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ARTICLE

Tim54p connects inner membrane assembly
and proteolytic pathways in the mitochondrion

David K. Hwang', Steven M. Claypool', Danielle Leuenberger', Heather L. Tienson', and Carla M. Koehler'3

'Department of Chemistry and Biochemistry, 2Jonsson Comprehensive Cancer Center, and *Molecular Biclogy Institute, University of California, Los Angeles,

Los Angeles, CA 90095

im54p, a component of the inner membrane TIM22

complex, does not directly mediate the import of inner

membrane substrates but is required for assembly/
stability of the 300-kD TIM22 complex. In addition,
Atim54 yeast exhibit a petite-negative phenotype (also
observed in yeast harboring mutations in the F1Fo ATPase,
the ADP/ATP carrier, mitochondrial morphology com-
ponents, or the i~AAA protease, Ymelp). Interestingly,
other import mutants in our strain background are not
petite-negative. We report that Tim54p is not involved

Introduction

Mitochondria have elaborate translocation machinery for the
import and assembly of nuclear-coded proteins. Translocons of
the outer membrane (TOM) and inner membrane (TIM) coordi-
nate protein translocation across the outer and inner membranes
(Paschen and Neupert, 2001; Truscott et al., 2003; Koehler,
2004). The TIM23 translocon mediates the import of proteins
with a typical N-terminal targeting sequence. The TIM22 import
pathway facilitates the TIM proteins, including the carrier fam-
ily and the import components Tim22p and Tim23p. Members
of the TIM22 pathway include two soluble complexes in the
intermembrane space, Tim9p-Tim10p and Tim8p-Tim13p, as
well as a 300-kD complex at the inner membrane, which con-
sists of Tim12p, Tim18p, Tim22p, Tim54p, and a fraction of
Tim9p and Tim10p (Koehler, 2004). The soluble complexes aid
movement of the hydrophobic precursors across the aqueous
intermembrane space, and the 300-kD complex mediates inser-
tion into the inner membrane.

The essential components in the TIM22 translocon are
Tim9p, Tim10p, Tim12p, and Tim22p (Sirrenberg et al., 1996,
1998; Kerscher et al., 1997; Koehler et al., 1998a,b), which all
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in maintenance of mitochondrial DNA or mitochondrial
morphology. Rather, Tim54p mediates assembly of an
active Ymelp complex, after Ymelp is imported via the
TIM23 pathway. Defective Yme1p assembly is likely the
major contributing factor for the petite-negativity in strains
lacking functional Tim54p. Thus, Tim54p has two indepen-
dent functions: scaffolding/stability for the TIM22 mem-
brane complex and assembly of Yme1p into a proteolytically
active complex. As such, Tim54p links protein import,
assembly, and turnover pathways in the mitochondrion.

bind directly to the imported substrate as shown by chemical
cross-linking. Tim18p and Tim54p, however, seem to play sec-
ondary roles in protein translocation because a direct inter-
action with a translocating TIM?22 substrate has yet to be
demonstrated. Tim18p is an accessory protein, and the 300-kD
TIM22 complex is present, albeit decreased in molecular mass,
in strains lacking tim18 (Kerscher et al., 2000; Koehler et al.,
2000). Tim54p was identified in a two-hybrid screen using
the cytosolic domain of Mmmlp, an outer membrane protein
involved in the maintenance of mitochondrial morphology and
mitochondrial DNA, as the bait (Kerscher et al., 1997). This
interaction may be reflected by Mmmlp’s role in assembly
of B-barrel outer membrane proteins (Meisinger et al., 2007).
Jensen and colleagues specifically showed that Tim54p part-
ners with Tim22p in the 300-kD complex and is essential for
viability (Kerscher et al., 1997), suggesting that Tim54p might
assemble or stabilize the 300-kD complex. However, sub-
sequent studies by Pfanner and Jensen showed that Tim54p is
not essential under certain conditions (Kovermann et al., 2002),
and raised a general question about the role of Tim54p in mito-
chondrial biogenesis.

Surprisingly, cells lacking #iml8 have a petite-negative
phenotype, which is revealed by inviability on glucose medium
in the presence of ethidium bromide (Dunn and Jensen, 2003).
In Saccharomyces cerevisiae, mitochondrial respiration is not
essential for viability and is referred to as petite-positivity
because of the ability to grow on fermentable carbon sources
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Figure 1. Cells lacking functional Tim54p are petite-negative.
(A) Increasing amounts of a mitochondrial protein lysate (50, 100,
150 ng) from a WT strain, the ts tim54-3 mutant (grown at 25°C),
the strain deleted for TIM54 (Atim54), and the Aymel mutant
were separated by SDS-PAGE and immunoblotted with antibodies
against Tim54p and porin. The strain background is GA74.
(B) Yeast strains in background GA74 [WT, Atim54 transformed
with TIM54 on a centromeric plasmid (Atim54 + pTIM54 CEN),
Atim54, tim54-3, Aymel, and ts tim22 (tim22-4, tim22-19) and
tim23 (tim23-2) mutants], were grown to mid-log phase in liquid

A

B

YPD. The cultures were serially diluted by a factor of 5 and spotted WT
on YPD plates or YPD plates containing 40 pg/ml ethidium bro- .
mide and incubated at 25°C for 4 d. Atim54 +
pTIM54 CEN
Atim54

when the mitochondrial genome is lost (p°) or contains large
deletions (p~; Ephrussi, 1953; Bulder, 1964). However, most
yeast strains, including S. pombe and K. lactis, are petite-
negative and require a functional mitochondrial genome for growth
(Chen and Clark-Walker, 2000). Petite-positivity is achieved
because a mitochondrial membrane potential (Als) can be main-
tained in the respiration-deficient state by the import of ATP
(via the ADP/ATP carrier, AAC) in exchange for ADP produced
by the F,-ATPase, which acts as an ATP hydrolase (Giraud and
Velours, 1997).

In addition to 7IM 18, mutations in several nuclear genes
can render S. cerevisiae petite-negative (Contamine and Picard,
2000). These nuclear genes include those for the F; portion of
the ATPase (Weber et al., 1995; Giraud and Velours, 1997),
AAC (Kovéc, 1967), and the mitochondrial inner membrane
protease, Ymelp (Kominsky and Thorsness, 2000; Kominsky
etal., 2002). AAC is required for the aforementioned exchange
of ATP and ADP between the cytosol and the matrix (Palmieri
etal., 1996). Ymelp may affect ATPase function by catalyzing
the turnover of protein inhibitors of the ATPase (Kominsky
et al., 2002) or altering F,-ATPase activity, possibly by in-
ducing structural changes (Francis et al., 2007). The petite-
negative phenotype of Atim18 cells was suppressed by several
genes coding for cytosolic proteins including translation com-
ponents and chaperones (Dunn and Jensen, 2003). Jensen
and colleagues suggested that this set of suppressors might
compensate for a defect in protein import, allowing the mi-
tochondrion to maintain a membrane potential (Dunn and
Jensen, 2003). In addition, a mutation in tim9 results in a petite-
negative phenotype that has been linked to a defect in tran-
scription (Senapin et al., 2003), and petite-negativity for cells
lacking fom70 is dependent on the strain background (Dunn
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and Jensen, 2003). Thus, the specific mechanism(s) resulting
in the synthetic lethality between loss of the mitochondrial ge-
nome and mutations in this wide array of nuclear genes is not
well understood.

In this paper, we investigate the function of Tim54p in
mitochondrial biogenesis and find that the Azim54 cells are
petite-negative. In contrast, strains harboring mutations in tim9,
timl0, timl2, timl8, tim22, and tim23, all import components,
are petite-positive in our strain background. From a systematic
analysis, we show that Tim54p is not required for maintenance
of mitochondrial DNA or nucleoid morphology. Rather, Tim54p
is required for the stability/assembly of the TIM22 complex
and, second and specifically, for the assembly of Ymelp into
a proteolytically active complex. Because Ymelp is imported
through the TIM23 translocon and Tim54p is a stabilizing
component of the TIM22 translocon, Ymelp import and assem-
bly represent a novel collaborative effort between the two trans-
locons of the inner membrane. Given the role of Ymelp in
protein turnover, Tim54p effectively links pathways of import,
assembly, and turnover in the mitochondrion.

Results

Loss of functional TimS54p yvields a decrease
in mitochondrial nucleoid number

Whereas Tim9p, Tim10p, Tim12p, and Tim22p (Sirrenberg
etal., 1996, 1998; Kerscher et al., 1997; Koehler et al., 1998a,b)
all bind directly to an imported TIM22 substrate, we have not
been successful at identifying a direct biochemical interaction
between a translocating TIM22 substrate and Tim54p (unpub-
lished data). These observations prompted us to investigate the
specific role of Tim54p in mitochondrial biogenesis.



Because Jensen and colleagues originally identified Tim54p
through a two-hybrid interaction with Mmm1p (Kerscher et al.,
1997) and because Mmmlp has a role in mitochondrial DNA
maintenance (Hobbs et al., 2001; Hanekamp et al., 2002), we
probed whether Tim54p might function in mitochondrial DNA
stabilization. We generated a strain deleted for TIM54 (Atim54)
using plasmid shuffling in the parental strain GA74 (geno-
types for strains are listed in Table S1, available at http://www
jeb.org/cgi/content/full/jcb.200706195/DC1) (Waldherr et al.,
1993; Koehler et al., 1998a; Kovermann et al., 2002). We also
generated a temperature-sensitive (ts) tim54—3 mutant using
error-prone PCR in GA74 (Muhlrad et al., 1992; Leuenberger
et al., 2003). Whereas the Atim54 and tim54-3 strains grew with
a doubling time of ~3 h at 25°C on glucose media, the strains
arrested growth after 6 h at 37°C. The strains also grew slowly on
ethanol-glycerol media at 25°C (Fig. S1). As expected, Tim54p
was not detected by immunoblot analysis in mitochondrial ex-
tracts derived from the Arim54 strain (Fig. 1 A). Tim54p also
was not detected in mitochondria purified from the tim54-3 mu-
tant grown at 25°C; the mutant protein may be present at steady-
state levels that are not detectable by the antibody, or the protein
may be turned over at an increased rate compared with wild-
type Tim54p.

We investigated whether Tim54p might function in a path-
way for the maintenance of mitochondrial DNA. We analyzed
growth at 25°C by serial dilution in glucose medium supple-
mented with ethidium bromide, which causes cells to lose their
mitochondrial DNA (referred to as p°; Slonimski et al., 1968)
(Fig. 1 B). The Afim54 and tim54-3 strains, like the control Aymel
strain, were not viable on glucose media containing ethidium
bromide. In contrast, ts mutants tim22-4, tim22-19, and tim23-2
(Dekker et al., 1997; Leuenberger et al., 1999) grew on media
containing ethidium bromide, indicating that strains defective in
protein import in the GA74 background typically do not require
the mitochondrial genome for growth. Therefore, the tim54 and
Aymel strains have a petite-negative phenotype, whereas the
tim22 and tim23 mutants are petite-positive.

We checked if Tim54p was required for maintenance of
mitochondrial morphology. Mitochondrial and nucleoid struc-
ture were probed in a Atim54 strain by transforming the strain
with a mitochondrial matrix-targeted GFP construct and stain-
ing with 2 pg/ml DAPI, respectively (Fig. 2 A). Compared with
the parental strain with many small punctate nucleoids (25 = 10,
n = 32), Atim54 cells contained fewer nucleoids (6 * 3, n = 30),
which is similar to that observed in the Aymel isogenic strain
(6 = 2,n = 34). In contrast, Atim54 and the parental strain had
a similar mitochondrial network.

Because morphology defects can arise as a secondary de-
fect in mitochondrial function, as has been demonstrated for
mutants in mitochondrial outer membrane assembly (Stojanovski
et al., 2006), we evaluated the nucleoid quantity in the tim54-3
mutant at the restrictive temperature of 37°C in a time course
assay. At the initial time point and after 12 h at 37°C, the tim54-3
cells showed normal nucleoid number (20 = 9, n = 33) (Fig. 2 B).
Only after 18-24 h at 37°C were structural changes—from
abundant, punctate nucleoids to fewer, coalescent nucleoids
(5 = 2, n = 20)—evident in tim54-3 cells, in contrast to

A DAPI GFP Merge

WT
tim54-3
Atim4

Ayme1

B

12 h

18 h

24 h

DAPI

Figure 2. Absence of Tim54p reduces nucleoid number. (A) Cells were
grown to mid-log phase in YPD at 25°C, stained with 2 pg/ml DAPI, and
viewed by fluorescence microscopy. The images from DAPI and GFP were
superimposed (Merge). Strains analyzed were the parental strain (WT),
tim54-3, Atim54, and Ayme1 in strain background GA74. Mitochondrial
morphology was visualized with a mitochondrially targeted GFP. Note:
the nucleus (N) is marked in images that showed strong nuclear DAPI
staining. (B) The parental strain and the tim54-3 mutant were incubated at
the restrictive temperature of 37°C for 0, 12, 18, and 24 h. Nucleoid
morphology was examined by fluorescence microscopy as described in A.
Bar, 3 um.

the parental strain that maintained a normal nucleoid pheno-
type at all time points analyzed (Fig. 2 B). The aberrant nucle-
oid morphology thus is a secondary consequence associated
with loss of functional Tim54p, indicating that Tim54p does
not play a direct role in regulating mitochondrial or nucle-
oid structure.

TIMS4P MEDIATES ASSEMBLY OF THE rAAA PROTEASE YME1TP

1183



1184

Figure 3. Petite-negativity is dependent on the strain back-
ground. (A) Yeast strains (WT GA74, Atim18 in strain GA74
and BY4742, Atom70in BY4742 and JKR101 and haploids
derived from the cross JKR101 X JK9, and AymeT in BY4742)
were tested for petite-negativity as described in Fig. 1 B.
(B) Strains deleted for yme1 in BY4742, JK9-3d, and GA74
were tested for petite-negativity. (C) The GA74 strain expressing
conditional mutants tim9-3, tim9-4, tim9-5, tim9-19, tim10-1,
tim10-2, and tim12-1 and controls WT and Ayme 1 in BY4742
were tested as described in Fig. 1 B. Strain background is
indicated in the figure.

Petite-negativity depends on the
background of the yeast strain

A comprehensive study by Jensen and colleagues illustrated a
link between mitochondrial protein import and cytosolic pro-
tein translation and trafficking pathways (Dunn and Jensen,
2003). We assessed the petite-negativity of import components
in different strain backgrounds available in our laboratory by
serial dilution on glucose media supplemented with ethidium
bromide (Fig. 3). Whereas the Jensen group reported previously
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ethidium bromide Strain Background

WT GAT74
Atim18 GA74
Atim18 BY4742
Atom70 BY4742
Ayme1 BY4742
WT BY4742

Atom70::LEU2 JKR101

Atom70::URA3 JKR101
Atom70::LEU2 JKR101xJK9-3d

Atom70::URA3 JKR101xJK9-3d

Ayme1 BY4742
ethidium bromide
GA74
BY4742
JK9-3d
GA74
GA74
YPD +
WT GA74
tim9-3 GA74
tim9-4 GA74
tim9-5 GA74
tim9-19 GA74
WT GA74
tim10-1 GA74
tim10-2 GA74
tim12-1 GA74
AymefT BY4742

that their Atiml8 and Atom70 strains were petite-negative, the
BY4742 strain deleted for tim 18 was the only strain that showed
partial sensitivity to ethidium bromide (Fig. 3 A) (Brachmann
et al., 1998). Instead, our GA74 strain, as well as other back-
grounds (Schmidt et al., 1987; Hines et al., 1990; Hines and
Schatz, 1993), did not display petite-negativity when deleted
for tim18 and tom70. In contrast, the petite-negative phenotype
associated with Aymel was independent of strain background
(Fig. 3 B) (Beilharz et al., 1998). Additionally, mutations in #im9,



: - Figure 4. Mitochondria lacking Tim54p display a com-

A AVVT_ Lm’jﬁ Atimo4 A}/4m67 kD pl%mised TIM22 import pulhwus),l. (A) Inzreos'iangycmounfs
R JRp— — of a mitochondrial protein lysate (50, 100, 150 pg) from

Yme! | enemes |~ e —68 the parental strain (R)NT), ‘rheyfim5£1-3 mutant, Arim5911, and

TIM23 | ™ w= - — - - |- - @29 Aymel, were separated by SDSPAGE and immunoblotted

- = with antibodies against Ymelp, Tim23p, Tim22p, AAC,

TIM22| = = e : 24 Fia-ATPase, Hsp70, Tom40p, porin, and Hsp60. The

= asterisk denotes immunoreactivity toward porin. (B) Radio-

AAC |0 o [~ == w—
A

T

labeled Hspé0, a substrate of the TIM23 pathway, was

1

Flo w--'-

imported into mitochondria purified from the WT strain

—68
and the Atim54 and tim54-3 strains for 1, 2, and 4 min

HSP70 = = gy .

in the presence and absence of a membrane potential
(AW). Non-imported precursor was removed by protease

Tom40| -

—————— - — -

treatment (50 ug/ml trypsin treatment for 30 min followed

—45 by inactivation with 100 pg/ml trypsin inhibitor for 10 min).

porin

———r——————— 29

Imported proteins were separated by SDS-PAGE and visu-
alized by fluorography. 10% of the translation reaction

(Std) is included as a control. p and m indicate precursor

Hsp60 P W’ S ! -_68 and mature forms, respectively. (C) Radiolabeled Tim23p,
B a substrate of the TIM22 pathway, was imported as in B.
: ; Insertion info the inner membrane was confirmed by car-
tim54-3 Atim54 strain bonate extraction. 10% of the translation reaction (Std) is
+ - + — + - A\}I included as a control. Import reactions were quantitated
Stdf 1 2 4 141 2 4[4]1 2 4|4 |min using a BioRad FX Molecular Imager and the aoffiliated
Sla kD Quantity 1 software; 100% was set as the amount of pre-
HSpGO p S - 68 cursor imported into WT mitochondria at the endpoint in
- the time course.
% import: 45 64 100 4 10 16 9 15 25
C WT tim54-3 Atim54 strain
+ — + - + — Ay
Stdl 1 2 4 (411 2 41411 2 414 II‘?E)n
Tim23 - - - w29
% import: 39 64 100 9 10 15 5 71

tim10, and timI2 did not cause petite-negativity (Fig. 3 C) (Koehler
et al., 1998a,b). The studies by Jensen and colleagues show that
their background choice was important for deciphering the
threshold effects caused by a defect in protein import and sub-
sequent compensatory mechanisms, whereas the GA74 strain
background does not seem to display these threshold effects.
Thus, petite-negativity in the GA74 strain is a unique phenotype
specifically associated with mutations in tim54 and not other
import components.

The TIM22 import pathway is compromised
in tim54 mutants and can be restored by
TIMZ22 overexpression

Because cells lacking Ymelp are not viable in the absence of mito-
chondrial DNA, we investigated the steady-state levels of Ymelp
and other mitochondrial proteins in Atim54, tim54-3, Aymel,
and wild-type (WT) mitochondria grown at 25°C (Fig. 4 A).
Increasing amounts of a mitochondrial protein lysate were
separated by SDS-PAGE and immunoblotted for mitochondrial
proteins including Ymelp, Tim23p, Tim22p, AAC, F,o-ATPase,
Hsp70, Tom40p, porin, and Hsp60. The abundance of Ymelp
was decreased in the Afim54 and tim54-3 mitochondria. The
steady-state levels of Tim22p were also decreased in the tim54
mutants, but not in Aymel mitochondria. In addition, Tim23p
and AAC levels (substrates of the TIM22 pathway) were lower
in tim54 mutant mitochondria because the TIM22 import path-
way is compromised in the absence of Tim54p (Kerscher et al.,

1997; Kovermann et al., 2002). In contrast, the steady-state lev-
els of porin, Tom40p, Hsp70, Hsp60, and the F;a-ATPase were
similar among the tested strains. Therefore, mitochondria lack-
ing functional Tim54p show a decreased abundance in Ymelp,
as well as the previously characterized TIM22 translocon sub-
strates, Tim23p, Tim22p, and AAC.

A reason for the decreased abundance of the aforemen-
tioned proteins in the mitochondria lacking functional Tim54p
might in part be caused by a general defect in protein import
(Leuenberger et al., 1999). We tested the import of Hsp60 and
Tim23p, which use the TIM23 and TIM22 import pathways,
respectively, into mitochondria isolated from the Afim54 and
tim54-3 strains (Fig. 4, B and C). Both Hsp60 and Tim23p were
imported into Azim54 and tim54-3 strains, albeit at a slower rate
than WT mitochondria. The steady-state level of Hsp60 in the
tim54-3 and Atim54 mitochondria, however, was not markedly
reduced (Fig. 4 A). We have observed this scenario previously
in which the in vitro import rate with isolated mitochondria is
impaired compared with the steady-state levels, indicating that
either import in vivo is more efficient than in vitro (Murphy,
1997; Leuenberger et al., 2003) or protein turnover is decreased
to compensate for a reduced rate/abundance of import.

We investigated the function of Tim54p in the TIM22
pathway in greater detail with a combined genetic and biochem-
ical approach. We transformed the #im54-3 and Atim54 mutants
with a high-copy plasmid (designated [TIM22]) in which Tim22p
was overexpressed (Fig. 5, A and B). Overexpression of TIM22
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specifically restored growth to the tim54-3 mutant at 37°C on
glucose media; however, the petite-negative phenotype was not
reversed (Fig. 5 A). In contrast to studies by Pfanner and Jensen
and colleagues (Kovermann et al., 2002), TIM22 overexpres-
sion did not suppress the growth defect or the petite-negativity
in the Arim54 strain (Fig. 5 A), indicating that T7IM22 suppres-
sion is dependent on the presence of the tim54 gene and that the
tim54-3 mutant protein (albeit undetectable by immunoblot) is
required for growth at 37°C. Also, TIM22 overexpression did
not suppress the growth defect on rich ethanol-glycerol media
at 37°C, demonstrating that tim54-3 phenocopies the Aymel
mutant (Fig. 5 B). We also tested cold-sensitivity at 15°C on rich
glucose media (Fig. S2, available at http://www.jcb.org/cgi/
content/full/jcb.200706195/DC1). Like the Aymel mutant, Atim54
and tim54-3 strains displayed cold sensitivity, which was not
restored upon TIM22 overexpression (Fig. S2). In addition, the
abundance of Tim22p, Tim23p, AAC, and Ymelp increased in
tim54-3 mitochondria overexpressing Tim22p (Fig. 5 C), and
import was restored to near-WT levels for substrates of the
TIM22 pathway (Fig. 5 D; Fig. S3). This analysis indicates that
overexpression of Tim22p restores defects associated with pro-
tein import and growth in the tim54-3 mutant, supporting the
hypothesis that Tim54p functions as a stabilizing scaffold/
assembly factor for the TIM22 complex.

This set of experiments also suggests that Tim54p has a
separate function associated with petite-negativity that 7IM22
overexpression cannot suppress. Because overexpression of CCT6,
identified in the screen by Jensen and colleagues was a suppressor
of Atim18 (Dunn and Jensen, 2003; Senapin et al., 2003), we
investigated whether CCT6 might suppress the tim54-3 mu-
tant (Fig. S4, available at http://www.jcb.org/cgi/content/full/
jcb.200706195/DC1). Interestingly, CCT6 overexpression failed
to restore growth of the #im54-3 mutant on ethidium bromide
medium (Fig. S4). Therefore, the petite-negativity of the tim54
mutants is not seemingly caused by a defect in protein import
or translation.

Because assembled ATPase and AAC complex are re-
quired for maintenance of a membrane potential (Giraud and
Velours, 1997), we investigated the assembly state of the ATPase
and AAC (Fig. 6, A and B); impaired assembly could lead to in-
viability in the presence of ethidium bromide. As assessed by
one-dimensional blue-native PAGE, ATPase assembly was not
impaired in mitochondria lacking functional Tim22p, Tim23p,
Tim54p, and Ymelp (Fig. 6 A). To determine if AAC assembled
normally as a dimer, mitochondrial extracts were resolved by
blue-native PAGE in the first dimension and SDS-PAGE in the
second dimension. AAC assembled into a dimer in Atim54
mitochondria and WT mitochondria (Fig. 6 B) as well as the
tim54-3 mutant (unpublished data). In previous studies, we have

shown that AAC levels are essentially undetectable in our #im9,
tim10, and tim22 mutant mitochondria (Koehler et al., 1998a;
Murphy et al., 2001; Leuenberger et al., 2003). However, given
that these mutants are not petite-negative as shown in Figs. 1 B
and 3 C, even almost undetectable levels of AAC seem adequate
to support the minimal membrane potential required for growth
in the absence of respiration. Thus, the petite-negative pheno-
type associated with the tim54 strains is not due to a lack of
assembly of the ATPase or AAC complexes.

Tim54p is required for Yme1p assembly
into an active complex

Given that the petite-negative phenotype and the respiratory-
deficiency at 37°C could not be restored by overexpression of
TIM22, we focused on Ymelp assembly and function. First,
we evaluated Ymelp import into mitochondria defective in
tim22, tim23, and tim54, as well as the tim54-3 mitochondria
with overexpressed TIM22 (Fig. S5 A, available at http://www
.jcb.org/cgi/content/full/jcb.200706195/DC1). Ymelp con-
tains a typical N-terminal targeting sequence that is cleaved,
presumably by the matrix processing peptidase, upon import
(Klanner et al., 2001; Arnold and Langer, 2002); as such,
Ymelp is predicted to use the TIM23 import pathway because
of its typical presequence (Van Dyck and Langer, 1999). The
Ymelp import rate was decreased in tim22-19 and tim23-2
mutant mitochondria (Fig. S5 A). Despite the decreased rate of
import, however, Ymelp was present at WT levels in tim22-19
and tim23-2 mitochondria (Fig. 7 A). In addition, the rate of
Ymelp into tim54 mutant mitochondria was impaired (Fig.
S5 A), but Ymel was detected in mutant tim54 mitochondria
(Fig. 2 A and Fig. 5C). Finally, overexpression of Tim22p re-
stored the rate of import (Fig. S5 A). Whereas Ymelp import
is impaired, Ymelp still accumulates to levels that are detect-
able in WT mitochondria.

Ymelp assembles into a large complex with a predicted
molecular weight of ~1 MDa (Klanner et al., 2001). Using
blue-native gel analysis, we tested whether Ymelp assembled
in mitochondria defective in Tim54p function. Mitochondria
were solubilized in 1.0% (wt/vol) digitonin and separated on
a 5-10% blue-native gel (Fig. 7 B). In WT, tim22-19, tim23-2,
Atim8Atiml13, timl0-1, timl2-1, and Atiml8 mitochondria,
Ymelp assembled into a large complex migrating well above
the highest molecular weight standard, consistent with the pre-
dicted molecular weight of 1 MDa obtained by size-exclusion
chromatography (Klanner et al., 2001). Ymelp thus assembled
in mutant #im22 and tim23 mitochondria. In addition, Ymelp
assembly was not impaired in mitochondria lacking func-
tional small Tim proteins or Tim18p. In contrast, Ymelp as-
sembly was impaired in tim54-3 and Atim54 mitochondria

Figure 5. Overexpression of TIM22 in tim54-3 mitochondria restores viability on rich glucose media and protein import, but not petite-negativity. (A) The
tim54-3 and Atim54 mutants were transformed with a 2 plasmid overexpressing TIM22 (designated as [TIM22]) in strain GA74. Individual transformants
were serially diluted as described in Fig. 1 B onfo rich glucose media in the presence and absence of ethidium bromide. Restoration of growth was tested
at 37°C for the rich glucose media and 25°C for petite-negativity. (B) The WT, Ayme 1, Atim54, tim54-3, and tim54-3 + [TIM22] strains (background GA74)
were plated onto rich ethanol-glyercol media and incubated at 25°C and 37°C. Plates were photographed after 3 d. (C) The steady-state levels of Tim54p,
Tim22p, Tim23p, Yme1p, AAC, and porin were investigated as described in Fig. 4 A in mitochondria derived from the tim54-3 mutant and from the tim54-3
mutant overexpressing TIM22 (designated tim54-3[TIM22]). The asterisk denotes immunoreactivity toward porin. (D) Import rates for substrates of the
TIM22 pathway, AAC (top) and the phosphate carrier (P.C; bottom), were analyzed as described in Fig. 4 C.
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Figure 6. The ATPase and AAC complexes assemble correctly in tim54
mutant mitochondria. (A) Purified mitochondria from the WT, tim22-19,
tim23-2, tim54-3, Atim54, and Ayme] strains were solubilized with 1%
(wt/vol) digitonin and subjected to blue-native gel electrophoresis (5-10%).
An antibody against the Fja-ATPase was used to detect complex V assembly.
V and V; indicate the assembled complex V monomer, and the assembled
complex V dimer, respectively. (B) Mitochondria from WT and Atim54
strains were solubilized in 1% digitonin and subjected first to blue-native
gel electrophoresis (6-16% acrylamide) and then to SDS-PAGE (12% acry-
lamide). AAC was detected by immunoblotting. Note, 4X more mitochon-
dria were loaded for the Atim54 strain because of reduced AAC abundance.
T, a sample of the total detergent-solubilized mitochondria.

as well as tim54-3 mitochondria with overexpressed Tim22p
(Fig. 7 C); when the gel was overexposed to film, a signal at the
molecular mass of 80 kD—that of unassembled Ymelp (Ymelp
monomer)—was detected (Fig. 7 C). We followed the assem-
bly of Ymelp by coupling import assays and blue-native gels
(Fig. 7 D). As expected, assembledYmelp accumulated into a
high molecular weight complex in WT and mutant #tim23-2 mito-
chondria but not in Atim54 mitochondria, even after import for
20 min. Note that the small amount of Ymelp that is detected
in the Azim54 mitochondria accumulates in both the presence
and absence of a membrane potential and might reflect a small
amount of Ymelp that can assemble transiently in the import
assay, but fails to accumulate in vivo (Fig. 7 C). Together,
these data indicate that Tim54p is required for the assembly
of Ymelp.
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To confirm that Yme1p was not functional in mutant tim54
mitochondria, we investigated the import and degradation of a
Ymelp model substrate, Ytal0-DHFR™ (Leonhard et al., 1999),
which consists of a fusion between the N-terminal 161 amino
acids of YtalOp and a loosely folded mutant of DHFR (Fig. 8,
A and B). Importantly, the Ytal0O-DHFR™ construct could be
imported into WT, tim54-3, Atim54, and Aymel mitochondria,
although import was decreased in the tim54 mutant mitochon-
dria (Fig. 8 A). To test if Ymelp was assembled into a proteo-
lytically active complex, we investigated the degradation rate of
imported Ytal0-DHFR™ in the presence of an ATP-regenerating
system at 37°C (Leonhard et al., 1999). Whereas ~50% of the
Ytal0O-DHFR™ was degraded in WT mitochondria, YtalO-
DHFR™ was essentially stable in mitochondria lacking functional
Tim54p (even when Tim22p was overexpressed) and Ymelp
(Fig. 8, A and B). Thus, Tim54p is required for assembly of a
proteolytically active Ymelp complex.

The observed impairment in Ymelp assembly in tim54
mitochondria may be caused by a mislocalization of Ymelp
within #im54 mitochondria (Fig. 9). Initially, Ymelp localiza-
tion was investigated by carbonate extraction and osmotic shock
in the presence and absence of proteinase K in Atim54 and
tim54-3 mitochondria. However, Atim54 and tim54-3 mito-
chondria were resistant to osmotic shock (unpublished data).
We reasoned that the composition of the inner membrane might
be altered, so we used the tim54-3[TIM22] mitochondria in which
TIM?22 was overexpressed. Indeed, these mitochondria were
amenable to osmotic shock. As expected, Ymelp was an inte-
gral membrane protein because it was recovered in the pellet
fraction like the integral membrane protein Tom70p after car-
bonate extraction (Fig. 9 A). To confirm that Ymelp was not
mislocalized to the mitochondrial matrix, we used osmotic shock,
which ruptures the mitochondrial outer membrane, in the pres-
ence and absence of protease to determine the location of Ymelp
(Fig. 9 B; the control reaction in WT mitochondria are presented
in Fig. S5 B). As expected, Ymelp and Tazlp (Claypool et al.,
2006) localized to the mitochondrial intermembrane space
because both were degraded by the added protease upon osmotic
shock. In contrast, the matrix marker a-ketoglutarate dehydro-
genase (Kdh) was protected from protease because the inner
membrane remained intact and the outer membrane marker
Tom70p was protease susceptible in both mitochondria and mito-
plasts (MP). Ymelp thus resides in the intermembrane space in
tim54-3[TIM22] mutant mitochondria.

Because of Tim54p’s role in Ymelp assembly, we predicted
that Tim54p might transiently interact with Ymelp to facilitate
assembly. We used a chemical cross-linking/immunoprecipitation
approach coupled with the in vitro import assay (Koehler et al.,
1998a) to trap an interaction between Tim54p and imported
Ymelp (Fig. 9 C). Specifically, when the cross-linked part-
ners were reduced with 3-mercaptoethanol before separation by
SDS-PAGE, cross-linked Ymelp was co-immunoprecipitated
with antibodies against Tim54p and Tim23p. The interaction was
specific because antibodies against the intermembrane space
protein cytochrome b, failed to immunoprecipitate cross-linked
Ymelp. The addition of reductant was required to detect the
interaction because the cross-linked product migrated at a large
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Figure 7. Tim54p is required for Ymelp assembly. (A) Increasing amounts of a mitochondrial protein lysate (50, 100, 150 pg) from the WT, tim22-19,
and 1im23-2 strains were separated by SDS-PAGE and immunoblotted with antibodies against Yme1p, porin, and AAC. (B) Mitochondria from the parent
(WT), and tim22-19, tim23-2, tim54-3, Atim54, Ayme1, Atim8Atim13, tim10-1, tim12-1, and Atim 18 strains were solubilized with 1% digitonin. The lysate
was separated on a 5-10% blue-native gel, and Yme1p was detected by immunoblotting. Yme1p assembles in a large complex indicated by the arrow.
(C) Yme1p assembly was investigated in WT, tim54-3, Atim54, and tim54-3[TIM22] (overexpressing Tim22p) mitochondria. Note that the gel was over-
exposed and migration of unassembled Yme1p can be detected. (D) Ymelp was imported as in Fig. 5 D into WT, tim23-2, and Atim54 mitochondria.

Assembly was monitored on blue-native gels. The top arrow indicates assembled Yme 1p, and the bottom arrow marked by an asterisk indicates a potential
assembly intermediate.

molecular mass. Using another approach, we constructed a
GA74 strain with a hexa-histidine tag on Ymelp (Ymel-His;
Fig. 9 D); this strain grew like the WT strain, indicating that the

tag did not disrupt Yme1p function. After solubilization of mito-
chondria, a small amount of the Tim54p, but neither Tim44p nor
Kdh, interacted with tagged-Ymelp. In control reactions with
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Figure 8. Tim54p mediates assembly of
Ymelp into a proteolytically active complex.
(A) Radiolabeled Yta10-DHFR™ was imported

A

into WT, tim54-3, Atim54, and Ayme 1 mitochon-
dria and non-imported precursor was removed
by protease treatment. The mitochondria were
then incubated in the presence of an ATP-
regenerating system at 37°C, and aliquots were
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WT and Aymel mitochondria, Tim54p did not copurify. Addi-
tional partner proteins may assist Tim54p with Ymelp assembly,
because in a genetic approach, overexpression of Ymelp did
not complement the petite-negativity or growth phenotype
in the tim54-3 mutant (unpublished data). These studies—
import/coimmunoprecipitation assays and in organello complex
purification—indicate that a fraction of Tim54p interacts directly
with Ymelp.

Collectively, this investigation shows that Tim54p, possi-
bly with assistance of additional components (Dunn et al., 2005),
is required for the assembly of Ymelp into a functional complex
after import via the TIM23 pathway. Thus, Tim54p, a component
of the TIM22 translocon, integrates functions of the two inner
membrane translocases by providing an assembly activity that
is independent from the translocation properties of the TIM22
translocon. As such, Tim54p serves as a link between the import,
assembly, and proteolysis pathways in the mitochondrion.

Discussion

Tim54p does not play a direct role in
protein import but serves as a scaffold for
the TIM22 inner membrane complex

In this study, we analyzed the function of Tim54p in mitochon-
drial biogenesis. Previous experiments suggested that Tim54p
was an essential protein of the 300-kD TIM22 translocon of the
mitochondrial inner membrane. Tim22p and Tim54p coimmuno-
precipitated and TIM22, expressed from a multicopy plasmid,
suppressed a growth defect in a tim54-1 mutant strain (Kerscher
et al., 1997). We therefore expected Tim54p to play a direct
role in protein translocation. However, more recent studies
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suggested that Tim54p might have other functions in mito-
chondrial biogenesis. Specifically, TIM54 was not essential for
viability and a functional translocon consisting of only Tim22p
was subsequently purified (Kovermann et al., 2002). Moreover,
a translocation intermediate between a TIM22 pathway substrate
and Tim54p has not yet been demonstrated (Leuenberger et al.,
1999). These studies suggest that, although an integral subunit
of the TIM22 complex, Tim54p most likely functions in an alter-
native aspect of mitochondrial biogenesis.

This study confirms that Tim54p does not play a direct role
in import of the known TIM22 translocon substrates. In vitro
import of Tim23p and Hsp60, however, was decreased in Atim54
and tim54-3 mitochondria. This decrease in import is potentially
caused by a decrease in Tim22p and Tim23p levels (Fig. 4 A).
Indeed, Tim54p is required for stabilization of Tim22p, even
though a functional translocon can be assembled in the absence
of Tim54p (Kerscher et al., 1997; Kovermann et al., 2002).
Specifically, overexpression of TIM22 from a high-copy plasmid
restored growth on rich glucose medium and the import of TIM22
substrates (Fig. 5 A). Tim54p therefore serves as a scaffold/
assembly factor for the TIM22 complex, potentially by stabilizing
the 300-kD TIM22 complex in the inner membrane.

Tim54p is required for Yme1p assembly
and functions in a new intermembrane
space biogenesis pathway

However, overexpression of TIM22 did not restore the petite-
negativity of the Arim54 and tim54-3 strains. Rather, our studies
show that Tim54p plays a direct role in the assembly of a pro-
teolytically active Ymelp complex. Two specific defects associ-
ated with mitochondria lacking functional Tim54p that are not
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Figure 9. Ymel is imported info the intermembrane space and interacts directly with Tim54p. (A) Mitochondria from the WT and tim54-3[TIM22] were
subjected to alkali extraction by incubation in 100 mM Na,CO;3, pH 10.9, for 30 min on ice followed by centrifugation to separate the pellet (P) from the
supernatant (S). As a control, an equal volume of the lysate is included (T). (B) From the tim54-3[TIM22] strain, intact mitochondria (Mito) or mitochondria
subjected to osmotic shock (mitoplasts designated MP) were incubated alone or in the presence of 10 ug/ml proteinase K (Prot K). The mitoplasts (P) were
separated from the soluble infermembrane space contents (S) by centrifugation. As a control, a treatment with Triton X-100 (TX-100) has been included in
the osmotic shock reaction. Equivalent amounts of each sample were resolved by SDS-PAGE and immunoblotted for Yme1p, Tom70p (outer membrane),
Taz1p (intermembrane space), and Kdh (matrix). (C) Yme1p was imported into WT mitochondria for 10 min at 25°C (-XL) and an aliquot was removed.
Proteins were cross-linked (+XL) by the addition of 0. 5 mM dithio-bis(succinimidyl propionate) (DSP) for 30 min followed by quenching with 0.1 M Tris-HCI.
After an aliquot was removed, mitochondria were subsequently solubilized followed by immunoprecipitation with antibodies against Tim54p, Tim23p, and
the negative control cytochrome b,. Because cross-linked Yme1p migrates at a high molecular mass, cross-links were released with B-mercaptoethanol ad-
dition in the sample buffer. The asterisks indicate cross-linked Yme 1p that coimmunoprecipitated with the Tim54p and Tim23p antibodies. (D) Mitochondria
from a strain expressing a C-terminal hexahistidinetagged Yme1 (Yme1-His) as well the WT and AymeT strains were solubilized at 2.5 mg/ml in 1% digi-
tonin, 50 mM NaCl, 20 mM imidazole, and 10% glycerol supplemented with protease inhibitors (T). The soluble fraction obtained by centrifugation and
100 pg of the extract (S) was incubated with Ni?*-agarose beads. The beads were washed, and bound proteins (B) were eluted with SDS-PAGE sample
buffer. To assess the effectiveness of binding, 100 g of the unbound protein fraction (U) was also included. Proteins were analyzed by immunoblotting
with antibodies against Kdh, Yme1, Tim54p, and Tim44p.
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observed with mitochondria defective in other components of
the TIM22 pathway are that tim54 mutant mitochondria (1) re-
quire mitochondrial DNA for viability and (2) are defective in
Ymelp assembly into a large functional complex. Thus, Tim54p
seems to play a direct role in Ymelp biogenesis independent
from the classical function assigned the TIM22 translocon,
namely, translocation and insertion of polytopic membrane pro-
teins into the inner membrane.

In addition to mutations in ymel, several defects in mito-
chondrial function contribute to petite-negativity in yeast. Other
components involved in mitochondrial biogenesis are inviable
when the mitochondrial genome is lost in particular genetic
backgrounds (Dunn and Jensen, 2003; Senapin et al., 2003);
certain strains lacking functional Tim18p, Tom70p, and Tim9p
cannot tolerate loss of the mitochondrial genome. For Tom70p
and Tim18p, Jensen and colleagues suggested that the decreased
import efficiency in combination with a decreased membrane
potential resulted in lethality when the mitochondrial genome was
absent and overexpression of cytosolic proteins that improved
import efficiency could suppress the defect (Dunn and Jensen,
2003); these studies suggest that the pathways to maintain a
membrane potential are obviously complex. Surprisingly, over-
expression of TIM22 in tim54 mutant mitochondria did not sup-
press the petite-negativity or the respiratory deficiency at 37°C.
In addition, overexpression of CC76 (Dunn and Jensen, 2003)
suppressed petite-negativity in the Atiml8 strain, but not tim54-3.
These results argue that the petite-negativity caused by a defect
in tim54 is not the result of a combined impairment in import
efficiency and a decrease in membrane potential. AAC function
and abundance also is critical for maintaining a membrane
potential in the absence of a mitochondrial genome (Contamine
and Picard, 2000). Because AAC depends on the TIM22 import
pathway for biogenesis and AAC levels are lower in the Arim54
and tim54-3 mutants, defects in AAC function may contribute to
petite- negativity in these mutant strains. However, because our
tim22, tim9, and tim10 mutants, all with severely lowered levels
of AAC, are petite-positive (Fig. 1 B and Fig. 3 C) and AAC lev-
els are increased when TIM22 is overexpressed in the tim54-3
mutant, our data that #im54 mutants are petite-negative support
the postulation that Tim54p has an alternative function in mito-
chondrial biogenesis, namely assembly of Ymelp.

We therefore propose the following model in which
Tim54p mediates Ymelp assembly (Fig. 10). In step 1, Ymelp
is imported via the TIM23 translocon. After cleavage of the pre-
sequence by the matrix processing protease, the monomer is
released into the inner membrane (step 2). Subsequently, Tim54p
mediates assembly of the Ymelp monomers into a functional
complex (step 3). Indeed, in mitochondria defective in Tim54p
function, the Ymel monomer is detected in blue-native gels
(Fig. 7 C). Our cross-linking studies in which Tim54p binds
to both processed and unprocessed Ymel suggests that the
TIM22 and TIM23 translocons are proximally associated in
the inner membrane. In addition, Tim54p and Tim23p may be
simultaneously interacting with Ymelp in transit; Tim54p
might serve as a tether for the Ymel substrate as it enters the
intermembrane space, similar to a role for Ymelp in the import
of PNPase (Rainey et al., 2006). Our studies suggest that the
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Figure 10. A schematic showing the import and assembly pathway of
Yme1p. Details are presented in the Discussion.

interaction between Tim54p and Ymelp is transient because
freezing a stable interaction required cross-linking and only
a small fraction of the Tim54p interacted with Ymelp-His. We
suggest that Tim54p is a bonafide member of the TIM22 com-
plex, because Tim54p comigrates in the 300-kD complex with
Tim22p in blue-native gels and coimmunoprecipitates with
Tim22p (Leuenberger et al., 1999; Kovermann et al., 2002).
However, it is formally possible that Tim54p assembles in
other complexes (of similar size on blue-native gels) and might
partner with additional proteins to assist in the assembly of Ymelp
independent of its association with the TIM22 complex. As an
example, a recent study by Jensen and colleagues suggests that
Mgrlp might be such a candidate because deletion of MGRI
resulted in a defect in Ymelp assembly (Dunn et al., 2005);
however, Ymelp still assembled into a high molecular weight
complex, in contrast to our studies in which Ymelp completely
failed to assemble.

Our present study shows that Tim54p functions in a new
pathway for assembly of Ymelp. Because Tim54p is a com-
ponent of the TIM22 complex and Ymelp is imported via the
TIM?23 translocon, Ymelp, after import via the TIM23 path-
way, requires an assembly activity provided by Tim54p of the
TIM22 translocon for generating a functional complex. Thus,
Tim54p functions to integrate the activities of the two major
translocons of the mitochondrial inner membrane. Moreover,
given that Ymelp is the i-AAA protease involved in basic qual-
ity control of the inner membrane, Tim54p functionally links
pathways of protein import, assembly, and turnover within the
mitochondrion. Does this pathway function in other organisms?
Tim54p homologues have been identified in other fungi, but
close homologues have not been identified in higher organisms
including worms, fly, mouse and humans. However, the SIMAP
database (Similarity of Matrix Proteins, http://boinc.bio.wzw
tum.de/boincsimap/; Rattei et al., 2006) suggests that Tim54p
is similar to a mitochondrial multi-substrate lipid kinase (iden-
tity 21%, similarity 41%; Van Overloop et al., 2006), suggesting
that Tim54p might have multiple functions. Additional investi-
gations into the mammalian TIM22 pathway will be required to
identify the true components.



Materials and methods

Plasmids and strains

Standard techniques were used for growth, manipulation and transforma-
tion of yeast strains (Guthrie and Fink, 1991; Jarosch et al., 1996; Gietz
and Sugino, 1988). Details on the strains used in this study are listed
in Table S1. A 1,830-bp fragment containing the TIM54 gene and its
promoter was cloned into pYCPlac33, using the Kpnl-Xbal sites, to form
pCTIM54:URA3. The yeast strain deleted for TIM54 (Atim54) was consructed
as previously described by plasmid shuffling (Kovermann et al., 2002).
The gene for TIM54 was replaced with the HIS3 gene flanked by the
TIM54 promoter and terminator regions by homologous recombination.
The haploid yeast strain containing the disruption and pCTIM54:URA3
was grown at 25°C on minimal media with 2% glucose and 5-fluoroortic
acid (5-FOA) to select for loss of the plasmid. The Ayme1::KANMX was
disrupted in strain BY4742 (ResGen) and the Aymel strain was gener-
ated by deletion of YMET with HIS3MX in GA74. The Ymel-His strain
was generated by integrating a hexahistindine tag in frame to the C ter-
minus of Yme1 in strain GA74. The ts strains tim22-4 has been described
previously and tim22-19 was isolated from the same study (Yaffe and
Schatz, 1984; Leuenberger et al., 1999). The tim23-2 strain was pro-
vided by Dr. Pfanner (University of Freiburg, Freiburg, Germany; Dekker
etal., 1997), and the Yta10-DHFR™ construct was provided by Dr. Langer
(University of Cologne, Cologne, Germany; Leonhard et al., 1999). For
in vitro transcription/translation, the DNA fragments encoding the sub-
strates were cloned into pSP65 (Promega).

A ts tim54-3 strain was constructed using error prone PCR as de-
scribed previously (Leuenberger et al., 2003). Amplified tim54 and gapped
pRS314 (CEN, TRP1) were cotransformed into the Atim54 strain. After
auxotrophic selection, the mutant tim54 plasmid was selected by plasmid
shuffling in the presence of 5-FOA. Resulting colonies were then screened
for ts growth arrest at 37°C. The mutant tim54:TRP1 plasmid was recov-
ered and used fo reconstruct the ts mutant, confirming that the ts pheno-
type was plasmid dependent. For microscopy experiments, plasmids
containing Su-GFP fusion were transformed into the WT, Atim54, and
tim54-3 strains.

Import of radiolabeled proteins into isolated mitochondria and
manipulation of mitochondria

Mitochondria were purified from yeast cells grown in YPEG at 25°C (Glick
and Pon, 1995) and assayed for protein import as previously described
(Glick et al., 1992; Rospert and Schatz, 1998). Proteins were synthesized
in a rabbit reficulocyte lysate in the presence of [*°S]-methionine dfter in vitro
transcription of the corresponding gene by SP6 or T7 polymerase. The
reficulocyte lysate containing radiolabeled precursor was incubated at 25°C
with isolated mitochondria in import buffer (1 mg/ml bovine serum albumin,
0.6 M sorbitol, 150 mM KCI, 10 mM MgCl,, 2.5 mM EDTA, 2 mM ATP,
2 mM NADH, and 20 mM Hepes-KOH, pH 7.4). Where indicated, the
potential across the mitochondrial inner membrane was dissipated using
1 uM valinomycin and 25 pM FCCP. Non-imported radiolabeled pre-
cursor was removed by treatment with 100 pg/ml trypsin or 50 pg/ml
proteinase K for 15-30 min on ice. Trypsin was inhibited with 400 pg/ml
soybean frypsin inhibitor and proteinase K with 1 mM phenylmethyl-
sulfonyl fluoride (PMSF).

For osmotic shock treatment to disrupt the mitochondrial outer mem-
brane, the mitochondria were pelleted by centrifugation, suspended to
1 mg/ml in breaking buffer (0.6 M sorbitol and 20 mM Hepes—KOH,
pH 7.4) and then diluted 20Fold with 20 mM Hepes-KOH, pH 7.4, and incu-
bated on ice in the presence or absence of 10 pug/ml proteinase K. Mito-
plasts were collected by centrifugation at 21,000 g for 10 min. For alkali
extraction, the mitochondria were pelleted by centrifugation, suspended
to 0.1 mg/ml in 0.1 M Na,CO;, and incubated for 30 min on ice (Fujiki
et al., 1982). The membrane fraction was collected by centrifugation at
21,000 g for 15 min.

The degradation assay for Yta1O-DHFR™ was performed as de-
scribed previously (Leonhard et al., 1999; Dunn et al., 2005). After import
of Yta1O-DHFR™ into mitochondria, non-imported precursor was removed
by protease treatment. Mitochondria were then incubated at 37°C in the
presence of an energy regenerating system (200 p.g/ml creatine phospho-
kinase and 10 mM creatine phosphate) and aliquots were removed over a
60-min time period. Samples were subjected to alkali extraction and sepa-
rated by SDS-PAGE. Data was collected using a BioRad FX Molecular
Imager and the affiliated Quantity 1 software. Data from three independent
assays was pooled and statistical comparisons were performed using
SigmaStat 3 software (Jandel Corp.).

Blue-native gel analysis and immunoprecipitation assays

Mitochondria (2.5 mg/ml) were solubilized in 20 mM Hepes—KOH, pH 7.4,
50 mM NaCl, 10% glycerol, 2.5 mM MgCl,, 1 mM EDTA, and 1% digitonin
for 30 min on ice. Insoluble material was removed by centrifugation at
21,000 g for 15 min. Solubilized proteins were analyzed by blue-native gel
electrophoresis on the linear polyacrylamide gels as indicated in the figure
legends (Schagger et al., 1994). After transfer to polyvinylidene fluoride
membranes, proteins were detected by immunoblotting with the indicated
primary antibodies. Defection was performed either using HRP-conjugated
secondary antibodies and ECL (Pierce Chemical Co.) or ['?l]-protein A and
autoradiography. Cross-linking reactions and immunoprecipitation assays
were done as reported previously (Leuenberger et al., 1999).

Microscopy

Yeast strains were grown at their permissive temperature to mid-log phase
in YPD and then incubated with 2 pug/ml DAPI for 15 min at room tempera-
ture (Hobbs et al., 2001). The cells were then washed in water, immobi-
lized on poly-lysine/concanavalin A coated coverslips, and mounted with
the Prolong AntiFade kit (Molecular Probes). The cells were visualized
at 25°C immediately on a Deltavision Spectrics Applied Precision model
52-000067-002 Olympus IX71 microscope. Images were faken at 0.2-um
steps through the sample using an oil immersion 100x NA1.35 objective.
The fluorochromes were DAPI (visualized with the standard DAPI filter set),
and GFP (visualized with the standard GFP filter set). Images were taken
with the Photometric Coolsnap HQ camera using the Deltavision Softworx
version 3.3.5 program. The images were processed with constrained itera-
tive deconvolution at 10 iterations, using the software’s proprietary algo-
rithms. Representative sections containing mitochondria were converted to
TIFF format and exported to Adobe Photoshop. In a time-course assay, cells
were grown at 25°C to mid-log phase and then shifted to 37°C. Aliquots
were removed at t = 0, 12, 18, and 24 h after shifting to 37°C and imme-
diately visualized. Nucleoids were counted in at least 20 separate cells.
Ten focal planes were analyzed for each cell.

Online supplemental material

Table S1 lists the strains that were used in this study. The supplemental
figures include additional control experiments for the results. Fig. S1 pre-
sents growth curves for the tim54 mutant strains. Fig. S2 analyzes cold
sensitivity and show that tim54 mutants are cold sensitive, which was not
rescued by TIM22 overexpression. Fig. S3 shows the import of Hsp60
into fim54-3 [TIM22] mitochondria. Fig. S4 presents a growth analysis
and shows that CCT6 overexpression suppresses the petite-negativity of
Atim18 but not tim54-3. Fig. S5 control reactions for the import of Yme1
(import is decreased, but not absent, in tim54 mutant mitochondria.) and
localization of Yme1 during osmotic shock in WT mitochondria. Online
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.200706195/DC1.
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