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The soluble Tim9p-Tim10p (Tim, translocase of inner
membrane) complex of the mitochondrial intermem-
brane space mediates the import of the carrier
proteins and is a component of the TIM22 import sys-
tem. The mechanism by which the Tim9p-Tim10p
complex assembles and binds the carriers is not well
understood, but previous studies have proposed that
the conserved cysteine residues in the ‘twin CX3C’
motif coordinate zinc and potentially generate a zinc-
finger-like structure that binds to the matrix loops of
the carrier proteins. Here we have purified the native
and recombinant Tim9p-Tim10p complex, and show
that both complexes resemble each other and consist
of three Tim9p and three Tim10p. Results from induc-
tively coupled plasma-mass spectrometry studies
failed to detect zinc in the Tim9p-Tim10p complex.
Instead, the cysteine residues seemingly formed disul-
fide linkages. The Tim9p-Tim10p complex bound spe-
cifically to the transmembrane domains of the ADP/
ATP carrier, but had no affinity for Tim23p, an inner
membrane protein that is inserted via the TIM22
complex. The chaperone-like Tim9p-Tim10p complex
thus may prevent aggregation of the unfolded carrier
proteins in the aqueous intermembrane space.
Keywords: mitochondria/mitochondrial protein import/
Saccharomyces cerevisiae/TIM complex

Introduction

The mitochondrion has an elaborate set of translocons on
the outer and inner membranes to mediate the import of
proteins from the cytosol (Ryan and Jensen, 1995; Schatz
and Dobberstein, 1996; Neupert, 1997; Pfanner, 1998).
Most mitochondrial proteins are synthesized as cytosolic
precursors containing a cleavable N-terminal pre-sequence
that directs their import into mitochondria via the general
protein import pathway. The precursor is escorted through
the cytosol by chaperones and then the hetero-oligomeric
translocase of the outer membrane (TOM) mediates
translocation across the outer membrane. Several TOM
components function as receptors, while others form the
translocation pore. After passage through the outer mem-
brane, the Timl17p-Tim23p (Tim, translocase of inner
membrane) complex of the inner membrane together with
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the ATP-dependent import motor Hsp70, Tim44p and
mGrpE mediates translocation across the inner membrane.
Finally, a number of soluble proteins in the matrix
involved in the proteolytic maturation and folding of the
imported proteins may be required to complete assembly
(Ryan and Jensen, 1995; Schatz and Dobberstein, 1996;
Neupert, 1997; Pfanner et al., 2001).

The mitochondrion has a separate import pathway for
inner membrane proteins, with components residing in the
intermembrane space and inner membrane (Koehler ef al.,
1999b; Bauer et al., 2000; Pfanner et al., 2001). Substrates
of this pathway include proteins in the carrier family
(Palmieri et al., 1996), such as the ADP/ATP carrier
(AAC) and the protein import components Tim22p and
Tim23p (Koehler et al., 1998a; Sirrenberg et al., 1998;
Leuenberger et al., 1999). Proteins destined for the inner
membrane are escorted by cytosolic chaperones and then
pass through the TOM complex to the intermembrane
space. The intermembrane space complexes, Tim9p-
Tim10p and Tim8p-Tim13p, function as putative chaper-
ones to transfer the hydrophobic precursors across the
intermembrane space to an inner membrane machinery
specialized for the insertion of membrane proteins
(Koehler et al., 1998a,b; Sirrenberg et al., 1998; Adam
et al., 1999). The inner membrane complex consists of
Tim12p, Tim18p, Tim22p, Tim54p and a small fraction of
Tim9p and Timl10p, which together form a 300 kDa
complex (Kerscher et al., 1997, 2000; Koehler et al.,
1998a,b, 2000; Sirrenberg et al., 1998; Adam et al., 1999).
Components Tim9p, Timl1Op, Timl12p, Tim22p and
Tim54p are essential for viability (Kerscher et al., 1997,
2000; Koehler et al., 1998a,b, 2000; Sirrenberg et al.,
1998; Adam ert al., 1999).

The small Tim proteins (Tim8p, Tim9p, Tim1Op,
Tim12p and Tim13p) are ~25% identical and 40-50%
similar, yet Tim9p partners exclusively with Tim10p and
Tim8p with Tim13p in soluble intermembrane space
complexes (Koehler et al., 1998b, 1999a; Adam et al.,
1999; Davis et al., 2000). The small Tim family contains
the consensus ‘twin CX3C’ motif, in which two cysteines
are separated by three amino acids (Koehler et al., 1999b).
Neupert and colleagues have shown that this motif might
be important for zinc coordination in the monomers
(Sirrenberg et al., 1998; Adam et al., 1999; Paschen et al.,
2000). The Tim9p-TimlOp complex is 10-fold more
abundant than the Tim8p-Tim13p complex (Koehler et al.,
1998b, 1999a; Sirrenberg et al., 1998; Adam et al., 1999).
Approximately 5% of Tim9p and Tim10p is associated
with the 300 kDa Tim18p-Tim22p-Tim54p complex at
the inner membrane, whereas 95% is soluble in the 70 kDa
intermembrane space complex (Koehler et al., 1998b,
1999a). Tim9p and Tim1Op bind to translocation inter-
mediates of the mitochondrial carrier family, Tim17p and
Tim22p, whereas Tim8p and Tim13p bind to Tim23p
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(Endres et al., 1999; Leuenberger et al., 1999; Davis et al.,
2000; Paschen et al., 2000), suggesting that the battery of
small Tim proteins may have different substrate specifi-
cities.

Previous studies have focused on using cross-linking
and immunoprecipitation approaches with translocation
intermediates to determine the mechanism by which the
small Tim proteins mediate protein import. In this study,
we have purified the Tim9p-Tim10p complex from the
mitochondrial intermembrane space and an Escherichia
coli strain expressing both proteins. We show that both
native and recombinant complexes have similar proper-
ties. The cysteine residues do not coordinate Zn2* ions, but
seemingly are involved in disulfide bonds. Using peptide
scans with peptides derived from the AAC sequence, the
Tim9p-Tim10p complex binds with highest specificity to
the transmembrane domains.

Results

Purification of the native and recombinant
Tim9p-Tim10p complex

To understand better the mechanism by which the
Tim9p-Tim10p complex mediates the import of the
carrier proteins, we purified the native complex from
yeast for biochemical characterization. A yeast strain,
designated T9T10, was constructed in which Tim9p and
Tim10p were overexpressed from 2y plasmids. Strain
T9T10 grew at a rate similar to the parental strain. From
purified mitochondria, we determined the abundance of
components in the TIM22 import pathway by quantitative
immunoblot analysis and scanning laser densitometry
(Figure 1A). As expected, Tim9p and Timl1Op were
overexpressed 8-fold in comparison with the parental
strain. In contrast, the abundance of Tim8p, Tim13p and
membrane components Tim22p and Tim54p was similar
between the T9T10 and parental strains (Figure 1A and
our unpublished data). Strain T9T10 thus facilitated
purification of the Tim9p-Tim10p complex from the
mitochondrial intermembrane space.

The Tim9p-Tim10p complex was purified with subse-
quent chromatographic steps based on a previous purifi-
cation scheme (Koehler et al., 1998b). We isolated
mitochondria from strain T9T10, released the soluble
intermembrane space contents by osmotic shock and
fractionated the intermembrane space proteins by subse-
quent chromatography steps: affinity chromatography on a
Cibacron blue column, cation-exchange chromatography,
anion-exchange chromatography and gel filtration on a
Superose 12 column. After each purification step, we
monitored Tim9p, Tim10p and the intact 70 kDa complex
by SDS-PAGE (Figure 1B) and ‘blue native gel’
electrophoresis followed by immunoblotting. Tim9p and
Tim10p co-purified through the entire fractionation pro-
cedure as a 70 kDa complex (Figure 1C). Specifically, both
flowed directly through the Cibacron blue column, eluted
at 60-80 mM NaCl on Mono S and Mono Q columns, and
eluted in the 60—70 kDa mass range from the gel filtration
column. Because the small Tim proteins may pair
differently in the strain overexpressing Tim9p and
Tim10p, we confirmed that the 70 kDa complex contained
only Tim9p and Tim10p, and not Tim8p and Tim13p by
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Fig. 1. Purification of the Tim9p-Tim10p complex from a yeast strain
overexpressing Tim9p and Tim10p. (A) Tim9p and Tim10p were
overexpressed 6- to 8-fold, but the expression of Tim22p and Tim54p
was not changed. Mitochondrial proteins (50, 100 and 150 pg) were
separated by SDS-PAGE, followed by immunoblot analysis from

the parental strain (WT) and a strain (T9T10) co-transformed with two
2 plasmids expressing TIM9 and TIM10, respectively, and analyzed
by immunoblotting with monospecific antisera for Tim9p, Tim10p,
Tim22p, Tim54p and porin. Proteins were identified by incubation
with ['?’I]protein A; the amount was quantitated by scanning laser
densitometry. (B) The Tim9p-Tim10p complex was purified from the
mitochondrial intermembrane space. After successive chromatography
steps (see Materials and methods), fractions from the final purification
step (gel filtration) were analyzed for Tim9p and Tim10p by
SDS-PAGE and Coomassie Blue staining. (C) As in (B), fraction 14
was analyzed on a 6-16% blue native gel followed by immunoblotting
with antiserum for Tim10p. (D) As in (B), fraction 14 was separated by
SDS-PAGE, followed by immunoblot analysis with monospecific
antisera for Tim8p, Tim9p, Tim10p and Tim13p. Proteins were
identified by incubation with ['%I]protein A.

SDS-PAGE followed by immunoblotting with mono-
specific antisera (Figure 1D).

Purification of the native Tim9p-TimlOp complex
required large amounts of mitochondria, so we also
engineered an E.coli strain to overproduce the Tim9p—
Tim10p complex. Because Tim9p and Tim10p have a
molecular mass of only 10 kDa and the complex most
likely contains three Tim9p and three Tim10p polypep-
tides, purification tags were not included; the presence of
tags could potentially interfere with assembly in E.coli.
Our approach was to construct a single plasmid in which
both Tim9p and Tim10p were expressed from the same
RNA transcript. In brief, TIM9 and TIM 10 with their own
E.coli ribosomal binding site were cloned in tandem in an
expression plasmid and transformed into the E.coli host
BL21(DE3). Upon induction, both Tim9p and Tim10p
were expressed and assembled efficiently. Analysis of the
E.coli lysate on blue native gels showed that Tim9p and
Tim10p migrated as a 70 kDa complex; smaller molecular
weight complexes were not detected in the dye front (our
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unpublished data). In comparison with the native
Tim9p-Tim10p complex from the mitochondrial inter-
membrane space, the recombinant complex migrated
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identically in a native gel, indicating that both complexes
are similar with regard to charge and shape (Figure 2A).
The purification protocol for recombinant Tim9p-Tim10p
complex was similar to that of the native complex. The
Tim9p-Tim10p complex was purified to homogeneity
from E.coli lysate by subsequent chromatography steps
using an anion-exchange column, followed by a cation-
exchange column and a gel filtration column. The order
of the ion-exchange columns was reversed because
contaminating proteins were removed more efficiently.
Once again, the Tim9p-TimlOp complex eluted at
60-80 mM NaCl on ion-exchange columns and eluted in
the 60—70 kDa mass range from the gel filtration column
(our unpublished data). Both recombinant and native
Tim9p-Tim10p complex thus displayed similar properties
during purification.

Recombinant and native Tim9p-Tim10p complex
have similar properties

To confirm that the recombinant Tim9p-Tim10p complex
assembled identically to the intermembrane space com-
plex and that the number of subunits in the complex was
six, we treated the recombinant Tim9p-Tim10p complex
and an intermembrane space fraction with 0.1% glutar-
aldehyde on ice for 30 min (Figure 2B; Azem et al., 1998;
van Dijl et al., 1998). The resulting cross-linked inter-
mediates were analyzed by SDS-PAGE and immunoblot
analysis with antibodies against Tim10p. We observed six
distinct species that we interpreted as monomer to
hexamer because their electrophoretic mobility (M,/M.,)
was linearly related to the logarithm of subunit number
and the distance each oligomer had migrated from the
origin (Figure 2B, graph). As the incubation period
approached 30 min, the predominant cross-linked product
moved to the hexameric form, but the tetramer was also
abundant. The same cross-linking pattern was observed
with antibodies against Tim9p (our unpublished data).
Results from quantitative amino acid analysis confirmed
that the complex was present in equimolar ratios (our
unpublished data), as has been shown previously (Koehler
et al., 1998b; Adam et al., 1999). We conclude that the
complex is a hexamer, most likely comprised of three
Tim9p and three Tim10p.

Fig. 2. The recombinant and native Tim9p-Tim10p complexes have
identical properties. (A) An expression plasmid was constructed in
which TIM9 and TIM10 were each placed behind a ribosomal binding
site. After transformation into the E.coli host BL21(DE3) and
induction, the Tim9p-Tim10p complex (E.coli) was purified (see
Materials and methods) and separated on a 6.0% native gel. A
mitochondrial intermembrane space fraction (yeast) was also separated.
Immunoblot analysis was performed with monospecific antisera against
Tim10p (oTim10) and Tim9p (unpublished data). Proteins were
identified by incubation with ['*I]protein A. (B) For intermolecular
cross-linking assays, an intermembrane space fraction (native complex,
top blot) and the recombinant Tim9p-Tim10p complex (recombinant
complex, bottom blot) were incubated with 0.1% glutaraldehyde (XL)
and aliquots were removed at the indicated time points (min). Cross-
linked products were separated on 16% tricine gels, followed by
immunoblot analysis with monospecific antisera against Tim10p. The
number of subunits is indicated on the right. Electrophoretic mobility
(graph) of the products from the 10 min time point of cross-linking was
plotted against the logarithm of M/M,,, where M,, is the relative
molecular weight of the cross-linked species and M, is the molecular
mass of the Tim10p or Tim9p monomer (10 kDa).



The Tim9p-Tim10p complex does not

coordinate zinc

The small Tim proteins contain the conserved ‘twin
CX;5C’ motif, in which two cysteine residues are separated
by three amino acids and the spacing between each CX5C
is 11-16 amino acids (Koehler et al., 1998a; Bauer et al.,
2000). Previous studies have shown that the individual
small Tim proteins fused to the maltose binding protein
coordinated zinc in a 1:1 molar ratio, presumably through
the cysteine residues (Sirrenberg et al., 1998; Adam et al.,
1999; Paschen et al., 2000). We investigated the ‘state’ of
the cysteine residues using several techniques, including
thiol-trapping assays, reductant and metal ion chelator
sensitivity assays, and inductively coupled plasma—mass
spectrometry (ICP-MS).

We employed a thiol-trapping method that allowed the
separation and visualization of oxidized and reduced
species on Tricine gels (Figure 3A, schematic; Jakob et al.,
1999). The modification of Tim9p was followed by
immunoblot analysis (Figure 3A, blot). First, all accessible
thiol groups in the intermembrane space fraction
were alkylated (blocked) irreversibly with iodoacetamide
(IAA). After removal of excess IAA, disulfide bonds
present in the proteins were reduced with dithiothreitol
(DTT). In the final step, the thiol groups pre-
viously involved in disulfide bonds were alkylated
with  4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic
acid (AMS). AMS is a thiol-reactive reagent that alkylates
cysteine residues, thereby adding 500 Da to the molecular
mass of each thiol group. As a control, completely
oxidized Tim9p (pre-treated with hydrogen peroxide;
Figure 3B, lane 4) showed a slower mobility on tricine
gels due to the addition of four AMS molecules to the four
cysteine residues in Tim9p; this translated into a 2 kDa
change in molecular mass that was easily observed in the
10 kDa protein. In contrast, completely reduced Tim9p
(pre-treated with DTT; Figure 3A, lane 3) migrated at the
same molecular weight as the untreated complex
(Figure 3A, lane 1) because the sulthydryl residues were
blocked with IAA and, therefore, not modified by AMS.
When the sample was alkylated with iodoacetamide
(avoiding both reduction and oxidation), followed by
DTT and AMS treatment (Figure 3A, lane 2), Tim9p
migrated at a molecular weight identical to that of the
oxidized Tim9p; four AMS molecules covalently bound to
Tim9p. This observation thus indicates that the cysteine
residues are not reduced and accessible to IAA, but instead
are occupied, potentially, in disulfide bonds. Analysis of
Tim10p by thiol trapping yielded the same results; the
cysteine residues in Tim10p are occupied (our unpublished
data). To determine whether disulfide bridges might be
intermolecular, the recombinant Tim9p-TimlOp com-
plexes and the intermembrane space fraction were separ-
ated on non-reducing denaturing gels. Results from
immunoblot analysis showed that both Tim9p and
Tim10p migrated as monomers, suggesting that the
modification(s) on the cysteine residues were intramole-
cular (our unpublished results).

To distinguish between the possibility that the thiol
residues were coordinating a metal versus disulfide bond,
the denaturation/renaturation properties of the recombi-
nant Tim9p-Tim10p complex were analyzed in the
presence of EDTA and DTT (Figure 3B). The complex
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Fig. 3. The sulfhydryl groups on the cysteine residues of the ‘twin
CX;C’ motif are occupied. (A) To elucidate the state of the cysteine
residues in the Tim9p-Tim10p complex, a thiol-trapping method
(Jakob et al., 1999) was used (schematic). A mitochondrial
intermembrane space fraction (200 pg per lane) was either left
untreated (lane 2), reduced with 10 mM DTT (lane 3) or oxidized with
5% H,0, (lane 4). The samples were then alkylated with IAA to block
free sulthydryl groups, following treatment with DTT to reduce any
disulfide bonds. The remaining free sulfhydryl groups were alkylated
with AMS, which creates an increase in molecular mass of 0.5 kDa.
The samples were separated by SDS-PAGE, followed by immunoblot
analysis with antiserum against Tim10p. As a control, an untreated
sample is included (lane 1). Tim9p and Tim9p(AMS), are denoted.
(B) The reductant DTT interferes with refolding of the Tim9p-Tim10p
complex. The recombinant Tim9-Tim10p complex was heated to 95°C
in the presence of DTT (lane 4) or EDTA (lane 6) and quickly cooled
in an ice bath, followed by blue native gel electrophoresis. As a
control, samples were untreated (lane 1), heated (lane 2) or treated with
DTT (lane 3) or EDTA (lane 5) and incubated on ice. Immunoblot
analysis was performed with an antibody against Tim10p and Tim9p.

was heated to 95°C for 10 min and then immediately
placed into an ice bath for another 10 min. Treatment at
95°C resulted in unfolding of the complex, as shown by
circular dichroism studies (our unpublished data).
Immunoblot analysis on blue native gels showed that
Tim9p and Tim10p completely refolded into a 70 kDa
complex after this treatment (Figure 3B, lanes 1 and 2),
even in the presence of the metal chelator EDTA
(Figure 3B, lane 6); recovery was near 100%, as shown
by laser scanning densitometry (our unpublished data).
However, when DTT was added during the heating
process, Tim9p and Tim10p did not refold into a 70 kDa
complex (Figure 3B, lane 4). DTT and EDTA treatment
did not interfere with the stability of the 70 kDa complex
when kept at 4°C (Figure 3B, lanes 3 and 5).

Because the Tim9p-Tim10p complex may bind zinc
ions at sites other than the cysteine residues, we used
ICP-MS to determine whether the recombinant Tim9p-
Tim10p complex coordinated zinc. Three purified samples
of the complex from separate bacterial preparations
were analyzed. Because the last purification step was gel
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Table I. Tim9p-Tim10p complex zinc analysis

Actual Predicted® Predicted?®
(mol zinc:mol complex) 0:1 1:1 6:1
Zinc (sample/background, ppb)® 0.89 (13.5/12.61) 1.34 X 102 8.04 X 102
Zinc (UM)© 1.36 X 102 2.05 12.3
Protein (mg/ml)d 0.126
Protein (UM)© 2.05
Zinc per complex 6.82 X 1073 1 6

aEach ‘twin CX3C’ motif (6) in the Tim9p-Tim10p complex could potentially bind one zinc atom. The predicted levels of zinc are shown (in p.p.b.)
for hypothetical Tim9p-Tim10p complexes that bind one zinc per complex or one zinc per monomer (six zinc ions total). Predicted values are based
on the same concentration of Tim9p—-Tim10p complex used in actual measurements.

"The average ICP-determined zinc concentration (p.p.b.) is presented along with the average background level of zinc. Background levels of zinc were

determined using buffer blanks from the same purification.

¢The micromolar concentrations of both protein and zinc were calculated assuming a molecular weight of 65.38 atomic mass units (a.m.u.) for zinc

and 6.15 X 10* a.m.u. for the Tim9p-Tim10p complex.

dThe protein concentration of each sample was determined by quantitative amino acid analysis.

filtration, the buffer blanks were taken from fractions that
were eluted before or after the Tim9p-Tim10p complex.
Zinc ions were not detected at levels higher than
background in the samples containing the Tim9p—
Tim10p complex (Table I). The protein concentration in
the Tim9p-Tim10p complex was determined by quantita-
tive amino acid analysis. The amount of zinc ions per
Tim9-Tim10p complex was calculated to be 6.8 X 1073,
indicating that zinc was essentially not detectable in the
complex. Based on the observation that the Tim9p—
Tim10p complex might coordinate one or six zinc ions, we
predicted that zinc should be detected at 2.05 and 12.3 uM,
respectively, in contrast to the actual measurement of
0.0136 puM (Table I). Furthermore, the presence of other
metal ions was not detected at levels higher than that of the
buffer blank (our unpublished data). Together, these
results suggest that the Tim9p-Tim10p complex does
not coordinate Zn?* ions and the cysteine residues most
likely form disulfide bridges.

The Tim9p-Tim10p complex binds to the
transmembrane domains of AAC but not Tim23p
Pfanner and colleagues have used peptide scans to identify
sequences in the phosphate carrier and the presequence of
CoxIV that mitochondrial import receptors Tom20p,
Tom22p and Tom70p bind to (Brix et al., 1999, 2000).
Because of the hydrophobic nature of the AAC, we used
the same approach to identify sequences that the native
and recombinant Tim9p-Tim10p complex might bind. In
brief, peptide scans consisted of 13mer peptides over-
lapping by 10 residues, which were attached covalently to
a cellulose membrane. Thus, 103 peptides were synthe-
sized for the 318 amino acids of AAC. The native or
recombinant Tim9p-Tim10p complex was incubated to
equilibrium with the cellulose-bound peptides, followed
by electrotransfer and immunodetection with antibodies
against Tim10p and ['®I]protein A. Quantitative analysis
was performed using laser scanning densitometry
(Personal Densitometer SI; Molecular Dynamics) and the
ImageQuaNT program, which corrects for the local
background around each individual spot. After analysis,
the native Tim9p-Tim10p complex bound preferentially
to the membrane-spanning domains. Binding was strong-
est at transmembrane domains 3 and 4, followed by
transmembrane domains 2 and 5. The binding affinity was
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lowest at transmembrane domains 1 and 6, and in the loop
regions. The recombinant complex showed a similar
binding pattern (Figure 4B), confirming that the properties
of the recombinant complex are similar to those of the
native complex. Investigation of the amino acid sequences
to which the Tim9p-Tim10p complex bound failed to
yield a consensus sequence; however, as expected, these
sequences were particularly rich in hydrophobic residues.
When antibodies against Tim9p were used, a similar
pattern of binding was detected, confirming that the intact
complex binds to the AAC peptides (our unpublished
data).

Previous studies have shown that truncations or alter-
ations to the carrier protein sequence can lead to aberra-
tions in the import pathway (Schleiff and McBride, 2000).
To confirm that binding on the peptide scans reflects in
organello binding of the Tim9p-Tim10p complex, we
circumvented this problem by determining whether the
Tim9p-Tim10p complex could bind to the peptides when
they were placed in the middle of a ‘foreign’ protein and
arrested in the intermembrane space (Figure 5A).
Specifically, the synthetic precursor that contained the
first 167 amino acids of cytochrome b, was fused to mouse
dihydrofolate reductase (DHFR) and synthesized in a
reticulocyte lysate system (Figure 5B). Upon import,
Cytb,—DHFR is processed by the matrix and intermem-
brane space proteases, and localizes to the intermembrane
space because of the ‘stop-transfer’ sequence (Glick et al.,
1992). As shown in Figure 5B, the appearance of the
processed intermediate form and mature forms can be
followed in an import assay. Note that a non-imported
species is synthesized during in vitro transcription/trans-
lation; it is most likely that translation is initiated at an
internal methionine. The following peptides were placed
in the middle of DHFR by inserting annealed oligo-
nucleotides that coded for the following sequences:
KKKTLKSDGVAGLYC in construct Cytb,—~DFHR—
AAC!78-190 (no binding, matrix loop between transmem-
brane domain 3 and 4) and KFLPSVVGIVVYRGC in
construct Cytb,~DHFR-AAC!93-205  (strong binding,
transmembrane domain 4). Lysine and cysteine residues
flanked the peptides to provide sites for chemical cross-
linking. Because DHFR folds tightly and is protease
resistant, we incubated the radiolabeled synthetic precur-
sors with protease and, as expected, found that they were
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Fig. 4. Native and recombinant Tim9p-Tim10p complex show a similar binding pattern to a peptide scan derived from the sequence of AAC. (A) The
native Tim9p-Tim10p complex (200 nM) purified from the mitochondrial intermembrane space was incubated with a peptide scan consisting of
13mers derived from AAC. The first peptide comprises amino acids 1-13 of the AAC, the second peptide residues 4-16 and the third peptide residues
7-19, etc. The labeling on the left indicates the first amino acid of the left-most peptide of each row. The labeling on the right side indicates the

number of the right-most peptide of each row. After washing the membrane,

the bound Tim9p-Tim10p complex was transferred to a PVDF

membrane, followed by immunoblot analysis with antiserum specific for Tim10p and ['>I]protein A. Binding was quantified by scanning laser
densitometry from at least three independent experiments and plotted for each peptide. Transmembrane domains and repeat modules of AAC are
plotted corresponding to the respective peptides. (B) As in (A), except that 200 nM recombinant Tim9p-Tim10p complex was incubated with the

peptide scan.

extremely protease sensitive (our unpublished data). The
precursor thus should remain unfolded in the intermem-
brane space after import. We imported the radiolabeled
synthetic precursors into energized mitochondria for
20 min at 25°C, reacted the mitochondria with the cross-
linker di-succinimidyl suberate (DSS), subjected the
solubilized mitochondria to immunoprecipitation with
antibodies against Tim9p and Tim10p, and analyzed the
immunoprecipitates by SDS-PAGE and fluorography. As
expected, cross-links were not observed between Cytb,—
DHFR and the Tim9p-Tim10p complex. However, the
Tim9p-Tim10p complex was cross-linked to Cytb,—
DHFR when it contained peptide AAC'%3-205 (transmem-
brane domain 4) but not peptide AAC!73-190 (matrix loop
between transmembrane domain 3 and 4; Figure 5C). The
asterisk marks the non-imported species that is present in
the translation reaction. The in organello binding results
thus reflect the in vitro results with the peptide scan.

The Tim9p-Tim10p complex interacts specifically with
the carrier family, while the Tim8p-Tim13p complex
mediates the import of Tim23p (Leuenberger et al., 1999;
Davis et al., 2000; Paschen et al., 2000). To confirm the
specificity of the AAC-binding interactions, a peptide scan
for Tim23p was synthesized and incubated with the native
Tim9p-Tim10p complex. The Tim23p peptide scan con-

tained 71 peptides, again overlapping by 10 residues. As
expected, after incubation with the Tim9p-Tim10p com-
plex, significant binding to the Tim23p peptides was not
detectable (Figure 6). While the Tim9p-Tim10p complex
did bind to one peptide, the complex did not bind to the
neighboring peptides with 10 residue overlaps, indicating
that binding was most likely to be non-specific. This
approach provides the first identification of potential
motifs that the Tim9p-Tim10p complex may bind. Taken
together, the Tim9p-Tim10p complex shows binding
specificity for the membrane-spanning domains of AAC
and this interaction does not depend on the presence of zinc.

Discussion

To understand better the mechanism by which the
Tim9p-Tim10p complex mediates the import of inner
membrane proteins, we obtained large amounts of the
Tim9p-Tim10p complex by purification from a yeast
strain overexpressing both proteins and engineering an
E.coli strain to overproduce the proteins from one RNA
transcript. The recombinant Tim9p-TimlOp complex
assembled efficiently in the E.coli cytoplasm because
when the E.coli lysate was separated in blue native gels,
Tim9p and Timl0p were detected only in a 70 kDa
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Fig. 5. Tim9p and Tim10p are cross-linked to an AAC peptide placed
within a synthetic precursor in the mitochondrial intermembrane space.
(A) Diagram of Cytb,—DHFR constructs in which peptides derived
from the AAC sequence have been inserted into DHFR. Cytb,—

DHEFR is a fusion between residues 1-167 of Cytb, and DHFR.
Cytb,~DFHR-AAC!78-19 contains AAC residues 178-190 (peptide 60
from Figure 4, which showed no binding). Cytb,~DHFR-AAC!93-205
contains AAC residues 193-205 (peptide 65 from Figure 4, which
showed binding). (B) The radiolabeled Cytb,—~DHFR precursor was
synthesized in vitro and incubated for the indicated times at 25°C in
the presence and absence of a membrane potential (AY) with wild-type
mitochondria. Samples were treated with protease to remove non-
imported precursor and analyzed by SDS-PAGE and fluorography.
STD, 25% of the radioactive precursor added to the assay. p, precursor;
i, intermediate; m, mature. The asterisk denotes a translation product
created by translation initiation from an internal methionine; this
product is not imported. (C) The radiolabeled precursor was imported
into wild-type mitochondria for 10 min at 25°C (-XL). The chemical
cross-linker DSS (+XL) was added at | mM. After quenching, the
sample was denatured and immunoprecipitated with antibodies

against Tim9p and Tim10p (IP). Bound proteins were eluted with
SDS-containing sample buffer and analyzed by SDS-PAGE and
fluorography. S, 10% of the amount of precursor that was added to the
non-cross-linked import assay. p, precursor; i, intermediate; m, mature.
The asterisk denotes a translation product created by translation
initiation from an internal methionine; this product is not imported.

complex. It is possible that unassembled monomers were
degraded, but assembly was seemingly efficient. In contrast,
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Fig. 6. Native Tim9p-Tim10p complex does not bind to Tim23p.

The native Tim9p-Tim10p complex (200 nM) purified from the
mitochondrial intermembrane space was incubated with a peptide scan
consisting of 13mers derived from Tim23p, as in Figure 4. Binding
was quantified by scanning laser densitometry from at least three
independent experiments and plotted for each peptide. Transmembrane
domains of Tim23p are plotted corresponding to the respective
peptides.

Tokatlidis and colleagues used a similar approach but
utilized a tagged version of Tim10p (Luciano et al., 2001).
In their expression system, the ratio of Tim10p to Tim9p in
the E.coli cytosol was 50:1, resulting in the presence of
unassembled monomers during purification.

The native and recombinant complexes have similar
properties. On native gels that separate by shape and
charge, the complexes migrated into the gel identically.
Glutaraldehyde cross-linking studies showed that both
complexes consisted of hexamers. From previous studies,
it was shown that the Tim9p-Tim10p complex contained
equimolar ratios of Tim9p and Tim10p (Koehler et al.,
1998b; Adam et al., 1999; Luciano et al., 2001). Indeed,
results from quantitative amino acid analysis of the
recombinant complex revealed that Tim9p and Tim10p
were present in equimolar ratios (unpublished data). The
complex thus consists of three Tim9p and three Tim10p
molecules. The similarity of the native and recombinant
Tim9p-Tim10p complex is further confirmed from the
thiol-trapping experiments and denaturation experiments
in the presence of EDTA and DTT. Finally, both native
and recombinant complexes share a similar binding
specificity for peptides on the AAC peptide scans. Taken
together, these results show that the recombinant and
native Tim9p-Tim10p complex are identical.

The Tim9p-Tim10p complex binds to the
transmembrane domains of the carrier

protein AAC

Cross-linking studies in isolated mitochondria have shown
that Tim9p and Tim1Op bind directly to translocation
intermediates of the carrier proteins (Koehler er al.,
1998a,b; Sirrenberg et al., 1998; Adam et al., 1999;
Endres et al., 1999). It has been proposed that the ‘twin
CX3C’ motif might form a structure similar to a zinc finger
and bind to the charged matrix-sided loops of the carrier
proteins (Sirrenberg et al., 1998; Endres et al., 1999).
However, given the diversity of inner membrane
substrates, including Tim17p, Tim22p and the carrier
family that can be cross-linked to Tim9p and Tim10p
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Fig. 7. Proposed model for the role of the Tim9p-Tim10p complex in the import of carrier proteins. Carrier proteins are escorted by cytosolic
chaperones (stage I) to receptors of the TOM complex (stage II). The precursor passes through the TOM channel to the intermembrane space and the
Tim9p-Tim10p complex binds to hydrophobic residues in the transmembrane domains of the carriers (stage Illa). In the aqueous intermembrane
space, the Tim9p-Tim10p complex maintains the carrier in an import-competent state (stage IIIb) and delivers it to the TIM22 translocon (stage Illc).
The TIM22 translocon mediates insertion into the inner membrane (stage IV) and then the carrier assembles into a functional dimer (stage V).

(Leuenberger et al., 1999), the binding sequences might be
less specific, much like the diversity of substrates that
Tom70p binds (Hines et al., 1990; Schlossmann et al.,
1994; Brix et al., 1999). Results from the peptide scan
approach indicated that Tim9p-Tim10p bound preferen-
tially to the transmembrane domains, particularly trans-
membrane domains 2, 3, 4 and 5. In fact, the binding at the
regions between the transmembrane domains was the
weakest. These results suggest that the Tim9p-Tim10p
complex binds preferentially to hydrophobic sequences.
Similar experiments were performed with the outer
membrane receptors and a peptide scan of the phosphate
carrier (Brix et al., 1999, 2000). Pfanner and colleagues
reported that Tom70p and Tom20p bind preferentially to
multiple segments of the phosphate carrier (Brix et al.,
1999, 2000). Tom70p binds to both membrane-spanning
domains and charged loops between the membrane-
spanning domains, while Tom20p binds to the charged
regions between transmembrane domains. Comparison of
the binding specificity of the outer membrane receptors
and the Tim9p-Tim10p complex thus indicates that the
import components recognize different sequences in the
carrier proteins.

Pfanner and colleagues have demonstrated that AAC,
flanked by DHFR, can cross the TOM complex as a loop
and then be cross-linked to Tim9p and Tim10p (Ryan
et al., 1999). Similarly, the central matrix loop of the
carrier uncoupling protein-1 drives import into mitochon-
dria (Schleiff and McBride, 2000). The results from our
peptide scan corroborate these findings. The strongest
binding of the Tim9p-Tim10p complex was in the center
of AAC at transmembrane domains 3 and 4, while binding
was weakest at the N- and C-termini. Although we can not
determine the number of Tim9p-Tim10p complexes that
bind to one precursor, we propose that ~4 distinct binding
sites are present in the membrane-spanning regions
(Figure 4).

Despite the inability to identify a consensus sequence in
the AAC polypeptide, the Tim9p-Tim10p complex has
specificity for the carrier family. This observation was

supported by the in orgenllo cross-linking studies in which
peptides were inserted in the middle of DHFR; the
Tim9p-Tim10p complex was cross-linked to the peptide
derived from transmembrane domain 4. In addition,
incubation of the Tim9p-TimlOp complex with the
Tim23p peptide scan revealed no specific binding.
Previous studies have shown that Tim9p and Timl1Op
were cross-linked to a Tim23p translocation intermediate
(Davis et al., 2000). However, because Tim9p and Tim10p
are both in the soluble 70 kDa complex and at the 300 kDa
TIM22 translocon, and the TIM22 translocon mediates
Tim23p insertion into the membrane, it is feasible that the
cross-links were observed with the population of Tim9p
and Tim10p in the TIM22 translocon.

We therefore refine the proposed model by which the
Tim9p-Tim10p complex might serve as a putative chap-
erone to guide the carriers across the intermembrane space
(Figure 7; Koehler er al., 1998b; Endres et al., 1999;
Pfanner et al., 2001). The import pathway of the carrier
family can be dissected into five stages of translocation. At
stage I, newly synthesized precursors are escorted through
the cytosol by chaperones. The chaperones target the
precursor to the TOM complex, where they are handed
to a battery of receptors (stage II). In stage Illa, as
the precursor loops through the TOM complex, the
Tim9p-Tim10p complex binds to keep the precursor,
thereby preventing aggregation in the aqueous intermem-
brane space. The Tim9p-Tim10p complex then escorts the
carrier across the intermembrane space (stage IIIb) to the
TIM?22 translocon at the inner membrane (stage IIIc). The
stage IIIb intermediate is supported by the following
observations. First, conditional mutations in im0 result in
an import defect in which the carrier does not cross the
TOM complex to reach the TIM22 translocon (Koehler
etal., 1998a). Also, cross-linking studies that show a direct
interaction between Tim9p and Tim10p and AAC failed to
show simultaneous interactions with the TOM translocon,
unless AAC was arrested at the TOM complex with DHFR
(Ryan et al., 1999; Murphy et al., 2001). Furthermore,
mitochondria void of the soluble Tim9p-Tim10p and
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Tim8p-Tim13p complexes show a decrease in the rate of
import for inner membrane substrates by ~70% (Murphy
et al., 2001). This decrease presumably results from the
aggregation of these substrates in the intermembrane space
and subsequent degradation by proteases such as Ymelp.
At stage IV, the precursor is inserted into the inner
membrane by the TIM22 translocon and at stage V is
assembled into a functional dimer.

The ‘twin CX5C’ motif does not coordinate Zn?*
The ‘twin CX3C’ motif is present in all of the small Tim
proteins identified so far. The homolog of Tim8p in
humans is DDP1/TIMMSa (deafness dystonia protein) and
mutations in the DDPI1 locus cause Mohr-Tranebjaerg
syndrome (MTS; Tranebjaerg et al., 1995; Jin et al., 1996).
Mutations reported previously in the DDP1/TIMMS8a
locus have been frameshift/nonsense mutations or dele-
tions resulting in a truncated or absent protein (Jin ef al.,
1996). However, the first de novo mutation in DDP1/
TIMMS8a, C66W, was identified in which a missense
mutation changed Cys66 to Trp66 (Tranebjaerg et al.,
2000). This mutation occurs in the fourth cysteine of the
‘twin CX3;C’ motif, indicating the importance of the
cysteine residues. We made a similar mutation in
Tim8pC®W, in which Cys68 was changed to Trp68
(K.Roesch and C.Koehler, in preparation). Tim8pC68W
was imported into mitochondria, but failed to assemble
in a stable 70 kDa complex. This indicates that the cysteine
residues might be important structurally for assembly of
the 70 kDa complex.

Because the Tim9p and Tim10p monomers have been
shown to coordinate Zn%* ions in an ~1:1 molar ratio
(Sirrenberg et al., 1998; Adam et al., 1999), we investi-
gated whether the Tim9p-Tim10p complex contained
Zn**. We expected that one complex might coordinate up
to six Zn2* ions, but results from ICP-MS studies failed to
detect Zn?* or any other metal ion. While it is plausible
that the Tim9p-Tim10p complex could assemble without
incorporating Zn**, a study by Harrison and colleagues
suggests that hetero-oligomeric complexes co-expressed
in E.coli can coordinate Zn?* ions if it is requisite for their
interaction (Huse et al., 1998). Specifically, Lck (lym-
phoid-specific, src family protein-tyrosine kinase) and T-
cell co-receptor CD4 were co-expressed in E.coli and their
interaction was dependent on the presence of a thiol-
mediated co-coordination of zinc; purification and analysis
of the complex showed that zinc was co-coordinated in
a 1:1 molar ratio with the complex. Furthermore, the
presence of low concentrations of EDTA at room
temperature dissociated the Lck—CD4 complex, whereas
high concentrations of DTT and -mercaptoethanol had no
effect. In contrast, our results with the Tim9p-Tim10p
complex show that, upon heat treatment to dissociate the
complex, the reducing agent DTT, not EDTA, dissociated
the complex.

Alternatively, the thiol-trapping experiments with AMS
showed that the cysteine residues are not present as free
thiols but are probably engaged in disulfide bonds. While it
is tempting to model the ‘twin CX3C’ motif as a zinc
finger, it differs from the canonical zinc finger in which the
two cysteines are separated by two amino acids (Mackay
and Crossley, 1998). However, the cysteine residues might
be involved in disulfide bonds, based on a similar motif in
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fractalkine, a novel CX3C chemokine (Mizoue et al., 1999,
2001). The CX5C motif involves Cys8 and Cys12, and is
present in the extracellular matrix. Cys8 forms a disulfide
bridge with Cys34, while Cys12 forms a disulfide bridge
with Cys50, as shown by NMR studies. While the small
Tim proteins are located in a different compartment, the
CX;5C motif of fractalkine indicates that these cysteine
residues are capable of forming disulfide bridges.

The thiol residues in the Tim9p-Timl1Op complex,
therefore, may play a structural role in assembly of the
complex or alternatively mediate interactions with the
substrate proteins. The importance of thiol-disulfide
exchange reactions playing a mechanistic role is already
evident in an increasing number of cytoplasmic proteins in
bacteria and eukaryotes (Lee er al., 1998; Jakob et al.,
1999; Wu et al., 2000; Pomposiello et al., 2001).
Examples include the transcription factors OxyR and
Flp, anti-6 factor RsrA, the redox-regulated Hsp33, p53
and protein-tyrosine phosphatase 1B. Further studies to
determine the structure of the Tim9p-Timl10p complex
should provide helpful clues as to the role of the cysteine
residues.

Materials and methods

Plasmids and strains

Standard genetic techniques were used for growth, manipulation and
transformation of yeast strains (Sikorski and Hieter, 1989; Guthrie and
Fink, 1991). The Saccharomyces cerevisiae strain YCK78 used to
overexpress Tim9p and Tim10p was designated T9T10 and constructed
as follows. Both 7/M9 and TIM10 and flanking regions were cloned into
pRS426 (2u, URA3) and pRS425 (2u, LEU2), respectively. The plasmids
were co-transformed into a diploid yeast strain in which one allele of
TIM9 and TIM 10 were deleted (TIM10/Atim10::HIS3 TIM9/Atim9::TRP1
ade8 leu2 ura3). Transformants were sporulated and selected for
histidine, tryptophan, leucine and uracil prototrophy.

For expression of the recombinant Tim9p-Tim10p complex in E.coli,
the TIM9 was cloned into pET28a (Novagen) as an Ncol-Sall fragment
and TIM10 was cloned into pET28a as an Ncol-Ndel fragment; only the
open reading frames were cloned and no fusions or tags were constructed.
TIM 10 with the ribosomal binding site was then removed as a Xbal-Nhel
fragment and cloned into the Xbal site of the pet28a-Tim9 plasmid. As a
result, a single transcript was synthesized in which both Tim9p and
Tim10p were translated from their own ribosomal binding site.
Expression was induced according to the manufacturer’s protocols
(Novagen).

Cytb,~-DFHR-AAC!78-1% and Cytb,~DHFR-AAC!%-295 were con-
structed as follows. Cytb2-DHFR, a fusion between Cytb,'~1%7 and mouse
DHFR, was subcloned into pSP65 (Promega). In brief, oligonucleotide
pairs were synthesized so that when annealed and inserted into the Sacl
site of DHFR, they would generate the following sequences:
Cytb,~-DFHR-AAC!78-1% KKKTLKSDGVAGLYC; and Cytb,~DHFR~
AAC'93-205 KFLPSVVGIVVYRGC. The peptide was flanked with lysine
and cysteine residues to generate a chemical cross-linking site. The
constructs were linearized with HindIIl for in vitro transcription/
translation.

Purification of the Tim9p-Tim10p complex from the
mitochondrial intermembrane space and E.coli

Mitochondria (40 mg/ml in 0.6 M sorbitol, 20 mM HEPES-KOH pH 7.4)
were hypotonically shocked by dilution with 9 vols of buffer A (1 mM
DTT, 20 mM HEPES-KOH pH 7.4) and incubated for 1 h at 4°C. After
removing mitoplasts by two centrifugation steps (10 min at 10 000 g), the
soluble intermembrane space was loaded onto a Cibacron blue column
(1 X7 cm; Amersham Pharmacia Biotech). The Tim9p-Tim10p
complex was washed through the column with buffer A, while
contaminating proteins remained bound. The flow through was loaded
onto a Mono S cation-exchange column (0.5 X 5 cm; Amersham
Pharmacia Biotech). The column was washed with buffer A at a flow
rate of 0.5 ml/min and bound proteins were eluted with 30 ml of a linear
gradient (0—150 mM NaCl) in buffer A. Fractions (1 ml) were collected



and analyzed by SDS-PAGE, followed by immunoblotting or silver
staining or by blue native gel electrophoresis. The fractions that contained
Tim9p and Tim10p were loaded onto a Mono Q anion-exchange column
(0.5 X 5 cm; Amersham Pharmacia Biotech). The column was washed
with buffer A at a flow rate of 0.5 ml/min and bound proteins were eluted
with 30 ml of a linear gradient (0200 mM NaCl) in buffer A. Fractions
(1 ml) were collected and analyzed as described above. Tim9p and
Tim10p co-eluted at 60-80 mM NaCl. These fractions were concentrated
to 200 pl in buffer A containing 100 mM NaCl and loaded onto a
Superose 12 gel filtration column (1.0 X 30 cm; Amersham Pharmacia
Biotech). The column was developed with buffer A containing 100 mM
NaCl at a flow rate of 0.2 ml/min. Fractions (1 ml) were collected and
analyzed as described above. The molecular mass standards for the
Superose 12 column were RNase A (13.7 kDa), chymotrypsinogen A
(25 kDa), ovalbumin (43 kDa), bovine serum albumin (BSA; 67 kDa) and
aldolase (158 kDa).

Frozen E.coli cell pellets containing the recombinant Tim9p-Tim10p
complex were thawed and lysed by sonication on ice. Cell debris was
removed by centrifugation (30 min, 100 000 g, 4°C) and proteins were
precipitated by addition of polyethylene glycol (average molecular
weight 3350 Da; J.T.Baker, Inc.) to 25% and NaCl to 250 mM. After
centrifugation, the pellet was solubilized in buffer A and loaded onto a
Q-Sepharose Fast Flow column (5 X 30 cm; Amersham Pharmacia
Biotech). The column was washed with buffer A at a flow rate of 5 ml/min
and bound proteins were eluted with 500 ml of a linear gradient
(0200 mM NaCl) in buffer A. Fractions (15 ml) were collected and
analyzed by SDS-PAGE, followed by immunoblotting, Coomassie Blue
staining and blue native gel electrophoresis. After desalting and
concentration in buffer A, the fractions containing the Tim9p-Tim10p
complex were loaded onto a Resource S column (1.6 X 30 cm;
Amersham Pharmacia Biotech). The column was washed with buffer A
at a flow rate of 1 ml/min and bound proteins were eluted with a 12 ml
gradient (0—100 mM NaCl) in buffer A. Fractions (1 ml) were collected
and separated on a Superose 12 column as described for the native
Tim9p-Tim10p complex.

Import of radiolabeled proteins into isolated mitochondria
and cross-linking studies

Mitochondria were purified from lactate-grown yeast cells (Glick and
Pon, 1995) and assayed for in vitro protein import as described (Rospert
and Schatz, 1998). Proteins were synthesized in a rabbit reticulocyte
lysate in the presence of [33S]methionine after in vitro transcription of the
corresponding gene by SP6 polymerase. The reticulocyte lysate
containing the radiolabeled precursor was incubated with isolated
mitochondria at the indicated temperatures in import buffer (I mg/ml
BSA, 0.6 M sorbitol, 150 mM KCl, 10 mM MgCl,, 2.5 mM EDTA, 2 mM
ATP, 2 mM NADH, 20 mM K*-HEPES pH 7.4). Where indicated, the
potential across the mitochondrial inner membrane was dissipated with
1 uM valinomycin. Non-imported radiolabeled proteins were removed by
treatment with 100 pg/ml trypsin or 50 pg/ml proteinase K for 15-30 min
on ice; trypsin was inhibited with 200 pg/ml soybean trypsin inhibitor and
proteinase K with 1 mM PMSF, respectively.

The translocation intermediates of Cytb2-DHFR were cross-linked to
adjacent proteins with 1 mM DSS. The cross-linking protocol was
performed as follows (Koehler et al., 1998b; Leuenberger et al., 1999).
After import, mitochondria were washed, suspended at 1 mg/ml in import
buffer and incubated with the cross-linker on ice for 30 min followed by a
quench with 100 mM Tris—=HCl pH 7.5. For immunoprecipitation,
solubilized mitochondria were incubated with the corresponding
monospecific rabbit IgGs coupled to protein A—Sepharose (Rospert
et al., 1994). Glutaraldehyde cross-linking was performed as described
previously (van Dijl et al., 1998).

Thiol-trapping studies

Thiol-trapping methods with the thiol-specific reagent AMS (Molecular
Probes) were performed according to Jakob et al. (1999). Specifically,
mitochondria (10 mg/ml in 0.6 M sorbitol, 20 mM HEPES-KOH pH 7.4)
were hypotonically shocked by dilution with 9 vols of 20 mM
HEPES-KOH pH 7.4. After removing mitoplasts by centrifugation
steps (10 min at 10 000 g), the soluble intermembrane space was divided
into four samples. Three of the four samples were controls: one sample
was mock treated, the second sample was treated with 10 mM DTT
(reduced) and the third sample was treated with 5% H,0, (oxidized).
Half-volume 100 mM IAA (Fluka), 200 mM Tris—HCI pH 8.0 and 10 mM
EDTA was added to the samples and the reaction was incubated at 37°C
for 5 min to irreversibly block free thiol residues. The samples were acid
precipitated and the pellets were resuspended in 50 pl of 10 mM DTT,

Characterization of the Tim9p-Tim10p complex

100 mM Tris—HCI pH 8.0, 10 mM EDTA and 0.5% SDS to reduce any
disulfide linkages, followed by incubation at 44°C for 1 h. After addition
of 1/10 vol. 250 mM AMS, the samples were incubated at 25°C for 90 min
and stopped with non-reducing Laemmli buffer. Samples were separated
on a 16% SDS—tricine gel, followed by immunodetection with antibodies
against Tim9p and Tim10p.

ICP-MS analysis

ICP-MS analysis was performed using an ICP-MS Elan 6000 Instrument
(Perkin Elmer-Sciex) by the Laboratory for Environmental Analysis,
University of Georgia. Seven samples were analyzed for zinc. Three
samples contained the Tim9p-Tim10p complex purified from three
separate bacterial preparations, along with three blanks taken from the
same preparations (buffer that eluted from the column just before or after
the complex). The final sample contained the elution buffer that was
applied to the sizing column. The concentration of the recombinant
Tim9p-Tim10p complex was determined by quantitative amino acid
analysis.

Screening of peptide scans with the Tim9p-Tim10p complex
The cellulose-bound peptide scans were prepared by automated spot
synthesis (Jerini). Multiple 13mer peptides with a 10 amino acid overlap
were synthesized according to the sequence of Tim23p and AAC. The
membranes were incubated either with 200 nM native or recombinant
Tim9p-Tim10p complex in binding buffer (100 mM KCl, 5% sucrose,
1% BSA, 30 mM Tris—HCI pH 7.4) at 25°C for 2 h as described by
Brix et al. (1999). After extensive washing, the bound Tim9p-Tim10p
complex was transferred to a polyvinylidene difluoride (PVDF)
membrane, followed by detection with antibodies against Tim9p or
Tim10p and ['>’I]protein A. Binding data were acquired by scanning laser
densitometry (Personal Densitometer SI; Molecular Dynamics) and
quantitated utilizing ImageQuaNT (version 4.2a; Molecular Dynamics).
The mean of at least three independent experiments for each peptide spot
was used and the local background of each peptide spot was subtracted.
Binding data were identical for antibodies against Tim9p and Tim10p.

Blue native gel electrophoresis

Mitochondria (2.5 mg/ml) were solubilized in 20 mM K*-HEPES pH 7.4,
50 mM NaCl, 10% glycerol, 2.5 mM MgCl,, | mM EDTA and 0.16%
N-dodecylmaltoside (Boehringer Mannheim) for 30 min on ice. Insoluble
material was removed by centrifugation at 100 000 g for 10 min and the
solubilized proteins were analyzed by blue native gel electrophoresis on a
6—16% linear polyacrylamide gradient (Schdgger and von Jagow, 1991;
Schigger et al., 1994; Dekker et al., 1996).

Miscellaneous

Mitochondrial proteins were analyzed by SDS-PAGE using a 10 or 16%
polyacrylamide gel and a tricine-based running buffer (Schigger and
von Jagow, 1987). Proteins were detected by immunoblotting using
nitrocellulose or PVDF membranes and visualization of immune
complexes with ['ZI]protein A. Protein concentration was assayed by
the bicinchoninic acid method (Pierce) using BSA as the standard.
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