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Abstract

The correct targeting of proteins to their organelles is crucial for the organisation
and viability of a cell. Although mitochondria and chloroplasts have their own
genome, over 90% of their protein content is encoded by nuclear DNA and
needs to be imported from the cytosol after translation. In this case a cytosolic
preprotein-complex is recognized by receptors, which are localized at the outer
membrane of the organelle.

Cytosolic chaperones like the heat shock protein 70 (Hsc70) and 90 (Hsp90)
have been found to be part of the preprotein-complex to keep the proteins in an
unfolded, targeting compatible state. The general import receptors, Tom70 at
the outer membrane of mitochondria, and Toc64 at the chloroplast envelope,
have been shown to bind these chaperones via a tetratricopeptide repeat (TPR)
domain i.e. are chaperone receptors.

A search for membrane proteins containing a TPR domain resulted in an
uncharacterised protein from Arabidopsis thaliana named TPRc1. Its sequence
includes an N-terminal TPR domain and a C-terminal membrane anchor
suggesting that TPRc1 is a chaperone receptor.

In this work, phylogenetic comparison of the TPR domain from TPRc1 showed
that TPRc1 is most closely related to uncharacterised plant proteins.
Comparison of the TPR domain from TPRc1 to Arabidopsis proteins resulted in
a close similarity between the TPR domain of TPRc1 and the Hsp90 binding
TPR domains of PPlases. A comparison with TPR domains from other
chaperone receptors showed that the TPR domain of TPRc1 is most closely
related to the TPR domain of Toc64. According to quantitative real time RNA
analysis and western blotting TPRc1 is expressed in all tissues, but highest
protein levels can be detected in buds, flowers, siliques and roots. Evidence
from confocal microscopy and targeting assays supports localisation to the
chloroplast envelope, with the N-terminus including the TPR domain, facing the
cytosol. Pulldown assays suggest that the TPR domain of TPRc1 is able to pull
down Hsc70 via interaction with the C-terminal end of Hsc70, and that TPRc1 is
able to interact specifically with chloroplast precursor complexes. Crosslinking
and immunoprecipitation of radiolabeled, into chloroplasts imported TPRcf
resulted in no adducts, suggesting that TPRc1 is isolated in the membrane.
Phenotyping of knockout mutants has not been possible so far, since a T-DNA
insertion line with an insertion inside an exon of the TPRc1 gene is not
available.

Taken together, we propose TPRc1 to be a novel Hsc70 binding plant
chaperone receptor, which is involved into preprotein targeting to chloroplast
similar to Toc64.
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The aim of this project is to characterise TPRc1 in terms of abundance,
localisation, interaction and function. TPRc1 is predicted to have a TPR domain,
which is able to bind the C-terminus of cytosolic chaperones, and a C-terminal
membrane anchor. Because TPRc1 homologues are only found in plants, the
protein might be located at chloroplasts. Based on this work, TPRc1 is
proposed to be involved in targeting of preproteins from the cytosol to the
chloroplast envelope.

~ Most of the proteins are encoded by nuclear DNA and synthesized in the
cytosol. Thus, they must be targeted from there to their destination. The
organisation of protein targeting in eukaryotic cells is complex and needs to be
strictly regulated, since incorrect protein targeting can be the reason for severe
- diseases such as Alzheimer's or Parkinson’s disease caused by protein
aggregation or mislocalisation (Offe et al, 2006). Additionally, inclusion of
protein targeting into biotechnological methods could improve or facilitate the
production of molecules through biochemical reactions, e.g. the production of
plastic precursors in plants (van Beilen ef al, 2008). Thus the understanding of
protein targeting is an important approach to find new possibilities to prevent
and cure localisation-dependent diseases and to find new approaches for
biotechnology.

Every organelle possesses its own translocon, which is responsible for
recognition and insertion or translocation of the precursor protein into the
organelle (summarised by Figure 1). Therefore, the proteins to be targeted
themselves or a carrier protein, which interacts with them, are recognized by a
receptor localised at the organelle membrane facing the cytosol. The receptor is
itself in close proximity to a translocation pore, which allows the protein to pass
across the membrane barrier. The main translocation complexes facing the
cytosol have been named dependént on their organelle translocase of the outer
membrane (TOM) at mitochondria, translocase of the outer chloroplast
envelopet (TOC), secretory complex Sec61 (Sec61) at the endoplasmic
reticulum (ER) and peroxins (PEX) at peroxisomes,

The best understood protein targeting pathway is the cotranslational
binding of an N-terminal signal sequence of the precursor by the signal
recognition particle (SRP), which recruits the whole translation machinery to the
translocation complex at the ER membrane, where the protein is directly

11
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Figure 1: Schematic demonstration of protein targeting. With the exception of

cotranslational protein targeting to the ER, precursor proteins are targeted
posttranslationally to their organelles. The signal sequence can be N-or C- terminal and
is highlighted by a red box in the precursor sequence. Each organelle contains a
translocation complex, which recognizes signal peptides specifically. The translocation
complexes are called translocase of the outer membrane (TOM) at mitochondria,
translocase of the outer chloroplast envelope (TOC), secretory complex Sec61 (Sec61)

at the endoplasmic reticulum (ER) and peroxins (PEX) at peroxisomes.

translated into the ER. Beside the cotranslational targeting of proteins to the
ER, there exist multiple pathways for protein recognition through an organelle
specific signal peptide and posttranslational targeting to its organelle.
Additionally some signal sequences are signal anchors, which insert into the

membrane of the target organelles.

12



1.1. Signals for protein targeting and their recognition

Organelles need proteins that are encoded by nuclear DNA and these

proteins require targetihg from the cytosol. Therefore the identity of precursor

proteins from different organelles needs to be differentiated by the receptors at

the outer membrane of the organelles specifically. This is mediated by the

recognition of a specific signal peptide of the precursor protein by the receptor.

Targeting Sequence/ Location (C/ |Receptor (R)/
Organelle signal properties N-terminal | cytosolic recognition
/internal) (C)
Endoplasmic |Co-trans- positive, N-terminal SRP receptor/SRP
reticulum lational signal | hydrophobic,
polar
unknown unknown unknown Sec72/Hsp70
Tail anchor | positive + long/ C-terminal  [Get1 + Get2/Get3
negative + short/ Also:
slightly positive + SRP receptor/SRP
short Unknown/Hsp70 +
Hsp40
Mitochondria | Internal hydrophobic Internal Tom70 (mtOM647),
signal , Tom22/Hsp70 and
Hsp90
N-terminal positive + N-terminal Tom70, Tom20,
signal hydrophobic Tom22/MSF
unknown unknown unknown Tom34/Hsp90
Tail anchor | positive + short C-terminal Unknown
Chloroplasts |chloroplast |positive + N-terminal | Toc34,Toc159/Hsp70,
signal serine/threonine 14-3-3
peptide rich
unknown unknown unknown Toc64,Toc34/Hsp90
Tail anchor | unknown C-terminal Unknown
Peroxisomes |PTS1 SKL C-terminal Pex5/Pex5
PTS2 (R/KY/(L/VN)Xs N-terminal Pex7/Pex7
(HQ)L/A)
mPMP hydrophobic ? Pex3/Pex19

Table 1: The chemical properties of signal sequences and their recognition by receptors
of their target organelles(Chewawiwat et al, 1999; Hachiya et al, 1993; Holroyd et al,
2001; Izard et al, 1996; Kalies et al, 1998; Koehler, 2004; Lister et al, 2007; Platta et al,
2007; Ponting, 2000; Young et al, 2003; Abell et al, 2007; Abell et al, 2004; Becker et al,
2004; Borgese et al, 2007; Fujiki et al, 2006; May et al, 2000; Qbadou et al, 2006; Rabu

C et al, 2008; Schuldiner et al, 2008; Soll, 2002).
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The translocation signal is highly conserved and is often cleaved off during
translocation (Agarraberes et al, 2001). Table 1 summarises the properties of

the known signal peptides.

1.1.1. Protein targeting to the endoplasmic reticulum (ER)

Many secretory proteins, plasma membrane proteins, proteins of the ER,
and many other proteins of eukaryotic cells are transported cotanslationally to
the ER (Rapoport, 2007). Here, an N-terminal signal sequence is recognized by
the signal recognition particle (SRP) during translation in a GTP dependent
manner. The signal sequence consists of a short positively charged region
followed by a highly hydrophobic core region and a more polar carboxyl
terminus (Izard et al, 1996). After recognition by SRP the translation machinery
is recruited to the ER membrane by the interaction of SRP with the membrane
anchored SRP receptor. SRP is released upon GTP hydrolysis by the SRP
receptor and the ribosome translates the protein directly into the ER through the
translocation channel formed by the Sec61 core complex, which consists of
Sec61a, Sec61p and Sec61y (Bernstein, 1998; Kalies et al, 1998). However,
there exists at least one other pathway for protein targeting into the ER in yeast,
which is posttranslational. For this pathway a heptameric complex formed out of
the Sec61 complex and the Sec62-Sec63 complex is required. The Sec62-
Sec63 complex consists of four polypeptides: Sec62, Sec63, Sec71 and Sec72
(High, 1995; Kalies ef al, 1998). Sec62 contains a DnadJ-like domain and is
believed to interact with the yeast Hsp70 (Kalies et al, 1998). This targeting
/receptor complex is best defined in yeast (High, 1995), but homologues of
Sec62p and Sec63p can also be found in dog pancreas microsomes (Tyedmers
et al, 2000) giving evidence, that at least part of this complex is generally

abundant in eukaryotes.
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1.1.2. Protein targeting to mitochondria

Although mitochondria have their own genome, 99% of mitochondrial
proteins are encoded by nﬁclear DNA (Rehling et al, 2004), synthesised in the
cytosol and imported after translation. The signal sequence of these proteins is
hydrophobic, in some cases additionally positively charged and can be N-
terminal or internal (Koehler, 2004). The mitochondrial import stimulating factor
(MSF), Hsp90 and Hsc70 can bind to the precursor protein in the cytosol and
are able to interact with the mitochondrial translocase (Hachiya et al, 1993; Zara
et al, 2009). MSF has been shown to interact with mitochondrial fargeting signal
dependent on ATP (Hachiya et al, 1993; Komiya et al, 1994). The mitochondrial
outer membrane receptors Tom70 and Tom37 are proposed to interact with the
precursor-MSF complex (Hachiya et al, 1993). Hsc70 and Hsp90 in mammals
and Hsc70 in yeast have been shown to interact with Tom70 indicating a
recognition of the cytosolic chaperone-precursor complex by Tom7OI(Young et
al, 2003).

The translocase of the outer membrane (TOM) is composed out of three
receptors, Tom20, Tom22 and Tom70, and one general import pore, built out of
two Tom40 proteins and stabilised by the small proteins called Tom5, Tom6 and
Tom7 (Neupert et al, 2007). Tom20 recognizes mainly N-terminal signals while
Tom70 is the receptor for precursor proteins with an internal signal (Brix et al,
1999; Koehler, 2004). Tom22 is believed to be the organizer of the TOM
complex as it is the convergence point for precursor proteins which initially bind
to either Tom70 or Tom20 (Koehler, 2004). Plants do not have Tom70, but
possess two other mitochondrial receptors, which may replace Tom70 in plants:
the outer mitochondrial membrane protein of 64 kD (mtOM64) and METAXIN
(Chew et al,. 2004; Lister et al, 2007). For mtOM64 it could be shown, that it
interacts with a variety of precursor proteins in yeast two hybrid assays, but a
depletion of mtOM64 resulted in no difference from the wild type (Lister et aj,
2007). The depletion of METAXIN resulted in a lower protein level of membrane
proteins, indicating a role in targeting of membrane proteins to mitochondria
(Lister et al, 2007). However, the exact role for both proteins in the targeting

process of mitochondrial precursors is not known.

15



1.1.3. Protein targeting to peroxisomes

Peroxisomes have a single membrane and do not contain DNA. The
import of proteins into peroxisomes occurs either cotranslationally, as they are
believed to bud from the ER in vesicle like manner induced by the peroxins
(Pex) Pex3, Pex16 and Pex19, or posttranslationally (Platta et al, 2007). Import
of freshly synthesized proteins can occur via a translocation machinery at the
membrane or via dynamic receptors, which are located in the cytosol. Here, the
receptor recognizes the precursor in the cytosol and guides it to the docking site
at the peroxisomal membrane, which is composed out of Pex13, Pex14 and
Pex17 (Holroyd et al, 2001; Platta ef al, 2007). The complex is then
disassembled to release the cargo and the receptor returns to the cytosol
(Platta et al, 2007). This pathway is mediated by the receptors Pex5 and Pex7,
which bind to the C-terminal signal sequence SKL (peroxisomal targeting signal
1 (PTS1)) and the N-terminal signal sequence (R/K)/(L/V/1)Xs(H(Q))(L/A)
(peroxisomal targeting signal 2 (PTS2)), respectively (Holroyd ef al, 2001; Platta
et al, 2007). A translocation channel in the membrane of peroxisomes has not
yet been characterised.

Pex19 and Pex3 belong to another protein targeting system to
peroxisomes. Pex19 is a 33 kDa cytosolic protein (Matsuzono et al, 2006).
Pex19 contains an N-terminal flexible region, which is able to interact with Pex3
(42 kDa), a C-terminal rigid domain, which binds multiple peroxisomal proteins
in a chaperone like manner and ends with a CAA-X farnesylation site (Fujiki et
al, 2006; Matsuzono et al, 2006). Pex3 is located at the peroxisomal outer
membrane and is thought to be the docking site for Pex19 at the peroxisomal
membrane. Hettema et al. (2000) show that peroxisomal membrane proteins
are mislocated in Pex3 and Pex19 depleted yeast cells (Hettema et al, 2000).
Thus the Pex19/Pex3 system might be a peroxisomal chaperone receptor
system, which mediates protein insertion into the peroxisomal membrane.

16



1.1.4. Protein targeting to chloroplasts

Chloroplasts import more than 95% of their proteins posttransiationally
from the cytosol (Soll, 2002). Most chloroplast precursors have an amino
terminal presequence, which is positively charged and rich in serine and
threonine residues. The presequence signals targeting to the chloroplast
membrane and is cleaved during translocation (Soll, 2002). 14-3-3 proteins
together with Hsp70 have been found to build a guidance complex, which binds
to the phospho-peptide motif in the presequence upon phosphorylation and to
accelerate preprotein translocation by three to four times (May et al, 2000).
Transfer of the precursor from the guidance complex to the Toc complex
requires ATP (May et al, 2000). However, the removal of the phosphorylation
site in the presequence, which interrupts the binding of the14-3-3 protein to the
precursor had no effect on targeting of several precursors (Nakrieko et al, 2004)
in vivo, suggesting little relevance for the guidance complex. Additionally, an
interaction of Hsp90 with the chloroplast precursor was proposed, as Hsp90 can
be bound by Toc64, which located at the outer envelope (Qbadou et al, 2006).

The translocon at the outer envelope of chloroplasts (Toc) complex
consists of four main subunits: The receptors Toc159, Toc34 and Toc64 and
the translocon channel, which is formed by 16 a-strands of Toc75 (Becker et al,
2004; Soll, 2002). Toc34, Toc159 and Toc75 build the core of the preprotein
translocon (Wallas et al, 2003). Toc34 and Toc159 exist in a stoichiometry of 4-
5:1 in the Toc complex (Schleiff et al, 2003) and are believed to be the main
receptors of the chloroplasts outer envelope. Kinetic studies on Toc34 and
Toc159 and their stoichiometric ratio suggest that Toc34 recognizes the signal
peptide of the precursor protein, which is then handed over to the central
catalytic translocation motor Toc159 (Becker et al, 2004). Toc64 has been
found to be a transient component of the Toc complex through interaction with
Toc34 (Qbadou et al, 2006; Schleiff et al, 2003). In Arabidopsis, there are four
homologues for Toc75, two homologues for Toc34, four homologues for Toc159
and one homologue for Toc64, which is localised at the chioroplast outer
envelope (Aronsson et al, 2007; Kalanon et al, 2008; Soll, 2002). Depletion of
Toc159 and Toc33 but not of Toc64 results in a strong phenotype or no viability
of the plant, suggesting that Toc159 and Toc34 are the main receptors of the

17



Toc complex (Aronsson et al, 2007; Bauer et al, 2000; Jarvis et al, 1998;
Rosenbaum Hofmann et al, 2005).

*NH
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Figure 1.1A and B: Chaperone receptors in protein targeting in animal and fungal cells.
A: Tom34 has been found as an additional chaperone receptor at mitochondria in
mammalian cells.

B: Chaperone receptors in protein targeting in fugal cells. Fungi have receptors, which
are very similar to the ones found in animals, but have an additional chaperone

receptor (Sec72) involved in posttrans-lational targeting at the ER membrane.
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Figures 1.1A-C summarise the main receptors involved in protein targeting and
the currently known chaperone receptors in animals (Figure 1.1A), fungi (Figure
1.1B) and plants (Figure 1.1C). All organisms use the co-translational targeting
mechanism mediated by the SRP and the Sec61 translocon. Fungi have an
additional chaperone receptor (Sec72) involved in posttrans-lational targeting,
at the ER membrane. Mitochondrial protein trans-location is in all organisms
mediated by the pore building Tom40 and the receptor Tom20. Fungi and
animals have Tom70 and plants mtOM64 as a chaperone receptor at
mitochondria. Tom34 has been found as an additional chaperone receptor at
mitochondria in mammals. Import into peroxisomes is believed to be directly
mediated by the cytosolic receptors Pex5 and Pex7, which are able to cycle
between the cytosol and the membrane and release their cargo upon interaction
with the docking complex (Pex13, Pex14 and Pex17). Translocation into
chloroplasts of plants is mediated by the core translocon: the channel (Toc75)
and the receptors Toc34 and Toc159. The receptor Toc64 is an additional

chaperone receptor at the chloroplast envelope.

Chloroplaéts

PR DmEs Mitochondria

Figure 1.1C: Chaperone receptors in protein targeting in plant cells.

Plants do not have a homologue for Tom70. Here, the Toc64 homologue mtOM64 is
currently believed to fulfil the function of Tom70 at mitochondria. Translocation into
chloroplasts of plants is mediated by the core translocon: the channel (Toc75) and
the receptors Toc34 and Toc159. The receptor Toc64 is an additional chaperone

receptor at the chloroplast envelope.
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1.1.5. Tail anchor dependent protein targeting

Nuclear encoded membrane proteins have one or more transmembrane
domains and can be signal anchored or tail anchored. Their membrane
insertion signal does not share a sequence similarity, but is rather determined
by the nature of the transmembrane domain, which encloses all targeting
information (Abell et al, 2003; Rapoport, 2007; Walther et al, 2008), and its
flanking regions (Borgese et al, 2003).

The SNARE proteins of the Vamp/synaptobrevin and syntaxin families,
small components of the translocon in the endoplasmic reticulum membrane,
several of the Tom and Toc translocase components and TPRc1 (the protein of
interest in this work) are tail anchored (TA) proteins. TA proteins are a special
class of membrane proteins, which share the topological property of a single, C-
terminal transmembrane domain and a lack of an N-terminal signal peptide.
Thus, TA proteins require another complex to be targeted to their organelles.
The single transmembrane (TMD) domain close to their C-terminus is
responsible for their anchoring in the outer membrane of their target organelle
as well as for the specificity for the membrane in which they are inserted
(Borgese et al, 2007; Wattenberg et al, 2001). The mechanism by which TA
proteins are targeted to their membrane is not completely understood. It has
been found that the length and hydrophobicity of the transmembrane domain as
well as the charge of flanking residues play a role in specificity for a particular
membrane (Borgese et al, 2007; Ceppi et al, 2005) and that the composition of
the target membrane such as its cholesterol content is a criterion for membrane
insertion (Brambillasca et al, 2005).

The insertion of TA proteins into the ER membrane seems to be
dependent on not only a single pathway: As the SRP is involved in the GTP
dependent targeting of synaptobrevin2 (Syb2) and Sec61B into the ER,
cytochrome b5 (Cyt5) is completely independent on SRP (Abell et al, 2004).
Furthermore, the association of TA proteins with Sec62, Sec63 and Sec61
could be shown (Abell et al, 2004). This suggests that there exists another
pathway of TA-insertion, which uses the same translocation pore as SRP
dependent insertion. Indeed, insertion of TA proteins into the ER membrane
could as well be observed without SRP (Abell et al, 2007). Additionally, there

exist at least two more SRP independent pathways for ER TA proteins, which
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are ATP dependent and insensitive to a Sec61 knockout (Rabu et al, 2007,
Rabu et al, 2008; Stefanovic et al, 2007): One pathway is dependent on
Hsp70/Hsp40, which bind to the tail anchor and have been shown to facilitate
TA-targeting into the ER membrane (Abell ef al, 2007). This implies the
existence of a receptor complex. However, this complex has not yet been
identified. The second pathway is mediated by the recognition of the TMD of the
TA protein by Get3 (TRC 40/Asna-1), which targets the TA protein to the ER
membrane upon recruitment of the receptor complex Get1/Get2 in yeast
(Schuldiner et al, 2008). Get3 has been shown to be the homologue of the
mammalian Asna-1 (TRC 40) (Schuldiner ef al, 2008). Thus, both pathways are
likely to be conserved. Each tail anchor has been shown to be specifically
dependent on Hsp70/Hsp40, Asna-1 or SRP. Here, the binding of Asna-1 or
SRP is more likely for TMDs with a higher hydrophobicity (Abell et al, 2004,
Abell et al, 2007; Rabu et al, 2008).

For mitochondria targeted TA proteins it could be shown that targeting is
independent of the Tom complex and functions without the binding of cytosolic
signal-specific targeting factors (Setbguchi et al, 2006). One possibility is that
cytosolic chaperones were shown to be as well required in TA protein targeting
to mitochondria (Setoguchi et al, 2006).

Peroxisomal membrane protein (PMP) targeting might be mediated by
the Pex19/Pex3 system (Fuijiki et al, 2006).

The chloroplast TA protein Toc34 was proposed to insert over the Toc75
pore into the chloroplast outer envelope (Soll, 2002). However, the targeting
mechanism, cytosolic factors and possible receptors are not known for

chloroplast TA proteins.
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1.2. Chaperones involved in protein targeting

cytosol

membrane

Figure1.2: Proposed principle for targeting of preprotein chaperone complexes to
organellar membranes by chaperone receptors. A nascent protein is recognized by
cytosolic molecular chaperones such as Hsp70 or Hsp90. The C-terminal end of
chaperones is recognized by TPR domain containing receptors at the outer membrane
of organelles. This may be a way to import proteins into organelles or in membranes.

Newly translated proteins are often in a complex with cytosolic molecular
chaperones (Wickner et al, 2005) such as Hsc70 or Hsp90 to prevent
aggregation and to achieve correct folding. Additionally, efficient protein
targeting to organelles requires receptors at the translocation complexes, which
do not only recognize the precursor protein but also proteins, which build a
cytosolic complex with the precursor. One class of membrane bound receptors
is able to bind the C-terminal end of Hsp70 or Hsp90 specifically. These
receptors are called chaperone receptors. Chaperone receptors have
commonly at least one transmembrane domain and one or more cytosolic
tetratricopeptide repeat (TPR) domain(s) building a clamp, which binds to the C-
terminal end of chaperones. Interestingly, each organelle has at least one TPR
containing receptor (Schlegel et al, 2007). This and the presence of cytosolic
chaperones in precursor complexes suggest that chaperone receptors might
have an important role in protein targeting. Figure 1.2 shows schematically the

proposed involvement of chaperone receptors in protein targeting.
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1.2.1. The TPR domain

The tetratricopeptide repeat (TPR) motif is a 34 amino acid repeat. The
TPR domain contains three TPR motifs. It is composed from three o-helix
bundles (I, Il and llI, also called TPR motif) with two helices (a and b) each and
ends with a solvation helix at the C-terminus (Schlegel et al, 2007) (Figure
1.2.1). These seven helices together build a groove, which can embrace a

peptide and thus mediate interaction with other proteins.

Figure 1.2.1 (Blatch et al, 1999): Seven helices
form a TPR domain containing three TPR
motifs with two helices, a (red) and b (blue),

and a C-terminal solvation helix (red)

In the first instance the TPR domain functions generally in protein-protein
interactions. Proteins containing TPR domains are involved in several cellular
mechanisms such as cell cycle, splicing, transcription, neurotransmitter release,
phosphate turnover, signal transduction and chaperone-binding regulation
(Blatch et al, 1999). Eight amino acids at positions 4 (W/L/F), 7(L/I/M), 8(G/A/S),
11((Y/L/F), 20(A/S/E), 24(F/Y/L), 27(A/S/L), and 32(P/K/E) are highly conserved
and thus the criterion for a TPR motif in the primary structure. Functionally
different TPR motifs share the amino acids at position 8(G/A/S), 20(A/S/E),
24(F/Y/L) and 27(A/S/L) (Blatch et al, 1999). Because of their conservation
these amino acids are believed to be responsible for substrate specificity in

protein - protein interaction mediated by the TPR domain.
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1.2.2. The TPR domain in chaperone-binding

Some TPR domains interact specifically with the highly conserved C-
terminal end of the Hsp70 and Hsp90. Both chaperones have the C-terminal
end EEVD as a general anchor residue (Brinker et al, 2002) in common and
differ in the upstream amino acids. |

An interesting TPR-containing protein is the Hsp70 and Hsp90 organising
protein (Hop), which contains three TPR domains, TPR1, TPR2A and TPR2B.
TPR1 is known to bind the C-terminal end of Hsp70 and TPR2A binds the C-
terminal end of Hsp90. The function of TPR2B is unknown. The ability of Hop to
bind both, Hsp70 and Hsp90 makes it to a model TPR-containing protein for
studying chaperone - TPR domain binding.

Scheufler et al. (2000) examined chaperone binding by TPR1 and TPR2A with
isothermal titration calorimetry (ITC) and determination of the crystal structures
of these domains: Peptides with the size ranging from the last 4 (EEVD) to 12
amino acids of Hsp70 (GSGSGPTIEEVD) and Hsp90 (GDDDTSRMEEVD), and
Hsp70 and Hsp90 fragments lacking the chaperone domain (C70 and C90)
were titrated to TPR1 and TPR2A. The resulting dissociation constants of the
complexes were measured in an isothermal titration calorimeter to test for
binding and specificity of the heat shock proteins by the TPR domains of Hop.
For TPR2A the pentapeptide MEEVD of Hsp90 is essential and sufficient for
binding (Brinker et al, 2002; Scheufler et al, 2000; Wu et al, 2001) while TPR1
binding requires at least a heptapeptide (PTIEEVD) (Brinker et al, 2002;
Scheufler et al, 2000; Wu et al, 2001). Furthermore, TPR2A is able to bind C70
with a low affinity while TPR1 does not bind C90 at all. This indicates that the
binding of Hsp70 is much more specific than the binding of Hsp90 (Odunuga ef
al, 2003; Scheufler et al, 2000). According to the crystal structures derived from
- TPR2A and TPR1, which were co-crystallised together with the appropriate
heptapeptide, the importance for binding of the single amino acids in the
chaperone C-terminus seems to differ for the two TPR domains as well. While
the amino acids D 0, V -1, 1 -4 and P -6 (PTIEEVD) are involved in the contact
to TPRA1, all the last five amino acids with exception of E -2 (MEEVD) are close
enough to TPR2A for interaction. Thus, in both TPR domains from Hop the last
four amino acids of the chaperones are not sufficient for specific binding and the
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binding of Hsp70 by TPR1 is more specific than the binding of Hsp90 by
TPR2A.

NMR and CD spectroscopic studies on the tertiary structure of the TPR domain
of the Hsp90 binding protein protein phosphatase 5 (PP5), show, that this TPR
domain is mainly unfolded at physiological temperatures and undergoes a
coupled folding and binding by addition of the C-terminal pentapeptide
(MEEVD) of Hsp90 as a ligand (Cliff et al, 2005). This effect has only been
found with PP5 so far, but may be applicable on TPR domains of other proteins

as well.

1.2.3. TPR-containing membrane bound receptors

Stramenopiles Rhodophyta Chromophyta
Prokaryotes Fungi Protostomia  Deuterostomia Alveolata Cryptophyta Plants

S
S
Q/&Q A
(8)
P

Figure 1.2.3.1.(Schlegel et al, 2007): Model of evolutionary development or TPR-containing

proteins involved in protein translocation. Tom70 and Toc64 evolved early after separation of
the fungi/metazoa group and plants while Tom34 and Sec72 are a late development in

deuterostomia and fungi, respectively.

Schiegel et al. (2007) did a phylogenetic comparison of the TPR domain
containing receptors, which bind Hsp70 or Hsp90, in eukaryotes to test for
evolutionary relationships. The receptors Sec72 at the endoplasmic reticulum,
Tom34, mtOM64 and Tom70 at the mitochondria outer membrane, Pex5 at
peroxisomes and Toc64 at the chloroplast envelope were considered. Some
TPR domains tend to cluster together, which makes a bioinformatical prediction
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possible: Sec72 clusters with TPR1 of Hop suggesting a Hsp70 binding.
Tom70, Toc64, mtOM64 and the N-terminal TPR domain of Tom34 cluster
together suggesting similar function. The C-terminal TPR domain of Tom34
clusters with TPR2A of Hop indicating a possible Hsp90 binding and Pex5
builds its own group. However, the similarity of the TPR domains from different
receptors is not very high even if their function is very similar (Figure 1.2.3.1).
Thus, it seems that they developed independently at different times and might
have a general role in protein targeting, which can be applied to all organelles.
The TPR domain of Tom70 seems to have evolved early in the fungi/metazoa
groﬁp. Sec72 can only be found in fungi and Tom34 only in deuterostomia.
Plants seem to have developed one type of Toc64 at chloroplasts (Toc64) and
one type at mitochondria (mtOM64), as they are lacking Tom70. Figure 1.1A-C
summarises the chaperone receptors involved in protein targeting in animals,
fungi and plants. Their biochemical properties will be further discussed.

26



1.2.4. Chaperone receptors in animals and fungi

Tom70

Tom70 is the best characterised chaperone receptor. It is a 617 amino
acid long mitochondrial protein with an N-terminal transmembrane domain and
a big C-terminal domain facing the cytosol and contains 26 a-helices. Most of
these helices build the 11 TPR motifs. The three TPR motifs which are close to
the transmembrane domain build a TPR domain similar to Hop, while the
remaining TPR motifs are proposed to be responsible for signal peptide binding
(Wu Y et al, 2006). Tom70 dimerises in its active form (Figure 1.2.4) (Wu et al,
2006; Young et al, 2003).

Hsp70-binding site

Figure 1.2.4 (Wu et al, 2006): Crystal structure of yeast Tom70.

A: Tom70 monomer; the monomer Tom70 contains 11 TPR motifs. The linker region
for dimerisation is circled.

B: Tom70 dimer; arrows show the putative peptide binding pocket and the Hsp70/90
binding TPR domain.

Pull down assays of the C-terminal domain of Hsp70 (C70) and Hsp90
(C90) show that the cytosolic domain of mammalian Tom70 binds Hsp90 and
Hsp70 specifically and efficiently, while Tom70 with an induced mutation of
arginine 192 to alanine (R192A) in the N-terminal, Hop-like TPR domain, which
disrupts binding to Hsp90 and Hsp70, does not bind (Young et al, 2003). Yeast
Tom70 recognizes only Hsp70 but not Hsp90. The inhibition of import of
preproteins with C90 in in vitro assays with purified mitochondria varies
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between preproteins. While the protein import of the mitochondrial phosphate
carrier (PiC) and the mitochondrial peptide transporter (PT) are strongly
inhibited by C90 or the Hsp90 inhibitor geldanamycin (GA), the Rieske iron-
sulfur protein (ISP) is barely inhibited by C90 (Bhangoo et al, 2007; Fan et al,
2006; Young et al, 2003). The simplest explanation for this is that the receptors
Tom70 and Tom20 have overlapping roles in protein targeting. Additionally, the
C-terminal Bag domain (Cbag), a Hsp70 inhibitor is able to inhibit the import of
the ADP/ATP carrier (AAC) and PT (Young et al, 2003), which gives evidence
for the importance of Hsp70 binding by Tom70 in targeting AAC into
mitochondria.

In summary, at least one Tom70 dimer recognizes the internal signal
sequence of the preprotein and the C-terminal end of the complexed Hsp70 or
Hsp90, and recruits the preprotein-chaperone complex to the translocation pore

in mitochondria.

Tom 34
Tom34 occurs only in animals. It has an N-terminal and a C-terminal TPR
domain (Schlegel et al, 2007), and a hydrbphobic region at the N-terminus
(Chewawiwat ef al, 1999). The hydrophobic region seems to be responsible for
interaction with the mitochondrial membrane rather than to be a membrane
anchor, as it is possible to wash it from purified membrane fractions with a
higher salt concentration (Chewawiwat et al, 1999). However, it seems to have
a role in mitochondrial import, as addition of Tom34 lacking the hydrophobic
domain can inhibit the import of precursor proteins, which have an N-terminal
transit peptide, into mitochondria (Chewawiwat et al, 1999). A faster import of
precursors by Tom34 overexpression and inhibition of import by addition of anti-
Toma34 antibodies support this hypothesis (Chewawiwat et al, 1999). Yeast two
hybrid screening with the C-terminal domain of Hsp90 pulled out Tom34 as a
putative interaction partner (Young et al, 1998). This suggests Tom34 to be a
flexible receptor of mitochondria, which assists the recruitment of precursor-
chaperone complexes from the cytosol to the mitochondrial membrane.
In contrast, it was found that Tom34 knockout mice are viable under
normal conditions (Terada et al, 2003), which makes a key role of Tom34 alone
doubtful.
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Pexb5

Pex5 transports most peroxisomal matrix proteins. It contains seven
WxxxF/Y motifs, which are believed to be involved in interaction with other
peroxisomal membrane proteins and seven TPR motifs in the C-terminal part
(Harano et al, 2001; Stanley et al, 2006) building two TPR domains. As Pex5
shuttles between the cytosol and the membrane (Platta et al,- 2007), its TPR
domain might bind to cytosolic chaperones.

In mammals, two isoforms of Pex5 have been identified: a short form,
Pex5pS, which recognizes only PTS1 and a long form, Pex5plL, which can
recognize both PTS1 and PTS2. Pex5 associates with Pex13 and Pex14 in the
membrane. However, it has been shown, that a Pex5 mutant unable to bind
these proteins is still able to transport precursors into peroxisomes and is able
to insert into lipid bilayers reversibly in vitro (Kerssen et al, 2006). This indicates
that Pex5 cycles between the cytosol to the membrane to transport freshly

-synthesized proteins into peroxisomes.

Harano et al. (2001) studied the binding mechanism by which Pex5 binds
to its cargo using acyl-CoA oxidase (AOx) as a model for PTS1 containing
proteins. According to their results antibodies against the C-terminus of Pexd
and antibodies against Hsp70 can inhibit AOx import. Furthermore, Hsp70
binding was disrupted by addition of ATP. This indicates that the signal
sequence of AOx is bound directly by the C-terminus of Pex5 and Hsp70 keeps
Pex5 in a binding competent state due to its chaperone activity.

Thus, it can be concluded, that Pex5 binds directly the precursor protein
via its TPR domain and is likely not to be a chaperone receptor. Instead the
earlier described Pex19/Pex3 system might fulfil the function of a chaperone

based targeting pathway to peroxisomes.

Sec72

Sec72 is a 23 kD ER protein with no transmembrane domain in yeast.
Because it can be detected at the ER membrane after membrane purification
and salt washes, it is believed to have a strong interaction with other ER
"membrane proteins (Feldheim et al, 1994). It has three TPR motifs forming a
TPR domain similar to TPR1 of Hop (Ponting, 2000). Sec72 knockout mutants
are in contrast to Sec71, Sec62 and Sec63 knockout mutants viable at high and
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low temperature. However, an accumulation of ER-targeted proteins like
carboxypeptidase Y (CPY) was observed in these mutants, suggesting a role of
Sec72 in protein targeting of some ER precursor proteins (Feldheim et al, 1994;
Green et al, 1992). Thus, Sec72 participation in targeting could be the binding
of an Hsp70 - precursor complex (Ponting, 2000) and the release of the
precursor from Hsp70 to the translocation machinery could then be mediated by
the DnaJ domain of Sec71. In contradicytion, the final destination of CPY is the
vacuole and it contains an N-terminal vacuolar sorting signal, which is cleaved
upon arrival in the vacuole (Valls et al, 1987). Thus, a targeting via SRP binding
is likely for this protein and its aggregation might not be directly related to the
Sec72 knockout.

1.2.5. Chaperone receptors in plants

Pex5, Pex19 and Pex3 have been found in plants as well and the plant
homologues seem to have a similar function to the one described for the
mammalian peroxins. Nito et al (2007) characterised different Arabidopsis
mutants knocked down for pre-proteins, which are involved in peroxisomal
biogenesis. Here, a Pex5 knockdown resulted in mislocation of peroxisomal
precursor proteins indicating that plant Pex5 is involved in protein import, and a
knockdown of Pex3 as well as Pex19 resulted in a change of peroxisomal
morphology, suggesting that Pex3 and Pex19 have a role in correct insertion of
peroxisomal membrane proteins. A plant homologue of Sec72 has not yet been

found.

Toc64

Sohrt et al. (2000) found a new component of 64 kD in the purified Toc-
complex of pea chloroplasts and called it Toc64. Toc64 has a N-terminal
transmembrane domain, a short cytosolic domain, two membrane-spanning
areas leaving a 30 KD domain, which contains an amidase domain, in the
intermembrane space (IMS) and three TPR motifs at the C-terminus, which is
facing the cytosol (Qbadou et al, 2007).
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A. thaliana has three Toc64 isoforms: atToc64-ll at the chloroplast membrane,
atToc64-V (mtOM64) at the mitochondrial membrane and atToc64-1. AtToc64-1
is a cytosolic amidase, and atToc64-lll and atToc64-V have a nonsense
mutation in their amidase domain (Aronsson et al, 2007; Qbadou et al, 2006)
suggesting another function. Toc64 is only dynamically associated with the Toc
core complex and is then in close proximity to Toc34 but not to Toc139
(Qbadou et al, 2006; Schleiff et al, 2003).

Recombinant Toc64 expressed in Escherichia coli is able to prevent
import of some preproteins, such as oxygen evolving complex subunit of 33 kDa
(pOE33), which is localised in the thylakoid lumen and has N-terminal signal
peptides to pass the chloroplast and the thylakoid membrane. This is due to its
TPR domain, as Toc64 lacking this domain is not able to inhibit the import
(Qbadou et al, 2006). This inhibition can be rescued by addition of ATP, which
indicates that pOES33 is not directly bound by Toc64, but by an ATP-dependent
factor e.g. Hsp70 or Hsp90. Indeed, pOE33 can be co-immuno-precipitated by
anti Hsp90 antibodies and the TPR-domain of Toc64 is able to pull down C90
(Qbadou et al, 2006), the C-terminal domain of Hsp90, which lacks chaperone
activity. ATP induces Toc64 dissociation from the complex, while Toc34 is only
able to bind pOE33 after addition of ATP (Qbadou et al, 2006). Thus, Toc64 is a
receptor at the chloroplast envelope, which recognizes preprotein - chaperone
complexes at an early stage and passes the preprotein on to Toc34 in an ATP-,
dependent manner.

Aronsson et al. (2007) found that Toc64 knockout plants in A. thaliana
have wild type phenotype. This indicates that there is either an undefined
receptor similar to Toc64, or that it has an overlapping function with the other

Toc receptors.

mtOM64

There exists no homologue of Tom70 at the mitochondrial outer
membrane of plants. Thus, mtOM64 (Toc64-Ill) is thought to have.evolved to
replace Tom70 in plants. mtOM64 is an isoform to the chloroplast translocase of
the outer membrane 64-I11 (Toc64-1l) in plants. It is N-terminally anchored to the
mitochondrial outer membrane and contains three TPR motifs similar to Hop
and Tom70 (Lister et al, 2007). Blue native polyacrylamide gel electrophoresis
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(BN-PAGE) analysis revealed that mtOM64 is not permanently part of the
mitochondrial translocation complex (Lister et al, 2007).

However, recombinant mtOM64 can inhibit the translocation of some
mitochondria targeted proteins e.g. the Fad-subunit of mitochondrial ATP-
synthase (Fad) and pull down assay as well as yeast two hybrid analysis show
an interaction of mtOM64 with a variety of mitochondrial precursor proteins
(Lister et al, 2007). This indicates that mtOM64 is a novel mitochondrial
receptor, which might recruit preproteins to the outer membrane of mitochondria

in @ manner similar Tom70 in plants, since plants lack Tom70.

TPRc1

+
H,N— m—C0C
) tail anchor
TPR-domain

Figure 1.2.5: Systematic structure of TPRc1: TPRc1 was found by bioinformatical
search for proteins containing a TPR-domain similar to Hop and a membrane spanning

domain.

TPRc1 was pulled out by a bioinformatic search for eukaryotic proteins
containing the chaperone binding TPR domain and a transmembrane domain.
The criterion for the TPR domain was obtained by structural alignment of known
chaperone binding TPR domains from Hop, FK506-binding protein 5, FK506-
binding protein 4, cyclophillin-40, serine/threonine phosphatase 5, cyclophillin
seven suppressor, Tom70, Tom34 and Unc-45: This alignment resulted in semi
stringent motifs consisting out of [K-(ETNDK)-(KQEIR)-(GA)-(NT)-(DEVKT)-
(AYFCL)-(YF)] for clamp1 and [K-(AG)-(YFL)-(YFT)-R-(KR)-(GA)-(AEQK)] for
clamp 2 and loose motifs consisting out of [(KR)-(ETNDKALQGD)-(LKQEIHSA)-
(GA)-(NKT)-(DAELSVNHQKT)-(ACFYLKHQMS)-(YFLV)] for clamp 1 and [K
(AGVC)-(YFL)-(AYFTSN)-(RQ)-(IKRQL)-(GAS)-(NATEQKLCS)] for clamp2
(Ewans, unpublished data). A TPR domain has to contain two of the listed
motifs to be able to bind chaperones, thus these motifs were used to scan the
protein databases Swissprot, TrEMBL and TrEMBL New (Boeckmann et al,
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2003). Identified proteins were checked to determine whether they contained a
transmembrane domain. TPRc1 fulfils these criteria. It has the Swissprot
accession number Q8GWMS6 and contains a full TPR domain and a tail anchor
(Ewans, unpublished data) (Figure 1.2.5). Thus TPRc1 is predicted to be a
novel uncharacterised chaperone receptor. ,

TPRc1 homologues exist only in plants, which suggests that it might be
localised in chloroplasts. This is underlined by preliminary data, which show,
that recombinant TPRc1 can insert in purified chloroplasts (Abell, unpublished
data) and confocal microscopy (Kriechbaumer, unpublished data), which shows,
that TPRc1 co-localises with chloroplasts. Additionally, an interaction of TPRc1
with Hsp70 could be shown (clones used here (TPRc1-TM and TPRc1FL) and
experimental procedure done by Lehmann, unpublished), which suggests, that
TPRc1 is a novel chaperone receptor.
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1.3. Aims

The aim of this work is to characterise TPRc1 expression, subcellular
localisation and function as well as the cytosolic interaction partners and the
“interaction partners at the membrane in more detail.

A phylogenetic analysis of the TPR domain of TPRc1 should help to
predict its function on the basis of its relation with other chaperone receptors.
TPRc1 RNA and protein levels in different tissues were analysed with
quantitative RT PCR and western blotting. The preliminary evidence for TPRc1
to bind the C-terminal end of Hsp70 with its TPR domain was tested with pull
down assays and the nature of the interaction between the TPR domain of
TPRc1 and the chaperones Hsp70 and Hsp90 were analysed. The existence of
interaction partners of TPRc1 at the chloroplasts outer envelope should be
tested by chemical crosslinking and immunoprecipitation of radiolabeled, into
chloroplast imported TPRc1. Finally, phenotyping of TPRc1 depleted plants
should explain the broader context of TPRc1 function in cellular processes.
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2.1. Media

E. coli were grown at 37°C in 2 YT (171 mM NaCl, 1.6% (w/v) tryptone,
0.5% (w/v) yeast extract, pH ca. 8.0) or Luria broth (LB) (171 mM NaCl, 1%
(w/v) tryptone, 0.5% (w/v) yeast extract, pH ca. 8.0) containing the appropriate
antibiotic. Solid medium for colony selection contained 1.5% agar.

2.2. Bacterial strains and Plasmids

Table 1 shows the different bacterial strains used. Cloning was generally
performed by double digestion of PCR products with restriction endonucleases.
These products were then ligated into pET-16b (Novagen) or plVEX 1.4
(Roche) using'appro-priate restriction sites. In difficult cases the undigested PCR

product was blunt end ligated into pBluescript SK (Stratagene).

Bacterial strain

Genotype

Application

E. coli XL1 Blue

supE44, hsdR17, recA1, endA1, gyrA46, thi
relA1, lac-, lac [F’ proAB-+ laclq lacZAM15
Tn10(Tetr)]; (Bullock et al., 1987)

Standard-
cloning

E. coliBL21
(DE3)

hsdS, gal, [Acl, ts857, cnd 1, hsdR17, recA1,
endA1, gyrA96, thi1, relA1]; (Studier and Mofat,
1986)

Protein
expression

T7 Express F
Competent E.
coli (High
Efficiency)

miniF laclFcam® / fhuA2 lacZ::T7 gene1 [lon]
ompT gal sulA11 R(mcr-73::miniTn10--1e)2
[dem] R(zgb-210::Tn10--1et) endA1 D(mcrC-

| mrr)114::1S10

Protein

expression

Table 1: Different bacterial strains and their application. E. coli XL1 Blue competent
cells were purchased from Promega, T7 Express I Competent E. coli were bought
from New England Biolabs (NEB). Alternatively, E. coli XL1blue and E. coli BL21 (DES3)

competent cells were prepared using the methods below.
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2.2.1. Preparation of E. coli XL1 blue competent cells

100 ml 2 x YT medium was inoculated with 5 ml overnight culture of
E.coli XL1 Blue. The cells were grown to an ODggo = 0.3 - 0.5, and then were
precipitated by centrifugation for 20 min in 4°C with 3000 g. Pellet was
suspended and incubated in cold TBFI buffer (30 mM KAc, 50 mM MnCl, 100 7
mM RbCI, 10 mM CaCl,, 15% glycerol, pH5.0 with acetic acid, sterilized by
filtration) for 20 min on ice. The cells were pelleted by centrifugation at 4°C for 5
min at 3000 g. The pellet was resuspended in 3.6 ml of cold TBFII buffer (10
mM MOPS pH7.0, 10 mM RbCI, 15 mM CaCl,, 15% glycerol, sterilized by.
filtration), aliquoted and snap frozen in liquid nitrogen. Aliquots were stored at -
80°C.

2.2.2. Preparation of E. coli BL21 (DE3) CaCl, competent cells

200ml LB-Medium was inoculated with 1ml overnight culture and grown
at 37°C until an ODggo = 0.3 - 0.5 was reached. The culture was chilled on ice
for 15 min and precipitated by centrifugation at 3000 g for 10 min. The pellet
was resuspended in 15 ml 1 M CaCl, and incubated on ice for 15 min. Cells
were precipitated at 3000 g for 10 min and resolved in 4 ml 1 M CaCly
containing 15% glycerol. Competent cells were aliquoted to 100 pl and stored at
-80°C.

2.3. E. coli Transformation (heat shock)

An aliquot of competent cells (25 pl for E. coli XL1blue and E. coli T7 Express I
or 100 ml for E. coli BL21 (DE3)) was thawed on ice. 100 - 500 ng of plasmid
DNA was added, mixed and incubated for 20 min on ice. The transformation
mix was then heat shocked at 42°C (45 s for E. coli XL1blue, 90 s for CaCL;
competent E. coli BL21, 10 s for T7 Express IY Competent E. coli). 300 pl LB
medium was added immediately after heat shock and the cells were incubated
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at 37°C for 1 h. Transformed Bacteria suspensions were plated on LB plates

containing the appropriate antibiotic.

2.4. Polymerase chain reaction (PCR)

PCR was performed with primers ordered from Eurofins MWG Operon,
using a Techne model TC-3000 thermocycler. Table 2 gives an overview over

Template Primer pair Induced Temperature Number | Application
restriction | (Melting, S of
site Annealing, cycles
Polymerisation)
TPRc1 in | TPRc1TPRfor: Ndel 95°C, 50°C, | 45 Cloning of the
pSPUTK attaaacatatgtatcagat 72°C TPR domain of
caatgcagctc TPRc1 in pET-
BamHI 16b and
TPRc1TPRrev: pIVEX1.4
ttaaattggatcctatgectt
gccaggtcc
TPRc1 in | TPRcla: Ndel 95°C, 55°C, | 45 Cloning of the
pSPUTK attaaacatatggagacaa 72°C Linker region
ttgccgatgtg , of TPRc1 into
BamHI pET-16b
TPRc1Lrev:
Atatagatctttattttccgaa
caaccacttc
TPRc1-TM | R185A: None 95°C, 55°C, | 12 Induction of a
in pET-16b | ggaatgtcaaagccctata 68°C . R185A
cgcaaggggtcaagctta mutation into
caga the TPRc1-TM
clone
R185Aantisense:
Tctgtaagctigacccectig
cgtatagggctttgacattc
e
TPRct in | TPRc1RTfor: None 95°C, 55°C, | 40 RT-PCR
pSPUTK ctggaaagttctgattgctic 72°C (target)
TPRc1RTrev:
Catcaagaggtgtggigat
tg
Actini ActinRTfor: None 95°C, 60°C, | 40 RT-PCR
fragment in | tggaactggaatggttaag 72°C (endo-genous
pGEM getgg control)
ActinRTrev:
Tctccagagicgagcaca
ataccg

Table 2: Primer sequences and application. Primers were ordered from Eurofins MWG

Operon.
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the different primer pairs used and their application. PCR products, which were
used for cloning, were purified from the components of the PCR reactions with
either the PCR purification kit from Qiagen or by precipitation as described by

the method below.

2.5. Agarose gel electrophoresis

DNA was subjected to electrophoresis using 0.8 to 1.0% agarose gels
containing ethidium bromide at final concentration of 0.5 pg / ml. Gels were cast
and run in TAE buffer (40 mM Tris, 5 mM sodium acetate, 1 mM EDTA,
adjusted to pH7.8 with acetic acid) at 100 Volts using mini-Sub® cells GT
(Biorad) . Dependent on the DNA size 100 bp or 1 kb ladder from NEB was

used as a size marker.

2.6. Plasmid construction

2.6.1. Plasmid DNA preparation

Small scale plasmid DNA preparation from 1 ml E. coli culture was
preformed using the Miniprep kit from Qiagen. The yield was between 10 and
15 pg. This method was used to prepare plasmid for transformation and for
sequence analysis of ligation products with restriction digest and sequencing.
Large scale plasmid DNA from a 50 ml culture was prepared with the Qiagen
Midi prep kit from Qiagen. The yield was between 60 and 100 pg. This method

was used to prepare plasmid for cloning.

2.6.2. Nucleic acid precipitation

Nucleic acids were concentrated by precipitation. Therefore, 1/10 volume
3 M NaOAc pH4.8 (pH adjusted with acetic acid) and 2.5 volume EtOH or
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isopropanol were added to the nucleic acid solution. The solution was mixed
and incubated at -20°C for 20 min - over night followed by centrifugation at
14300 g for 10 min. The nucleic acid containing pellet was washed with 100%
EtOH, dried and dissolved in dH.O or TE buffer (10 mM Tris, 1 mM EDTA,
pH8.0). DNA concentration was estimated on an agarose gel by comparison to

the marker.

2.6.3. Restriction digestion

F