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We analysed the import pathway of Tim23 and of
Tim17, components of the mitochondrial import
machinery for matrix-targeted preproteins. Tim23 con-
tains two independent import signals. One is located
within the first 62 amino acid residues of the hydro-
philic domain that, in the assembled protein, is exposed
to the intermembrane space. This signal mediates
translocation of Tim23 across the outer membrane
independently of the membrane potential AW. A second
import signal is located in the C-terminal membrane-
integrated portion of Tim23. It mediates translocation
across the outer membrane and insertion into the
inner membrane in a strictly AW-dependent fashion.
Structurally, Tim17 is related to Tim23 but lacks a
hydrophilic domain. It contains an import signal in
the C-terminal half and its import requires AW. The
AYW-dependent import signals of Tim23 and Tim17 are
located at corresponding sites in these two homologous
proteins. They exhibit features reminiscent of the posit-
ively charged N-terminal presequences of matrix-
targeted precursors. Import of Tim23 and its insertion
into the inner membrane requires Tim22 but not
functional Tim23. Thus, biogenesis of the Tim23¢17
complex depends on the Tim22 complex, which is the
translocase identified as mediating the import of carrier
proteins.

Keywords mitochondrial protein import/TIM complex

Introduction

The import and sorting of nuclear-encoded mitochondrial
preproteins into the mitochondria are mediated by trans-
locases which are located in the mitochondrial outer and
inner membranes (Glickt al., 1991; Pfanneet al., 1992).

Most preproteins that are imported into the mitochondrial

matrix are synthesized with an N-terminal presequence

1995b). Subsequently, the Tim23-17 complex mediates
translocation of the presequence across the inner mem-
brane in aAW-dependent fashion (Berthoket al., 1995;
Horstet al, 1995; Bauetet al, 1996). At the inner side

of the inner membrane the preprotein is received by
Tim44, mt-Hsp70 and Mgelp which then mediate the
coordinated translocation of the precursor across both
membranes in an ATP-dependent manner (Kronietaal.,
1994; Rassovet al,, 1994; Schneideet al.,, 1994, 1996).

Members of the mitochondrial carrier family, such as
the ADP-ATP carrier, are synthesized without a cleavable
presequence. To import these proteins into the inner
membrane the TOM machinery cooperates with the Tim22
complex (Sirrenbergt al,, 1996). This pathway does not
require functional Tim23 and mt-Hsp70. Outer membrane
proteins and certain proteins of the intermembrane space
are imported by the TOM complex independent of the
translocases of the inner membrane (Neupert, 1997).

In this study, we investigated the biogenesis of Tim23
and Tim17, components of the inner membrane translocase
for matrix-targeted preproteins. Tim23 and Tim17 are two
structurally related polytopic membrane proteins, which
are synthesized without a cleavable presequence (Dekker
et al, 1993; Emtage and Jensen, 1993; Ryan and Jensen,
1993; Maarseet al., 1994; Ryaret al, 1994). The results
demonstrate that Tim17 and Tim23 contain internal import
signals in their C-terminal portion which mediate the
import of the precursors and insertion into the inner
membrane in a membrane-potential-dependent fashion.
These import signals are positively charged and resemble
N-terminal presequences of matrix-targeted precursors.
When placed at the N-terminus of a passenger protein,
they direct import of the chimeric precursors into the
matrix. Tim23, which has a hydrophilic N-terminal domain
in the intermembrane space, contains an additional target-
ing signal which directs import of the precursor independ-
ent of the membrane potential. The signal is located within
the first 62 amino acid residues of Tim23. It targets Tim23
as well as heterologous proteins to the mitochondria and
promotes their translocation across the outer membrane.
Such a signal is not present in Tim17, which lacks a
domain in the intermembrane space.

We show that Tim23 is inserted into the inner membrane
via the Tim22 complex. Import of Tim17 is partially
affected by both compromised Tim23 and compromised
Tim22 function. Fusion proteins containing the C-terminal
targeting signals of Tim23 and Tim17 at the N-terminus
of a passenger protein are imported via the Tim2317
complex independent of Tim22.

Results

(Neupert, 1997). The presequence is recognized by recepdmport and membrane insertion of Tim17 and

tors on the mitochondrial surface (Lithgoet al, 1995;

Tim23

Mayeret al., 1995a) and then translocated across the outerTo characterize the biogenesis of Tim17 and Tim23, the

membrane through the TOM complex (Mayet al.,

© Oxford University Press

radiolabelled precursor proteins were synthesipedtro
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and incubated with isolated yeast mitochondria. When a we estimate that the fragments generated by PK and
membrane potentiadW, was present during incubation, trypsin correspond to the N-terminal 180—-190 amino acid
the Tim17 precursor was inaccessible to added proteinaseresidues of Tim23. Thus, translocation across the outer
K (PK), demonstrating that it was translocated across the membrane of the C-terminus of Tim23 was slowed down
outer membrane (Figure 1A, left panel). When mitoplasts at a distinct step in the absence&¥. When mitoplasts
were generated and treated with PK a protease-resistantvere generated and treated with trypsin Tim23 was
fragment, Tim17, of ~14 kDa was formed. TimI7Avas degraded, indicating that it was not inserted into the
resistant to the extraction of membranes with carbonate, inner membrane. Thus, in the absenceAdf, Tim23 is

pH 11 (Figure 1C), indicating that Tim17 was inserted translocated across the outer membrane but is not inserted

into the inner membrane. Tim17 was not translocated into the inner membrane.

across the outer membrane whéw was dissipated
(Figure 1A, right panel). This indicates that the import of
Tim17 into mitochondria is strictly dependent AW.

Radiolabelled Tim23 precursor protein was incubated
with energized mitochondria in the presenc@bf (Figure
1B, left panel). Tim23 became inaccessible to added
trypsin, demonstrating that it was translocated across the
outer membrane. When mitoplasts were generated and
treated with trypsin a protease resistant fragment, Tim23
of ~ 15 kDa was formed. Endogenous Tim23 yielded the
same fragment, which corresponds to the C-terminal
membrane-integrated portion of Tim23 (not shown).
Radiolabelled Tim23was not extractable by carbonate,
pH 11 (Figure 1C). These results indicate that imported
Tim23 became inserted into the inner membrane in a
similar fashion to the endogenous protein.

When the Tim23 precursor was incubated with mito-
chondria in the absence & it was completely trans-
located across the outer membrane to a significant extent.
Another fraction was partially imported as indicated by
the generation of a distinct fragment (f) upon treatment
of mitochondria with trypsin (Figure 1B, right panel). A
fragment of the same size was obtained when a Tim23
precursor containing a C-terminal his-tag was imported
(Figure 1D), indicating that the C-termini were clipped
off the translocation intermediates. A fragment of similar
size was observed when PK was used instead of trypsin.
Using Tim23(1-180), a C-terminally truncated version of
Tim23, as a molecular weight standard in SDS—-PAGE,

Fig. 1. Import of the precursors of Tim17 and Tim23 into

mitochondria. Import and membrane insertion &) (Tim17 and

(B) Tim23. Radiolabelled precursors were synthesized in reticulocyte
lysate in the presence ot*5]methionine and imported into isolated
yeast mitochondria for 20 min at 25°C. Mitochondria were either
energized +AW) or the mitochondrial membrane potential was
dissipated prior to import A%W). When indicated, the samples were
treated with 10Qug/ml proteinase K (PK) or 20Qg/ml trypsin

(Trypsin) or mitoplasts were generated (Swelling) and treated with
protease. Samples were analysed by SDS—-PAGE and autoradiography.
*: shorter translation product of Tim17 and Tim23 corresponding to
Tim23A50; Tim17 and Tim23: proteolytic fragments of Tim17 and
Tim23 in mitoplasts; f: proteolytic fragment of import intermediate of
Tim23 in mitochondria. €) Carbonate extraction of imported Tim17
and Tim23. Radiolabelled Tim17 and Tim23 were imported into
mitochondria. Mitoplasts were generated and treated with protease as
described above. Samples were halved and mitoplasts were then
re-isolated. One half was directly processed for PAGE (T). The second
half was extracted with 100 mM N&O;, pH 11, and subsequently
collected by centrifugation. Pellet (P) and supernatant (S) were
analysed. D) Import of Tim23,i5:, which contains a C-terminal
his12-tag, and Tim23. Radiolabelled precursors were imported into
mitochondria in the absence AfY and samples were treated with
trypsin or PK as indicated. p: precursor forms, f: fragments of import
intermediates of Tim23;, and Tim23 generated by protease treatment
of mitochondria. To indicate the size of the proteolytic fragments,
Tim23(1-180) is shown as a molecular weight stand&£yl.lifhport

and membrane insertion of Tim&30.
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Biogenesis of Tim23 and Tim17

In reticulocyte lysate, methionine 50 of Tim23 is used A
as internal translation initiation site giving rise to +AY -AY
Tim23A50, an N-terminally truncated version of Tim23
(see Figure 1B,*). Tim2850 was apparently imported Tim23(1-101) — e— -
into the mitochondria in the presence M, whereas it
was not imported whedAW was dissipated. To analyse Trypsin - + 4+ -+

whether Tim2250 is inserted into the inner membrane,

we constructed a plasmid which encodes Tik23 for

in vitro transcription and translation. Tim230 was

imported into energized mitochondria (Figure 1E, left
panel). When mitoplasts were generated and treated with B
trypsin the Tim23 fragment was generated, indicating Tim23(1-62) DHFR his6
that Tim23\50 was inserted into the inner membrane in Gal10
a manner similar to the full size Tim23. In the absence of

AW, Tim23A50 was not imported into the mitochondria
(Figure 1E, right panel).

Tim23 and Tim2A50 were both imported into mito- C
plasts in a strictlyAW-dependent fashion (not shown),
indicating that theAW-dependent import signal is recog-
nized by the TIM-machinery.

To characterizAW-independent translocation of Tim23
across the outer membrane, we constructed Tim23(1- R
101), a version of Tim23 where the C-terminal membrane- o \C »
integrated portion of Tim23 was deleted. Tim23(1-101) <€ &
was incubated with mitochondria in the presence and
absence ofAW. A substantial fraction of the added D
precursor was either completely or partially translocated
across the outer membrane iMA&-independent fashion )
(Figure 2A). Tim23(1-62)DHFR —| — e

To characterize the N-terminal import signal further,
we constructed a chimeric precursor where the first 62 Tim23 — — —
amino acid residues of Tim23 were fused to a his-
tagged DHFR moiety (Figure 2B). The fusion protein was
expressed in yeast from a multicopy plasmid under the
control of the Gall0 promoter. The chimeric protein was
localized to the mitochondria by subcellular fractionation PK
of yeast cells (Figure 2C). When the isolated mitochondria Swelling - - +
were treated with PK, a fraCt.'on of the protein was not Fig. 2. The N-terminal portion of Tim23 containsZstP-independent
degraded, whereas the protein was completely degradedmport signal. &) Import of Tim23(1-101) into isolated mitochondria.
when mitoplasts were prepared and treated with PK The radiolabelled protein was imported into mitochondria for 20 min
(Figure 2D). This indicates that Tim23(1-62)DHFR was at 25°C as described in Figure B)(The structure of the chimeric

) . . . . protein Tim23(1-62)DHFR. DNA encoding the fusion protein was
imported in vivo into the intermembrane space of the cloned into Yep51-derivative, where its expression was under

mitochondria. control of the Gal10 promoterC) Subcellular localization of
Thus, Tim23 contains two independent signals for Tim23(1-62)DHFR expressed B.cerevisiacYeast cells were

import into mitochondria. The N-terminal portion of Tim23  transformed with the plasmid Yep51-Tim23(1-62)DHFR. Cells

comprises a signal for translocation of the precursor acrossexpressing the fusion protein were prepared and fractionated into

. f cytosol, microsomes and mitochondria. Samples were analysed by
the outer membrane, mdependentmﬂ. The Slgnal for Western blotting using anti-Tim23 IgGD} Localization of

AW-independent import is destroyed by deletion of the Tim23(1-62)DHFR within the mitochondria. Mitochondria (108)
first 50 amino acid residues of Tim23. The C-terminal isolated from cells expressing the fusion protein were kept on ice or
portion of Tim23 contains a signal for import and insertion  treated with S0ug/ml proteinase K £PK) or mitoplasts were

. . . generated (Swelling) and treated with PK. Samples were analysed by
of the precursor into the inner membrane. Import mediated SDS-PAGE and immunoblotting with antibodies against Tim23(1-100)

Swelling - -+ - -

Tim23(1-62)DHFR — -

CCPO — e ——

'
+
+

by this signal is strictly dependent d. and cytochrome ¢ peroxidase (CCPO), a protein of the intermembrane
space. The upper panel was exposed for 10 times longer than the
Characterization of the membrane insertion signal others to detect Tim23(1-62).

Tim23 and Tim17 are predicted to contain four membrane-

spanning segments. Residues 186—-197 of Tim23 and 103-nor Tim23 contain further apparent segments with such
112 of Tim17, which are located between the third and features.

fourth predicted membrane-spanning segments of the two We constructed Tim23(1-180), a truncated version of
related proteins, exhibit features reminiscent of N-terminal Tim23, where 42 amino acid residues were deleted from the
presequences of preproteins targeted to the matrix. Thus,C-terminus. Radiolabelled Tim23(1-180) was synthesized
these sequences contain basic, hydroxylated and hydro4n vitro and incubated with isolated mitochondria (Figure
phobic amino acid residues and have the potential to form 3A). The truncated precursor was efficiently imported into
a positively charged, amphipathichelix. Neither Tim17 the mitochondria in the presence and in the absence of
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A Owing to a translational frame shift after methionine 198
(Berthold et al, 1995), the C-terminal transmembrane
segment of Tim23 is replaced by 16 amino acid residues
(HGLFLGNGGRCVRRLYV) which do not have a predicted
probability to form a membrane-spanning segment.
Tim23(fs) is functional in vivo, indicating that the

* —| — C-terminal segment of Tim23 is not strictly required for
import of the protein into the inner membrane. Tim23(fs)
precursor was synthesizdd vitro and incubated with
isolated mitochondria. It was translocated across the outer

Tim23(1-180) [

Tim23(1-180) | = — S

T A+ k- = membrane in the presence and in the absencé&Yf
rypsin - =+ 4+ =+ 4+ (Figure 3B, left panel). In both cases, a significant number
Swelling = = 4 = = 4

of translocation intermediates accumulated where the
N-terminus was in the intermembrane space, while the
C-terminus was accessible to added trypsin. In the presence
B 1 292 of AW, the efficiency of insertion into the inner membrane
A of Tim23(fs) was significantly reduced as compared with
authentic Tim23 (Figure 3B, right panel). In the absence
of AW, Tim23(fs) was not inserted into the inner membrane
(not shown). This indicates that the C-terminal transmem-
brane segment of Tim23 is required for efficient insertion
Import Insertion of the protein into the inner membrane.
To test whether the positively charged segment between
— residues 103 and 112 of Tim17 and the corresponding
region in Tim23 (residues 186-198) have the capacity
— g to target heterologous proteins to the mitochondria, we
constructed the chimeric precursor proteins IS17-DHFR
AY 4 = + + and 1S23-DHFR (Figure 4A). At the N-terminus, these
Trypsin = 4+ = + + + precursors contain the putative import signal of Tim17
Swelling - - e + + (residues 103-112) and of Tim23 (residues 186-198).
o

Tim23

Tim23(fs) i
his6

] 9 These are fused with d2-20, an import-incompetent
Tim23(fe) & < N-terminally truncated version of ph19(167)DHFR
< which still contains the processing site for the matrix
Fig. 3. An import and insertion signal is located in the C-terminal processing peptidase, MPP (Klaesal, 1996).
portion of Tim23. A) Import into mitochondria of Tim23(1-180). When IS17-DHFR and 1S23-DHFR were incubated

*: translation product corresponding most likely to initiation at Met50.  \yith energized mitochondria, processed forms of the

Tim23(1-180) is outlined schematically. The precursor was imported - 5 anrgteins were generated and their amounts increased
into mitochondria and samples were analysed as described in Figure 1.

(B) Tim23 and Tim23(fs) are outlined schematically. Left panel, over a period of 30 min (Figure 4B) The processed.
import of Tim23(fs) into mitochondria. Right panel, insertion into the ~ Species were protected from degradation by PK and their
inner membrane of Tim23(fs) in comparison to Tim23. Precursors appearance was strictly dependent/8H. This indicates

were imported into isolated mitochondria for 20 min at 25°C in the that the chimeric precursors were imported and processed

presence or absence &%. When indicated, mitoplasts were generated - . - - -
(Swelling) and treated with trypsin to monitor the insertion of by MPP in the mitochondrial matrix. Thus, residues 103

precursors into the inner membrane. Arrowheads: proteolytic 112 of Tim17 and 186-198 of Tim23 have the capacity
fragments of Tim23(fs) and of Tim23 inserted into the inner to target a passenger protein to the mitochondria.
membrane. Equal amounts of radiolabelled Tim23(fs) and of Tim23

were used.

Characterization of import pathways

To characterize the import pathways of Tim23 and Tim17
AY. When mitoplasts were generated and treated with we used mitochondria that were compromised in the
trypsin, Tim23(1-180) was degraded, indicating that it function of either the Tim23¢17 or Tim22 complex. To
was not inserted into the inner membrane. Neither was monitor Tim22-dependent import we prepared Tim22
the truncated precursor inserted in mitoplast preparationsmitochondria which contain reduced levels of Tim22
(not shown). An internal translation product, which most (Sirrenberget al, 1996). To follow Tim23-dependent
likely corresponds to residues 50-180 of Tim23, was not import we prepared Tim23(fs) mitochondria (Berthold
imported into the mitochondria (Figure 3A, *). Thus, the et al, 1995) which contain strongly reduced levels of the
C-terminal 42 amino acid residues of Tim23 are required mutant Tim23(fs) protein. When these mitochondria were
for theAW-dependent import and insertion of the precursor preincubated at 37°C the Tim23(fs) protein was degraded
into the inner membrane. A truncated version of Tim17, resulting in virtually complete depletion of the protein
where residues 101-158 were deleted, was not imported(Figure 5A).

either in the presence or in the absencA¥f(not shown), Tim23 precursor was translocated id®#-independent
indicating that the C-terminal 58 amino acid residues of fashion across the outer membrane of Tim23(fs) mitochon-
Tim17 mediate itfAW-dependent import. dria pretreated at 37°C and Tim@22mitochondria (not

To characterize membrane insertion of Tim23 further, shown), indicating that neither Tim22 nor Tim23 are
we used ann vitro synthesized precursor of Tim23(fs). required for translocation across the outer membrane.
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Fig. 4.1S17 and 1S23, positively charged segments of Tim17 and
Tim23, direct the import of heterologous protein&) Schematic
outline of the chimeric proteins 1IS17-DHFR and IS23-DHFR. The
amino acid sequence of IS17 and 1S23 is given in single letter code.
The segments were fused to d2-20, a truncated version of
pb,A19(167)DHFR, where the N-terminal mitochondrial targeting
signal was deleted (Klaust al, 1996). MPP: cleavage site in d2-20
for the mitochondrial processing peptidad®) (mport of IS17-DHFR
and 1S23-DHFR. Radiolabelled IS17-DHFR and 1S23-DHFR were
imported at 25°C into isolated mitochondria for the periods indicated
in the presencefAWY) or absence @WY) of a membrane potential.
The samples were halved, one half was kept on ice (-PK) and the
other half was treated with 10@0g/ml proteinase K {PK). Samples
were subjected to SDS—PAGE and analysed by autoradiography.

p: precursor and m: MPP-processed forms of IS17-DHFR and
IS23-DHFR.

However AW-dependent insertion into the inner membrane
did not occur in Tim22 mitochondria whereas the pre-
cursor was efficiently inserted into the inner membrane in
Tim23(fs) mitochondria (Figure 5B). This indicates that
Tim23 is imported via the Tim22 pathway in a manner
similar to members of the mitochondrial carrier family
(Sirrenberget al., 1996). Tim17 precursor was imported
in aAW-dependent fashion into both types of mitochondria
with reduced efficiency.

Interestingly, 1S17-DHFR and 1S23-DHFR were not
imported into Tim23(fs) mitochondria, whereas both

Biogenesis of Tim23 and Tim17
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Fig. 5. Tim22 but not Tim23 is required for the import of Tim23.

(A) Tim23(fs) mitochondria contain reduced levels of the labile
Tim23(fs) protein. Wild-type (wt) and Tim23(fs) mitochondria

(100 pg) were incubated for 30 min at the indicated temperatures.
Samples were analysed by SDS—PAGE and immunoblotting with
antibodies against Tim23BJ Comparison of the import of AAC,
Tim23, Tim17, pSu9(1-79)DHFR, 1S23-DHFR and I1S17-DHFR into
Tim22! and Tim23(fs) mitochondria. Radiolabelled precursors were
imported for 20 min into energized wild-type mitochondria,
mitochondria which were depleted in Tim22 (Tim22and Tim23(fs)
mitochondria, which were preincubated for 30 min at 37°C. After
import, mitochondria were subjected to hypotonic swelling and treated
with 200 pg/ml trypsin (AAC, Tim23, Tim17) or 10Qug/ml PK
[IS17-DHFR, IS23-DHFR, pSu9(1-79)DHFR]. Samples were
analysed by SDS—PAGE and autoradiography, and quantified with a
phosphor imaging system. Data are expressed as % import of the
precursors into wild-type mitochondria (% of control).

&

&

Tim22 complex was shown to mediate insertion into the

chimeric precursors were imported and processed wheninner membrane of its own precursor and members of the

Tim221 mitochondria were used (Figure 5B). This indi-
cates that functional Tim23 is required for the import of
chimeric preproteins into the matrix. Apparently, 1S17—

mitochondrial carrier family, such as the ADP-ATP carrier
(Sirrenberget al,, 1996, 1998). Like mitochondrial carrier
proteins, Tim23 is synthesized without an N-terminal

DHFR and IS23-DHFR are imported by the same pathway presequence and it spans the membrane several times.

as matrix-targeted preproteins with an N-terminal pre-
sequence.

Discussion

Also like carrier proteins, Tim23 is a component which
has apparently no counterpart in prokaryotes, unlike other
polytopic inner membrane proteins that are imported via
N-terminal targeting signals.

Two different targeting signals can be distinguished in

We have analysed the import and insertion pathways of Tim23. An internal, positively charged import signal is

Tim23 and Tim17, components of the TIM machinery
specific for matrix targeted precursors, into the inner
membrane.

Tim23 requires the Tim22 complex for its import. The

present in the C-terminal portion of Tim23. This import
signal, termed 1S23, resembles N-terminal presequences
of matrix-targeted precursors. It directs translocation
across the outer membrane and insertion into the inner
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membrane of the precursors in a stricth-dependent  import of a passenger protein into the intermembrane
fashion. A positively charged internal import signal has space, yet the nature of the targeting signal is not clear.
also been identified in the BCS1 protein”(&ah et al, Signals similar to the one in the N-terminal portion of
1996). When 1S23 was placed at the N-terminus of a Tim23 may facilitate AW-independent import into the
passenger protein, the chimeric precursor was importedintermembrane space of other proteins such as heme lyases
via the Tim23+17 complex. Apparently, Tim23+17 and that contain internal targeting signals (Lét al, 1992).
Tim22 complexes recognize similar import signals at the Components of this import pathway as well as correspond-
AW-dependent step of translocation across, or insertioning targeting signals remain to be identified.
into, the inner membrane. N-terminal positively charged  Tim17 is structurally related to the C-terminal portion
presequences of matrix-targeted preproteins are presum-of Tim23. It lacks an N-terminal domain that is exposed
ably recognized by an acidic segment in the N-terminal to the intermembrane space. Its import is striciy-
portion of Tim23 (Baueret al. 1996). Tim22 which is dependent. 1S17, a region in the C-terminal portion of
structurally related to Tim23 contains a segment in the Tim17 that apparently corresponds to 1S23, has features
N-terminal portion (residues 21-33) that carries five nega- of an N-terminal presequence. IS17 functions as a mito-
tively charged residues. This acidic segment may have achondrial targeting signal when placed at the N-terminus
corresponding role in the recognition of precursor proteins of a passenger protein. This chimeric preprotein was then
with internal targeting signals such as 1S23. imported by the Tim23-dependent pathway. Despite its

In addition to 1S23, Tim23 harbours a mitochondrial- similarity to Tim23, the import pathway of Tim17 is
targeting signal in its hydrophilic N-terminal domain. In not clear. Timl17 precursor was imported with reduced
the assembled protein, this domain is exposed to theefficiency into both mitochondria which were depleted of
intermembrane space. This targeting signal promotes trans-Tim23 by preincubation of Tim23(fs) mitochondria at
location of the Tim23 precursor across the outer membrane37°C and mitochondria depleted of Tim22; but import was
in aAW-independent fashion. It also mediates translocation not abolished. As preincubated Tim23(fs) mitochondria do
across the outer membrane of Tim23(1-180), a C-termin- not contain detectable levels of Tim23(fs) it appears
ally truncated version of Tim23 that lacks th&WY- unlikely that Tim17 requires Tim23 for its import. How-
dependent import signal 1S23. Notably, in the absence of ever, it remains open whether Tim17 is imported via
AW, complete translocation across the outer membrane of Tim22, or via Tim17, which is present at normal levels in
full-size Tim23 was less efficient than translocation of Tim23(fs) mitochondria. Furthermore, the Tim17 precursor
Tim23(1-180). A significant fraction of full-size Tim23  could use both pathways or even a yet unidentified pathway
accumulated as a specific import intermediate. Transloca-for its import.
tion of Tim23 is apparently slowed down when 1S23 is In conclusion, we have shown that the Tim22 translocase
about to be translocated across the outer membrane. Inis not only required for import of members of the carrier
this situation, 1S23 appears to be specifically bound to the family but has a broader substrate specificity which
TOM complex which retards the complete translocation includes other integral inner membrane proteins that are
of the C-terminus of the Tim23 precursor in the absence synthesized without an N-terminal matrix targeting signal.
of AW. This binding of 1IS23 may occur at the so-called Not only is Tim22 structurally related to Tim17 and
transsite of the TOM complex, which interacts with Tim23, suggesting that both translocation systems of the
positively charged presequences (Mayral, 1995b; inner membrane have a common ancestor, but in addition,
Bolliger et al., 1995; Courtet al, 1996; Rapaporét al., the two translocases also recognize related signals. The
1997). The interaction of 1S23 with the TOM complex is position of these signals within a precursor and/or addi-
stable at high ionic strength, a characteristic feature of tional signals may specify which import pathway is taken.
trans-site binding (Rapaposdt al., 1997). We have recently
shown that fu.nctlonal TOM complexes.are present in Materials and methods
excess over Tim23+17 complexes and Tim22 complexes
(Sirrenberget al,, 1997). Thus, a tight interaction of the  Construction of Tim23 mutants
trans-site of the TOM complex with targeting signals for PGEM4-Tim2&50 was constructed by digestion of pGEM4-Tim23
the inner membrane or for the matrix may hold precursor (Berthold et al, 1995) with BanH| and Aod to delete a fragment

. - . . ) encoding the translation start and the N-terminal portion of Tim23. The

proteins um:" a TI_M C_°mp|ex 1S I’ECI’UIt_ed to medldlté)-_ ends were filled in with Pfu polymerase and the DNA was religated.
dependent insertion into or translocation across the innerThe first Met-codon in the resulting construct corresponds to Met51
membrane. in Tim23.

Why would Tim23 contain two independent import For the construction of pGEM4-Tim23(1-101BanH! and Pvul

. . . . fragments were isolated from pQE13-Tim23(1-101) (Batiel., 1996)
? - -
signals? Tim2A50, which lacks thé\¥-independent tar and subcloned into pGEMA.

geting signal, is imported across the outer membrane and  Tim23(1-180) DNA was amplified from pGEMA4-Timgg, (Bauer
inserted into the inner membrane. Thus, 1S23 is sufficient et al, 1996) by PCR using the upstream primer@C CAA GCT
to mediate import of the N-terminally truncated precursor TCA AGA TAT CTG CAT GCC CCC AGC GCC AAT G-3and the

; :_downstream primer '5GAT TTA GGT GAC ACT A TA-3'. The PCR
across the outer membrane. The requirement for an addi product was digested withcoR| andHindlll and subcloned into pGEMA4.

tional _targetmg _5|gnal m_ay arise when larger domams_ have For the construction of pPGEM4—-IS17-DHFR, Tim17(103-112) was
to be imported into the intermembrane space. Insertion of amplified by PCR by using the upstream primér@&C CAA GCT
membrane spanning segments into the inner membraneTCA ACA CGT GAT CGC CAT GGA CCT TGT ATG CCT CCA AC-
mediated by 1S23-like signals might then not provide igéhiﬁéw,fétée?gg}”}eé '?gr(fd (;g/é @ITT%AI(; aCSA; SE%LIQIECTO
sufﬂmgnt driving force to promote translocation Of.SUCh introduce anNcd site into pPGEM4-d2-20 (Klaust al, 1996), a PCR
domains across the outer membrane. The N-terminal 62fagment was amplified from pGEM4-gh19(167)DHFR (Kollet al,

amino acid residues of Tim23 are sufficient to direct 1992) using the upstream primet-BAA TAC GAC TCA CTA TAG
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GG-3 and the downstream primef-£8CC CGA ATT CGC CAC CAT
GGC GTC TAA GAC TAG AT-3. The fragment was cloned into pGEM4
vector using the cloning sitescoRl and Hindlll. The Tim17(103-112)
PCR fragment was digested wittcoRl and Ncd and subcloned into
the modified pGEM4-d2-20 vector.

For the construction of pGEM4-1S23-DHFR, Tim23(184-222) was
first amplified by PCR using the upstream priméfTAA TAC GAC
TCA CTA TAG GG-3, the downstream primer £CC CGA ATT CAG
CAT GCA GGG CGC TTT GTT CAA G-3and pGEM4-Tim2gs12as
a template. The PCR fragment was digested \EtloRl and Ncd and
subcloned into the modified pGEM4—d2-20 vector.

For the construction of the plasmid Yep51-Tim23(1-62)DIRER
the pQE16 vector was digested wlBanHl, the sticky ends were filled
in with Pfu polymerase and the DNA fragment encoding DiHERvas
cut out with Hindlll. Yep51-Tim23 (Baueret al, 1996) was digested
with Xbd, the sticky ends were filled in with Pfu polymerase, the
plasmid was cut wittHindlll to remove the region encoding residues
63-222 and the DHFRRg fragment was subcloned into the resulting
vector.

Expression and localization of Tim23(1-62)DHFRjsg in
Saccharomyces cerevisiae

Saccharomyces cerevisiagrain 334 (Hovlancet al, 1989) was trans-
formed with Yep51-Tim23(1-62)DHRRe using DMSO-enhanced
transformation (Hillet al, 1991). Transformants were grown on selective
lactate medium in the presence of 1% galactose. Mitochondria were
isolated as described previously (Berthetdl,, 1995) with the exception
that buffer A containing 0.6 M sorbitol, 1 mM PMSF and MES-KOH,
pH 6.0, was used for disrupting the cells. Isolated mitochondria were
resuspended in the buffer A without PMSF. Mitochondria (50-75 mg)
were overlaid onto an 18/14.5% Nycodenz gradient (5/5 ml, dissolved
in buffer A) and subjected to ultracentrifugation (30 min at 220 600
and 2°C). Mitochondria at the 18/14.5% interface were removed and
washed with 10 vol 0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.2.
Proteinase K treatment of mitochondria was carried out either in a buffer
containing 0.6 M sorbitol, 3% BSA and 20 mM HEPES-KOH, pH 7.2,
or in swelling buffer containing 60 mM sorbitol, 0.3% BSA and 12 mM
HEPES-KOH, pH 7.2. After protease treatment mitochondria were
washed with a buffer containing 0.6 M sorbitol, 1 mM EDTA, 2 mM
protease inhibitor PMSF and 20 mM HEPES—KOH, pH 7.2. To separate
cytosol and microsomal fractions, the post-mitochondrial supernatant
was centrifuged for 30 min at 100 0@0and 2°C, pellet and supernatant
were considered as microsomal and cytosolic fractions, respectively.

In vitro synthesis of precursor proteins and import into
mitochondria

Precursor proteins were synthesized by coupled transcription—translation

in reticulocyte lysate in the presence 6?$]-methionine (Promega) as

Biogenesis of Tim23 and Tim17

Berthold,J., Bauer,M.F., Schneider,H.C., Klaus,C., Dietmeier,K.,
Neupert,W. and Brunner,M. (1995) The MIM complex mediates
preprotein translocation across the mitochondrial inner membrane and
couples it to the mt-Hsp70/ATP driving syste@ell, 81, 1085-1093.

Bolliger,L., Junne,T., Schatz,G. and Lithgow,T. (1995) Acidic receptor
domains on both sides of the outer membrane mediate translocation of
precursor proteins into yeast mitochond&BO J, 14, 6318-6326.

Court,D.A., Nargang,F.E., Steiner,H., Hodges,R.S., Neupert,W. and
LilLR. (1996) Role of the intermembrane-space domain of the
preprotein receptor Tom22 in protein import into mitochondkitnl.

Cell. Biol, 16, 4035-4042.

Dekker,P.J.T., Keil,P., Rassow,J., Maarse,A.C., Pfanner,N. and Meijer,M.
(1993) Identification of MIM23, a putative component of the protein
import machinery of the mitochondrial inner membraREBS Lett.

331, 66-70.

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

Fdlsch,H., Guiard,B., Neupert,W. and Stuart,R.A. (1996) Internal
targeting signal of the BCS1 protein: a novel mechanism of import
into mitochondriaEMBO J, 15, 479-487.

Glick,B.S., Wachter,C. and Schatz,G. (1991) Protein import into
mitochondria: two systems acting in tandemfends Cell Biol. 1,
99-103.

Hill,J., Donald,K.A.I.G. and Griffith,D.E. (1991) DMSO enhanced whole
cell yeast transformatioucleic Acids Res19, 5791-5796.

Horst,M., Hilfiker-Rothenfluh,S., Oppliger,W. and Schatz,G. (1995)
Dynamic interaction of protein translocation systems in the inner and
outer membranes of yeast mitochond&MBO J, 14, 2293-2297.

Hovland,P., Flick,J., Johnston,M. and Scalafani,R.A. (1989) Galactose
as a gratuitous inducer afal gene expresson in yeast growing on
glucose.Geneg 83, 57-64.

Klaus,C., Guiard,B., Neupert,W. and Brunner,M. (1996) Determinants
in the presequence of cytochronhg for import into mitochondria
and for proteolytic processingur. J. Biochem.236, 856—-861.

Koll,H., Guiard,B., Rassow,J., Ostermann,J., Horwich,A.L., Neupert,W.
and Hartl,F.-U. (1992) Antifolding activity of hsp60 couples protein
import into the mitochondrial matrix with export to the intermembrane
spaceCell, 68, 1163-1175.

Kronidou,N.G., Oppliger,W., Bolliger,L., HannavyK., Glick,B.S.,
Schatz,G. and Horst,M. (1994) Dynamic interaction between Isp45
and mitochondrial hsp70 in the protein import system of yeast
mitochondrial inner membraneProc. Natl Acad. Sci. USA91,
12818-12822.

Lill,R., Stuart,R.A., Drygas,M.E., Nargang,F.E. and Neupert,W. (1992)
Import of cytochrome& heme lyase into mitochondria: a novel pathway
into the intermembrane spadeMBO J, 11, 449-456.

described (Pelham and Jackson, 1976). Mitochondria were isolated aSLithgow,T., Glick,B.S. and Schatz,G. (1995) The protein import receptor

described (Berthole@t al,, 1995; Sirrenbergt al, 1996).

Import reactions were carried out for the periods indicated at 25°C in
100 pl of import buffer (600 mM sorbitol, 3 mg/ml BSA, 80 mM KCl,
10 mM MgCh, 2.5 mM EDTA, 2 mM KHPQ,, 2 mM ATP, 5 mM
NADH, 50 mM HEPES-KOH, pH 7.2). An assay contained 3080
of mitochondria and 1-3% reticulocyte lysate with the radiolabelled

precursor protein. To generate the membrane potential mitochondria

were preincubated for 5 min at 25°C in the presence of 2.5 mM malate,
2.5 mM succinate, 5 mM phosphocreatine, .&Iml creatine kinase and

2 mM ATP. Membrane potential was dissipated by the addition il
valinomycin and 25 mM KCI. For the generation of mitoplasts the
import assay was diluted in 10 volumes of swelling buffer (10 mM
HEPES-KOH, pH 7.2, 0.3% BSA). Protease treatment of mitochondria
and mitoplasts were carried out on ice for 20 min.
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