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Chapter 1

General Introduction



1-1. Introduction

Mitochondria are essential organelles in eukaryotic cells and involved in many vital
cellular processes including bioenergetics, apoptosis, and the metabolism of amino acids,
lipids, and Fe/S clusters. Mitochondria are bounded by two biological membranes, the
outer membrane and the inner membrane, that divide two aqueous compartments, the
intermembrane space (IMS), between the outer and inner membranes, and the matrix, which
is the innermost compartment enclosed by the inner membrane. Although mitochondria
contain their own genomic systems and protein synthesis machineries in the matrix, only a
few proteins are encoded by the mitochondrial genome. Thus, a large majority of ~1,000
different mitochondrial proteins are encoded by the nuclear genome, synthesized in the
cytosol, and subsequently imported into mitochondria. Once within the mitochondria, the
imported proteins are sorted to one of the four submitochondrial compartments. Therefore

protein import into mitochondria is an essential process for mitochondrial biogenesis.

1-2. Mitochondrial targeting signals

Nuclear-encoded mitochondrial proteins essentially contain targeting information
within themselves (1). Most mitochondrial proteins are synthesized as precursor proteins
with N-terminal extensions, termed presequences, that contain sufficient targeting
information directing precursor proteins into the matrix (2, 3). Presequences are typically
10-80 amino-acid residues in length and able to form positively charged amphiphilic
a-helices. Once precursor proteins emerge in the matrix, the presequences are
proteolytically cleaved off by the matrix processing peptidase (MPP) as they are not
necessary for protein functions. On the other hand, some other mitochondrial proteins like
polytopic inner-membrane proteins are synthesized without cleavable presequences and
contain targeting information within their mature part as internal signals (4). In contrast to

the presequences, the internal targeting signals are less characterized.



1-3. Translocator of the mitochondrial outer membrane

The complex processes of mitochondrial protein import are mediated by elaborate
systems in mitochondria including the translocator complexes of the outer and inner
membranes. The translocator of the outer mitochondrial membrane (TOM) mediates the
entry of almost all nuclear-encoded mitochondrial proteins (5-8). In yeast Saccharomyces
cerevisiae, the TOM complex consists of at least seven distinct proteins, Tom40, Tom22,
Tom5, Tom6, Tom7, Tom20, and Tom70, with the number of name indicating the
approximate molecular mass in kDa (Figure 1-1) (9). The integral membrane proteins,
Tom?20 and Tom70, which expose the large C-terminal domains to the cytosol, are primary
import receptors for mitochondrial proteins (10-14). Tom20 mainly recognizes
mitochondrial targeting signals present in the N-terminal presequences, whereas Tom70
preferentially interacts with proteins carrying internal targeting signals. Tom20 and Tom70
are peripheral subunits of the TOM complex. The membrane-embedded protein Tom40
constitutes a protein-conducting channel through which mitochondrial proteins traverse the
outer membrane in unfolded conformations (15, 16). The TOM core complex additionally
contains an integral membrane protein Tom22 and three small Tom proteins, Tom5, Tom6,
and Tom7. The N-terminal domain of Tom22, which is exposed to the cytosol and
enriched in negatively charged residues, may well complement the receptor function of
Tom20 as a secondary receptor for presequence-containing precursor proteins by
recognizing the positively charged face of the helical presequence (17). Tom22 also has a
negatively charged C-terminal domain exposing to the IMS and contributes to a
presequence-binding site, termed the trans site, on the IMS side of the outer membrane
(18-20). One of the small Tom proteins, Tom5 mediates the protein transfer from the
import receptors to the Tom40 channel (21). Other small Tom proteins, Tom6 and Tom7
play structural roles in the assembly and stability of the TOM complex. Tom6 promotes

the assembly of the TOM complex, whereas Tom7 appears to have a destabilizing influence



on the TOM complex (22, 23). Among these TOM components, only Tom40 and Tom22

are essential for cell viability, confirming their importance for protein translocation across

the outer membrane.

1-4. Translocator of the mitochondrial inner membrane

The mitochondrial inner membrane contains at least two structurally and
functionally distinct translocator complexes, the TIM23 complex and the TIM22 complex
(Figure 1-1). The TIM23 complex mainly mediates translocation of presequence-
containing precursor proteins across the inner membrane, whereas the TIM22 complex is
required for insertion of presequence-less polytopic membrane proteins into the inner
membrane (5-8).

The TIM23 complex consists of two integral membrane proteins, Tim23 and
Tim17, and a peripheral membrane protein Timd44. The C-terminal region of Tim23 is
embedded in the inner membrane and constitutes a cation-selective protein-conducting
channel, probably in cooperation with Timl7 (24, 25). Tim23 extends the N-terminal
hydrophilic segment to the IMS, which functions as a receptor for presequences (24, 26),
and the extreme N-terminal region of Tim23 is integrated into the outer membrane,
indicating that Tim23 takes an unusual, dual-membrane-spanning topology (27). Tim44 is
peripherally associated with both Tim23 and Tim17 on the matrix side and provides a
membrane-associated anchor for the matrix molecular chaperone Ssclp, a mitochondrial
heat shock protein Hsp70 (mtHsp70), and its cochaperone Ygelp/Mgelp (28,29). Ssclp
and Ygelp function as an import motor that drives protein translocation across the inner
membrane (30-32). Recently, another component of the Tim44-Ssclp-Ygelp motor
complex, Tim14/Pam18, was identified (33, 34). Tim14/Pam18 is a DnaJ-like protein that
is anchored to the inner membrane and stimulates the ATPase activity of Ssclp (35).

Unlike the TOM components, all the TIM23 components and the import motor components



are essential for cell viability.

Other translocator complex of the inner membrane, the TIM22 complex consists of
a putative channel-forming protein Tim22 and accessory proteins, Tim54 and Tim18
(36-39). The TIM22 complex cooperates with a family of small Tim proteins, Tims8,
Tim9, Tim10, Tim12, and Tim13 (40-43). Three hetero-oligomeric complexes of small Tim
proteins have been described; the Tim9-Tim10 complex and the Tim8-Tim13 complex are
soluble in the IMS, and the Tim9-Tim10-Tim12 complex is associated with the TIM22
complex on the IMS side. These small Tim complexes functionally link the TOM complex
with the TIM22 complex, facilitating the transfer of presequence-less preproteins from the

outlet of the TOM channel to the TIM22 complex.

1-5. Driving forces for mitochondrial protein import

Two energy sources are strictly required for import of presequence-containing
precursor proteins into the matrix. The first energy source is the membrane potential (AW)
across the inner membrane, which facilitates the translocation of the N-terminal parts of
precursor proteins across the inner membrane through the TIM23 channel (44). The AW,
negative on the matrix side, plays at least two roles in the precursor protein translocation;
it directly activates the voltage-gated TIM23 channel (24, 25) and likely exerts an
electrophoretic effect on the positively charged presequences toward the matrix (45, 46).
The second energy source comes from the ATP hydrolysis in the matrix, which is utilized
by the matrix molecular chaperone Ssc1p (44). The completion of the precursor protein
translocation across the inner membrane is absolutely achieved by the ATP-dependent
action of Ssclp. In contrast to the protein translocation across the inner membrane, that
across the outer membrane does not require the AW and ATP, because there is no

membrane potential across the outer membrane and no AT P-dependent chaperone in the

IMS.



1-6. Missing link between the TOM complex and the TIM23 complex

The translocation of precursor proteins across the inner membrane appears to be
tightly linked to their translocation across the outer membrane, because no soluble
intermediates in the IMS can be observed (47, 48). Nevertheless, the TOM complex in the
outer membrane and the TIM23 complex in the inner membrane are not permanently
linked, but they can interact only in the presence of a translocating precursor protein to
generate the TOM-TIM23-preprotein supercomplex (49-51). Therefore a precursor protein
translocating through the TOM complex needs to engage the TIM23 complex in the
boundary inner membrane, which is closely apposed to the outer membrane, to form a
transient "translocation contact site" (52). Although the IMS domain of Tom22 and the
N-terminal segment of Tim23 appear to facilitate the transfer of translocating precursor
protein from the TOM complex to the TIM23 complex (20, 27, 53, 54), the molecular
mechanism underlying the link of the translocation across the outer membrane and that
across the inner membrane remains unclear.

In the present study, I identified Tim50, a new subunit of the TIM23 complex.
Tim50 is an integral inner-membrane protein and exposes the large C-terminal domain to
the IMS, which interacts with the N-terminal domain of Tim23. Tim50 is directly involved
in translocation of presequence-containing precursor proteins, but not of presequence-less
preproteins, across the inner membrane. Translocation intermediates lodged in the TOM
channel is crosslinked to TimS0. On the basis of these observations, a possible role of

TimS0 in linking the protein translocation across the outer and inner membranes will be

discussed.
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Figure 1-1. Translocator complexes of yeast mitochondria

In Saccharomyces cerevisiae, three types of mitochondrial translocator complexes are currently
identified. The TOM complex (pink) in the outer membrane, and the TIM23 complex (blue) and the
TIM22 complex (green) in the inner membrane are schematically shown. The subunits of these
translocator complexes are named "Tom" for the TOM components or "Tim" for the TIM components
with the numbers indicating their approximate molecular mass in kDa. Ssclp and Ygelp (purple) in the
matrix. which function as an import motor driving the translocation of presequence-containing precursor
proteins across the inner membrane through the TIM23 complex, and small Tim complexes (light green)
in the intermembrane space, which mediate the transfer of presequence-less preproteins from the outlet of
the TOM complex to the TIM22 complex, are also shown. Import of presequence-containing precursor
proteins into the matrix strictly requires (wo energy sources, the membrane potential (AY) across the

inner membrane and the ATP hydrolysis in the matrix.
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Chapter 2

Identification and Functional Analysis of Tim50



2-1. Introduction

Most mitochondrial proteins are synthesized in the cytosol as presequence-
containing precursor proteins and traverse the mitochondrial outer and inner membranes
through the TOM and TIM23 complexes, respectively. Although the translocation of
precursor proteins across the outer membrane appears to be tightly linked to their
translocation across the inner membrane, the direct interaction between the TOM and
TIM23 components has not yet been observed. What mechanisms are underlying in the
functional link between the TOM complex and the TIM23 complex?

Cytochrome b, (Cytb,) is a major soluble protein in the IMS and synthesized as a
precursor protein with an N-terminal bipartite presequence consisting of the matrix-
targeting signal (residues 1-31) followed by the IMS-sorting signal (residues 32-80) (1).
The Cytb, precursor is localized to the IMS by the following "stop-transfer" pathway
(Figure 2-1) (2). Briefly, the N-terminal presequence part is translocated across the outer
membrane through the TOM complex and transferred to the TIM23 complex. Then, the
matrix-targeting signal part emerges in the matrix and is cleaved off by MPP, generating
the processing-intermediate form (3). Simultaneously, further translocation across the
inner membrane is arrested at the IMS-sorting signal part of the presequence and the
processing-intermediate form is laterally released from the TIM23 complex, receives the
second cleavage of the IMS-sorting signal by Implp in the IMS, and is converted to the
mature form (4). Since this localization pathway of the Cyth, precursor is well
characterized, Cytb, precursor fusion proteins have been employed as model substrates to
analyze the mechanism of mitochondrial protein import.

The fusion protein pb2(220)-DHFR contains the N-terminal 220 residues of the
Cyth, precursor fused to mouse dihydrofolate reductase (DHFR) (Figure 2-2A), and is
correctly localized to the IMS. When incubated with isolated yeast mitochondria in the

presence of methotrexate (MTX), a high-affinity ligand for DHFR, pb2(220)-DHFR is
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complexed with MTX and arrested as a translocation intermediate spanning the outer
membrane (5, 6), because the translocation across the mitochondrial membranes requires
unfolding of the passenger domain. In this translocation intermediate, ph;(220)-DHFR
takes a topology in which the C-terminal DHFR domain remains outside the mitochondria
whereas the N-terminal Cytb, precursor part has already traversed the outer membrane.
Thus the N-terminus of pb»(220)-DHFR is free in the IMS to form the mature form or is
anchored to the inner membrane to form the processing-intermediate form (2). By using
the technique of the site-specific photocrosslinking, Kanamori et al. (7) showed that the
translocation intermediates of pb.(220)-DHFR containing the unnatural amino acid with
photoreactive crosslinker, DL-2-amino-S-(p-benzoylphenyl)pentanoic acid (BPA) (Figure
2-2B), at residues 94 or 114 were crosslinked with an unidentified mitochondrial protein
to generate a ~95-kDa crosslinked product (Figure 2-3). In this crosslinked product,
pb2(220)-DHFR forms the processing-intermediate form that is anchored to the inner
membrane with the crosslinking residue located just downstream of the IMS-sorting signal.
Since the crosslinked partner could be a new component involved in protein translocation
across the inner membrane, I decided to identify the crosslinked partner protein.

For this purpose, I prepared a recombinant pb,(220)-DHFR-94C, a pb.(220)-
DHFR derivative harboring a unique cysteine residue at position 94, in large amounts
from E. coli cells and modified it with 4-(N-maleimido)benzophenone (NMBz) to introduce
the photoreactive benzophenone moiety to Cys-94. The NMBz-modified pb»(220)-
DHFR-94C yielded a crosslinked product of ~95 kDa and the crosslinked product was
purified and subjected to tryptic digestion followed by mass spectrometry analysis. Thus
I have identified a novel protein Tim50. I suggest that Tim50 is directly involved in the
translocation of precursor proteins across the inner membrane and likely mediates the

transfer of precursor proteins from the TOM complex to the TIM23 complex.
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Figure 2-1. Localization pathway of cytochrome b, precursor into the
intermembrane space

Cytochrome b, is synthesized in the cytosol as a precursor protein carrying an N-terminal bipartite
presequence, in which the first part (matrix-targeting signal) directs the precursor protein to the
matrix and is cleaved off by MPP in the matrix and the second part (IMS-sorting signal) mediates
the sorting to the IMS and removed by Implp in the IMS. The cytochrome b, precursor is localized
to the IMS according to the " stop-transfer " mechanism. OM, outer membrane; IMS, intermembrane

space: IM, inner membrane.
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Figure 2-2. Schematic representation of the fusion protein pb,(220)-DHFR
and chemical structure of the unnatural amino acid BPA

(A) The fusion protein ph,(220)-DHFR contains the first 220 residues of cytochrome b, precursor fused
with a 7-residues linker fragment to mouse dihydrofolate reductase (DHFR). The first 80 residues of
cytochrome b, precursor represents a bipartite presequence, in which residues 1-31 function as the
matrix-targeting signal and residues 32-80 the IMS-sorting signal. Vertical arrowheads indicate the
processing sites by MPP and Implp.

(B) Chemical structure of the unnatural amino acid with photoreactive crosslinker BPA. BPA, pL-2-
amino-5-(p-benzoylphenylpentanoic acid.
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Figure 2-3. Translocation intermediate of pb,(220)-DHFR containing
BPA is crosslinked with the unidentified translocator component

Translocation intermediate of ph,(220)-DHFR containing BPA was crosslinked with the
unidentified translocator component (X) at residues 94 and 1 14 and with Tom40 at residues 162,

183, 195, and 213, in its processing-intermediate form anchored to the inner membrane. TOM,
TOM complex; TIM23, TIM23 complex; DHFR, dihydrofolate reductase; MTX, methotrexate.
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2-2. Materials and Methods

2-2-1. Yeast strains and plasmids

TIM50/1im50::CgHIS3, a yeast diploid strain carrying a complete null mutation in
the chromosomal copy of TIM50, was constructed as follows. The Candida glabrata HIS3
(CgHIS3) marker DNA fragment was amplified from plasmid pCgHIS3 (8) by PCR using
primers Tim50CGF (5'-ATC ACA GCT AGA ATA AAC TTC CAA AAA TCA CCC GCT
TGC AGT TGT AAA ACG ACG GCC AGT-3") and Tim50CGR (5-ATA GAT ACG
TAG ATA CAT GAG AAG AGG GTT TAC ATG AAA ACA CAG GAA ACA GCT
ATG ACC-3'). The amplified DNA fragment, flanked by 40 base pairs of the sequences
upstream and downstream of the TIM50 gene, was transformed into yeast wild-type diploid
strain W303-AB. The his* diploid transformants were isolated and confirmed by colony
PCR analysis (9) to have one of the two copies of TIM50 disrupted.

GAL7-TIMS0, a yeast strain expressing Tim50 under the control of the GAL7
promoter, was constructed as follows. The GAL7 promoter DNA fragment was amplified
from yeast genomic DNA by PCR using primers GAL7F (5-GGC CGA ATT CAT ATA
TTT TCT GTC ATT TTC-3') and GALTR (5'-GGC CGG ATC CTT TTG AGG GAA
TAT TCA ACT-3"), and the amplified DNA fragment was digested with EcoRI-BamHI and
inserted into pBluescript II SK- (Stratagene, La Jolla, CA, USA), resulting in pBS-GALT.
The CgHIS3 marker DNA fragment was amplified from plasmid pCgHIS3 (8) by PCR
using primers CgHIS3F (5-CGC AAG CTT GGG TCT TCT GGA GCA CCG-3") and
CgHIS3R (5'-GGC GAA TTC TGG CCC GAG TCA CCC AGC TC-3'), and the amplified
DNA fragment was digested with HindIII-EcoRI and inserted into pBS-GAL?7, resulting in
pCgHIS3-GAL7. A DNA fragment containing the CgHIS3 marker and the GAL7
promoter was amplified from pCgHIS3-GAL7 by PCR using primers Tim50SOF (5'-CTG
ATT TTT TGC TTT AGC ACA TCA CAG CTA GAA TAA ACT TCC AAA AAT CAC
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CCG CTT GCA AAG CTT GGG TCT TCT GGA GC-3') and TimS0SOR (5-TGG CAC
AAC CCT AAG AGC CCT TGA ATT TAG TCT CAC CGA ATT TCT TAA AAT GGA
CAG CAT TTT TGA GGG AAT ATT CAA CT-3") for subsequent integration into the
chromosome upstream of the TIM50 gene. The yeast wild-type haploid strain W303-1A
was transformed with the amplified DNA fragment, and his+ haploid transformants were
isolated and confirmed by colony PCR analysis (9) to have the TIM50 promoter replaced
by the GAL7 promoter.

TIM50-3HA, a yeast strain expressing the C-terminally 3HA-tagged Tim50
(Tim50-3HA) instead of wild-type Tim50, was constructed as follows. A DNA fragment
containing the T7/M50 promoter and the T/IM50 gene was amplified from yeast genomic
DNA by PCR using primers Tim50F (5'-GCC CTC GAG CCT CTT ACA TGT CTC
AGG GC-3') and Tim50R (5'-GCC GGA TCC CGC GGA AAG TTG TGA GTA CG-3"),
and the amplified DNA fragment was digested with Xhol-BamHIl and inserted into
pBluescript 11 SK- (Stratagene, La Jolla, CA, USA), resulting in pBS-Tim50. A DNA
fragment encoding triple-HA epitope, (YPYDVPDYA);, was amplified from plasmid
pSK-3xHA (10) by PCR using phosphorylated primer Tim50HAF (5'-GAA GAA GAT
TGC TGA ATC CAA ATA CCC ATA TGA CGT TCC AGA-3') and primer TimSOHAR
(5-AAG AGG GTT TAC ATG AAA ATT AAG CGT AGT CAG GTA CGT CGT AA-3').

The amplified DNA fragment was annealed to the uracil-containing single-strand DNA
derived from pBS-TimS50 at the end of TIM50 gene, and then extended and ligated,
according to Kunkel et al. (11, 12), resulting in pBS-Tim50-3HA. The DNA fragment
containing the TIM50 promoter and the TIM50-3HA gene was prepared from pBS-
Tim50-3HA and inserted into the Xhol-BamHI site of the CEN6-TRPI plasmid pRS314
(13), resulting in pRS314-Tim50-3HA. The yeast diploid strain TIM50/tim50::CgHIS3
was transformed with pRS314-Tim50-3HA and subjected to sporulation and tetrad analysis

according to Rose et al. (14), and his‘trp* haploid cells, which express Tim50-3HA instead
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of wild-type Tim50, were isolated.

TIMS50&TIMS0-3HA, a yeast strain expressing both wild-type Tim50 and
Tim50-3HA was constructed as follows. The yeast haploid strain W303-1A was
transformed with pRS314-Tim50-3HA and trp* haploid transformants were isolated.

TIMS50-HIS6, a yeast strain expressing the C-terminally hexahistidine-tagged
Tim50 (TimS50-His6) instead of wild-type TimS50 was constructed as follows. A DNA
fragment containing the T/M50 promoter and the TIM50-HIS6 gene, was amplified from
yeast genomic DNA by PCR using primers Tim50F and Tim50H6R (5'-GCC GGA TCC
TTA GTG GTG GTG GTG GTG GTG TTT GGA TTC AGC AAT CTT CTT C-3"). The
amplified DNA fragment was digested with Xhol-BamHl and inserted into the
CEN6-URA3 plasmid pRS316 (13), resulting in pRS316-Tim50-His6. The yeast diploid
strain TIMS50/tim50::CgHIS3 was transformed with pRS316-Tim50-His6 and subjected to
sporulation and tetrad analysis according to Rose et al. (14), and his*ura* haploid cells,
which express Tim50-His6 instead of wild-type Tim50, were isolated.

pET-pb2(220)CA-94C, a plasmid for expression of pb2(220)-DHFR-94C in E. coli
cells, was constructed as follows. The gene for pb,(220)-DHFR-94C was derived from that
for ph2(220)-DHFR (7). The codons for Cys-16, Cys-105, Cys-174, Cys-234, and Ala-94
of the gene for pb,(220)-DHFR were replaced by those for Ala-16, Ala-105, Ala-174,
Ala-234, and Cys-94, according to Kunkel et al. (11, 12), and the resultant gene encoding
pb2(220)-DHFR-94C was digested with Ndel-Xhol and inserted into pET-2la(+)
(Novagen, Darmstadt, Germany).

pET-Tim50(242-476), a plasmid for expression of the C-terminal segment
(residues 242-476) of TimSO in E. coli cells, was constructed by PCR using primers
242-Met (5'-CCA ACC ATA TGA TGT ACT CTG AC-3') and Lys-476 (5'-GGG TTT
ACA TGA CTC GAG TTT GGA TTC AGC-3'). The amplified DNA fragment was
digested with Ndel-Xhol and inserted into pET-21a(+) (Novagen, Darmstadt, Germany).
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pRS314-Tim50, a plasmid for expression of TimS50 in yeast cells under the control
of its own promoter, was constructed as follows. A DNA fragment containing the TIM50
promoter and the TIMS50 gene was prepared from pBS-TimS5S0 and inserted into the
Xhol-BamHI site of the CEN6-TRP1 plasmid pRS314 (13).

pGEM-Tim50, a plasmid for in vitro translation of the Tim50 precursor under the
control of the SP6 promoter, was constructed by PCR using primers TimSOTTF (5'-GCC
GAA TTC TAA ACT TCC AAA AAT CAC CC-3") and TimSOTTR (5'-CGG AAG CTT
GTA GAT ACA TGA GAA GAG GG-3"). The amplified DNA fragment was digested
with EcoRI-HindllIl and inserted into pPGEM-4Z (Promega, Madison, WI, USA).

For yeast two-hybrid analysis, a plasmid for expression of the IMS domain
(residues 133-476) of Tim50 fused to the Galdp activator domain and those for expression
of residues 1-50, residues 51-96, and residues 1-96 of Tim23 fused to the Galdp DNA
binding domain were constructed by PCR using primers Tim50(133-) (§'-GGC GAA TTC
AGG GAT TGG GAG CC-3') and Tim50(-476) (5'-GCC GGA TCC TTA TTT GGA TTC
AGC-3), Tim23(1-) (5-GGC GAA TTC ATG TCG TGG CTT TTT GG-3') and
Tim23(-50) (5'-GCC GGA TCC TTA TCC ACC AGG ACC TG-3'"), Tim23(51-) (5'-GGC
GAA TTC ATG CAT GTC GAC ACC GC-3') and Tim23(-96) (5'-GCC GGA TCC TTA
GTC ATC GGT CCA CCC-3"), and Tim23(1-) and Tim23(-96), respectively. The
amplified DNA fragments were digested with EcoRI-BamHI and inserted into the
2u-LEU2 plasmid pGAD-C1 (15) and the 2u-URA3 plasmid pGBDU-C1 (15),
respectively.

Yeast strains were grown in YPD (1% yeast extract, 2% polypeptone, 2% glucose),
YPGal (1% yeast extract, 2% polypeptone, 2% galactose), and SD (0.67% yeast nitrogen
base without amino acids, 2% glucose) supplemented with nucleotides and amino acids

according to Rose et al. (14).
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2-2-2. Identification of Tim50

Mitochondria were isolated from yeast wild-type strain D273-10B according to
Daum et al. (16). The fusion protein pb,(220)-DHFR-94C expressed in E. coli
BL21(DE3) cells from plasmid pET-pb,(220)CA-94C was purified as an inclusion body,
solubilized with 8 M urea in 20 mM Tris-HCI pH 7.5, 50 mM KCl, 2 mM EDTA, and 0.2
mM DTT, and incubated with 2 mM 4-(N-maleimido)benzophenone (NMBz; Sigma-
Aldrich, St. Louis, MO, USA) for 60 min on ice. After quenching the reaction by addition
of 20 mM DTT, the NMBz-modified pb»(220)-DHFR-94C was diluted 20-fold in 250 mM
sucrose, 10 mM MOPS-KOH pH 7.2, 80 mM KCl, 2 mM KPi, 5 mM DTT, 5§ mM MgCls,
2 mM ATP, 1% BSA, 10 uM MTX, and | mM NADPH, and incubated for 15 min on ice.
Then, the reaction mixture received 2 mM NADH, and was incubated with the mitochondria
(0.5 mg/ml proteins) for 20 min at 30°C to form a translocation intermediate. Then, the
mitochondria were reisolated, suspended in 250 mM sucrose, 10 mM MOPS-KOH pH 7.2,
80 mM KCI, and 10 uM MTX, and subjected to UV irradiation with 365-nm UV lamp
(15W, CSL-15A; Cosmo Bio, Tokyo, Japan) for 10 min on ice. The mitochondria were
recovered and solubilized with HBR buffer (6 M urea, 50 mM Tris-HCI pH 7.9, 250 mM
NaCl) containing 20 mM imidazole, 1% Triton X-100, and 1 mM PMSF, followed by
clarifying centrifugation at 100,000 x g for 30 min at 4°C. The supernatants were incubated
with His-Bind resin (Novagen, Darmstadt, Germany) for 12 hr at 4°C with gentle mixing.
Then the resin was washed once with HBR buffer containing 20 mM imidazole and 1%
Triton X-100, and washed twice with HBR buffer containing 20 mM imidazole. The bound
proteins were eluted with HBR buffer containing 100 mM imidazole and subjected to
SDS-PAGE and CBB R-250 staining. The CBB-stained 95-kDa crosslinked product was
excised from the gel and prepared for mass spectrometry analysis (17). The molecular
mass information of the tryptic peptides was obtained with a MALDI-TOF mass

spectrometer Voyager Elite (PerSeptive Biosystems, Foster City, CA, USA). The abundant
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ions in the MALDI spectra were calibrated with the internal control and used for database
searches using the software PeptideSearch (developed at the EMBL Bioanalytical Research
Group at Heidelberg, Germany; http://www.mann.embl-heidelberg.de/GroupPages/Page
Link/peptidesearchpage.html), and the open reading frame YPLO63w was identified by the
matching of four ions, 1425.46 m/z, 1665.21 m/z, 1980.38 m/z, and 5559.57 m/z,
corresponding to residues 393-404 (1426.6116 Da), residues 323-336 (1665.9696 Da),
residues 372-392 (1980.2022 Da), and residues 164-210 (5559.4004 Da) of Tim50,

respectively. The sequence coverage was 21.9%.

2-2-3. Antibodies against Tim50 and others

The C-terminal segment (residues 242-476) of TimS0 expressed in E. coli
BL21(DE3) cells from plasmid pET-Tim50(242-476) was purified as an inclusion body
and used for immunizing rabbits for obtaining anti-Tim50 antibodies (arbitrary rabbit
numbers; 99-5 and 99-6). The mouse monoclonal antibody against the HA epitope
(16B12) was purchased from Covance (Princeton, NJ, USA). The CyS-conjugated goat
anti-rabbit IgG antibody was purchased from Amersham Biosciences (Piscataway, NJ,
USA). The specific IgGs for import inhibition were purified using Protein A Sepharose
4FF (Amersham Biosciences, Piscataway, NJ, USA) as follows. The antisera containing
specific antibodies were incubated with Protein A Sepharose 4FF in 100 mM Tris-HCI
pH 8.0 for 2 hr at room temperature with gentle mixing, and the bound IgGs were eluted
with 0.1 M glycine-HCI pH 2.5, mixed with a 1/10 volume of 1 M Tris-HCI pH 8.0, and
dialyzed against 20 mM Tris-HCI pH 7.2 and 80 mM KCL

2-2-4, Immunofluorescence microscopy

Immunofluorescent staining of yeast cells was performed according to Kawai et al.

(18) with minor modifications. Incubation with the primary and the secondary antibodies
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was performed as follows; 1:500 dilution of rabbit anti-TimS0 polyclonal antisera and
1:500 dilution of mouse anti-porin monoclonal antibody (16G9-E6; Molecular Probes,
Eugene, OR, USA) followed by 1:500 dilution of rhodamine-conjugated goat anti-rabbit
IgG antibody (Valeant Pharmaceuticals International, Costa Mesa, CA, USA) and 1:500
dilution of alexa488-conjugated goat anti-mouse IgG antibody (Molecular Probes, Eugene,

OR, USA), respectively.

2-2-5. Generation of mitoplasts and extraction of membrane proteins

For generation of mitoplasts, mitochondria were diluted 10-fold with 10 mM
MOPS-KOH pH 7.2 and incubated for 20 min on ice. For alkaline extraction of peripheral
membrane proteins, mitochondria were incubated with 0.1 M Na,CO; at pH 11.5 for 30
min on ice, and then centrifuged at 100,000 x g for 30 min at 4°C. For extraction of integral
membrane proteins with Triton X-100, mitochondria were incubated with 1% Triton X-100
in 250 mM sucrose, 10 mM MOPS-KOH pH 7.2, and 80 mM KCI for 30 min on ice, and
then centrifuged at 100,000 x g for 30 min at 4°C. The samples were precipitated with 15%
TCA and 0.05% NaDOC, and subjected to SDS-PAGE and immunoblotting followed by

analyzing with a Storm 860 image analyzer (Amersham Biosciences, Piscataway, NJ, USA).

2-2-6. In vitro import into mitochondria

Mitochondria were isolated from yeast strains, D273-10B, W303-1A, and
GAL7-TIMS0 (16).  Radiolabeled precursor proteins were synthesized in rabbit
reticulocyte lysates by in vitro coupled transcription/translation system (19-21) in the
presence of 0.02 MBg/ul [3S]-methionine (Tran3S-label; Valeant Pharmaceuticals
International, Costa Mesa, CA, USA). Import reactions were performed by incubation of
the translation products with isolated yeast mitochondria in Import buffer (250 mM

sucrose, 10 mM MOPS-KOH pH 7.2, 80 mM KCl, 2 mM KPi, 2 mM methionine, 5 mM
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DTT, 5 mM MgCl,, 2 mM ATP, 2 mM NADH, 1% BSA) for 20 min at 30°C, except
otherwise stated. The import reaction was stopped by addition of 10 ug/ml valinomycin.
Protease treatment was performed, except otherwise stated, by incubating the mitochondria
or mitoplasts with 100 ug/ml proteinase K for 20 min on ice, which was inactivated by
subsequent addition of | mM PMSF. The samples were analyzed by SDS-PAGE and
radioimaging with a Storm 860 image analyzer (Amersham Biosciences, Piscataway, NJ,
USA). For generation of mitoplasts, mitochondria were diluted 10-fold with 10 mM
MOPS-KOH pH 7.2 and incubated for 20 min on ice. For dissipation of AW,
mitochondria were preincubated with 10 pg/ml valinomycin for 5 min on ice. For
inactivation of MPP, mitochondria were preincubated with 1 mM o-phenanthroline and 5
mM EDTA in Import buffer without MgCl, for 3 min at 23°C.

To prepare the C-terminally truncated TimS5S0 precursors with defined lengths,
plasmid pGEM-TimS50 for in vitro translation of the Tim50 precursor was digested with
restriction enzymes, BstPl, EcoT22l, Ncol, and Fbal, to yield truncated genes coding for
the first 225, 255, 310, and 355 residues of the Tim50 precursor, respectively, and subjected
to in vitro transcription/translation reactions as described above. The translation products
conjugating with the truncated mRNAs were treated with 2 mM puromycin for 20 min at
30°C to be released from the truncated mRNAs and ribosomes.

To inhibit protein import with specific IgGs, mitochondria (50 pg proteins) and
mitoplasts (50 ug proteins) were preincubated with anti-Tim50 IgGs (5-60 pg IgGs) and
with IgG prepared from the preimmune serum (30-60 ug IgGs) for 30 min on ice in 180 pl
of 250 mM sucrose, 10 mM MOPS-KOH pH 7.4, 10 mM KCI, and 1.33% BSA (for
mitochondria) or in 180 ul of 20 mM sucrose, 10 mM MOPS-KOH pH 7.4, 10 mM KCl,
and 1.33% BSA (for mitoplasts), and then added 60 ul of 4xImport buffer (250 mM
sucrose, 10 mM MOPS-KOH pH 7.4, 290 mM KCI, 8 mM KPi, 8 mM methionine, 20
mM DTT, 20 mM MgCl;, 8 mM ATP, 8 mM NADH) (for mitochondria) or 60 pl of
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4xImport buffer without sucrose (for mitoplasts).

2-2-7. Site-specific photocrosslinking with the BPA-containing pb,(220)-DHFR
Mitochondria were isolated from yeast strain D273-10B (16). The site-specific
photocrosslinking with translocation intermediates of radiolabeled pb.(220)-DHFR
containing BPA at residue 94 or residue 114 and the immunoprecipitation of the
crosslinked products using anti-TimS50 antibodies and using the preimmune serum were
performed according to Kanamori et al. (7). The samples were analyzed by SDS-PAGE
and radioimaging with a Storm 860 image analyzer (Amersham Biosciences, Piscataway,

NJ, USA).

2-2-8. Chemical crosslinking with pSu9-DHFR accumulated at the TOM channel
Mitochondria were isolated from yeast strains W303-1A and TIMS50-3HA (16).
Radiolabeled pSu9-DHFR was synthesized as described above, and incubated for 10 min at
30°C with the mitochondria that had been preincubated with 20 uM carbonyl cyanide
m-chrolophenylhydrazone (CCCP; Sigma-Aldrich, St. Louis, MO, USA) for 5 min on ice
to dissipate AW. The mitochondria, which contain wild-type Tim50 or Tim50-3HA, were
reisolated and subjected to crosslinking with 200 puM N-y-maleimidobutyryloxy-
succinimide ester (GMBS; Pierce, Rockford, IL, USA) or 200 mM m-maleimidobenzoyl-
N-hydroxysuccinimide ester (MBS; Pierce, Rockford, IL, USA), respectively, for 60 min
on ice in 250 mM sucrose, 10 mM MOPS-KOH pH 7.2, 10 mM KCI, and 10 uM CCCP.
After quenching the reaction by addition of 100 mM Tris-HCI pH 7.0, the mitochondria
were reisolated and subjected to immunoprecipitation using antibodies against Tim50,
Tom40, and Tom22, and using anti-HA monoclonal antibody, according to Kanamori et al.
(7). The samples were analyzed by SDS-PAGE and radioimaging with a Storm 860 image

analyzer (Amersham Biosciences, Piscataway, NJ, USA).
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2-2-9. Preparation of yeast total lysate

The cell pellets of 4 ml of yeast culture (ODsso = 0.25) were resuspended in 100 pl
of 10 mM Tris-HCI pH 8.0 and 1 mM EDTA, added 6.3 ul of 5 M NaOH and 7 ul of
B-mercaptoethanol, and incubated for 4 min on ice. Then, the proteins were precipitated
with 10% TCA and boiled in SDS-PAGE sample buffer (125 mM Tris-HCI pH 6.8, 2 mM
EDTA, 2% SDS, 100 mg/ml sucrose, 2% f3-mercaptoethanol, 30 ug/ml bromophenol blue)
for 5 min at 95° C. After clarifying centrifugation, the samples were subjected to
SDS-PAGE and immunoblotting followed by analyzing with a Storm 860 image analyzer

(Amersham Biosciences, Piscataway, NJ, USA).

2-2-10. Measurement of the membrane potential

AW of isolated yeast mitochondria was assessed by using the potential-sensitive
fluorescent dye 3,3'-dipropylthiadicarbocyanine iodide (DiSCs(5); Molecular Probes,
Eugene, OR, USA). The fluorescence measurements were performed with a fluorescence
spectrophotometer (F-3010; Hitachi, Tokyo, Japan) at 25 ° C, excitation at 622 nm,
emission at 670 nm, and slits 5 nm. The following reagents were added to a cuvette and
the fluorescence changes were recorded in arbitrary units; 2.2 ml of 600 mM mannitol,
20 mM HEPES-KOH pH 7.4, 40 mM KPi, 0.25% BSA, 5 mM ATP, 15 mM MgCl,
4.4 ul of 1 mM DiSCs(5) in DMSO, 25 ul of 10 mg/ml mitochondria, and finally 10 pl of

1 mg/ml valinomycin to dissipate AW.

2-2-11. Co-immunoprecipitation and co-purification assay

Co-immunoprecipitation of the complex containing Tim50 was performed as
follows. Mitochondria were isolated from yeast strain W303-1A (16). The mitochondria
(2 mg/ml proteins) were solubilized with 2% digitonin in co-Lysis buffer (20 mM Tris-HCl
pH 7.4, 250 mM NaCl, 1 mM EDTA, 10% glycerol) containing protease inhibitors for 20
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min at 4°C, followed by clarifying centrifugation at 20,000 x g for 10 min at 4°C. The
supernatants were diluted 3-fold with co-Lysis buffer and incubated with Protein A
Sepharose 4FF (Amersham Biosciences, Piscataway, NJ, USA) carrying specific antibodies
for 6 hr at 4°C with gentle mixing. The resins were washed three times with co-Lysis buffer
and boiled in SDS-PAGE sample buffer without B-mercaptoethanol for 5 min at 95°C. The
samples were subjected to SDS-PAGE and immunoblotting followed by analyzing with a
Storm 860 image analyzer (Amersham Biosciences, Piscataway, NJ, USA).

Co-purification assay of the complex containing Tim50-His6 was performed as
follows. Mitochondria were isolated from yeast strains TIM50-HIS6 and TIMS0-3HA
(16). The mitochondria (1 mg/ml proteins) were solubilized with 1% digitonin in Lysis
buffer (50 mM Tris-HCI pH 8.0, 250 mM NaCl) containing 20 mM imidazole and protease
inhibitors for 20 min at 4°C, followed by clarifying centrifugation at 20,000 x g for 10 min
at 4°C. The supernatants were diluted 2-fold with Lysis buffer and incubated with Ni-NTA
agarose (Qiagen, Hilden, Germany) for 2 hr at 4°C with gentle mixing. Then, the resins
were packed into columns, washed twice with Lysis buffer containing 0.5% digitonin and
20 mM imidazole, and eluted with Lysis buffer containing 0.5% digitonin and 250 mM
imidazole. The samples were precipitated with 15% TCA and 0.05% NaDOC, and
subjected to SDS-PAGE and immunoblotting followed by analyzing with a Storm 860

image analyzer (Amersham Biosciences, Piscataway, NJ, USA).

2-2-12. Glycerol density gradient centrifugation

Mitochondria were isolated from yeast strain W303-1A (16). The mitochondria
(200 pg proteins) were solubilized with 200 ul of 1% digitonin in 20 mM Tris-HCI pH 7.5,
20 mM NaCl, 2 mM EDTA, and 10% glycerol, followed by clarifying centrifugation at
100,000 x g for 30 min at 4°C. The supernatant was layered onto 5 ml of 10-40% linear
glycerol gradient in 20 mM Tris-HCI pH 7.5, 20 mM NaCl, 2 mM EDTA, and 0.2%
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digitonin, and centrifugated at 200,000 x g for 15 hr at 4°C. After centrifugation, fractions
(275 ul each) were collected from the top and precipitated with 15% TCA and 0.05%
NaDOC. The samples were subjected to SDS-PAGE and immunoblotting followed by

analyzing with a Storm 860 image analyzer (Amersham Biosciences, Piscataway, NJ, USA).
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Table 1. 8. cerevisiae strains used in this study

Strain Genotype Remarks

D273-10B MATo.

W303-1A MATa ade2-1 his3-11,15 ura3-1 leu2-3,112 trpl-1 canl-100

W303-AB MATa/o ade2-1lade2-1 his3-11,15/his3-11,15 ura3-1jura3-1
leu2-3,112/leu2-3,112 trpl-1/trpi-1 canl-100/cani-100

PJ69-4A MATa trpl-901 leu2-3,112 ura3-52 his3-200 galdA galSOA ref. 15
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ

TIM50/tim50::CgHIS3 MATa/a ade2-1/ade2-1 his3-11,15/his3-11,15 ura3-1/ura3-1  this study
leu2-3,112/1leu2-3,112 trpl-1/trpl-1 canl-100/canl-100
TIM50/tim50::CgHIS3

GAL7-TIMS0 MATa ade2-1 his3-11,15 ura3-1 leu2-3,112 trpl-1 canl-100 this study
tim50: :CgHIS3-PGAL7-TIM50

TIM50-3HA MATa ade2-1 his3-11,15 ura3-1 leu2-3,112 trpl-1 canl-100 this study
tim50.::CgHIS3 [CEN6 TRP1 TIM50-3HA]

TIM50&TIMS50-3HA MATa ade2-1 his3-11,15 ura3-1 leu2-3,112 trpl-1 canl-100 this study
[CEN6 TRPI TIM50-3HA]

TIMS50-HIS6 MATa ade2-1 his3-11,15 ura3-1 leu2-3,112 trpl-1 cani-100 this study

tim50::CgHIS3 [CENG6 TRPI TIMS50-HIS6)

-33.



2-3. Results

2-3-1. Identification of TimS50 as a crosslinked partner of the translocation
intermediate anchored to the inner membrane

Translocation intermediate of pb,(220)-DHFR containing BPA at position 94 was
crosslinked with an unidentified translocator component to generate a 95-kDa crosslinked
product (7). In order to identify the crosslinked partner protein, pb,(220)-DHFR-94C, a
pb2(220)-DHFR  derivative that has a unique cysteine residue at position 94 and a
hexahistidine tag at the C-terminus was prepared in large amounts from E. coli cells (Figure
2-4A). Modification of pbh,(220)-DHFR-94C with a bifunctional chemical crosslinker,
NMBz (Figure 2-4B), directs introduction of a photoreactive benzophenone moiety to
Cys-94, resulting in the acquisition of the similar structure to the BPA-containing
pb2(220)-DHEFR (Figure 2-2).

NMBz-modified or mock-treated pb,(220)-DHFR-94C was incubated with
isolated yeast mitochondria in the presence of MTX to generate translocation intermediates,
and then the samples were UV irradiated (Figure 2-5). NMBz-modified pb,(220)-
DHFR-94C, but not mock-treated pb»(220)-DHFR-94C, yielded a crosslinked product of
~95 kDa by UV irradiation (Figure 2-5, lanes 4, 6, and 8). Since this crosslinked product
could be identical to that of the BPA-containing pb,(220)-DHFR, the mitochondria were
solubilized with 6 M urea and the crosslinked product was purified by affinity
chromatography for the hexahistidine tag of the fusion protein. The crosslinked product
was mainly eluted with 100 mM imidazole (Figure 2-6, left panel, lane 5) and the purity
appeared sufficient to identify the crosslinked partner (Figure 2-6, right panel, lane 5).
Indeed, the tryptic digestion of the purified crosslinked product followed by mass
spectrometry analysis identified four peptides, whose sequences corresponded to the open

reading frame (ORF) YPLO63w on yeast chromosome XVI that encodes a 55,098 Da
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Schizosaccharomyces pombe (SPBCSDZ.ZIC [34.1%/67.5%]),

Neurospora crassa (AAO32939 [27.8%/50.0%)), Caenorhabditis elegans (T21C9.12
[23.5%/53.1%]), Drosophila melanogaster (CG12313 [21.0%/51.8%)), Mus musculus
(NP_079892 [26.1%/58.1%]), and Homo sapiens (XP_053074 [19.7%/45.2%]) (Figure
2-9). These Tim50 homologs in the other organisms have a possible transmembrane
segment near the N-terminus, so that they likely take the same N;,-Cou topology in the inner
membrane as yeast Tim50. S. cerevisiae also has three other proteins that are homologous
to Tim50 and function as CTD-like phosphatases (24), but exhibit different localizations,
namely Nemlp in the nuclear/ER membrane (25) and Psrlp and Psr2p in the plasma
membrane (26). However, the active site residues of the DXDX(T/V) motif (24, 27), which
is essential for their phosphatase activity, are not conserved in Tim50.

To confirm that the crosslinked products arising from the MTX-arrested
translocation intermediates of pb,(220)-DHFR containing BPA at positions 94 or 114

possess Tim30, I raised the specific antibodies against the C-terminal segment (residues

-35.



242-476) of Tim50 (Figure 2-10A). The resultant antibodies recognized both 50-kDa and
54-kDa proteins for mitochondria containing both wild-type Tim50 (50,365 Da) and
C-terminally 3HA-tagged Tim50 (Tim50-3HA) (53,618 Da), or only 54-kDa protein for
mitochondria containing Tim50-3HA instead of wild-type Tim50 (Figure 2-10B), indicating
that the resultant antibodies could recognize the Tim50 epitopes. After formation of the
MTX-arrested translocation intermediates of pb,(220)-DHFR containing BPA at positions
94 or 114 as described previously (7), UV irradiation yielded the ~95-kDa or ~102-kDa
crosslinked products, respectively (Figure 2-11). The crosslinked products were
specifically immunoprecipitated with the antibodies against Tim50, but not with the
preimmune serum (Figure 2-11). These results indicate that the crosslinked partner

responsible for the 95-kDa crosslinked product is indeed Tim50.

2-3-2. Tim50 is an essential inner-membrane protein of yeast mitochondria

To assess the functions of Tim50, the TIM50 gene was disrupted in the diploid
yeast strain by integration of the HIS3 gene of Candida glabrata (CgHIS3), the cells were
induced to sporulate, and the four spores were subjected to tetrad analysis. Upon
dissection, each tetrad yielded only two viable spores (Figure 2-12A). All viable spores
showed his- selectivities and were confirmed to carry the non-disrupted T/M50. When
transformed with the CEN6-TRP1 plasmid carrying the TIM50 gene, but not with the vector
alone, the TIMS50-disrupted diploid cells yielded three or four viable spores after tetrad
analysis (Figure 2-12B). One or two spores out of the three or four viable spores,
respectively, showed his*trp* selectivities and were confirmed to carry the CgHIS3 marker
instead of the TIM50 gene and to suppress their lethality with the plasmid-derived TIM50
gene. These results indicate that T/M50 is an essential gene for yeast cell viability.

Since Tim50 carries a putative mitochondrial targeting presequence, I analyzed its

subcellular location by indirect immunofluorescence microscopy. Staining of yeast cells
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with the anti-Tim50 antibodies showed a tubular network in the cytoplasm (Figure 2-13,
left). This staining is typical for yeast mitochondrial proteins, and nearly identical staining
was observed with the antibody against mitochondrial porin (Figure 2-13, center). Thus,
Tim50 is a mitochondrial protein.

Then, I isolated yeast mitochondria and analyzed the submitochondrial location of
Tim50. TimS50 was inaccessible to protease added to intact mitochondria (Figure 2-14,
lanes 1 and 2), but was accessible to protease added to mitoplasts, where the outer
membrane was selectively ruptured (Figure 2-14, lanes 3 and 4). This behavior resembles
that of Tim23, an inner-membrane protein exposing a domain to the IMS, but is different
from those of Tom70, an outer-membrane protein exposing a domain to the cytosol, or
subunit B of F,-ATPase (F\p), a peripheral inner-membrane protein on the matrix side
(Figure 2-14). Tim50 was, like integral membrane proteins, Tom70 and Tim23, not
extracted from the membranes with Na,CO; at pH 11.5 while a peripheral membrane
protein, F,f3, was extracted with Na,COj; (Figure 2-14, lanes S and 6). All these proteins
were extracted from the membranes with Triton X-100 (Figure 2-14, lanes 7 and 8). These
results indicate that TimS50 is an integral membrane protein of the mitochondrial inner
membrane. Tim50 became unrecognizable by the antibodies against the C-terminal
segment of Tim50 after protease treatments of the mitoplasts. Since Tim50 has only a
single putative transmembrane segment near the N-terminus, Tim50 most likely takes the
Nin-Cous topology in the inner membrane and exposes the large C-terminal domain (residues
133-476) to the IMS.

To further confirm that TimS50 is the inner-membrane protein of mitochondria,
radiolabeled Tim50 precursor was synthesized in rabbit reticulocyte lysates and incubated
with isolated mitochondria in the presence or absence of AW or in the presence or absence
of chelating reagents. Since MPP requires Mn2+ for its processing-peptidase activity, the

chelating reagents are able to inhibit the MPP functions. The Tim50 precursor was



converted to the mature form in the presence of AW (Figure 2-15A, lane 1), but was not in
the absence of AW (Figure 2-15A, lane 2) or in the presence of chelating reagents (Figure
2-15A, lane 3). These results indicate that import of the Tim50 precursor strictly requires
AW and the Tim50 precursor likely receives the cleavage of the presequence by MPP.

When incubated with isolated mitochondria in the presence of AW, Tim50 precursor was
efficiently converted to the mature form as described above, but was only slowly
sequestered to the inner compartment that was protected from protease added to the
mitochondria (Figure 2-15B, Figure 2-16). These results indicate that the N-terminus of
Tim50 can reach the matrix efficiently while the C-terminal domain of Tim50 traverses
across the outer membrane slowly in vitro.

The slow rate of the in vitro import of Tim50 precursor into mitochondria might be
due to the folded structure of the C-terminal domain of the TimS0 precursor, which is
resistant to moderate protease digestion resulting in the generation of ~28-kDa fragment of
TimS50 precursor (Figure 2-17). Indeed, C-terminally truncated versions of the Tim50
precursor, which consist of the residues 1-225, residues 1-255, residues 1-310, or residues
1-355 of the Tim50 precursor, were efficiently imported into mitochondria, in contrast to the
full-length Tim50 precursor (Figure 2-18). [In vivo, Tim50 is likely imported into
mitochondria in a co-translational manner because it is synthesized on membrane-bound

polysomes (28).

2-3-3. Tim50 mediates translocation of presequence-containing precursor proteins
across the inner membrane

Since Tim50 is crosslinked to the translocation intermediate of pb,(220)-DHFR,
Tim50 may mediate import of precursor proteins into mitochondria. I constructed a yeast
strain GAL-TIM50, in which the galactose-inducible GAL7 promoter was integrated into

the chromosome in front of the TIMS50 gene, allowing regulated expression of TimS50.
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Since Tim50 is essential for yeast cell viability, GAL-TIMS50 cells grew on galactose-
containing medium (YPGal), but not on glucose-containing medium (YPD) (Figure 2-19A).
Total lysates were prepared from yeast wild-type cells or from GAL-TIMSO cells, various
times after the shift from YPGal to YPD, and were analyzed by immunoblotting for various
mitochondrial proteins (Figure 2-19B). When cultivated in the presence of galactose, the
level of Tim50 in GAL-TIMS0 cells was 2.5-fold higher than in wild-type cells (Figure
2-19B, lane 3, Tim50). However, the levels of Tim50 decrease with the time of cultivation in
YPD and reach 7.5% of that in wild-type cells 24 hr after the shift to YPD (Figure 2-19B,
lane 6, Tim50). Depletion of Tim50 did not severely affect the expression levels of other
proteins involved in the mitochondrial protein import, such as Tomd40, Tom22, Tim23,
Tim17, Tim44, and Ssclp (Figure 2-19B). On the other hand, prolonged cultivation of
GAL-TIMS0 cells in the absence of galactose led to accumulation of uncleaved precursor
forms of mitochondrial heat shock protein Hsp60 (mtHsp60) and Mdjlp (Figure. 2-19B,
mtHsp60 and Mdjlp). The level of phosphate carrier (PiC), a presequence-less polytopic
inner-membrane protein, was not significantly affected by depletion of Tim50 as compared
with the wild-type strain. Therefore, reduction of the level of Tim50 apparently caused
defects in import of presequence-containing mitochondrial proteins in vivo.

In parallel, the effects of depletion of Tim50 were tested on mitochondrial protein
import in vitro. First, mitochondria were isolated from wild-type cells or GAL-TIMS50 cells
(Tim50 cells) after cultivation in galactose-free medium for 12 hr. The amounts of Tim50
in Tim50} mitochondria was 19% of that of WT mitochondria and the AW of Tim50)
mitochondria was virtually identical to that of WT mitochondria (Figure 2-20). Then,
import of the radiolabeled presequence-containing precursor of mtHsp60 and radiolabeled
pSu9-DHFR, a fusion protein between the presequence of subunit 9 of F,-ATPase and
DHFR, into WT mitochondria and into Tim50| mitochondria was monitored. The rates

of import of the mtHsp60 precursor and pSu9-DHFR into Tim50| mitochondria were
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significantly decreased as compared with those into wild-type mitochondria (Figure 2-21A
and 2-21B). I observed similar decrease in import rates of pb»(220)-DHFR into Tim50/|
mitochondria (Figure 2-21C). Moreover, import of ADP/ATP carrier (AAC), a
presequence-less polytopic inner-membrane protein, into TimS50| mitochondria was
compared with that into wild-type mitochondria. In contrast to mtHsp60 precursor,
pSu9-DHFR, and pb.(220)-DHFR, neither translocation across the outer membrane nor
insertion into the inner membrane for AAC was affected by depletion of TimS0 (Figure
2-21D and 2-21E).

To confirm that TimS50 is directly involved in mitochondrial protein import, I tested
the effects of antibodies against Tim50 on protein import into mitochondria and into
mitoplasts in virro. Anti-TimS0 antibodies inhibit the Tim50 functions when incubated with
mitoplasts to reach the IMS-exposed region of Tim50. Mitochondria and mitoplasts were
preincubated with immunoglobuling G (IgGs) prepared from the anti-Tim50 antiserum and
from the preimmune serum, and subsequently incubated with radiolabeled mtHsp60
precursor, pSu9-DHFR, and Tim23. Like AAC, Tim23 is imported into mitochondria via
the TOM complex and inserted into the inner membrane with the aid of the TIM22 complex
instead of the TIM23 complex. While import of mtHsp60 precursor and pSu9-DHFR into
mitochondria was not affected by preincubation with anti-Tim50 IgGs, the import rates of
mtHsp60 precursor and pSu9-DHFR into mitoplasts were significantly decreased by
preincubation with anti-Tim50 IgGs, but not with the control I1gGs (Figure 2-22). The
amounts of anti-Tim50 IgG required for inhibition of the import of mtHsp60 precursor and
pSu9-DHFR into mitoplasts were <5 ug IgGs per 50 pg mitochondrial proteins (Figure
2-23). On the other hand, insertion of Tim23 into the inner membrane was not affected by
preincubation of mitochondria or mitoplasts with anti-Tim50 IgGs (Figure 2-23). These
results indicate that Tim50 mediates the early step of translocation of mitochondrial

precursor proteins with a cleavable presequence, but not the ones without a presequence,
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across the inner membrane.

2-3-4. Tim50 is a subunit of the TIM23 complex

Since TimS50 is directly involved in the translocation of presequence-containing
precursor proteins, but not of presequence-less preprofeins, across the inner membrane,
Tim30 can be a component of the TIM23 complex, a translocator for presequence-
containing precursor proteins. [ thus asked if Tim50 is associated with the subunits of the
TIMZ23 complex in mitochondria. Mitochondria were solubilized with 2% digitonin and
subjected to immunoprecipitation with antibodies against Tim50, Tim23, and Tom40. The
immunoprecipitates were then analyzed for Tim30 and Tim23, the main component of the
TIM23 complex, by SDS-PAGE and immunoblotting. Tim50 was co-immunoprecipitated
with anti-Tim23 antibodies, but not with anti-Tom40 antibodies. Conversely, anti-Tim50
antibodies immunoprecipitated Tim23 together with Tim50 (Figure 2-24A).

To obtain additional evidence that TimS0 is a subunit of the TIM23 complex,
mitochondria containing C-terminally hexahistidine-tagged Tim50 (Tim50-His6) were
solubilized and subjected to incubation with Ni-NTA agarose. Tim50-His6 efficiently
bound to Ni-NTA agarose and was eluted with 250 mM imidazole (Figure 2-24B, lanes
4-6). The subunits of the TIM23 complex, Tim23, Tim17, and Tim44 were also adsorbed
to Ni-NTA agarose and were eluted with 250 mM imidazole, while Tom70 or AAC did not
bind to the resin (Figure 2-24B, lanes 4-6). As a control, when solubilized mitochondria
containing Tim50-3HA instead of TimS50-His6 were incubated with Ni-NTA agarose,
neither Tim50 nor other subunits of the TIM23 complex bound to the resin (Figure 2-24B,
lanes 1-3). These results indicate that Tim50 is a subunit of the TIM23 complex.

To assess the molar ratio of Tim50 in the TIM23 complex, mitochondria were
solubilized with 1% digitonin and analyzed by glycerol density gradient centrifugation.

Tim50 was recovered partly in the fractions corresponding to ~140 kDa and partly in those
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corresponding to ~250 kDa (Figure 2-25). Since Tim23 was recovered in the fractions
corresponding to ~250 kDa (Figure 2-25), about one third of the Tim50 molecules are
apparently associated with the TIM23 complex. By standardized immunoblotting in
comparison with the purified Tim50 fragment expressed in E. coli cells, yeast mitochondria
were found to contain ~30 pmol of Tim50 per mg of mitochondrial proteins (Figure 2-26),
while they were reported to contain approximately 17-20 pmol of Tim23 per mg of
mitochondrial proteins (29, 30). Therefore, the molar ratio of Tim50:Tim23 in the TIM23
complex is roughly estimated to be I:2 in this experimental condition.

To further analyze the interactions between Tim50 and Tim23, I used a yeast
two-hybrid analysis. To this end, a fusion gene for the activator domain of yeast Galdp and
the IMS domain (residues 133-476) of Tim50 and those for the DNA binding domain of
yeast Galdp and three segments (residues 1-50, residues 51-96, and residues 1-96) of the
N-terminal half of Tim23 was constructed. After confirming the expression of the
corresponding fusion proteins in yeast cells, it was asked which combinations of the fusion
genes expressed together with a reporter gene, GAL2-ADE2, in yeast cells give rise to ade*
colonies. Interactions between the two fusion proteins will lead to the localization of Galdp
to the DNA, thereby activating the GAL2-regulated allele of ADE2 (15). The IMS domain
of Tim50 fused to the Galdp activator domain gave rise to ade* colonies when
Tim23(51-96) or Tim23(1-96), but not Tim23(1-50), fused to the Galdp DNA binding
domain was co-expressed (Figure 2-27A). This suggests that the IMS domain of Tim50
directly interacts with residues 51-96 of Tim23. It has been reported that Tim23 takes an
unusual transmembrane topology in which Tim23 spans both the outer and inner
membranes (31); the N-terminal domain (residues 1-50) is integrated into the outer
membrane and exposes the extreme N-terminus to the cytosol, while the C-terminal half
(residues 100-222) is integrated into the inner membrane, leaving residues 50-100 between

the two domains exposed to the IMS. Therefore, the results of the yeast two-hybrid
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analysis show that the IMS domain of TimS50 can interact with the possible IMS-exposed
segment of Tim23 (Figure 2-27B).

I next tested if protease accessibility of the N-terminus of Tim23 is affected by
overexpression or depletion of Tim50 in mitochondria. About half of the Tim23 molecules
in wild-type mitochondria were clipped and a resistant fragment Tim23* was generated
when intact mitochondria were treated with proteinase K (Figure 2-28), as reported
previously (31). The fraction of Tim23* that received the N-terminal cleavage decreased in
mitochondria with decreased TimS50 (Tim50}), whereas it increased in mitochondria with
overexpressed Tim50 (Tim50%1). These results suggest that the integration of the
N-terminal segment of Tim23 into the outer membrane is dynamic and is stabilized by
Tim50. Since Tim50 excess over the wild-type level of Tim50 still affects the clipping of

Tim?23, interactions of Tim50 with the TIM23 complex may be also dynamic.

2-3-5. Tim50 links protein translocation acress the outer and inner membranes

The N-terminal domain (residues 1-50) of Tim23 has been suggested to facilitate
the transfer of precursor proteins from the TOM complex to the TIM23 complex (31).
Since Tim50 has a large C-terminal domain exposed to the IMS, which interacts with the
IMS-exposed segment of Tim23, Tim50 may also facilitate the transfer of precursor
proteins between the TOM and TIM23 complexes. To test such a possibility, the
interactions of the translocation intermediate accumulated at the TOM complex with Tim50
was probed by a crosslinking approach.

pSu9-DHFR binds to the mitochondrial surface when incubated with isolated
mitochondria containing wild-type Tim50 or Tim50-3HA that have been treated with CCCP
to prevent the presequence translocation across the inner membrane by dissipating AW (32).

In this intermediate, the presequence of pSu9-DHFR reaches the trans site of the TOM

complex and the DHFR domain is unfolded and bound to Tom40 (32). Then the
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mitochondria were reisolated and treated with hetero-bifunctional crosslinker, MBS or
GMBS, for amino groups and sulfhydryl groups. The crosslinked partners were identified
by solubilization of the mitochondria followed by immunoprecipitation with specific
antibodies against the known components of the TOM and TIM23 complexes.

Figure 2-29 shows the crosslinked products and their assignments to components
of the TOM and TIM23 complexes. The crosslinking partners for ~92-kDa and ~60-kDa
crosslinked products were assigned to Tom40, and that for ~45-kDa crosslinked products
to Tom22. pSu9-DHFR contains a cysteine residue at position 76 (residue 7 in the DHFR
domain) and Tom40 at positions 165, 326, 341, and 355, but Tom22 does not have a
cysteine residue. Therefore, while there are many possibilities for the cysteine residues
involved in the crosslinking between pSu9-DHFR and Tomd0, Tom22 should be
crosslinked to a single cysteine residue near the N-terminus of the DHFR domain of
pSu9-DHFR.

Anti-Tim50 antibodies immunoprecipitated ~75-kDa and ~65-kDa crosslinked
products for mitochondria containing wild-type Tim50 and a ~90-kDa crosslinked product
for those containing Tim50-3HA (Figure 2-29). Although the band of the ~90-kDa
crosslinked product for the mitochondria containing Tim50-3HA was partly overlapped by
that of the crosslinked product involving Tomd0, the ~90-kDa product was
immunoprecipitated with the anti-HA antibody, but not with anti-Tom22 antibodies. A
single cysteine residue at position 268 of Tim50 is likely crosslinked to the presequence of
pSu9-DHFR, which contains several amino groups. Therefore, the translocation
intermediate lodged in the TOM channel is already interacting with Tim50 of the TIM23
complex, suggesting the role of Tim50 in linking translocation mediated by the TOM

complex and that mediated by the TIM23 complex.
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Figure 2-4. Schematic representation of the fusion protein pb,(220)-DHFR-94C
and chemical structure of the photoreactive crosslinker NMBz

(A) The fusion protein pb,(220)-DHFR-94C is a pb,(220)-DHFR derivative (see Figure 2-2A) that has a unique
cysteine residue at position 94 and a hexahistidine tag at the C-terminus. Modification of pb,(220)-DHFR-94C
with NMBz directs introduction of a photoreactive benzophenone moiety to Cys-94. SH, sulfhydryl group of
Cys-94 ;His6, hexahistidine tag.

(B) Chemical structure of the photoreactive crosslinker NMBz. NMBz, 4-(N-maleimido)benzophenone.
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Figure 2-5. NMBz-modified pb,(220)-DHFR-94C yields the 95-kDa
crosslinked product

pby(220)-DHFR-94C was preincubated with 0-5 mM NMBz, and then incubated with isolated
yeast mitochondria in the presence of MTX to form a translocation intermediate. The samples
were divided into halves, and one aliquot was kept on ice (lanes 1,3, 5, and 7) and the other was
UV irradiated (lanes 2, 4, 6, and 8). The mitochondria were reisolated and proteins were
analyzed by SDS-PAGE and immunoblotting with anti-DHFR antibodies. Arrowheads indicate
the 95-kDa crosslinked products. ¢, 10% of pby(220)-DHFR-94C added to each sample; mt,
mitochondria; NMBz, modification with NMBz; UV, UV irradiation; p, i, and m, precursor,
processing-intermediate, and mature forms of ph,(220)-DHFR-94C, respectively.
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Figure 2-6. Purification of the 95-kDa crosslinked product

After photocrosslinking reaction, the mitochondria were reisolated, solubilized with 6 M urea, and incubated
with His-Bind resin, which was subsequently washed twice with 20 mM imidazole. The proteins bound to
the resin were eluted twice with 100 mM imidazole and once with 100 mM EDTA. The proteins were
analyzed by SDS-PAGE and immunoblotting with anti-DHFR antibodies (left panel) or silver staining (right
panel). Arrowheads indicate the 95-kDa crosslinked products. L, loaded sample; FT, flow-through fraction;
W1 and W2, washed fractions with 20 mM imidazole; E1 and E2, eluted fractions with 100 mM imidazole;
E3, eluted fraction with 100 mM EDTA; p, i, and m, precursor, processing-intermediate, and mature forms
of pb,(220)-DHFR-94C, respectively.
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Figure 2-7. Mass spectrum of the tryptic-digestion mixture of the 95-kDa
crosslinked product

The purified crosslinked product was subjected to tryptic digestion followed by mass spectrometry
analysis and database search. The digested fragments derived from the translation product of the open
reading frame YPLO63w (TIMS50) are shown in gray and those from pb,(220)-DHFR-94C in white.
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Figure 2-8. Amino-acid sequence and hydropathy profile of Tim50

(A) Deduced amino-acid sequence of Tim50. TimS50 consists of 476 amino-acid residues (MW, 55,098 Da)
and possesses a putative mitochondrial presequence (residues 1-43; shown in white), which is cleaved off
by MPP, and a potential transmembrane segment (residues 112-132; shown in gray). The predicted mature
form of Tim50 consists of 433 amino-acid residues (MW; 50,365 Da). Four peptides identified by tryptic
digestion of the crosslinked product followed by mass spectrometry analysis are underlined.

(B) Hydropathy profile of Tim30 was analyzed by the algorism of Kyte-Doolittle (33). TimS50 likely takes
an N,;;-C,, topology with the N-terminal part (residues 44-111) in the matrix and the large C-terminal
domain (residues 133-476) in the IMS. Vertical arrowhead indicates the putative processing site by MPP.
IMS, intermembrane space; IM inner membrane.
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Figure 2-9. Multiple sequence alignment of Tim50 homologs

Tim50 homologs of various organisms were aligned by the Clustal W program (34). Asterisks

indicate identical amino-acid residues. ":

and "." indicate conserved and semi-conserved

substitutions, respectively. Small or hydrophobic residues (A, V. F, P, M, I, L, and W) are

shown in brown, acidic residues (D and E) in blue, basic residues (R and K) in red, and other

residues (S, T, Y, H, C, N, G, and Q) in green. The potential transmembrane segments are
boxed. Sc, S. cerevisiae; Ca, C. albicans; Sp, S. pombe; Nc, N. crassa;, Ce, C. elegans; Dm,
D. melanogaster: Mm, M. musculus; Hs, H. sapiens.
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Figure 2-10. Construction of specific antibodies against Tim50

(A) The epitope region of anti-Tim50 antibodies constructed in this study is schematically
shown. The C-terminal segment of Tim50 (residues 242-476) was purified from E. coli cells
and used for immunizing rabbits for obtaining specific antibodies against Tim50.

(B) Mitochondria were prepared from yeast strain expressing both wild-type Tim50 and
TimS0-3HA (WT & 3HA) and yeast strain expressing Tim50-3HA instead of wild-type
Tim50 (3HA). The mitochondria were subjected to SDS-PAGE and immunoblotting with
anti-Tim50 antibodies (0. Tim50) and the preimmune serum (preimmune). 99-5 and 99-6
indicate the arbitrary numbers of rabbits.
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Figure 2-11. Translocation intermediates of pb,(220)-DHFR containing
BPA at residues 94 or 114 are crosslinked with Tim50

Radiolabeled ph,(220)-DHFR containing BPA at residue 94 {94 aa) or residue 114 (114 aa) were
incubated with mitochondria for 20 min at 30°C in the presence of MTX, and then UV irradiated
{lanes 2-4 and 6-8). Crosslinked products were analyzed by immunoprecipitation with anti-Tim50
antibodies (e Tim50 (IP}) and the preimmune serum (preimmune (1P)). The immunoprecipitates
were analyzed by SDS-PAGE and radioimaging. Arrowheads indicate the crosslinked products.
UV, UV irradiation; p, i, and m, precursor, processing-intermediate, and mature forms of pbx(220)-
DHFR, respectively.
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Figure 2-12. Tim50 is essential for yeast cell viability

(A) One of the two chromosomal T/M50 genes in yeast diploid strain W303-AB was disrupted by
integration of the C. glabrata HIS3 gene, the diploid cells were sporulated, and seven different
asci were dissected. The four spores recovered from each of the asci were allowed to germinate
and to grow on YPD for 3 days at 30°C.

(B) TIMS0-disrupted diploid strain was transformed with the TIM50-containing plasmid (upper
panel) or with the empty vector (lower panel), and subjected to sporulation followed by tetrad
analysis as described in (A).
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Figure 2-13. Localization of Tim50 by immunofluorescence microscopy

Cells of yeast wild-type strain W303-1A were analyzed by double-label immunofluorescence
microscopy using anti-Tim50 antibodies and anti-porin monoclonal antibody. Panels a, b, and ¢ show
the same field of the fluorescent images stained with anti-Tim50 antibodies (red) or anti-porin

antibodies (green), and of the merged image, respectively.
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Figure 2-14. Submitochondrial localization of Tim50

Mitochondria were converted to mitoplasts by osmotic swelling (lanes 3 and 4) and
treated with 200 pg/ml proteinase K for 20 min on ice (lanes 2 and 4). Mitochondria
were treated with either 0.1 M Na,CO; (lanes 5 and 6) or 1% Triton X-100 (lanes 7
and 8), and then pellets (ppt) and supernatants (sup) were separated by centrifugation.
The samples were analyzed by SDS-PAGE and immunoblotting with antibodies
against Tim50, Tom70, Tim23, and F\B. SW, osmotic swelling; PK, proteinase K
treatment; Na,COj;, extraction with Na,COj; TX-100, extraction with Triton X-100;
ppt, pellet fraction; sup, supernatant fraction.
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Figure 2-15. In vitro import of Tim50 precursor into isolated mitochondria

(A) Radiolabeled Tim50 precursor was incubated with isolated mitochondria for 20 min at 30°C in the
presence (lanes 1 and 3) or absence (lane 2) of A, or in the presence (lane 3) or absence (lanes 1 and 2) of
o-phenanthroline and EDTA. The mitochondria were reisolated and proteins were analyzed by SDS-PAGE
and radioimaging. ¢, 25% of the Tim50 precursor added to each sample; AW, membrane potential; o-phen,
addition of o-phenanthroline and EDTA; p and m, precursor and mature forms of Tim50, respectively.

{B) Radiolabeled Tim50 precursor was incubated with isolated mitochondria for 20 min at 30°C in the
presence (lanes 3 and 4) or absence (lanes 1 and 2) of A¥. The samples were divided into halves, and one
aliquot was kept on ice (lanes 1 and 3) and the other was treated with 100 pg/mg proteinase K for 20 min on
ice (lanes 2 and 4). The mitochondria were reisolated and proteins were analyzed by SDS-PAGE and
radioimaging. ¢, 25% of the Tim50 precursor added to each sample; AW, membrane potential; PK,
proteinase K treatment, p and m, precursor and mature forms of Tim50, respectively.
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Figure 2-16. Tim50 precursor is slowly imported into mitochondria

Radiolabeled Tim50 precursor was incubated with isolated mitochondria for indicated times in
the absence (upper panels) or presence (lower panels) of o-phenanthroline and EDTA. The
samples were divided into halves, and one aliquot was kept on ice (-PK) and the other was
treated with 100 pg/mg proteinase K for 20 min on ice (+PK). The mitochondria were
reisolated and proteins were analyzed by SDS-PAGE and radioimaging. The intensities for
" +PK" are enhanced 30-fold as compared with that for "-PK". p and m, precursor and mature
forms of Tim50, respectively.
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Figure 2-17. Tim50 precursor is partially folded

Radiolabeled TimS0 precursor was incubated with 0-300 pig/ml proteinase K in 250 mM
sucrose, 1 mM EDTA, and 10 mM MOPS-KOH pH 7.2 for 15 min on ice and then
precipitated with TCA. The samples were analyzed by SDS-PAGE and radioimaging.
fragment*, protease-resistant fragment of Tim50 precursor.
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Figure 2-18. The C-terminally truncated Tim50 precursor, but not the full-length
Tim50 precursor, is efficiently imported into mitochondria

Radiolabeled C-terminally truncated Tim50 precursors, which are consist of residues 1-225, residues 1-255,

residue:

s 1-310, or residues 1-355 of Tim50 precursor (225 aa, 255 aa, 310 aa, or 355 aa, respectively), and full-

length Tim50 precursor (full length (476 aa)) were incubated with isolated mitochondria for 20 min at 30°C.
The mitochondria were reisolated, converted to mitoplasts by osmotic swelling (lanes 1 and 2), and treated with

100 pg/mg proteinase K for 20 min on

ice (lanes 2 and 4). The mitochondria and mitoplasts were reisolated and

proteins were analyzed by SDS-PAGE and radioimaging. SW, osmotic swelling; PK, proteinase K treatment, p
and m, precursor and mature forms of Tim50, respectively.
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Figure 2-19. Depletion of Tim50 leads to accumulation of mitochondrial
precursor proteins in vivo

(A) Yeast wild-type strain W303-1A (WT) and the GAL-TIMS50 strain, in which the promoter of TIM50
is replaced by the inducible GAL7 promoter, were streaked onto galactose-containing medium (Y PGal)
and glucose-containing medium (YPD), and incubated at 23°C for 3 days and for 5 days, respectively.
(B) Total lysates were prepared from yeast straing W303-1A (WT) and GAL-TIM50, which were grown
at 23°C in YPGal, diluted, and then grown at 23°C in YPD for 0, 12, 18, and 24 hr. Total protein was
isolated and analyzed by SDS-PAGE and immunoblotting with antibodies against the indicated proteins.
The arrowheads indicate the accumulated precursor forms of mtHsp60 and Mdj1p.
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Figure 2-20. Tim50-depleted mitochondria generate the membrane potential

Mitochondria were isolated from yeast strains W303-1A (WT) and GAL-TIMS50 (Tim504) after cultivation
in glucose-containing medium for 12 hr at 30°C. The AY of the iso
fluorescence quenching with the potential-sensitive dye DiSCy(5). The amount of Tim50 in Tim504
mitochondria was 19% of that of WT mitochondria (see Figure 2-28, lanes 3 and 5, Tim50). mito., addition

of mitochondria; val., addition of valinomycin.
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Figure 2-21. Depletion of Tim50 leads to retardation of the import of presequence-
containing precursor proteins in vitro

Mitochondria were prepared as described in Figure 2-20. Radiolabeled mtHsp60 precursor (A), pSu9-DHFR (B),
pb(220)-DHFR (C), and AAC (D and E) were incubated with WT mitochondria (squares) or Tim504 mitochondria
(circles) at 23°C for indicated times. The mitochondria were treated with 100 pg/ml proteinase K for 20 min on ice
to measure import of precursor proteins into mitochondria (A, B, and C) or translocation of AAC across the outer
membrane (D), or the mitoplasts generated from the mitochondria were treated with 100 pg/ml proteinase K for 20
min on ice to measure insertion of AAC into the inner membrane (E). The samples were analyzed by SDS-PAGE
and radicimaging. The amounts of radiolabeled proteins added to each sample are set to 100%. i and m, processing-
intermediate and mature forms of pb,(220)-DHFR, respectively.
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Figure 2-22. Import of precursor proteins into mitoplasts, but not into
mitochondria, are blocked by anti-Tim50 antibodies

Mitochondria (filled symbols) and mitoplasts (blank symbols) (50 pg proteins) were preincubated
with anti-Tim50 IgGs (o.Tim50; circles) or with IgGs prepared from the preimmune serum
(preimmune; squares) (60 pg IgGs) for 30 min on ice. Radiolabeled mtHsp60 precursor (A) and
pSu9-DHFR (B) were incubated with the IgG-treated mitochondria or mitoplasts at 23°C for
indicated times. The mitochondria and mitoplasts were treated with 100 pg/ml proteinase K for 20
min on ice. The samples were analyzed by SDS-PAGE and radioimaging. The amounts of
radiolabeled precursor proteins added to each sample are set to 100%.
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Figure 2-23. Import of presequence-containing precursor proteins, but not of
presequence-less preproteins, are blocked by anti-Tim50 antibodies

Mitochondria (filled symbols) and mitoplasts (blank symbols) (50 pg proteins) were preincubated with indicated
amounts of anti-Tim50 IgGs (aTim50; circles) or IgGs prepared from the preimmune serum (P; squares) for 30
min on ice. Radiolabeled mtHsp60 precursor (A), pSu9-DHFR (B), and Tim23 (C) were incubated with the IgG-
treated mitochondria or mitoplasts at 23°C for 6 min (A and B) or for 15 min (C). To measure import of mtHsp60
precursor and pSu9-DHFR (A and B), the mitochondria and mitoplasts were treated with 100 pg/ml proteinase K
for 20 min on ice. To measure insertion of Tim23 (C), the mitochondria were converted to mitoplasts and the
mitoplasts were treated with 250 pg/ml trypsin for 20 min on ice. The samples were analyzed by SDS-PAGE and
radioimaging. For the insertion of Tim23, the trypsin-resistant fragment, which represent Tim23 inserted into the
inner membrane, is shown. The amounts of radiolabeled proteins imported or inserted in a control sample without
IgGs are set to 100%.
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Figure 2-24. Tim50 is a subunit of the TIM23 complex

(A) Mitochondria were solubilized with 2% digitonin and subjected to co-immunoprecipitation using
antibodies against Tim50 (o Tim50 (co-IP)), Tim23 (aTim23 (co-IP)), and Tom40 (o Tom40 (co-IP))
and using the preimmune serum (preimmune (co-IP)). Immunoprecipitates were analyzed by SDS-

PAGE and immunoblotting with antibodies against Tim50 and Tim23.

(B) Mitochondria were prepared from yeast strains expressing TimS0-3HA (3HA) or Tim50-His6
(His6) instead of wild-type TimS50. The mitochondria were solubilized with 1% digitonin and
incubated with the Ni-NTA resin, which was subsequently washed with 20 mM imidazole, and proteins
bound 1o the resin were eluted with 250 mM imidazole. Proteins were analyzed by SDS-PAGE and
immunoblotting with antibodies against the indicated proteins. Tim50 had slight degradation during

the analysis. L, loaded sample; FT, flow-through fraction; E, eluted fraction.
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Figure 2-25. Tim50 partly associates with the TIM23 complex

Mitochondria were solubilized with 1% digitonin, layered onto 10-40% linear glycerol
gradient, and centrifugated at 200,000 x g for 15 hr at 4°C. After centrifugation, fractions
were collected from the top and analyzed by SDS-PAGE and immunoblotting with antibodies
against Tim50 and Tim23. Numbers indicate fractions (from top to bottom). Vertical
arrowheads show the positions of carbonic anhydrase (29 kDa), BSA (68 kDa), alcohol
dehydrogenase (140 kDa), catalase (230 kDa), and apoferritin (440 kDa).
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Figure 2-26. Mitochondria contain ~30 pmol of Tim50 per mg of
mitochondrial protein

Together with isolated yeast mitochondria (10 pg protein each), indicated amounts of the
C-terminal segment (residues 242-476) of Tim50 (Tim50(242-476)) purified from E. coli
cells were subjected to SDS-PAGE and analyzed by immunoblotting with anti-Tim50
antibodies. The intensity for 0.50 ng of Tim50(242-476) is set to 1 unit. Blank circle
indicates the intensity for endogenous mature form of Tim50 in 10 pg of yeast
mitochondrial proteins.
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Figure 2-27. The intermembrane-space domain of Tim50 directly
interacts with the intermembrane-space domain of Tim23

(A) The IMS domain (residues 133-476) of Tim50 expressed as a fusion to the Galdp activator
domain (AD-Tim50(133-476)) was assayed for interactions with residues 1-50, residues 51-96,
and residues 1-96 of Tim23 as fusions to the Galdp DNA binding domain (BD-Tim23(1-50),
BD-Tim23(51-96), and BD-Tim23(1-96), respectively) and with the Galdp DNA binding
domain (BD) as a control in yeast two-hybrid analysis. The plasmids for the BD fusions were
individually co-transformed with the plasmid for AD-Tim50(133-476) into yeast strain PJ69-4A
and incubated on minimal SD medium lacking adenine at 30°C for 3 days.

(B) Deduced topology of Tim50 and Tim23 is schematically outlined.
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Figure 2-28. Tim50 affects the protease sensitivity of Tim23

Yeast strain GAL-TIMS0 was grown in galactose-containing medium or glucose-containing
medium for 12 hr at 30°C to prepare mitochondria overexpressing Tim50 (Tim50T) or those
depleted of TimS0 (Tim504), respectively. Wild-type mitochondria (WT) were prepared from
yeast strain W303-1A grown in glucose-containing medium for 12 hr at 30°C. The
mitochondria were treated with 500 pg/ml proteinase K in 250 mM sucrose, 10 mM MOPS-
KOH pH 7.2, and 80 mM KClI for 20 min on ice (lanes 2, 4, and 6). The mitochondria were
reisolated and proteins were analyzed by SDS-PAGE and immunoblotting with antibodies
against Tim50 and Tim23. The amounts of Tim23 in lanes 1, 3, and 5 are set to 100% for the
those of Tim23 and Tim23* in lanes 2, 4, and 6, respectively. PK, proteinase K treatment;
Tim23*, a proteolytic fragment of Tim23 in mitochondria.
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Figure 2-29. The translocation intermediate of pSu9-DHFR lodged in the
TOM channel is crosslinked to Tim50

Mitochondria were prepared from yeast wild-type strain (WT) and yeast strain expressing Tim50-3HA
instead of wild-type Tim50 (3HA). To generate the translocation intermediate lodged in the TOM
channel, radiolabeled pSu9-DHFR was incubated with the mitochondria for 10 min at 30°C in the presence
of CCCP. The mitochondria carrying wild-type TimS50 (left panel) and those carrying Tim50-3HA (right
panel) were reisolated and subjected to crosslinking with 200 uM GMBS and 200 uM MBS, respectively,
for 60 min on ice. After quenching the crosslinking reaction, the mitochondria were reisolated, solubilized
with 1% SDS, and subjected to immunoprecipitation with antibodies against Tim50 (oTim50 (IP)),
Tom40 (o Tom40 (IP)), and Tom22 (aTom?22 (IP)) and with anti-HA monoclonal antibody (aHA (IP)).
The immunoprecipitates were analyzed by SDS-PAGE and radioimaging. The intensities for lanes 3-5
and for lanes 8-10 are 25-fold and 40-fold higher than those for lanes 1-2 and for lanes 6-7, respectively.
Arrowheads indicate the identified crosslinked products, and arrows pSu9-DHFR.
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2-4. Discussion

In the present study, 1 identified a novel protein Tim50 in yeast S. cerevisiae as a
crosslinked partner of the translocation intermediate anchored to the mitochondrial inner
membrane. Tim50 is an integral inner-membrane protein and exposes a large C-terminal
domain to the IMS, which interacts with the N-terminal IMS segment of Tim23. Depletion
of Tim50 led to accumulation of precursor forms of mitochondrial proteins in vivo and
exhibited defects in the import of presequence-containing precursor proteins in vitro.
Besides, anti-Tim50 antibodies blocked the import of presequence-containing precursor
proteins, but not of presequence-less preproteins, into mitoplasts. These results indicate
that Tim50 is a key component of the TIM23 complex that is directly involved in the
early step of the protein translocation across the inner membrane. Glycerol density gradient
centrifugation of solubilized mitochondria showed that, while Tim50 is a subunit of the
TIM23 complex, only one third of the Tim50 molecules are associated with the TIM?23
complex and the rest of the Tim50 molecules forms a pool of ~140-kDa complex, which is
distinct from the TIM23 complex. The interaction of Tim50 with the TIM23 complex
appears to be dynamic.

Recently, Tim50 was also identified in N. crassa as an additional protein purified
with the TIM23 complex (35). Tim50 in N. crassa consists of 540 amino-acid residues,
possesses a mitochondrial presequence (residues 1-37), spans the inner membrane with a
single transmembrane segment (residues 171-191), and exposes a large C-terminal domain
to the IMS, as yeast Tim50 does. While N. crassa Tim50 is a functional subunit of the
TIM23 complex, only a fraction of the Tim50 molecules were found in association with the
TIM23 complex (35). The molar ratio of Tim50:Tim23:Tim17 was estimated to be ~2:1:1
in mitochondria and ~0.3:1:1 in the purified TIM23 complex in N. crassa. These features
of N. crassa Tim50 are similar to those of yeast Tim50 described in the present study.

What is the role of Tim50 in protein import into mitochondria? Tim50 is the only
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subunit of the TIM23 complex that exposes its largest domain to the IMS and could be
dynamically associated with the TIM23 complex. Since this IMS-exposed C-terminal
domain is tightly folded and highly conserved in evolution, it may well be a functional
region of Tim50. The IMS domain of Tim50 also contains a coiled-coil segment, which
can mediate a protein-protein interaction. Indeed, Tim50, most likely via its IMS domain,
was efficiently crosslinked to the translocation intermediate lodged in the TOM channel in
the absence of AW. This strongly suggests that Tim50 is involved in the transfer of
precursor proteins from the outlet of the TOM channel to the TIM23 complex. Besides, the
recent studies showed that Tim50 is crosslinked to the translocating precursor protein,
which spans both the TOM and TIM23 complexes to generate the TOM-TIM23-preprotein
supercomplex (35, 36). Furthermore, it was reported that Tim50 is strictly required for
generation, but not for stabilization, of the TOM-TIM23-preprotein supercomplex (37).
When the supercomplex is generated, the bulk of Tim50 is included in the supercomplex
but easily released as it is not necessary for the stable interaction between the precursor
protein and the TOM and TIM23 complexes (37). These recent findings would also
support my view for the role of Tim50 in linking the TOM complex to the TIM23 complex.
Previously, the IMS domain of Tom22, which contributes to a presequence-binding
site, and the extreme N-terminal segment of Tim23, which is integrated into the outer
membrane, have been suggested to facilitate the transfer of precursor proteins from the
TOM complex to the TIM23 complex. The mitochondria containing a mutant Tom22 that
lacks its IMS domain exhibit no defect in the accumulation of the translocation intermediate
in the absence of AW, but impairs the chase of the intermediate into the matrix after
regeneration of AW (32, 38, 39). In addition, this IMS domain of Tom22 is crucial for
generation of the TOM-TIM23-preprotein supercomplex (37). The mitochondria
containing a mutant Tim23 that lacks its N-terminal segment (residues 1-50) exhibit defects

in protein import into mitochondria, but not into the mitoplasts (31), although another group
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failed to confirm these results (37). Thus, the N-terminal segment of Tim23 stimulates the
transfer of precursor proteins from the TOM complex to the TIM23 complex, probably by
tethering the TIM23 complex to the outer membrane. Taken together, I propose here that
Tim50, in cooperation with the IMS domain of Tom22, links protein translocation across
the outer membrane and that across the inner membrane, in the following manner. An
incoming precursor protein, which traverses the outer membrane, binds to the rrans site of
the TOM complex on the IMS side of the outer membrane and/or the IMS domain of
Tim50 in the IMS. In this state, Tim50 may possibly be separated from the TIM23
complex and present in the ~140-kDa complex in which Tim50 forms a homodimer via its
C-terminal coiled-coil region. Then, the precursor protein is delivered from Tim50 to the
TIM23 complex by association of its IMS domain with the IMS segment (residues 51-96)
of Tim23. Finally, the presequence of the precursor protein, which was bound by the IMS
segment of Tim23, is translocated across the inner membrane with the aid of AW. Since a
coiled-coil dimer can bind to another coiled-coil segment to exchange its dimeric pair (40,
41) and the IMS segment of Tim23 also forms a coiled-coil dimer (42), the IMS domain of
Tim50 could perhaps open the Tim23 channel or dissociate the Tim23 dimer by changing
its coiled-coil partner to Tim23. This hypothesis should be addressed in future studies. In
particular, which forms of Tim50 (~250-kDa form with the TIM23 complex or ~140-kDa
form without the TIM23 complex) is crosslinked with the translocation intermediate
accumulated at the outer membrane and whether Tim50 functions as a pore-opening factor
for the Tim23 channel are the questions to be answered.

Although Tim50 is not essential for stabilization of the TOM-TIM23-preprotein
supercomplex, the bulk of TimS0 is present in the supercomplex (37). Why is Tim50 still
enriched in the supercomplex? TimS50 is crosslinked to the processing-intermediate form of
translocating pb:(220)-DHFR, not the mature form, through just downstream of the

IMS-sorting signal of the Cytb: part. Therefore, it is possible that Tim50 is responsible for
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the sorting function, or, more specifically, the recognition of the IMS-sorting signal of the
Cyth, precursor as well as for protein translocation across the inner membrane. Such a role
was previously assigned to Tim23 and Tim11. Mitochondria containing a mutant Tim23
affect the sorting of the Cyth, precursor with an altered sorting signal (43). Tim11 was
efficiently crosslinked to the IMS-sorting signal part of the Cyth, precursor (44). However,
since Tim! 1 was found to be a subunit of F,F,-ATPase and was not included in the TIM23
complex (45), it may not be involved in intramitochondrial sorting. The possible roles of
Tim50 and Tim23 in sorting proteins to the IMS, e.g., recognition of the IMS sorting signal
and discharge of the IMS proteins from the TIM23 complex, will be an essential subject of

future studies.
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