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The mitochondrial presequence translocase interacts with
presequence-containing precursors at the intermembrane
space (IMS) side of the inner membrane to mediate their
translocation into the matrix. Little is known as too how
these matrix-targeting signals activate the translocase in
order to initiate precursor transport. Therefore, we
analysed how signal recognition by the presequence trans-
locase initiates reorganization among Tim-proteins during
import. Our analyses revealed that the presequence recep-
tor Tim50 interacts with Tim21 in a signal-sensitive man-
ner in a process that involves the IMS-domain of the Tim23
channel. The signal-driven release of Tim21 from Tim50
promotes recruitment of Pam17 and thus triggers forma-
tion of the motor-associated form of the TIM23 complex
required for matrix transport.
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Introduction

Mitochondrial functions rely on the constant import of pro-
teins, which are synthesized on cytosolic ribosomes. The
majority of ~1000 mitochondrial proteins are transported
into mitochondria post-translationally. Targeting signals
within these precursor proteins direct the newly synthesized
proteins to mitochondria and to their final destination within
the organelle. In recent years, five distinct import pathways
into the various mitochondrial subcompartments have been
established: the outer and inner membranes, the intermem-
brane space (IMS) and the matrix (for review see Dolezal
et al, 2006; van der Laan et al, 2006a; Mokranjac and
Neupert, 2007; Chacinska et al, 2009; Endo and Yamano,
2010). The ‘classical’ import pathway into mitochondria
pertains to proteins with N-terminal targeting signals,
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so-called presequences. A recent proteomic analysis
revealed that ~70% of mitochondrial proteins utilize
presequences as targeting signals (Vogtle et al, 2009).
Presequences are characterized as amphipathic o helical
segments at the precursor’s N-terminus that are rich in
positively charged amino acids, which facilitate passage of
the precursor protein to and across the outer and inner
membranes of mitochondria (Hurt et al, 1984; Heijne, 1986;
Vogtle et al, 2009). The TOM (Translocase of the Outer
Mitochondrial membrane) and TIM23 (Translocase of the
Inner Mitochondrial membrane) complexes mediate the
transfer of precursors across both mitochondrial
membranes in a concerted action. Usually, presequences
direct the precursor protein towards the mitochondrial
matrix. However, some presequence-containing precursors
possess hydrophobic sorting signals that stall precursor
translocation across the inner membrane within the TIM23
complex and initiate the lateral release of the polypeptide into
the lipid phase of the inner membrane (Glick et al, 1992; van
der Laan et al, 2007).

The presequence translocase consists of five integral mem-
brane proteins: Tim17, Tim23, Mgr2, Tim50, and Tim21. The
multispanning membrane proteins Tim23 and Tim17 form
the core of the TIM23 complex (Dekker et al, 1997; Moro
et al, 1999). In contrast to Tim17, Tim23 exposes a domain of
~ 100 amino acids into the IMS (Tim23"™%), which recognizes
presequences in a process that stimulates channel activity
(Bauer et al, 1996; Truscott et al, 2001; de la Cruz et al, 2010;
Schulz et al, 2011). Tim50 acts as a presequence receptor of
the complex and binds to Tim23 in order to promote channel
closure in the inactive translocase (Geissler et al, 2002;
Yamamoto et al, 2002; Meinecke et al, 2006; Marom et al,
2011; Qian et al, 2011; Schulz et al, 2011). Tim21 interacts with
the IMS domain of Tom22 to promote presequence release
from TOM and thus transfer from the TOM to the TIM23
complex (Chacinska et al, 2005; Mokranjac et al, 2005).
In human mitochondria, TIM21 mediates the transfer of
newly imported subunits of respiratory chain complexes I
and IV to assembly intermediates (Mick et al, 2012).

The presequence translocase mediates the lateral release of
precursors into the inner membrane in a mechanism that is
referred to as the sorting process. This sorting process
requires a hydrophobic sorting signal in the precursor,
which is located downstream of the presequence. In addition,
the presequence translocase mediates the full translocation of
precursor proteins into the matrix. For both precursor classes,
the membrane potential (Ay) provides the initial electro-
phoretic driving force for presequence translocation across
the inner membrane. While the Ay, in principle, suffices for
the transport of sorted precursors (Gambill et al, 1993), full
translocation into the matrix requires the activity of the
presequence translocase associated motor complex (PAM).
This complex, with its core subunit mitochondrial Hsp70,
provides a directional driving force at the expense of ATP.
Other subunits of the PAM complex function in the
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positioning of Hsp70 to the exit of the translocation pore
(Tim44) or regulate the ATPase cycle of Hsp70. The latter
function has been attributed to the ADP/ATP exchange factor
Mgel and the Pam16/Pam18 J-protein complex.

Presequence translocase association with the PAM complex
is dynamic in nature. While a Tim21-containing form of the
presequence translocase (TIM23°FT) remains motor free and
is able to promote inner membrane sorting, PAM association to
the translocase requires the release of Tim21 and concomitant
generation of TIM23™9°R (Chacinska et al, 2005, 2010; van der
Laan et al, 2007). It is currently unknown how this
reorganization of the translocase is regulated during precur-
sor import. However, Pam17, a protein that associates with the
TIM23MOTR complex, has been suggested to play a role in the
subsequent translocase association of the Paml6/Pam18
complex (van der Laan et al, 2005; Popov-éeleketié et al, 2008).

In order to understand how presequences provide direc-
tionality to protein transport and activate the translocase
during the transport process, it is essential to obtain a
comprehensive understanding of protein interactions and
their dynamics. Here, we identified an interaction between
the IMS-domains of Tim21 (Tim21™9) and Tim50 (Tim50™).
Our analyses revealed that the IMS-domains of Tim50 and
Tim21 interact in vitro with an affinity 10-fold greater than
that of Tim50 to presequences. In mitochondria, presequence
docking at the cis-face of the presequence translocase confers
internal rearrangements within the TIM23 complex leading to
the release of Tim21 from Tim50. Subsequently, motor asso-
ciation is promoted via the recruitment of Paml7 to the
translocase. Taken together, the dissection of the early steps
in presequence transport reveals the long elusive function of
targeting signal recognition, enabling translocase reorganiza-
tion prior to membrane translocation.

Results

Tim50 interacts with Tim23 and Tim21 of the
presequence translocase

Tim50 is the central receptor of the presequence translocase
and interacts with the channel-forming subunit, Tim23
(Geissler et al, 2002; Yamamoto et al, 2002; Meinecke et al,
2006; Gevorkyan-Airapetov et al, 2009; Schulz et al, 2011).
Structural analyses of a portion of Tim50’s IMS-domain (aa
164-361) revealed a binding site for Tim23™ in an exposed
B-hairpin (Qian et al, 2011). While the presence of a
presequence-binding site in a negatively charged groove of
the structure was suggested, photocrosslinking analysis
revealed a presequence receptor site (aa 395-476) outside
of this groove and the crystallized fragment (aa 164-361)
(Figure 1A) (Schulz et al, 2011). Therefore, we aimed to
identify a Tim50-ligand that would bind the orphan binding
groove. Taking advantage of a cysteine residue in the binding
groove (Figure 1B), we incubated isolated mitochondria in
the presence of the oxidizing reagent CuSO,4 to crosslink
binding partners through disulphide-bond formation.
Compared to the untreated control, crosslinked samples
displayed several Tim50-adducts in Western blot analyses
(Figure 1C). As a specificity control for the detected adduct
bands, we utilized mitochondria containing an HA-tagged
version of Tim50 (Tim50*) for crosslinking and used anti-
sera against Tim50 or the HA-tag for detection. The majority
of adducts detected in wild-type mitochondria were shifted in

©2013 European Molecular Biology Organization

Signal-mediated dynamics of TIM23
0 Lytovchenko et al

size due to the presence of the tag in Tim50"*mitochondria

(Figure 1C, white circle, black circle and white diamond).

To identify the interaction partners of Tim50 in the cross-
link-adducts, we tested for components of the presequence
translocase. Since Tim23 and Tim21 expose soluble domains
into the IMS, we performed Cu®"-induced crosslinking in
wild-type mitochondria and mitochondria containing tagged
versions of Tim21 or Tim23.

The observed 100kDa TimS50-adduct was specifically
shifted in Tim23"°"* and Tim23"“mitochondria (Figure 1D,
white circle). Therefore, we assigned these crosslinks to
Tim23-Tim50-adducts previously identified in other studies
(Alder et al, 2008; Tamura et al, 2009).

The 80-kDa Tim50-adduct was not affected in mitochon-
dria with tagged versions of Tim23, but was selectively
shifted in Tim21""***mitochondria (Figure 1D, black circle).
This result indicated that the disulphide-bonded adduct re-
presented a thus far unidentified protein interaction of Tim50
with Tim21, both of which contain a single cysteine in the
IMS. In a complementary approach to support the specificity
of the crosslink-adduct, we used tim2IA-mitochondria
for crosslinking. As predicted from the previous experiment,
the 80-kDa crosslink-adduct was selectively missing in mu-
tant mitochondria and shifted in Tim21""“mitochondria
(Figure 1E). The expression of TIM21 from a plasmid
reestablished the crosslink in both cases. These analyses
demonstrated that within the mitochondrial presequence
translocase the IMS-domain of Tim50 is in close contact
with Tim23 and Tim21, and that these interactions
can be stabilized by disulphide bridge formation (~2A in
distance).

The IMS-domains of Tim50 and Tim21 interact with high
affinity

Tim50 and Tim21 are single spanning membrane proteins of
the inner mitochondrial membrane and are both constituents
of the presequence translocase. We asked if the positioning of
the two proteins in the translocase was a prerequisite for their
interaction or whether the soluble domains alone would
suffice. To address this experimentally, we established an in
organello assay. Mitochondria were converted to mitoplasts
(disrupted outer membrane) by osmotic swelling to allow
access to the IMS side of the inner membrane. Subsequently,
mitoplasts were incubated with increasing amounts of pur-
ified IMS-domain of Tim21 (aa 103-225), both with and
without a 6 x His tag (Tim21"/Tim21™%), prior to Cu®™-
induced crosslinking. Western blot analyses revealed that a
Tim50-Tim21™S-adduct was efficiently formed with increas-
ing amounts of Tim21™9 (Figure 2A). Similarly, a Tim50-
Tim21"™-adduct was formed, which migrated slower in the
gel than the Tim50-Tim21™5-adduct due to the presence of
the tag. Thus, we concluded that the IMS-domain of
Tim21 was sufficient to interact with Tim50 in mitoplasts.
Moreover, the experiment indicated that a pool of Tim50
existed in mitochondria, which was available to exogenously
added Tim21™S,

Based on the finding that the transmembrane domain of
Tim21 was dispensable for its association with Tim50, we
applied an in vitro interaction assay to address the associa-
tion of Tim50™9 with Tim21™® directly. Therefore, we pur-
ified Tim50™" (aa 132-476), Tim21™, and Tim21™%¢'2%,
in which the single cysteine 128 was exchanged with a serine
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Figure 1 Identification of Tim50 crosslinking partners. (A) Schematic representation of Tim50 and Tim50 fragments used in this study.
Presequence (PS), transmembrane domain (TM), NIF-domain, presequence-binding domain (PBD), and the cysteine position (C268) are
indicated. (B) Structure of Tim50° (Protein Data Bank entry 3QLE) with the Tim23-binding site, large negatively charged groove and the
cysteine (C268, in green) positions indicated. Positively charged residues are coloured in blue, negative are red. (C) Wild-type and Tim50"4-
mitochondria were subjected to CuSO, crosslinking and analysed by western blotting using either anti-Tim50 or anti-HA antibodies. Selected
shifted crosslinking products are marked with circles or a diamond (unknown Tim50 crosslinking partner). (D) Crosslinking was performed as
in (C) using Tim21"™'A, Tim23"'* and Tim23""°"*mitochondria. Samples were analysed by western blotting using anti-Tim50 antiserum.
(E) CuSOy crosslinking was performed in mitochondria from Tim21 ProtA and tim21A strains, transformed with either an empty pFL39 (control)
or a Tim21-expressing plasmid (TIM21). Samples were analysed by western blotting using an antiserum against TimS50.

(Figure 2B, lanes 1-3). Purified proteins were mixed in
equimolar amounts and subjected to crosslinking prior to
SDS-polyacrylamide gel electrophoresis (PAGE) analyses.
Tim21™9 formed a dimer upon Cu®"-induced crosslinking,
while Tim21™$€!255 did not, due to the absence of the
cysteine residue (Figure 2B, lanes 4 versus 5). Similarly,
Tim50™° formed dimers upon crosslinking (Figure 2B,
lane 6), consistent with previous findings using homo-bifunc-
tional crosslinkers (DSS) and two-hybrid analyses (Geissler
et al, 2002; Gevorkyan-Airapetov et al, 2009). When
we combined the Tim21™9 with Tim50™, homo-dimers as
well as a Tim21™5-Tim50™S hetero-oligomer were efficiently
formed (Figure 2B, lane 8). As expected, Tim21"™S1255 did
not form a crosslink-adduct with Tim50™9. To ascertain that
the observed disulphide crosslinks were specific, we per-
formed crosslinking analyses of Tim21™S, while titrating
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the amount of Tim50™9 or albumin (exemplifying a protein

with multiple surface-exposed cysteine residues) as a control.
While Tim21'™S dimers and Tim21™S-Tim50™S-adducts
were efficiently formed, no crosslinks to BSA were detected
nor did BSA affect Tim21™® dimerization (Figure 2C). In
summary, we found that the IMS-domains of Tim2l and
Tim50 are able to dimerize and that we can stabilize these
dimers for analyses through induction of disulphide bridge
formation. Moreover, the IMS-domains of Tim50 and
Tim21 are able to interact in the absence of the membrane
span. Since both proteins contain a single cysteine, we
conclude that both homo- and hetero-oligomerization
interfaces localize to the same surface of the proteins.

So far, our analyses addressed the physical interaction
between Tim21 and Tim50 solely with crosslinking
experiments. However, this approach could not provide

©2013 European Molecular Biology Organization
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Figure 2 Tim21 interacts directly with Tim50 in organello and in vitro. (A) Wild-type mitochondria were osmotically swollen and subjected to
CuSO0, crosslinking in the presence of indicated concentrations of purified Tim21™® or its His—ta%gwed form Tim21"". Crosslinking-adducts were
detected by immunoblotting against Tim50. (B) Purified recombinant proteins (25uM Tim21™® or Tim21°'** and 10 uM Tim50™9) were
crosslinked in the presence of 5mM CuSO,. Crosslinking-adducts were visualized by colloidal Coomassie staining. (C) Indicated amounts of
purified Tim50™® or bovine serum albumin (BSA) were mixed with recombinant Tim21™® (final concentration 1 M) and crosslinked by
adding of CuS0y, followed by immunoblotting and decoration with anti-Tim21 antibody. (D) Tim50™5 was immobilized on a chip and the
SPR response was recorded after adding indicated concentrations of Tim21™S. A typical sensogram is shown. Black lines, observed binding;
red, calculated k,/kq fitting of kinetic data. Kp is presented as mean * s.e.m. (n =3 for each measurement). (E) The SPR response was recorded
as in (D) in three different buffers: control (50 mM HEPES, pH 7.4, 150 mM NacCl, and 50 uM EDTA); 0.5% Triton X-100 (50 mM HEPES, pH 7.4,
150mM NaCl, 50 uM EDTA, and 0.5% Triton X-100); 500 mM NaCl (50 mM HEPES, pH 7.4, 500mM NacCl, and 50 uM EDTA). Titration
isotherms of maximal response versus analyte concentration are shown (data fitting is based on a model of a simple bimolecular interaction).
(F) In all, 1 uM Tim21™ was mixed with indicated amounts of Tim50™ or Tim50° and crosslinked by CuSO,. Immunoblotting with anti-
Tim21 antibody was used to detect crosslinking-adducts. (G) Interaction between Tim50“™ immobilized on a Ni?*-chelator chip and
Tim21'™® was analysed by SPR, as in (D).

quantitative data on the affinity of the interaction. Therefore, To assess the nature of the molecular forces that stabilize
we utilized surface plasmon resonance (SPR) in order to the Tim21-Tim50 interaction, SPR measurements were car-
confirm the interactions and obtain quantitative data. His- ried out in the presence of salt or detergent (Figure 2E).
tagged Tim50™° was immobilized on a Ni*" chelator sen- Whereas addition of detergent had no effect on the SPR
sorchip and Tim21™S association was monitored over a wide response, high-salt concentration dramatically reduced it,
range of concentrations. Figure 2D presents a typical senso- suggesting a predominantly ionic nature of interaction. In
gram. Mathematical fitting of the association and dissociation agreement with this observation, the area surrounding the
rates revealed fast association kinetics, with a k, rate of ~65 cysteine in Tim21 is highly enriched in clusters of negatively
per mM per second (Figure 2D; Table I). charged amino acids (Albrecht et al, 2006).

©2013 European Molecular Biology Organization The EMBO Journal VOL 32 | NO 6]2013 889



Signal-mediated dynamics of TIM23
0 Lytovchenko et al

Table I Parameters of protein-protein interactions measured by SPR

Kinetic parameters

Ligand-analyte

Equilibrium parameters

k,, per mM per second kg, per second Kp, pM Kp, uM
Tim50™S-Tim21'™$ 64.6+6.7 0.016+0.001 0.26+0.03 0.29+0.05
Tim50°-Tim21'™S 149.8+20.4 0.013 +0.001 0.093 £0.016 0.103 +0.016
Tim50™-pALDH 129+1.4 0.048 +0.002 3.79+0.22 3.76£0.25
Tim50"*P-pALDH 6.3%0.7 0.044 +0.010 6.94+1.18 12.5+2.56
Tim50°-pALDH 14.7+3.0 0.055+0.006 3.94+047 4.02+0.34
Tim23™S-Tim21'™$ 30.3+£9.9 0.032+0.013 1.00+0.24 1.194+0.12

Interaction parameters were determined based on association/dissociation kinetics (k,, kg, and Kp) and on equilibrium data (Kp). Data
are presented as mean*s.em. (n=3 for Tim50™5-Tim21™S, Tim50"®°-pALDH, Tim50™S-pALDH, and Tim50°-pALDH; n=4 for

Tim23™S-Tim21™S; n =5 for Tim50°-Tim21™9).

Based on structural and functional analyses, two distinct
domains have been attributed to the IMS portion of Tim50
(see above). Thus far, we had utilized the full-length IMS-
domain for our analyses. Therefore, we addressed if the
C-terminal presequence-binding domain was required for
Tim2l association. We purified Tim21™% and Tim50°
(amino acids 164-361), corresponding to the crystallized
portion of Tim50, and addressed protein interactions
in vitro. Similar to Tim50™®, Tim50¢ was able to dimerize
and to hetero-oligomerize with Tim21™ (Supplementary
Figure S1A). Next, we directly compared the efficiency of
oligomer formation between Tim21 and Tim50™® or Tim50¢
to exclude that they displayed significantly altered affinities.
Using identical amounts of Tim21™® and increasing amounts
of the two Tim50 forms, we performed in vitro crosslinking.
Both Tim50™S and Tim50°¢ efficiently interacted with
Tim21™S; however, we reproducibly observed that the
Tim21™S-Tim50%-adduct formation reached saturation at
lower concentrations than Tim21™S-Tim50™S (Figure 2F).
To determine if this behaviour reflected different affinities of
the two Tim50 constructs for Tim21, we analysed the
Tim21™5-Tim50° interaction by SPR. This method confirmed
an approximately three times lower Kp of the Tim21™S-
Tim50¢ interaction (~100nM), as compared with
Tim21™5-Tim50™3 (290 nM), largely due to its faster asso-
ciation kinetics (150 per mM per second for Tim21™S-Tim50¢
versus 65 per mM per second for the Tim21™S-Tim50™S
interaction) (Figure 2G; Table I). Hence, our data show that
the presequence-binding domain of Tim50 is dispensable for
the interaction of the IMS-domains of Tim50 and Tim21.

Presequence peptides interact with different regions
of Tim50

The association kinetics and affinity of the Tim21-Tim50
interaction revealed by SPR were unexpectedly high. As a
control, we compared Tim50’s affinity for Tim21 with its
presequence interaction by SPR. Therefore, we again immo-
bilized His-tagged Tim50™° on a Ni** chelator sensorchip
and recorded the SPR response after addition of rat ALDH
presequence peptide (pALDH) or its inactive version pALDH-
s (Schulz et al, 2011). Presequence peptides specifically
bound to Tim50™® with a k, value of ~13 per mM
per second and kg of 0.05 per second (Figure 3A; Table I),
which reflected an approximately five-fold slower association
and a three-fold faster dissociation as compared with the
Tim21-Tim50 values. At the same time, the import-inactive
peptide pALDH-s showed almost no binding (Figure 3B;
Table I). In contrast to Tim50, Tim21'™S did not display

890 The EMBO Journal VOL 32 | NO 6 | 2013

significant specific interactions with pALDH (Supplemen-
tary Figure S1B). In conclusion, the IMS-domain of Tim50
binds presequences and additionally recognizes Tim21 with
an order of magnitude higher affinity. Surprisingly, when we
used SPR to compare Tim50™? to the presequence-binding
domain of Tim50 (Tim50"®P) (Schulz et al, 2011) with
Tim50° as a control, we found that Tim50"®P as well as
Tim50¢ specifically interacted with pALDH (Figure 3C-F).
Previous structural analysis on Tim50¢ had speculated on a
binding site in this region based on biophysical properties of
presequences and Tim50 (Qian et al, 2011). However, this
finding was surprising, since we had previously found that
Tim50*"EP (aa 164-365) did not interact significantly with
presequence peptides in crosslinking studies. To directly
address these seemingly contradictory results, we performed
in vitro photocrosslinking with two versions of ALDH pep-
tides that carried the photoreactive amino-acid derivative
para-benzoylphenylalanine (BPA) replacing either serine 16
(pS16B) or leucine 19 (pLi9B) (Schulz et al, 2011). While
Tim50™° displayed efficient crosslinking to presequence
peptides, as previously reported, both Tim50"®" and Tim50¢
displayed very little photoadduct formation (Figure 3G).
Similarly, while Tim50™ could be efficiently crosslinked to
Cox4 presequence peptides with the homo-bifunctional
chemical crosslinker 1,5-Difluoro-2,4-dinitrobenzene
(DFDNB), Tim50*"®P and Tim50° displayed no significant
presequence crosslinks (Supplementary Figure S1C).

Since the SPR data indicated that Tim50¢ interacts with
presequences with similar affinities as Tim50™9, we analysed
if Tim50 (aa 1-361) was able to complement the lethal
growth phenotype of a strain lacking Tim50. We expressed
full-length Tim50, Tim50 (aa 1-361) and Tim50 (aa 1-365) in
yeast cells in which a chromosomal deletion of TIM50 was
complemented by a plasmid-encoded Tim50 expressed from
a URA3-containing plasmid. Upon 5FOA treatment, expres-
sion of full-length Tim50 rescued the lethal phenotype, while
both truncation constructs did not. Thus, the use of a
complementation assay allowed us to collectively conclude
that: (i) Tim50 possesses two binding domains for prese-
quences, one in the C-terminal PBD and the second in the
crystallized core and (ii) the presequence-binding site in the
core of Tim50’s IMS-domain alone does not suffice for Tim50
function in mitochondria.

Presequences trigger Tim21-Tim50 dissociation

What is the role of the Tim2I1-Tim50 interaction during
protein transport? To address this question, we incubated
mitochondria in the presence of increasing amounts of a

©2013 European Molecular Biology Organization
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Figure 3 Interaction of presequence peptides with Tim50. (A-F) Purified 6 x His-tagged Tim50™% (A, B), Tim50"®" (C, D), or Tim50° (E, F)
was immobilized on a Ni?* -chelator chip and the SPR response to the indicated concentrations of pALDH (A, C, E) or pALDH-s (B, D, F) was
recorded. Kp, is presented as mean +s.e.m. (n =3 for each measurement). (G) Photocrosslinking was performed using purified 1 uM Tim50™S,
Tim502PEP, Tim50¢ and biotinylated photopeptides pLioB and pSi¢B at indicated concentrations. After SDS-PAGE separation, crosslinking
products were detected using streptavidin-horse radish peroxidase (SA-HRP) conjugate or by immunodecoration against Tim50. (H) HA-tagged
full-length Tim50 (Tim50"*) and Tim50 fragments containing the first 365 or 361 amino acids (Tim50'3**"A Tim50'**', and Tim50'3¢"14)
in pME2782 were used to replace the wild-type protein-encoding plasmid carrying URA3 in the gene deletion strain grown on 5-fluoroorotic
acid-containing plates (SD-5FOA). Strains were grown on selective-Leu plates as a control.

presequence peptide (pALDH) or its inactive variant
(pALDH-s) and analysed Tim50 interactions under these con-
ditions by Cu?" crosslinking (Figure 4A and B). Interestingly,
crosslinking between Tim21 and Tim50 was drastically reduced
in the presence of presequence peptides in a concentration-
dependent manner. In contrast, crosslinking between Tim50
and Tim23 was apparently promoted (Figure 4B).

©2013 European Molecular Biology Organization

As Tim21 was found to interact with the IMS-domain of
Tom22, in a process considered to assist in presequence
transfer from the TOM to TIM23 complex (Chacinska et al,
2005; Mokranjac et al, 2005; Albrecht et al, 2006), we
addressed if the presequence effect on the Tim21-Tim50
interaction occurred in mitoplasts and tom22-2 mutant mito-
chondria (lacking the Tom22 IMS-domain). In both cases,
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Figure 4 Presequence peptides affect interactions between Tim21, Tim23, and Tim50. (A) Mitochondria were pre-treated with indicated
concentrations of pALDH or its inactive version pALDH-s (reaction volumes were matched by adding corresponding volumes of solvent),
crosslinked by 1 mM CuSO, for 30 min on ice and analysed by non-reducing SDS-PAGE and immunodecoration against Tim50. (B) Signals of
Tim23-Tim50 (upper plot) and Tim21-Tim50 (lower plot) crosslinking-adducts (as in A) were quantified, normalized to buffer-treated controls
(set as 100%), and presented as meanzts.e.m. (n=6). (C) Experiment (as in A) was performed in osmotically swollen mitochondria
(mitoplasts, n = 4), mitochondria with a dissipated membrane potential (-Ay;, n =4), tom22-2 (n=4) and Tim50'**'"4 (n = 3) mitochondria.

The intensity of the Tim21-Tim50 crosslink-adducts after treatment

with 50 uM pALDH was quantified and normalized to control (set to

100%). Data are presented as mean +s.e.m. (D) Purified Tim21™® and Tim50™® (1 uM each) were crosslinked in the presence of increasing
amounts of pALDH or pALDH-s and analysed by immunoblotting against Tim21.

signal-mediated dissociation of Tim21 from Tim50 was ob-
served (Figure 4C). Moreover, the effect was also present in
mitochondria when Tim50 lacking the PBD (Tim50'3¢!7H4)
was expressed, replacing wild-type Tim50 that had been
downregulated through the use of a GAL promoter
(Figure 4C). In addition, we found that the presence of a
membrane potential (A\y) across the inner membrane was
not a prerequisite for signal-induced protein dissociation, as
dissipation of the Ay through the addition of the ionophore
valinomycin together with electron transport chain inhibitor
antimycin and ATP synthase inhibitor olygomycin did not
block dissociation (Figure 4C). This observation indicates
that the presequence-mediated effect occurs on the cis side
of the inner membrane, as an intact Ay is required for
channel activation and presequence transfer across the
inner membrane (Bauer et al, 1996; Truscott et al, 2001;
Schulz et al, 2011).

To directly test if the observed signal-triggered dissociation
was mediated through signal recognition by Tim50, we
analysed the Tim50™S interaction with Tim21™® in vitro in
the presence or absence of presequence or control peptides.
Interestingly, neither Tim21 dimerization nor Tim50-Tim21
interaction were affected by presequence peptides under
these conditions (Figure 4D). This result indicated that

The EMBO Journal VOL 32 | NO 6 | 2013

presequences did not directly affect crosslinking of Tim50
to Tim21 in vitro, but rather that another translocase compo-
nent plays a role in the presequence-triggered dissociation of
Tim50 from Tim21 observed in organello.

The IMS-domain of Tim23 facilitates interactions
between Tim21™ and Tim50

Do Tim21 and Tim50 interact under physiological conditions
only within the TIM23 complex or can the interaction occur
independently of their association with the presequence
translocase? To address this question, Cu®" crosslinking
was performed in mgr2A mitochondria, in which Tim21 is
not associated with the presequence translocase (Gebert et al,
2012). The Tim21-Tim50 crosslinking product was drastically
reduced in mutant mitochondria, whereas the Tim23-Tim50
crosslinking product was not significantly affected
(Figure 5A). Hence, the Tim21-Tim50 interaction in organello
requires the presence of both components, Tim21 and Tim50,
at the TIM23 complex, although in vitro the IMS-domains of
both proteins can interact directly.

In addition to Tim50, the IMS-domain of Tim23 recognizes
presequences (Truscott et al, 2001; de la Cruz et al, 2010);
therefore, we speculated that Tim23 could play an important
role in the signal-stimulated dissolution of the Tim21-Tim50

©2013 European Molecular Biology Organization
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Figure 5 The IMS-domain of Tim23 facilitates interaction between Tim21"™S and Tim50. (A, B) Cu?* crosslinking was performed in wild-type
and (A) mgr2A or (B) Tim23 shut down mitochondria (Tim23 |), followed by immunoblotting against Tim50. (C) Indicated amounts of
mitochondria from wild-type and Tim23 | strains were analysed by SDS-PAGE and immunoblotting. (D) Mitoplasts generated from wild-type
or Tim23| mitochondria were subjected to crosslinking with Cu?" after incubation with the indicated concentrations of Tim21™S.
(E) Mitochondria were treated like in (D), but Tim23™9 was added where indicated prior to crosslinking. (F) Tim50-Tim21™9 crosslink
intensities from independent experiments (performed as in E) after treatment with 20 uM Tim23™S (n=9) or buffer (n=11) were quantified.
Data are presented as mean * s.e.m. (G) Purified Tim21™S was immobilized on CNBr-activated Sepharose and incubated with 20 nM Tim50™%
in the presence of the indicated Tim23™S5 WT or Tim23™S YL704A concentrations. Bound Tim50 was eluted with 0.1 M glycin, pH 2.5 and
analysed by SDS-PAGE followed by immunoblotting against Tim50. (H) Quantification of Tim50™3 signal intensities, as in (G) (presented as

mean *s.e.m., n>3).

interaction. Hence, we analysed the Tim21-Tim50 interaction
in mitochondria with reduced levels of Tim23. These experi-
ments were performed in wild-type mitochondria and mito-
chondria from a strain in which TIM23 was placed under the
regulatable Gal promotor and reduced to <5% of the wild-
type protein level (Schulz et al, 2011). While the Tim50-
Tim23 and Tim50-Tim21 crosslink-adducts were readily de-
tectable in wild-type mitochondria, both were significantly
reduced when Tim23 levels were lowered (Figure 5B). As
expected, a lack of Tim23 prevents crosslinking-adduct for-
mation between Tim50 and Tim23. When we compared the
steady-state levels of selected mitochondrial proteins in
Tim23 downregulated mitochondria, we realized that
Tim21, which is targeted to the inner membrane by a
presequence and is a TIM23 substrate itself, was significantly
reduced in these mitochondria (Figure 5C). In contrast, levels
of Tim50, that is relatively stable in mitochondria (Geissler
et al, 2002), were not affected. This finding explained the loss

©2013 European Molecular Biology Organization

of Tim21-Tim50 crosslink-adducts in mutant mitochondria.
At the same time, this loss of Tim21 allowed us to establish an
in organello complementation assay to analyse the interac-
tion between Tim21 and Tim50 as well as its dependency on
Tim23™5. Therefore, we generated mitoplasts from Tim23
downregulated mitochondria and supplemented purified
Tim21™S prior to Cu® " -induced crosslinking. While we ob-
served efficient adduct formation between Tim21 and Tim50
as well as among Tim21"™S and Tim50 in wild-type mito-
plasts, strongly reduced crosslinking was observed in the
absence of Tim23 (Figure 5D). Thus, despite the addition of
excess Tim21™S, the interaction between Tim50 and
Tim21™S could not be efficiently reconstituted in the absence
of Tim23 (Figure 5D, lanes 6-8). Based on this finding, we
speculated that the interaction of Tim21 with Tim50 was
dependent upon the presence of Tim23. We utilized our test
system to directly assess this hypothesis and added Tim21™S
to Tim23 downregulated mitoplasts, where one sample

The EMBO Journal VOL 32 | NO 6] 2013 893
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received purified Tim23™® and was omitted in the second

(Figure SE and F). Accordingly, addition of Tim23™® stimu-
lated the interaction between Tim50 and Tim21™S. This
finding indicated that the interaction between Tim50 and
Tim21 required the receptor domain of Tim23 in mitoplasts,
even though both proteins are capable of complex formation
in vitro. Moreover, the membrane portion of the Tim23
channel was shown to be dispensable in promoting Tim21-
Tim50 binding.

We then asked if Tim23™S could mediate Tim50-Tim21
complex formation, as seen in in organello experiments,
through its direct interaction with both Tim50 and Tim2l.
The interaction between the IMS-domains of Tim50 and
Tim23 have previously been reported to exhibit an Kp of
~60uM (Gevorkyan-Airapetov et al, 2009). Moreover, the
IMS-domain of Tim23 was shown to be in close proximity to
Tim21 in mitochondria (Tamura et al, 2009), but no
quantitative data on the affinity of this interaction is
available. Therefore, we analysed the binding affinity of
Tim21™S to immobilized Tim23™S in an in vitro system via
SPR (Supplementary Figure S2A). Our results confirmed their
direct interaction with an Kp of ~1puM (Table I), suggesting
that Tim23 could exert its coordinating effect on Tim21-
Tim50 complex formation via its direct interaction with
both proteins.

To further investigate the molecular mechanisms respon-
sible for this effect, we purified a Tim23™% Y1944 mutant
protein, which was previously shown to be deficient in its
interaction with Tim50 (Gevorkyan-Airapetov et al, 2009).
Indeed, a crosslinking-adduct was formed between Tim50™®
and Tim23™S, but not with Tim23™® YL04% in an in vitro
chemical crosslinking experiment (Supplementary Figure
S2B). At the same time, SPR analysis showed that the
mutant’s interaction with Tim21 was not affected (Supple-
mentary Figure S2C). Therefore, we used Tim23™5 Y7044 jp
the above described in organello crosslinking assay. In
contrast to Tim23™°, Tim23™3 YL79A% did not significantly
increase the amount of the Tim21™S-Tim50 crosslink in
Tim23 downregulated mitoplasts (Supplementary Figure S2D).

To address the effect of Tim23™9 on Tim21-Tim50 by an
alternative approach, we performed pull-down experiments.
Therefore, purified Tim50™® was added to Tim21™% immo-
bilized on Sepharose beads in the presence of increasing
concentrations of Tim23™S. Addition of wild-type Tim23™$
significantly increased the binding of Tim50™S to the
Tim21 beads, whereas Tim23™S YL70A4 did not promote this
binding (Figure 5G and H). Together, these data show
that the IMS-domain of Tim23 positively affects the
interaction between the IMS-domains of Tim2l and
Tim50, and that Tim23 interaction with Tim50 is required
for this effect.

Presequence recognition affects translocase
organization in mitochondria

Our analyses revealed that an intricate connection between
the IMS-domains of Tim2l, Tim50, and Tim23 exists in
mitochondria and that the interplay of these proteins main-
tains Tim21 in close proximity to the presequence receptor
Tim50. The observed dissociation of Tim21 from Tim50 in
mitochondria in response to targeting signals suggested
that signal recognition could trigger thus far undefined
downstream events at the translocase. To address this, we
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incubated mitochondria with presequence peptides (pCox4),
an inactive variant thereof (SynB2) and a buffer control, and
subsequently performed immunoprecipitation (IP) analyses
using antisera against Tim50 or the Tim23 channel. This
experimental set up enabled the comparison between primed
(pCox4 incubated) and non-primed (SynB2 and buffer incu-
bated) TIM23. Tim50 antiserum efficiently immunoprecipi-
tated Tim50 together with Tim23 from mitochondrial extracts
irrespective of the presence of presequence peptides (as
shown by the lack of statistical significance of the large
sample set, n=7). However, the co-precipitation of Tim21
was drastically affected by presequence peptide addition,
while the inactive variant had no effect. Interestingly, the
motor constituent Pam17 displayed the reciprocal phenotype,
where Pam17 was enriched in the IP in the presence of
presequence peptides, but not when the inactive variant
was used (Figure 6A and B). As the Pam17 interaction site
at the translocase is unknown, we aimed to ensure that the
observed effect reflected alterations at the presequence trans-
locase rather than on Tim50 alone. Thus, we performed IPs of
the Tim23 channel under the identical conditions, and corre-
spondingly found dissociation of Tim21 from the translocase
in the presence of targeting signals, while at the same time
Pam17 recruitment (Figure 6A and B). In conclusion, our
analyses revealed a signal-mediated rearrangement of the
presequence translocase in which a Tim21-Tim50 interaction
is relieved leading to the dissociation of Tim2l1 from the
translocase accompanied by Pam17 recruitment. Moreover,
in organello crosslinking revealed that the presequence-trig-
gered dissociation of the Tim21-Tim50 crosslink does not
require the PBD-domain of Tim50 (Figure 4C). An IP experi-
ment performed in mitochondria, in which wild-type Tim50
was downregulated and replaced by full-length (Tim50™*) or
truncated Tim50 (Tim50'~3¢'"H4) additionally confirmed this
observation (Supplementary Figure S2E).

Discussion

The presequence translocase (TIM23 complex) is uniquely
competent in both matrix translocation and lateral release of
substrates into the inner mitochondrial membrane (for
reviews see Mokranjac and Neupert, 2007; Chacinska et al,
2009; Endo and Yamano, 2010; Dudek et al, 2013). Previous
work revealed functionally distinct forms of the presequence
translocase (Chacinska et al, 2005, 2010; van der Laan et al,
2007; Popov-Celeketi¢ et al, 2008; Saddar et al, 2008);
however, the mechanism by which targeting information is
decoded, that is, the process in which TIM23 switches
between its different functional states, has long been
elusive. Recent works investigating TIM23’s presequence
receptors have identified Tim50 as the primary inner
membrane presequence receptor and have begun to
breakdown its various functional domains, which have lead
to the structural and functional characterization of both
presequence and Tim23 binding (Marom et al, 2011; Qian
et al, 2011; Schulz et al, 2011). These initial studies provide
the basis of signal recognition at the TIM23 complex. Here,
we built our analyses upon the available data on presequence
receptors to understand how signal deciphering integrates
into translocase dynamics (Figure 7). Thus, we set out to
identify Tim50 interaction partners of the negatively charged
binding groove (Qian et al, 2011). Our analyses identified a
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Figure 6 Presequences affect interactions at the TIM23 complex.
(A) Co-IP was performed with Tim50 or Tim23 antisera from
digitonin-solubilized mitochondria after treatment with pCox4,
SynB2, or corresponding buffer. Control IP, unrelated antiserum
was used as a specificity control. Eluted proteins were analysed by
SDS-PAGE and immunoblotting. Total, 7%; Elution, 100%. (B) The
results of seven independent IP experiments after pCox4 and SynB2
treatment utilizing Tim50 (left panel) or Tim23 (right panel) anti-
sera (as in A) were quantified and normalized to the amount of
precipitated Tim50 (for the Tim50 IP) or Tim23 (for the Tim23 IP);
the SynB2 peptide control was set to 100%. Data are presented as
mean ts.em. (n=7). The statistical significance of the changes
was evaluated using a two-sided t-test. *P<0.05; **P<0.01;
***P<0.0001.

Tim23 coordinated Tim50-Tim21 interaction. The high affi-
nity Tim50-Tim21 interaction is dynamic in nature as it
responds to presequences. At the translocase, the prese-
quence-mediated Tim50-Tim21 dissociation occurs in paral-
lel with Pam17 recruitment. Previous analyses established
that the Pam17-bound state of the translocase reflects the
initial import motor recruitment stage: Paml7 binding is
necessary for subsequent Pam16/Pam18 association (van
der Laan et al, 2005; Popov-Celeketi¢ et al, 2008; Schiller,
2009). Hence, the observed antagonistic mode of TIM23
binding by Tim21 and Pam17 (van der Laan et al, 2006b;
Popov-Celeketi¢ et al, 2008; Chacinska et al, 2010) can now
be seen as signal triggered functional regulation, allowing for
the initiation of matrix translocation. In this regard, our
findings contribute quantitative mechanistic insight into the
immediate early steps involved in TIM23 complex isoform
switching and reveal that this switch represents a signal-
mediated process.

Integrating the results presented in this study with estab-
lished work, we advocate the following TIM23 presequence
priming model. Presequences are captured at the inner
membrane by Tim50 (Marom et al, 2011; Schulz et al,
2011), leading to the release of Tim21 from Tim50. Tim50,

©2013 European Molecular Biology Organization
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Figure 7 Affinities of protein-protein interactions within the pre-
sequence pathway. Kp values of the interactions occurring in the
mitochondrial IMS and on the matrix side of the inner mitochon-
drial membrane are indicated. Solid lines, affinities addressed in
this study. Dashed lines, affinity data from Gevorkyan-Airapetov
et al (2009); de la Cruz et al (2010); Marom et al (2011).

with bound presequence, interacts with Tim23, an interaction
seen here and previously in Alder et al (2008) to be dynamic.
As Tim23’s presequence-binding site has been shown to
overlap with its Tim50-binding site (Geissler et al, 2002;
Yamamoto et al, 2002; Mokranjac and Sichting, 2009;
Schulz et al, 2011), Tim50’s association with Tim23 causes
presequence release from Tim50 and hand-over to the Tim23
channel in a membrane potential dependent manner (Bauer
et al, 1996; Schulz et al, 2011). Tim50’s association with
Tim23 results in Tim21 dissociation from the TIM23 complex
and subsequent association of Pam17. This recruitment is a
prerequisite for Pam16/18 complex association to regulate
the ATPase cycle of mtHsp70 during matrix translocation of a
precursor protein. As the initial stages of precursor transport
addressed here are similar for all presequence-containing
precursors irrespective of their target compartment, matrix
or inner membrane, the changes in presequence translocase
organization in response to presequence recognition should
represent a general phenomenon. Investigation into
additional signals encoded within the precursor will likely
be required in order to understand further subunit exchange
within the translocase during transport, which would then
lead to lateral precursor release into the lipid phase or full
matrix translocation.

Materials and methods

Yeast strains and preparation of mitochondria

Wild-type strains YPH499 and MB29 were used. Tim217™',
Tim23"™% Tim23"4, Tim50"%, Tim23|, mgr2A, and tim2IA
strains have been published previously (Geissler et al, 2002;
Chacinska et al, 2005; Schulz et al, 2011; Gebert et al, 2012). To
restore Tim21 expression in the tim2IA strain or to co-express it
with Tim21”"*, corresponding yeast strains were transformed with
a pFL39-based vector expressing full-length Tim21 under the control
of its native promoter (kindly provided by Dr B Guiard).

For expression of truncated and tagged versions of Tim50 from a
plasmid, with simultaneous downregulation of wild-type Tim50
expression, the strain containing TIM50 under the control of the
GALI promoter (Geissler et al, 2002) was transformed with
plasmids encoding amino acids 1-361 of Tim50 (Tim50'¢!-H#)
or full-length Tim50 (Tim50"™*) with a single C-terminal HA-tag,
under the control of the MET25 promotor (Mumberg et al, 1994).
The resulting strains (yCS2 and yCS30) were precultured in
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selective lactate medium (0.67% YNB, 3% lactate, 0.003% lysine,
0.002% adenine, histidine, tryptophan, and uracil (pH 5.0)) with
1% galactose and 1% raffinose. Afterwards, the cells were grown in
the same selective medium, however, containing 0.01 % glucose, for
38h at 30°C (Schulz et al, 2011).

For in vivo expression of different Tim50 constructs
(Tim501—476—HA; Tim50173657HA; TimSOl—?}()I—HA or Tim501—361))
corresponding TIMS0 fragments were cloned into pME2782
(Mumberg et al, 1994). These plasmids were used to replace the
URA3 carrying plasmid encoding the wild-type protein in the gene
deletion strain (Chacinska et al, 2005; Schulz et al, 2011).

All other yeast strains, if otherwise not stated, were grown at
30°C in YPG medium (1% yeast extract, 2% peptone, and 3%
glycerol). Strains bearing the Tim21 expression plasmid were grown
on synthetic medium containing 0.67% yeast nitrogen base and
amino-acid drop-out mix without tryptophan (MP Biomedicals),
supplemented with 3% glycerol. Mitochondria were isolated ac-
cording to a conventional procedure (Meisinger et al, 2006) and
stored at — 80°C.

Protein expression and purification

Plasmids encoding N-terminally His-tagged Tim50™S, Tim50"®P,
Tim50*F5P (Schulz et al, 2011), Tim21™° (Albrecht et al, 2006), and
Tim23™® (Truscott et al, 2001) were used. Tim21°'%%® was derived
from a wild-type Tim21™5-containing plasmid using the
QuickChange site-directed mutagenesis kit (Stratagene) with
forward primer 5'-ataagaagtttgttacagagcgacgatggeattacgg-3' and
reverse primer 5'-ccgtaatgccatcgtegcetctgtaacaaacttettat-3’.  The
YL70AA substitution (Gevorkyan-Airapetov et al, 2009) was
introduced into wild-type Tim23™ by site-directed mutagenesis
using primers 5'-gtctagacaagggtgtggaggceggeggatctggaagaagaacaac-
3’ and  5'-gttgttcttcttccagatecgecgeetceacacecttgtetagac-3' by
QuickChange site-directed mutagenesis kit (Stratagene). To
express Tim50° (Qian et al, 2011), a PCR-amplified fragment
encoding amino acids 164-361 was cloned into pPROEX HTc
(Invitrogen). All proteins were expressed in the Escherichia coli
strain BL21 in LB medium at 37°C for 4 h after induction with 1 mM
IPTG. Cells were opened using an EmulsiFlex-C3 homogenizer
(Avestin) and proteins were purified from the soluble fraction by
immobilized metal affinity chromatography on HisTrap HP columns
(GE Healthcare). For crosslinking experiments, proteins were dia-
lyzed against buffer containing 100 mM NaCl and 20 mM HEPES, pH
7.2 (for Tim21™S, Tim21°'*%S, and Tim23™$) or pH 8.0 (for
Tim50™ and Tim50°). For SPR measurements, all proteins were
dialyzed against the SPR buffer (150mM NaCl, 50 mM HEPES-
NaOH, pH 7.4, and 50 uM EDTA). If necessary, the His tag was
excised via TEV protease, which was removed, together with
uncleaved protein, by Ni-NTA agarose beads (Qiagen). Purified
proteins were snap-frozen in liquid nitrogen and stored at — 80°C.

Co-immunoprecipitation

Co-IP experiments were performed according to Herrmann et al
(2001). Rabbit Tim23 and Tim50 antisera or mouse monoclonal
anti-HA IgG (12CAS) were coupled to Protein A Sepharose beads
(GE  Healthcare) by dimethyl pimelimidate crosslinking.
Mitochondria were resuspended at a concentration of 1mg pro-
tein/ml in solubilization buffer without digitonin (20 mM Tris-HCl,
pH 7.4, 80 mM NaCl, 10% glycerol, 1 mM PMSF, and 0.5 mM EDTA),
containing 50 uM peptide (pCox4 or SynB2) or an equal volume of
10mM acetic acid, and incubated at 4°C for 20 min. Immediately
following incubation, digitonin was added to a final concentration
of 1%, and mitochondria were left to solubilize for 15min at 4°C,
followed by a clarifying spin at 20000g for 10 min. The clarified
supernatant was incubated with the antibody-coupled beads for 1-
3 h at 4°C. After washing the beads 10 times with 10 bed volumes of
solubilization buffer, bound proteins were eluted (thrice with two
bed volumes of 0.1 M glycine, pH 2.5, neutralized with Tris-HCl, pH
8, to a final concentration of 0.4 M for the Tim23 and Tim50 IP, or
with four bed volumes of solubilization buffer containing HA
peptide at a final concentration of 0.5 mg/ml for the HA IP), TCA
precipitated and analysed by SDS-PAGE and immunoblotting.

In vitro pull-down

Tim21™SMs a5 crosslinked to CNBr-activated Sepharose (GE
Healthcare) in coupling buffer (0.1 M NaHCOs, pH 8.3, and 0.5M
NaCl) overnight at 4°C, and the resin was blocked with 0.1 M
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Tris-HClI pH 8.0 for 2h at room temperature. The Tim21-
Sepharose (bed volume 50pul) was added to 20nM Tim50™S in
the presence of different Tim23™% concentrations in a binding
buffer (20mM HEPES, pH 7.4, 100 mM potassium acetate, 10 mM
magnesium acetate, 10% glycerol, and 0.5% Triton X-100) at a final
volume of 400 pl. After a 1-h incubation at 4°C and washing 10
times with 10 bed volumes of binding buffer, the bound Tim50 was
eluted by 0.1 M glycin, pH 2.5. The eluate was TCA precipitated,
analysed by SDS-PAGE and western blotting with anti-Tim50
immunodecoration.

In vitro crosslinking
Chemical crosslinking of recombinant proteins was performed in
crosslinking buffer containing 20 mM HEPES-NaOH, pH 7.2, and
100 mM NaCl. Indicated amounts of purified protein or synthetic
peptides were mixed, incubated for 10 min on ice, and a crosslinker
(ImM CuSO4 or 100uM DFDNB) was added. After a 30-min
incubation on ice, the reaction was quenched by the addition of
10mM EDTA (for Cu® " crosslinking) or 140 mM Tris, pH 7.4 (for
DFDNB crosslinking) and SDS protein loading buffer. In all, 5%
B-mercaptoethanol was added to non-crosslinked and DFDNB-cross-
linked samples before loading the gel. Samples were analysed by
SDS-PAGE and subsequent Coomassie staining or immunoblotting.
For in vitro photocrosslinking, photopeptides pL;9B and pS;¢B
were added to purified proteins, UV-irradiated for 30 min on ice
and analysed by SDS-PAGE and western blotting, as previously
described (Schulz et al, 2011).

In organello crosslinking

Isolated mitochondria or mitoplasts (obtained by osmotic swelling
of mitochondria in 10 mM MOPS-KOH, pH 7.2, and 1 mM EDTA for
20 min on ice) were resuspended in isotonic SH buffer (containing
0.6 M sorbitol and 20 mM HEPES-KOH, pH 7.2) or hypotonic cross-
linking buffer (20mM HEPES-NaOH, pH 7.2, and 100 mM NacCl).
Unless otherwise indicated, 100png of mitochondrial protein per
sample was used. When required, the samples were treated with
corresponding proteins, synthetic peptides or other substances for
10 min on ice. After that, crosslink formation was induced through
the addition of 1 mM CuSO,. Samples were incubated for 30 min on
ice, and subsequently quenched by adding 10mM EDTA.
Mitochondria were collected by centrifugation, resuspended in
SDS protein loading buffer and analysed by conventional SDS-
PAGE and immunoblotting.

Surface plasmon resonance

SPR measurements were done using a Reichert SPR Biosensor
SR7000DC with a Ni?* chelator sensorchip NiHC500m (XanTec
bioanalytics), in running buffer containing 50 mM HEPES, pH 7.4,
150 mM NaCl, and 50 uM EDTA, at 20°C, at a flow rate of 40 ul/min.
A 6 x His-tagged ligand (Tim23™%, Tim50™S, or Tim50%) was
immobilized on the Ni*>*-activated left (sample) channel of the
chip at a concentration of 250 nM with a flow rate of 30 ul/min to
response levels of 2500-3500RU. The right channel served as a
reference. Increasing concentrations of analyte (Tim21™S$, pCox4,
SynB2, pALDH, or pALDH-s) in running buffer were injected for
270s to both channels, and dissociation was followed for 12 min.
The difference in response between sample and reference channels
was recorded. Affinity and kinetic data analysis was performed
using Scrubber 2.0 (BioLogic Software). The response was refer-
enced to blank (buffer) injections and normalized using the mole-
cular weight of the ligand (in kDa).

Miscellaneous

Presequence peptides pALDH (MLRAALSTARRGPRLSRLLSAA) and
pCox4 (MLSLRQSIRFFKPATRTLSSSRYLL) and their inactive ver-
sions pALDH-s (MLRGKQPTKSLLPQRSPKLSAAA) and SynB2
(MLSRQQSQRQSRQQSQRQSRYLL) (Allison and Schatz, 1986; Abe
et al, 2000; Schulz et al, 2011) were purchased from JPT Peptide
Technologies. SDS-PAGE, immunoblotting and colloidal Coomassie
staining were carried out according to the standard protocols. After
immunoblotting, protein signals were detected by fluorescent dye-
coupled secondary antibody (LI-COR) or HRP-coupled antibody and
enhanced chemiluminescence (GE Healthcare). Fluorescent signals
were detected using an FLA-9000 scanner (Fujifilm) and quantified
by ImageQuant TL software (GE Healthcare). All quantitative
data are presented as mean * standard error of the mean (s.e.m.).
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No image processing, with the exception of cropping and contrast
adjustment using Adobe Photoshop CS3 and Adobe Illustrator CS3,
was applied.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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