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Abstract. Tim23p (translocase of the inner membrane)
is an essential import component located in the mito-
chondrial inner membrane. To determine how the
Tim23 protein itself is transported into mitochondria,
we used chemical cross-linking to identify proteins ad-
jacent to Tim23p during its biogenesis. In the absence of
an inner membrane potential, Tim23p is translocated
across the mitochondrial outer membrane, but not in-
serted into the inner membrane. At this intermediate
stage, we find that Tim23p forms cross-linked products
with two distinct protein complexes of the intermem-
brane space, Tim8p-Tim13p and Tim9p-Tim10p. Tim9p
and Tim10p cross-link to the COOH-terminal domain
of the Tim23 protein, which carries all of the targeting
signals for Tim23p. Therefore, our results suggest that

the Tim9p-Tim10p complex plays a key role in Tim23p
import. In contrast, Tim8p and Tim13p cross-link to the
hydrophilic NH,-terminal segment of Tim23p, which
does not carry essential import information and, thus,
the role of Tim8p-Tim13p is unclear. Tim23p contains
two matrix-facing, positively charged loops that are es-
sential for its insertion into the inner membrane. The
positive charges are not required for interaction with
the Tim9p-Tim10p complex, but are essential for cross-
linking of Tim23p to components of the inner mem-
brane insertion machinery, including Tim54p, Tim22p,
and Tim12p.
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Introduction

Although much is known about how proteins are imported
into the mitochondrial matrix, very little is known about
how proteins are sorted to the mitochondrial membranes
(for reviews see Lithgow et al., 1997; Pfanner and Meijer,
1997; Bauer et al., 2000; Ryan et al., 2000). Most mitochon-
drial proteins, whether soluble or membrane-bound, are
encoded in the nucleus, translated on cytosolic ribosomes,
and imported posttranslationally into the mitochondria.
Mitochondrial precursor proteins are bound by cytosolic
chaperones and targeted to specific receptors on the outer
membrane (OM;! Ryan et al., 1997). In yeast, there are at
least two major receptors on the OM, Tom20p and
Tom70p (translocase of the outer membrane), and each
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receptor has a preference for different precursor proteins
(Hase et al., 1983; Hines et al., 1990; Steger et al., 1990;
Moczko et al., 1993; Ramage et al., 1993; Gratzer et al.,
1995; Honlinger et al., 1996). For example, Tom20p inter-
acts primarily with presequence-bearing proteins, whereas
Tom70p prefers membrane proteins with internal target-
ing signals. After interaction with the Tom20p or Tom70p
receptors, the precursor is transferred to the TOM com-
plex, which mediates the transport of proteins through the
mitochondrial OM (Kiebler et al., 1990; Sollner et al.,
1992). TOM consists of five proteins (Tom40p, Tom22p,
Tom7p, Tom6p, and TomS5p) that form a protein-translo-
cating pore in the OM (Hill et al., 1998; Kunkele et al.,
1998a,b). The TOM complex is used by all substrates, re-
gardless of whether their final destination is the outer
membrane, the intermembrane space (IMS), the inner
membrane (IM), or the matrix (Ryan et al., 1999).

Unlike the OM, the mitochondrial inner membrane con-
tains at least two separate translocons. One translocon,
called the TIM23 complex, consists of the integral mem-
brane proteins Tim23p and Tim17p (translocase of the in-
ner membrane; Dekker et al., 1993; Emtage and Jensen,
1993), which appear to form a protein-translocating pore
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in the IM (Lohret et al., 1997). The TIM23 complex is re-
quired for the transport of presequence-containing pro-
teins across the IM into the matrix, although a few IM
membrane proteins are also inserted by the TIM23 ma-
chinery (Stuart and Neupert, 1996; Herrmann et al., 1997;
Folsch et al., 1998; Kurz et al., 1999). The matrix-localized
Tim44 and mtHsp70 proteins function to drive the translo-
cation of substrates through the Tim23p-Tim17p translo-
con (Scherer et al., 1992; Kronidou et al., 1994; Rassow et
al., 1994; Schneider et al., 1994; Ungermann et al., 1994;
Blom et al., 1995). A second translocon, named the TIM22
complex, mediates the insertion of polytopic membrane
proteins into the IM. The TIM22 complex consists of three
integral membrane proteins: Tim54p, Tim22p, and Tim18p
(Kerscher et al., 1997, 2000; Sirrenberg et al., 1998; Koeh-
ler et al., 2000). Proteins that require the TIM22 complex
for insertion include the mitochondrial carrier family pro-
teins, such as the ADP-ATP carrier, Aac2p, as well as
some of the TIM components themselves, such as Tim23p,
Tim22p, and Tim17p (Sirrenberg et al., 1996; Kerscher et
al., 1997; Koehler et al., 2000).

The TIM22 complex works coordinately with three ho-
mologous proteins located in the intermembrane space:
Tim12p, Tim10p, and Tim9p (Koehler et al., 1998a, 1998b;
Sirrenberg et al., 1998; Adam et al., 1999; Endres et al.,
1999). All of Tim12p is associated with an ~300-kD com-
plex in the IM containing TimS54p, Tim22p, and Tim18p,
whereas Tim10p and Tim9p are found in two locations
(Koehler et al., 1998a,b; Sirrenberg et al., 1998; Adam et
al., 1999; Endres et al., 1999). A fraction of the pool of Tim9p
and Tim10p associates with the 300-kD Tim54p-Tim22p-
Tim18p-Tim12p complex, whereas the remaining Tim9p
and Tim10p combine to form an ~70-kD complex that is
soluble in the IMS. The 70-kD Tim9p-Tim10p complex is
thought to play a role in shuttling imported proteins from
the TOM complex in the outer membrane to the TIM
complex in the IM.

Recently, two new proteins, Tim13p and Tim8p, which
are homologous to Tim12p, Tim10p, and Tim9p, have
been identified (Koehler et al., 1999). Tim13p and Tim8p
are mitochondrial proteins and appear to form an ~70-kD
complex in the IMS distinct from the Tim10p-Tim9p com-
plex (Koehler et al., 1999). Whereas Tim12p, Tim10p,
Tim9p, Tim54p, and Tim22p are required for yeast cell vi-
ability (Koehler et al., 1998a,b; Sirrenberg et al., 1998;
Adam et al., 1999); Tim13p and Tim8p are not essential
(Koehler et al., 1999). Yeast cells disrupted for either
TIMS8, or TIM13, or both genes are completely viable.
Moreover, it is not clear if Tim13p or Tim8p plays a role in
mitochondrial protein import.

The Tim23 protein, like other IM proteins such as
Aac2p, lacks an NH,-terminal, cleavable targeting signal
(Emtage and Jensen, 1993), and relies on the Tim54p—
Tim22p complex for insertion into the IM (Kerscher et al.,
1997). Tim23p has a hydrophilic NH,-terminal domain fac-
ing the IMS, and four transmembrane segments in its
COOH-terminal domain (Bauer et al., 1996; Davis et al.,
1998; Ryan et al., 1998). Recently, we found that the NH,-
terminal half of Tim23p does not have essential targeting
information, whereas the COOH-terminal domain con-
tains at least two separate and distinct import signals
(Davis et al., 1998; Ryan et al., 1998). Sequences within the
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first and fourth transmembrane segments are required
to target Tim23p to mitochondria and for complete
translocation across the OM. In addition, two positively
charged, matrix-facing loops located between the trans-
membrane spans are necessary for the insertion of Tim23p
into the IM.

To determine which TIM components recognize the dif-
ferent signals in Tim23p, we used chemical cross-linking to
identify proteins adjacent to Tim23p during its import into
mitochondria. When Tim23p is arrested at an intermediate
step in its import, it is efficiently cross-linked to the Tim8
and Tim13 proteins. Tim23p also forms significant, but less
abundant cross-links to Tim9p and Tim10p. In contrast,
Aac2p, when arrested at the same stage, does not interact
with the Tim8p-Tim13p complex, but instead cross-links
only to Tim9p and Tim10p. We find that Tim8p and
Tim13p cross-link to the Tim23p NH,-terminal segment,
whereas the Tim9p-Tim10p complex binds to the Tim23p
COOH-terminal domain. The positively charged loops of
Tim23p are not required for interaction with Tim8p,
Tim9p, Tim10p, and Tim13p, but are essential for cross-
linking to Tim54p, Tim22p, and Tim12p import compo-
nents acting at a later step in the import pathway.

Materials and Methods

Strains

Wild-type strain D273-10B (Sherman, 1964), and KRR146 (Ryan et al.,
1998), a tim23::URA3 leu2 trpl cyh2 strain carrying TIM23 on a TRPI-
CYH?2 plasmid, pKR1, have been described. The tim8A strain YRJ1203
and tim13A strain YRJ1204, in which the TIM8 or TIM13 open reading
frame was replaced by the yeast HIS3 gene, were constructed in strain
FY833 (Brachmann et al., 1998) using the procedure of Lorenz et al.
(1995). tim8A tim13A strain YRJ1205 and TIM8 TIMI3 strain YRJ1206
were constructed by crossing strain YRJ1203 to YRJ1204. Standard yeast
media and genetic techniques were used (Kaiser et al., 1994).

Plasmids

SP6-TIM23 plasmid pJE29 (Ryan et al., 1998), which expresses Tim23pg,
pADG67 (Davis et al., 1998), which expresses LIL3neut behind the SP6
promoter, pKR35 (Ryan et al., 1998), which expresses the Tim23A2-94
protein from the SP6 promoter, pJE50 (Emtage and Jensen, 1993), which
expresses wild-type Tim23p in yeast, and pKR15 (Ryan et al., 1998),
which expresses Tim23A2-94 in yeast, have been described. pPGEM4Z-
AAC2, a plasmid which expresses the Saccharomyces cerevisiae Aac2 pro-
tein from the SP6 promoter, was a gift from N. Pfanner (University of
Freiburg, Freiburg, Germany).

pAD103, a plasmid which expresses the Tim23A2-50 protein from the
SP6 promoter, was created using PCR and oligos 98 (5'-AACAGCTA-
TGACCATG-3') and 387 (5-GGAGCGGCCGCCATGTCGACAC-
CGC-3') from the TIM23 plasmid pJK2. The PCR fragment was digested
with Notl and Sacll and inserted into pKR35, creating pAD103.
Tim23A2-50p consists of MGGR, followed by amino acids 52-222 of
Tim23p. pAD105, a CEN6-LEU2 plasmid which expresses Tim23A2-50p
in yeast, was made by inserting a NotI-Ncol fragment from pAD103 into
pJES.

pAD104, which contains the Tim23A51-94 protein behind the SP6 pro-
moter, was created using template pJK2 and oligos 11 (5'-CGATTTAG-
GTGACACTATAG-3') and 388 (5'-CCGCGGCCGCCTCCACCAG-
GACCTG-3'). The PCR fragment was digested with Notl and HindIII
and inserted into pKR35, creating pAD104. Tim23A51-94p consists of
amino acids 1-50, followed by GGR, followed by amino acids 95-222 of
Tim23p. pAD106, which contains Tim23A51-94, was made by inserting a
Bsu36I-Ncol-digested fragment of pAD104 into pAD74 (Davis et al.,
1998).

pADI108, which contains the Tim23A2-24 protein behind the SP6 pro-
moter, was created using oligos 98 and 396 (5'-GGGGGCGGCCG-
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CAAGCCTAAGGAACTATCG-3') and pJK2. The PCR fragment was
digested with NotlI and Sacll and inserted into pKR35, creating pAD108.
Tim23A2-24p consists of Met, followed by GGR, followed by amino acids
25-222 of Tim23p. pAD109, which contains Tim23A2-24, was made by in-
serting a NotI-Ncol fragment from pAD108 into pJES.

pAD110, which expresses the Tim23A2-24,A75-94 protein from the SP6
promoter, was created using oligos 399 (5'-GGGGCGGCCGCCTTCT-
TCCAGATCTAAATAC-3") and 11 and pAD108. The PCR fragment
was digested with NotI and inserted into pKR35, creating pAD110. The
Tim23A2-24,A75-94 protein consists of Met, followed by GGR, followed
by amino acids 25-75, followed by GGR, followed by amino acids 95-222
of Tim23p. pAD111, which contains the Tim23A2-24,A75-94 protein, was
created by inserting an Xbal-Ncol fragment from pAD110 into pAD109.

pAD112, which expresses the Tim23N-Aac2 protein from the SP6 pro-
moter, was created by first engineering a NotI site in front of the sec-
ond codon of Aac2p using oligos 99 (5'-AATACGACTCACTATAG-3')
and 400 (5'-CCCGGCGGCCGCTCTTCCAACGCCCAAGTC-3') and
pGEM4Z-AAC2. The PCR product was digested with NotlI and the NotI
blunt fragment was inserted into the NotI-Pvull-digested pKR14 (Ryan
et al., 1998), an SP6 plasmid which encodes the Tim23p NH, terminus fol-
lowed by an NotlI site. The Tim23N-Aac2 fusion protein contains the first
96 amino acids of Tim23p, followed by GGR, and then followed by resi-
dues 2-318 of the Aac2 protein.

Imports into Isolated Mitochondria

Mitochondria were isolated as previously described (Daum et al., 1982).
Precursor proteins were synthesized in reticulocyte lysate (Promega) us-
ing 1.5 mCi/ml (1,000 Ci/mmol) [**S]methionine. 5 wl of precursor protein
was incubated with 100 pg of mitochondria in 100 wl import buffer (0.6 M
sorbitol, 50 mM Hepes-KOH, 25 mM KCl, 10 mM magnesium chloride, 2
mM potassium phosphate, 0.5 mM EDTA, 2 mM ATP, 2 mM NADH,
and 1 mg/ml BSA, pH 7.4) at 30°C for 20 min and stopped on ice as previ-
ously described (Davis et al., 1998). As indicated, intact mitochondria, or
mitochondria whose outer membrane was disrupted by osmotic shock
(mitoplasts; Davis et al., 1998), were treated with 50 pug/ml proteinase K
(Sigma Chemical Co.) for 20 min on ice, followed by the addition of 1 mM
PMSF (Sigma Chemical Co.). To generate translocation intermediates,
the mitochondrial inner membrane potential was dissipated by the addi-
tion of 40 uM carbonyl cyanide m-chlorophenylhydrazone (CCCP; Sigma
Chemical Co.) to mitochondria in import buffer lacking NADH before
the addition of precursors. To chase translocation intermediates, CCCP
was removed from reactions by washing mitochondria twice in import
buffer containing 20 mg/ml BSA as previously described (Hines et al.,
1990). After SDS-PAGE, *S-labeled proteins were detected by fluorogra-
phy (Bonner and Laskey, 1974) or phosphorimaging (model Storm 860;
Molecular Dynamics). Quantification was performed using ImageQuant
software version 1.2 (Molecular Dynamics Corp.).

Chemical Cross-linking and Immunoprecipitation

After import, mitochondria were treated with proteinase K, reisolated by
centrifugation through a 1-ml sucrose cushion (0.625 M sucrose, 20 mM
Hepes-KOH, pH 7.4) and treated with succinimidyl 4-(p-maleimidophe-
nyl)butyrate (SMPB; Pierce Chemical Co.) or dithiobis(succinimidyl pro-
pionate) (DSP; Pierce Chemical Co.) as previously described (Ryan et al.,
1998), except that the final cross-linker concentrations were 400 pM. Mi-
tochondrial pellets were analyzed by SDS-PAGE. Alternatively, after
cross-linking reactions, mitochondrial pellets were solubilized in SDS-con-
taining buffer and immunoprecipitated as previously described (Ryan et
al., 1998), with the following modifications. Solubilized mitochondria (100
wl) were diluted with 1 ml TNET (20 mM Tris-HCI, pH 7.5, 150 mM NaCl,
5 mM EDTA, 1% [vol/vol] Triton X-100), centrifuged at 14,000 g for 10
min, and then 40 pl of a 1:1 slurry of protein A-Sepharose beads (Sigma
Chemical Co.) in TNET were added to the supernatant. After 30 min at
4°C with rocking, beads were removed by centrifugation for 2 min at
14,000 g. Supernatants were transferred to new tubes containing either 10
wl of antiserum to Tim1Op, or 20 pl of antiserum to Tim8p, Tim9p,
Tim12p, Tim13p, Tim22p (Kerscher et al., 1997), and Tim54p (Kerscher et
al., 1997).

Antibody Production

To raise antiserum to Tim10p and Tim12p, the complete open reading
frame of each gene was PCR amplified from yeast genomic DNA and in-
serted into pMAL-cRI (New England Biolabs) as described previously
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(Sirrenberg et al., 1998). The MBP-Tim10p or MBP-Tim12p fusion pro-
teins were expressed in DHS5a bacteria, and crude protein homogenates
were isolated as per the manufacturer’s instructions. For Tim8p, Tim9p,
and Tim13p, each open reading frame was PCR-amplified and inserted
into the SapIl-EcoRI sites of pTYB11 (New England Biolabs). Intein-
Tim8p, Intein-Tim9p, and Intein-Tim13p fusion proteins were expressed
in Escherichia coli strain ER2566 (New England Biolabs), and the inclu-
sion bodies were purified as per the manufacturer’s instructions. Proteins
were purified by SDS-PAGE, stained with Coomassie blue R-250, and the
bands containing the fusion proteins were excised. Gel slices were frozen
in liquid nitrogen, ground in a mortar and pestle, and lyophilized. Injec-
tion of antigens into rabbits and the collection of antiserum were per-
formed by Covance, Inc. Specificity of antisera to each Tim protein was
determined by immunoprecipitation of in vitro translated, 3°S-labeled pro-
teins in the presence of excess cold mitochondrial proteins (see Table I).

Results

A Tim23p Translocation Intermediate Cross-links to
Two Small Proteins

Tim23p is a 23-kD protein anchored in the IM by four
transmembrane segments, with an ~10-kD hydrophilic,
NH,-terminal domain facing the intermembrane space.
When 33S-labeled Tim23p was incubated with isolated mi-
tochondria, Tim23p was imported across the mitochon-
drial outer membrane and protected from externally
added protease (Fig. 1 A, lane 1). When the mitochondrial
OM was disrupted by osmotic shock, a ~12-kD fragment
of Tim23p, diagnostic for its insertion in the IM (Davis et
al., 1998; Ryan et al., 1998), was generated by protease
treatment (Fig. 1 A, lane 2). When 3>S-labeled Tim23p was
incubated with mitochondria whose membrane potential
was dissipated with CCCP (—AW), Tim23p was imported
across the mitochondrial OM and protected from exter-
nally added protease (Fig. 1 A, lane 3), but was not in-
serted into the IM. When the mitochondrial OM was
disrupted by osmotic shock, no protease fragment of
Tim23p was generated (Fig. 1 A, lane 4). When the mem-
brane potential was restored by washing out the CCCP
(=AW chase), most of the Tim23p transported across the
outer membrane in the absence of potential (Fig. 1 A, lane
5) was now inserted in the IM. The 12-kD Tim23p frag-
ment was now readily formed after protease treatment of
mitoplasts (Fig. 1 A, lane 6). Thus, in the absence of the
membrane potential, Tim23p forms a productive translo-
cation intermediate located inside the mitochondrial OM,
before its insertion into the IM. Consistent with previous
studies (Koehler et al., 1998b; Sirrenberg et al., 1998; Ryan
et al., 1999), we also find that the ADP-ATP carrier pro-
tein, Aac2p, forms a translocation intermediate in a loca-
tion seemingly identical to that of the Tim23p intermedi-
ate when imported into mitochondria lacking a membrane
potential (Davis, A., unpublished observations).

To identify proteins in close proximity to Tim23p during
its import into mitochondria, we used a chemical cross-
linking approach. 3S-labeled Tim23p was incubated with
isolated mitochondria, either in the presence (+AW) or
absence (—AV) of a membrane potential, and then treated
with DSP (a lysine to lysine cross-linker) or SMPB (a
lysine to cysteine cross-linker). In the presence of A¥, we
observed an abundant Tim23p-containing cross-linked
product of ~55 kD with either DSP or SMPB that was not
seen in the absence of cross-linker (Fig. 1 B, compare
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Figure 1. A Tim23p translocation intermediate cross-links to two
small proteins. (A) 3S-labeled Tim23p was incubated for 10 min
with fully energized mitochondria (+AW¥) or mitochondria whose
membrane potential was dissipated by pretreatment with CCCP
(—AW). In half of the CCCP-treated samples, the IM potential
was reestablished by washing out the CCCP, followed by an addi-
tional 10-min incubation (—AW,chase). Samples were either di-
rectly treated with proteinase K or were digested with protease
after the outer membrane was disrupted by osmotic shock (O.S.).
Samples were pelleted and analyzed by SDS-PAGE and fluorog-
raphy. Arrow denotes the ~12-kD protease-protected fragment
in mitoplasts, which is indicative of Tim23p insertion into the IM.
The location of the Tim23p precursor is indicated by p. (B) 3S-
labeled Tim23p or Aac2p were imported into mitochondria in
the presence (+AW) or absence (—AW) of an IM potential and
treated with the cross-linkers DSP or SMPB, or no cross-linker
(—=XL). Samples were analyzed by SDS-PAGE and fluorogra-
phy. Black arrowheads identify cross-links found primarily under
—AW conditions; the open arrowhead identifies the primary
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lanes 2 and 3 to lane 1). This cross-linked material was pre-
sumed to be a Tim23p-Tim23p dimer (Bauer et al., 1996),
and was not studied further. However, in the absence of
membrane potential, we found very little of the 55-kD
cross-link and instead, saw a prominent Tim23p-contain-
ing cross-linked product of ~31 kD with DSP (Fig. 1 B,
lane 5). With SMPB, we found a major cross-link of ~36
kD (Fig. 1 B, lane 6). In comparison to Tim23p, we ob-
served that Aac2p forms an abundant cross-link of ~40
kD with both cross-linkers when imported into mitochon-
dria lacking AW (Fig. 1 B, lanes 11 and 12).

The 31- and 36-kD products represent cross-links to a
Tim23p translocation intermediate, because they were not
detected when the Tim23p intermediate was chased into
the IM. As shown in Fig. 1 C, if the membrane potential
was restored before adding cross-linkers, the 31- and 36-
kD Tim23p-containing cross-links seen in the absence of
IM potential (Fig. 1 C, lanes 5 and 6) were absent; instead,
we saw either no cross-links (Fig. 1 C, lane 9) or an ~55-
kD product (Fig. 1 C, lane 8). The cross-linking pattern
seen in our chase experiments looked very similar to those
seen when Tim23p was imported into fully energized mito-
chondria (Fig. 1 C, lanes 2 and 3).

The Tim23p Translocation Intermediate Cross-links to
Tim8p and Tim13p

The 31- and 36-kD cross-links suggest that two small pro-
teins (~8 and 13 kD) are in close proximity to Tim23p
when it is imported into mitochondria in the absence of
the IM potential. To identify the Tim23p-interacting pro-
teins, we immune precipitated our cross-linked samples
with various antisera specific for low molecular mass TIM
proteins. For example, the Tim12, Tim10, and Tim9 pro-
teins previously have been shown to interact with Aac2p
during its import into mitochondria (Koehler et al.,
1998a,b; Sirrenberg et al., 1998; Adam et al., 1999; Endres
et al., 1999). Consistent with these results, we found that
the 40-kD cross-link formed after import of Aac2p into
—AW¥ mitochondria was precipitated with antiserum
against either Tim9p or Tim10p (Fig. 2 A). In contrast,
neither of the two abundant cross-links to Tim23p precipi-
tated with Tim9p or Tim10p antiserum (Fig. 2 A). We
found instead that the recently identified Tim8 and Tim13
proteins (Koehler et al., 1999) associated with and cross-
linked to Tim23p. The 36-kD cross-link that formed with
SMPB was efficiently precipitated with antiserum to
Tim13p, while a small amount pelleted with Tim8p antise-
rum. The 31-kD DSP cross-link was efficiently precipi-
tated with antiserum to Tim8p and, to a lesser degree, by
Tim13p antiserum. On the other hand, the cross-linked

cross-link found under +AW conditions. The location of the
Tim23p or Aac2p precursor is indicated by p. The migration of
the molecular mass standards that were run in adjacent lanes is
shown. (C) Tim23p was imported for 10 min into mitochondria
pretreated (—AW) or untreated (+AW) with CCCP. In aliquots of
the —AW reactions, the IM potential was restored by washing out
the CCCP, followed by another 10-min incubation (—AW, chase).
Samples were treated with DSP, SMPB, or no cross-linker
(—XL) and analyzed.
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Figure 2. The Tim23p intermediate cross-links to Tim8p and
Tim13p. (A) ¥S-labeled Tim23p or Aac2p was imported into mi-
tochondria pretreated with CCCP and cross-linked with DSP and
SMPB as described above. Mitochondria (50 pg) were subjected
to SDS-PAGE (total XL). Aliquots containing 200 pg of mito-
chondria were solubilized, immunoprecipitated with antisera to
Tim8p, Tim9p, Tim10p, or Tim13p, and then analyzed by SDS-
PAGE and phosphorimaging. The location of the unmodified
Tim23p or Aac2p precursor is indicated as p. Black arrowheads
identify cross-links formed under —AW conditions. (B) Mito-
chondria isolated from wild-type (WT), tim8A or timI3A cells
were pretreated with CCCP and incubated with 3S-labeled
Tim23p or Aac2p for 10 min. Samples were treated with DSP or
SMPB and analyzed. Black arrowheads identify cross-links. (C)
Tim23p was imported into mitochondria, treated with SMPB,
and immune precipitated as described above. Phosphorimages
were quantified, and the cross-links to Tim23p (black bars) are
shown. The amount of Tim23p imported and protease-protected
in the absence of SMPB was set to 100%. Values shown are the
average of eight separate experiments, and error bars indicate
the SD from the mean. (D) Mitochondria isolated from wild-type
(WT) or tim8A tim13A (AA) cells were pretreated with CCCP, in-
cubated with Tim23p for 20 min, and cross-linked with SMPB or
no cross-linker (—XL). Mitochondria (30 pg) were subjected to
SDS-PAGE (—XL or SMPB). Aliquots containing 300 g of mi-
tochondria were solubilized, immunoprecipitated with antisera to
Tim8p, Tim9p, Tim10p, and Tim13p, and analyzed by SDS-
PAGE and phosphorimaging.
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Table 1. Antiserum Specificity for the Small Tim Proteins

Radiolabeled protein
Antisera *S-Tim8p ®S-Tim9p *S-Tim10p *STim13p
Preimmune 0.06 0.22 0.04 <0.01
a-Tim8p 29.4 0.16 <0.01 0.01
a-Tim9p 0.10 11.75 0.22 0.01
a-Tim10p 0.03 0.21 38.6 0.01
a-Timi2p 0.02 0.01 0.14 <0.01
a-Tim13p 0.01 0.01 0.02 174

5 ul of 3Slabeled Tim8p, Tim9p, Tim10p, or Tim13p was added to 100 pg of
mitochondriaand solubilized in 100 .l boiling buffer. Samples were incubated at 95°C
for 5min, diluted with 1 ml TNET, and immunoprecipitated as described in Materials
and Methods with the indicated antiserum. Values shown are the percentage of total
TIM protein added to each reaction that was precipitated with the corresponding
antiserum.

material containing Aac2p, was not precipitated by either
Tim8p or Tim13p antiserum (Fig. 2 A).

Supporting our observation that Tim8p and Tim13p in-
teract with Tim23p during its import, the Tim23p-contain-
ing cross-links were dependent on the presence of the
Tim8 and Tim13 proteins. We constructed disruptions in
either the TIM8 or TIM13 genes and, consistent with pre-
vious results (Koehler et al., 1999), we found that both the
Tim8 and Tim13 proteins were absent in either of the two
single gene disruption strains (Davis, A., unpublished ob-
servations). We isolated mitochondria from wild-type
(WT), tim8A, and timI3A strains. When Tim23p was im-
ported into mitochondria lacking IM potential, cross-links
were found only in WT mitochondria (Fig. 2 B). No major
DSP or SMPB cross-links to Tim23p were observed using
mitochondria lacking Tim8p and Tim13p. In contrast,
cross-links to Aac2p were the same in WT, tim8A, and
timl3A mitochondria (Fig. 2 B).

The above results suggest that Tim23p interacts with
Tim8p and Tim13p, but not with Tim9p and Tim10p,
whereas Aac2p interacts only with Tim9p and Tim10p.
However, upon close examination of our gels, we found
that a small but significant fraction of the Tim23p-contain-
ing cross-linked products formed using SMPB was precipi-
tated by antiserum to either Tim9p or Tim10p (Fig. 2 A).
We argue that the minor cross-links of Tim9 and Tim10p
to Tim23p are not the result of cross-reactivity among our
different antisera. Although Tim8p, Tim9p, Tim10p, and
Tim13p are homologous proteins, we found that our anti-
serum to each protein was specific (Table I). Furthermore,
quantification of phosphorimages indicated that while
~3% of Tim23p cross-linked to Tim8p and ~8.5% to
Tim13p, ~0.5% of Tim23p cross-linked to Tim9p and
~0.6% to Tim10p (Fig. 2 C). In precipitations using preim-
mune sera or antiserum to the abundant IM protein, PiC,
Tim23p cross-links to proteins in the 5-15-kD range were
<0.04% (Davis, A., unpublished observations). By com-
parison, ~12% of Aac2p cross-linked to both Tim9 and
Tim10p, and cross-links to Tim8p and Tim13p, were
<0.1% and, thus, not considered to be above background
(Davis, A., unpublished observations). Furthermore, we
find that the cross-links to Tim9p and Tim10p are present
and unchanged after imports into mitochondria isolated
from tim8A tim13A strains, which lack Tim8p and Tim13p
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Figure 3. Tim8p and Tim13p are not essential for the import of
Tim23p. (A) 3S-labeled Tim23p was imported for the indicated
times with mitochondria isolated from wild-type strain YRJ1206
(WT) or tim8A tim13A cells. Samples were treated with protein-
ase K either before (mitos + pK) or after the outer membrane
was disrupted by osmotic shock (mitoplasts + pK), and were ana-
lyzed by SDS-PAGE and phosphorimaging. Arrowhead denotes
the ~12-kD protease-protected fragment of Tim23p that has
been fully integrated into the IM. (B) Quantification of Tim23p
after import into WT or tim8A timl13A mitochondria. The per-
centage of Tim23p imported into a protease-protected location in
mitochondria or the percentage of the ~12-kD fragment pro-
duced by protease digestion of mitoplasts is shown for WT (black
bars) and tim8A tim13A (white bars). The amount of Tim23p im-
ported into W7 mitochondria at the 10-min time point was set at
100%. Values shown are the average of three separate experi-
ments, and error bars indicate the SD from the mean.

(Fig. 2 D). Additional evidence for an interaction between
Tim23p and both Tim9p and Tim10p is described below.

Tim8p and Tim13p Are Not Essential for the Import
of Tim23p

To further define the function of Tim8p and Tim13p, we
isolated mitochondria from wild-type (WT) cells and a
strain disrupted for both the TIM8 and TIMI3 genes
(tim8A timI3A) and examined their ability to import
Tim23p. We found no significant difference in the import
of Tim23p into WT or tim8A timI3A mitochondria (Fig. 3
A). Similar amounts of Tim23p were imported and pro-
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Figure 4. The Tim8p-Tim13p complex binds to the NH, termi-
nus of Tim23p. (A) Tim23A2-94, a Tim23p construct lacking its
first 94 residues, no longer cross-links to Tim8p and Tim13p. Top
panel shows a schematic representation of the Tim23 protein and
the Tim23A2-94 construct. The numbered rectangles represent
the membrane-spanning segments within Tim23p. Small numbers
above the figures correspond to amino acid numbers within
Tim23p. In the bottom panel, 3S-labeled Tim23A2-94 was im-
ported into mitochondria lacking IM potential and treated with
SMPB or no cross-linker (—XL). An aliquot of mitochondria (50
ng) was pelleted (SMPB or —XL). Aliquots containing 200 pg of
mitochondria were solubilized, immunoprecipitated with antise-
rum to either Tim8p, Tim9p, Tim10p, or Tim13p, and then ana-
lyzed by SDS-PAGE and phosphorimaging. Black arrowhead
identifies cross-links. (B) Fusion of the Tim23p NH,-terminal do-
main to Aac2p recruits Tim8p and Tim13p binding. The top
panel shows schematic representations of the Aac2 protein and
Tim23N-Aac2 fusion protein. The numbered rectangles corre-
spond to membrane-spanning segments within Aac2p. Small
numbers above the black figure correspond to the amino acid
number of Aac2p. The white rectangle represents residues 1-96
of the Tim23p NH, terminus. In the bottom panel, 3°S-labeled
Aac2p and Tim23N-Aac2p were imported into mitochondria in
the absence of a membrane potential, cross-linked with SMPB,
immune precipitated, and analyzed as described above. Black ar-
rowheads identify cross-links.

tected from externally added protease after 1, 2, 5, or 10
min incubation with either wild-type or mutant mitochon-
dria (Fig. 3 A, mitos + pK). Quantification of three inde-
pendent time course experiments indicated that the im-
port of Tim23p into tim8A timI3A mitochondria was at
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with proteinase K or the outer membrane was
disrupted by osmotic shock (O.S.) before pro-
tease treatment. Samples were pelleted and ana-
lyzed by SDS-PAGE and fluorography. Arrow-
heads denote the ~12-kD protease-protected
fragment of Tim23p, which is indicative of its in-
sertion into the IM. The ¥S-labeled Tim23 and
Tim23A2-24 proteins (C), the Tim23A50 and
Tim23A51-94 proteins (D), and the Tim23A24,

A75-94 protein (E) were imported into the mitochondria in the absence of IM potential and treated with SMPB or no cross-linker
(—XL). Mitochondria (50 pg) were subjected to SDS-PAGE and phosphorimaging (—XL or SMPB). Aliquots containing 200 g of mi-
tochondria were solubilized, immunoprecipitated with antiserum to Tim8p, Tim9p, Tim10p, or Tim13p, and then analyzed. p indicates

the location of the Tim23p precursor.

most 25-35% reduced compared with import into wild-
type mitochondria (Fig. 3 B, mitos + pK). In addition, we
saw no notable difference in the insertion of Tim23p into
the IM. The rate of appearance of an ~12-kD fragment af-
ter treatment of mitoplasts with protease was virtually
identical in WT or tim8A tim13A mitochondria (Fig. 3, A
and B, mitoplasts + pK). We conclude that although Tim8
and Tim13 proteins efficiently cross-link to Tim23p, nei-
ther protein is essential for Tim23p import into isolated
mitochondria.

Tim8p and Tim13p Cross-link to the Hydrophilic
Tim23p NH, Terminus

To determine where the Tim8 and Tim13 proteins bind
within Tim23p, we examined the import of different
Tim23p constructs. As shown previously, all of the infor-
mation required to import Tim23p into isolated mitochon-
dria is carried in the COOH-terminal half of the protein
(Davis et al., 1998). Therefore, we imported Tim23A2-94,
which lacks the first 94 residues of Tim23p, into mitochon-
dria in the absence of an IM potential, and added the
cross-linker SMPB. Immune precipitations showed that
Tim23A2-94 cross-linked to both Tim9p and Tim10p, but
no detectable cross-links to Tim8p and Tim13p were
formed (Fig. 4 A). Our results indicate that the NH,-ter-
minal region of the Tim23 protein is required for interac-
tions with Tim8p and Tim13p, whereas Tim9p and Tim10p
interact with the COOH terminus of Tim23p.

To determine whether the Tim23p NH,-terminal do-
main is sufficient for Tim8p and Tim13p binding, we con-
structed a fusion protein between the NH,-terminal region
of Tim23p and Aac2p, a protein that does not normally in-
teract with the Tim8p-Tim13p complex. As shown in Fig.
4 B, we imported the Tim23N-Aac2p fusion construct, as
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well as Aac2p, into mitochondria in the absence of IM po-
tential. After cross-linking with SMPB and immune pre-
cipitation, we find cross-links between Tim23N-Aac2p
and Tim8p, Tim9p, Tim10p, and Tim13p. In contrast,
Aac2p only formed significant cross-links to Tim9p and
Tim10p. Quantification of phosphorimages showed simi-
lar amounts of cross-linking of Tim9p and Tim10p to
both Aac2p and Tim23N-Aac2p, but only Tim23N-Aac2
showed cross-links to Tim8p and Tim13p above back-
ground levels. Therefore, our results suggest that the
Tim8p-Tim13p complex interacts with the NH,-terminal
domain of Tim23p.

Tim8p and Tim13p Cross-link to the Tim23p NH,
Terminus between Amino Acids 25 and 75

To identify where in the NH,-terminal region of Tim23p
that Tim8p and Tim13p bind, we constructed additional
deletions within the Tim23 protein and examined their
ability to cross-link to the small TIM proteins. For ex-
ample, as shown in Fig. 5 A, we deleted either the first
half (Tim23A2-50) or the second half (Tim23A51-94) of
the Tim23p NH, terminus. When %S-labeled Tim23p,
Tim23A2-50, or Tim23A51-94 were incubated with isolated
mitochondria, all three proteins were imported across the
mitochondrial outer membrane and inserted into the IM
(Fig. 5 B). When the mitochondrial outer membrane was
disrupted by osmotic shock, an ~12-kD membrane-embed-
ded fragment was generated by protease treatment with
each protein. In the absence of IM potential (—AW),
Tim23p, Tim23A2-50, or Tim23A51-94 were imported
across the mitochondrial outer membrane and protected
from externally added protease, but none were inserted
into the IM. Unlike Tim23p, after import into —AW mito-
chondria, neither Tim23A2-50 nor Tim23A51-94 cross-
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TableIl. Analysis of Tim23p Deletion Constructsin
tim23:: URA3 Yeast Cells

YEPD

YEPgly/eth

24°C  30°C 34°C 37°C 24°C 30°C 34°C 37°C

Vector - - - - - - - -
TIM23 +++ +++ +++ +++ A+ A A+
23A2-24 - - - - - - - -
23A2-50 +++ +++ +++ +++ ++ ++ + -
23A51-94 + + - - - - - -
23A2-24,75-94 + + - - - - - -
23A2-94 - - - - - - - -

Plasmids expressing wild-type Tim23p (pJE5S0) or the del etion constructs Tim23A2-24
(PAD109), Tim23A2-50 (pAD105), Tim23A51-94 (pAD106), Tim23A2-24,75-94
(pPAD111), or Tim23A2-94 (pKR15) were transformed into tim23::URA3 trpl leu2
cyh2 strain KRR146, which contains the TIM23-TRP1-CYH2 plasmid pKR1 (Ryan et
al., 1998). Leu* transformants were patched onto SD medium lacking leucine, replica-
plated onto Y EPD or Y EPgly/eth plates containing 10 mg/l cycloheximideto detect the
loss of pKR1, and allowed to grow at 24, 30, 34, or 37°C for 3 d. Wild-type growth
(+++), intermediate growth (++ or +), or no growth (—) isindicated.

linked to Tim8p and Timl13p, and only cross-links to
Tim9p and Tim10p were seen (Fig. 5 D). Quantification of
the phosphorimages showed that cross-linking to Tim8p
and Tim13p was reduced at least 12-fold for the Tim23A2-
50 construct as compared with wild-type Tim23p, and was
undetectable for the Tim23A51-94 protein. Our results
suggested that the Tim8p and Tim13p binding site may
span the middle portion of the Tim23p NH,-terminal.

To test this possibility, we constructed two additional
Tim23p derivatives, Tim23A2-24, which lacks the first 24
amino acids of Tim23p, and Tim23A2-24,A75-94, which
lacks residues 2-24 and residues 75-94 (Fig. 5 A). In the
presence of membrane potential, both proteins were effi-
ciently imported into mitochondria and inserted into the
IM (Fig. 5 B). In the absence of a membrane potential,
both Tim23A2-24 and Tim23A2-24,A75-94 could be cross-
linked to Tim8p and Tim13p (Fig. 5, C and E). Tim23A2-
24 formed abundant cross-links to Tim8p and Tim13p,
with lower amounts of cross-linking to Tim9p and Tim10p.
Tim23A2-24,A75-94 cross-links to Tim8p, Tim9p, Tim10p,
and Tim13p with approximately equal efficiencies. There-
fore, our data indicate that the binding site for the Tim8p
and Tim13p lies within amino acids 25-75 of Tim23p. We
note that the amount of Tim8p and Tim13p that cross-link
to Tim23A2-24,A75-94 is less than that to wild-type
Tim23p. Whether Tim23A2-24,A75-94 lacks some of the
Tim8p and Tim13p binding site, or whether the NH,-ter-
minal region of Tim23A2-24,A75-94 is not correctly folded
awaits further studies.

Tim23p is an essential protein for yeast cell viability
(Emtage and Jensen, 1993), and the 9-kD NH,-terminal
domain is required for Tim23p function (Ryan et al.,
1998). Therefore, we tested our different Tim23p con-
structs for their ability to provide Tim23p activity in yeast
cells (Table II). The Tim23A2-24 and Tim23A2-94 proteins
could not rescue the tim23::URA3 disruption on either glu-
cose-containing medium or on glycerol/ethanol medium at
any temperature tested. The Tim23A2-28,A75-94 and
Tim23A51-94 proteins partially rescued the #tim23::URA3
strain, and both strains grew very slowly on glucose-con-
taining medium only at low temperatures. Consistent with
previous studies (Bauer et al., 1996), the Tim23A2-50
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protein provided almost wild-type Tim23p function on
glucose medium, and was temperature-sensitive for ac-
tivity on glycerol medium. Interestingly, we found that
Tim23A2-50 did not cross-link to either Tim8p or Tim13p
during its import (Fig. 5 D), again suggesting that Tim23p
import and function is not strictly dependent upon interac-
tion with the Tim8p-Tim13p complex.

The Positively Charged Loops in Tim23p Are Not
Required for Interaction with the Small TIM Proteins

The Tim9 and Tim10 proteins bind to Aac2p during its im-
port into mitochondria (Koehler et al., 1998a,b; Sirrenberg
et al., 1998; Adam et al., 1999; Endres et al., 1999), and it
has been proposed that positively charged amino acids
carried within matrix-facing loops of Aac2p are important
for this interaction (Sirrenberg et al., 1998; Endres et al.,
1999). To examine the role of positive charges in the im-
port of Tim23p, we examined the import of L1L3neut, a
Tim23p construct in which the lysine and arginine residues
in each of its matrix-facing loops, loop L1 and loop L3,
were exchanged for neutral alanine residues (Davis et al.,
1998). We previously showed that L1L3neut is completely
translocated across the mitochondrial outer membrane,
but not inserted into the IM (Davis et al., 1998). After im-
port into mitochondria, we found that DSP and SMPB
treatment generated similar cross-linking profiles with
L1L3neut (Fig. 6 A) as compared with wild-type Tim23p
(Fig. 1 B). However, in contrast to Tim23p, similar cross-
links to L1L3neut were formed either in the presence
(+AW) or absence (—AW) of IM potential (Fig. 6 A).

Like wild-type Tim23p, the L1L3neut protein cross-
linked efficiently to Tim8p and Tim13p, and less efficiently
to Tim9p and Tim10p using SMPB (Fig. 6 B). Although
the cross-linking pattern to L1L3neut appeared similar to
Tim23p, we noticed two significant differences. First, we
found that the L1L3neut protein interacted more effi-
ciently with all of the small TIM proteins. Compared with
Tim23p, L1L3neut cross-linked to 7-fold more Tim8p, 3.5-
fold more Tim13p, and 12-fold more Tim9p and Tim10p
(Fig. 6 C). Second, we found high molecular mass cross-
links to L1L3neut, which was not seen using Tim23p (Fig.
6 B, asterisk). These products appear to represent cross-
links between Tim23p and multiple small TIM proteins. A
further indication that Tim9p and Tim10p do not recog-
nize positively charged amino acids in Tim23p, we find
that the Tim23A2-94neut protein, which lacks both the
NH,-terminal segment of Tim23p, and the positive charges
in the matrix-facing loops, formed efficient cross-links to
Tim9p and Tim10p (Fig. 6 D). We conclude that Tim8p,
Tim9p, Tim10p, and Tim13p each bind to the Tim23 pro-
tein during its import, and these interactions do not re-
quire the lysine or arginine residues in the matrix-facing
loops of Tim23p.

Positively Charged Loops of Tim23p Mediate
Interactions with Tim54p, Tim22p, and Tim12p

In the absence of membrane potential, the majority of im-
ported Tim23p is arrested before its insertion into the IM.
However, we noticed that a small amount of Tim23p could
be cross-linked to import components in addition to
Tim8p, Tim9p, Tim10p, and Tim13p. As shown in Fig. 7,
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Figure 6. Cross-linking to Tim8p, Tim9p, Tim10p, and Tim13p
does not require positively charged loops within Tim23p. (A) 3°S-
labeled L1L3neut, a derivative of Tim23p in which the positively
charged amino acids in the matrix-facing loops are replaced by
alanine residues, was imported into mitochondria in the presence
(+AW) or absence (—AWV) of an IM potential. After treatment
with proteinase K, mitochondria were reisolated, incubated with
DSP, or SMPB, or no cross-linker (—XL), and then analyzed by
SDS-PAGE and fluorography. Arrowheads indicate cross-links
to L1L3neut. (B) The Tim23 and L1L3neut proteins were im-
ported into the mitochondria in the absence of IM potential and
treated with SMPB or no cross-linker (—XL). Mitochondria (50
ng) were subjected to SDS-PAGE and fluorography (—XL or
SMPB). Aliquots containing 200 g of mitochondria were solubi-
lized, immunoprecipitated with antiserum to the Tim8p, Tim9p,
Tim10p, or Tim13p, and analyzed by SDS-PAGE and phos-
phorimaging. Arrowheads indicate cross-links to Tim23p and
L1L3neut. Asterisks indicate multiple cross-links to L1L3neut.
(C) The Tim23 and L1L3neut proteins were imported into the
mitochondria, treated with SMPB, and immune precipitated as
described above. Phosphorimages were quantified, and the cross-
links to Tim23p (black bars) and L1L3neut (white bars) are
shown. The amount of Tim23p or L1L3neut imported and pro-
tease-protected in the absence of SMPB was set to 100%. Values
shown are the average of three separate experiments and error
bars indicate the SD from the mean. (D) Tim23A2-94neut, a
Tim23p derivative lacking its first 94 amino acids and in which
the positively charged amino acids in the matrix-facing loops are
replaced by alanine residues, was imported into mitochondria in
the absence of the IM potential. After treatment with proteinase
K, samples were incubated with SMPB or no cross-linker (—XL).
An aliquot (50 pg) of mitochondria was pelleted (SMPB or
—XL). Aliquots containing 200 wg of mitochondria were solubi-
lized, immunoprecipitated with antiserum to Tim8p, Tim9p,
Tim10p, or Tim13p, and analyzed by SDS-PAGE and phos-
phorimaging.

when 3S-labeled Tim23p was imported into mitochondria
in the absence of a membrane potential, treated with
SMPB, and reactions were precipitated with different anti-
sera, we found small amounts of cross-linked products that
were precipitated by antiserum to TimS54p, Tim22p, and
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Figure 7. Positively charged loops within Tim23p are required
for interaction with Tim54p, Tim22p, and Tim12p. **S-labeled
Tim23 and L1L3neut proteins were imported into mitochondria
in the absence of IM potential, treated with proteinase K, and in-
cubated with SMPB or no cross-linker (=XL). An aliquot (25
wg) of the reaction was analyzed directly (SMPB or —XL). Ali-
quots containing 250 pg of mitochondria were solubilized, immu-
noprecipitated with antiserum to Tim9p, Timl1Op, Tim54p,
Tim22p, or Tim12p, and analyzed by SDS-PAGE and phosphor-
imaging. Arrowheads indicate the cross-linked products resulting
from a direct interaction with Tim9p, Tim10p, Tim22p, and
Tim12p. Open arrowhead, bullet, arrow and asterisks indicate
products that result from multiple proteins cross-linking to
Tim23p.

Tim12p. The molecular masses of some of the prod-
ucts were consistent with a single protein cross-linked
to Tim23p (Fig. 7, arrowheads). In particular, Tim9p,
Tim10p, Tim22p, and Tim12p appeared to form single
cross-links to Tim23p. Other products appear to contain
multiple proteins cross-linked to Tim23p. As seen in Fig. 6,
cross-links containing Tim9p or Tim10p and an additional
small Tim protein are apparent (Fig. 7, asterisks). A prod-
uct of ~110 kD appears to contain Tim10p, Tim54p, and
Tim22p since a similar sized cross-link comigrates in pre-
cipitations with all three antisera (Fig. 7, open arrowhead).
Another cross-link of ~90 kD appears to contain both
Tim54p and Tim10p (Fig. 7, see bullet). In addition, we see
a product of ~105 kD that contains at least Tim22p (Fig. 7,
arrow). We also found that Aac2p imported into —AW mi-
tochondria forms high molecular mass cross-links that pre-
cipitate with Tim54p, Tim22p, Tim10p, and Tim9p anti-
sera, very similar to those seen with Tim23p (Davis, A.,
unpublished observations).

Cross-linking to Tim54p, Tim22p, and Tim12p is depen-
dent upon the positively charged loops within Tim23p. In
particular, when the L1L3neut protein was imported into
—AW mitochondria, treated with SMPB, and immune pre-
cipitated, cross-links to Tim54p, Tim22p, and Tim12p were
not observed, and only the cross-links to Tim9p and
Tim10p remained. Thus, the positively charged loops of
Tim23p, which are necessary for the insertion of Tim23p
into the IM (Davis et al., 1998), are required for interac-
tion with components of the IM insertion machinery.

Discussion

During its import into mitochondria, Tim23p interacts
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with two different intermembrane space TIM complexes,
Tim8p-Tim13p and Tim9p-Timl1Op. In the absence of
membrane potential, imported Tim23p was arrested at a
point after complete translocation across the outer mem-
brane, but before insertion into the IM. Using chemical
cross-linking we found that Tim8p, Tim9p, Tim10p, and
Tim13p all interacted with Tim23p at this stage of the im-
port pathway. However, the small TIM complexes recog-
nized different domains of Tim23p. Tim8p and Tim13p
cross-linked to the Tim23p hydrophilic NH,-terminal re-
gion, whereas the Tim9-Tim10p complex cross-linked to
the COOH-terminal domain.

We previously showed that Tim23p contains separate
and distinct signals for its import into the mitochondria
(Davis et al., 1998). Information carried within the first
and the fourth transmembrane segments of Tim23p is re-
quired for translocation across the mitochondrial outer
membrane, and positively charged residues located in the
two matrix-facing loops of Tim23p are required for inser-
tion into the IM. We find that Tim9p and Tim10p interact
with the COOH-terminal hydrophobic domain of Tim23p,
raising the possibility that the Tim9p-Tim10p complex
plays a critical role in the translocation of Tim23p across
the outer membrane and its subsequent insertion into the
IM. We speculate that Tim9p and Tim10p recognize the
targeting information carried within transmembrane seg-
ments one and four. Supporting this idea, we find that the
positively charged loops of Tim23p are not required for
Tim9-Tim10p interaction. Furthermore, derivatives of
Tim23p devoid of all lysine residues form cross-links
to Tim9p and Tim1Op using SMPB, a lysine-cysteine
cross-linker, but not with DSP, a lysine-lysine cross-linker
(Davis, A., unpublished observations). We argue that
SMPB is reacting with one of the three cysteine residues in
Tim23p, one located in the first transmembrane segment,
and the other two located in transmembrane segment four.
Experiments to directly test this prediction are in progress.

It has been proposed that during the import of Aac2p
and other members of the mitochondrial carrier family,
Tim9p and Tim10p recognize a conserved motif in one or
more of the matrix-facing loops of the imported IM pro-
tein (Sirrenberg et al., 1998; Endres et al., 1999). These
so-called carrier motifs include a number of positively
charged amino acids. Tim23p, Tim22p, and Tim17p lack
the carrier motif but, nonetheless, each protein interacts
with the Tim9p-Tim10p complex during their import (Fig.
2 and Figs. 4-6; Leuenberger et al., 1999; Davis, A., un-
published observations). We now find that L1L3neut, a
derivative of Tim23p which lacks the positively charged
residues in loops L1 and L3, was efficiently translocated
across the outer membrane and cross-linked to Tim9p and
Tim10p. Thus, Tim9p and Tim10p must recognize struc-
tural features or properties of Tim23p other than the posi-
tive charges in its matrix-facing loops. It remains to be
seen whether there is a common site on IM proteins for
recognition by Tim9p and Tim10p.

Although the basic residues within the loops of Tim23p
are not required for interaction with Tim9p and Tim10p,
these residues appear to be important for interaction with
Tim54p, Tim22p, and Tim12p. In the absence of a mem-
brane potential, Tim23p is arrested in its import before in-
sertion into the IM, but appears to interact with compo-
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nents of the inner membrane insertion machinery, because
Tim23p can be cross-linked to Tim54p, Tim22p, and
Tim12p with low efficiency. In contrast, Tim23p lacking
lysines and arginines within loops L1 and L3 does not de-
tectably cross-link to Tim54p, Tim22p, or Tim12p. Instead,
these constructs cross-link more efficiently to Tim9p and
Tim10p, suggesting that in the absence of the positive
charges, more Tim23p molecules are trapped at the
Tim9p-Tim10p—dependent step. Although we previously
showed that the positively charged loops of Tim23p are re-
quired for insertion into the IM (Davis et al., 1998), it is
not clear how the lysine and arginine residues are recog-
nized by Tim54p, Tim22p, and/or Tim12p to facilitate in-
sertion.

If Tim9p and Tim1Op are required for the import of
both Tim23p and Aac2p, then why does the Tim9p-—
Tim10p complex appear to form more abundant cross-
links to Aac2p than to Tim23p. The observed differences
between Tim23p and Aac2p cross-linking could reflect the
extent of complex formation, but could also result from
differences in the relative positions of the residues in-
volved in forming the cross-link (e.g., even a subtle confor-
mational change could separate two lysines, or a lysine and
a cysteine, sufficiently to eliminate their cross-linking). Al-
ternatively, it is possible that the Tim23p and Aac2p trans-
location intermediates are at slightly different positions in
the import pathway. Furthermore, although Tim23p and
Aac2p both utilize the TIM22 translocon for their inser-
tion into the IM, they may rely on subsets of the transloca-
tion machinery. Supporting this possibility, #im9, timl0,
timl12, and tim22 mutants show reduced steady state levels
of Aac2p, but normal levels of Tim23p (Sirrenberg et al.,
1996, 1998; Koehler et al., 1998b, 1999, 2000).

Consistent with previous studies (Leuenberger et al.,
1999), we find that Tim23p interacts with Tim8p and
Tim13p during its import. The Tim8p-Tim13p complex is
proposed to be required for the transport of one set of
membrane proteins, such as Tim23p, whereas Tim9p—
Tim10p mediates the transport of other IM proteins, such
as Aac2p (Leuenberger et al., 1999). Supporting this idea,
we found that Tim23p forms abundant cross-links to
Tim8p and Tim13p, whereas Aac2p cross-links primarily
to Tim9p and Tim10p. However, several observations in-
dicate that it is unlikely that the Tim8p-Tim13p complex is
solely responsible for the import of Tim23p. First, Tim23p
is essential for yeast cell viability, yet neither Tim8p nor
Tim13p are essential proteins. Second, mitochondria iso-
lated from yeast strains disrupted for both Tim8p and
Tim13p import Tim23p at nearly wild-type rates. Third,
the Tim8p-Tim13p complex appears to interact with the
NH,-terminal region of Tim23p, which does not carry es-
sential targeting information (Davis et al., 1998; Ryan et
al., 1998). Fourth, we have observed significant cross-link-
ing between Tim23p and both Tim9p and Tim10p. We also
find that Tim8p and Tim13p are not required for a later
step in the insertion of Tim23p into the IM. Tim23p mole-
cules, which are accumulated in the IMS in the absence of
an IM potential, are efficiently chased to the IM in both
wild-type mitochondria and mitochondria isolated from
tim8A timI3A strains (Davis, A., unpublished observa-
tions).

However, it is possible that Tim8p and Tim13p do play
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some role in Tim23p import. For example, Tim23p, in con-
trast to Aac2p, Tim22p, and Tim17p, contains a large hy-
drophilic domain. Tim8p and Tim13p may facilitate the
transport of this hydrophilic segment of Tim23p. We do
observe a small (~25-35%) decrease in the rate of Tim23p
import into tim8A timI3A mitochondria, and tim8A tim13A
strains contain ~50% reduced levels of Tim23p as com-
pared with wild-type (Sepuri, N., unpublished observa-
tions). Also supporting a role for Tim8p and Tim13p in
import, tim8A and tim13A strains exhibit synthetic lethality
with tim10-1 mutants (Koehler et al., 1999). In addition,
tim8A tim13A mitochondria show an altered submitochon-
drial distribution of Tim9p and Tim10p (Koehler et al.,
1999; Sepuri, N., unpublished observations).

Alternatively, it is possible that Tim8p and Tim13p do
not play a direct role in import, but rather play a different
role in the biogenesis of Tim23p. For example, the NH,-
terminal domain of Tim23p has been proposed to func-
tion as a presequence receptor, recognizing precursor pro-
teins after their translocation across the outer membrane
(Emtage and Jensen, 1993; Bauer et al., 1996). In addi-
tion, the NH, terminus of Tim23p mediates the formation
of Tim23p-Tim23p dimers, which apparently blocks the
opening of the Tim23p-Tim17p translocation pore (Bauer
et al., 1996). Perhaps binding of Tim8p and Tim13p to
the NH, terminus of Tim23p prevents either premature
Tim23p dimerization or inappropriate precursor associa-
tion before the assembly of Tim23p into a functional trans-
locon. Further studies are underway to clarify the role of
the Tim8 and Tim13 proteins during the import of Tim23p
and other IM proteins.

We thank Klaus Pfanner for the pPGEM4z-AAC2 plasmid. We also thank
Carolyn Machamer, Kathy Wilson, Hiromi Sesaki, Kara Cerveny, Alyson
Aiken Hobbs, Oliver Kerscher (all from Johns Hopkins University, Balti-
more, MD), and Joe Kelleher (University of Minnesota, Minneapolis,
MN) for comments on the manuscript.

This work was supported United States Public Health Service grants
RO1-GM46803 (to R.E. Jensen) and RO1-GM26494 (to A.E. Johnson), a
National Institutes of Health Predoctoral Training Grant ST32GN07445
(to A.J. Davis), and The Robert A. Welch Foundation (to A.E. Johnson).

Submitted: 13 April 2000
Revised: 2 August 2000
Accepted: 4 August 2000

References

Adam, A., M. Endres, C. Sirrenberg, F. Lottspeich, W. Neupert, and M. Brun-
ner. 1999. Tim9, a new component of the TIM22.54 translocase in mitochon-
dria. EMBO (Eur. Mol. Biol. Organ.) J. 18:313-319.

Bauer, M., C. Sirrenberg, W. Neupert, and M. Brunner. 1996. Role of Tim23 as
voltage sensor and presequence receptor in protein import into mitochon-
dria. Cell. 87:33-41.

Bauer, M.F., S. Hofmann, W. Neupert, and M. Brunner. 2000. Protein translo-
cation into mitochondria: the role of TIM complexes. Trends Cell Biol. 10:
25-31.

Blom, J., P.J.T. Dekker, and M. Meijer. 1995. Functional and physical interac-
tions of components of the mitochondrial inner-membrane import machin-
ery (MIM). Eur. J. Biochem. 232:309-314.

Bonner, W.M., and R.A. Laskey. 1974. A film detection method for tritium-
labeled proteins and nucleic acids in polyacrylamide gels. Eur. J. Biochem.
46:83-88.

Brachmann, C.B., A. Davies, G.J. Cost, E. Caputo, J. Li, P. Hieter, and J.D.
Boeke. 1998. Designer deletion strains from Saccharomyces cerevisiae 288C:
a useful set of strains and plasmids for PCR-mediated gene disruption and
other applications. Yeast. 14:115-132.

Daum, G., P.C. Bohni, and G. Schatz. 1982. Import of proteins into mitochon-
dria. Cytochrome b2 and cytochrome c¢ peroxidase are located in the inter-
membrane space of yeast mitochondria. J. Cell Biol. 257:13028-13033.

Daviset a. Tim23p Import Pathway

Davis, A.J., K.R. Ryan, and R.E. Jensen. 1998. Tim23p contains separate and
distinct signals for targeting to mitochondria and insertion into the inner
membrane. Mol. Biol. Cell. 9:2577-2593.

Dekker, P., P. Keil, J. Rassow, A.C. Maarse, N. Pfanner, and M. Meijer. 1993.
Identification of MIM23, a putative component of the protein import ma-
chinery of the mitochondrial inner membrane. FEBS (Fed. Eur. Biochem.
Soc.) Lett. 330:66-70.

Emtage, J.L.T., and R.E. Jensen. 1993. MAS6 encodes an essential inner mem-
brane component of the yeast mitochondrial import pathway. J. Cell Biol.
122:1003-1012.

Endres, M., W. Neupert, and M. Brunner. 1999. Transport of the ADP/ATP
carrier of mitochondria from the TOM complex to the TIM22.54 complex.
EMBO (Eur. Mol. Biol. Organ.) J. 18:3214-3221.

Folsch, H., B. Gaume, M. Brunner, W. Neupert, and R.A. Stuart. 1998. C- to
N-terminal translocation of preproteins into mitochondria. EMBO (Eur.
Mol. Biol. Organ.) J. 17:6508-6515.

Gratzer, S., T. Lithgow, R.E. Bauer, E. Lamping, F. Paltauf, S.D. Kohlwein, V.
Haucke, T. Junne, G. Schatz, and M. Horst. 1995. Mas37p, a novel receptor
subunit for protein import into mitochondria. J. Cell Biol. 129:25-34.

Hase, T., H. Riezman, K. Suda, and G. Schatz. 1983. Import of proteins into mi-
tochondria: nucleotide sequence of the gene for a 70-kd protein of the yeast
mitochondrial outer membrane. EMBO (Eur. Mol. Biol. Organ.) J. 2:2169—
2172.

Herrmann, J.M., W. Neupert, and R.A. Stuart. 1997. Insertion into the mito-
chondrial inner membrane of a polytopic protein, the nuclear-encoded
Oxalp. EMBO (Eur. Mol. Biol. Organ.) J. 16:2217-2226.

Hill, K., K. Model, M.T. Ryan, K. Dietmeier, F. Martin, R. Wagner, and N.
Pfanner. 1998. Tom40 forms the hydrophilic channel of the mitochondrial
import pore for preproteins. Nature. 395:516-521.

Hines, V., A. Brandt, G. Griffiths, H. Horstmann, H. Brutsch, and G. Schatz.
1990. Protein import into yeast mitochondria is accelerated by the outer
membrane protein MAS70. EMBO (Eur. Mol. Biol. Organ.) J. 9:3191-3200.

Honlinger, A., U. Bomer, A. Alconada, C. Eckerskorn, F. Lottspeich, K. Diet-
meier, and N. Pfanner. 1996. Tom7 modulates the dynamics of the mitochon-
drial outer membrane translocase and plays a pathway-related role in pro-
tein import. EMBO (Eur. Mol. Biol. Organ.) J. 15:2125-2137.

Kaiser, C., S. Michaelis, and A. Mitchell. 1994. Methods in Yeast Genetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY. 17:177 pp.

Kerscher, O., J. Holder, M. Srinivasan, R.S. Leung, and R.E. Jensen. 1997. The
Tim54p-Tim22p complex mediates insertion of proteins into the mitochon-
drial inner membrane. J. Cell Biol. 139:1663-1675.

Kerscher, O., N.B. Sepuri, and R.E. Jensen. 2000. Tim18p is a new component
of the Tim54p-Tim22p translocon in the mitochondrial inner membrane.
Mol. Biol. Cell. 11:103-116.

Kiebler, M., R. Pfaller, T. S6llner, G. Griffiths, H. Horstmann, N. Pfanner, and
W. Neupert. 1990. Identification of a mitochondrial receptor complex re-
quired for recognition and membrane insertion of precursor proteins. Na-
ture. 348:610-616.

Koehler, C.M., E. Jarosch, K. Tokatlidis, K. Schmid, R.J. Schweyen, and G.
Schatz. 1998a. Import of mitochondrial carriers mediated by essential pro-
teins of the intermembrane space. Science. 279:369-373.

Koehler, C.M., S. Merchant, W. Oppliger, K. Schmid, E. Jarosch, L. Dolfini, T.
Junne, G. Schatz, and K. Tokatlidis. 1998b. Tim9p, an essential partner sub-
unit of Tim10p for the import of mitochondrial carrier proteins. EMBO
(Eur. Mol. Biol. Organ.) J. 17:6477-6486.

Koehler, C.M., D. Leuenberger, S. Merchant, A. Renold, T. Junne, and G.
Schatz. 1999. Human deafness dystonia syndrome is a mitochondrial disease.
Proc. Natl. Acad. Sci. USA. 96:2141-2146.

Koehler, C.M., M.P. Murphy, N.A. Bally, D. Leuenberger, W. Oppliger, L.
Dolfini, T. Junne, G. Schatz, and E. Or. 2000. Tim18p, a new subunit of the
TIM22 complex that mediates insertion of imported proteins into the yeast
mitochondrial inner membrane. Mol. Cell. Biol. 20:1187-1193.

Kronidou, N.G., W. Oppliger, L. Bolliger, K. Hannavy, B.S. Glick, G. Schatz,
and M. Horst. 1994. Dynamic interaction between Isp45 and mitochondrial
hsp70 in the protein import system of the yeast mitochondrial inner mem-
brane. Proc. Natl. Acad. Sci. USA. 91:12818-12822.

Kunkele, K.P., S. Heins, M. Dembowski, F.E. Nargang, R. Benz, M. Thieffry, J.
Walz, R. Lill, S. Nussberger, and W. Neupert. 1998a. The preprotein translo-
cation channel of the outer membrane of mitochondria. Cell. 93:1009-1019.

Kunkele, K.P., P. Juin, C. Pompa, F.E. Nargang, J.P. Henry, W. Neupert, R.
Lill, and M. Thieffry. 1998b. The isolated complex of the translocase of the
outer membrane of mitochondria. Characterization of the cation-selective
and voltage-gated preprotein-conducting pore. J. Biol. Chem. 273:31032—
31039.

Kurz, M., H. Martin, J. Rassow, N. Pfanner, and M.T. Ryan. 1999. Biogenesis of
Tim proteins of the mitochondrial carrier import pathway: differential tar-
geting mechanisms and crossing over with the main import pathway. Mol
Biol. Cell. 10:2461-2474.

Leuenberger, D., N.A. Bally, G. Schatz, and C.M. Koehler. 1999. Different im-
port pathways through the mitochondrial intermembrane space for inner
membrane proteins. EMBO (Eur. Mol. Biol. Organ.) J. 18:4816-4822.

Lithgow, T., J.M. Cuezva, and P.A. Silver. 1997. Highways for protein delivery
to the mitochondria. Trends Biochem Sci. 22:110-113.

Lohret, T.A., R.E. Jensen, and K.W. Kinnaly. 1997. Tim23, a protein import
component of the mitochondrial inner membrane, is required for normal ac-

1281



tivity of the multiple conductance channel, MCC. J. Cell Biol. 137:377-386.

Lorenz, M.C., R.S. Muir, E. Lim, J. McElver, S.C. Weber, and J. Heitman. 1995.
Gene disruption with PCR products in Saccharomyces cerevisiae. Gene. 158:
113-117.

Moczko, M., F. Gartner, and N. Pfanner. 1993. The protein import receptor
MOM19 of yeast mitochondria. FEBS (Fed. Eur. Biochem. Soc.) Lett. 326:
251-254.

Pfanner, N., and M. Meijer. 1997. Mitochondrial biogenesis: the Tom and Tim
machine. Curr. Biol. 7:100-103.

Ramage, L., T. Junne, K. Hahne, T. Lithgow, and G. Schatz. 1993. Functional
cooperation of mitochondrial protein import receptors in yeast. EMBO
(Eur. Mol. Biol. Organ.) J. 12:4115-4123.

Rassow, J., A.C. Maarse, E. Krainer, M. Kubrich, H. Muller, M. Meijer, E.A.
Craig, and N. Pfanner. 1994. Mitochondrial protein import: biochemical and
genetic evidence for interaction of matrix Hsp70 and the inner membrane
protein Mim44. J. Cell Biol. 127:1547-1556.

Ryan, M.T., D.J. Naylor, P.B. Hoj, M.S. Clark, and N.J. Hoogenraad. 1997. The
role of molecular chaperones in mitochondrial protein import and folding.
Int Rev Cytol. 174:127-193.

Ryan, K.R., R.S. Leung, and R.E. Jensen. 1998. Characterization of the mito-
chondrial inner membrane translocase complex: the Tim23p hydrophobic
domain interacts with Tim17p but not with other Tim23p molecules. Mol.
Cell. Biol. 18:178-187.

Ryan, M.T., H. Muller, and N. Pfanner. 1999. Functional staging of ADP/ATP
carrier translocation across the outer mitochondrial membrane. J. Biol.
Chem. 274:20619-20627.

Ryan, M.T., R. Wagner, and N. Pfanner. 2000. The transport machinery for the
import of preproteins across the outer mitochondrial membrane. Int. J. Bio-

The Journal of Cell Biology, Volume 150, 2000

chem. Cell Biol. 32:13-21.

Scherer, P.E., U.C. Manning-Krieg, P. Jeno, G. Schatz, and M. Horst. 1992.
Identification of a 45-kDa protein at the protein import site of the yeast mi-
tochondrial inner membrane. Proc. Natl. Acad. Sci. USA. 89:11930-11934.

Schneider, H.-C., J. Berthold, M.F. Bauer, K. Dietmeier, B. Guiard, M. Brun-
ner, and W. Neupert. 1994. Mitochondrial Hsp70/MIM44 complex facilitates
protein import. Nature. 371:768-774.

Sherman, F. 1964. Mutants of yeast deficient in cytochrome c. Genetics. 49:39—
48.

Sirrenberg, C., M.F. Bauer, B. Guiard, W. Neupert, and M. Brunner. 1996. Im-
port of carrier proteins into the mitochondrial inner membrane mediated by
Tim22. Nature. 384:582-585.

Sirrenberg, C., M. Endres, H. Folsch, R.A. Stuart, W. Neupert, and M. Brun-
ner. 1998. Carrier protein import into mitochondria mediated by the inter-
membrane proteins Tim10/Mrs11 and Tim12/Mrs5. Nature. 391:912-915.

Sollner, T., J. Rassow, M. Wiedmann, J. Schlossmann, P. Keil, W. Neupert, and
N. Pfanner. 1992. Mapping of the protein import machinery in the mitochon-
drial outer membrane by crosslinking of translocation intermediates. Nature.
355:84-87.

Steger, H.F., T. Sollner, M. Kiebler, K.A. Dietmeier, R. Pfaller, K.S. Trulzsch,
M. Tropschug, W. Neupert, and N. Pfanner. 1990. Import of ADP/ATP car-
rier into mitochondria: two receptors act in parallel. J. Cell Biol. 111:2353—
2363.

Stuart, R.A., and W. Neupert. 1996. Topogenesis of inner membrane proteins
of mitochondria. Trends Biochem. Sci. 21:261-267.

Ungermann, C., W. Neupert, and D.M. Cyr. 1994. The role of Hsp70 in confer-
ring unidirectionality on protein translocation in mitochondria. Science. 266:
1250-1253.

1282



CORRECTION The Journal of Cell Biology

Davis et al. Vol. 150, No. 6, September 18, 2000. Pages 1271-1282.

Due to a printing error, part of Fig. 4 A was accidently omitted from the figure. The correct ver-
sion appears below.
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