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The Tim23 protein is an essential inner membrane (IM) component of the yeast mito-
chondrial protein import pathway. Tim23p does not carry an amino-terminal prese-
quence; therefore, the targeting information resides within the mature protein. Tim23p is
anchored in the IM via four transmembrane segments and has two positively charged
loops facing the matrix. To identify the import signal for Tim23p, we have constructed
several altered versions of the Tim23 protein and examined their function and import in
yeast cells, as well as their import into isolated mitochondria. We replaced the positively
charged amino acids in one or both loops with alanine residues and found that the
positive charges are not required for import into mitochondria, but at least one positively
charged loop is required for insertion into the IM. Furthermore, we find that the signal
to target Tim23p to mitochondria is carried in at least two of the hydrophobic trans-
membrane segments. Our results suggest that Tim23p contains separate import signals:
hydrophobic segments for targeting Tim23p to mitochondria, and positively charged
loops for insertion into the IM. We therefore propose that Tim23p is imported into
mitochondria in at least two distinct steps.

INTRODUCTION

Eukaryotic membrane proteins face many problems
during their biogenesis. For example, membrane pro-
teins must be targeted to the correct organelle within
the cell. They also must be inserted into the lipid
bilayer in the correct topological arrangement. In ad-
dition, since organelles such as mitochondria are en-
compassed by two membranes, proteins destined for
the inner membrane (IM) must first cross the outer
membrane (OM). At present, little is known about the
mechanisms by which eukaryotic proteins are tar-
geted to specific membranes and inserted in their cor-
rect conformation.

Most mitochondrial proteins are synthesized in the
cytosol and imported into the organelle via a multi-
step pathway that includes interaction with cytosolic

chaperones, binding to receptors on the OM surface,
and translocation across one or both of the mitochon-
drial membranes (for review see Schatz and Dobber-
stein, 1996; Stuart and Neupert, 1996; Stuart et al.,
1996; Jensen and Kinnally, 1997; Pfanner and Meijer,
1997). Cytosolic chaperones bind precursors to pre-
vent premature folding or aggregation, and one chap-
erone MSF also plays a role in targeting the precursor
to the mitochondria (Hachiya et al., 1994, 1995; Komiya
et al., 1996). On the mitochondrial surface, precursors
encounter several proteins proposed to act as recep-
tors, including Tom70p, Tom37p, Tom22p, and
Tom20p (Hines et al., 1990; Söllner et al., 1990, 1992;
Schlossmann et al., 1994; Gratzer et al., 1995; Mayer et
al., 1995). The outer membrane receptors, along with
Tom40p, Tom6p, Tom7p, and Tom8p, make up the
TOM complex, which translocates precursors across
the mitochondrial outer membrane (Kiebler et al.,
1990, 1993; Moczko et al., 1992; Söllner et al., 1992).

Translocation of precursors across the IM is medi-
ated by the TIM complex, which includes Tim44p,
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Tim23p, Tim17p, and a matrix-localized Hsp70 pro-
tein, called mt-Hsp70 (Kang et al., 1990; Maarse et al.,
1992, 1994; Emtage and Jensen, 1993). Tim23p and
Tim17p are proposed to form a protein-translocating
channel in the IM (Emtage and Jensen, 1993; Maarse et
al., 1994; Ryan et al., 1994; Lohret et al., 1997). Tim44p
and mt-Hsp70 are thought to “pull” precursors
through the channel (Pfanner et al., 1994; Stuart et al.,
1994; Glick, 1995; von Ahsen et al., 1995) by a process
that requires matrix ATP (Chen and Douglas, 1987;
Eilers et al., 1987, 1988; Pfanner and Neupert, 1987;
Pfanner et al., 1987; Stuart et al., 1994; Wachter et al.,
1994) and a electrochemical potential across the IM
(Schleyer et al., 1982; Pfanner and Neupert, 1985, 1987;
Chen and Douglas, 1987; Eilers et al., 1987). Recently, a
new IM complex, containing Tim54p and Tim22p, has
been shown to mediate the insertion of at least some
polytopic proteins into the IM (Sirrenberg et al., 1996;
Kerscher et al., 1997). Two intermembrane space pro-
teins, Tim12p and Tim10p, appear to be part of this
new complex (Koehler et al., 1998; Sirrenberg et al.,
1998).

Most imported mitochondrial proteins are synthe-
sized with an amino-terminal targeting signal called a
presequence. Presequences vary in length and pri-
mary amino acid sequence, yet share a common motif
consisting of a number of positively charged amino
acids, a lack of acidic residues, no long stretches of
hydrophobic residues, and the ability to form an am-
phipathic structure (Allison and Schatz, 1986; Roise et
al., 1986, 1988; Roise, 1992). Once in the matrix, the
presequence is removed by a two-subunit–processing
protease, called MPP (McAda and Douglas, 1982;
Yaffe et al., 1985; Jensen and Yaffe, 1988; Pollock et al.,
1988; Witte et al., 1988; Yang et al., 1988). Some proteins
destined for the mitochondrial IM carry a cleavable
presequence followed by one or more hydrophobic
membrane-spanning segments (Stuart and Neupert,
1996). The transmembrane segments are proposed to
either function as stop-transfer sequences in the IM
(Miller and Cumsky, 1991, 1993), or to facilitate the
insertion of the polypeptide into the IM after its com-
plete import into the matrix (Mahlke et al., 1990; Herr-
mann et al., 1997).

Some imported mitochondrial proteins do not carry
cleavable, amino-terminal presequences. The import
information therefore resides within the mature part
of the protein. The targeting signal for Bcs1p, an IM
protein without an amino-terminal presequence, has
recently been identified (Fölsch et al., 1996). Bcs1p has
a positively charged stretch of amino acids immedi-
ately adjacent to its single transmembrane-spanning
segment. This positively charged segment has the ca-
pability to form an amphipathic a-helix, and exposing
this region of Bcs1p by deletion of the N terminus and
transmembrane domain resulted in the mislocaliza-
tion of the truncated Bcs1 protein to the matrix. Fölsch

et al. (1996) proposed that the positively charged
stretch functions as an internal targeting signal func-
tionally analogous to amino-terminal presequences.

Other proteins without presequences that are local-
ized to the mitochondrial IM include the yeast ADP/
ATP carrier proteins (Aac1p, Aac2p, Aac3p; Lawson
and Douglas, 1988), the mammalian uncoupling pro-
tein (UCP; Aquila et al., 1985; Liu et al., 1988), and the
yeast phosphate carrier (PiC; Zara et al., 1991). The
PiC, UCP, and the Aac proteins belong to the mito-
chondrial carrier family and contain six transmem-
brane segments and three matrix-facing, positively
charged loops between the transmembrane segments
(Aquila et al., 1985; Runswick et al., 1987; Gawaz et al.,
1990; Lawson et al., 1990; Palmieri et al., 1993). The
positive charges in the matrix loops have been pro-
posed to function as internal targeting signals similar
to that in Bcs1p (Fölsch et al., 1996). In addition, mito-
chondrial carrier family proteins are thought to be
composed of a threefold repeat structure of two trans-
membrane segments with an intervening loop (Runs-
wick et al., 1987). Consistent with this idea, redundant
targeting information has been found in UCP and the
Aac1 proteins (Pfanner et al., 1987; Liu et al., 1988,
1990; Smagula and Douglas, 1988a,b).

Tim23p, Tim17p, and Tim22p are three homologous
proteins of the IM import machinery and are also
synthesized without an amino-terminal presequence
(Dekker et al., 1993; Emtage and Jensen, 1993; Maarse
et al., 1994; Ryan et al., 1994). The Tim23 protein ap-
pears to have four transmembrane domains and is
inserted in the IM with both its amino and carboxyl
termini facing the intermembrane space (Bauer et al.,
1996; Ryan et al., 1998; Emtage, Kerscher, and Jensen,
unpublished data). This proposed topology places two
positively charged segments of Tim23p in the matrix.
To test the possibility that the matrix-facing, positively
charged loops of Tim23p mediate import into the mi-
tochondrial IM, we replaced the positively charged
amino acids in one or both loops with alanine resi-
dues. We find that the positive charges are not re-
quired for import into mitochondria, but at least one
positively charged loop is required for insertion into
the IM. We find that the signal to target Tim23p to
mitochondria is carried in at least two of the hydro-
phobic transmembrane segments, but these segments
are not sufficient to insert Tim23p into the IM. Our
results suggest that Tim23p contains separate and dis-
tinct import signals: hydrophobic segments for target-
ing Tim23p to mitochondria, and positively charged
loops for insertion into the IM. The import informa-
tion for Tim23p thus differs from that of other IM
proteins, such as the Bcs1 protein, and Tim23p ap-
pears to contain novel import signals that have not
been previously described. We propose that Tim23p is
imported into mitochondria in at least two distinct
steps.
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MATERIALS AND METHODS

Yeast Strains and Genetic Methods
The haploid tim23::URA3 ura3 trp1 leu2 strain KRR146 was obtained
by crossing the MATa ura3 trp1 strain BY134 (Brachmann et al.,
1997) with strain KRR123 (Ryan et al., 1998). Strain KRR146 also
carries plasmid pKR1, a TIM23-LEU2-CYH2 plasmid (Ryan et al.,
1998). wt Strain D273–10b has been described (Sherman, 1964).
Yeast transformations were performed as described (Schiestl and
Gietz, 1989). Standard yeast media and genetic techniques were
used (Kaiser et al., 1994).

Plasmid Constructions
Tim23p-HA construct. pAD91, a CEN-LEU2 plasmid containing the
Tim23 protein with an insertion of the hemagglutinin (HA) epitope
in the middle of loop L2, was constructed as follows. First, a SacI/
NotI fragment containing amino acids 1–168 of Tim23p was isolated
from plasmid pKR34 (see below). The SacI/NotI fragment was in-
serted into SacI/NotI-digested pKR31, which encodes amino acids
173–222 of Tim23p (Ryan, unpublished data). The resulting plasmid
pAD90 encodes Tim23 with a NotI site in the middle of loop L2. A
NotI fragment encoding the triple HA epitope (Field et al., 1988) was
cloned into the NotI site of pAD90, forming pAD91. pAD91 encodes
amino acids 1–168 of Tim23p, followed by amino acids GGR, the
triple HA epitope, residues GGR, and then amino acids 173–222 of
Tim23p. pJE8, a CEN-LEU2 plasmid encoding Tim23p with the
triple-HA epitope inserted at its carboxyl terminus, has been de-
scribed (Emtage, Kerscher, and Jensen, unpublished data).
L1Neut, L3Neut and L1L3Neut Constructs. pAD62, a LEU2 plasmid
that expresses a L1Neut, a Tim23 protein with the positively
charged residues in the first loop changed to neutral alanine resi-
dues (K131A, K143A and R144A), was created as follows. First, lys131
was changed to ala131 using the PCR (Saiki et al., 1985) using oligo
176 (59-GTTCAATTGCAATGCTCCGGGACTATTC-39), oligo 20
(59-AATACGACTCACTATAG-39), and plasmid pKR1 (Ryan and
Jensen, 1993) as a template. The PCR fragment was digested with
XbaI and MunI. In a second PCR reaction, Lys143 and Arg144 were
changed to alanines using oligo 185 (59-TTGCAATTGAACACCG-
TCCTGAATCACATTACTGCGGCAGGTCCCTTCTTAG-39), oligo
21 (59-ATTAACCCTCACTAAAG-39), and pKR1. The PCR fragment
was digested with MunI and BamHI, added to the first PCR frag-
ment, and ligated into XbaI-BamHI–digested pJE50, a LEU2-TIM23
plasmid (Emtage, unpublished data), forming pAD62. pAD66,
which carries the L1Neut-coding sequences downstream of the SP6
promoter, was formed by inserting a SalI and BamHI fragment from
pAD62 into the SalI–BamHI sites of SP6-TIM23 plasmid pJE29 (Ryan
et al., 1998).

pAD47, which expresses the L3Neut protein behind the SP6 pro-
moter, was constructed as follows. Positively charged residues in
the third loop were changed to alanines (K190A, K193A, and K196A)
using PCR amplification from a pJE29 template, oligo 166 (59-TAA-
CCCATGGGTGCCAAACCTGCTGAAGACGCGAACAAAGCGC-
C-39) and oligo 11 (59-CGATTTAGGTGACACTATAG-39). The PCR
fragment was digested with NcoI and EcoRI and ligated into NcoI-
EcoRI–digested pJE29. pAD58, a LEU2 plasmid that expresses a
L3Neut was constructed by inserting the SacII–HindIII fragment
from pAD47 into the SacII–HindIII sites of the LEU2-TIM23 plasmid
pJE7 (Emtage and Jensen, 1993).

pAD64, a LEU2 plasmid that expresses L1L3Neut, a Tim23 pro-
tein with the positively charged residues in both the first loop and
the third loop changed to alanines, was constructed as follows. A
1-kilobase pair (kbp) SacI–SacII fragment from pAD62 containing
the mutated residues in loop 1 was inserted into SacI-SacII–digested
pAD58. pAD67, which expresses L1L3Neut behind the SP6 pro-
moter, was formed by inserting a SalI and BamHI fragment from
pAD64 into the SalI–BamHI sites of pJE29.
Tim23Np and Tim23Cp Constructs. pKR14, an SP6-containing plas-
mid that expresses Tim23Np, and pKR15, which carries Tim23Cp,

have been described previously (Ryan et al., 1998). Tim23Np con-
sists of amino acids 1–96 of Tim23p, and Tim23Cp contains residues
95–222 of Tim23p.
Tim23p Deletion Constructs. A series of either N-terminal or C-
terminal deletions of TIM23 were constructed using specific oligo-
nucleotides and PCR. Constructs were subcloned into either a
CEN6-LEU2 plasmid (pRS315, Sikorski and Hieter, 1989) for expres-
sion in yeast, or into the SP6-containing plasmids, pSP64 or pSP65
(Promega, Madison, WI), for in vitro synthesis. All Tim23p con-
structs for expression in yeast carry 560 base pairs (bp) of promoter
sequences upstream of the coding region and 950 bp downstream of
coding sequences (Emtage and Jensen, 1993). All SP6 constructs
carry 77 bp of upstream sequences (Ryan et al., 1998). Deletion
junctions were engineered to contain a NotI site, which adds three
extra amino acids (GGR).

pKR34 carries the D3D4 construct, which contains amino acids
1–168 of Tim23p followed by residues GGR, inserted into pRS315.
pKR41 contains D3D4 inserted in pSP64. pAD20 carries the D1D2
construct, which contains residues 1–96 of Tim23p, GGR introduced
by the NotI site, followed by residues 173–222 of Tim23p, inserted
into pSP64. pAD57 carries the D1D4 construct, which contains res-
idues 1–96 of Tim23p, GGR, amino acids 173–191 of Tim23p, and
ends in GGR. pAD73 carries the D2D3 construct, which contains
amino acids 1–132 of Tim23p, followed by GGR, and then residues
195–222 of Tim23p. D2D3 carries a chimeric loop (KLGGRLK) be-
tween TM1 and TM4 of Tim23p, consisting of the first two amino
acids of loop L1, amino acids GGR created by the cloning procedure,
and the last two amino acids of loop L3.

pAD29 carries Tim23p lacking TM4, which contains the first 196
amino acids of Tim23p, followed by GGR, inserted into pSP64.
pAD75 is a pRS315-based version of the same protein. pKR2, a
pRS315-based plasmid containing Tim23p lacking TM4 and loop L3
(residues 1–191 followed by GGR), has been described (Ryan and
Jensen, 1993). pKR42 is an SP6-based version of the same Tim23p
construct.

pAD32 is an SP6-based plasmid, which carries Tim23p lacking
TM1, TM2, loop L3, and TM4 (residues 1–96 of Tim23p, followed by
GGR, followed by 173–191 of Tim23p, followed by GGR). pAD33 is
an SP6-based plasmid, which expresses Tim23p lacking TM1, TM3,
and TM4 (residues 1–96 of Tim23p, GGR, followed by residues
173–196 of Tim23p, followed by GGR). pAD68 is an SP6-based
plasmid carrying Tim23p lacking TM1, TM2, and TM3 (1–96 amino
acids of Tim23p, GGR, followed by amino acids 195–222 of Tim23p).

pKR40, a pRS315-based plasmid, contains Tim23p lacking TM2,
TM3, and TM4 and contains residues 1–132 of Tim23p followed by
GGR. pKR33 is an SP6-based version of the same protein. pAD72 is
an SP6-based construct that expresses Tim23p lacking TM1, TM3,
and TM4 (residues 1–96 of Tim23p, followed by GGR, followed by
amino acids 143–168, followed by GGR).

Imports into Isolated Mitochondria
Mitochondria were isolated from wt strain D273–10b as described
(Sherman, 1964), except that SEH buffer (250 mM sucrose, 1 mM
EDTA, 20 mM HEPES-KOH, pH 7.4) was used in place of breaking
buffer. Radiolabeled proteins were made from SP6-containing plas-
mids using 1.5 mCi/ml [35S]-methionine (1000 Ci/mmol, Amer-
sham, Arlington Heights, IL) in a coupled transcription/translation
system (SP6 TNT System, Promega, Madison, WI) according to the
manufacturer’s instructions. For import reactions, mitochondria
were suspended in import buffer (Scherer et al., 1992) to a final
concentration of 1 mg/ml protein. Mitochondria (200 mg) and 10 ml
of lysate containing the radiolabeled protein were used per reaction.
Import reactions were incubated at 30°C for 30 min and were
stopped by placing the samples on ice and the addition of carbonyl
cyanide m-chlorophenyl hydrazone (Sigma, St. Louis, MO) to a final
concentration of 30 mM. Samples were treated with the indicated
amounts of trypsin (Sigma) or proteinase K (Calbiochem, San Diego,
CA) for 20 min on ice, followed by the addition of either 1 mg/ml
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soybean trypsin inhibitor (Sigma) or 1 mM phenylmethylsulfonyl
fluoride (Sigma). Disrupting of the OM (forming mitoplasts) was
performed by diluting mitochondria with 9 volumes of 20 mM
HEPES, pH 7.4, followed by incubation on ice for 30 min. After
imports and protease treatment, mitochondria or mitoplasts were
reisolated by centrifugation at 12,500 3 g for 10 min through a 1-ml
sucrose cushion (0.625 M sucrose, 20 mM HEPES-KOH, pH 7.4). For
analysis, pellets were resuspended in 13 sample buffer (125 mM
Tris, pH 6.8, 2% SDS, 20% glycerol) containing 4% b-mercaptoetha-
nol and subjected to SDS-PAGE (Laemmli, 1970). Radiolabeled pro-
teins were visualized by fluorography (Bonner and Laskey, 1974).

Cellular Fractionation
tim23::URA3 trp1 leu2 cyh2 strain KRR146 containing plasmids ex-
pressing Tim23p (pKR50), L1Neut (pAD62), L3Neut (pAD58), or
L1L3Neut (pAD64) were grown to an OD600 of 1.5 in YEP medium
containing 2% sodium lactate, pH 5.5. Cells were converted to
spheroplasts, homogenized, and separated into a 9,600 3 g mito-
chondrial pellet and a postmitochondrial supernatant as described
(Daum et al., 1982), except that SEH buffer was used in place of
breaking buffer. Proteins from the cell fractions were separated by
SDS-PAGE and transferred (Laemmli, 1970; Haid and Suissa, 1983)
to Immobilon filters (Millipore, Bedford, MA). Filters were probed
with 1:10,000 dilution of antiserum to the b subunit of the F1-
ATPase (F1b) (a gift from M. Yaffe, University of California, San
Diego), hexokinase (a gift from M. Yaffe), or against Tim23p
(Emtage and Jensen, 1993). Immune complexes were visualized
using a 1:10,000 dilution of HRP-conjugated secondary antibody
(Amersham) followed by chemiluminescence (Supersignal, Pierce
Chemical, Rockford, IL).

Miscellaneous
Quantitation of import reactions was done using Molecular Dynam-
ics ImageQuant software version 1.1 (Molecular Dynamics, Sunny-
vale, CA). Gels were exposed to a Molecular Dynamics Phosphor
screen overnight and scanned using a Molecular Dynamics Storm
860 phosphorimager (Molecular Dynamics). Alternatively, fluoro-
graphs were scanned using a UMAX VistaScan flatbed scanner, and
the results were quantitated with ImageQuant. Antibodies to the
HA epitope (Niman et al., 1983), Tom70p (a gift from G. Schatz,
Biocenter, Basel, Switzerland), and a-MPP (Jensen and Yaffe, 1988)
were used to decorate immune blots.

RESULTS

One of Two Sets of Positively Charged Segments
within Tim23p Is Required for Function, but Not for
Targeting to Mitochondria
The Tim23 protein has four predicted transmembrane
segments and is proposed to be inserted in the IM
with both its amino and carboxyl termini facing the
intermembrane space (Figure 1A; Bauer et al., 1996;
Ryan et al., 1998; Emtage, Kerscher, and Jensen, un-
published data). This topology places two positively
charged segments of Tim23p in the matrix. One seg-
ment, called loop L1, is located between the first and
second transmembrane regions, and the other seg-
ment, called loop L3, lies between the third and fourth
transmembrane stretches (Figure 1A). Loop L1, which
is 14 amino acids in length (KLQLNTVLNHITKR),
and loop L3, which is 7 amino acids long (KSSKGLK),
both contain three positively charged residues and no
acidic amino acids. In contrast, loop L2, which is pro-

posed to face the intermembrane space (IMS), contains
8 amino acids (DALRGKHD), 2 of which are nega-
tively charged and 2 are positively charged.

To further support the model for the configuration
of Tim23p in the IM, we inserted an epitope tag into
loop L2 of Tim23p and asked whether this tag faced
the mitochondrial IMS. We inserted the influenza HA
epitope (Field et al., 1988) between residues 168 and
173 of Tim23p. Surprisingly, we found that the
Tim23p-HA fusion protein was functional since it res-
cued the lethality of a tim23::URA3 disruption. Mito-
chondria were isolated from cells expressing Tim23p
with the HA tag in loop L2 (called I-HA), as well as
from wt cells, or cells expressing Tim23p with the HA
tag at its carboxyl terminus (called C-HA; Emtage,
Kerscher, and Jensen, unpublished data). As shown in
Figure 1B, immune blotting showed that both the in-
ternal HA tag (I-HA) and the carboxyl-terminal HA
tag (C-HA) were protected from protease digestion in
intact mitochondria, but that both tags were digested
when the mitochondrial OM was disrupted by os-
motic shock (OS). Control blots showed that the ma-
trix marker a-MPP was not accessible to protease di-
gestion even when the OM was disrupted. Our results
thus support the model that Tim23p has four trans-
membrane segments with two matrix-facing loops
(loops L1 and L3) and one loop facing the IMS (loop
L2).

Tim23p is a member of a set of proteins that are
imported into mitochondria without an amino-termi-
nal, cleavable presequence. The import signal for one
of these proteins Bcs1p was recently shown to be an
internal, positively charged segment facing the matrix
that had many of the properties of a mitochondrial
presequence (Fölsch et al., 1996). We therefore tested
the possibility that the matrix-facing, positively
charged loops of Tim23p mediate its import into mi-
tochondria. As diagrammed in Figure 2A, we made
three mutant versions of Tim23p: L1Neut, in which we
replaced the two lysines and one arginine in loop L1
with alanines; L3Neut, where we substituted alanines
for the three lysines in loop L3; and L1L3Neut, in
which we replaced the six positively charged amino
acids in both loop L1 and L3 with alanines. We first
examined the ability of these constructs to provide
Tim23p function in yeast cells. LEU2-containing plas-
mids expressing either Tim23p, L1Neut, L3Neut, or
L1L3Neut were transformed into tim23::URA3 disrup-
tion strain KRR146, which also contains the TIM23-
CEN-CYH2 plasmid pKR1 (Figure 2B). Leu1 transfor-
mants were patched onto medium lacking leucine
(SD2Leu). Since CYH2-containing cells are unable to
grow in the presence of cycloheximide (Sikorski and
Boeke, 1991), we tested our transformants for their
ability to lose the TIM23-CYH2 plasmid by replica
plating them onto medium containing cycloheximide
(YEPD 1 CYH). Tim23p is essential for cell viability
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(Emtage and Jensen, 1993); therefore, only transfor-
mants carrying a second copy of functional TIM23 will
be able to grow on cycloheximide-containing medium.
We found that both L1Neut and L3Neut provided wt
Tim23p activity when grown at 24°C, 30°C and 37°C
on both fermentable and nonfermentable medium. In
contrast, the L1L3Neut construct did not grow on
media with cycloheximide at any temperature, and
thus did not provide Tim23p function. Our results
suggest that only one of the two positively charged
matrix segments within Tim23p is required for its
function. Full Tim23p activity is observed when the
lysine and arginine residues are replaced by alanine in
either loop L1 or L3, but activity is lost when the
positive charges are removed from both the matrix-
facing loops.

To examine the level and the location of the different
Tim23p constructs in yeast, we grew tim23::URA3 cells
expressing either Tim23p, L1Neut, or L3Neut. Cells
were homogenized (HOM) and separated into a mito-
chondrial fraction (MITO) and a postmitochondrial
supernatant (PMS) by centrifugation. When we ana-
lyzed our fractions by immune blotting, we found that
all the Tim23 proteins cofractionated with F1b, a mi-
tochondrial protein (Figure 2C). No Tim23p, L1Neut,
or L3Neut was found in the supernatant with the
cytosolic hexokinase (Hex) protein. While the L1Neut
and L3Neut proteins are targeted to mitochondria,
their steady-state levels appear to be reduced when
compared with wt Tim23p. When the level of Tim23p,
L1Neut, and L3Neut were standardized to the amount
of F1b in each cell fractionation, we found that L1Neut
and L3Neut were reduced two- to threefold compared
with wt Tim23p. We also examined the level of the
L1L3Neut construct, which did not complement the
tim23 disruption. Immune blotting of yeast cells
showed that the amount of L1L3Neut is reduced at
least 100-fold as compared with the level of wt
Tim23p. We propose that the altered Tim23p con-
structs are more rapidly turned over in cells since they
are not efficiently inserted into the mitochondrial IM
(see below).

Internal Positively Charged Segments Mediate the
Insertion of Tim23p into the IM, but Are Not
Required for Import into Mitochondria
To directly examine the role of the positively charged
loops in Tim23p, we examined the import of the dif-
ferent constructs into isolated mitochondria. Radiola-
beled Tim23, L1Neut, L3Neut, and L1L3Neut proteins
were made by in vitro transcription and translation

Figure 1. A working model for the topology of the Tim23 protein
in the mitochondrial inner membrane (IM). (A) The Tim23p contains
four predicted TM segments and its amino and carboxyl termini
have been shown to face the intermembrane space (IMS). TM seg-
ments are indicated by the numbered rectangles, and loops L1 and
L3 are proposed to face the matrix as indicated. (B) An HA epitope
inserted into loop L2 of Tim23p faces the IMS. Mitochondria were
isolated yeast cells expressing Tim23p with the HA epitope in loop
L2 from plasmid pAD91 (called I-HA). As controls mitochondria
were isolated from wt cells (WT), and cells expressing Tim23p with
the HA epitope inserted at its C terminus from plasmid pJE8 (called
C-HA). Intact mitochondria were digested with 100 mg/ml protein-
ase K for 30 min at 0°C, and mitochondria whose OM was disrupted
by OS were digested with 50 mg/ml proteinase K. Mitochondrial

Figure 1 (cont.). proteins were immune blotted with antibodies to
the amino-terminal domain of Tim23p, the HA epitope, the matrix
protein a-MPP, or the OM protein, Tom70p.
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and were then incubated with isolated mitochondria
(Figure 3A). After the import reaction, samples were
divided into aliquots. One aliquot was treated with
trypsin to digest proteins that were not imported into
the mitochondria. Mitochondrial proteins were iso-
lated by centrifugation and separated by SDS-PAGE,
and the radiolabeled proteins were visualized by flu-
orography. We found that Tim23p, L1Neut, L3Neut,
and L1L3Neut were all imported into mitochondria
and protected from protease digestion to the same
extent (Figure 3A, mitos 1 protease). While the ma-
jority of Tim23p, L1Neut, L3Neut, and L1L3Neut mol-
ecules required an IM potential for their import, a
small amount of all four proteins were protected from
protease digestion after import into mitochondria
treated with valinomycin (2Dc). Whether this small
amount of protein represented potential-independent
import or protease-resistant material is not clear.
Nonetheless, we conclude that the positively charged
loops L1 and L3 are not required for the efficient
import of Tim23p into mitochondria. We next exam-
ined whether the different Tim23p constructs were
correctly inserted into the mitochondrial IM. wt
Tim23p resides within the IM with a 9-kDa amino-
terminal hydrophilic domain facing the IMS (Bauer et
al., 1996; Lohret et al., 1997; Ryan et al., 1998; Emtage,
Kerscher, and Jensen, unpublished data). When the
OM of mitochondria is disrupted (forming mito-
plasts), the amino-terminal domain can be digested by
protease yielding a characteristic 14-kDa fragment.
This fragment represents the carboxyl-terminal do-

Figure 2. One of two sets of positively charged segments within
Tim23p is required for function, but not for targeting to mitochon-
dria in vivo. (A) Schematic representation of the Tim23 protein and

Figure 2 (cont.). mutant Tim23p constructs used in this study. The
numbered rectangles represent the four hydrophobic regions corre-
sponding to proposed membrane-spanning segments. The 1 signs
denote positively charged amino acids within the loops (L1 or L3)
between the TM segments. (B) Positively charged amino acids in
either segment L1 or L3 are needed for Tim23p function.
tim23::URA3 trp1 leu2 cyh2 strain KRR146 carrying TIM23-TRP1-
CYH2 plasmid pKR1 was transformed with either the LEU2 vector
pRS315 or pRS315 carrying DNA inserts encoding Tim23p (pJE50),
L1Neut (pAD62), L3Neut (pAD58), or L1L3Neut (pAD64). Leu1
colonies were patched out onto synthetic complete medium lacking
leucine (SD2Leu). Patches were grown at 30°C for 2 d, and then
replica plated onto YEPD medium containing 10 mg/L cyclohexi-
mide (YEPD 1 CYH). Yeast cells that contain a functional Tim23
protein are able to lose the TIM23-TRP1-CYH2 plasmid and grow in
the presence of cycloheximide. (C) Tim23p lacking positive charges
in segment L1 or L3 are still targeted to mitochondria in vivo.
tim23::URA3 trp1 leu2 cyh2 strain KRR146 containing plasmids ex-
pressing Tim23p (pJE50), L1Neut (pAD62), or L3Neut (pAD58)
were homogenized (HOM) and separated into a mitochondrial pel-
let (MITO) and a postmitochondrial supernatant (PMS). Proteins
from the cell fractions representing equivalent cell amounts were
analyzed by SDS-PAGE and immune blotting with antisera to
Tim23p, the b-subunit of the F1-ATPase (F1b, a mitochondrial mark-
er), or hexokinase (Hex, a cytoplasmic marker). Immune blots of
fractions from cells expressing L1Neut and L3Neut decorated with
antiserum to F1b and hexokinase were identical to those shown for
Tim23p cells and are not shown.
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main of Tim23p that is embedded in the IM. We
imported Tim23p, L1Neut, L3Neut, and L1L3Neut
into mitochondria, disrupted the mitochondrial OM
by OS, and then digested the mitoplasts with protein-
ase K (Figure 3A, mitoplasts 1 protease). We found
that the L1Neut and L3Neut constructs were inserted
in the IM, but not to the same extent as wt Tim23p.
Reduced amounts of the 14-kDa protease-protected
fragment were seen after import of L1Neut and
L3Neut as compared with Tim23p. In contrast, virtu-
ally no 14-kDa fragment was seen after import of the
L1L3Neut construct.

To further determine whether the altered Tim23p
constructs were inserted into the IM, we asked
whether the proteins could be extracted from mito-
chondria after treatment with alkali (Figure 3B).
Tim23p, L1Neut, L3Neut, L1L3Neut, and the periph-
eral membrane protein F1b were imported into mito-
chondria and then treated with protease to remove
any proteins that were not imported into the or-
ganelle. Mitochondrial pellets were resuspended in 0.1
M sodium carbonate and separated into a membrane
pellet and supernatant fraction by centrifugation. We
found that 80% of the imported Tim23p protein re-
mained with the mitochondrial membranes after al-
kali treatment, whereas virtually all the F1b protein
was removed. Compared with Tim23p, a lesser
amount of L1Neut and L3Neut remained membrane
associated (;25% and 40%, respectively). In contrast,
virtually all of the L1L3Neut protein was removed
from the membranes. Our results suggests that while
the positively charged loops of Tim23p are not re-
quired for import into mitochondria, they play an
important role in the insertion of Tim23p into the IM.
One set of positive charges, carried in either loop L1 or
L3, are sufficient for the partial insertion of Tim23p

Figure 3 (cont.). After import, mitochondria were treated with 200
mg/ml trypsin, split into aliquots, and reisolated by centrifugation.
Two sets of samples were resuspended in SDS-sample buffer (mitos
1 protease; 2Dc mitos 1 protease). In the other samples, the OM
was disrupted by OS, and the resulting mitoplasts were treated with
50 mg/ml proteinase K. Mitoplasts were isolated by centrifugation
and resuspended in SDS-sample buffer (mitoplasts 1 protease).
Proteins were separated by SDS-PAGE, and radiolabeled proteins
were visualized by fluorography; 20% of the translation product
used in the import reactions is also shown. The arrow indicates the
14-kDa fragment of Tim23p protected from protease digestion in
mitoplasts, indicative of the proper insertion of Tim23p into the IM.
(B) Radiolabeled Tim23, L1Neut, L3Neut, L1L3Neut, and F1b pro-
teins were imported into mitochondria and treated with 200 mg/ml
proteinase K. Mitochondria were isolated by centrifugation, and the
pellets were resuspended in 0.1 M sodium carbonate, pH 11.4. After
incubation on ice for 30 min, samples were spun at 100,000 3 g for
30 min at 4°C. Pellets and supernatants were subjected to SDS-
PAGE, fluorography, and densitometry. The amount of the Tim23,
L1Neut, L3Neut, L1L3Neut, and F1b proteins found in the pellet
fraction is indicated.

Figure 3. Internal positively charged segments mediate the inser-
tion of Tim23p into the IM but are not required for import into
mitochondria. (A) The Tim23, L1Neut, L3Neut, and L1L3Neut pro-
teins were synthesized in the presence of 35S-methionine and im-
ported into isolated mitochondria as described in MATERIALS
AND METHODS. To dissipate the IM potential (2Dc), mitochon-
dria were preincubated with 250 mM KCl and 40 mM valinomycin.
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into the IM, whereas complete insertion requires both
sets of positively charged loops.

The Hydrophobic Carboxyl Terminus of Tim23p
Carries Redundant Targeting Information
We found that the hydrophilic amino-terminal do-
main of Tim23p does not carry targeting information.
A Tim23p construct lacking its first 9 kDa lacks func-
tion (Ryan et al., 1998), but it is efficiently imported
into mitochondria and inserted into the IM (Figure 4).
We synthesized Tim23p, along with Tim23Np, which
contains the amino-terminal portion (amino acids
1–96) of Tim23p, and Tim23Cp, which contains the
carboxyl-terminal domain (residues 95–222) of
Tim23p, and incubated the three proteins with iso-
lated mitochondria. In the presence of energized mi-
tochondria, wt Tim23p was imported into mitochon-
dria (Figure 4, mitos) and was protected from
exogenously added protease after the import reaction
(Figure 4, mito 1 trypsin). When the OM was dis-
rupted by OS after import of Tim23p, proteinase K
digestion produced the 14-kDa fragment indicative of
IM insertion (Figure 4, mitoplasts 1 protease). In the
absence of membrane potential (2Dc), the amount of
Tim23p imported into mitochondria was reduced, and
virtually no Tim23p was inserted into the IM. The
carboxyl-terminal domain of Tim23p, Tim23Cp, was
also efficiently imported into mitochondria (Figure 4,
mitos 1 protease; mitoplasts 1 protease). Surpris-
ingly, a significant amount of Tim23Cp was imported
into valinomycin-treated mitochondria (Figure 4,
2Dc). In contrast to Tim23p and Tim23Cp, the amino-
terminal portion of Tim23p, Tim23Np, was not im-
ported into energized mitochondria. Tim23Np did not
even bind to mitochondria and failed to pellet with the
organelles after the import reaction (Figure 4, mitos).
These results support our previous studies indicating
that the import signal within Tim23p resides within
the carboxyl-terminal half of the molecule (Ryan et al.,
1998).

As described above, we found that the positively
charged loops of Tim23p are required for IM insertion,
but not for import into the organelle. To localize the
mitochondrial import signal within the carboxyl-ter-
minal region of Tim23p, we have created constructs
lacking one or more of the hydrophobic transmem-
brane (TM) segments. As shown in Figure 5A, we
generated a protein lacking the third and fourth TM
segments, called D3D4, a protein lacking TM segments
1 and 2, called D1D2, a protein lacking TM segments 2
and 3, called D2D3, and a protein lacking TM segments
1 and 4, called D1D4. When expressed in yeast cells,
none of these constructs provides Tim23p function.

We synthesized Tim23p, along with the different
deletion constructs, and asked whether they could be
imported into isolated mitochondria. As shown in

Figure 5B, Tim23p and the D3D4, D1D2, and D2D3
proteins were all imported into energized mitochon-
dria, but import for all of the proteins was reduced in
the absence of membrane potential (2Dc). D1D4 dif-
fered from the other constructs and was not imported
into mitochondria to a protease-protected location
(Figure 5E). Since D3D4 and D1D2 are both imported
into mitochondria, our results suggest that the Tim23p
carboxyl terminus carries two targeting signals. Fur-

Figure 4. The hydrophobic carboxyl terminus of Tim23p carries
targeting information. Tim23Np, which consists of amino acids 1–96
of Tim23p, Tim23Cp, which contains residues 95–222, and wt
Tim23p were synthesized in the presence of 35S-methionine and
imported into isolated mitochondria in the presence or absence
(2Dc) of membrane potential. After import, mitochondria were
treated with 200 mg/ml trypsin, split into aliquots, and reisolated by
centrifugation. Two sets of samples were resuspended in SDS-
sample buffer (mitos 1 protease; 2Dc mitos 1 protease). In the
other samples, the OM was disrupted by OS, and the resulting
mitoplasts were treated with 50 mg/ml proteinase K. Mitoplasts
were isolated by centrifugation and resuspended in SDS-sample
buffer (mitoplasts 1 protease). Proteins were separated by SDS-
PAGE, and radiolabeled proteins were visualized by fluorography.
Twenty percent of the translation product used in the import reac-
tions is also shown. The arrow indicates the 14-kDa fragment of
Tim23p protected from protease digestion in mitoplasts, indicative
of the proper insertion of Tim23p into the IM.
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thermore, since D3D4, D1D2, and D2D3 were capable of
import but D1D4 was not suggests that the targeting
information is located in or near TM segments 1 and 4.

Quantitation of the imports of Tim23p, D3D4, D1D2,
and D2D3 indicated that while similar amounts of the
altered constructs pelleted with mitochondria as com-
pared with wt Tim23p, none were protected from
protease digestion to the same extent as Tim23p. It is
likely that D3D4, D1D2, and D2D3 were more sensitive
than Tim23p to digestion after import because they
were not completely imported into the organelle.
Demonstrating that the mitochondrial OM remained
intact in our studies with mitochondria, we found that
the amino-terminal domain of the endogenous Tim23
protein (which faces the IMS) was protected from
protease digestion (Figure 5C). In contrast, the N-
terminal domain of Tim23p was readily digested
when the mitochondrial OM was disrupted by OS.

We suggest that altered Tim23 constructs were ar-
rested at an early step in the import pathway, and
much of the proteins were incompletely translocated
across the OM. Consistent with their incomplete im-
port, we found that D3D4 and D1D2 were not inserted
into the IM and could be extracted from mitochondrial
membranes by carbonate treatment (Figure 5D). While
80% of the imported Tim23p protein remained with
the mitochondrial membranes after carbonate treat-
ment, almost all the D3D4, D1D2, and F1b proteins
were removed. Also indicating that D3D4 and D1D2
were not inserted into the IM, we failed to detect any
protease-resistant fragment in mitoplasts after import
of D3D4 and D1D2. All of the D3D4 and D1D2 proteins
were completely digested when the OM was dis-
rupted. Although the D3D4 and D1D2 proteins were
not inserted into the IM, we found that both proteins
were membrane associated after their import. When
the mitochondrial OM was disrupted, D3D4 and D1D2
were not released with soluble IMS proteins and in-
stead pelleted with the mitoplast fraction. We suggest
that D3D4 and D1D2 are stuck in the OM import ma-
chinery at an early step in the import pathway.

Import of either the D3D4 or D1D2 proteins into
mitochondria did not require the positively charged
residues in the matrix-facing loops. A D3D4 construct,
in which the two lysines and one arginine in loop L1
were replaced by alanines, and a D1D2 construct, in
which the three lysines were replaced by alanine, were
imported to the same extent as the D3D4 or D1D2
construct containing the positively charged loop.
These results support our conclusion that the import
signalfor Tim23p is separate from the signal required
for insertion into the IM.

In contrast to D3D4 and D1D2, ;40% of the D2D3
protein remained with the membrane fraction after
carbonate treatment (Figure 5D). Our results suggest
that a significant amount of the D2D3 protein was
inserted in the IM. D2D3 contains the first and fourth

TM segments of Tim23p and, as described above, may
carry two sets of Tim23p-targeting information. There-
fore, the observation that D2D3 was imported more
completely than either D3D4 or D1D2 may not be sur-
prising. D2D3 also carries a chimeric loop consisting of
the first two amino acids of loop L1, amino acids GGR
created by the cloning procedure, and the last two
amino acids of loop L3. This hybrid loop (KLGGRLK),
which has three positively charged residues and no
acidic residues, appears to function as an effective IM
insertion signal. Our results suggest that positively
charged amino acids may play a more critical role in
IM insertion than a specific amino acid sequence or
secondary structure.

Efficient Import of Tim23p Requires a Pair of
Hydrophobic Segments
Our results above suggest that Tim23p carries redun-
dant targeting information in TM segments 1 and 4. To
test whether either TM segment 1 or 4 is sufficient for
targeting, we created Tim23p constructs that contain
only a single TM segment. As shown in Figure 6A,
starting with a Tim23p construct that lacks the first
two TM segments (D1D2), we removed TM segment 4.
Similarly we removed both loop L3 and the fourth TM
segment from D1D2, and we also made a construct
that lacks loop L3 and the third TM segment. We
found that while D1D2 was imported into mitochon-
dria to a protease-protected location, constructs lack-
ing TM segment 4 failed to be imported (Figure 6A). A
Tim23p construct that contains only TM segment 4 is
imported into mitochondria, but ;10-fold less effi-
ciently than the D1D2 construct, which contains both
TM3 and TM4. A construct that contains only TM3 is
not imported and fails to even bind to mitochondria.
Our results suggest that TM segment 4 functions as a
more effective targeting signal when paired with TM
segment 3.

We similarly found that the targeting activity of TM
segment 1 is increased in combination with TM seg-
ment 2, as compared with TM segment 1 alone. Start-
ing with a construct that lacks TM segments 3 and 4
(D3D4), w deleted TM segment 2 (Figure 6B). We also
created a construct that carries only TM segment 2.
While D3D4 was imported into mitochondria, very
little of the protein containing only TM1 was imported
into mitochondria. A construct containing only TM2
was not imported. Our results suggest that the import
information of Tim23p is carried in TM segments 1
and 4, and both segments need the cooperation of
adjacent hydrophobic segments to be recognized by
the import machinery. This conclusion is also sup-
ported by our observation that a Tim23p construct
that carries only TM segments 1 and 4 (D2D3) is im-
ported into mitochondria (and inserted into the IM)
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Figure 5. The hydrophobic carboxyl terminus of Tim23p carries re-
dundant targeting information. (A) Schematic representation of
Tim23p deletion constructs used in this study. The numbered rectan-
gles represent the hydrophobic regions corresponding to proposed
membrane-spanning segments within Tim23p. All constructs carry the
96-amino acid amino-terminal domain of Tim23p. D3D4, D1D2, and
D1D4 all retain the normal loops between the TM segments, whereas
D2D3 contains a hybrid loop (see MATERIALS AND METHODS). (B)
Tim23, D1D2, D3D4, D2D3, and D1D4 imports. Radiolabeled proteins
were imported into isolated mitochondria. For one set of samples, the
IM potential was dissipated with valinomycin before import (2DC).
After import, samples were split into aliquots and treated with the
indicated amounts of proteinase K. In another set of imports, mito-
chondria were converted to mitoplasts by osmotic shock (OS), fol-
lowed by protease treatment. Mitochondrial pellets were analyzed by
SDS-PAGE and fluorography. Twenty percent of the translation prod-
uct used in the import reactions is also shown. The amount of the
imported protein, calculated as a percentage of the total material
added to the import reaction, is shown below each gel. (C) Immune
blots. Mitochondria were subjected to mock import conditions and
subsequent protease treatment or OS and protease treatment, concur-
rently with import samples in Figure 5B. Mitochondria or mitoplasts
were pelleted and proteins were analyzed by SDS-PAGE and immune
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almost as efficiently as the wt Tim23 protein (Figure
4B).

Tim23p Lacking the Fourth TM Segment Is Not
Efficiently Imported into Mitochondria
Our results, suggesting that the Tim23p TM segments
need to cooperate to promote efficient import into mito-
chondria, raise the possibility that a specific secondary
structure, such as paired TM segments, is recognized by
the import machinery. Supporting this idea, we found
that Tim23p constructs lacking TM segment 4 were in-
completely imported into mitochondria. Tim23p lacking
TM segment 4 or a construct lacking both loop L3 and
TM segment 4 were incubated with isolated mitochon-
dria along with the wt Tim23 protein (Figure 7A). When
mitochondria were treated with protease after the im-
port reaction, we found that most of Tim23p was inside
the mitochondria and protected from digestion. In con-
trast, ;80% of both constructs lacking TM 4 were di-
gested to a smaller form by trypsin digestion (Figure 7A,
mitos 1 trypsin, labeled f) or by proteinase K digestion
(Figure 7A, mitos 1 proK, labeled f9). Both of the con-
structs lacking TM 4 appeared to get stuck in transit
across the OM at the same point since protease treatment
generated fragments of identical size from both proteins.
The estimated mass of the proteinase K fragment (;17.5
kDa) represents a Tim23 protein lacking TM 3, TM 4, and
loop L3. We conclude from these results that after rec-
ognition and binding of the paired TM-targeting signals,
the wt Tim23 protein is imported into mitochondria in
an N-to-C direction. Constructs that lack TM segment 4
cannot form a correctly paired structure. Therefore, TM
segment 3, in the absence of TM 4, is not efficiently
recognized by the import machinery, and the carboxyl-
terminal region of Tim23p remains outside the OM ac-
cessible to protease digestion.

While the majority of the molecules lacking TM 4
got stuck during import into mitochondria, a small
number of proteins were completely imported. As
shown in Figure 7A, ;10–20% of the construct with-
out TM 4 was protected from protease digestion after
import. Supporting this conclusion, we found that
constructs lacking TM 4, or both loop L3 and TM4,
provide functional Tim23p activity in yeast cells (Fig-
ure 7B). Since both constructs can rescue the lethality

of a tim23::URA3 disruption, some fraction of these
proteins must be imported into mitochondria and in-
serted into the IM. Surprisingly, while TM segment 4

Figure 6. Efficient import of Tim23p requires a pair of hydropho-
bic segments. (A) Further deletions of the D1D2 protein inhibit
import. The D1D2 construct contains the third and fourth TM seg-
ments of Tim23p, as well as the intervening loop L3. Constructs
lacking the fourth TM segment, lacking loop L3 and the fourth TM
segment, or lacking loop L3 and the third TM segment were gen-
erated as described in MATERIALS AND METHODS. Schematic
representations of these constructs are shown on the left side of the
gel. The four proteins were synthesized and imported into isolated
mitochondria either in the presence or absence (2DC) of a mem-
brane potential. After import, samples were either not treated (mi-
tos) or treated with 200 mg/ml trypsin (mitos 1 trypsin; 2DC).
Mitochondrial pellets were analyzed by SDS-PAGE and fluorogra-
phy. (B) Further deletions of the D3D4 protein inhibit import. The
D3D4 construct contains the first and second TM segments of
Tim23p, as well as the intervening loop L1. A construct lacking the
second TM segment and loop L1, or a construct lacking the first TM
segment and loop L1, was produced. Diagrams illustrating the
constructs are shown to the left of the gel. The three proteins were
synthesized and imported either in the presence or absence (2DC)
of a mitochondrial membrane potential. After import, samples were
either not treated (mitos) or treated with 200 mg/ml trypsin (mitos
1 trypsin; 2DC) before analysis.

Figure 5 (cont.). blotting with antisera against Tim23p, a-MPP (a
matrix marker), and Tom70p (an OM marker). (D) Radiolabeled
Tim23, D3D4, D1D2, D2D3, and F1b proteins were imported into
mitochondria and treated with 200 mg/ml proteinase K. Mitochon-
dria were isolated by centrifugation, and the pellets were resus-
pended in 0.1 M sodium carbonate (pH 11.4). After incubation on ice
for 30 min, samples were spun at 100,000 3 g for 30 min at 4°C.
Pellets and supernatants were subjected to SDS-PAGE, fluorogra-
phy, and densitometry. The amount of the Tim23, D3D4, D1D2,
D2D3, and F1b proteins found in the pellet fraction is indicated.
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and loop L3 appear to play an important role in
Tim23p import, these sequences do not seem critical
for Tim23p function. Constructs lacking TM 4 and
loop L3, however, are not fully functional, as they
cannot rescue tim23::URA3 strains at elevated temper-
atures (Ryan and Jensen, 1993).

DISCUSSION

Tim23p, along with several other proteins of the mi-
tochondrial IM, do not carry amino-terminal prese-
quences. The most likely topology for Tim23p places
the protein in the IM with four TM segments, with its
hydrophilic amino-terminal domain facing the matrix,
and with two positively charged loops facing the ma-
trix. We replaced the positively charged amino acids
in one or both loops with alanine residues and found
that the positive charges are not required for import
into mitochondria, but at least one positively charged
loop is required for insertion into the IM. We found
that the signal to import Tim23p across the OM and
into mitochondria is carried in the first and fourth
hydrophobic TM segments. These TM segments can
mediate the import of Tim23p into mitochondria, but
they are not sufficient to insert Tim23p into the IM.
These hydrophobic segments represent novel mito-
chondrial targeting information and differ dramati-
cally from the positively charged import signals car-
ried on most matrix-targeted precursor proteins. Our
results suggest that Tim23p contains separate and dis-
tinct targeting signals: hydrophobic signals for import
into the organelle and positively charged loops for IM
insertion. We therefore propose that Tim23p is im-
ported into mitochondria in at least two independent
steps using machinery different than that used by
presequence-containing proteins.

The import of Tim23p appears to differ from another
IM protein Bcs1p whose targeting signal has been
recently characterized (Fölsch et al., 1996). Bcs1p, like
Tim23p, does not carry an amino-terminal prese-
quence and its targeting signal has been shown to be a
positively charged stretch of amino acids immediately
adjacent to a single TM-spanning segment. This posi-
tively charged region, which has the capacity to form
an amphipathic helix, is proposed to function in a
manner analogous to presequences. The TM segment
of Bcs1p is thought to be a stop-transfer sequence
preventing complete translocation of Bcs1p into the
matrix. In contrast to Bcs1p, we find that the positively
charged loops in Tim23p do not function as import

Figure 7. Tim23p lacking the fourth TM segment is not efficiently
imported into mitochondria. (A) Tim23p lacking the fourth TM
segment is incompletely imported into mitochondria. Constructs of
Tim23p lacking the fourth TM segment (D4) or lacking loop L3 and
the fourth TM segment (DL3D4) were generated. Schematic repre-
sentations of the constructs are shown to the left of the gel. The three
proteins were synthesized and incubated with mitochondria. After
the import reaction, samples were either analyzed directly (mitos)
or after treatment with 200 mg/ml trypsin (mitos 1 trypsin) or 200
mg/ml proteinase K (mitos 1 proK). Mitochondrial pellets were
analyzed by SDS-PAGE and fluorography. (B) The fourth TM seg-
ment and loop L3 are not required for Tim23p function.
tim23::URA3 trp1 leu2 cyh2 strain KRR146 carrying TIM23-TRP1-
CYH2 plasmid pKR1 was transformed with six different plasmids:
LEU2-containing plasmid pJE50, which expresses wt Tim23p;
pAD75, which expresses Tim23p lacking the fourth TM segment
(TM4); pKR2, which lacks loop L3 and TM4; pKR34, which lacks the
TM3 and TM4; pKR40, which lacks TM2, TM3, and TM4; and the
empty vector pRS315. Leu1 colonies were patched out onto syn-
thetic complete medium lacking leucine (SD2Leu). Patches were
grown at 30°C for 2 d, and then replica-plated onto YEPD medium

Figure 7 (cont.). containing 10 mg/L cycloheximide (YEPD 1
CYH). Yeast cells that contain a functional Tim23 protein are able to
lose the TIM23-TRP1-CYH2 plasmid and grow in the presence of
cycloheximide.
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signals. Tim23p constructs lacking the positive
charges in loops L1 or L3 are still imported into the
organelle.

Our results suggest that the positively charged loops
of Tim23p mediate insertion into the IM. The mito-
chondrial IM has two separate import complexes, the
Tim54p–Tim22p complex and the Tim23p–Tim17p
complex (Sirrenberg et al., 1996, 1998; Kerscher et al.,
1997; Koehler et al., 1998). We have recently shown
that Tim23p is inserted into the IM via the Tim54p/
Tim22p machinery (Kerscher et al., 1997). In contrast,
Bcs1p appears to use the Tim23p/Tim17p pathway
(Fölsch et al., 1996, Kerscher and Jensen, unpublished
data). Furthermore, matrix-destined precursor pro-
teins with amino-terminal presequences appear to be
translocated across the IM by the Tim23p/Tim17p
machinery (Sirrenberg et al., 1996; Kerscher et al., 1997;
Emtage, Kerscher, and Jensen, unpublished data; Ker-
scher and Jensen, unpublished data). Tim23p must
therefore carry a different signal directing it to the
Tim54p–Tim22p complex. We propose that proteins
that carry either an amino-terminal presequence, or an
internal segment capable of forming an amphipathic
helix, are recognized by the Tim23p–Tim17p complex,
while the positively charged loops of Tim23p (which
are not amphipathic) are recognized by the Tim54p–
Tim22p complex. In addition to Tim23p, several other
polytopic proteins, including Tim22p, Tim17p, Aac1p,
and PiC, are inserted into the IM via the Tim54p/
Tim22p machinery (Sirrenberg et al., 1996; Kerscher et
al., 1997). We predict that the insertion of these IM
proteins is mediated by positively charged, matrix-
facing loops similar to those in Tim23p.

While the positively charged loops are required for
the IM insertion of Tim23p, these loops do not mediate
the import of Tim23p into mitochondria. Instead, hy-
drophobic sequences in TM segments 1 and 4 appear
to meditate the import of Tim23p into the organelle.
Supporting our hypothesis that the import signal for
this class of proteins is hydrophobic, Kübrich et al.
(1998) have recently identified a translocation interme-
diate of Aac1 during its transfer across the OM. The
majority of the Aac1p intermediate is exposed to the
IMS, but remains stuck in the OM with its carboxyl
terminus exposed to the matrix. This intermediate of
Aac1p is strikingly similar to many of our Tim23p
constructs that are unable to insert into the IM. Inter-
estingly, the Aac1p intermediate cannot be removed
from the mitochondrial membranes by high-salt treat-
ment, suggesting that its association with the OM
import machinery is via hydrophobic interactions.

Although the L1L3Neut version of Tim23p does not
carry positively charged residues in loops L1 or L3, do
basic residues located in other parts of the molecule, in
particular in the amino-terminal domain or at the C
terminus, contribute to the potential-dependent im-
port of L1L3Neut into mitochondria? In preliminary

studies, we have mutated the basic residues in the C
terminus of Tim23p and find that the altered protein
rescues the tim23::URA3 disruption strain and is effi-
ciently imported into isolated mitochondria (Davis
and Jensen, unpublished observations). We also find
that Tim23 proteins lacking the amino-terminal do-
main are efficiently imported into mitochondria in the
absence of positively charges in either loop L1 or L3
(Davis and Jensen, unpublished observations). We
therefore argue that the potential-dependent import of
L1L3Neut is independent of basic residues. Experi-
ments to determine whether the TM segments of
Tim23p are sufficient for import of a passenger protein
into mitochondria are in progress.

Aac1p, an ATP/ADP carrier, and PiC, the phos-
phate carrier, are members of the mitochondrial car-
rier family. Carrier family members contain six TM
segments and are composed of a threefold repeat
structure of two TM segments with an intervening
loop. Studies with Aac1p indicate that it carries import
information in the first one-third of the protein and in
the carboxyl-terminal two-thirds (Adrian et al., 1986;
Pfanner et al., 1987; Smagula and Douglas, 1988a,b).
Similarly, another member of the carrier family UCP,
the mammalian brown fat-UCP, has at least two inter-
nal targeting signals (Liu et al., 1988, 1990). Like Aac1p
and UCP, we find that Tim23p has redundant import
information, with targeting signals in the first and
fourth TM segments of Tim23p.

Although TM segment 1 and TM segment 4 of
Tim23p promote import, they do not function effi-
ciently when present as the sole TM domain. The
targeting activity of TM1 is much more effective when
present with TM2, and TM4 works better in concert
with TM3. It is therefore possible that some sort of
secondary structure, such as paired TM segments are
important for import across the OM. Supporting this
possibility, we find that Tim23p lacking its fourth TM
segment gets stuck in the OM during its import into
mitochondria. Protease digestion indicates most of the
Tim23 protein is inside the OM with TM3 extending
outside the organelle. Our results argue that Tim23p is
imported into mitochondria in an N-to-C direction,
and that unpaired TM segments are not efficiently
recognized by the import machinery. Similar observa-
tions suggesting that coordination between TM seg-
ments or that specific secondary structures are impor-
tant determinants for import have been noted in
studies with other IM proteins (Liu et al., 1988, 1990).

Recently, Káldi et al. (1998) analyzed the import
pathway of Tim23p and identified two import signals
within Tim23p. One import signal was reported to be
located in the first 62 amino acid residues of Tim23p
and mediated the translocation of the Tim23 protein
across the OM in the presence or absence of mem-
brane potential. We find no evidence for an import
signal in the amino-terminal region of Tim23p.
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Tim23Np, which contains the first 96 residues of
Tim23p, is not imported into isolated mitochondria,
even in the presence of a membrane potential (Ryan et
al., 1998; Figure 4). Quantitation of gels indicates that
,1% of the Tim23Np protein added to the import
reaction is protected from protease digestion. Whether
this protected material is a small amount of Tim23
protein actually imported into the organelle or repre-
sents incompletely digested protein is unclear. None-
theless, in our hands the Tim23p amino-terminal do-
main does not appear to contain a significant import
signal in experiments with isolated mitochondria.
Supporting this view, we find that constructs carrying
the Tim23p amino-terminal region with either TM2 or
TM3 are also not imported (Figure 6).

Káldi et al. (1998) identified a second import signal
in Tim23p, the positively charged loop L3, and pro-
posed that L3 functioned as an internal import signal.
When L3 was placed at the amino terminus of a pas-
senger protein, the authors observed that the chimeric
protein (called IS23-DHFR) was imported into the ma-
trix. We find no evidence that L3 functions as an
import signal, but instead find that L3 mediates the
insertion of Tim23p into the IM after it has crossed the
OM. We find that Tim23p constructs lacking the pos-
itively charged residues in loop L3 are still imported
into mitochondria. In addition, when we placed loop
L3 of Tim23p in front of the DHFR protein, the L3-
DHFR construct was not imported and did not even
bind to mitochondria (Davis and Jensen, unpublished
observations). We speculate that the passenger pro-
tein, called d2–20 (Klaus et al., 1996), used by Káldi et
al. to construct IS23-DHFR, contains additional basic
residues that, when combined with the positive
charges in L3, generate a functional presequence. Sup-
porting this view, Káldi et al. found the import of
IS23-DHFR, like other presequence-containing pro-
teins, was dependent upon Tim23p function. In con-
trast, import of authentic Tim23p is dependent upon
Tim54p/Tim22p and does not require Tim23p func-
tion.

If the import signal for Tim23p is truly a hydropho-
bic TM segment, then several questions remain. For
example, what mitochondrial import machinery spe-
cifically recognizes this signal? In vitro studies suggest
that proteins with presequences prefer the OM
Tom20p/Tom22p receptors for their import, while
proteins with internal targeting information, such as
Aac1p, utilize Tom70p (Söllner et al., 1989, 1990). Con-
sistent with this idea, we find that Tim23p uses the
Tom70p receptor for its import (Emtage and Jensen,
unpublished observations). Our studies suggest that
Tom70p may specifically recognize the hydrophobic
import signals within proteins like Tim23p, whereas
the Tom22p/Tom20p receptors appear to interact
with positively charged presequences. Recent studies,
however, suggest that Tom70p may also recognize

presequences (Brix et al., 1997; Komiya et al., 1997),
raising the possibility that Tom70p interacts with both
types of import signals. Experiments are currently
underway to identify mitochondrial proteins that di-
rectly recognize the hydrophobic import signals
within Tim23p.

Another unanswered question is why Tim23p is
targeted to the mitochondria and not to other cellular
organelles, such as the endoplasmic reticulum. Since
the Tim23p hydrophobic segments have no apparent
distinguishing features, why aren’t they recognized by
the signal recognition particle or other endoplasmic
reticulum translocation machinery? Whether cells con-
tain a cytosolic factor that recognizes the signals
within Tim23p, and targets it specifically to mitochon-
dria, awaits further studies.
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