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Summary

Summary

Most of the proteins localized in the chloroplaster envelope membrane are
synthesized on cytosolic ribosomes with a cleavalterminal chloroplast transit peptide.
Most of them reach their final localization via tse called general import pathway
consisting of the Toc complex at the chloroplasteo@nvelope membrane and the Tic
complex at the chloroplast inner envelope membrdRecent studies characterized
precursor proteins which are targeted into therdplast inner envelope membrane by two
different import pathways. The first route, callednservative sorting”, was described for
Tic40 and Tic110, which prior to inner envelope rbeame insertion reach the stroma. The
second route, called “stop-transfer” was proposedARC6, which is arrested at the level
of the inner envelope membrane and probably ldyeraterted into the lipid bilayer.
Taking into consideration both import mechanismsoharacterized import pathways of
nine chloroplast inner envelope membrane proteorgaining cleavable transit peptides
and a different number of hydropholmiehelices. On the basis of the results observed in
the stromal processing assays as well as resuiééneld in the pulse-chase experiments,
within investigated precursor proteins two classesld be distinguished. The first class
consisted of precursors processed once to theiarmdbrms,i.e. containing a “single”
transit peptide, whereas the second class considt@decursors processed twice to the
intermediate and the mature forme. containing a bipartite transit peptide. In the
processing of almost all precursor proteins stromdcessing peptidase (SPP) was
involved. Most probably at least one protein camitaj a bipartite transit peptide was also
processed by another peptidase present not intrikma compartment. We showed that
despite of the differences in the number of hydapt transmembrane segments and
different types of transit peptides, all investeghproteins had similar import properties.
Their import was dependent on outer envelope memebraceptors and mediated by the
general import pathway at least in the initial impphase. All investigated proteins
required energy for import. 2Q@M ATP was sufficient for proteins used in this stud
achieve the maximal import rate. Interestingly timei intermediates nor mature proteins
were extractable from the membrane by urea tredtraed all proteins seemed not to
possess a soluble import intermediate. Thereforelaien that all investigated precursor
proteins were imported via the “stop-transfer” pedlt. Moreover, most probably at least
some components of the Tic complex were involvethetransport of precursor proteins
at the level of the inner envelope membrane and ptoeess was GHcalmodulin

regulated.



Zusammenfassung

Zusammenfassung

Die meisten Proteine, die sich in der inneren @gastenhidllmembran befinden,
werden an den zytosolischen Ribosomen mit einerariihalen Transitpeptid gebildet.
Die Proteine erreichen die innere Chloroplastemméithbran durch den so genannten
Hauptimportweg, der aus dem Toc Komplex in der &f3&€hloroplastenhillmembran
und aus dem Tic Komplex in der inneren Chloroplasidlmembran besteht. In jingster
Vergangenheit wurden zwei Importwege in die inndgtaloroplastenhillmembran
beschrieben. Es handelt sich hierbei um den songésia,,Conservativ sorting”, sowie den
~Stop-transfer® Importweg. Der ,Conservativ sortingmportweg ist fur Tic 40 und
Tic 110 beschrieben worden. Die Proteine werdereidaberst in das Stroma importiert
und dann in die innere Chloroplastenhillmembran eriest. Der ,Stop-
transfer Importweg ist fur ARC6 vorgeschlagen wemdGemal dem Importmechanismus
wird das Protein nicht in das Stroma importierindgrn wird auf der Hohe der inneren
Hullmembran festgehalten und von dort direkt in oieere Chloroplastenhillmembran
eingebaut. Wir haben die Importwege von zehn PBretei der inneren
Chloroplastenhillmembran charakterisiert. Sie henit Transitpeptide und eine
unterschiedliche Anzahl ana-helikalen Transmembrandomanen. Aufgrund der
Erkenntnisse, die wir durch stromale Prozessiemumgssuchungen, sowie Pulse-Chase
Experimente gewonnen haben, konnten wir die untbitsn Proteine gemald ihrer
Transitpeptidstruktur in zwei Klassen unterteilsaiche mit einteiligem oder zweiteiligem
Transitpeptid. Die Proteine mit einem einteiligemfsitpeptid werden einmalig durch die
stromale Prozessierungspeptidase (SPP) geschnitiia. Vorstufenproteine mit
zweiteiligem Transitpeptid werden zwei Mal, zunécis ein Zwischenprodukt und
daraufhin in ihre mature Form, prozessiert. Diesrkim vitro ebenfalls durch die SPP
katalysiert werden, jedoch wird wahrscheinlich zodeist eines der Proteine mit einem
zweiteiligen Transitpeptid durch eine weitere Pasts voraussichtlich aus einem anderen
Chloroplastenkompartiment, prozessiert. Wir konntsgzigen, dass die untersuchten
Vorstufenproteine  trotz  der  unterschiedlichen  Amzahder  hydrophoben
Transmembrandoménen und der Transitpeptidstrukiniiche Importeigenschaften hatten.
Ihr Import ist von den Rezeptoren der &uf3eren ©plastenhiullmembran abhangig und
fuhrt wenigstens in der anfanglichen Importphasehiuen Hauptimportweg. Der Import
der untersuchten Proteine bendtigte Energie. |80 ATP war fur die hochste

Importeffizienz der untersuchten Vorstufenproteieisreichend. Interessanterweise
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Zusammenfassung

konnten weder die Zwischenprodukte, noch die matémteine durch 6 M Harnstoff aus
der Membran extrahiert werden und alle Proteineeiseim nicht Uber ein losliches
Importintermediat zu verfigen. Darum kommen wirdaim Schlul3, dass die untersuchten
Vorstufenproteine den ,Stop-transfer® Weg fur ihreimport in die inneren
Chloroplastenhillimembran benutzen. Zudem ist mirdasein Teil des Tic Komplexes

am Import beteiligt und wahrscheinlich ist diesef ‘@almodulin reguliert.



Introduction

1. Introduction

1.1 Protein import into chloroplasts

Chloroplasts are the best characterized type astipls in plant cells. It is widely
accepted that they evolved from an ancient photbs§ic prokaryote similar to the present
day cyanobacteria. This cyanobacterial ancestortakasn up by a heterotrophic host cell
that already contained mitochondri@alvalier-Smith, 2000 Due to the endosymbiotic
event, chloroplasts are surrounded by two envefopmbranes. Both the outer and inner
chloroplast membranes are involved in the controd&change of a variety of ions and
metabolites between the cytosol and the stralogardet al, 199§. The outer envelope
membrane of chloroplasts contains a number of adgdland specific pore proteins that
originated most likely from the outer membrane ct@rproteins of the cyanobacterial
ancestor. They act as selectivity filters thatwllpassage of small molecules (Bélter and
Soll, 2001). At the inner envelope membrane difieteanslocators mediate the exchange
of metabolites. These translocators coordinatesojito and stromal metabolic processes
like photosynthesis, photorespiration, biosynthesesucrose, starch and amino acids
(Fligge and Heldt, 1991). Apart from pores and taite translocators at the outer and
inner envelope membrane, respectively, there am woteinaceous complexes that
mediate translocation of proteins synthesized m ¢itosol into chloroplasts. The Toc
complex (tanslocon at the uter envelope of hdoroplasts) consists of five proteins:
Tocl59, Toc75, Toc64, Toc34 and Tocl2, and medi#tes initial recognition of
preproteins and their translocation across theroceneelope membrane (Schnell al,
1997; Schleiffet al, 2003a; Beckeet al, 2004a). The Tic complexréinslocon at thenner
envelope of bloroplasts) is made up of seven proteins: TicT1€62, Tic55, Tic40, Tic32,
Tic22 and Tic20 (Benet al, 2007). Tic110 physically associates with the Tomplex
(Akita et al, 1997) and provides a membrane translocation relafor the inner
membrane (Heinst al, 2002). The Toc and Tic complexes import preaupsoteins into
the chloroplasts via the so-called general impathway (Cline and Henry, 1996; Soll and
Schleiff, 2004; Gutensohet al, 2006) through which most of the inner membrane,
stromal and thylakoidal proteins are imported. Hesve alternative import pathways are
suggested since the import routes which do notluavthe proteins of the general import
machinery were described for some proteins: Tiéd&dé and Soll, 2004) and chloroplast

envelope quinone oxidoreductase homologue, ceQOWEKhg et al, 2002; 2007), which
6
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do not contain a cleavable presequence and aretedrgo the inner envelope membrane
without involvement of components of the genergbamt pathway as well as for stromal
protein a-carbonic anhydrase, CAH1, that involves secref@thway for its import into
chloroplasts (Villareyet al, 2005; Faye and Daniell, 2006).

In general, the translocation of preproteins axri® chloroplast envelope is an
energy-dependent process (Theg and Scott, 1998hEdinding of precursor protein to
the organelle low energy concentration (8@ NTP) is required. Hydrolysis of higher
energy concentration (>10QM NTP) translocates the precursor protein across th
chloroplast envelope membranes (Vothknecht and 3@00; Soll and Schleiff, 2004).

The import process of nuclear-encoded preprotemg chloroplasts is highly
regulated. In the cytosol and at the outer envelopenbrane of chloroplasts regulation
involves phosphorylation/dephosphorylation of trameptides (Waegemann and Soll,
1996), GTP/GDP cycles of the Toc34 and Toc159 recsgSchleiffet al, 2003b) as well
as the action of molecular chaperones Hsp70, Hap@014-3-3 proteins (May and Soll,
2000; Qbadowet al, 2006). At the inner envelope membrane and insthema import is
probably regulated by Gcalmodulin (Chigriet al, 2005) as well as by the redox state of
the organelle. Three proteins of the Tic complexi@¢de involved in this redox regulation,
namely Tic62 (Kuchleet al, 2002), Tic55 (Caliebet al, 1997) and Tic32 (Hormaret
al., 2004).

As precursor proteins emerge from the translocatltamnel, the transit peptide is
cleaved off by a stromal processing peptidase (JRRhter and Lamppa, 1999). The
protein reaches its functional conformation witlsisiance of molecular chaperones or is
further directed to other sub-compartments of theroplasts by additional targeting

signals (Jarvis and Robinson, 2004).

1.2 Transit peptides

Most proteins directed into chloroplasts are sysittesl on cytosolic ribosomes
with an N-terminal extension called presequencearamsit peptide. Transit peptides of
chloroplast proteins prevent mistargeting into othell compartments and are mostly
required for sorting to the correct intraorganellacation (Bruce, 2000; 2001; Soll and
Schleiff, 2004). They vary considerably in lengflon about 30 to 120 residues) and

amino acid sequence. Transit peptides of chloropfasteins have properties that
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superficially resemble presequences of mitochohg@riecursor proteing,e. they are rich

in hydroxylated residues and deficient in acidisistaes. Chloroplastic transit peptides are
divided into three domains: an amino terminal 10+&&idues devoid of Gly, Pro, and
charged residues, a variable middle region ricBen, Thr, Lys, and Arg and a carboxy-
proximal region with a loosely conserved sequeiieéal-x-Ala/Cys_Ala) for proteolytic
processing (Cline and Henry, 1996).

Import into the inner envelope membrane of thet vasgjority of known inner
envelope proteins requires a cleavable transitiggpihere are two possible ways of
insertion already known for mitochondria (Hartl aNdupert, 1990), which are proposed
as well for chloroplasts on the basis of similastof their import machineries. According
to the “conservative sorting” import pathway prepios are directed into the stroma,
processed by SPP and re-exported into the inn&l@me membrane. This way of insertion
is represented by Tic110 (Lubeekal, 1997; Vojtaet al, 2007) and Tic40 (Trippt al,
2007). The cleavable presequence of Tic110 diteetpreprotein into the stroma whereas
inner envelope targeting information is containeithin a hydrophobic segment of the
mature protein sequence (Lubestkal, 1997). Tic40 contains a bipartite cleavable gitan
peptide at its N-terminus and similarly to Tic11Bis part of the protein is responsible
solely for stroma targeting. Insertion of Tic40adnthe inner envelope membrane is
determined by a serine/proline-rich domain posétbrbefore the only transmembrane
domain (Tripp et al, 2007). The second way of insertion into the meavelope
membrane, the “stop transfer” pathway, is usedrepnoteins containing sequence motifs
that induces exit of the preprotein from the impmachinery at the level of the inner
envelope membrane. The “stop transfer” mechanisnchioroplasts was proposed by
Fligge and Hinz (1986) for triose phosphate/phaosptranslocator (TPT) and recently by
Tripp et al (2007) for ARC6. Apart from inner envelope menm@agroteins containing a
cleavable transit peptide there are two chara&erizxceptions. Tic32 (Nada and Soll,
2004) and a quinone oxidoreductase homologue (cdQ(Wras et al, 2002) lack
cleavable presequences. Import analysis of TicB&ida mutants revealed the importance
of the N-terminal part of the sequence in targetmghe inner envelope (Nada and Soll,
2004). In the case of ceQORH, site-directed-mutagisnrand import experimenits vitro
and in vivo revealed that the whole protein sequence conefstsvo lipid-interacting
domains separated by a soluble domain that actectmuly in regulating import. This
soluble domain is essential for faithful plasticheting (Miraset al, 2007).
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Figure 1. Sorting pathways of chloroplast inner envepe membrane proteins

Proteins that are destined for the inner envelopmbmane of chloroplasts use at least two different
pathwaysA. The first pathway is called “conservative sortingroteins are transported across the
outer and inner envelope membranes into the stwirere they are processed by the stromal
processing peptidase (SPP) and reach the innetopevenembrane in an export-like insertion

reaction.B The second pathway is called “stop-transfer”. Brgar proteins are arrested at the level
of the inner envelope membrane and are laterallgased into the membrane. It remains
unrevealed if some other proteinaceous componeltsale involved in the inner envelope

membrane insertion. OM, IM indicate the outer ander envelope membrane, respectively, the
numbers indicate the molecular masses of the stsdbahthe Toc and Tic complexes. The import

pathways indicated by arrowheads are shown scheatigtitherefore the subunits of the import

machineries which are crossed by arrowheads dbava to be involved in the import process.

1.3 Import regulation at the level of the Toc commx and in the
intermembrane space

The first step of preprotein import into chloroptass the recognition by the Toc
receptors at the chloroplast surface. This stepgslated by the GTP/GDP cycle (Fulgosi
and Soll, 2002; Beckest al, 2004a) of two GTP-binding receptors, namely ToeBd
Tocl159. Toc34 in its GTP-loaded state recognizexherminal part of the transit peptide
(Beckeret al, 2004a). The binding of preprotein to Toc34 states hydrolysis of GTP to
GDP (Sveshnikovaet al, 2000; Jelicet al, 2002). The Toc34 receptor exhibits low
affinity for the transit peptide in a GDP-boundtstand therefore releases the preprotein,

which is subsequently transferred to Tocl59 (Beckeral, 2004a). Tocl59 is
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characterized as a GTP-driven motor. Hydrolysi&®P by Toc159 drives the preprotein
across the outer envelope membrane through thsldation channel, Toc75 (Schledt
al., 2003b). Toc75, aB-barrel-type protein (Hinnaket al, 1997) cannot mediate
translocation of preproteins on its own but rel@sthe co-ordinate activities of the Toc
GTPases and a Hsp70-type chaperone located inntbemembrane space to catalyze
transport (Schleifet al, 2003b). Both Toc34 and Toc159 receptors seebetnecessary
for import of precursor proteins using the genémgbort pathway. Their inactivation by
proteases (Clinet al, 1984) inhibits preprotein binding to the orgdaelsurface and
subsequently its transport across the chloroptastlepe membranes.

Recently Qbadotet al. (2006) described the function of a third outer edape
receptor, Toc64. Toc64 is dynamically associateth wlhie Toc core complex (Toc34,
Toc75, Tocl59) in pea (Schleifet al, 2003a) and its sequence contains three
tetratricopeptide repeats (TPR) (Sohrt and Sol0020The TPR domains are exposed to
the cytosol and interact with the cytosolic Hsp8@gmerone which is carrying a preprotein.
Dissociation of the preprotein from the chaperoniiates its recognition by Toc34.
Finally, delivery of the preprotein from Toc64 tbet Toc core complex leads to the
dissociation of Toc64 (Qbadoet al, 2006). On therans side of the outer envelope
membrane Toc64 interacts with intermembrane spap¥ ®(Schnelét al, 1994), Tocl2
(Becker et al, 2004b) and Tic22 (Kouranoet al, 1998), facilitating preprotein
translocation toward the Tic translocon (Qbadbal, 2007).

1.4 Import regulation at the level of the Tic compkx

Protein translocation mechanisms across the inmegl@pe membrane are not as
well characterized as import across the outer emeelmembrane. However, two
mechanisms are described that may regulate theeciprdtanslocation via the Tic
machinery. The first import mechanism is regulaigdC&* and calmodulin (Chigret al,
2005; 2006). The second one depends on the redtx &t the chloroplasts and involves
three proteins of the Tic complex: Tic32 (Hormagtal, 2004), Tic55 (Caliebet al,
1997) and Tic62 (Kuchlest al, 2002). Both mechanisms partially overlap sifeeTic32
protein was characterized as a predominant calmeduiding protein at the inner
envelope membrane of chloroplasts (Chigrial, 2006). Tic32 displays homology to

conserved short-chain dehydrogenases/reductasel wtinmon feature is an NAD(P)H-
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binding domain required for their catalytic actwi{Hormannet al, 2004). NADPH
binding by Tic32 affects its interaction with othEic components like Tic110 and Tic62,
whereas binding of calmodulin to Tic32 promotesiiteraction with the translocation
channel, Tic110 (Chigret al, 2006). According to this hypothesis import offelient
proteins could be regulated by association/dissociaof Tic32 from Tic110 that might
have some influence on substrate specificity aviagiof the translocon.

Recently Stengekt al (2008) described dehydrogenase activity for Tiectl
redox-regulated interaction of this protein witke thic complex and ferredoxin-NAD(P)
oxido-reductase (FNR). Tic62 seems to function aem@sor of the redox status of the
chloroplasts by binding FNR at its C-terminus an&D¥ at the N-terminus. Stenged al
(2008) proposed the redox-regulated shuttling moél@lic62, according to which a major
fraction of this protein was found either in themiane or in the stromal fraction of the
chloroplasts. FNR seems to be able to reduce thBMAolecule associated with Tic62
decreasing the interaction of Tic62 with Ticl110.dén reduced conditions Tic62 is
transferred to the stroma. In contrast, incubatérchloroplasts with oxidizing agents
alters the Tic62 distribution within the organeleward the membrane fraction and
promotes binding of Tic62 to the Tic translocon.eTNADP/NADPH ratio in the
chloroplast could mediate the redox regulation witgin import into chloroplasts, by
assembly and disassembly of the translocation aampl

The third protein involved in redox regulation i&35. It comprises a Rieske-type
iron-sulphur centre and a mononuclear iron-bindsitg. The oxidation state of the iron
atoms could function as a biosensor for the impormpetence of the chloroplast. Caliebe
et al (1997) showed that the modification of histidimesidues of the Rieske iron-sulfur
cluster resulted in an arrest of preprotein ati¢lrel of the inner envelope membrane. This
observation, together with fact that Tic55 formsstable complex with Tic110 and a

trapped precursor, suggests a functional role cdJ'in preprotein translocation.

1.5 Soluble stromal factors, protein processing anfiblding

Several soluble factors in the stroma are involvethe processing of precursor
proteins. As mentioned above, preproteins are pemtk by the stromal processing
peptidase (SPP). The N-terminus of SPP carries &XBH zinc-binding motif

characteristic for the pitrilysin metalloendopepsd family, which includes the
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mitochondrial processing peptidase of the mitochiahdnatrix (VanderVereet al, 1995;
Richter and Lamppa, 1998; 1999). The SPP intedirtstly with 10-15 residues at the C-
terminus of the transit peptide, where generakylihsic residues are concentrated (Richter
and Lamppa, 2002). Cleavage of the transit peftyd8PP leads to immediate release of
the mature protein, whereas the transit peptideamsrbound to the enzyme (Richter and
Lamppa, 1999). SPP then carries out a second iogeaction and converts the transit
peptide to sub-fragments. The sub-fragments becarterget for rapid ATP-dependent
degradation by a second unidentified metallopepéida the stroma (Richter and Lamppa,
1999; Moberget al, 2003).

Stromal factors that interact with imported progeinclude diverse members of the
chaperone family. Hsp93, a chloroplast homologuelg100, also called ClpC (Akitet
al., 1997; Nielseret al, 1997), functions together with Tic40 and TiclibO protein
translocation across the chloroplast inner envetopebrane into the stroma. Tic40 plays
a role as an ATPase activation protein for ClpCaiCét al, 2006). Recently Vojtat al
(2007) showed that CIpC seems to be involved inr¢hexport pathway of the intermediate
form of Ticl10 from the stroma to the inner envelapembrane of chloroplasts. Other
stromal chaperones, which interact with some pssruproteins upon their import, are
homologues of Hsp70 and Cpn60 (Lubletral, 1989; Marshalet al, 1990; Tsugeki and
Nishimura, 1993). It was postulated that they bipaecursor proteins to prevent

aggregation and participate in correct foldingtodmmal proteins.
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2. Aim of this work

Aim of this work was the characterization of imppathways of the inner envelope
membranes proteins. For this purpose several poteere selected from the literature
(Ferroet al, 2002; Ferrcet al 2003; Froehlictet al, 2003; Rolangkt al, 2003 and Eicks
et al, 2002) on the basis of following criteria:

* Inner envelope membrane localization
* Predicted transit peptide
* Up to nine transmembrane domains

Because import of most characterized inner eneelagembrane proteins is
mediated by the general import pathway we askedhenemport properties of proteins
selected for this study would reveal features widicinguish their import pathways from
each other and from the import pathways of othewkn proteins €.g pSSU). Usually,
protein transport is described by energy dependdmgythe time necessary to reach the
inner envelope membrane, involvement of componehtse Toc and Tic complexes and
the chloroplast compartment in which the processaigs place. Comparison of these
parameters within a selected group of proteinswadtb us to notice similarities and
differences in their import behaviour. Moreover, ek into consideration two import
pathways, which were previously described for ntitowrial inner membrane proteins,
the “conservative sorting” and the “stop-transfefhese routes involve two different
translocases at the inner membrane of mitochoneriach transport different sets of
precursor proteins. There are three classes otipg@cproteins. The first class consists of
some inner membrane proteins which contain a clday@resequence and are transported
to their final localization via soluble transloaati intermediates in the matrix. Their
“conservative sorting” import route is mediated Tiyn 23 translocase. The second class
consists of inner membrane proteins containing emv@ble presequence and a single
membrane span. Transport of these proteins is needizy Tim 23 translocase according
to the “stop-transfer” mechanism. The third classsists of precursor proteins containing
many hydrophobic segments and devoid of a cleavatdsequence. They are imported
into the inner membrane according to the “stopdf@ri mechanism which involves
Tim 22 translocase. Transport of proteins accordimghe “stop-transfer” pathway is
arrested at the level of the inner membrane ang @ne laterally inserted into the lipid

bilayer. Therefore a soluble translocation interratcan not be observed.
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The description and comparison of individual inigmoperties of the nine proteins
chosen for this study allowed us to create a génavdel of the import pathway according
to whicha-helical hydrophobic proteins are transported thiinner envelope membrane

of chloroplasts.

2.1. Facts about the proteins chosen as import substes

Nine proteins were chosen as “tools” for charazieg the import mechanism. All
of them were annotated as inner envelope membrasteips with a predicted transit
peptide (Eickset al, 2002; Ferrcet al, 2002; Ferrcet al, 2003; Froehlictet al, 2003;
Rollandet al, 2003). Four of them are hypothetical proteinsiménown function, named
according to their molecular mass: HP17, HP28, HP28d HP34. The function of the
other five proteins, HP36, IEP37, PIC1, PPT and XBS been already annotated.

HP36 is annotated in the ARAMEMNON database (Schea&t al, 2002) as an
integral inner envelope membrane protein whicmi®lved in transport of sodium ions.
The precursor protein consists of 409 amino aagmisantains a predicted 74 amino acids
long transit peptide. HP36 possesses nine putataressmembrane domains distributed
equally over the sequence.

IEP37 is a 37-kDa inner envelope membrane protegtribed in 1991 by Dreses-
Werringloeret al (1991) as a major constituent of the spinachroplast inner envelope
membrane. The precursor protein consists of 34sha@racids and possesses at the N-
terminus a short transit peptide (46 amino acidsket al, 1995) forming an amphiphilic
a-helix. The mature protein contains one membramensipg segment at its C-terminus
that possibly anchors the protein within the enpelonembrane. The 37-kDa protein is
imported into chloroplasts in an ATP-dependent neanS8equence analysis of the 37-kDa
protein suggested its methyltransferase functioat@¥ashiet al, 2003)

Recently Duyet al (2007) described PIC1 (permease in chloroplastg1-kDa
precursor protein (296 amino acids) involved imitoansport in chloroplasts. The same
protein was also characterized by Tat@l (2006) as a Tic component. PIC1 contains 4
predicted transmembrane helices and is targeteccibroplasts by a cleavable, 90 amino
acids-long transit peptide (Tergal, 2006).

Among all metabolite translocators at the plastider envelope, four phosphate

translocators (PT) have been identified: triose sphate (TPT), phosphoenolpyruvate
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(PPT), glucose-6-phosphate (GTP) and xylulose-5%PT]J. They belong to the triose
phosphate translocator family which includes alsd yncharacterized PT homologues
from plants and other eukaryotes. The family afsel phosphate translocators belongs to
the nucleotide-sugar transporter family (NST), whis part of the drug/metabolite
transporter superfamily (Fligge, 1999; Fliggel, 2003; Martinez-Dunckest al., 2003).

Two metabolite translocators were chosen to sthdyr import pathways into the
chloroplasts inner envelope membrane: PPT and XPT.

In the Arabidopsis genome PPT is encoded by eigmeg Only two genes
represent full-length gene&tPPT1 (protein- 408 amino acids) akdPPT2(protein- 383
amino acids) (Knappe, 2003; Welstral, 2005). Protein sequence similarity between all
PPTs and TPTs amounts 50 to 95% and is restrictdivé regions, four of which are
putative membrane spanning regions. According topdational analysis (Schwacle¢
al., 2003) the protein possesses a transit peptideh® basis of hydrophobicity analysis
Fisher et al (1997) claimed that PPT has six membrane-spanreggns. Import of
AtPPTL1linto cauliflower bud plastids was ATP dependerd did not occurr into plastids
pre-treated with thermolysin.

The XPT protein consists of 417 amino acids withaecular mass of 45 kDa and
is encoded by a single gene. Hydrophobicity distidn analysis of the amino acid
sequence (Eickst al, 2002) as well as transmembrane helices predi¢Bochwackest al,
2003) suggest that this translocator contains gieight transmembrane helices. XPT
possesses a predicted transit peptide at its N\taenThe processing site is assumed to be
located between amino acids 75 and 85. The matanteop XPT is 35-40% identical to
TPTs and PPTs and even about 50% identical to G&t€ips (Eickset al, 2002). In XPT
as well as in all four classes of phosphate traasts, the conserved dipeptide Lys-Arg
located in the fourth region of high similarity v@ry likely involved in binding of the
substrate (Fischeat al, 1994).
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3. Materials

3.1 Chemicals and membranes

All chemicals used were purchased from establispeaviders: Applichem
(Darmstadt, Germany), Biomol Feinchemikalien GmbHarhburg, Germany), Fluka
Chemie AG (Buchs, Swiss), Merck AG (Darmstadt, Gamg), Roth GmbH & Co.
(Karlsruhe, Germany), Serva Feinbiochemica (HerlglbGermany) and Sigma Aldrich
(Munich, Germany). Ni-NTA Superflow was provided Idiagen (Hilden, Germany).
Nitrocellulose (0.2um) was purchased from Schlaier Schull (Dassel, Germany) and
0.37mm blotting-papers from Macherey & Nagel (Dir&ermany). Fuji film imaging
plates were used for imaging analysis. They weowiged by Fuji photo film company,

Japan.

3.2 Kits

For small scale plasmid DNA isolation from badertastPlasmidTM Mini
(Eppendorf) or alkaline lysis was used. Large sCWA isolation was performed using
‘Nucleobond AX" supplied by Macherey-Nagel (Dur&ermany). Purification of DNA
fragments from agarose gels and purification of R@Bducts were carried out using
Nucleospin Extract Il (Macherey-Nagel). DNA sequegcwas carried out using BigDye
Terminator Cycle Sequencing Ready Reaction Kit Beggy Perkin Elmer (Weiterstadt,
Germany).In vitro transcription was performed using chemicals frorBl MFermentas
whereasn vitro translation was done with Wheat Germ Extract Tledims Kit supplied
by Promega (Madison, USA).

3.3 Molecular weight and size markers

Molecular weight standard MW-SDS-70 from Sigma wsed for SDS-PAGE.
DNA fragments size marker for agarose gels wasgsegpby Pstl restriction d~phage
DNA, provided by MBI Fermentas.
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3.4 Enzymes

Restriction enzymes, DNA- and RNA polymerase arteio nucleic acids
modifying enzymes were supplied by Roche (Mannh&e;many), MBI Fermentas (St.
Leon-Rot, Germany), Pharmacia Biotech (Freiburgn@ay) and Sigma. T4-DNA ligase
was purchased from Eppendorf (Hamburg, GermanypadeNvas supplied by Amersham

Pharmacia Biotech, thermolysin by Calbiochem asdzyme from Serva.

3.5 Oligonucleotides

Oligonucleotides used in PCR reactions were otdé@n Invitrogen (Karlsruhe,
Germany), MWG Biotech (Ebersberg, Germany) or Qia@élden, Germany).

3.5.1 For cloning of HP17 into pSP65 vector

HP17 Fwd 5-ACGGSTCGAC ATG GCG TCT CTT TCT TCT ACC-3
Sall

HP17 Rvs 5-AAAACTGCAG ATT CAATTT CAA ATC CTA AAA ACA G-3
Pstl

3.5.2 For cloning of HP29b into pSP65 vector

HP29b Fwd 5-ACGGTCGAC ATG GCG ACC ACACTT CAT TG-3
Sall

HP29b Rvs 5 -AAAACTGCAG CTATGG CCATTT AGT GAA CTC-3
Pstl

3.5.3 For cloning of HP28 into pSP65 vector

HP28 Fwd 5-ACGGGTCGAC ATG AAT GCG TCC GGC TTA ACT-3
Sall

HP28 Rvs 5 -AAAACTGCAG AAA AGA CGG GGA AAA GAA AAA AG-3
Pstl

3.5.4 For cloning of HP36 into pSP65 vector

HP36 Fwd 5-CCGAATTC ATG GCT TCC ATT TCC AGA ATC-3
EcoRl

HP36_Rvs 5-ACGEGTCGAC TTACTC TTT GAA GTC ATC CTT G-3°
Sall
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3.5.5 For cloning of IEP37 into pSP65 vector

IEP37 _Fwd 5-CCGAATTC ATG GCC TCT TTG ATG CTC AAC-3
EcoRl

IEP37 Rvs 5 -ACGGGTCGAC TCAGAT GGG TTG GTC TTT GGG-3°
Sall

3.5.6 For cloning of HP17 from pSP65 into pET21d \ator

HP17 pET21d Fwd 5-CATGCATGG TGG CGT CTC TTTCTT CTAC-3
Ncol

HP17 pET21d Rvs 5 -CCGTCGAG TCA GGC TGT AGC CTC G-3
Xhol

3.5.7 For cloning of mOE33 from pOE33/pET21c into gT21d vector

MOE33 _Fwd 5-CTAGCATGG AA GGT GCT CCA AAG AG-3
Ncol

MOE33 Rvs 5-GGTE&TCGAG TTC AAG C-3°
Xhol

3.6 Vectors

Table 1. Overexpression and translation vectors uddn this study

Overexpression vectors Translation vectors
Vector name | pET-21c(+) | pET-21d(+) pSP64 pSP65 pGEM4Z
Novagen, Novagen,
Company Madison, Madison, Promega Promega Promega
USA USA
Studier and| Studier and Melton et Melton et Yanisch-
Reference Moffat, Moffat, al. 1984 al. 1984 Perronet
1986 1986 B B al., 1985
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3.7 Clones

3.7.1 HP17, HP28, HP29b, HP34, PIC1, PPT and XPT

The ArabidopsiscDNA of seven proteins used in this study: HP171%2960),

HP28 (At3g51140), HP29b (At3g61870), HP34 (AtlgMB6PIC1l (At2g15290), PPT
(At5g33320) and XPT (At5g17630) were purchased f&aik Institute Genomic Analysis
Laboratory as pUNI51 clones U09946, U09805, U14Q109750, U18531, U10309 and
U12352, respectively. Fan vitro transcription PIC1 was EcoRI/Notl subcloned from
pUNI51 into pGEM 4-Z (Promega, Mannheim, GermanMP17 and HP29b were
EcoRI/Sall subcloned into pSP65 vector, whereas &1R#34, PPT and XPT were
Sall/Pstl subcloned into the same vector (Promiglganheim, Germany).

3.7.2 HP36 and IEP37

The HP36 (At2g26900) and IEP37 (At3g63410) cDNAnes fromArabidposis
were obtained from RIKEN Bioresource Center (Japamg subcloned EcoRI/Sall into
pSPG65 vector.

3.7.3 pSSU

Precursor of the small subunit of RubisCO (pSSWs wrovided by Prof. Dr.
Jurgen Soll and was used for many experiments @amtol protein. The total length of
pSSU is 573 bp that encode a 21 kDa protein. Tleseguence is 165 bp long and
originates from soybea@lycine maxwhereas mature part is frofisum sativunf{Lubben

and Keegstra, 1986). The sequence was cloned 864 vector.

3.7.4 Tic32

The coding region of Tic32 from pea encoding farkDa protein was cloned into
the pSP65 vector. The clone was kindly providedPbgf. Dr. Jurgen Soll and precursor
protein was used as a control in the import expenimwith chloroplasts treated with
Ophiobolin A (section 4.3.3).
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3.7.5 tpSSU-110N-mSSU

The hybrid construct tpSSU-110N-mSSU (Libetlal, 1997) is 1257 bp long and
encodes the 46 kDa protein. It was used as a doptaiein in an experiment of
chloroplast fractionation into a soluble and inkddufraction. tpSSU-110N-mSSU contains
the presequence of pSSU (1-192 bp), the N-ternpagl of Tic110 (112-817 bp) and the
mature part of SSU (175-564 bp) pSSU sequencenatigs fromNicotiana sylvestris
(locus NSRUBSSU, Acc. No. X53426, Janwdt al, 1991) whereas Ticl1l0 sequence
originates fromPisum sativumtpSSU-110N-mSSU was cloned into pET21d vector.

3.7.6 pOE33 and mOE33

Oxygen evolving complex protein of 33 kDa (pOEa8) its mature form (mMOE33)
were used for import competition experiments (saqaeublished by Muratet al, 1987).
pOE33 was cloned into pET21d vector and consi®00f bp whereas mOE33 was cloned
into pET21c vector and is 747 bp long.

3.8 Bacterial strains

For amplification of DNA Escherichia colistrain DH® (GibcoBRL, Eggenstein,
Germany) was used whereas for overexpression dkipsy BL21 (DE3) (Novagen,

Madison, USA) celles were used.

3.9 Growth media

LB or MgZB media were used for overexpression or growttrasfsformecE. coli

strains for cloning.

LB medium (components/liter)

NacCl 109
Peptone 10g
Yeast 509

Agar (for plates) 15¢
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MgZB medium (components/liter)

NH,CI 19
NaH,PO, 39
Na,HPO, 60
Tryptone 10g
NacCl 50

3.10 Radioisotopes

[**S] Methionine/Cysteine mixture with specific actviof 1000 Ci/mM was

provided from Amersham Biosciences (Freiburg, Gewyha

3.11 Plant material

Pea Pisum sativumof the sort “Arvika” (Praha, Czech Republic) wgr®wn on

vermiculite or on sand under 12 h day / 12 h n@yfele in a climate chamber atZ
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4. Methods

4.1 General molecular biology methods

4.1.1 Standard methods

Bacterial strain culturing and preparation of @sa stocks were performed
according to standard protocols (Sambrabkal, 1989). Transformation of DHband
BL21 (DE3) strains was performed according to Papé Kent (1996). Competent cells
for DNA transformation were prepared according tmu@et al (1989).

4.1.2 Plasmid DNA isolation

Isolation of plasmid DNA from 5ml culture for restion analysis, subcloning, re-
transformation into another bacterial strains aegusnce analysis were all adapted from
the methods of Holmes and Quigley (1981). Large warhoof DNA for in vitro
transcription and translation was isolated from ri@®acterial cultures by NucleobondAX
kit supplied by Machery-Nagel following manufactdeeinstructions. Fast purification of
restricted plasmid DNA was performed by QiaQuickRPRurification Kit from Qiagen or

Nucleospin Extract Il Kit from Macherey-Nagel.

4.1.3 Polymerase chain reaction (PCR)

The restriction sites for cloning of DNA fragmeim$o plasmid vectors were added
by the polymerase chain reaction (Sakal, 1998). The standard PCR reactions included
100ng DNA template, 200uM of each dNTPs, 200nM oimprs and 1-2 units of taq
polymerase in the supplied buffer (TripleMaster PSRgstem, Eppendorf, Hamburg,
Germany). Temperatures were adjusted corresponditige annealing temperatures of the
primers. Prior to ligation with corresponding inservectors were dephosphorylated by use
of alkaline phosphatase from calf intestine (Roddi@gnostics GmbH, Mannheim,

Germany).
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4.1.4 Cloning techniques

Isolation and restriction of plasmid DNA and PCRpdified fragments as well as
ligation and agarose gel electrophoresis were peadd according to standard procedures
(Sambrooket al., 1989). The reaction conditions for the enzymegsevesljusted according
to the protocols provided by the manufacturersn@ed techniques were applied for the

ligation of all clones used in these studies irmithipSP65 and pET21 vectors.

4.1.5In vitro transcription and translation

Prior toin vitro transcription, plasmids containing clones listegéction 3.7, were
linearized for 60 minutes at 3Z with restriction enzymes listed in the tablesobel
(Table 2).

Table 2. Restriction enzymes used for the linearizin of clones used in this study

HP17 HP28 HP29b HP34 FD3C PIC1
Restriction
Pstl Sall Pstl Sall Pstl Notl
enzyme
PPT XPT HP36 IEP37 pSSU Tic32
Restriction
Sall Sall Sall Sall EcoRlI Pstl
enzyme

Plasmid DNA was isolated and purified using phestdbrophorm purification or
QiaQuick PCR Purification Kit from Qiagen. The finzellet was resuspended in RNase
free water or 0,1% TAE buffem vitro transcription of linearized plasmids was carrietl 0
in a reaction volume of 50 ul containing transcoptbuffer (supplied by MBI Fermentas),
10mM DTT, 100U RNase inhibitor, 0.05% (w/v) BSASM ATP, CTP, and UTP, 0.375
mM m’ -Guanosin (5') ppp (5') Guanosine (cap), 10U SP6ARpolymerase and 2-3 pg
linearized plasmid DNA. The reaction mixture wasubated for 30 minutes at 37°C to
yield RNA with cap at the 5-end. Finally, 1.2 mMTI8 was added and the transcription
mixture was incubated for another two hours. mRNa#swither used directly fan vitro

translation or stored under liquidb.Nn vitro translation of mMRNA was carried out using
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the Wheat Germ Lysate System, following the martufac’'s instructions, with optimal
RNA concentration and adjusted potassium acetateerdrations, which were determined
by test translation. 150pCi oPB]-methionine/cysteine mixture were added for radiive
labelling. After translation the reaction mixtur@asvcentrifuged at 50,000xg for 20 minutes

at £C and the supernatant was used for import expetsnen

4.2 Isolation of intact chloroplasts from pea

For isolation of intact chloroplasts (Schindétral., 1987) pea seedlings grown for
9-11 days on vermiculite, under 12/12 hours dayhtlicycle were used. All procedures
were carried out at 4°C. About 200g of pea leavesevgrinded in a kitchen blender in
approximately 300 ml isolation medium (330 mM stwhi20 mM MOPS, 13 mM Tris,
3 mM MgCh, 0.1% (w/v) BSA) and filtered through four laye&mull and one layer of
gauze (30 um pore size). The filtrate was centefufipr 1 minute at 1500xg and the pellet
was gently resuspended in about 1ml wash mediun® (8®1 sorbitol, 50 mM
HEPES/KOH, pH 7.6, 3 mM Mg@)l. Intact chloroplasts were re-isolated via a
discontinuous Percoll gradient of 40% and 80% @6 M sorbitol, 50 mM HEPES/KOH,
pH 7.6) and centrifuged for 5 minutes at 3000x@ swing out rotor. After centrifugation
two green bands of chloroplasts were observed.l@wer band, which represented intact
chloroplasts was washed two times with wash medindhfinally resuspended in suitable
volume of wash medium. Samples of chloroplasts [[5yere resolved in 5 ml of 80%
acetone and chlorophyll concentration was estimbtedieasuring the optical density at
three wavelengths against the solvent (Arnon, 19@8&Joroplasts were used for further

import experiments.

4.3 Treatment of chloroplasts and translation prodat before import

4.3.1 ATP depletion from chloroplasts andn vitro translation product

Before chloroplasts isolation, the peas were dgtir night in the dark. After the
isolation procedure, intact chloroplasts were ¢eftice in the dark for 30 minutes in order

to deplete ATP and therefore allow subsequent itngqueriments to be carried out with
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only exogenously added ATP as energy source. Tetdepndogenous ATP from vitro
translation product, Micro Bio-Spin Chromatograp@iglumns (Bio-Rad, Hercules, CA,

USA) were used according to manufacturer’s recondatéms.

4.3.2 Protease pre-treatment of isolated intact cbtoplasts

Protease treatment of chloroplasts before insediaadioactively labelled protein
was carried out using chloroplasts correspondindj tog chlorophyll, 1 mg thermolysin
and 0.5 mM CaGl Wash medium (330 mM sorbitol, 50 mM HEPES/KOH, pld, 3 mM
MgCl2) was added to the final volume of 1 ml ané sample was incubated for 30
minutes on ice. To stop the protease reaction, 5SEAIMA was added. Intact chloroplasts
were re-isolated via a discontinuous Percoll gratdoentaining 5 mM EDTA and washed

twice as described before.

4.3.3 Chloroplasts pre-treatment with Ophiobolin Aand ionophore A23187

Intact pea chloroplasts were treated with spectilemicals in order to block import
of pre-proteins at the level of the inner membrairéor to the import reaction described in
section 4.4.1 chloroplasts were incubated with il® Ophiobolin A for 20 minutes at

25°C or with 50uM A23187 for 20 minutes at’€.

4.4 Import experiments and chloroplasts post-treatrant

4.4.1 Import of radioactively labelled proteins inb intact chloroplasts

%S-labelled precursor proteins (translation produictsnaximal amounts of 10%
(w/v) in the reaction were mixed with freshly prega intact pea chloroplasts (equivalent
to 15-20ug chlorophyll) in import buffer (330 mM sorbitolQ5mM HEPES/KOH pH7.6,
3 mM MgSQ, 10 mM methionine, 10 mM cysteine, 20 mM K-glucand0 mM NaHCGQ)
2% BSA (w/v) and up to 3 mM ATP) in a final volunoé 100 pl (Waegemann and Soll,
1995). The import mix was incubated at 25°C for d 32 minutes according to
experimental requirements. Chloroplasts were ridisd over 40% Percoll cushions,
washed twice and the samples were separated byPRO#E. The resulting gels were

coomassie-stained, dried and exposed on X-raytsenscreens over night.
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4.4.2 Chloroplasts post-treatment with thermolysin

To control the efficiency of protein import acrdkse outer envelope of chloroplasts
the intact organelles were treated with the prete¢hsrmolysin. After import chloroplasts
were pelleted at 1500xg for 1 minute &C4and resuspended in 1Q0 digestion buffer
(330 mM sorbitol, 50 mM HEPES/KOH pH 7.6, 0.5 mM @g. The addition of
thermolysin (0.5ug per 1ug of chlorophyll) started the digestion which wasfprmed for
20 minutes on ice. The reaction was stopped bytiaddof 5 mM EDTA. Chloroplasts
were pelleted and washed in the washing buffer (880 sorbitol, 50 mM HEPES/KOH
pH 7.6, 5 mM EDTA).

4.4.3 ATP concentration scale

To characterize ATP requirements of proteins irgmbrinto isolated intact
chloroplasts, radioactively labelled, ATP-depleteghslation product was incubated with
chloroplasts corresponding to @ chlorophyll in the import mixture (see sectiod.4)
without or with different concentration of ATP: 1@5, 75, 200, 1000 and 30QM.
Samples were incubated at 25°C for 8 minutes. ©plasts were re-isolated over 40%
Percoll cushions and subsequently samples wergzathby SDS-PAGE. All steps were
performed in the dark to minimize the generation ofternal ATP via

photophosphorylation.

4.4.4 Pulse-chase import experiment

To observe the changes in localization and quaofiimported protein during the
time radioactively labelled precursor proteins wereubated for 3 minutes on ice with
isolated chloroplasts corresponding to | chlorophyll in import mixture without ATP
(see section 4.4.1). These conditions enable kgnaih the precursor protein to the
receptors at the chloroplasts surface but not itmptw the organelle (pulse). Chloroplasts
were pelleted at 1500xg for one minute, washed amdbe import buffer and the final
pellet was resuspended in import buffer contair8BngM ATP (chase) to allow complete
import. The import reactions were performed froto(B2 minutes at 2&. Import was
stopped after different times by addition of Laemmimiffer and samples were analyzed by
SDS-PAGE. The experiment was performed in the darkninimize the generation of

internal ATP produced via photophosphorylation.
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4.4.5 Competition for import with mOE33 and pOE33

5 uM of overexpressed and purified competitor pOE33 ismmature form mOE33
were added to the import reaction. The import expent was performed as described in
section 4.4.1 with some changes: up toutpof chlorophyll were used and the import

reaction lasted 5 minutes for pSSU and 10 minudealf other proteins used in this study.

4.5 Suborganellar localization of imported proteins

4.5.1 Fractionation of chloroplasts into soluble ath membrane fractions after import

To distinguish between integral membrane protearsd soluble proteins,
chloroplasts were lysed after import in 10 mM HERESH pH 7.6 for 20 minutes on ice.
Subsequent centrifugation at 256,80for 10 minutes at°€ separated the membranes

from a soluble fraction. Both fractions were analyby SDS-PAGE.

4.5.2 Extraction of proteins with 6 M urea

After import chloroplasts were re-isolated ovel#®ercoll cushions, lysed as
described in the section 4.5.1 and pelleted at@®&g for 10 minutes at°€. The pellet
was subsequently treated with 6 M urea in 10 mM B&ROH pH 7.6 for 10 minutes at
room temperature (RT). Samples were centrifuge2b@t000xg for 10 minutes at RT and
the pellet and soluble fraction were analyzed bpSTAGE.

4.6 Stromal processing assay

Intact chloroplasts were isolated as describedhm section 4.2. Chloroplasts
corresponding to 80Qg chlorophyll were pelleted at 1500xg for 1 minatefC and lysed
in 1 ml of 5 mM ice-cold HEPES/KOH pH 8.0 for 15 mates on ice. Samples were
centrifuged for 10 minutes at 16,000xg a4C4and the supernatant was centrifuged again
for 30 minutes at 137,000xg;y@. In the processing assay the supernatant comgaam
active stromal processing peptidase was used. $amphtaining 15l of supernatant, 2.5
pug chloramphenicol, 20 mM HEPES/KOH pH 8.0, and 48radioactively labeled
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translation product were mixed in a total volumebiul and incubated for 90 minutes at
26°C. The reaction was stopped by addition of Laenfmuffer and samples were analysed
by SDS-PAGE.

4.7 Overexpression and purification of pOE33 and m@33

Transformed BL21 (DE3) competent cells were grawnl00 ml LB medium
containing 100 pg/ml ampicilin, 1 mM MgQ@nd 0.4% glucose till the QB reached 0.6.
Expression was induced by 1 mM IPTG and cells wgn@wvn for 3 hours at 3T.
Cultures were centrifuged for 20 minutes at 40084’ C. Expressed proteins containing
a His-tag were isolated in form of inclusion bodiasd purified under denaturing
conditions according to QIAgen protocols. The prote interest was eluted by acidic pH.
Refolding of the protein was accomplished by dialyagainst 6 (over night), 4 (four
hours), 2 (four hours) and 0 M urea. Aggregatedsiohiled) material was pelleted by
centrifugation at 27,000xg for 10 minutes at 4°CheTprotein concentration in the

supernatant was estimated and used for compeé@ikpariments.

4.8 Methods for separation and identification of poteins

4.8.1 SDS-Polyacrylamide-Gel-Electrophoresis (SDSABE)

Electrophoretic separation of proteins under demaj conditions was performed
in discontinuous gel system (Laemmli, 1970). Sejaragels varied from 12.5 to 15%
acrylamide, whereas for stacking gels 5% acrylamids used in all cases.

4.8.2 Detection of proteins

After separation of proteins in polyacryamide gelesumber of standard detection
techniques were used. Staining solution contaifiig§% (w/v) Commassie Brilliant Blue
R250 in 50% (v/v) methanol and 7% (v/v) acetic aeihble visualisation of bands
equivalent to 0.1- 10ug protein. Gels were staiftgdl5 minutes on a shaker; unbound
dye was removed by 15-30 minutes washing in dastisolution (40% (v/v) methanol,
7% (vIv) acetic acid, 3% (v/v) glycerol). For deten of **S-labelled proteins, the
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acrylamide gels were stained by Coomassie Blueddand exposed on imaging plates
(BAS-MS) over night. The plates were screened uplmgsphoimaging scanner FLA-3000
and bands intensities were analyzed using AIDA mogfor advanced image analysis
(Advanced Image Data Analyzer v.3.52, 2D densitoyjet

4.8.3 General methods of protein biochemistry

Determination of protein concentration was perfdnusing the Bradford Bio-Rad
reagent. For concentrating proteins from dilutdtsans, 10% final concentration of TCA
(w/v) was added to samples and incubated for 2Quteon ice, followed by 15 minutes
centrifugation at 25,000xg. Samples were neutrdlibg Tris-base, as demanded by

experimental conditions.
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5. Results

Proteins used in this thesis were selected frastepmics studies: Feret al, 2002;
2003; Froehlicket al, 2003 and Rolandt al, 2003 and in the case of XPT from Eieks

al., 2002 on the basis of following features:

» Predicted chloroplast inner envelope membrane ilatain
» Predicted presence of transit peptide
* Up to nine predicted transmembrane domains

» Effective transcription and translatianvitro

The number of predicted transmembrane helices wlascked using the
ARAMEMNON database (Schwaclet al., 2003), whereas the length of a predicted transit
peptide was checked using the ChloroP program (Ersiaoret al, 1999).

Characteristics of all chosen proteins are shiovthe tables below (Table 3).

Table 3. Characteristics of proteins used in thistady

HP17 HP28 HP34 HP36 IEP37
putative SAM-
Function unknown unknown unknown sodium- dependent
function function function dependent bile methyl
acid symporterl transferase
AGI Acc no. At1g42960 At3g51140 Atlg78620 At2926900 At3g63410
Predicted length of
protein precursor 168 278 342 409 338
(aa)
Predicted length of
transit peptide (aa) 59 66 65 74 51
according to
ChloroP
Calculated
molecular mass 17,8 27,9 34,8 36,1 37,9
(kDa)
Predicted
transmembrane
domains according 1 4 6 9 1
to Aramemnon

aa- amino acids
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Table 3 cont. Characteristics of proteins used inhis study

XPT HP29b PIC1 PPT
: Xul-5-P unknown permease in Phosphoenol-
Function - -pyruvate
translocator function chloroplast
translocator
AGI Acc no. At5g17630 At3g61870 At2g15290 At5g33320

Predicted length of
protein precursor 417 272 296 408
(aq)

Predicted length of
transit peptide (aa)
according to 55 70 15 30
ChloroP

Calculated
molecular mass 45 29,5 31,2 442
(kDa)

Predicted
transmembrane
domains according
to Aramemnon

7-8 4 4 6

aa- amino acids

5.1 Protein import into chloroplasts and post-treament with thermolysin

In an initial approach import capabilities of nimeer membrane proteins were
investigated. Then vitro translated, radioactively labelled preproteins IAPHP28, HP34,
HP36, IEP37, XPT, HP29b, PIC1 and PPT) were deplefeATP and imported into
isolated chloroplasts under standard conditionse (section 4.4.1). Prior to import
chloroplasts were kept in the dark to deplete organellar ATP. For each protein two
kinds of samples were prepared: without and wittermally added ATP. Only in the
presence of ATP, preproteins could be imported iheoorganelle and processed to their
mature forms; import reactions of all precursorsevATP dependent. The difference in
size between the preproteins and their mature faonsesponds to the predicted transit
peptides, although in some cases the predictedhesfgthe transit peptide differs from
those observed in experimental approach (compalde Bawith the results presented
below). To confirm that the mature proteins wereated inside the chloroplasts, after
import half of each sample was treated with theysial Thermolysin digests proteins

present outside the organelle but can not penetih@teuter envelope membrane under
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applied conditions. Imported proteins were not gigd by thermolysin that indicates their
localization inside the organelle. In the case BfilA, HP28, HP36, IEP37 and PPT a small
amount of precursor proteins was also proteasstagsi(Fig. 2, A and B, lanes —ATP, +T)
suggesting that the thermolysin digestion process mot as efficient as for other precursor
proteins used. The proteins can be initially soriteid two groups according to their
behavior during import. For the first group (HPHR28, HP34, HP36, IEP37 and XPT)
processing resulted in one product, the mature fafrthe protein (m) protected inside the
chloroplasts after thermolysin treatment (Fig. 2. Ahese proteins contain a transit
peptide, which consists of a single part cleavédwpfthe processing peptidase. Therefore
we called them “single” transit peptides in contrasbipartite transit peptides, which are
removed from the protein by a double cleavage. Betwthe precursor and the mature
protein of HP17 (Fig. 2 A, +ATP, +T, asterisk) an additional band resistant to
thermolysin treatment was slightly visible. Thisndawas not considered as an import
intermediate because it was not always presempatitions of this experiment. Moreover,
for HP17, the thermolysin digestion seemed to bk gfficient since some amount of
precursor protein (p) was still present (Fig. 26ATP, +T). A second possibility could be
that the import occurs faster than processing abttte preprotein accumulates. For HP28
without externally added ATP and after thermolysi@atment, a characteristic protein
fragment was observed (Fig. 2 A, -ATP, +T, Tim)tdpresents most likely a translocation
intermediate similar to the translocation internagels (Tims) observed for pSSU
(Friedmann and Keegstra, 1989; Waegemann and1S6l1,).

In the second group (HP29b, PIC1, PPT) preprotewese processed twice
resulting in the presence of two protease resigtants inside the organelle: intermediate
(i) and mature protein (m, Fig. 2, B). Similarly fas HP17, an additional band between
the intermediate and the mature form of PIC1 waibha (Fig. 2 B, +ATP, +T, asterisk).
This band was protected inside the organelle #iemmolysin treatment. Its origin remains
unknown, because similarly as in the case of HRI¥as not always present in repetition

of this experiment.
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Figure 2. Import of radioactively labelled HP17, HP28, HP34,HP36, IEP37, XPT (A) and
HP29Db, PIC1, PPT (B) into chloroplasts

Import reactions were performed for 15 minutes 2tC2in the absence (-ATP) or presence of
3 mM ATP (+ATP). After import chloroplasts were seiated on a Percoll cushion, washed and
not treated (-T) or treated with thermolysin (+PJeproteins (p) not imported into the chloroplasts
were digested by thermolysin, whereas mature foohgshe proteins (m) inA and both
intermediates (i) and mature forms (m)Bnwere protected inside the organelle. Samples were
analyzed by SDS-PAGE. The first lane (10%) reprisséfl0 of the translation products used for
the import reaction. Asterisk() represents bands of unknown origin, Tim represeat
translocation intermediate.
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5.2 Stromal processing assay

The initial import experiments revealed two grougsproteins, which possess
either a “single”- or a bipartite transit peptid&me inner envelope proteins, which are
targeted into the organelle by a cleavable trgregitide, are processed in the stroma by the
stromal processing peptidase (SPP). To test whétkgurocessing of proteins used in this
study is carried out by the SPP we conducted sirproaessing assays (Abatlal, 1989).
This approach was especially interesting for HPZAR1 and PPT, which were classified
to the group of proteins possessing a bipartitesttgpeptide (section 5.1). We also asked
whether SPP is responsible for the double procgssinthe intermediate and the mature
form of these proteins.

Intact chloroplasts were isolated according toghwocol described in section 4.2
and lysed in 5 mM ice-cold HEPES/KOH pH 8.0 for hinutes on ice. A supernatant
containing an active stromal processing peptidage obtained after centrifugation steps
described in section 4.6 and used in this experimbn a total volume of 25ul,
radioactively labeled translation product was irated at 26C for 90 minutes with 15
of stromal supernatant, 2|5 chloramphenicol and 20 mM HEPES/KOH pH 8.0. Under
these conditions a control protein, pSSU, was msee to its mature form, mSSU (Fig. 3
A, lane SPP). Similarly, for HP28, HP34, HP36 ak&#37 processing also took place in
the stromal extract and mature forms of these jpweacursor proteins were clearly visible.
In the case of HP17 and XPT processing was noffaseat as for the control protein.
Whereas for HP17 the mature protein could be dededbr XPT it was almost impossible
because of the presence of many other unspecifidsodig. 3 A).

Among precursor proteins classified in this woskilae group of proteins processed
twice (HP29b, PIC1 and PPT), only PIC1 was cleprycessed by SPP to its intermediate
and mature form (Fig. 3 B). This result is quiterpsising taking into consideration
processing of other proteins containing a bipattdaesit peptide, Toc75 (Inow al, 2005)
and Tic40 (Trippet al, 2007). Both of them are processed to their inggliate forms in

the stroma but the second processing probably falkes in the intermembrane space.
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Figure 3. Processing of precursor proteins in thesblated stromal extract
Stromal extract containing an active processingigape was incubated with radioactively labelled
translation product of HP17, HP28, HP34, HP36, [ER&T, HP29b, PIC1, PPT and pSSU as a
control, 2.5ug chloramphenicol and 20 mM HEPES/KOH, pH 8.0 f@& ®inutes at 2®&C.
Precursor proteins (p) of HP17, HP28, HP34, HPE®3I7 and pSSU were processed either to
their mature forms (m) whereas PIC1 was procesgedP® to both the intermediate (i) and mature
form (m). XPT processing could not be clearly retagd, similarly as the processing of HP29b to
the mature protein and PPT to the intermediate fd®36 indicates 1/10 of a translation product
used for the experiment; SPP indicates the strggmadessing peptidase present in the stromal
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HP29b seems to be processed according to this ImSB® probably processed
HP29b to the intermediate but not to the maturenf¢Fig. 3 B, i). Therefore another
protease could be involved in maturation of HP29bfortunately, methods available are
not able to isolate only the intermembrane spacgecd and use it similarly to a stromal
extract. The question of which protease is involuedhe processing of HP29b remains
open. In the case of PPT, SPP seems to be involwgdn processing of the intermediate
into the mature form of the protein (Fig 3 B, mhelprocessing of the PPT precursor to its
intermediate was not quite clear, although amongynstightly visible bands, which were
considered as a background, one stronger band efntblecular mass similar to
intermediate form of PPT was observed (Fig. 3 B,Similarly as for HP29b, results
observed for PPT suggest involvement of anotheepse in processing.

The results observed indicate that SPP seems tovb&ed in generation of all
mature forms except from HP29b. It would suggeat #t least the N-terminal parts of
most proteins reach the stroma at some point ddin@dgranslocation process.

At this point it should be considered that the eskpents represent an vitro
system that never exactly reflects the reactionshvtake placan vivo. Although most
proteins were processed by SPP in applied conditimn some of thene.g XPT, HP29b
or PPT the same conditions might not be optimapfocessing. Therefore it remains to be
investigated whether in the processing of XPT, HP2&d PPT another protease is

involved or the conditions of the stromal procegsassay have to be adapted.

5.3 Pulse-chase import experiments

Pulse-chase import experiments were performedamacterize import kinetics of
proteins used in this study and particularly td teshe import intermediates of HP29Db,
PIC1 and PPT are on a productive pathway to themadrm (Fig. 2 B).

Radioactively labelled precursor proteins wereubated with intact chloroplasts
for three minutes on ice, without external ATP &)l Under limiting ATP conditions and
low temperature (L) preproteins can only bind to the chloroplasfase. Chloroplasts
were pelleted, washed and a fresh import mixtunetaioing 3 mM ATP was added.
Addition of energy source and changing the tempeedor 25C (chase) was essential for

transport into chloroplasts of all precursor pnagetlassified to the first (Fig. 4 A; proteins
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containing a single transit peptide) and the seagmodp (Fig. 4 B; proteins containing a
bipartite transit peptide), and their processintheBomature forms.

Already at very short import times (1-2 minutesggroteins containing a “single”
transit peptide were imported and their mature foabserved although, import efficiency
of all of them after 32 minutes of reaction washeatlow (Fig. 4 A). In most cases after
eight minutes import was completed. The import kaseof HP17 was quite different from
import kinetics of other preroteins containing atge” transit peptide which were used in
this experiment. HP17 precursor protein reachedstbady-state level of import already
after two minutes of import reaction. Interestinglgnger incubation of HP17 under
applied import conditions (16-32 minutes) not odig not increase the import rate but
even slightly decreased it. It could suggest thatng the prolonged import time HP17
degrades.

During import of HP17, HP28, HP36 and XPT addiibbands of unknown origin
were observed and are marked by asterisk (Fig. .4TAgy were also present in the
previously described assay (section 5.1) and wegested by thermolysin, apart from
bands observed during import of HP17 (Fig. 2 A).sMprobably they represent bands
observed also in the translation product (Fig. 418%). During the 32 minutes import
their intensity did not change, in contrast to nieture forms of the proteins. Therefore the
bands marked by asterisk might represent solelyittygurities” of the translation product.

The appropriate reaction conditions (3 mM ATP;@pbinitiated import of HP29b,
PIC1 and PPT into chloroplasts (Fig. 4 B). Two sefgmprocessed forms were clearly
visible, one earlier than the other. The orderhefirt appearance was in agreement with a
stepwise processing of precursor protein to thermédiate form and further to the mature
form. The intermediate form of all preproteins sléisd to the group B (Fig. 4 B) appeared
already at the earliest time point and decreasédtet time points while simultaneously
the mature form increased. It suggests that theldbaescribed as an intermediate form
were on a productive pathway to mature forms of HRPPIC1 and PPT.

Obtained results support the hypothesis that theems presented in the Fig. 4 B

might contain a bipartite transit peptide.
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Figure 4. Pulse-chase import experiment of precursgroteins containing a’single” (A) or a
bipartite transit peptide (B)

Radioactively labelled precursor proteins (p) wieaibated with chloroplasts corresponding to 20
ug chlorophyll on ice for 3 minutes (pulse).The aiddi of 3 mM ATP and an increase of the
temperature to 2& (chase) enabled import. The import reactions werdormed from 0-32
minutes as indicated. Reactions were stopped bii@daf Laemmli buffer and the results were
analyzed by SDS-PAGE. 10% indicates 1/10 of thestedion product used for import experiment,
asterisk ) indicates either bands which most probably odtgnfrom the wheat germ extract
containing also the translation product (A) or bahdnknown origin (B).
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5.4 Energy requirement for import into chloroplasts

ATP is necessary for most of the precursor prot&rise imported into chloroplasts.
50 uM ATP is considered as a “limiting concentratioréldwv that, preproteins using the
general import pathway can not be completely t@oakd into the organelle. Previous
experiments (sections 5.1 and 5.3) showed ATP dkypy of all proteins used in this
study but did not characterize their exact eneegypirement.

For the purpose of precise ATP requirement, dfierATP concentrations were
added to standard import experiments (section ¥.Brior to import, isolated chloroplasts
were kept in the dark to deplete internal ATP. A¥&s also depleted from all translation
products. Import experiments characterizing enagpuirements of precursor proteins
tested were done in the dark €4 Under these conditions only externally added AVER
supposed to influence their import rates. The impeaction was performed for 8 minutes
at 25C, in the absence or presence of 10, 25, 75, Z01) &nd 300QuM ATP. For most
precursors investigated, i ATP was sufficient to observe small amounts ef thature
form of the protein (Fig. 5 A and B, lanes 1M ATP). With increasing ATP
concentrations less precursor protein was bourttiécchloroplast surface because more
preprotein was imported into the organelle and @seed to the mature form (m). For all

proteins maximal import rates were observed betv28831000uM ATP.
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Figure 5. Import with different concentrations of ATP

Import into intact pea chloroplasts was performgdiritubating radioactively labelled precursor
proteins containing a “singl€;A) or a bipartitgB) transit peptides with chloroplasts corresponding
to 20 pg chlorophyll in the standard import mixture. Imak ATP was depleted from both
chloroplasts and translation products. DifferentPAdoncentrations were externally added (0O, 10,
25, 75, 200, 1000 and 30@01) and samples were incubated for 8 minutes &C2Results were
analyzed by SDS-PAGE. The figure presenting ATPceatration scale for XPT was graphically
modified by removing lines showing protein importtea thermolysin post-treatment. 10%
represents 1/10 of translation product used foromp indicates precursor protein, i indicates
intermediates whereas m indicates mature formeptotein.
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5.5 Chloroplast fractionation into membrane and salble fractions after
import

Considering the hypothesis which describe two gnotmport pathways into
chloroplasts (“stop transfer” and “conservativetisgf’) as well as results obtained in the
pulse-chase import experiments, proteins chosenthlia study were imported into
chloroplasts and the organelles were subjectedactidnation into a membrane and a
soluble fraction.

Radioactively labelled precursor proteins were angd into isolated intact
chloroplasts for 1, 3 and 5 minutes under standarttlitions (section 4.4.1). After re-
isolation of intact organelles, samples were tekatgh thermolysin to deplete precursors
bound to the chloroplasts surface. Intact chlosiglavere lyzed in 10 mM HEPES/KOH
pH 7.6 for 20 minutes on ice and subsequently mands were separated from the soluble
fraction. The chimeric construct tpS-110N-mSSU (&c¢lbet al, 1997) was previously
shown to be imported into the inner envelope memdbraeia a stromal intermediate,
therefore it was used as a control for the “coresiere sorting” pathway. The mature form
of this protein was found both in the membrane taedsoluble fraction of chloroplasts.

Among proteins containing a “single” transit pepti similar results were observed
for HP36 and XPT for which some soluble mature ®whthe proteins were visible (Fig.
6 A, lanes S). It could suggest that these proteiight use the “conservative sorting”
pathway for import. However, during import reactitwe intensity of the soluble forms of
mature proteins increase or at least remains stablparallel to the portion in the
membrane fraction. Therefore it is rather unlikehat they represent a productive
translocation intermediate. Moreover, already afer first minute of the import reaction
the vast majority of the mature proteins was olegrin the membrane fraction, in
comparison to the hardly visible proteins in théubke fraction. In contrast, the mature
form of tpSSU-110N-mSSU was found at the early tiofieimport in majority in the
soluble fraction. This indicates that import pathwaf the control protein and HP17,
HP36 and XPT differ from each other. Thereforea e concluded that these proteins are

probably imported via the “stop-transfer” route.
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Figure 6. Suborganellar localization of imported poteins containing a “single” (A) or a
bipartite (B) transit peptide

Radioactively labelled precursor proteins were ingub into isolated intact chloroplasts under
standard conditions (section 4.4.1) for 1, 3 analiButes. Chloroplasts were re-isolated, treated
with thermolysin (section 4.4.2) and lyzed in 10 nlMEPES/KOH pH 7.6 for 20 minutes on ice.
The centrifugation for 10 minutes at 256,800separated the membrane fraction (M) from the
stromal fraction (S). The construct pSSU-110N-mS8&k used as a control protein for the
conservative sorting pathway. p indicates precupsotein, i indicates intermediate, m indicates
mature protein, asterisk)( indicates either bands of unknown origin (HP1RTX HP29b) or
precursor protein degradation products which araiger thermolysin treatment (HP28). 10%
indicates 1/10 of the translation product usedrfgrort experiment.

For HP17, at the third minute of import, apartnfrehe soluble mature form an
additional band appeared (Fig 6 A), which was already observed in previous
experiments (Fig. 2 A and 5 A). After the first mia of import reaction this additional
band was not visible, in contrast to the maturenfof the protein, which was recovered in
the membrane fraction (Fig. 6 A). Both the chloasplfractionation and the pulse-chase
experiments (section 5.3) indicate that HP17 datpaossess an import intermediate form.
For other proteins classified to the first grou( A) a soluble intermediate could not
be observed. Already after the first minute of teercall of the imported mature proteins
were detected exclusively in the membrane fractibos HP28 a shorter fragment than the
mature form of the protein was observed in the nramd fraction (Fig. 6 A, HP28). It
might represent peptides arrested within the tomasl and truncated after thermolysin
digestion. As the amount of mature HP28 increag®samount of proteolytic fragments
decreases from a first to a fifth minute of impant.the case of HP34 the mature protein
was only slightly visible after five minutes of i (Fig. 6 A, HP34, lane 5 min, M).
Because of the low import efficiency, interpretatf this result was not possible.

The fractionation experiment was especially irggng for the group of proteins
that contain a bipartite transit peptide. If thetpms are imported into the inner envelope
membrane of chloroplasts according to the “condbmasorting” pathway the soluble
stromal intermediates should be observed. SomeR#9H and PPT intermediates were
present in the soluble fraction (Fig. 6 B, lanesh8vever most probably they do not
represent a productive translocation intermediagizabse they become more intense with
increasing import time in parallel to the portionthe membrane fraction. In the group of
preproteins containing a bipartite transit peptady for PIC1 the soluble form was not
observed. The intermediate form of PIC1 was presenthe membrane fraction of
chloroplasts already after the first minute of thgport reaction, simultaneously with the

mature form of the protein (Fig. 6 B, lanes M).
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5.6 Protein extraction with 6M urea

According to data presented in proteomics studlsro et al, 2002; 2003;
Froehlichet al, 2003 and Rolanét al, 2003) and by Eicket al (2002) preproteins
chosen for this study are intrinsic membrane pngteiTo confirm the membrane
integration inserted proteins were extracted wrgauafter import.

After import (see section 4.4.1) and thermolysistgireatment (see section 4.4.2)
chloroplasts were lysed in 10 mM HEPES/KOH pH M@ divided into the stromal and
the membrane fractions. The membrane fraction vesgetd with 6 M urea for 10 minutes
at room temperature. The proteins incorporatedtimomembranes (Fig. 7 A and B, lanes
M) were pelleted whereas proteins extractable @ik urea were recovered in the soluble
fraction (Fig. 7 A and B, lanes S). The mature fermh HP28, HP34, HP36, IEP37, PICL1,
HP29b and PPT (Fig. 7 A and B) could not be ex¢tdhdtom the membrane fraction by
treatment with 6 M urea, which suggests their ssgfte integration into the membrane.
This fact was confirmed by thermolysin digestiomlyo precursor proteins were not
protected from the protease treatment whereas thwiren proteins remained intact.
Interestingly, also the intermediate forms of PIGIR29b and PPT remained in the
membrane fraction after urea treatment. It implibat the processing to both the
intermediate and the mature forms of these precsirsocurred either when the proteins
were arrested within the translocon or after thetegration to the envelope membrane.
This would be consistent with the low energy reguient (section 5.4), which was optimal
for import but was probably not sufficient to drieemplete translocation of precursor
proteins into stroma. The results obtained aftgrarnand urea extraction of HP17 (Fig. 7
A) suggested that the protein might be only paytimitegrated or loosely bound into the
membrane what enabled its extraction by urea. Add0% of imported HP17 was found
in the soluble fraction and this soluble form oé throtein was protected from thermolysin
digestion. A little amount of XPT was also extracfeom the membrane by 6 M urea.

After urea treatment of HP28 and HP29b an additibbland appears (Fig. 7 A and
B, 0. Origin of these bands remains unexplained howdéwaight be possible that they

represent fragments generated by a urea-inducegpbtien of the proteins.
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Figure 7. Protein extraction from the chloroplast membrane fraction by 6 M urea

Radioactively labelled precursor proteins were ingnb into isolated intact pea chloroplasts
corresponding to 4Qug chlorophyll according to standard protocol (seetisn 4.4.1) and
subsequently samples were not treated (-T) orede&tT) with thermolysin (see section 4.4.2).
Chloroplasts were lysed in 10 mM HEPES/KOH, pH &m@l divided into membrane and stromal
fractions. Proteins from the membrane fraction wexieacted by 6 M urea for 10 minutes at room
temperature. For the soluble fractions only 50%hefsamples were loaded Results were analyzed
by SDS-PAGEA. Import and urea extraction of proteins containgntsingle” transit peptideB.
Import and urea extraction of proteins containingjartite transit peptide. 10% indicates 1/10 of
the translation product used for import experiménindicates control samples in which precursor
proteins were imported into intact chloroplasts bat treated with urea. Urea indicates samples
treated with urea. p indicates precursor proteimptermediate form and m- mature form of the
protein. The asterisk indicated a novel band appgampon urea treatment. The lanes on the figure
presenting HP29b were not directly side by sid¢hengel, therefore were graphically modified.

5.7 Competition for import with mOE33 and pOE33

To analyse if the 10 preproteins used in this ststilgre an import pathway with
OE33 (33kDa subunit of the oxygen-evolving complecgmpetition experiments were
performed. Radioactively labelled precursor pratewere incubated with chloroplasts
corresponding to 1fg chlorophyll in the presence ofB overexpressed precursor OE33
(pOE33) or mature OE33 (mMOE33) protein in imporfféru(see section 4.4.1). The import
reactions were carried out at°®5and lasted 10 minutes for all proteins used is study
and 5 minutes for pSSU.

pOE33 is well known to be imported into chloroptasia the general import
pathway, namely the Toc and Tic machineries. If B®Hses import components identical
with import components used by inner envelope memdrlocalized preproteins a
reduction in the import yield should be observe@EB83 can not engage the translocation
machinery because it lacks the presequence; tmeréfaas used as a negative control.
The results obtained in the competition experimshiswv that in all cases M pOE33
inhibited import into chloroplasts, although nottte same extent (Fig. 8 A and B, lanes
pOE33). pOE33 exerted the strongest effect on itnpfoPIC1, which was reduced to less
than 10% (Fig. 8 B and C). For HP34, HP29b, and AR 8 A, B and C) around 20 to
30 % of precursor proteins were imported in thes@nee of competitor which is similar to
results observed for the control protein, pSSU .(BicA and C). The weakest inhibitory
effect on import was observed for HP17 and HP2&enttnan 60% of radioactively labeled

precursors were still imported (Fig. 8 A and C).eTtontrol experiment with mOE33
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showed that it had no inhibitory effect on the imtpaf any of the precursor proteins tested,
on the contrary, HP17, HP28, HP36, IEP37 and XPTha presence of mOE33 were
imported with higher efficiency (Fig. 8 A and B,nless mOE33). This effect has been
observed repeatedly but can not be explained yet.pFeproteins examined can be again
divided into two groups: the first one containing @ecursor proteins with a “single”
transit peptide except from HP34 and pSSU, andséoend one containing HP34, pSSU
and preproteins with bipartite transit peptide. Phecursor proteins from the second group
behave more like the control protein that suggsestslarities in their import pathways.
Precursor proteins from the first group seem taatevirom the general import pathway at
a certain pointe.g. after passing through the outer envelope membraéherefore the
import inhibition by pOE33 might be less efficient.

In spite of differences in competition efficiencgttveen preproteins examined, it
can be concluded that they seem to use componktite general import pathway at least
at the initial import phase.

To get a better comparison of results obtainedr gftetein import either in the
presence of mMOE33 or pOE33, or imported without aagnpetitor, the results were
quantified and presented graphically (graphs re#te each figure and Fig. 8 C).
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Figure 8. Inner envelope membrane protein used inhis approach compete with pOE33 for
import into intact pea chloroplasts

In vitro translated, radioactively labelled precursor pnstewere incubated with chloroplasts
corresponding to 1hg chlorophyll under standard conditions in the pneg or absence of| M
overexpressed competitor, pOE33. Samples contajmiagursor proteins were incubated for 10
minutes and pSSU for 5 minutes at°@5 The control reactions were performed withusl
overexpressed mature form of OE33 (MOE33) as veelvithout competitor (C). Samples were
treated (+T) or not treated (-T) with thermolysim temove precursors loosely bound to the
chloroplasts surface. Results were analyzed by BBGE. A. Import of precursor proteins
containing a “single” transit peptid8. Import of precursor proteins containing a bipartitansit
peptide. Results obtained in each experiment weaaified and presented graphically. The control
(C) was set to 100%C. The comparison of pOE33 competition effect on impur precursor
proteins used in this approach estimated on this lndshree (HP28, HP34, HP36, IEP37, XPT),
four (HP29b and PIC1), five (HP17 and PPT) or §i8%U) independently performed competition
experiments. 10% indicates 1/10 of the translapisduct used for import experiment, p indicates
precursor protein, i- intermediate form and m- matiorm of the protein.
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5.8 Chloroplast pre-treatment with thermolysin

The previous approach, competition for import berexpressed pOE33 suggested
that the inner envelope membrane proteins use coemp® of the general import pathway
for import. To test this hypothesis further as wedl to better characterize the import
pathway at the level of the outer envelope of dptasts, intact organelles were treated
with 1 mg thermolysin per 1 mg chlorophyll for 30inmtes on ice in the dark.
Thermolysin pre-treatment proteolytically removle soluble parts of receptor proteins
(Toc34, Toc64 and Tocl59), abolishing their functiddnder these conditions import
across the two envelope membranes via the genme@ri pathway is greatly reduced
(Clineet al, 1984; Clineet al, 1985).

After thermolysin pre-treatment chloroplasts weeeisolated through a Percoll
cushion in the presence of 5 mM EDTA and used rigoart experiments. In a control
sample chloroplasts were not treated with thermiolys€Each reaction contained
radioactively labelled translation product in startd import buffer (section 4.4.1) and
chloroplasts corresponding to 3% chlorophyll. Import lasted 5 minutes for pSSU
(control) and for all other proteins used in thisdy 7 minutes at 2&. Import of pSSU is
known to be dependent on thermolysin sensitive ptece on the chloroplast surface.
Therefore thermolysin pre-treatment of intact chjdasts greatly reduced import of the
control protein into the organelle (Fig. 9 A). Sianito pSSU, all other proteins used in this
study showed reduced binding to the chloroplastfase as well as reduced import rates
(Fig. 9 A and B, compare lanes —T to +T). This ®sgjg that all preproteins use protease-
sensitive receptor components at the surface obdier envelope membrane. However, it
is clearly visible that import into thermolysin-pmeated chloroplasts of HP17 was not as
strongly inhibited as import of all other proteitismight indicate that it is able to bypass
the initial recognition step more easily and sthe import process directly at the import
pore Toc75, which was shown to contain a preprdieiding site (Hinnalet al, 2002). In
the case of HP28, HP34 as well as for proteinsatoiniy a bipartite transit peptide, PIC1
and PPT, removing of the receptors had a stromdlerence on their import (around 60%
to 70% inhibition). To better compare import effiocy of all precursor proteins obtained
results were quantified and presented graphickity. © C).
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Figure 9. Import into chloroplasts pre-treated with thermolysin

Prior to import chloroplasts corresponding to 1 chiprophyll were treated with 1 mg thermolysin
for 30 minutes on ice in the dark. Re-isolated avathed chloroplasts corresponding toLih
chlorophyll were incubated in import mixture wiih vitro translated, radioactively labeled
precursor proteins for 5 minutes (pSSU) or 7 misytdP17, HP28, HP34, HP36, IEP37, XPT,
HP29b, PIC1, PPT) at 26 (+T lanes). Control samples were prepared witloroplasts not
treated with thermolysin (-T lanes). Import of proteins containing a “single” transipiide.B.
Import of proteins containing a bipartite transipide.C. Quantified and graphically presented
results of samples imported into thermolysin peatied chloroplasts estimated on the basis of two
(HP28, HP34, PIC1), three (HP17, HP36, IEP37, XPP29b), four (PPT) or six (pSSU)
independently performed experiments. Samples iradomto chloroplasts not pretreated with
thermolysin were set to 100%0% indicates 1/10 of a translation product usedttie import
experiment. p indicates precursor protein, i intdisantermediate and m indicates mature form of
the protein. The order of lanes on the figuresgmtisg HP34 and PPT was changealphically.
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5.9 Chloroplasts pre-treatment with Ophiobolin A ard the ionophore
A23187

The next step for characterizing import pathwalysioe inner envelope membrane
proteins concerns the behaviour at the level ofitimer envelope membrane. For this
purpose two chemical compounds were used: Ophiol#land the ionophore A23187.
Ophiobolin A specifically inhibits the calcium deykent interaction of calmodulin with its
targets by binding to the active site of calmodulihe ionophore A23187 allows €aons
to cross cell membranes by disrupting transmemhbi@neoncentration gradients required
for proper functioning of the cell. Both Ophiobolk and A23187 affect the import of
pSSU as well as other proteins that possess aatiEawansit peptide and are imported
into chloroplasts via the general import pathwaiftdbently, import of Tic32, which does
not possess a cleavable transit peptide was showbetimported independently of
components of the general import machinery, wasntbited by Ophiobolin A (Chigrét
al., 2005). Both pSSU and Tic32 were used as theip@sand negative control in these
experiments, respectively. Because for all protdiesinhibitory effect on their import was
stronger if Ophiobolin A was used, Tic32 was impdrtonly in the presence of this
inhibitor (Fig. 10 A).

Prior to import chloroplasts corresponding to 2 amdprophyll were treated with
100 uM Ophiobolin A or 100uM A23187 for 20 minutes at 26 or on ice, respectively.
The import reaction (as described in section 4.dfIradioactively labelled HP17, HP28,
HP34, HP36, IEP37, XPT, HP29b, PIC1 and PPT la$€dinutes and import of pSSU
and Tic32 lasted 5 minutes. Half of each sample tneasted with thermolysin to verify
successful translocation. Control samples weregsegbwith chloroplasts treated neither
with Ophiobolin A nor with A23187. Both chemicalsduced the import rate of almost all
proteins used in this study, although A23187 irtkibi import not as strongly as
Ophiobolin A. Only Tic32 was imported into the ongdle at the same range, both in the
presence and absence of Ophiobolin A in the impixture. In the case of HP17, HP28,
XPT, HP29b and PIC1 the inhibitory effect of A231&7 import was minimal (Fig. 10 A,
B and C, A23187), in opposite to the effect obserafer Ophiobolin A treatment (Fig. 10
A, B and C, Ophiobolin A). However, the obtaineduits suggest that translocation of the
nine investigated proteins across the outer andrienvelope membrane occurs similarly
to pSSU, via the general import pathway. Theseltesilso support the hypothesis that
import of proteins that possess a presequence aoss dhe chloroplast envelope

membranes via the Toc and Tic machinery might lb&wa/calmodulin regulated.
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Figure 10. Efect of Ophiobolin A and the ionophoreA32187 on import into chloroplasts
Radioactively labelled precursor proteins were batad with chloroplsts pretreated either with
100 uM Ophiobolin A on ice for 20 minutes or with 10 A23187 ionophore at 2& for 20
minutes. The import reaction was carried out fonfiQutes for HP17, HP28, HP34, HP36, IEP37,
XPT, HP29b, PIC1 and PPT, and for 5 minutes forpS8 the control samples (C) chloroplasts
were treated neither with Ophiobolin A nor with ABY. After import chloroplasts were not
digested (-T) or digested (+T) with thermolysiny@ of thermolysin per 1Qg chlorophyll) for 20
minutes on ice. Thermolysin digestion was stoppgadding 2.5 mM EDTA, pH 8.0. For HP17,
HP28, PIC1 and PPT translocation intermediates weserved after thermolysin treatmeny, (
similar as for pSSU (Tim 3 and Tim 4. Import of preproteins with a “single” transit pijs. B.
Import of preproteins with bipartite transit pegtic. Graphical presentation of the influence of
Ophiobolin A pretreatment of chloroplasts on impairtall samples used in this experiment, after
thermolysin treatment, estimated on the basis ef @BP37, Tic32, HP29b), two (HP17, HP28,
HP34, HP36, XPT, PIC1, PPT) or three (pSSU) inddpatly performed experiments. The control
samples treated with thermolysin were set as 103%0 indicates 1/10 of a translation product
used for the import experiment, p represents psecuprotein, i represents intermediate and m-
mature form of the protein.

In the case of pSSU import inhibition with OphithoA and A23187 was
confirmed by the appearance of the translocatidernmediates of about 10 kDa called
Tim 3 and Tim 4 (Friedman and Keegstra, 1989; Waegm and Soll; 1991). Tim 3 and
Tim 4 represent proteolytic fragments arrested iwithe translocon which appear after
thermolysin treatment. Similar degradation fragreewere observed for HP17, HP28,
PIC1 and PPT and were marked by asterisk. It migtiicate that those proteins are

partially translocated across the outer envelomkadrihe later stage of import are halted,
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presumably at the inner envelope. Differently, HP8P37, XPT and HP29b were
completely degraded by thermolysin in the presafic@phiobolin A in the import mixture.

Because the influence of Ophiobolin A pretreatn@nthloroplasts on import was
greater than the influence of A23187 pretreatmémhéoroplasts, only results obtained in
this approach for preproteins imported into chldasts pretreated with Ophiobolin A were

quantified and presented graphically (Fig. 10, C).
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6. Discussion

The knowledge about protein import into chlorofdas constantly increasing,
however, limited studies on protein targeting itite outer and inner envelope membranes
have been conducted. Thus, a lot of questions rernaanswered regarding import
pathways of membrane proteins. This study broateg&nowledge about protein import
into the inner envelope membrane of chloroplasts-belical, hydrophobic proteins. We
show the complexity of transport process taking icdnsideration two hypotheses called
“conservative sorting” and “stop-transfer”.

In the initial import experiments performed inghvork nine proteins (HP17, HP28,
HP34, HP36, IEP37, XPT, PIC1, PPT and HP29b) frAmbidopsis thalianawere
successfully imported into isolated pea chloroglaswitro (Fig. 2 A and B). All of them
contain a transit peptide which mediated their gpamt into the organelle. The envelope
membrane localization of all proteins was determhibg proteomics studies (Fereo al.,
2002; Ferrcet al, 2003; Froehlictet al, 2003 and Rolandt al, 2003) as well as reported
in a research article from Eicks al (2002), in the case of XPT.

For many inner envelope membrane proteins a dé@veansit peptide seems to be
necessary for targeting to chloroplast as in theecaf triose phosphate/phosphate
translocator (TPT; Brinlet al, 1995), Tic110 (Lubeck, 1997) or Tic40 (Li andh8ell,
2006), although two exceptions have been charaetérso far, chloroplast envelope
quinine oxydoreductase (ceQORH, Miraisal, 2002; 2007) and Tic32 (Nada and Soll,
2004). It is noticeable that not for all proteinsed in this study the length of predicted
transit peptide matched the size of the cleaved Boeexample, the length of PIC1 transit
peptide was predicted according to computationalyais to be 15 amino acids (Chloro P
prediction, Table 3), whereas on the basis of Niteal sequencing and immunoblotting it
was determined to be 81 amino acids long (Temgal, 2006; Duyet al, 2007).
Interestingly, import experiments of PIC1 into m®d pea chloroplasts revealed a
thermolysin-resistant intermediate form (Fig. 2MC1). The same pattern was observed
by Duy et al (2007) after import into Arabidopsis chloroplastadependent import
experiments into pea chloroplasts for the samerptein were performed by Terej al
(2006). After chloroplast fractionation into stron@uter and inner envelope membrane,
and the thylakoid fraction, they also found a bangjrating slightly slower than the
mature protein in the inner envelope membraneifmacienget al (2006) described this

intermediate form as a rarely observed band of awknorigin. Our studies provide
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evidence that PIC1 is imported most probably viapssing intermediate. Similar to PIC1,
two other proteins, HP29b and PPT, seem to be iegoria intermediates which were
protected inside the chloroplast from thermolysegrdation (Fig. 2 B, HP29b and PPT).
The presence of an import intermediate indicates the protein possesses a bipartite
transit peptide. This type of presequence is comfoompreproteins transported from the
cytosol into the thylakoid lumen (Hagemanal, 1990; Ko and Cashmore, 1989) but not
for outer or inner envelope membrane proteins, with exceptions: Toc75 (Inowt al,
2005) and Tic40 (Trippet al, 2007). The existence of proteins containing eavhble
bipartite presequence was described also in mitaiie. The N-terminal part of a
bipartite presequence leads precursor proteinsetanitochondrial matrix, whereas the C-
terminal part of a presequence constitutes a gpsdignal responsible for insertion of the
protein into the inner membrane or to the intermemé space of the organelle (Pfanner
and Geissler, 2001).

On the basis of the presence or absence of anrinigermediate all precursor
proteins used in this study were divided into twougps. The first group consisted of HP17,
HP28, HP34, HP36, IEP37 and XPT, whereas the segang consisted of HP29b, PIC1
and PPT, which were processed twice (Fig. 2 A and B

For the majority of nuclear-encoded chloroplagit@ins which contain a transit
peptide the processing is carried out by the strqamaessing peptidase (SPP). Much less
is known about processing of precursor proteinstainimg a bipartite transit peptide.
Inoue et al (2005) characterized import of Toc75 precursatgin and showed that the
first part of its transit peptide is cleaved off 8PP whereas the second processing takes
place in the intermembrane space and is carriecbpulype | signal peptidase, Plspl,
which is most likely localised at the inner envedomembrane with the active domain
oriented towards the intermembrane space. On this baonly one example it can not be
considered that every protein containing a bipattinsit peptide is processed similarly to
Toc75. Moreover, since the involvement of Plspihim second processing of Tic40 (Tripp
et al, 2007) was not confirmed, the involvement in pssteg of other proteases should
not be excluded. In the intermembrane space ofcmiiodria at least a few processing
peptidases have been described so far, which neediaavage of precursor proteins
directed to the intermembrane space. In some ¢hsafouble processing of one precursor
protein,e.g cytochromeb,, is carried out not only by one of these intermeanb space
peptidases but also, at theans side of the inner membrane, by the mitochondrial

processing peptidase (Neupert and Herrmann, 2007).
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For most of the investigated precursor proteire@ssing seems to be carried out
by SPP. It was corroborated by stromal processésgyess. Proteins that possess a “single”
transit peptide were processed directly to theitungaforms in the stromal extract (Fig. 3
A).

In the case of proteins that contained a bipai#esit peptide, the first processing
that releases the intermediate form is expectet@dke place in the stroma, whereas the
second processing to the mature protein could Wdedaout in another chloroplast
compartmentge.g in the intermembrane space. Interestingly, onB28b was processed
according to this hypothesis. SPP was probably lMeebonly in the processing to the
intermediate but not to the mature form of the @ro(Fig. 3 B, HP29b). However, taking
into account that it is impossible to obtain a wtab extract without any traces of
intermembrane space, the involvement of an interomane space peptidase in the
processing of HP29b seems to be debatable. Tregaeslobtromal extract probably contains
the intermembrane space peptidases, which shoulableeto process the intermediate-
HP29b to its mature form. On the other hand, thsigimificant amount of the
intermembrane space processing peptidases presena stromal extract in comparison to
amount of SPP from the stroma does not seem todrawvenfluence on protein processing.
Therefore, even if the processing of HP29b takasgih vivo in the intermembrane space,
in thisin vitro experiment could not be observed and requirebduiinvestigation. In the
stromal processing assay performed for PIC1 bathritermediate and the mature form of
the protein were observed. This suggests the iewoént of SPP in both processing events
(Fig. 3 B, PIC1). The processing of PPT to its nmiediate in the stroma was not clear
because of the strong background and weak radieasignal of the intermediate form.
The mature form of PPT was clearly visible, whicklicates that the second part of the
bipartite transit peptide was cleaved off by SPRhi@ stromal extract (Fig 3 B, PPT).
Although the control protein, pSSU, was correctlggessed under the applied conditions,
for the inner envelope membrane proteins with aaiife transit peptide the same
conditions might not be appropriate. The proteinghtnbe folded in a way that the
processing sites were shielded within the protesguence and therefore were not
accessible to the stromal peptidase.

Further characterization of the import pathwayse tihe chloroplast inner envelope
membrane and description of similarities and déferes in protein behaviour in modified
in vitro import system required observation of differenpart parameters like energy

requirement and import kinetics. For complete ti@eetion of precursor proteins into the
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stroma high ATP concentration (> 1Q®1) is required (Olseret al, 1989; Theget al,
1989; Waegemann and Soll, 1991). ATP is hydrolymé&tin the organelle (Thegt al,
1989). Similarly to mitochondria, molecular chapess are thought to be ATP-
hydrolyzing components in the chloroplast trangiiecamachinery (Jackson-Constanal,
2001). The energy requirement for all inner envelopembrane proteins can not be
generalized. The main reason is the sorting pathWway follow. It can be expected that
inner envelope membrane proteins following the psit@nsfer” pathway will need less
energy in the form of ATP than those being impoiedording to “conservative sorting”
mechanism. Tic32 which was shown to use the “stapsfer” pathway for import, prior to
its attachment to the inner envelope membrane apgsed to be targeted into the
intermembrane space and requires less thgu\v2@xternally added ATP (Nada and Soll,
2004). Similarly low energy requirement (< %M) was also established for Tic22
targeted to the intermembrane space of chlorop(&sisranovet al, 1999; Vojtaet al,
2007).

For some precursor proteins used in this study 40luM to 75uM ATP was
sufficient to observe the mature forms of thosdens. Each of preprotein tested required
200uM externally added ATP to reach the inner envelopEmbrane at the maximal
import rate (Fig. 5 A and B). The results obtairsedygest that only some parts of the
proteins reach the stroma but the proteins arerneleased from the inner envelope
membrane translocon. The protein fragment protgidinthe stroma could be processed
by SPP and the mature protein might be pulled bac# laterally inserted to the
chloroplast inner envelope membrane.

Interesting results concerning the energy requerdgnior import were obtained for
HP29b, PIC1 and PPT. Taking into account the kisetif these three proteins, it was
clearly shown that both processing steps took ptexteat the same time; the intermediate
was observed before the mature protein (Fig. 4Byeneral, the proteins that possess a
“single” transit peptide were processed and imubifester than those being processed
twice (Fig. 4 A). Especially HP17 and IEP37 botleded only one minute to achieve the
maximal import rate.

The fact that we could identify two different das of precursor proteins, with a
“single” or a bipartite transit peptide, suggestael existence of differences in their import
pathways. The two mechanisms were considered cihresérvative sorting” and the “stop-
transfer” however, this study provide evidencest thd inner envelope membrane

precursor proteins examined follow most probably thtop-transfer” pathway. They do
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not seem to have a soluble stromal intermediatg @A and B) as it was shown for other
inner envelope membrane proteins, Tic 40 (Teppl, 2007) and Tic 110 (Lubeck et al.,
1997; Voijtaet al, 2007).

The hypothesis that the inner envelope proteisgedefollow the “stop-transfer”
route seems to be especially probable for IEP3ihkBet al (1995) suggested the “stop-
transfer” import pathway for this protein. In tlsgidy IEP37 was not present in the soluble
fraction of the chloroplasts at any time of impoeaction, which suggests its direct
integration into the membrane. Interestingly, irtachondria proteins which contain one
transmembrane domain, as in the case of IEP37beanrested at the level of the TIM23
complex and be laterally integrated into the inmmambrane (Glasest al, 1990; Miller
and Cumsky, 1993; Gartnet al, 1995). This fact and the similarity of chlorogtiaand
mitochondrial import machineries would support fmeling that IEP37 is imported into
the chloroplasts inner envelope membrane accotditige “stop-transfer” mechanism.

The membrane integration of all proteins was olesealready at the initial stage
of import in the approach in which precursors wengorted for short time periods and
subsequently chloroplasts were separated into narmaband soluble fraction. Obtained
results were confirmed by urea treatment perforiamelr complete insertion of proteins
into the chloroplast envelope membrane (Fig. 7 &4 B The only exceptions were HP17,
distributed almost equally between the membranetlamdoluble fraction, and XPT. They
could be extracted by urea, but XPT to a lessenektinterestingly, both the intermediate
and the mature forms of HP29b, PIC1 and PPT weteemtractable by 6 M urea.
According to these results as well as import kowetf HP29b, PIC1 and PPT it can be
speculated that these preproteins are insertedtlimdnner envelope membrane in two
steps. In the first step the intermediate is forraed inserted into the membrane in a urea
resistant fashion. In the second step the matune i generated and most probably folded
and assembled into its native structure. The hygsighthat inner envelope membrane
proteins used in this study are processed whilagoarrested in the translocon or after
their integration into the membrane seems to bg peybable.

In order to characterize import of inner envelopembrane proteins in the initial
phase the competition experiments with overexpteg®®E33 as a competitor were
performed. This protein is known to use the Toc ardmachineries for import (Row and
Gray, 2001). Taking into account that all prepnageiested contain a typical chloroplast
cleavable transit peptide it was supposed thavfalhem engage at least parts of the Toc

translocon. UM pOE33 were sufficient to decrease import effickerof all precursor
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proteins used in this experiment, although nothte $ame extent (Fig 8 A, B and C).
According to import efficiency proteins could beaagdivided into two groups. The first
group consists of proteins which import efficienicy the presence of competitor was
reduced to about 60% of the maximal import rates HP17, HP28, HP36, IEP37 and
XPT (Fig. 8 A and C). To the second group prot@ostaining a bipartite transit peptide
(HP29b, PIC1 and PPT) were classified as well a84H&d a control protein, pSSU.
pSSU is known to be imported into the stroma via tgeneral import pathway and
therefore competed with pOE33 for import. In thegance of competitor, import of
HP29b and PPT was reduced to around 20 to 30%nathe icase of PIC1 even to less than
10% of the maximal import rate (Fig. 8 C). The cetmmon of proteins classified to the
first group seems to be a matter of debate becaftigbe big differences in import
efficiency between proteins from both groups. Ipassible that the proteins without an
import intermediate deviate from the general imgmthway at some point and do not
compete for import with pOE33 any more. This cooddan explanation why their import
was only slightly inhibited in the presence of tmmpetitor. Another reason might be a
different affinity of precursor proteins for receg at the outer envelope membrane,
Toc34 (Sveshnikovat al, 2000; Beckeet al, 2004a) Toc64 (Sohrt and Soll, 2000) and
Tocl59 (Schleiffet al, 2003b; Beckeet al, 2004a) which are involved in the initial
import phase of precursor proteins.

To investigate if the import of nine inner envedomembrane proteins in general
depends on the receptor proteins, intact chlortplagere treated with the protease
thermolysin prior to import. Thermolysin remove tbytosolically exposed domains of
the outer envelope receptors diminishing imporiceficy of proteins crossing the outer
envelope membrane via the Toc complex (Waegemadrsah, 1995). Both binding and
import of all proteins used in this experiment weeeluced, although, similarly to the
results observed in the competition experimentettveas a big difference in their import
efficiency (Fig. 9 A, B and C). The weakest imporhibition was observed for HP17;
more than 80% of the maximal import rate of thistpin was reached that correlates with
results observed in competition experiment. Theeexély high import efficiency of HP17
could be explained by the fact that this proteirs waported faster than other proteins
imported simultaneously (compare the data in palsese experiment, Fig. 4 A). For HP17
the time frame used for analysis might have be¢mbilne linear range of import. Another
reason might be the existence of a preprotein bghdite at the import channel Toc75

(Hinnahet al, 2002). The proteins which were efficiently imjsat into thermolysin pre-
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treated chloroplasts might enter the Toc75 chadimettly, without initial recognition by
the Toc receptors. On the other hand, import intbgase pre-treated chloroplasts of HP28,
HP34, PIC1 and PPT was diminished to around 3@%.4lhese results rather exclude the
direct insertion of these proteins into the channel

Taking together the results obtained in the coitipet and thermolysin pre-
treatment experiments it can be concluded thatitdespquantitative differences in import
efficiency of precursor proteins, most probablyadiithem enter the chloroplast via the Toc
machinery. Moreover, it seems that at the earlgesta the import pathway a “single” or a
bipartite transit peptide has no influence on thetgin behaviour. This assumption is not
surprising if we compare the chloroplast importhpedys to the mitochondrial import
pathways. In mitochondria, in which the import miaehy is characterized in more detalil
than the import machinery of chloroplasts, protadirected into the inner mitochondrial
membrane are transported across the outer membrartbe same channel of the Tom
complex, Tom40, although they contain very divetgeansit peptides or none at all.
Import pathways of mitochondrial proteins are difatiated at the level of the inner
mitochondrial membrane where two proteinaceous ¢exeg were characterized, Tim22
and Tim23 (Neupert and Herrmann, 2007). In chlasis the Tic complex is proposed to
be the main import translocon at the inner envetopenbrane.

Recently Chigriet al. (2005; 2006) proposed import regulation being iated by
calmodulin and calcium at the level of the Tic céemp Precursor proteins containing a
cleavable transit peptide, like pSSU and pOE33ewet imported into the chloroplasts
pre-treated with Ophiobolin A, a specific calmoduihibitor, as well as with the calcium
ionophore A23187. On the other hand, import of gir that do not contain a cleavable
transit peptide and do not use the general impathivpay for transport, like Toc34 or
Tic32, was not inhibited under these conditions.

The comparison of import behaviour of proteinsdubg Chigriet al (2005) with
ten inner envelope membrane proteins selectechisrstudy allowed us to assess if their
import pathways might lead through the general impathway at the level of the inner
envelope membrane. Isolated intact chloroplaste weated with Ophiobolin A as well as
with the ionophore A23187 prior to import. Both qomuinds had an inhibitory effect on
import of all tested precursor proteins, strondeDphiobolin A was used for inhibition
(Fig. 10 A, B and C). It was previously shown tp&SU imported for a short time with
low concentration of ATP (10QM) at 4°C is arrested in the translocation machinery.

After thermolysin treatment proteolytic degradatiproducts called Tim 3 and Tim 4
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(degradation intermediate of pSSU) were observededman and Keegstra, 1989;
Waegemann and Soll, 1991). The same effect waswazbaot only for pSSU but also for

HP17, HP28, PIC1 and PPT after incubation of igolaintact chloroplasts with

Ophiobolin A or the ionophore A23187 prior to imp@fig. 10 A and B, Tim 3 and Tim 4

in the case of pSSU, asterisk in the case of giheteins). It seems to be clear that all
proteins used in this study and especially HP1728{RPIC1 and PPT were imported
through the Toc complex and arrested at the |atgoit stage, at the level of the inner
envelope membrane. It suggests the involvementhefTic machinery in the import

process of all proteins used in this work.
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