (Akta). Becaise these methods did not provide final high protein purity,
subsequent purificaion by gel elution was applied. After SDS-PAGE, gel was washed shortly
in ddH,0, stained in 0.3 M CuClx2H,0 or CuSOsx5H,0 for 5 minutes, the band of the
corresponding size (45.3 kDa) was excised, washed few times in H,O, 3 x 10 minutes in 250
mM EDTA, 250mM Trig/HCI pH 9, cutted in small pieces and incubated 45minutes at RT in
1 ml soaking buffer (125 mM TrigHCI pH 6.8, 0.5% SDS, 1 mM EDTA) and 4 M Urea
Afterwards the gel pieces were transferred to dialysis bags (Roth) and eluted over night using
eledricd current of 6 mA in DNA gel-eledrophoresis cdl filled with Laemmli buffer in
addition to 4 M Urea Elutions were mlleded, concentrated using MF-Milli pore membrane
filters with the pore size of 30 kDa and dislved in 50 mM NaCl in 20 mM Tris/HCI pH 8 at
the concentration of 1 mg/ml for the purpose of antibody production.

5.10.3 Overexpression and purification of pOE33 and mOE33

Transformed BL21(DE3) competent cdls were grown in LB medium containing 100 pg/ml
ampicilin (and 1 mM MgSO,; and 04% glucose for mOE33) till O.D.go0 readied 0.6.
Expresgon was induced by 1 mM IPTG and cdls were grown for 3 hours on 37°C. Cellswere
harvested by centrifugation and the expressed protein was isolated in form of incluson
bodies. The protocol for purificaion of Histag containing proteins under denaturing
conditions and elution by changing the pH (QlAexpresgonist) were gplied. Refolding of the
protein was acaomplished by dialysis against 6, 4, 2 and O M urea(over night, for 4 hours, 4
hours and overnight, respedively). Aggregated (misfolded) material was pelleted by
centrifugation at 27,000xg for 10 minutes at 4°C. The protein concentration in the supernatant

was estimated and used for competition experiments.
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5.10.4 Overexpression and purification of Toc34ATM

Toc34ATM protein was overexpressd and puified for the purpose of testing its interadion
with preaursor proteins prior to import into chloroplasts. The transformed BL21(DE3) cdls
were grown a 37°C in 200 ml LB medium containing 100 pg/ml ampicilin to O.D.g00=0.6
and the expresson was initiated by the aldition of 1 mM IPTG. After three hours of
incubation at 37°C the cdls were harvested by centrifugation and the expressed protein was
isolated soluble. The baderia pellet corresponding to 200 ml liquid culture was lysed in 20
ml lysis buffer (50 mM NaPOQO,, pH 7.9, 300 mM NaCl, 10 mM imidazole) in addition to 25
mg lysozyme, and incubated for 30 minutes on ice Sample was nicaed 6 times 10 bursts at
a midde strength, with 10 seconds of cooling period between bursts, and centrifuged at
25,000xg for 30 minutes at 4°C. Supernatant was applied on 400 pl Ni-NTA matrix, washed
with 15 column wolumes of the same buffer containing 30 mM imidazole and eluted by
250-300 mM imidazole. Final protein concentration was determined by the Bio-Rad method.
The protein was aways used fresh and diluted so that a maximum imidazole concentration in
import reacion did not excead 30mM.

5.11 Coimmunop recipitation of Tic110

Pea diloroplasts corresponding to 200 ug chlorophyll were pelleted at 1500«g for 1 minute &
4°C and solubilized in 200 pl IP buffer (immunopredpitation buffer consisting of 25 mM
HEPES/NaOH pH 7.6 and 150 mM NaCl) with addition of 1.5% DeMa axd 0.05% egg
albumine. After solubilization, the sample was diluted to 1ml with IP buffer, 0.5% egg
abumine and 5 pl primary antiserum (a-Hsp70, a-Hsp93) or preimmune serum (a-preHsp70,
a-preHsp93) were aded and incubated rotating for 90 min at RT. 50 pl of Protein
A-Sepharose matrix was washed in IP buffer containing 0.5% egg abumine and 0.3% DeMa,
applied to the sample, and incubated rotating for another 90 minutes on RT. Matrix was
subsequently washed 2 times with 500 pl 1P buffer containing 0.3% DeMa and 1 time without
DeMa. Elution was performed using Laemmli buffer, vortexing and boiling the sample &
99°C for 1 minute. Flow through, washes and elution fradions were analyzed by SDS-PAGE
and western dotting, using a-Ticl10antibodies.

Coimmunopreapitation of Ticll0 and pSU-TicllON-mSSJ soluble  stromal
intermediates was performed as follows. After import, intad chloroplasts were reisolated on a
40% Percoll cushion, washed, fradionated onto soluble and pellet fradions (see sedion
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5.6.2.1). Soluble fradion was diluted 1:1 in 2xIP buffer and incubated with 5 ul of a-Hsp70,
0-Hsp93 a-Cpn60 or a-OEP16 antisera for 1 hour at RT, in the presence of 0.5% egg
albumine and 0.3% DeMa. Subsequent purification on Protein A-Speharose was performed as
described previoudly.

5.12 Method s for separation and identification of proteins

5.12.1 SDS-Polyacrylamide-Gel-Electrophoresis (SDS-PAGE)

Eledrophoretic separation of proteins under denaturing conditions was performed in a
discontinuous gel system (Laeanmli, 1970. For separation gels 10 to 13% aaylamide was
used, and for stadking gels 5% aaylamide.

5.12.2 Detection of proteins in gels

After separation of proteins on polyaaylamide gels a number of standard detedion techniques
were used. Staining solution containing 0.18% (w/v) Coomasse Brilli ant Blue R250 in 50%
(v/v) methanol and 76 (v/v) acdic add enabled visua reagnition of bands equivaent to
0.1-10 pg protein. Gels were stained for 15 minutes on a shaker and unbound dye was
removed by 15-30 minutes washing in a destaining solution (40% (v/v) methanol, 7% (v/v)
acdic add, 3% (v/v) glycerol). For detedion of *S-labelled proteins, aaylamide gels were
dried and exposed on x-ray fims (Kodak Biomax MR) underlayed with photoenhancing
screens (Agfa MR800) for 1-3 days, depending on the amount of radioadivity present. To
estimate the radioadivity of the samples, films were laid on imaging pates (BAS-MS) for 1
day. The plates were screened using phosphoimaging scanner FLA-3000and band intensities
were analyzed using AIDA image analyzer program for advanced image analysis (Advanced
Image Data Analyzer v.3.52, 2D densitometry).

5.12.3 Western transfer

Diredly following the SDS-PAGE proteins were transferred onto nitrocdlulose membranes
using the semi-dry eledro blotting tedhnique (Trnovsky, 1992. The gel was laid onto 6 sheds
of blotting-papers, soaked in anode buffer | (0.3 M Tris pH 10.4, 20% MeOH), 4 sheds
soaked in anode buffer 11 (25 mM Tris pH 10.4, 20% MeOH), the membrane rinsed in the
same buffer and covered by 6 sheds of blotting-papers in cathode buffer (25 mM Tris pH 7.5,
4 mM aminocgoronic aéd and 20% MeOH). The “sandwich’ was placel into transfer
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apparatus chamber. The working current was 0.8 mA per cm? of the gel for 1 hour. The
membranes were then stained with 0.5% Ponceau S in 1% acdic add, moleaular standard

marker positions were marked, and the membranes subjeded to further analysis.

5.12.4 Immunodecoration of proteins with antibodies

The nitrocdlulose membrane with bound proteins was sturated by 3x10 minutes wash in TN
(100 mM TrigHCI pH 7.5, 150 mM NaCl, 0.3% milk powder, 0.03% BSA) or in TTBS
buffer (100 mM TrigHCI pH 7.5, 0.9% NaCl, 1% BSA, 0.1% Tweea-20). The same buffers
were used for all following procedures. The membranes were seded in polyethylene bags and
incubated for 3 hours a RT or over night at 4°C with the gpropriate aitiserum, diluted
1:100Q Excess primary antibodies were then removed by 3x10 minutes washing and the
secondary antibody (goat anti-rabhit alkaline phosphatase wnjugate) in the dilution 1:10000
was applied to the membrane and incubated for 1 hour. Staining reac¢ions were performed in
100 mM Tri/HCI pH 9.5, 100 mM NaCl, 5 mM MgCl,, 0.035% NBT (w/v) and 0.0173%
BCIP (w/v).

5.12.5 General methods of protein biochemistry

Protein concentrations in solutions were roughly evaluated from the stained gels by
comparing protein bands to protein weight standards. More predse determination of protein
concentration was performed using the Bradford Bio-Rad reagens. To predpitate proteins
from diluted solutions, 10% final concentration of TCA (w/v) was added to samples and
incubated for 20 minutes on ice, followed by 15 minutes centrifugation at 25,000xg. Samples

were neutralized by Tris-base, as demanded by experimental conditions.

5.12.6 Fluorography
FHuorography was applied for the purpose of enhancing of wed radioadive signals after the
SDS-PAGE, before drying the gel and exposing it on an x-ray film. Two methods were used.
After destaining, gel was incubated 4 times 10 minutes in DM SO, 30 minutes in 20% PFO in
DM SO, washed 2 times 15 minutes in water prior to drying and exposure on a film.

Another approad used was washing a gel after destaining 2 times for 15 minutes in
water, incubating 20 minutes with 16% (w/v) Na-sdicylate and drying (without washing in
water).
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6 Results

6.1 Import properties of the inner membrane protein Tic110

6.1.1 Import of Tic110 and pSSU-Tic110N-mSSU

In vitro trandation of Ticl10resulted in two products, one aound 95and another around 120

kDa (Figure 4A, lane 1). Trandation of pS-110N-SSU resulted in a single band of around 56
kDa (Figure 4A, lane 3). Both radioadively labelled Ticl10 trandation products were
imported into chloroplasts under the standard conditions (see sedion 5.6.1) and the lower
product probably represents a version of Ticl10truncaed at the C-terminus. The differencein
Size between the preaursor and the mature form of the protein corresponded to the transit
sequence of 3.9 kDa that was removed by the stromal processng peptidase upon import into
chloroplasts (Figure 4A, lane 2). Thermolysin posttreament of the diloroplasts removed the
preaursors bound to the organellar surface leaving only proteded, mature forms of proteins
intad. Both mature forms of Tic110 were proteded from thermolysin degradation, indicaing
that the mature TicllO0 is locdized inside dloroplasts (Figure 4A, lane 2). The hybrid
construct pS-110N-SSJ was imported into pea dloroplasts under the standard conditions as
well. Its mature part, ladking the presequence of around 6.5 kDa, was proteded from
thermolysin degradation (Figure 4A, lane 4).

The pulse-chase import experiment was performed to observe the import intermediate
forms and to investigate their energy requires. Import of radioadively labelled trandation
products pTicl10and pS-110N-SSJ has been performed for 2 minutes at 25°C. Chloroplasts
were pelleted and reisolated in the fresh import mix containing thermolysin in the
concentration of 0.5 pug per pug chlorophyll to remove preaursors just bound to the diloroplast
surface Chloroplasts were reisolated and finaly incubated in the presence or the dsence of
3mM ATP. The adition of ATP was esentia for the cmmplete incorporation of soluble
Ticl1l0and pS-110N-SSUJ into the membrane. Under limiting ATP conditions, only a portion
of the proteins was imported into the inner envelope membrane (Figure 4B, lanes 2, 7, 11)
and mostly around 20% could be observed in the soluble fradion as luble stromal
intermediates (Figure 4B, lanes 3, 8, 12). In the presence of 3 mM ATP admost the etire
mature protein pool was inserted into the membrane (Figure 4B, lanes 5, 10 and 14 in
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comparison to 4, 9 and 13, while the lack of an energy source arested the soluble
intermediate in the stroma compartment. These results indicaed that the integration of
Ticll0and pS-110N-SSJ in the inner envelope is dependent on ATP.

A Ticl10 pS-110N-SU
1 2 3 4
m—» Moo ~ <P
L S <« m
B
Ticl10 SPLON-SJ
Chase: - - + o+ - - -+ 4+ - - + + ATP
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Figure 4. A. Tic110 and pS-110N-SSU import into pea chloroplasts. Import of *S-pTic110 and
%3-pS-110N-SU was performed for 15 minutes at 25°C, in the presence of 3 mM ATP. After import,
samples were treated by thermolysin (lanes 2 and 4). Lanes 1 and 3 indicate 1/10 of the trandation
products. B. Chase of Ticl10and pS-110N-SSU. **S-pTic110and *S-pS-110N-SU were incubated
with intact pea chloroplasts for 2 minutes at 25°C, in the presence of 3 mM ATP (pulse). After this
time chloroplasts were transferred to the new import mix either in the presence of 0.5 g thermolysin
per pg chlorophyll (lanes 2-5, 11-14) or without thermolysin (lanes 7-10) for 10 minutes on ice. After
this treatment, chloroplasts were reisolated on a Percoll cushion, washed and resuspended in the
import mix containing 3 MM ATP (lanes 4, 5, 9, 10, 13, 14) or without ATP (lanes 2, 3, 7, 8, 11, 12)
and incubated for 10 minutes at 25°C. After import, chloroplasts were separated into the membrane
(M) and soluble (S) fractions. Lanes 1 and 6 represent 1/10 of the translation product used for the
import reaction. Precursor (p) and mature (m) forms of Tic110 and pS-110N-SSU are indcated by
arrows.

The stromal intermediates that were observed for both imported proteins represent the mature
forms: Ticl10and 11ON-SSJ. To confirm that the remova of their transit sequences occurs
in the stroma, pTicl10and pS-110N-SSJ were subjeded to a stromal processng. Chloroplast
stroma was isolated (sedion 5.8) and incubated together with the radioadively labelled

35



6 Results

Ticl110 and pS-110N-SSU for 90 minutes at 26°C. Ticl110 and pS-110N-SSJ were both
processd by the stromal extrad (Figure 5).

Ticl10 $1ION-SJ pS)
Tp SP Tp SP Tp SP

gl . =
el

Figure 5. Processng o Ticl1l0 and pS-110N-SSU by the stromal extract. Stroma was isolated
from pea chloroplasts and incubated with radioactively labeled translation products **S-pTic110,
S pS-110N-SU and *S-pSU as a cortrol, for 90 minutes at 26°C. Reactions were stopped by
addtion d Laemnli buffer and samples were analyzed by SDS-PAGE. Tp indcates 2 pl of the
correspondng tranglation product and SP 2ul of the correspondng translation product after
procesing. Mature forms: Ticl10, 110N-SSJ and SJ, appearing after the processng by the stromal
processng peptidase, are indicated by arrows.

6.1.2 Soluble stromal import intermediates
In order to follow the import of Ticl10 through different chloroplast compartments on a
time-scde, a standard import reac¢ion was performed in the presence of 3 mM ATP. After
0.5, 2, 5, 10 and 20 minutes the readion was gfopped by transfer to ice and reisolated
chloroplasts were separated into the membrane and soluble fradions (sedion 5.6.2.1).
Changing the import duration led to the gpeaance of the stromal intermediate found in
the soluble fradion, the amount of which increased during the first five minutes of import
(Figure 6, lanes 5, 7, 9). After this time the cncentration of the soluble intermediate in the
stroma deaeased (Figure 6, lanes 11, 13) becaise of its re-export into the membrane.
Enrichment of the membrane fradion with mature proteins could be observed with time
(Figure 6, lanes 4, 6, 8, 10, 12). The appeaance of the soluble intermediate was observed
aready after 0.5 minutes of import (Figure 6, lane 5) and its ratio to the membrane-bound
form increased to read the maximum value between 2 and 5 minutes (Figure 6, lanes 7, 9).
After this time, the soluble stromal intermediate progressvely moved to the membrane

fradion, and nealy no intermediate was observed after 20 minutes of import (Figure 6, lane
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13). The described experiment enabled us to follow the import pathway of Tic110 through
the dhloroplast envelopes to the stroma, where its transit peptide was removed by the stromal

processng peptidase (Figure 5), to the re-export into the inner envelope, to its final location.

- + + 4+ + + + + + + +ATP
20 50 2 5 10 20 min
Tp M S M S M § M S M S M S
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Figure 6. Time-scale import of Ticl10and pS-110N-SU. *S-pTic110 and **S-pS-110N-SSU were
incubated with intact pea chloroplasts using the standard condtions, for 0.5-20 minutes at 25°C. 3 mM
ATP (lanes 4-13) or no NTPs (lanes 2-3) were used in the import mix. After import chloroplasts were
separated into the membrane (M) and soluble (S) fractions. Lane 1 indcates 1/10 of the translation
product used for the import reaction. Precursor (p) and mature (m) forms of Ticl10and pS-110N-SU
are indcated by arrows.

A control experiment without the aldition of ATP in the import mixture (Figure 6, lanes 2
and 3) indicates that the import into the stroma needs higher amounts of ATP. Comparing the
ratio between soluble and membrane-associated forms of Tic110 on a time-scde, it appeas
that most of the protein was found in the membrane fradion. These results imply that the
processng of Ticll0 is a very fast process The mature Ticl10 visible under the ATP-
depletion probably represents only the portion of Tic110that is arrested in the inner envelope
membrane trandocon, rather than completely trandocated to its final position. In such state
the protein can ill be processed by the stromal processng peptidase, by extruding its
N-terminal presequencetowards the stroma.

After 2 minutes of import the ratio between the soluble and the membrane-bound form
of pS-110N-SSJ was around one (Figure 6, lanes 6 and 7). The same ratio for Tic110 never
exceaded 0.15 to 0.20. The import conditions under which the highest soluble to membrane

protein ratio was obtained were mnsidered the most suitable for further investigations of the
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energy requirements of Tic110 and 11(N-SSU for subsequent re-export from the stroma to
the inner membrane. For this purpose, radioadively labelled preaursors pTicll0 and
pS-110N-SSJ were incubated with intad pea tloroplasts corresponding to 20 ug
chlorophyll, in the import mix containing 3 MM ATP for 2 minutes at 25°C. After 2 minutes
chloroplasts were pelleted and resuspended in a new import mix containing ATP, GTP, PEP,
or non-hydrolyzable ATP homologs AMP-PNP and ATP-y-S, as described in sedion 5.6.1.1.

NnoNTP ATP GTP EP  AMP-PNP
Tp M S M S M § M S M S

el - DR Al RS .. Tic110
L [ | o |
¥ S | - — p—
- = — [re— —
1 2 3 4 5 6 7 8 9 10 11
PS-100N-SSU

Figure 7. Energy requirement for the re-export of Ticl110 and pS-110N-SSU. Both radioactively
labeled proteins were imported in the standard import reaction at 25°C in the presence of 3 mM ATP.
The import was arrested after 2 minutes and the chloroplasts were transferred into a new import mix
containing either no NTPs (lanes 2 and 3), 3 mM ATP (lanes 4 and 5), 3 mM GTP (lanes 6 and 7), 3
mM PEP (lanes 8 and 9) or 5 mM AMP-PNP (lanes 10-11). Samples were incubated for 5 minutes on
ice followed by 10 minutes of import at 25°C. After import chloroplasts were separated into the
membrane (M) and soluble (S) fractions. Lane 1 represents 1/10 of the translation product used for the
import reaction.

Using this approach the soluble stromal intermediate, visible dter 2 minutes of import (Figure
6, lane 7), could be investigated. After addition of 3 mM ATP, al (Ticl110 or nealy all
(pS-110N-SJ) soluble intermediates were re-exported to the membrane (Figure 7, lanes 4
and 5), while in the presence of other energy sources the soluble form could be trapped to a
catain extent (Figure 7, lanes 3, 7, 9, 11). The highest ratio between the soluble intermediate
and the membrane fradion of the protein was observed after addition of GTP and AMP-PNP
(Figure 7, lanes 7 and 11respedively), that was espedally obvious for pS-110N-SSUJ import.
ATP-y-S aone or in the cmmbination with AMP-PNP provided the same result as AMP-PNP
(data not shown). The observation that GTP and GMP-PNP provided the highest ratio
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between the soluble and the membrane portion of the protein was used for the isolation of
larger quantities of soluble stromal intermediates Tic110 and 110N-SSU for the purpose of
immunopredpitation with stromal chaperones (sedion 5.11). To further improve the quantity
of the soluble stromal intermediate, imports were performed under different temperature, time
and ATP conditions (data not shown).

Several combinations of conditions resulted in the highest soluble to membrane fradion
ratio of Ticll0and 11N-SSJ. 3.5 minutes of import at 25°C in the presence of 3 mM ATP
were dosen for further experiments (Figure 8, lane 7). To investigate the interadion of the
soluble intermediates with the stromal chaperones first the attibodies against Hsp93 and
Hsp70had to be produced.

0 D % 5) D min

" | Tic110

e T

- "'"‘----‘

pS-110N-SSU

Figure 8. Import conditions used for the isolation of the soluble stromal intermediate. **S-Tic110
and *S-pS-110N-SSU were incubated with intact pea chloroplasts using standard condtions, for
0.5-5.0 minutes at 25°C, in the presence of 3 mM ATP. After import chloroplasts were reisolated ona
Percoll cushion, washed, and separated into the membrane (M) and soluble (S) fractions. Lane 1
indicates 1/10 of the trandation product used for the import reaction.

6.1.3 Purification of stromal chaperone Hsp70

Stroma of Pisum sativum contains at least two isoforms of the Hsp70 family: proteins CSSL
and S78 (Kesder and Blobel, 1996. The population of stromal Hsp70s was isolated from pea
by diread coupling of freshly isolated chloroplast stroma to an ATP-agarose matrix, as
described in sedion 5.9. The adlity of the daperones to bind ATP was used for their
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purification. Hsp70 was eluted from the ATP-agarose matrix by incressed ATP concentration
and colleaed fradions were andyzed by SDS-PAGE (Figure 9A). The resulting protein
fradion was highly pure and no further purification was required (Figure 9A, B). The purified
protein was concentrated to 1 mg/ml and used for antibody production. Antibodies were
tested on chloroplast stroma and puified protein (Figure 9C).
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Figure 9. Purification of Hsp70 from chloroplast stroma. A. Freshly isolated stroma from pea
chloroplasts was coupled to an ATP-agarose. 20 pl of low molecular weight marker is in lanes 1 and
15, 1/1000 of the flow through after coupling to the ATP-agarose is in lane 2. Lanes 3-5 represent
0.65% of washes with buffer Al, buffer B and buffer A2, respectively. Lanes 6-14 represent the
eution fractions, 1/20 volume of each. B. Hsp70 combined from eutions 1, 2 and 3 (lanes 6-8 in A)
from many purifications was concentrated to 1 mg/ml, using Amicon Microcon centrifugal filter
devices (lane 2 contains 5 pl). 20 pl of low molecular weight marker isin lane 1. C. Testing of Hsp70
antibodies produced in rabbit. 7.5 pl of chloroplast stroma (lanes 1 and 3) and 0.5 pg o purified
Hsp70 potein (lanes 2 and 4) were analyzed by SDS-PAGE and western transfer and subsequent
immunodecoration with a-Hsp70antibodes (lanes 1, 2) or with the preimmune serum (lanes 3, 4).

6.1.4 Overexpression and purification of the stromal chaperone Hsp93

Hsp93 was overexpressed under conditions described in chapter 5.10.1 (Figure 10A).
Overexpressed protein was tested for solubility and its biggest portion was isolated as
inclusion bodies (Figure 10B). Overexpressed Hsp93 potein was further purified under
denaturing conditions. After solubilizaion in 8 M Urea pH 8.0 to 8.5, the sample was
centrifuged and the supernatant filtered and puified uwsing the aiion-exchange
chromatography ResourceQ and MonoQ columns (Akta, Amersham Biosciences). Absorption
spedrum at 280 nm was measured and fradions of 0.5 ml corresponding to ead observed
pesk were mlleded and analyzed by SDS-PAGE (Figure 11A-C).
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Figure 10. Overexpresdon of Hsp93. A. Hsp93 was overexpressd in E. coli BL21(DE3) pRosetta
competent cells, for 3 haurs at 30°C. B, sample before induction; A, sample after 3 h of expresson,
and M, 20 pl of high molecular weight marker. B. After overexpresson, bacteria were lysed and
peleted. The soluble (S) and pdlet (P) fractions were analyzed by SDS-PAGE. O, sample after
overexpresson; S5 and S20 indicate 5 and 20 pl of soluble portion d Hsp93 and P5 and P20, 5 and
20 pl of nonsoluble portion d Hsp93 respectively.

Purified protein was concentrated to 1 mg/ml and used for antibody production. Antibodies
were tested on chloroplast stroma and puified proteins (Figure 11D).
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Figure 11. Purification of overexpressed protein Hsp93. A. After solubilizationin 8 M urea, Hsp93
was purified using anion-exchange ResourceQ column. The sample was washed with 50 mM NaCl in
TrigHCI pH 8. 1/10 of the wash fractions was loaded onthe gd (lanes 2-4). Elution was performed
using the gradient ranging from 50 mM to 700 mM NaCl in Tri/HCI pH 8. 1/10 of the fractions
correspondng to the peak region (400550 mM NaCl) were analyzed by SDS-PAGE (lanes 5-14).
Lane 1 indcates a mixture of high and low molecular weight marker, 10 ul each. B. Concentrated
sample after purification using ResourceQ column, 1 and 3 pl were analyzed by SDS-PAGE (lanes 2
and 3, respectively). Lane 1 indcates 10 ul of high molecular weight markers. C. After purification on
MonaQ column samples were concentrated using Milli pore membrane filters with the pore size of
30kDa and prepared for antibody production in the final concentration d 1 mg/ml. 2 and 1 ul were
analyzed by SDS-PAGE (lanes 1 and 2, respectively). D. Testing of Hsp93 antibodies produced in
rabbit. 7.5 pl of chloroplast stroma (lanes 1 and 3) and 0.5 ug o purified Hsp93 potein (lanes 2 and
4) were loaded on SDS-PAGE and analyzed by western transfer and subsequent immunodecoration by
a-Hsp93antibodies (lanes 1, 2) or by preimmune serum (lanes 3, 4).
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6.1.5 Immunoprecipitation of Tic110 by stromal chaperones

It has been observed that the native psTic110 associates reversibly with the Hsp93 and Cpn60
chaperones of the diloroplast stroma (Nielsen et a., 1997, Kesder and Blobel, 1996. It has
been proposed that Tic110 together with Hsp93 and Tic40 most likely functions at a later
stage of protein transport aaossthe inner envelope, at the stromal side, by reauiting Hsp93 a
proposed ATP-dependent import motor (Chou et a., 2003 Kikuchi et al., 200§. To
investigate whether Ticl10 interads with those daperones during its own import into
chloroplasts, for aquiring the native nformation in the stroma, conditions for
co-immunopredpitation of soluble intermediates with stromal chaperones were established.

A B C
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Figure 12. Co-immunoprecipitation of Ticl110by stromal chaperones Hsp93 and Hsp70. A. Inner
envelope vesicles correspondng to 20 pg protein were solubilized and incubated with a-Hsp70 and
a-Hsp93 antibodies for 90 minutes at RT. Antibodes were bound to ProteinA-Sepharose matrix
during the subsequent 90 minutes incubation, rotating at RT. After washing and eution, samples were
disolved in Laemmli buffer and solubilized inner envelope (i), 1/20 of the flow through after
incubation with Protein A-Sepharose (ft), 1/10 from the last wash (w), and the dution (€) were
analyzed by SDS-PAGE, western-blotted and immunodecorated with a-Ticl110 antibodes. B. The
same periment performed using solubilized chloroplasts correspondng to 200 pg chlorophyll per
reaction. C. In a control reaction with the preéimmune serum against Hsp70, as well as Hsp93
chloroplasts (lane 1), inner envelope vesicles (lanes 2 and 3) and egg albumine (lane 4) were tested for
interaction specificity and dution fractions analyzed by SDS-PAGE, western transfer and
immunodecoration with a-Ticl10antibodes.

Intad chloroplasts or inner envelope vesicles were solubilized with 1.5% DeMa ad
immunopredpitation using antibodies raised against stromal chaperones Hsp70 and Hsp93
a-Hsp70 and a-Hsp93 was performed (sedion 5.11). Antibodies against Hsp70, as well as
Hsp93 interaded with Hsp70 and Hsp93 insde the inner envelope vesicles and
co-immunopredpitated Ticl10 bound to those daperones. The size of the bands gown
corresponded to the size of Ticl110 and was recognized by a-Tic110 antibodies (Figure 12A).
This observation was confirmed by the analysis of solubilized chloroplasts (Figure 12B).
Immunodecoration of preimmune serum control reaction with a-Tic110 antibodies did not

show any signal, implying that the interadions between Tic110and chaperones were spedfic.
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Figure 13. Co-immunoprecipitation of stromal intermediates of Ticl1l0 and 110N-SSU by
stromal chaperones. **S-pTic110 and *S-pS-110N-SSUJ were incubated with intact pea chloroplasts
correspondng to 20 pg chlorophyll for 3.5 minutes at 25°C, in the presence of 3 mM ATP. After
import, chloroplasts were reisolated on a Percoll cushion, washed and separated into the membrane
and soluble fractions. A. The soluble stromal intermediates **S-Tic110 and **S-110N-SSU were
dislved in IP buffer and incubated with antibodes raised against stromal chaperones: a-Hsp70,
a-Hsp93 a-Cpn60 and a-OEP16 as a control, 0.5 % egg albumine, and 0.3% DeMafor 1 hour at RT.
Antibodes were collected using Protein A-Sepharose. The flow through after the incubation with
Protein A-Sepharose (ft), the third wash (w) and the dution with Laemmli sample buffer (€) were
analyzed by SDS-PAGE. The pdlet and the supernatant after 3.5 minutes of import were loaded in
lanes 1 and 2. Tp indicates 1/10 of the trandation product used for each experiment. B. The membrane
fractions of **S-Tic110and *S-110N-SSU were solubili zed in 1.5% DeMa and subsequently dissolved
in IP buffer and treated as described in A. Incubation was performed with antibodes raised against
stromal chaperones a-Hsp70and a-Hsp93.

As described previoudy (Figure 8), the import time of 3.5 minutes has been seleded for the
purpose of the isolation of the soluble stromal intermediates of Ticl10 and 11(N-SSU.
Radioadively labelled pTicll0 and pS-110N-SSJ were incubated with chloroplasts
corresponding to 20 pg chlorophyll, in a standard import readion containing 3 mM ATP, for
3.5 minutes at 25°C. After reisolation and washing steps, chloroplasts were separated into the
pellet and soluble fradions. Soluble stromal import intermediates of Tic110 and 11(N-SSJ
were subsequently incubated in immunopredpitation buffer with antibodies raised against
stromal chaperones Hsp70, Hp93 and Cpn60. Antibodies with bound proteins interaded with
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the Protein A-Sepharose, washed, eluted and analyzed by SDS-PAGE. Soluble Tic110 and
110N-SSJ were both immunopredpitated by al tested antibodies against stromal chaperones.
Hsp93 interaded with Ticl10 and 11(N-SSU to the greaest extent, while the binding to the
Hsp70 and Cpn60 was wedker. As a antrol, binding of the membrane fradion of Tic110and
110N-SSJ to stromal chaperones Hsp70 and Hsp93 was tested. The interadion of stromal
chaperones and the mature Ticl1l0 and 11(N-SSU incorporated into the inner envelope
membrane was very ved. This indicaes that Tic110interads with stromal chaperones during
its own import, before reinsertion into the inner envelope membrane. A dight binding to the
control protein OEP16 was ascribed to the badkground unspedficity (Figure 13, lane 15).

6.2 Import properties of the chloroplastic intermembrane space
proteins Tic22 and MGD1

To investigate import charaderistics of the intermembrane spaceproteins Tic22 and MGD1,
in vitro import experiments have been performed using *°S-labelled preaursor proteins,
synthesized in the reticulocyte lysate system. It has been reported that Tic22 can be imported
in vitro into pea dloroplasts, though a a very low rate (Kouranov et a., 1999. Tic22
contains a 6.3 kDa long chloroplast-targeting presequence that direds it to its fina
locdizaion in the intermembrane space Two homologues of Tic22 were found in
A. thaliana genome: At3g23710 and At4g33350. At4g33350 is homologous to P. sativum
psTic22 and has been used in this reseach. Import properties of MGDG synthases have not
been investigated yet. Using the ChloroP neural network-based program prediction method
(Emmanuelson et a., 1999 chloroplast transt peptides were predicted for the dass A
MGDG synthases (Figure 14). MGDL1 from A. thaliana used in this reseach belongs to the
class A of MGDG synthases and contains a predicted presequence of 106 amino adds
(112 kDa). Alignments using the ClustalW program (Thompson et al., 1994 showed that the
identity between the complete amino add sequences of aaMGD1 and cucumber or spinach
MGDG synthases is around 70% and homology around 90%. By contrast, comparison of the
classA MGDG synthases to the &M GD2 and atM GD3 shows much lower homology (around
70% homology and lessthan 50% identity).

Radioadively labelled preaursors of Tic22 and MGD1 were incubated with intad
chloroplasts in the presence of 3 MM ATP. This concentration of ATP is aufficient to allow
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Figure 14. Comparison of amino acid sequences of cDNA encoding MGDG synthases from
spinach, cucumber and Arabidopsis. The MGDG synthase sequences from Arabidopsis thaliana,
aaMGD1 (Ugt81A1), aaMGD2 (Acc. No. AJ00033), atMGD3 (BAC F7E22); Cucumis sativa,
csMGDA (Acc. No. U62622); and Spinacia oleracea, SSMGDA (Acc. No. AJ249607) were compared
with CLUSTAL W multiple sequence alignment program (Thompson et al., 1994). The transit peptide
cleavage site for the cucumber MGDG synthase upstream of Gly 104 has been determined (Shimojima
et a., 1997 and for aaMGD1 upstream of Gly 107 was predicted as the cleavage site (Miége ¢ al.,
1999, indcated by the arrow. The amino acid numbers garting from the initiation methionine are

indcated. Seven putative a-hdices are boxed in gay. *

conservation d strong goups; . —conservation d weak groups.

- sinde, fully conserved residues;
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6 Results

complete trandocaion of proteins to any destination inside dloroplasts. After import
chloroplasts were treded with thermolysin to remove proteins that were just bound to the
chloroplasts surface Thermolysin should not penetrate the outer envelope membrane in the
concentration used for these experiments. Only the intermembrane space, inner membrane-,
and stromarlocdized proteins remain proteded after thistreament.

Only about 3% of pTic22 was processed to its mature form after import, visible &
22 kDa radioadive signal (mTic22), compared to the 285 kDa preaursor protein (pTic22,
Figure 15, lanes 1-3). After posttreament of chloroplasts with thermolysin (0.5 pg per 1 ug
chlorophyll), 50% of mature Tic22, as well as 50% of preaursor form remained intad,
proteded from the protease adion. On the other hand, treament of the trandation product
with equivalent amounts of thermolysin led to the complete degradation of Tic22 (Figure
17A, lane 1). The experiments using a higher thermolysin concentrations reveded the same
result, with around 50% protedion from thermolysin treament (compared to the import
intensity without pretreagment). These results indicae that the observed forms are indeed
imported into chloroplasts. A significant portion of a bound preaursor of Tic22 that is
proteded from thermolysin digestion was probably trandocaed aaoss the outer envelope
membrane, but at this ¢age not yet processd to the mature form.

Tig22 mTic22 Tic22AC
-+ Tp - + Tp - + Th

Tp

TiC22— P> | —

pa——_ <4—Tic22AC

mTic22 —» T — e

1 2 3 4 5 6 7 8 9

Figure 15. AtTic22 is imported into pea chloroplasts. In vitro synthesized **S-pTic22 (lanes 1-3),
%S mTic22 (lanes 4-6) and **S-Tic22AC (lanes 7-9) were incubated with isolated intact chloroplasts at
25°C for 20 minutes, in a standard import reaction containing 3 mM ATP. After import, samples were
reisolated ona Percoll cushion and treated with thermolysin (lanes 3, 6 and 9). Results were analyzed
by SDS-PAGE. Lanes 1, 4 and 7 represent 1/10 of the translation products used for the import
reactions. The positions of pTic22, mTic22 and Tic22AC are indcated by arrows.

Import of the mature form of Tic22 could not be observed to any extent (Figure 15, lanes
4-6), indicaing that the presequence is essential for succesdul targeting and trandocation of
Tic22 to the intermembrane spaceof chloroplasts. The construct ladking 44 C-termina amino
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aads was imported succesdully into the intermembrane space (Figure 15, lanes 7-9). These
results $ow that the C-terminus is not important for targeting and final positioning of Tic22,
but instead, the mmplete targeting and locdizaion information is located in its N-terminal
targeting presequence

Import of the radioadively labelled pMGDL1 into intad pea dloroplasts resulted in the
mature, thermolysin-proteded product of around 45 kDa. Import was observed arealy
without externally added ATP, but only after addition of 3 mM ATP the mature form was
proteded from thermolysin digestion (Figure 16A, lane 6 in comparison to lane 4).

A B
1 2 3 4 5 6 1 3 4 5 6
Tp Tp - - + + Tp - - + + ATP
- + - + - + - - + - + Th

‘\

— | 4

= — —
Figure 16. Import of atMGD1 into pea chloroplasts. A. In vitro synthesized *S-pMGD1 was
incubated with isolated intact pea chloroplasts at 25°C for 20 minutes, in a standard import reaction.
Lane 1 represents 1/10 of the the trandation product used for the import. In lane 2 tranglation product
was treated with thermolysin. Import was performed in the absence (lanes 3, 4) or presence (lanes 5, 6)
of 3 mM ATP. After import chloroplasts were reisolated on a Percoll cushion and subjected to the
treatment with 0.5 pg thermolysin per pg chlorophyll (lanes 4, 6). Untreated samples are shown in
lanes 3 and 5. Results were analyzed by SDS-PAGE. B. Import of pMGD1 performed in the presence

of 80 mM K;PO,. Precursor protein (pMGD1), mature form (mMGD1) and typical thermolysin
degradation pattern (Th) areind cated.

Thermolysin digestion of the trandation product reveded a typicd pattern (indicated as Th in
Figure 16) that was always present after the thermolysin treament of chloroplasts after
import, as well as after treament of the trandation product. Aiming to improve the low
MGDL1 import efficiency, the results from Hirsch and Soll (1995 were considered, since they
showed that the import of an inner chloroplast envelope protein of 96 kDa is grealy
stimulated by addition of potassum phosphate.

Though this method did not improve import of Tic22, it gredly stimulated import of
MGD1. Addition of potassum phosphate buffer (80 mM, pH 7.6) increased the import
efficiency of the previously observed 45 kDa form, as well as its other form that was running
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dightly higher on SDS-PAGE (Figure 16B, lanes 5 and 6). The exad size of the mature forms
of MGD1 was hard to determine because of its gretched and smeaed shape. The observed
bands most likely represent two forms of the same mature MGD1 and both show the same
import behaviour. The lower, sharper and thinner, band represents a portion of mMMGD1 that
is pressed by the running behaviour of the large subunit of RubisCO and the upper, stretched
and smeaed, one was considered to indicae aportion of the mature MGDL1 that is associated
with lipids. 80 mM KPi buffer was used in all subsequent import experiments with MGD1.

Import of MGD1 into spinadch chloroplasts was performed as well, becaise Spinacea
oleracea as a 16:3 plant is expeded to share more smilarity with Arabidopsis thaliana
conceaning MGD1 import properties and topology than with the 18:3 plant Pisum sativum.
Import into intad spinach chloroplasts, performed using the same cnditions as for peg gave
the same result as $own in Figure 16. All subsequent import experiments have been
performed in pea because of the established conditions for peagrowth and methods for intad
chloroplasts and envelope isolation in our laboratory that could provide quditatively and
quantitatively uniform results.

6.2.1 Energy dependence of Tic22 and MGD1 import

Binding and spontaneous insertion into the diloroplast outer envelope membrane ae the only
steps of the protein import pathway that do not require energy in the form of ATP. For
trandocation of a protein aaoss the outer envelope to the intermembrane space or to the
inner envelope and into the stroma, 50 uM to 1 mM ATP are required. The dfed of an
increase of externally added ATP on the import of Tic22 and MGD1 was tested in this gudy.
Protein preaursors were synthesized in reticulocyte lysate, a system that aso contains an ATP
regenerating system. This ATP can ke depleted from trandation products using gel filtration,
apyrase treament, hexokinase asay or combination thereof (as described in sedion 5.5.1).
Intad pea plants were kept in the dark over night prior to chloroplast isolation and isolated
chloroplasts were kept in the dark for at least 30 minutes prior to import. These incubations
minimized the production of interna nucleoside triphosphates insde the dloroplasts by
photophosphorylation, as well as cabohydrate metabolism. The import readion was
incubated in the dark for the same reason. Consequently, only the externally added ATP was
supposed to influence the import rates of proteins tested. As a wntrol for the energy state of
chloroplasts during the import readion, binding and import of pSSJ was monitored.
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Figure 17. ATP-dependence of Tic22 and MGD1 import. Import into intact pea chloroplasts was
performed by incubating in vitro synthesized *S-pTic22 or **S-pMGD1 with chloroplasts
correspondng to 20 pg chlorophyll, at 25°C in a standard import reaction in the dark. Results were
analyzed by SDS-PAGE. Tp represents 1/10 of the translation product used for import. A. The import
of **S-pTic22 tranglation product was performed in the presence of 3 mM ATP (lanes 5 and 6), 3 mM
GTP (lanes 7 and 8) or without NTP (lanes 3 and 4). Samples in lanes 1, 4, 6 and 8 were treated with
thermolysin after import. B. *S-pMGD1 trandation product was imported in the presence of
increasing concentrations of ATP (lanes 3-5) or GTP (lanes 6-8). All samples were treated with
thermolysin after the import reaction. C. For import, increasing concentrations of ATP, from O to 1000
MM (lanes 2-13) were used. After import chloroplasts were reisolated on a Percoll cushion and
incubated in the presence (lanes 3, 5, 7, 9, 11, 13) or absence (lanes 2, 4, 6, 8, 10, 12) of 0.5 ug
thermolysin per pg chlorophyil.

Radioadively labelled pTic22 and pMGD1 were imported into intad pea dloroplasts
corresponding to 20 ug chlorophyll, for 20 minutes at 25°C. Both Tic22 and MGD1 imported
into chloroplasts already at very low ATP concentrations, but the processed forms were
amost completely degraded by thermolysin arealy at the ealy time points (Figure 17C,
lanes 2-5). Import in the presence of GTP, as the only NTP added to the import readion, was
not observed for any of the proteins (Figure 17A, lanes 7-8 and B, lanes 6-8). Posttreament
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with thermolysin showed that a portion of the protease resistant mature form increases with
increasing ATP concentrations. After import of Tic22 into pea dloroplasts, two bands of
smilar size ould be distinguished. Since the lower one was removed by thermolysin
treament, only the upper one, which was changing its intensity in response to changed import
conditions, was considered as the mature form of Tic22.

1 2 3 4 5 6 7 8 9 10 11 12 13
r LN AR BN BN

- MGD1
- - e

e

Figure 18. Time dependence of Tic22 and MGD1 import. Import into intact pea chloroplasts was
performed using the standard protocol, by incubating in vitro synthesized *S-pTic22 and *S-pMGD1
with chloroplasts correspondng to 20 g chlorophyll at 25°C in the presence of 3 mM ATP. Thetime
of import reaction varied from 0 to 15 minutes (lanes 2-13). After import, chloroplasts were reisolated
on a Percoll cushion and incubated in the presence (lanes 3, 5, 7, 9, 11, 13) or the absence (lanes 2, 4,
6, 8, 10, 12) of 0.5 ug thermolysin per pug chlorophyll. Results were analyzed by SDS-PAGE. Lane 1
represents 1/10 of the translation product used for import.

Both forms observed for MGD1 showed the same ATP dependent import behaviour. After
addition of 100200 uM ATP, 50% of import was acomplished and 500 uM ATP was
required for adieving the maximal import rate (around 3% for Tic22 and up to 20% for
MGD1). Import experiments performed for various times using a standard import readion in
the presence of 3 mM ATP showed smilar behaviour for both proteins (Figure 18).
Sengitivity to protease treament deaeased with time for both Tic22 and MGDL.
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Figure 19. Comparison of ATP- and time-demands for import of Tic22, MGD1 and SSU. Import
into intact pea chloroplasts was performed using the standard protocol, by incubating in vitro
synthesized **S-pTic22 and *S-pMGD1 with chloroplasts correspondng to 20 pg chlorophyll, at
25°C. Paralld imports combining *S-pMGD1 and *SpSU, *SpTic22 and *S-pSU and
%3 pTic22 and *S-pMGD1, in the same reaction were performed. After import, chloroplasts were
reisolated ona Percoll cushion and all samples were treated with thermolysin. Results were analyzed
by SDS-PAGE. Lane 1 represents 1/10 of the translation product used for import. A. ATP-scale import
into intact pea chloroplasts was performed using increasing concentrations of ATP from 0 to 3000uM
(lanes 2-9) for 15 minutes at 25°C. B. Time-scale import into intact pea chloroplasts was performed
using increasing time from O to 20 minutes and 3 mM ATP at 25°C (lanes 2-9). C. ATP- and time-
dependent import reactions from five independent experiments were quantified and results presented

graphically.

The presence of high concentrations of ATP was sufficient for partial import of Tic22 even on
ice (Figure 18, lanes 2 and 3), while MGD1 started to import efficiently only after around 2.5
minutes (Figure 18, lanes 6 and 7). After 10 minutes the import of both Tic22 and MGD1 was
nealy completed (Figure 18, compare lanes 8 and 9for Tic22 and 10and 11for MGD1).

To gain a better insight into the arrelation between Tic22 and MGDL1, imports under
the influence of modificaion of ATP concentrations and time-scde were @mnducted, and to
get a better comparison of import needs between those two intermembrane space proteins,
parallel imports combining *°S-pTic22 and *S-pMGD1, **S-pTic22 and **S-pSU and
%5 pMGD1 and **S-pSU in the same readion were performed (Figure 19). Results obtained
by these experiments suggest that Tic22 imports into chloroplasts relatively quickly. Around
20% of total Tic22 imported, trandocaed without addition of external ATP (Figure 19A, lane
2) and the final maximal import rate was readied at 0.5 to 1 mM ATP (Figure 19A, lanes 7
and 8). The ATP-dependent import curve of Tic22 follows the one of the stromal protein
pSJ, indicaing that its import rate progresses in response to the incresse of ATP
concentration (Figure 19C). These results point to the conclusion that binding of Tic22 to
chloroplasts does not require ATP. Also, a smaller portion of the preprotein is imported into
chloroplasts under limited ATP conditions, but increase of the ATP concentration enhances
its import and enables its complete trandocation. In the presence of 3 mM ATP, adrealy after
5 minutes at 25°C, 80% of maximal import rate for pSSJ was readied (Figure 19B, lane 5,
Figure 19C). In contrast, Tic22 and MGD1 require 10 to 15 minutes and 3 mM ATP to
achieve the same import rate (Figure 19B, lanes 7 and 8, Figure 19C). More than 100 uM
ATP was required for efficient import of MGD1, but its maximal import rate was achieved at
0.5to 1 mM ATP, the same cncentrations as observed for Tic22.

At this point it could be concluded that the import of MGD1 is dependent on and highly
stimulated by ATP, while import of Tic22 is dependent on ATP hydrolysisto alesser extent.
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Figure 20. Pulse and chase of Tic22 and MGD1. Bindng to intact pea chloroplasts was performed
by incubating the in vitro synthesized **S-pTic22 and **S-pMGD1 with chloroplasts correspondng to
20 ug chlorophyll at 4°C in a standard import reaction lacking ATP. In the reaction mixtures
containing MGD1 80 mM K;PO, was added. After 2 minutes of bindng, chloroplasts were reisolated
and resuspended in the import mix containing 3 mM ATP, and import reaction was performed for
different times at 25°C (lanes 3-7). Reaction was gopped by addtion d Laemmli buffer and results
were analyzed by SDS-PAGE. The control reaction was performed onice (lane 2). Lane 1 indicates
1/10 of the trandation product used for the import reaction.

Different needs for energy of those two proteins suggest that they might use different
pathways for their import into chloroplasts.

Using a pulse-chase experiment (Figure 20), import behaviour of preaursor proteins and
arisng of mature forms can be followed. Radioadively labelled preaursors were incubated
with intad pea dloroplast in a standard import readion, using 20 pug chlorophyll. The
readion was incubated for two minutes on ice, without addition of ATP. Those anditions
dlowed binding of preaursor proteins to the protein import recetors on the diloroplast
surface After 2 minutes the diloroplasts were pelleted and reisolated in a fresh import
medium containing 3 MM ATP. The unbound preaursors were removed by this gep. After 1,
2, 4, 8, and 16 minutes import readions were stopped by addition of Laemmli buffer and
samples were analyzed by SDS-PAGE. After 4 minutes a significant increase in import rates
of both Tic22 and MGD1 proteins could be observed (Figure 20, lane 5). The maximal import

rate was adhieved between 8 and 16 minutes (Figure 20, lanes 6 and 7).
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6.2.2 Processing of the precursor proteins pTic22 and pMGD1

To addressthe question whether Tic22 and MGD1 use the same pathway for the trandocaion
into chloroplast, determination of where the processng of preaursor proteins takes placewas
attempted. The stromal processng peptidase is the only stroma-locdized enzyme known to
cleave signal peptides of preproteins in the course of the general import pathway (Abad et al.,
1989 Richter and Lamppa, 1999. To investigate whether this enzyme is responsible for the
processng of pTic22 and pMGD1, chloroplast stroma was isolated, and a stromal processng
assay performed as described in the sedion 5.8. It was observed that pMGD1, as well as the
control protein pS3J, was processed to its mature form in the presence of the stromal extraa
(Figure 21, indicated by arrows). After processng of pMGD1, a band of around 45 KDa wuld
be observed (Figure 21, lanes 5 and 6). When chloroplasts were added to the sample to
provide alipid environment, the same pattern was observed as during the import of MGD1
(Figure 21B, lanes 3 and 4).
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Figure 21. pMGD1, but not pTic22, is procesed by the stromal processng peptidase. A. Stroma
was isolated from pea chloroplasts and incubated with radioactively labdled translation products
¥3SpTic22, *¥*S-pMGD1 and **S-pSU for 90 minutes at 26°C. Reactions were stopped by addtion d
Laemmli buffer and samples were analyzed by SDS-PAGE. Lanes 1, 4, and 7 represent 2 pl of the
correspondng trandlation products, and lanes 2-3, 5-6 and 8-9 represent 2 and 3 pl of the processd
trandation product. Mature forms of MGD1 and SSJ, appearing after processng by a stromal
processng assy, are indcated by arrows. B. After the stromal processng d *S-pMGD1, 5 ug o
chloroplasts were added to the reaction, prior to the addtion d Laemmli buffer. The lipid-associated
form of MGD1 could be observed under those condtions.

The failure of the stromal extrad to processthe pTic22 (Figure 21A, lanes 2 and 3) led to the
conclusion that Tic22 and MGD1 might use distinct pathways at a later stage of their import
into the intermembrane space In this sheme, MGD1 could transverse the Tic-madinery and
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expose its N-terminal presequence to the stroma, where it is being cleaved and the mature

protein is subsequently pulled bad to its final locaion in the intermembrane space

6.2.3 pTic22 and pMGD1 depend on proteinaceous components on the
chloroplast surface for their import

Import of preaursor proteins into chloroplasts requires protesse-sensitive cmponents on the
outer envelope membrane. Thermolysin pretreament can remove protein receptors on the
chloroplast surface by proteolytic degradation. After this treament, import of preaursor
proteins that require intad proteinaceous components sould be inhibited. Intad chloroplasts
were treaged with 1 mg thermolysin per 1 mg chlorophyll for 30 minutes on ice in the dark.
After treament, intad chloroplasts were reisolated on a Percoll gradient in the presence of
5mM EDTA and used for import reacdions. In parallel, non-treaed chloroplasts were used in
control reacions. The radioadively labelled pTic22, pMGD1 and the control protein pSJ,
which import is known to be dependent on thermolysin sensitive components on the
chloroplast surface were incubated with chloroplasts corresponding to 15 pg chlorophyll at
25°C for 10-12 minutes for pTic22 and pMGD1, and 5 minutes for pSSJ. The experiments
resulted in a significant effed of the thermolysin pretreament on import of all tested proteins
(Figure 22). The import yield of pSSU after thermolysin pretreament was reduced to 30%, of
pTic22 to 40% and of pMGD1 to 50% (Figure 22B and C), indicaing that all these proteins
need protein receotors on the dloroplast surface for the initial step of their import into
chloroplasts.

6.2.4 pTic22 and pMGD1 compete with pOE33 for import into isolated pea
chloroplasts

Import competition experiments were performed by binding of a single concentration of
labelled trandation product in the presence of various concentrations of unlabelled competitor
protein. For the unlabelled competitor protein, like the oxygen-evolving complex preaursor
protein pOE33 uwsed in this gudy, the import pathway is known. pOE33 wses the generd
import pathway through Toc- and Tic-complexes for its import into chloroplasts. Therefore,
different concentrations of overexpressed and freshly purified pOE33 were alded to a
standard import readion.
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Figure 22 Import of pTic22 and pMGD1 is inhibited by thermolysin pretreatment of
chloroplasts. A. For import, intact chloroplasts were used that were dther pretreated (lanes 6-9) or nat
treated (lanes 2-5) with 1 mg thermolysin per 1 mg chlorophyll. Import of **S-pTic22, *S-pMGD1
and **S-pSU into intact pea chloroplasts correspondng to 15 pg chlorophyll was performed for 15
minutes at 25°C for pTic22 and pMGD1, and 5 minutes for pSJ. After import chloroplasts were
ether subjected to thermolysin posttreatment (lanes 3, 5, 7, 9) or nat (lanes 2, 4, 6, 8). Lane 1
represents 1/10 of the trandation product used for import. B. Graphical presentation d the influence of
thermolysin pretreatment of chloroplasts on import of pTic22, pMGD1 and pSSJ, derived by 2D
densitometry evaluation (AIDA image analyser) of five indegpendently performed experiments for each
protein. C. Direct comparison d the dfect of thermolysin pretreatment on import of pTic22, pMGD1
and pSU, based onthe results presented in B.
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Figure 23. pTic22 and pMGD1 compete with pOE33 for import into chloroplasts. A. Increasing
concentrations of overexpressed protein pOE33 (lanes 2-6) or its mature form mOE33 (lanes 7-10)
were added into the import mix prior to import of **S-pTic22, *S-pMGD1 and *S-pSJ into intact
pea chloroplasts correspondng to 15 g chlorophyll. Import reaction was performed for 12 minutes at
25°C for pTic22 and pMGD1 and 5 minutes for the pSSJ control. After import, chloroplasts were
subjected to thermolysin posttreatment. Lane 1 represents 1/10 of the trandation product used for
import. B. Graphical presentation d the results presented in A, estimated on the basis of five
independently performed competition experiments. C. Direct comparison d pOE33 competition eff ect
onimport of pTic22, pMGD1 and pSSJ, based onthe results presented in B.
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Radioadively labelled pTic22, pMGD1 and pSSU trandation products were incubated in the
presence of increasing concentrations of pOE33 (up to 10 uM). The import readion lasted
10-12 minutes for pTic22 and pMGD1 and 5 minutes for pSSU.

Chloroplasts were alded into the readion mixture & the very end to avoid
non-competitive import readions of any of the proteins before d components of interest were
added. Mature OE33, mOES33, was used as the negative wntrol for this readion. Because it
lacks the presequence it cannot be reaognized by the Toc-complex and cannot use the general
import pathway. The results $ow that pOE33 exhibits the strongest effed on the import of
pSJ, where gplicaion of just 1 uM pOE33 caused the deaease in import yield of about
75% (Figure 23). 2uM of pOE33 inhibited import of pTic22 to 50%, and after the gplication
of 10 uM inhibitor only around 23% residual import remained. For pMGDL1 this effed was
dightly different. The maximal inhibition observed after applicaion of 10 uM pOE33 was
50% (Figure 23). Control experiments using mOE33 as the competitor showed that it had no
effed on the import of any of the tested preproteins. These results suggest that both pTic22
and pMGD1 competed for import with pOE33. Although the import of pMGD1 was
competed to alower extent than of pTic22, it is obvious that both proteins trandocae into the
intermembrane spacethrough the Toc-translocon at the outer envelope membrane.

6.2.5 Toc34ATM competes with the endogenous Toc34 for binding to pTic22
and pMGDL1 prior to import into isolated chloroplasts

Thermolysin pretreament showed that pTic22 and pMGD1 require thermolysin sensitive
components on the diloroplast surfacefor their import into chloroplasts. The results obtained
by the @mpetition experiments usng pOE33 suggested that both proteins import into
chloroplasts through the Toc-trandocon at the outer envelope. Thus, it is probable that pTic22
and pMGD1 aso use Toc34 as the initial receptor protein. The interadion of pTic22 and
pMGD1 with Toc34 receptor GTPase was tested by performing binding experiments.

For the binding experiment Toc34 without the transmembrane domain (Toc34ATM)
was overexpresed and puified under native anditions (sedion 5.10.4) and used fresh for
further experiments. Purified Toc34ATM was preloaded with 3 mM GTP in the import mix,
for 10 minutes on ice Subsequently, *S-pTic22, **S-pMGD1 and *S-pSU were alded and
incubation was prolonged for another 10 minutes on ice After this time, chloroplasts
corresponding to 15 ug chlorophyll were added and import was performed at 25°C for 10-12
minutes for pTic22 and pMGD1 and 5 minutes for pSSU.
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Figure 24. Import of pTic22 is inhibited by the soluble domain of the recetor protein Toc34.
Increasing concentrations (0-10 uM) of overexpressed soluble receptor GTPase Toc34ATM, as well as
3 mM ATP and 3 mM GTP, were added to the import mix prior to import of *S-pTic22, *S-pMGD1
and *S-pSU into intact pea chloroplasts correspondng to 15 pg chlorophyll. Import reaction was
performed for 12 minutes at 25°C for pTic22 and pMGD1 and 5 minutes for the pSSJ cortrol. After
import, chloroplasts were dther subjected to thermolysin posttreatment (+Th) or nat (-Th). Tp
indicates 1/10 of the trandation product used for import. B. Graphical presentation d the results
presented in A, estimated on the basis of five independently performed competition experiments for
each preprotein.

With increasing concentrations of Toc34ATM a deaease in import rate was observed for all
tested proteins (Figure 24). This finding indicaes that the soluble Toc34ATM interads with
preaursor proteins prior to import and lessof “free” preaursor proteins remain to be imported
into chloroplasts. The dfed observed was the strongest for pTic22, indicaing its grong
interadion with Toc34. Interadion of MGD1 and Toc34ATM could be mmpared to the
interadion with pSJ (Figure 24B), dthough the highest competitor concentration used
(10uM) caused stronger inhibition effed on import of MGD1 (~35% resdua import
compared to ~60% for pSJ).
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Figure 25. pTic22 and pMGDL1 interact with the soluble domain of the recetor protein Toc34.
A. For each separate experiment 300 UM of overexpressed soluble receptor Toc34ATM was coupled
to 10 pl Ni-NTA matrix and preloaded with 1 mM GTP. Ni-NTA matrix without bound Toc34ATM
was used as the negative cortrol. **S-pTic22, *S-pMGD1 and *S-pSSJ were added to the column in
bindng buffer and incubated for 45 minutes. The flow through after incubation (ft), the third wash o
the matrix (w) and the dution with 250 mM imidazole () were analyzed by SDS-PAGE. Tp
represents 1/10 of the trandlation product used in each experiment. B. Control experiment using *°S-
mTic22 and *S-mSSU in the previously described reaction.

To confirm the observed results another approadch to test the interadion between the
preproteins and the receptor GTPase Toc34ATM has been used. Freshly overexpressed and
purified Toc34ATM was coupled to Ni-NTA column by the interadtion of Ni?* and the
His-tag on the C-terminus of the protein. The protein was preloaded with 1 mM GTP in the
binding buffer (see sedion 5.7). Subsequently, radioadively labelled trandation products of
pTic22, pMGDL1 or pS3J were gplied to the alumn, incubated for 45 minutes, washed, and
Toc34ATM with bound preproteins was eluted by 250 mM imidazole and analyzed by

SDS-PAGE. As controls, Ni-NTA matrix without bound Toc34 ATM, as well as matur € forms
of tested proteins (lacking the presequence) were used. The Toc34 ATM binding experiment
has down that both pTic22 and pMGD1, as well as the @ntrol protein pSSJ, bind
specifically to the Toc34 ATM GTPase (Figure 25A, lane 4). Binding to the empty N i-NTA
matrix was not observed (Figure 25A, lane7). Binding of mTic22 and mSSU to Toc34 ATM

60



6 Results

was tested as a @ntrol, using the same experimental setup. In both cases no binding could be
observed (Figure 25B), indicating that Toc34ATM binds specifically to the presequences.
Obtained results indicate that both pTic22 and pMGD1 use Toc34 as the initial receptor on
their way into chloroplasts.

6.3 MGD1 overexpression and antibody production

For the purpose of overexpresson and in vitro transcription, trandation and import
experiments, the origina clone from Arabidopsis thaliana in pUNI51 vedor was redoned
into pET21d and pSP65 vedors. pMGDL1 in pET21dvedor failed to overexpressin any of the
tested cdl types. Also, when the first codons were replaced by those preferred by E.coli, this
modificaion still did not influence the overexpresson result. For the purpose of succesdul
overexpresson, the N-terminal 321 bp of the presequence have been removed and MGD1-P
clone of 45.3 kDa was creded.

(S8 3
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Figure 26. Overexpresson of pMGD1 and MGD1-P clones. A. Overexpresson d pMGD1 in
pPET21d vector (lanes 3-5) did not work. MGD1-P clone, lacking the presequence, has been
constructed and successully overexpressed in E.coli BL21(DE3) pRosetta cdls (lanes 7-9). Lanes 2
and 6 represent cortrol cels before induction with IPTG for pMGD1 and MGD1-P transformants,
respectively. Lanes 3-5 and 7-9 represent samples taken after 1, 2 and 3 hours of overexpresson. In
lanes 1 and 10 is 15 pl of the low molecular weight marker. B. After overexpresson, cels were
separated into the soluble (lanes 1 and 2 contain 5 and 20 pl of sample) and in nonsoluble fractions
(lanes 3 and 4 contain 5 and 20 pl of the sample).

Overexpresson was performed as described in sedion 5.10.2 and typicd results are shown in
the Figure 26. Overexpresson of MGD1-P was siccesdul and the protein was remvered as
inclusion bodies. Further purification was performed under denaturing conditions, using 8 M
urea Because the protein could not be succesgully purified on a Ni-NTA column using a pH-
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or imidazle-gradient for elution (Figures 27A and B), or HiTrap column (Figure 27C),
further purification using caion-exchange dromatography column PorousS was performed
(Figure 27D). This method provided pure fradions of MGD1-P protein, in addition to an extra
band, dightly smaller in size This band was succesdully removed by subsequently applied
gel-elution tedhnique (Figure 27E). A sample purified by this method was concentrated to 1
mg/ml and used for antibody production. Polyclonal antibodies were tested on purified
protein MGD1-P and puified outer and inner envelope membranes from Pisum sativum
(Figure 27F).
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Figure 27: Purification of MGD1-P inclusion bodies. A. Purification onNi-NTA column (His-tag),
using a pH gradient dution. Lanes 1 and 13 represent 20 pl of a low molecular weight marker. In lane
2 is 1/10000of the flow through, the column was washed with the buffer having a pH 6.3 (lanes 3 and
4), and duted by the buffers of pH 5.9 (lanes 5-8) and pH 4.5 (lanes 9-12). B. Purification ona
Ni-NTA column using imidazole gradient dution. Lane 1 represents 20 pl of a low molecular weight
marker. In lane 2 is 1/10000f the flow through, the column was washed with 10 mM imidazole (lanes
3-5) and duted with increasing concentrations of imidazole (500 mM end concentration, lanes 6-15).
C. Purification onHiTrap column (His-tag, Akta) and ution by an imidazole gradient. The fractions
under the peak area of the A,g, absorption spectrum (higher protein amount) were tested. Lanes 2-3
represent the flow through, 4-6 the wash with 10 mM imidazole and 7-27 the dution with an
imidazole gradient 20-500 mM. Lanes 1, 15, 16 and 28 indicate 20 pl of a low molecular weight
marker. D. Purification by cationexchange chromatography using a PorousS column. Lane 1
represents 20 pl of a low molecular weight marker. 20 pl of the sample before purification were
loaded in lane 2. 30 pl of the flow through after applying the sample on the column is in lane 3. 1/10
of different fractions collected in the peak intervals are shown in lanes 4-15. E. The additional lower
band was removed from MGD1-P by ge dution (lanes 2-4). Lanes 1 and 5 indicate 20 ul of low
molecular weight marker. F. Testing of MGD1-P antibodies produced in rabbit. 0.65and 1.3 pg o
the purified protein (lanes 1-2 and 5-6) and 20 ul of the inner and auter envelopes (lanes 3-4 and 7-8)
were analyzed by SDS-PAGE and western transfer, with subsequent immunodecoration with
a-MGD1-P antibodies (lanes 1-4) or with preimmune serum (lanes 5-8).

6.4 Chemical crosslinking and immunop recipitation

To investigate the other components of the Toc-trandocon with which pTic22 and pMGD1
interad on their way inside the diloroplasts, chemicd crosdinking and immunopredpitation
using antibodies against Toc34, Toc75, Ticl10 and the outer envelope protein that is not a
component of the import translocon, OEP16, were performed. Protein preaursors **S-pTic22,
%3 pMGD1 and *S-pSU were bound to the receptors on the dloroplast surface dter
performing incubation in the import mix for 8 minutes on ice, or after inhibiting import by
addition of NiSO, (see sedion 5.6.1.4). Chloroplasts were reisolated over a Percoll cushion
and crosdinked using 0.5 mM DSP, as described in sedion 5.6.2.3. Crosdinked chloroplasts
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were lysed, centrifuged, and resulting membranes lubilized in 1% SDS.
Immunopreadpitation was performed by incubation of solubilized membranes with a-Toc34,
a-Toc75(lll), a-Ticll0 and a-OEP16 antibodies (Figure 28A). Antibodies were olleded
using Protein A-Sepharose. The flow through after incubation with Protein A-Sepharose, the
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Figure 28. Chemical crosdinking and immunoprecipitation of pTic22 and pMGD1 to the major
components of the translocation channel. A. *S-pTic22, *S-pMGD1 and **S-pSSU were incubated
with intact pea chloroplasts correspondng to 20 pg chlorophyll for 8 minutes onice. After reisolation
on a Percall cushion and subsequent washing, chloroplasts with bound precursor proteins were
subjected to crosdinking using 0.5 mM DSP. The immunoprecipitation was performed after the lysis
of chloroplasts, centrifugation and solubili zation d the membranes. Antibodes raised against Toc34,
Toc75, Ticl10 and OEP16 were used for 1 hour incubation at RT. Antibodies were collected using
Protein A-Sepharose. 1/10 of the flow through after incubation with Protein A-Sepharose (ft), 1/10 of
the third wash (w), and the dution with Laemmli sample buffer (€) were analyzed by SDS-PAGE. Tp
indcates 1/10 of the trandation product used for each experiment. B. Crosdinking and
immunaoprecipitation were performed under the same condtions, using antibodies against two Toc75
isoforms: Toc7(Ill) and Toc75(V). C. Crosdinking and immunaprecipitation were performed in the
absence or presence of 10 uM pOE33in the import mixture.
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third wash, and the dution with Laanmli sample buffer were analyzed by SDS-PAGE.
pTic22 and pMGD1 were aosdinked to Toc34, Toc75 and to a leser extent to TicllO
(Figure 28A).

It has been proposed that different isoforms of Toc and Tic components found in
Arabidopsis join together to form different complexes with different preprotein spedficity. It
is believed that Toc33, Tocl59 Toc75(Ill), Toc64(lll), Tic22(1V), Ticl10 and Tic40 join to
form one type of the trandocaion complex, probably involved in the import of photosynthetic
proteins,; and on the other hand Toc34, Tocl132or Toc120, Toc75(1ll), Tic22(11) and Tic20(l)
form the other type, probably involved in the import of the housekeeguing genes (Vojta  al.,
2004). Import through Toc75(V) has not been reported yet. To investigate whether Tic22 and
MGD1 wuse the dandard import pathway, comparison of crosdinking and
immunopreapitation between Toc75(1ll) and Toc75(V) isoforms have been tested (Figure
28B). Tic22 and MGD1 were found co-immunopredpitated with Toc75(I11) and not with
Toc75(V). A control experiment using pSSJ showed the same result. Also, crosdinking and
immunopredpitation were performed after binding of preaursor proteins to the dloroplast
surfacein the presence or absence of 10 uM pOES33 (Figure 28C). The ladk of a signal after
chemicd crosdinking and immunopredpitation with antibodies raised against the components
of the outer and inner envelope trandocons proves that pOE33 in the import mix interfered
with the binding of pTic22 and pMGD1 to the chloroplast surface Acquired result indicaes
once ajain that al tested proteins use the same receptors at initial steps of their import. After
binding to Toc34 (in peg or Toc33 (in Arabidopsis), Tic22 and MGD1 are most likely
transferred to the Toc159 and subsequently to the Toc75 trandocaion channel (Toc75(111)) on
their way to the intermembrane space From there Tic22 is probably relessed dredly to the
surface of the inner envelope, where it interads with Tic110 and Tic20 (Kouranov et al.,
1998, forming the Tic-trandocon. MGD1 requires more energy for its import into the
chloroplasts, as observed by performing ATP- and time-scde import experiments. MGD1
probably transfers through the Tic-trandocon to the diloroplast stroma, where it is
subsequently processed by the stromal processng peptidase. This trandocation through the
Tic-complex is most likely partial, becaise no soluble intermediates of MGD1 (nor of Tic22)
have been observed by the experiments performed here. After processng, MGDL1 has to reat

its final destination in the intermembrane space
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6.5 Localization of MGD1

Tic22 is known to be locaed in the diloroplastic intermembrane spacebetween the outer and
the inner envelope membranes, and peripherally associated with the outer face of the inner
membrane. For MGDG synthases from different plant organisms enzymatic adivity has been
investigated and it was proposed that the enzyme aociates either with the outer envelope
(cucumber, Shimojima & a., 1997, the inner envelope (Arabidopsis, spinach, Miége  al.,
1999 Marédnd et al., 2000 or both envelope membranes (peg Cline and Keagstra, 1983.
Up to date, the question of the exad locdizaion of the MGDG synthases has not been
clarified. To resolve this problem, import of the Arabidopsis protein into chloroplasts isolated
from Arabidopsis, or peaisoform into the pea tloroplasts had to be performed.

Import of MGDL1 into intad Arabidopsis chloroplasts did not show interpretable results,
and MGDG synthase from peahas not been charaderized yet. For that reason import into pea
chloroplasts was performed using the Arabidopsis protein aMGD1. Mature MGD1 was
visble in two forms after import into pea dloroplasts (described in sedion 6.2). To
investigate whether those two forms of MGDL1 exist in vivo in Arabidopsis plants, the mature
form of MGD1 imported into pea dloroplasts was compared with the one from mixed
envelopesisolated from A. thaliana.

Import of MGD1 has been performed under the standard conditions, and after
chloroplast reisolation and thermolysin treament samples were solubilized in 6 M urea The
resulting samples were andyzed by SDS-PAGE and subjeded to a western transfer and
immunodeaoration with a-MGD1-P (Figure 29A). At the end, the membrane was exposed on
a film. The film (Figure 29B) and the membrane were overlayed after developing (Figure
29C). After comparing the samples treaed with urea (Figure 29, lanes 2-11), it could be
observed that the size and the shape of the mature form of MGD1 found in Arabidopsis
envelopes correspond to the mature form of this protein determined by import into pea
chloroplasts (compare lanes 10 and 8 and 9 in Figure 29C). Samples that were not treaed
with urea (Figure 29C, lanes 12-14) showed the same result: two distinct bands were visible
in Arabidopsis envelopes, corresponding in size and shape to those derived by import into pea
chloroplasts. These results indicate that the situation observed after in vitro imports of MGD1
into chloroplasts corresponds to the in vivo situation in A. thaliana and heterologous import of
aMGDL1 into pea diloroplasts gives rise to the mature product of the same size and shape &
found attadched to the Arabidopsis envelopes.
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Figure 29. Size omparison of MGD1 between Arabidopsis envelopes and two forms visible after
import into pea chloroplasts. **S-MGD1 was incubated with intact pea chloroplasts correspondng to
20 pug chlorophyll in a standard import reaction for 15 minutes at 25°C. The reaction was performed in
the presence (lanes 6-9, 13 and 14) or the absence (lanes 2-5) of 3 mM ATP. After reisolation ona
Percoll cushion and subsequent washing, some of the samples were subjected to the thermolysin
treatment (lanes 4, 5, 8, 9, 14). Afterwards, chloroplasts were lysed and treated with 6 M urea for 20
minutes on RT (lanes 2-11). After centrifugation at 256,000xg for 10 minutes at 4°C, pdlet (P)
consisting d chloroplastic membranes and supernatant (S) were separated and analyzed by
SDS-PAGE. A part of the sample was na treated by urea (lanes 12-14). Western transfer to a
nitrocellulose membrane was performed, followed by immunodecoration using a-MGD1-P antibodies.
Tp indicates 1/10 of the trandation product used for the import reaction. A. Signals observed after the
immunodecoration d the nitrocdlulose membrane with a-MGD1-P antibody. B. Radioactive signals
observed after exposure of immunodecorated nitrocelulose membrane on an x-ray film. C. Overlay of
the x-ray film over the nitrocdlulose membrane. Two forms of MGD1, observed in Arabidopsis
envelopes, which correspond to the mature forms obtained by the import experiment, are indicated by
thearrows.

Proteins that remain in the membrane fradion after treament of membranes with 0.1 M
NaCO; pH 115 or 6 M urea ae probably integra membrane proteins. After treament of
MGD1 with 0.1 M N&COg3, most of the preaursor remained in the membrane fradion, which

was Pedaly clea in the samples imported under the presence of 3 mM ATP (Figure 30,
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lanes 6-9). MGD1 degradation products derived from thermolysin posttreament were found
in the soluble fradion. Treament of chloroplasts with 6 M urearesulted in the same dfed.
After the treament, the protein was found in the membrane fradion (Figure 30, lanes 12-19),
and only after thermolysin digestion a portion of the imported form was found to be soluble
(Figure 30, lanes 15 and 19. The observed results were surprising, since MGD1 was
predicted to be just associated to either the outer or the inner chloroplast envelope membrane.
Only a we&k aszciation of MGDG synthases with envelope membranes by eledrostatic
interadions has been proposed (Shimojima € al., 1997, Marédcha et a., 2000. The results
obtained here suggest that the interaction might be much stronger than speaulated.

6 M urea
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- - - - 4+ 4+ + + ATP
- -+ o+ + Th
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TptUTpM S M S M S M S

Figure 30. Extraction of MGD1 by 0.1 M Na,CO3; and 6 M urea, after import into chloroplasts.
After import of *S-MGD1, chloroplasts were treated with 0.1 M Na,CO; pH 11.5 (lanes 2-9) or 6 M
urea (lanes 12-19) and separated into the membrane (M, lanes 2, 4, 6, 8, 12, 14, 16, 18) and soluble
fractions (S, lanes 3, 5, 7, 9, 13, 15, 17, 19). Import was performed in the absence (lanes 2-5, 12-15) or
presence (lanes 6-9, 16-19) of 3 mM ATP. After import chloroplasts were dther treated with
thermolysin (lanes 4, 5, 8, 9, 14, 15, 18, 19) or nat (lanes 2, 3, 6, 7, 12, 13, 16, 17). Lanes 1 and 11
indicate 1/10 of the trandation product used for the import and lane 10 the translation product treated
with urea.

To test the etent of an association of MGDG synthase to the membrane, extradion of
isolated chloroplast envelopes from peawas performed. 6 M ureg 0.1 M NaCO3z pH 115
and 1 M NaCl were used to trea inner and outer envelope membranes corresponding to
20-30 ug protein for 20 minutes at RT (Figure 31). After the treament, envelopes were
centrifuged and the resulting pellet and supernatant were analyzed by SDS-PAGE and
western transfer. a-MGD1-P antibodies were used for immunodeaoration of the nitrocdlulose
membrane dter western-transfer and a-Tic22, a-Ticl1l0 and a-Toc75 were used as the

controls for envelope purity and as the extracion control.
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In Pisum sativum, most of the MGDG synthase was found associated to the outer envelope
(this finding corresponds to the results from Cline and Keeagstra (1983, who locdized the
aaivity of MGDG synthase from peato the outer envelope membrane) (Figure 31, lanes 13
and 14). Treament with 0.1 M N&CO; pH 115 and 1 M NaCl gave similar results using
either of the envelopes (Figure 31, compare lanes 3-6 and 9-12). The only difference was a
small amount of protein deteded in the soluble phase dter treament of the outer envelope
vesicles (Figure 31, lanes 10 and 12 compared to 4 and 6). The fad that MGDG synthase
from peawas not extraded from a membrane even by 1M NaCl indicaes that the interadion
between this protein and the membrane is achieved by relatively strong eledrostatic
interadions. In contrast, treament with 6 M ureg gave different results for the tested
envelopes. The portion of the protein associated with the inner envelope membrane was not
extraded by 6 M urea (Figure 31, lanes 1 and 2), and the portion associated to the outer

envelope was found mostly in the soluble fradion (Figure 31, lanes 7 and 8).

IE OE IE OE
Urea Na,CO; NaCl Urea Na,CO; NaCl Hepes  Hepes
P S P S P S P S P S P S IE OE P S P S
S - ot e a-MGD1-P
o - a-Tic22 B — -
0-Ticl10
\ 0-Toc75
1 2 3 4 5 6 7 8 9 10 11 12 13 14 137 148

Figure 31. Extraction of MGDG synthase from inner and outer envelope vesicles from pea by 0.1
M Na,CO3, 6 M urea and 1M NaCl. Chloroplast envelopes were isolated as described in section 5.3.
Afterwards they were peleted at 256,000xg for 10 minutes at 4°C and resuspended in either 0.1 M
Na,CO; pH 115 (lanes 3, 4, 9, 10), 6 M urea (lanes 1, 2, 7, 8), 1 M NaCl (lanes 5, 6, 11, 12) for 20
minutes on RT, or in 10 mM HepesKOH pH 7.6 (lanes 15-18) for 20 minutes on ice, followed by
centrifugation at 256,000xg for 10 minutes at 4°C. The pdlet and the supernatant were analyzed by
SDS-PAGE and western-blotting. a-MGD1-P, a-Tic22, a-Ticll0 and a-Toc75 were used for
immunodecoration d the nitrocelulose membrane after western-transfer. The distribution o the
components between the two envelope membranes can be estimated by comparing lanes 13 and 14.

The experiment was repeded twice more using envelopes produced in different isolation runs,
and the results were @nfirmed in both cases. These results $ow clealy that the MGDG
synthase from pea &ciates with strong interadions to the inner envelope membrane, and

just wely attaches to the outer envelope membrane.
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7 Discussion

The am of this thesis was to investigate import properties of Tic110, Tic22 and MGDL1 into
isolated pea dloroplasts to define the pathway that ead of those proteins uses for its
translocation to the final destination: the inner envelope membrane for Ticl1l0 or the
intermembrane spacefor Tic22 and MGD1.

7.1 Import pathway of Ticl10 into the inner envelope membrane of

chloroplasts

By the mutual exchange of transit sequences between Tic110 and pSSU it has been shown
that Ticl10 uilizes the genera chloroplast import pathway (LUbed et a., 1997). But only
when the hybrid protein pSSJ-Tic110N-mS3J was used in import experiments, a soluble
intermediate in the trandocaion pathway was clealy visble The nstruct
pSU-Ticl1ON-mSSJ was completely imported into chloroplast stroma, from which it could
be remvered as a soluble, processed TicllON-mSSJ (Lubedk et al., 1997. Soluble
Ticl1ON-mS3J was own to enter a re-export pathway, which resulted in its insertion into
the inner envelope membrane, and in the extrusion of large portions of the protein into the
intermembrane space Libed et a. (1997 have proposed that chloroplasts possessa protein
re-export madinery for inner envelope proteins in which soluble stromal components interad
with the membrane-locdized trandocaion madinery. It was proposed that this trandocation
madiinery could export a large polypeptide dan aaoss the membrane into the
intermembrane space The mmponents of the export macdinery are unknown at the present
time.

After processng of pSU-TiclION-mSSJ in the stroma, TicllON-mSSJ is
trandocaed to the inner envelope, as the mature form. From this it could be concluded that an
export signal is not present in the transit sequence, but an internal targeting information is
necessry. Since Ticl10mSSJ succesdully inserted into the inner envelope membrane it
could be mncluded that a re-export signal is locdized in the N-proxima part of Tic110
(putative membrane anchor region), and is sufficient for targeting to the inner membrane and
proper insertion. The soluble intermediate form of the full length Ticl110 has not been
observed in the stroma previoudly due to the low trandation and import efficiencies of this
protein (Lubed et a., 1997). The trandation efficiency of Tic110 has been improved in this
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work by the aldition of six methionines at the C-terminal end of the protein to enhance the
intengity of the radioadive signal after trandation. Tic110 followed the same import pathway,
as observed previoudly for pSSU-Ticl1ON-mSSJ. The processed form of Tic110 was found
soluble in the stroma and, following how the import proceels on a time scde, its re-export to
the membrane was clealy visible. It was observed that just a portion of the protein (maximum
50% for Ticl1ON-mSSJ and 1%% for mTic110 was found soluble, while the larger portion
of the mature protein was adways rewmvered in the membrane fradion. From these
experiments it could be proposed that a fradion of Ticl1ON-mSSJ or mTicl10 is never
released from the membrane, indicaing that the parallel medanisms for the import into the
inner envelope might exist: stop-transfer and conservative sorting. However, it seams unlikely
that a protein would use two different import medhanisms in vivo. Since the soluble stromal
intermediate of Tic110 has been persistantly observed, it is possble that the re-export process
is highly efficient and that only very little soluble intermediate acaimulates in the stroma
Therefore, it seans that Ticll0 wses conservative sorting for its trandocaion into
chloroplasts.

Recantly, Li and Schnell (20069 reported that pTic40 from A.thaliana is imported into
chloroplasts and processed to an intermediate size form (iTic40) before insertion into the inner
membrane. iTic40 is luble and inserts into the inner envelope membrane from the stromal
compartment. Together with the results obtained in this work it can be proposed that inner
membrane proteins are first imported into the stroma and subsequently inserted into the inner
envelope in are-export mecdhanism.

It has been observed that the native psTicl110 associates reversibly with Cpn60 (Hsp60
homologue, Kesder and Blobel, 1996 and Hsp93 (chloroplast ClpC homologue, Akita & al.,
1997 Nielsen et a., 1997 chaperones of the diloroplast stroma. Kesder and Blobel have
proposed that Tic110 ads as a docking site for moleaular chaperones at the inner membrane.
Akita @ a. observed that significant quantities of ClpC were immunopredpitated with
antibodies against Tic110 and proposed that ClpC fills the role played by mtHsp70 duing
protein trandocation into mitochondria. Nielsen et al. first observed that the preaursor, but not
the mature form of S, was deteded in the a-ClpC immunopredpitated fradions. It has
been proposed that the assciation of ClpC was edfic to preaursors asociated with the
chloroplastic protein import apparatus. Also, complexes that co-immunopredpitated with
ClpC contained Ticl10 Tocl59 Toc75 and Toc34, regardless of whether preaursor was
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present or not. Therefore, Nielsen et a. (1997 suggested that the interadion of Tic110 with
ClpC and Cpn60is not necessarily bound to the diloroplast protein import.

In this work, the soluble stromal intermediates of mTic110 and Ticl1ON-mSSJ were
reisolated after import and co-immunopredpitation with stroma chaperones Hsp93 (ClpC),
Hsp70 and Cpn60 was performed. Co-immunopredpitation with all tested chaperones
indicate that Tic110interads with stromal chaperones during its own maturation, and not only
as a omponent of the trandocaion madinery. Co-immunopredpitation with Hsp93 was of
the highest intensity, indicating that this chaperone might play a major role in helping Tic110
to read the native conformation, and Hsp70 and to leser extent Cpn60 might play an
accesry role in this process Membrane-bound fradions of mTic110 and Ticl1ON-mSSJ
aso predpitated together with Hsp70 and Hsp93 though at a very low extent. In this case
binding to Hsp93 was very wed (Figure 13B), which contradicts the &ove mentioned results
from Akita & al. (1997, performed in vivo.

7.2 Import pathway of intermembrane space protein Tic22

Arabidopsis Tic22 (At4g33350) shows high homology to Tic22 from P. sativum and therefore
it has been expeded to import into intad pea tloroplasts in vitro. Indeed, although at a very
low yield (3%), atTic22 imported into isolated pea tloroplasts. Import of Tic22 is dependent
on its N-terminal presequence (Figure 15), which is necessary and sufficient for targeting to
the intermembrane space of chloroplasts. Import of Tic22 into chloroplasts required low
amounts of externally added ATP. As aresult of the protease treament after import, both the
preaursor and mature forms of the protein remained proteded from degradation to the same
extent (mostly around 50%, Figure 15). It appeas that, adthough imported, not the atire
population of radioadively labeled preaursor protein was successully processed to the mature
form. This effed has been observed previously (Kouranov et al., 1999. With increasing ATP
concentrations more of the imported preaursor and mature forms remain proteded from
protease digestion, indicating that although low amounts of ATP are enough for initial import
of Tic22, 1 mM ATP is necessary to acomplish the maximal import rate (Figure 17C). The
same has been observed by varying the time of import. A portion of Tic22 was imported
aready on ice but only after 10-15 minutes in the presence of 3 mM ATP, a significant
amount of imported protein remained proteded from protease degradation (Figure 18). It was
clealy shown that Tic22 needs ATP, and not GTP, for its import into chloroplasts (Figure
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17A). All these results point to the conclusion that import of Tic22 into the intermembrane
gpace is relatively fast, but its processng is very dow and even after prolonged import
duration the conversion from the preaursor to the mature form never reates more than
around 20% in vitro.

In contrast to the stromal protein SSJ and another investigated intermembrane space
protein MGDL1, Tic22 was not processed by the isolated stromal extrad containing stromal
processng peptidase (Figure 21A). This result, together with the low energy nedls for its
import, indicate that Tic22 might be imported through the outer envelope membrane, being
immediately afterwards released to its final position in the intermembrane space There, in the
presence of higher ATP concentrations it could be stabilized and aquire the native
conformation by interadion with intermembrane space taperones. The question concerning
its processng remains gill unanswered. Mitochondria, like diloroplasts, are surrounded by
two envelope membranes. Tedniques have been developed to physicdly remove the
mitochondrial outer envelope membrane. Mitoplasts, mitochondria of which the outer
membrane has been seledively ruptured and/or dislved, can be generated either by
subjeding intad mitochondria to osmotic shock treament (Daum et al., 1982 or by treding
them with digitonin (Hartl et al., 1986. These two methods have been used succesdully to
study the locdizaion and topology of mitochondrial inner envelope membrane proteins and
the medhanism of mitochondria protein import. Similar techniques to seledively remove the
outer membrane of chloroplast envelopes are not yet available and the intermembrane space
of chloroplasts has not been succesully isolated up to date. After the fradionation of
chloroplasts it could be assumed that the stroma fradion contains a portion of the
intermembrane space ontent. The stromal processng peptidase processed pSJ and pMGD1
with high efficiency. Since the stromal extrad failed to process Tic22 it could be concluded
that some other processng peptidase is required for processng of this protein. It is probable
that Tic22 is procesed in the intermembrane space of chloroplasts by a yet unknown
peptidase or maybe by the same protease & iToc75 (Inoue ¢ al., 2005. As mentioned in the
introduction, Toc75 is processed by the SPPto the intermediate form (iToc75), which is
cleaved to the mature Toc75 rior to insertion to the outer envelope, probably by the type |
signal peptidase from the intermembrane space(lnoue 4 al., 2005.

Even when supposed that the intermembrane space ontent was isolated together with
the stromal extrad, it seans that an intermembrane spacepeptidase that would be responsible
for processng of Tic22 was present there in too low amounts for succesful processng to
occur, or it could be assciated to one of the envelope membranes and in this case was
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isolated with the membrane fradion. To chedk the sewmnd posshility the radioadively
labelled Tic22 was incubated with mixed envelope vesicles from P. sativum in the presence of
0.5% DeMa in 20 mM HepesKOH pH 8, 0.5 mM CaCl, and 0.5 mM MgCl,. Under the
applied conditions no processng of Tic22 could be observed by the mixed envelopes (data
not shown), leaving the question where the processng of Tic22 takes placeunanswered.

To investigate whether Tic22 neeals the presence of thermolysin-sensitive components
on the chloroplast surfacefor its import, chloroplasts were pretreaed prior to import with the
protease thermolysin that removes receptors exposed to the g/tosol. Import of Tic22 into the
chloroplasts treaed this way was diminished to 40 % (Figure 22), indicating that removed
components are esential for binding and trandocaion of Tic22 into chloroplasts.
Chloroplasts siould be treaed by such concentration of thermolysin that removes most of the
surface eposed receptors, but in the same time does not disrupt significant amounts of
chloroplasts. 1 mg thermolysin per mg chlorophyll was applied in the experiments and led to
around 30-40% chloroplast lossduring the reisolation step. It could be mnsidered that not all
receptors were removed under these anditions, what could explain the residual 40% of
succesdul import of Tic22. A smilar result was down by Kouranov et a. (1999. Their
investigation had shown that Tic22 is dependent on thermolysin sensitive amponents on the
chloroplast surface On the basis of competition experiments the same group suggested a new
pathway for targeting of Tic22 to the intermembrane space distinct from known chloroplast
targeting pathways. The competition experiments performed in this work argue against this
proposal. Increasing concentrations of the competitor protein pOE33, known to use the Toc-
and Tic-trandocon during its import into chloroplasts (Row and Gray, 2001), resulted in
deaeased import of Tic22. Even smal quantities of pOE33 visibly inhibited Tic22 import,
and the maximum of 10 uM pOE33 wed in import readion resulted in more than 70%
inhibition of Tic22 import (Figure 23). The observed results clealy indicae that pOE33 and
Tic22 use the same pathway for their import into chloroplasts, namely the Toc-complex on
the general import pathway.

These results were confirmed by the cmmpetition experiments using Toc34ATM and by
crosdinking experiments. Toc34ATM added in import mix competed with the endogenous
Toc34 for binding of Tic22 (Figure 24), indicaing that Toc34 recognizes and interads with
Tic22 at the initial step of its import into chloroplasts. Interadion between the soluble domain
of Toc34 and preaursor protein Tic22, but not its mature form (Figure 25), has iown again
the gpedficity of this interadion and confirmed previously shown results. Chemicd

crosdinking and immunopredpitation experiments clealy demonstrate that Tic22 binds to the
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chloroplast surface by interacion with Toc34, Tocl59 (data not shown) and Toc75, the
members of the Toc-trandocon. In immunopreapitation experiment, antibody against
aToc7Y(1ll) isoform predpitated Tic22, in contrast to a-Toc75(V). Crosdinking and
immunopreapitation, together with import competition experiments, indicae that Tic22
translocates through the Toc-complex to the intermembrane space According to the low
ATP-demands for its import, it seems that Tic22 is released from the Toc-complex to the
intermembrane space of chloroplasts, where it reates its fina locdizaion. Future
experiments charaderizing the exad ste of processng, as well as investigation of the
interadion of Tic22 with the components of the intermembrane space translocon, could
clarify the events between the release from the Toc75 trandocaion channel and aquiring its
final conformation. Crosdinking of Tic22 to Tic110 has been observed to a cetain extent,
what could be explained by their interadion on the intermembrane side of the inner envelope,
as components of the Tic-trandocon. The observed interadion does not mean that Tic22 uses
Ticl10 for further trandocaion becaise the stromal protein SSJ, which is known to
transverse the Tic-trandocaion channel, was found to be immunopredpitated at much higher

extent with Tic110 duing its import.

7.3 Import and localization of MGDL1 in the intermembrane space of

chloroplasts

MGDG synthases from different plants have been extensively studied (Marédhal et a., 1993
Shimojima & al., 1997, Miége & al., 1999 Marédad et al., 2000, but the properties of their
import pathways into chloroplasts have not been shown yet. Most of MGD1 import
experiments in this work have been performed peralelly to Tic22, expeding some similarities
in their import pathway on the basis of their intermembrane space locdizaion. Hirsch and
Soll (1995 have observed that 80 mM K;PO, had increased import of the inner envelope
membrane protein of 96 kDa, but diminished import rates of pS3J. Import of Tic22 in this
reseach was not affeded by the aldtion of K;PO, to any extent, in contrast to MGDL.
Addition of 80 mM K;POj, to the import readion enhanced the import rate of MGD1 (Figure
16B). The observation that the mature MGD1 appeas in two forms and that both forms
behaved the same in response to various import conditions led to the wnclusion that they
represent two forms of the same mature protein — a lipid asciated (smeaed) one and a part
pressed by the large subunit of RubisCO. The fad that the lipid-associated form was hardly
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recognized by a-MGD1-P antibody (Figure 29) agrees with the results observed by detedion
of MGDL in whole dloroplasts, where MGD1 was hardly or not at al detedable (results not
shown). The reason of hard detedability could be the low abundance of MGDL1 in the plastid
envelopes (~1/1000of total protein), as well as the lipid environment that could interfere with
proper interadion between the aintibody and the protein. When chloroplastic envelopes were
tested for the presence of MGDG synthase by western Hotting, envelope amount
corresponding to at least 20-30 ug total protein had to be used for MGDG synthase signal to
be detedable.

The eistence of the deavable presequence was confirmed aready by Awai et a.
(2000, who immunodeteded the mature polypeptide of MGD1 in the envelope of
chloroplasts from Arabidopsis leares after cleavage of its transt peptide. In this work,
comparison of the sizes of MGD1 deteded by western Hotting in vivo with the mature forms
visible dter its import into chloroplasts confirmed that MGD1 contains an around 11 KDa
long presequence (as predicted by ChloroP) that targets the protein to chloroplasts where it is
subsequently cleaved.

MGD1, like Tic22, is dependent exclusively on ATP for its import (Figure 17B).
Although the processng of MGD1 has been observed even by performing import on ice,
thermolysin proteded forms gdarted to appea after addition of 50 uM ATP and complete
import was acomplished using 1 mM ATP (Figure 17C). MGD1 was processd by stromal
extrad (Figure 21). It was also imported more slowly than Tic22 in response to added ATP
(Figures 18, 19C). The fast processng by stromal extrad, the strong dependence on ATP for
the cmmplete trandocaion and the different ATP-dependence arve from Tic22 indicate that
MGD1 most probably utilizes the import complexes from both envelope membranes. It
trandocaes through the Toc-complex and, in contrast to Tic22, enters the Tic-trandocon to
enable the processng from the side of the stromal compartment to take place To which extent
MGDL1 is exposed to the stroma during the processng could not be determined by the
performed experiments. MGD1 is most probably never completely released from the inner
envelope trandocation channel, but rather exposes just its N-terminal transit sequence to the
SPPR and is subsequently pulled badk towards the intermembrane space (as £ams to be true
for iToc75, destined for the outer envelope).

Thermolysin pretreament of chloroplasts had an influence on MGD1 import, but to a
leser extent than on Tic22. Thermolysin pretreament deaeased the import of MGDL1 to
around 50 %, indicaing that MGD1 is dependent on thermolysin sensitive receptors on the
chloroplast surfacefor its import. Competition for import with pOE33 indicaes that MGD1
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probably uses the Toc-trandocon for its import into chloroplasts. As for Tic22, these results
were @nfirmed by three further experiments. competition experiments using Toc34ATM,
interadion of the preprotein with Toc34ATM and crosdinking and immunopredpitation with
the major components of the Toc-trandocon. Toc34ATM competed with the endogenous
Toc34 for binding of MGD1 (Figure 24), indicating that Toc34 reagnizes and interads with
pMGDL1 at the initia step of its import into chloroplasts. Only the preaursor protein interaded
in vitro with the soluble receptor Toc34ATM (Figure 25). MGD1 was found crosdinked to
Toc34, Toc75 and to Ticl10. For the aosdinking experiment, conditions that allowed only
binding to the diloroplast surfacewere used. Therefore the interadion between MGD1 and
Ticl10 had a weder charader. Crosdinking of late import intermediates (for example dter
2-5 minutes of import at 25°C in the presence of 3mM ATP) could charaderize import
pathway of MGD1 further. Indeed, already by prolongation of the binding period,
crosdinking to Tic110 could be observed (other components of the Tic-trandocon have not
been tested in this work). This result points to the previous proposal that MGD1 could use
both Toc- and Tic-complexes for itsimport into chloroplasts.

Different locdizaions of MGDG synthases have been proposed in different plants.
Enzymatic adivity of MGDG synthase from spinach was found to be locaed on the inner
membrane of the spinac chloroplast envelope (Block et al., 1983. Cline and Keegstra (1983
fradionated pea diloroplasts by flotation-centrifugation into thylakoids, soluble fradion and
envelopes, that were further separated on a linea-density sucrose gradient. The gradient was
assayed for galadosyltransferase, whose adivity was deteded in the outer envelope fradion
and in one of the subfradions of the inner envelope, probably due to the contamination with
the outer envelope. They proposed that MGDG synthase from pea &ciates to the outer
envelope, but its presence from the inner envelope wuld not be excluded. In this work the
locdizaion of endogenous MGDG synthase in P. sativum have been investigated.

Treament of the inner and outer envelope vesicles with 6 M urea gave distinct
extradion results for MGDG synthase. The portion of the protein associated to the inner
envelope was not extraded by 6 M urea(Figure 31, lanes 1 and 2), and the portion associated
to the outer envelope was found mostly in the soluble fradion (Figure 31, lanes 7 and 8).
Miége @ a. (1999 analyzed the aswciation of spinach MGD A with the inner envelope
membrane by ionic and alkaline etradions. Although treament of envelope membranes by
1 M NaCl had no effed on the enzyme aciation with the membrane, part of the protein was
extraded by 0.1 M N&CO; pH 11 and al protein was extraded by 0.1 M NaOH. These
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results suggested that soMGD A is neither a transmembrane nor a peripheral protein, but
more likely is imbedded within one of the two ledlets of the inner envelope membrane. In
this work 1 M NaCl had no influence on the aciation of pea MGDG synthase with the
envelopes and 0.1 M NaCO3; pH 11.5 extraded only a portion of the protein assciated to the
outer envelope. The observed results are smilar to those obtained in spinadh. It could be
concluded that although preferentially associated to the outer envelope membrane, the portion
of MGDG synthase from P. sativum interads much stronger with the inner envelope, from
where it could not be extraded either with 6 M ureg or with 0.1 M Na,COs.

Thus, athough the locdization of MGDL1 in chloroplasts is not entirely clea, it could be
shown in this work that pMGD1 uses the general import pathway and readies, at least partly,
the stroma compartment before ending upin the intermembrane space Taken together, it has
been clealy demonstrated that proteins of the inner envelope and intermembrane spacepartly
use the general import pathway, but their route to their final destination diverges at the inner
membrane. Therefore, for chloroplasts the same picture begins to emerge that has been shown
for mitochondria— that different import pathways exist for distinct protein classes.
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