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Translocation of proteins from the cytosol across the mitochondrial inner membrane is driven by the action
of the import motor, which is associated with the translocon on the matrix side of the membrane. It is well
established that an essential peripheral membrane protein, Tim44, tethers mitochondrial Hsp70 (mtHsp70),
the core of the import motor, to the translocon. This Tim44-mtHsp70 interaction, which can be recapitulated
in vitro, is destabilized by binding of mtHsp70 to a substrate polypeptide. Here we report that the N-terminal
167-amino-acid segment of mature Tim44 is sufficient for both interaction with mtHsp70 and destabilization
of a Tim44-mtHsp70 complex caused by client protein binding. Amino acid alterations within a 30-amino-acid
segment affected both the release of mtHsp70 upon peptide binding and the interaction of Tim44 with the
translocon. Our results support the idea that Tim44 plays multiple roles in mitochondrial protein import by
recruiting Sscl and its J protein cochaperone to the translocon and coordinating their interactions to promote

efficient protein translocation in vivo.

On the order of 99% of proteins residing in mitochondria
are encoded by nuclear DNA and synthesized on cytosolic
ribosomes (38). Thus, mitochondrial biogenesis and function
are dependent on efficient protein import mechanisms. Pro-
teins destined for the mitochondrial matrix are first recognized
by receptors on the outer mitochondrial membrane and then
imported and sorted by the action of multiprotein complexes,
the TOM and TIM23 complexes, in the inner and outer mem-
branes, respectively (3, 6, 13, 14, 19, 28, 30, 33, 36). Most
matrix-bound proteins are synthesized as preproteins with
positively charged N-terminal targeting sequences, whose in-
sertion into the TIM23 complex is strictly dependent on a
membrane potential across the inner membrane (2, 26). Trans-
location of the remainder of the preprotein requires the
presequence translocase-associated motor complex (PAM)
(32, 34).

PAM acts as a functional unit to couple the action of mito-
chondrial Hsp70 (mtHsp70) chaperone (Sscl in Saccharomyces
cerevisiae) to the movement of preproteins through the Tim23
translocon into the mitochondrial matrix. The core of the im-
port motor is mtHsp70 (12, 18). The essential, 44-kDa periph-
eral membrane protein Tim44 recruits Sscl to the translocon,
where Sscl’s interaction with incoming preproteins is initiated
(15, 22, 25, 35, 37, 43). Like other Hsp70s, Sscl rapidly inter-
acts with client proteins when it is in the ATP-bound state. The
interaction is stabilized by ATP hydrolysis, triggered by inter-
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action with a J protein partner. Pam18 (also known as Tim14),
which forms a stable heterodimer with the related protein
Pam16 (also known as Tim16), serves this function in the case
of import (8, 10, 31, 41). In vitro, the Tim44-Sscl complex is
destabilized upon binding of peptide substrate, leading to the
idea that release of preprotein-bound Sscl allows another
Ssc1(ATP) to be recruited to the import channel, facilitating
further import (7, 23, 40). In addition, Tim44 is involved in
tethering the Pam18-Pam16 heterodimer to the translocon, as
depletion leads to reduced association (20, 31).

Tim44 plays a central role in protein translocation. Besides
acting as a tether that regulates the interaction of Sscl with the
translocon (7), it is also important for the association of the
Pam16-Pam18 heterodimer with the TIM23 translocase (20,
29, 31). Despite these critical roles, little functional informa-
tion about Tim44 is available. We undertook a comprehensive
mutational analysis of the portion of TIM44 encoding the N-
terminal 18 kDa of the mature protein, a segment we found to
be sufficient for interaction with Sscl and for which there is no
structural information available (17). Residues critical for as-
sociation of Tim44 with the TIM23 translocase and for regu-
lation of the stability of the interaction with Sscl were identi-
fied. Our results are consistent with the existence of a dynamic
interaction between Tim44 and both Sscl and the translocon,
mediated by a small segment of Tim44.

MATERIALS AND METHODS

Site-directed mutagenesis of TIM44. TIM44 truncations were constructed us-
ing a two-step PCR procedure. In the case of tim44,; 590, the DNA sequence
encoding amino acids 1 to 209 and the 3'-untranslated region of TIM44 were
amplified first and then fused in a second round of PCR. For creation of
tim445;¢.431, DNAs encoding amino acids 210 to 431 and 1 to 48, which contain
the cleavable mitochondrial targeting sequence (residues 1 to 42) and the pro-
cessing site (C terminus of amino acid 42), were fused by PCR and cloned into
pRS314-TIM44 (23) by replacing the open reading frame of TIM44. TIM44
mutants encoding internal deletions within the N-terminal segment of Tim44
were constructed using a two-step PCR procedure. DNA sequences carrying the
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TABLE 1. Plasmids used in this study

Plasmid Description Reference
YCplac33-TIM44 YCplac33(URA3) carrying complete TIM44 gene 35
pRS314 pBluescript; TRP1 CEN6 ARSH4 yeast shuttle vector 39
pRS314-Tim44 Encodes full-length Tim44 under control of native 7IM44 promoter 23
pRS314-Tim44 45 509 Encodes N-terminal 209 amino acids under control of native 7IM44 promoter This study
pRS314-Tim44,, .43 Encodes Tim44, .4 and Tim44,,, 45, under control of native 7/M44 promoter This study
pRS314-Tim44 555> Tim44 with internal deletion of codons 68 to 82 This study
pRS314-Tim44 5 45.99 Tim44 with internal deletion of codons 85 to 99 This study
pRS314-Tim44 5 195.118 Tim44 with internal deletion of codons 103 to 118 This study
pRS314-Tim44,5.127 Tim44 with internal deletion of codons 115 to 127 This study
pRS314-Tim44 513, 147 Tim44 with internal deletion of codons 131 to 147 This study
PpRS314-Tim44 550164 Tim44 with internal deletion of codons 150 to 164 This study
pRS314-Tim44 5 17185 Tim44 with internal deletion of codons 170 to 185 This study
pRS314-Tim44 5 1g5.202 Tim44 with internal deletion of codons 185 to 202 This study
pRS314-Tim44 50aann Tim44 with V150A, R151A, Q152A, and T153A substitutions This study
pRS314-Tim44 s4p ann Tim44 with K154A, I155A, Y156A, and K157A substitutions This study
pRS314-Tim44 ;oA ann Tim44 with R170A, Y171A, G172A, and G173A substitutions This study
pRS314-Tim44 ;4o ann Tim44 with F174A, 1175A, T176A, and K177A substitutions This study
pRS314-Tim44 ;5x ann Tim44 with E178A, Q179A, R180A, and R181A substitutions This study
PpRS314-Tim44 g g0a Tim44 with R180A substitution This study
pRS314-Tim44 g, gox Tim44 with R180K substitution This study
pYES Yeast protein expression vector with the GALI promoter Invitrogen
pYES-Tim44-His tag Tim44 with C-terminal His tag 23
pYES-Tim44,; ,,,-His tag Tim44,5 549 with C-terminal His tag This study
pYES-Tim44,,,.43,-His tag Tim44,,(.43, with C-terminal His tag This study
pYES-Tim44,,,oaaa-His tag Tim44,,4oana With C-terminal His tag This study
pYES-Tim44 5,4-His tag Tim44g 594 With C-terminal His tag This study

5'-untranslated region and 3'-untranslated region of 7IM44, as well as the coding
sequences flanking the desired deletions, were amplified first and then fused in
a second-round PCR, resulting in an EcoRI restriction site replacing the deleted
DNA stretch. The following primers were used: tim44(A68-82) sense, 5" TGG
GAG AAG TCT CAG GAA GAA TTC GGC GAG TCT; tim44(A68-82) anti-
sense, 5" AGA GTC CTT GAA TTC CCG CTC AGA CTC CGG ATG;
tim44(A85-99) sense, 5' TTA GGC GAG GAA TTC AGA GGC TCC ACA
ATT GTG; tim44(A85-99) antisense, 5" GTG TTA ACA CCT CGG AGA CTT
AAG GAG CGG ATT; tim44(A103-118) sense, 5" AGT GGC TAT GAA TTC
GGA GCC TCT CTG AGC TTT; tim44(A103-118) antisense, 5" AGA GGC
TCC GAA TTC ATA GCC ACT AAG GCC TGG; tim44(A115-127) sense, 5’
ACC GGT GAG GAA TTC CTC GGT AAG AAC ACA AGA; tim44(A115-
127) antisense, 5" CTT ACC GAG GAA TTC CTC ACC GGT CTT TTT CAA;
tim44(A131-147) sense, 5" CAC TGG CTC GAA TTC CTT ACC GAG CTC
GGA C; tim44(A131-147) antisense, 5" CTC GGT AAG GAA TTC GAG CCA
GTG AGA CAG AG; tim44(A150-164) sense, 5" TTT GAG CCA GAA TTC
GAT GGG GAG AGT TCC C; tim44(A150-164) antisense, 5’ TCT CCC CAT
CGA ATT CTG GCT CAA AAC TCT CAT C; tim44(A170-185) sense, 5" GAG
AGT TCC GAA TTC AGA GAC CTG GCC TCT GG; tim44(A170-185) anti-
sense, 5’ CCA GGT CTC TGA ATT CGG AAC TCT CCC CAT CGT C;
tim44(A185-202) sense, 5" GAG ACT TAA ACG TGC AGG AAC AGC AGT
GG; and tim44(A185-202) antisense, 5' CTG CTG TTC CTG CAC GTT TAA
GTC TCC TTT GC. For alanine scanning mutagenesis of the segment of full-
length TIM44 encoding amino acids 126 to 210, a site-directed mutagenesis kit
(Stratagene, Heidelberg, Germany) was used, starting with pRS314-TIM44 as a
template. Primers were designed and mutagenesis was carried out according to
the manufacturer’s instructions. For creation of tim44 mutants, the following
oligonucleotides were used: tim44s0aann) sense, 5’ GAG AGT TTT GAG
CCA GCG GCA GCG GCG AAG ATT TAC AAG GAA; tim441soanan)
antisense, 5' TTC CTT GTA AAT CTT CGC CGC TGC CGC TGG CTC AAA
ACT CTC; tim441s4anaan) sense, 5 CCA GTG AGA CAG ACG GCG GCT
GCC GCG GAA GTC TCA GAA GTG; tim44154annn) antisense, 5’ GAC
TTC TGA GAC TTC CGC GGC AGC CGC CGT CTG TCT CAC TGG;
tim44170aaaa) S€nse, 5" GAT GGG GAG AGT TCC GCA GCC GCT GCG
TTT ATC ACG AAA GAG; tim44170aaaa, antisense, 5" CTC TTT CGT GAT
AAA CGC AGC GGC TGC GGA ACT CTC CCC ATG; tim44 174aaAA) SENSE,
5" TCC CGA TAC GGT GGG GCT GCC GCG GCA GAG CAA AGG AGA
CTT; tim4417aaa44) antisense, 5" AAG TCT CCT TTG CTC TGC CGC GGC
AGC CCC ACC GTA TCG GGA; tim44173anan) sense, 5" GGG TTT ATC
ACG AAA GCG GCA GCG GCA CTIT AAA CGT GAG AGA;

tim44 17saa 4y antisense, 5" TCT CTC ACG TTT AAG TGC CGC TGC CGC
TTT CGT GAT AAA CCC; tim44 r150a) sense, 5" ATC ACG AAA GAG CAA
GCG AGA CTT AAA CGT GAG; tim44 g 504, antisense, 5" CTC ACG TTT
AAG TCT CGC TTG CTC TTT CGT GAT; tim44 g0k, sense, 5" ATC ACG
AAA GAG CAA AAG AGA CTT AAA CGT GAG; and tim44rigok) anti-
sense, 5’ CTC ACG TTT AAG TCT CTT TTG CTC TTT CGT GAT. The
mutated 7IM44 DNA sequences were then subcloned into pRS314-TIM44, using
intrinsic restriction sites for PstI and BgIII within TIM44. The presence of the
expected mutations was verified by sequencing of the respective mutagenized
open reading frames of TIM44.

Protein purification and size-exclusion chromatography. N-terminally six-His-
tagged wild-type Tim44, Tim44 variants, and terminally truncated Tim44 pro-
teins were purified from the yeast strain BJ3497 (pep4::HIS3 ura3-52 his3A200),
using the expression plasmid pYES 2.0 (Invitrogen Corp., Carlsbad, CA), as
described previously (16, 23). Purification of His-tagged Sscl was carried out as
described previously (24).

To assess the protein-protein interaction in vitro, purified Tim44 and Sscl
were incubated at a molar ratio of 2:1 (Tim44 to Sscl) in the presence of ATP
for 60 min at 23°C. The reaction mixture was subjected to chromatography on a
Superdex HiLoad 16/60 column (GE Healthcare BioSciences AB, Uppsala,
Sweden) run at 1 ml/min with column buffer (25 mM HEPES-KOH, pH 7.4, 80
mM KCI, 10 mM MgCl,, 10% glycerol, and 0.05% Triton X-100) at 4°C. Five-
hundred-microliter fractions were collected, and aliquots from alternate frac-
tions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and immunoblotting using Ssc1- and Tim44-specific antibodies.
Signals were quantitated by densitometry using MacBAS 2.0 (Fuji) software.

Testing of in vivo phenotypes and Tim44 expression. To test the ability of
TIM44 mutants to rescue the lethal phenotype of a chromosomal deletion mu-
tant of TIM44, yeast strain Y1182 (his3 leu2 lys2-801 trpl ura3-1 ade2-1 met2
tim44::LYS2) harboring plasmid ycplac33-TIM44 (35) was transformed with
pRS314 plasmids encoding wild-type or the indicated mutant T7/M44 under the
control of the TIM44 promoter (see Table 1 for all plasmids used). Cells having
lost ycplac33-TIM44 were selected on 5-fluoroorotic acid (5-FOA), which inhibits
growth of cells retaining the URA3-containing plasmid ycplac33-TIM44, since the
functional expression of the URA3 gene (encoding orotidine-5'-monophosphate
decarboxylase and critical for a step in the biosynthesis of uracil) converts the
otherwise nontoxic form of 5-FOA to S5-fluorouracil, which is toxic (4). For
testing of the level of expression of Tim44 variants that could not maintain
viability, cell extracts were prepared from initial transformants harboring both
the plasmid encoding wild-type Tim44 and a plasmid encoding a Tim44 variant.
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Cell extracts were prepared by incubating a cell pellet equivalent to an optical
density at 600 nm of 0.15 in 1 M NaOH for 5 min at 23°C. Cells were sedimented
and resuspended in 2X SDS-PAGE sample buffer containing 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF). After being mixed vigorously for 5 min at 23°C, the
cells were boiled for 3 min. After a clarifying spin, the supernatant was subjected
to SDS-PAGE and immunoblot analysis using Tim44-specific antibodies.

To test for the accumulation of precursors in vivo, tim44 strains were grown in
minimal medium at 23°C to mid-logarithmic phase and then shifted to 37°C for
6 h. Cell extracts (optical density at 600 nm, 0.2) were prepared and analyzed by
SDS-PAGE and immunoblotting using antibodies specific for the mitochondrial
matrix protein Hsp60.

Isolation and analysis of mitochondria. Mitochondria were isolated as de-
scribed previously (24). For submitochondrial protein localization studies, mito-
chondria were diluted to 0.1 mg/ml in sonication buffer (25 mM HEPES-KOH,
pH 7.4, 50 mM KCl, 10 mM magnesium acetate, and 1 mM PMSF) and subjected
to sonication five times for 5 seconds each on ice at output level 4 (W-220
sonicator; Heat Systems-Ultrasonics, Farmingdale, NY). After a clarifying spin
(3,000 X g for 5 min), mitochondria were separated into membrane and soluble
fractions at 250,000 X g for 20 min. The membrane fraction was washed once
with sonication buffer. Proteins in the soluble fraction were precipitated with
trichloroacetic acid, which was added to a final concentration of 15% (wt/vol).
After 30 min on ice, the supernatant was centrifuged at 16,000 X g at 4°C for 15
min. The sediment was washed twice with ice-cold acetone. The dried pellet was
resuspended in SDS-PAGE sample buffer (soluble fraction). Total, soluble, and
membrane fractions were analyzed by SDS-PAGE and immunoblotting using
antibodies specific for Tim44, Mgel, and Tim23. To test whether Tim44 variants
were prone to aggregation at elevated temperatures, energized mitochondria
were incubated at 37°C or, as a control, on ice for 30 min. Subsequently, mito-
chondria were lysed with Triton X-100 for 10 min at 4°C. Lysates were subjected
to ultracentrifugation at 106,000 X g for 1 h at 4°C, as described previously (5).
Solubilized and insoluble fractions were analyzed by SDS-PAGE and immuno-
blotting.

In vitro import of precursor proteins was carried out as described previously
(21, 42). Radiolabeled cytochrome b,(220),,o-dihydrofolate reductase [cyto-
chrome b,(220),,o-DHFR] was synthesized by in vitro transcription and trans-
lation of the precursor from an SP6 promoter in rabbit reticulocyte lysate in the
presence of [**S]methionine, using a TNT coupled reticulocyte lysate system
(Promega, Madison, WI). The precursor was partially purified by precipitation
with ammonium sulfate and ultracentrifugation and incubated with energized
mitochondria. Import reactions were stopped by the addition of 1 pM valino-
mycin and cooling on ice. Following protease treatment with proteinase K (ratio
of mitochondrial protein to protease mass, 10:1) for 20 min on ice to remove
unimported precursor, protease-resistant Cyt,,(220),,o-DHFR was detected by
SDS-PAGE and autoradiography.

Coimmunoprecipitation in mitochondrial lysates. To analyze the interaction
of Tim44 with Sscl in mitochondrial lysates, mitochondria (100 g protein) were
lysed in lysis buffer (20 mM morpholinepropanesulfonic acid [MOPS]-KOH, pH
7.2,250 mM sucrose, 80 mM KClI, 0.2% [vol/vol] Triton X-100, and 1 mM PMSF)
in the presence of either 1 mM ATP and 10 mM magnesium acetate or 5 mM
EDTA for 20 min on ice. Nonsolubilized material was sedimented at 20,000 X g
for 15 min. The supernatant was incubated with antibodies against Tim44 cross-
linked to protein A beads for 1 h at 4°C, as described previously (23). Tim44,
Mgel, and Sscl bound to the beads were detected by immunoblot analysis using
Tim44-, Sscl-, and Mgel-specific antibodies.

For analysis of the association of Tim44, Pam16, and Pam18 with the TIM23
translocase, mitochondria were lysed in lysis buffer (25 mM Tris-Cl, pH 7.5, 80
mM KCI, 5 mM EDTA, 10% [vol/vol] glycerol, 1% [wt/vol] digitonin, 1 mM
PMSF) for 1 h at 4°C with gentle agitation. Insoluble material was sedimented at
20,000 X g for 20 min. The supernatant was incubated with affinity-purified
Tim23-specific antibodies cross-linked to protein A beads for 1.5 h at 4°C. The
beads were sedimented and washed three times with lysis buffer. Proteins bound
to the beads were eluted with SDS-PAGE sample buffer and detected by immu-
noblot analysis. As a control for unspecific binding of PAM components, pre-
immune serum and purified Pam16, Pam18, or Tim44 were added to anti-Tim23
beads. No unspecific binding of these proteins to antibodies against Tim23
cross-linked to protein A beads was detected.

Miscellaneous. Affinity purification of antibodies against Tim23, Tim44, and
Sscl and cross-linking of the purified antibodies to protein A beads by use of
dimethylpimelimidate dihydrochloride were carried out as described previously
(9, 23). Immunoblot analysis was carried out using an ECL system (Amersham
Pharmacia Biotech) according to the manufacturer’s instructions, using poly-
clonal antibodies specific for Tim17, Tim23, Tim50, Tim44, Pam16, and Pam18
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(9). All results presented were obtained in a minimum of two independent
experiments.

RESULTS

The N-terminal segment of Tim44 interacts with Sscl. As a
first step in our analysis, we set out to find a fragment of Tim44
that retained the ability to bind Sscl. During purification of
Tim44, we observed a stable degradation product that encom-
passed amino acids 210 to 431 (Fig. 1A). Thus, as an initial test,
we proceeded to purify Tim44,5 49, providing us with two
fragments that encompassed the entirety of the mature form of
Tim44. Since the N-terminal 42 amino acids of the Tim44
preprotein are removed upon translocation into the matrix,
Tim44,5 4 represents the N-terminal segment of functional
Tim44. The interaction of the purified truncated Tim44 pro-
teins with Sscl was assessed by size-exclusion chromatography.
Sscl with ATP bound [Ssc1(ATP)] was incubated with the
Tim44 fragments prior to being loaded on the column. Similar
to what had been observed with full-length proteins (7, 23), a
portion of Tim44,5 ,,, coeluted with Sscl (Fig. 1B, top panel).
However, no interaction between Sscl and Tim44,,,.45; was
observed, as there was no significant change in migration of
Tim44,,,.45, in the presence of Sscl (Fig. 1C and data not
shown).

As previously shown (7, 23), the Tim44-Ssc1(ATP) complex
is destabilized upon addition of a peptide substrate, such as a
portion of the matrix-targeting sequence of chicken aspartate
aminotransferase (CALLLSAPRR), called PS5, in vitro. To test
whether this peptide substrate-induced destabilization could
also be observed with the N-terminal fragment of Tim44, we
added peptide P5 to a preformed Tim44,5 ,o-Ssc1(ATP) com-
plex prior to loading it on the size-exclusion column. The
elution profiles of both proteins were shifted to positions cor-
responding to those of the individual proteins alone (Fig. 1B;
data not shown). Thus, the peptide substrate efficiently facili-
tated the destabilization of the Tim44,; ,,o-Ssc1(ATP) com-
plex, indicating that the N-terminal segment of mature Tim44
(residues 43 to 209) is sufficient for physical interaction with
Sscl and for responding to peptide binding by Sscl.

Mutational analysis of the N-terminal segment of Tim44.
We first asked if either the N- or C-terminal fragment of Tim44
was capable of substituting for the full-length protein in vivo.
TIM44 mutant plasmids were transformed into a tim44A strain
harboring a plasmid carrying a wild-type copy of TIM44 as well
as the URA3 gene. Plasmids harboring the mutant genes
designated tim44 510431 and tim44 45500, thus producing
Tim44,; 509 and Tim44,,, 43, respectively, upon removal of
the presequence (amino acids 1 to 42) by the matrix processing
protease, were used for this analysis. The presence of the
URA3 gene allowed for selection of cells that had lost the
plasmid carrying the wild-type TIM44 gene, as 5-FOA is toxic
to cells having a functional uracil biosynthetic pathway but not
to cells lacking a functional URA3 gene (see Materials and
Methods). No colonies were obtained after incubating the
transformants on 5-FOA-containing plates at 23, 30, or 37°C.
We concluded that neither Tim44,5 5, nor Tim44,,, 45, i
capable of substituting for Tim44 in vivo, even though they are
expressed at levels similar to that of wild-type protein and
imported into the mitochondrial matrix (data not shown). We



VoL. 28, 2008

A MPP

1] 431
Tim44, 45, | I i
43 209
Tim44,; 549 —
210 431

Tim44,,4 434

Protein [% of recovery]

Fraction number
C Tim44,,4.431

20 { —w— -Ssct

Tim44 [% of recovery]

0 20 40 60 80 100

Fraction number

FIG. 1. Interaction of Tim44 fragments with Sscl. (A) Diagram of
Tim44 and two fragments used in this study. Tim44,3 49, N terminus of
mature Tim44; Tim44,,(.43,, C terminus. The arrow indicates the site
of cleavage by the matrix processing protease (MPP) to generate
mature Tim44. (B) (Top) Tim44,;.,, and full-length Sscl were incu-
bated together at a molar ratio of 2:1 (Tim44 to Sscl) for 60 min in the
presence of ATP. (Bottom) Same as top panel, except that the
Tim44,5 50-Sscl mixture was incubated for an additional 5 min with
substrate peptide P5 prior to analysis. The mixtures were subjected to
chromatography, and eluted fractions were analyzed by SDS-PAGE
and immunoblotting using Tim44- or Sscl-specific antibodies. Migra-
tion of Sscl alone (short dashes) and Tim44,; ,,, alone (long dashes)
is indicated by vertical lines. (C) Tim44,,,.43, and full-length Ssc1 were
incubated together in the presence of ATP (+Sscl). As a control,
Tim44,,,.43, alone was subjected to chromatography (—Sscl). Analysis
of samples was done as described for panel B.
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concluded that both segments of Tim44 play important roles in
vivo. As described below, we focused our analysis on the N-
terminal fragment because of its ability to interact with Sscl.

As a first step, we constructed eight mutant 7/M44 genes,
each with a deletion of 12 to 17 codons predicted to encode an
entire alpha helix (Fig. 2A and data not shown). We also
included in our analysis tim44,,g5.502, @ previously reported
null mutant (27). All TIM44 genes were under the control of
the native TIM44 promoter. To test the ability of the genes to
function in vivo, we utilized the tester strain as described above
(Fig. 2B). tim44 5170155 and tim44 355> cells were not recov-
ered on 5-FOA plates. The other six strains expressing only the
Tim44 variant were viable. The four strains with Tim44 dele-
tions within the interval of amino acids 68 to 127 grew as well
as the wild type at a variety of temperatures on several differ-
ent carbon sources (Fig. 2B and data not shown). However, all
strains with deletions within the region of amino acids 131 to
202 had severe consequences. The tim44,,5,.,4; mutant grew
very slowly at all temperatures tested; the tim44 5, s¢.;64 mutant
grew robustly at 23 and 30°C but poorly at 37°C. To determine
whether any phenotypic effects were due to expression levels,
extracts from tester strains harboring both plasmids, the one
carrying wild-type TIM44 and one carrying a mutant TIM44
gene under the control of the native TIM44 promoter, were
subjected to immunoblotting using Tim44-specific antibodies.
Wild-type Tim44 migrated slightly more slowly than the mu-
tant proteins did, allowing comparison of protein levels. Sim-
ilar levels of mutant and wild-type protein were expressed in
each case (Fig. 2C), indicating that amino acids within residues
131 to 202 of full-length Tim44 are critical for normal cell
growth.

Deletion mutations can cause phenotypic effects due to dras-
tic effects on overall protein conformation. Therefore, alanine
scanning mutagenesis was performed with the segment of
TIM44 encoding amino acids 126 to 210, creating 21 mutants,
with substitutions of four consecutive native residues in each
case. Sixteen mutants displayed no obvious growth defect on
either fermentable or nonfermentable carbon sources at our
three test temperatures (data not shown). These included the
mutants carrying substitutions within the segments deleted in
the tim44 513,147 and tim44 5 1 45s.-o, mutants, suggesting that the
effects caused by the deletions were indirect, likely affecting the
overall protein conformation. On the other hand, the mutant
encoding alanines at positions 178 to 181, referred to as
tim44 564444, Was inviable. tim44;sp 40440 1MA4 ;5444445
tim44 04444, and tim44,,,,,.4,4 mutants displayed differing
severities of temperature-sensitive growth defects (Fig. 2D).
All grew similarly to a wild-type strain at 23°C, with the
tim44 ;544444 and tim44,,,, 4.4, mutants displaying strong de-
fects at 30°C as well as 37°C.

Single alanine substitution mutations were made in the re-
gions encoding segments that displayed the most severe phe-
notypes when four amino acids were altered, i.e., amino acids
154 to 157, 174 to 177, and 178 to 181. Only very mild or no
growth defects were observed for the single alanine substitu-
tion mutants in these intervals, with the sole exception being
the R180 substitution. The tim44,5,, mutant grew robustly at
23°C but not at 30 and 37°C; the conservative substitution
R180K had a more severe effect, as the tim44y, 4, mutant was
unable to form colonies at 30°C and grew only poorly at 23°C
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FIG. 2. Mutational analysis of TIM44. (A) Overview of the phenotypes of tim44 mutants. (Top) Eight deletion mutants lacking 12 to 17 amino
acids within the interval of residues 68 to 202 of Tim44 (dotted rectangles). Deletion mutations causing phenotypic effects are underlined (see panel
B). (Bottom) Alanine scanning of the segment containing residues 126 to 209. Twenty-one quadruple mutants substituting four alanines for four
consecutive native residues were constructed. Amino acid substitutions leading to growth defects are underlined. Residue R180, which is critical
for Tim44’s in vivo function, is labeled with an asterisk. ts: temperature sensitive. (B) Growth phenotypes of tim44A strains carrying deletions within
the coding sequence for the N-terminal segment of Tim44. Tenfold serial dilutions of cells were plated on the indicated medium. (Left) Medium
containing 5-FOA. tim44A strains expressing the indicated plasmid-encoded mutant and wild-type (WT) TIM44 genes were expressed at 23°C for
4 days. (Right) Strains recovered from plating on 5-FOA were spotted onto rich glucose-based medium (rich) and incubated for 3 days (23°C) or
2 days (30°C and 37°C). (C) Protein expression. Cell extracts of tim44A strains expressing both the indicated mutant and WT TIM44 genes were
analyzed by SDS-PAGE and immunoblotting using Tim44-specific antibodies. Cells harboring both WT and mutant 7IM44 genes on different
plasmids were grown at 23°C in minimal medium to select for the presence of both plasmids. See Materials and Methods for details. (D) Growth
phenotypes of TIM44 amino acid substitution mutants. Cells were plated onto rich medium and incubated at the indicated temperatures for 3 days.

(Fig. 2D). Thus, R180 is a critical residue, with additional
changes in adjacent residues leading to the inviability of the
tim44,,5.4.444 mutant. In the case of the tim44,,,,,,,4 and
tim44 5,444, mutants, the phenotypic effect was probably due
to cumulative effects of the individual alterations. For further
analysis, we focused on amino acid substitution mutants that
showed significant in vivo phenotypes, choosing the
tim44 g 5045 iM44grsoxs iM44 744444, and tim44,s, 4444 mu-
tants.

Substitutions in Tim44’s N-terminal region cause protein
import defects. As a first step in the analysis of the four TIM44
mutants, we asked whether the observed growth phenotypes
correlated with defects in the import of mitochondrial prepro-
teins in vivo. Import of the chaperonin Hsp60 into mitochon-
dria was assessed by monitoring the removal of the N-terminal
targeting sequence, which is cleaved off by the matrix process-

ing peptidase. Wild-type and mutant cells were grown at 23°C
and then shifted to 37°C, the temperature at which all the
mutant strains showed a growth defect (Fig. 2D). In wild-type
cells, cleavage of the presequence occurs rapidly (12, 18); thus,
the Hsp60 preprotein was undetectable (Fig. 3A). However,
the tim44 mutant strains accumulated the precursor form of
Hsp60 at the nonpermissive temperature of 37°C, indicating an
import defect in vivo. The tim44 4, mutant also accumulated
precursor at 23°C, consistent with its more severe growth de-
fect (Fig. 2D).

Import of a recombinant precursor protein into mitochon-
dria isolated from the respective tim44 mutant strains was also
tested. We utilized cytochrome b,(220),,,-DHFR, a precursor
protein composed of mouse DHFR fused to the N-terminal
220 amino acids of cytochrome b, with a deletion of 19 amino
acids within the inner membrane sorting signal to ensure sort-
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FIG. 3. Translocation defect of TIM44 mutants. (A) Accumulation of a preprotein in vivo. Cell extracts from tim44 mutant strains grown at 23°C
and subsequently shifted to 37°C for 6 h were analyzed by SDS-PAGE and immunoblotting using Hsp60-specific antibodies. p, premature Hsp60;
m, mature Hsp60. (B) Import of the recombinant precursor cytochrome b,(220),,o-DHFR into tim44 mitochondria. Radiolabeled cytochrome
b,(220),,o-DHFR was incubated with energized mitochondria for the indicated times. Following protease treatment to remove unimported
precursor, cytochrome b,(220),,,-DHFR was detected by SDS-PAGE and autoradiography. (C) Steady-state protein levels in tim44 mitochondria.
Five and 10 ng of total mitochondrial protein was subjected to SDS-PAGE and immunoblotting using antibodies against the indicated components
of the TIM23 translocase and the PAM. (D) Fractionation of tim44 mitochondria. Purified mitochondria were fractionated by sonication followed
by ultracentrifugation. The distributions of the respective Tim44 variants in the total (T) and soluble (S) fractions and the pellet containing the
membranes (P) were monitored using Tim44-specific antibodies. As controls, the presence of the matrix-soluble Mgel and the inner membrane
protein Tim23 was also assessed. (E) Solubility of mutant Tim44 proteins after temperature upshift. Energized mitochondria were incubated for
30 min at the indicated temperatures. After solubilization with detergent, mitochondrial lysates were subjected to ultracentrifugation to separate
them into supernatant (S) and pellet (P) fractions that were subsequently subjected to SDS-PAGE and immunoblotting using antibodies against
Tim44, Mgel, and Tim?23.

ing to the matrix rather than to the inner membrane (42).
Radiolabeled cytochrome b,(220),,,-DHFR was incubated

To test the possibility that the protein import defect might be
due to a mislocalization of the Tim44 variants within submito-

with isolated wild-type and fim44 mitochondria. After 10 min,
approximately 30% of the precursor offered had been im-
ported into wild-type mitochondria (Fig. 3B). In contrast, only
5 to 10% was imported into tim44 mitochondria in the same
period. To test whether the observed import defects were due
to altered expression of either the mutant Tim44 proteins or
components of the import motor and the translocon, we mon-
itored the steady-state levels of components of the PAM im-
port motor and the TIM23 translocase. No apparent differ-
ences in the protein levels in the mutants were detected
compared to the wild type (Fig. 3C). We therefore concluded
that the four #im44 mutants are defective in translocation of
preproteins into the mitochondrial matrix.

Next, we performed a series of tests to generally assess
proper membrane association of the mutant Tim44 proteins.

chondrial compartments, we carried out fractionation experi-
ments by sonication of isolated mitochondria and immunoblot
analyses of soluble and membrane fractions (Fig. 3D). Like
wild-type Tim44, the majority of the mutant Tim44 proteins
were localized to the insoluble membrane fraction. Further-
more, the Tim44 mutant proteins could be extracted from the
membrane by alkaline carbonate extraction, as is characteristic
of membrane-associated proteins (data not shown). Also, since
the temperature sensitivity of a 7IM44 mutant, tim44-8, was
reported to be due to aggregation of the mutant protein at
elevated temperatures (5), we tested the solubility of the mu-
tant Tim44 proteins as in that study. Energized mitochondria
from wild-type and mutant strains were incubated at 0°C or
37°C, lysed with detergent, and separated into soluble and
insoluble fractions by ultracentrifugation. Tim23 and Tim44
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FIG. 4. Interaction of Tim44 variants with Sscl. (A) In organellar. Mitochondrial lysates prepared in the presence (+) or absence (—) of ATP
were subjected to immunoprecipitation with Tim44-specific antibodies, followed by immunoblotting with the indicated antibodies. (B) In vitro.
(Top) Indicated Tim44 proteins (closed symbols) and Sscl (open circles) were incubated in the presence of ATP and then subjected to
size-exclusion chromatography. Eluted fractions were analyzed by SDS-PAGE and immunoblotting using Tim44- or Sscl-specific antibodies.
(Bottom) Same as top panels, except that peptide substrate (P5) was added after formation of the Tim44-Sscl complex, prior to chromatography.

were found exclusively in the soluble fraction, as was the ma-
trix-soluble nucleotide exchange factor Mgel (Fig. 3E), indi-
cating that the observed phenotypes of the tim44 strains are
not caused by depletion of functional Tim44 caused by protein
aggregation. In sum, our results support the idea that the al-
terations present in Tim44g 504, TiM44 g 50k, TIM44, 744 anns
and Tim44,5,, aax directly affect the ability of Tim44 to carry
out its in vivo functions.

N-terminal region of Tim44 functionally interacts with Sscl.
Since Tim44 tethers Sscl to the translocon, we next assessed
the Ssc1-Tim44 interaction by coprecipitation from mitochon-
drial extracts, using Tim44-specific antibodies. Two control
extracts, from the wild type and an sscl, ;,¢ mutant, were
tested. As expected, Mgel and Sscl efficiently coprecipitated
with Tim44 from wild-type extracts in the absence of ATP, but
no detectable coprecipitation was observed in the presence of
ATP (Fig. 4A). This lack of precipitation in the presence of
ATP, even though purified Sscl and Tim44 interact under
these conditions (23), is likely due to the presence in the
extracts of Hsp70 client proteins, such as partially unfolded
proteins, that destabilize the Tim44-Hsp70 interaction. In the

case of Sscl; 5,5 (7), the interaction between the two proteins
is not destabilized as efficiently upon peptide substrate binding
by the mutant Sscl protein. In coprecipitation experiments
with sscl; ;¢ extracts, coimmunoprecipitation is observed in
the presence of ATP, albeit at much lower levels than in its
absence. Sscl was efficiently coprecipitated from extracts of
tim44 g 5045 iM44 g 50k iM44 744444, and tim44,s, 4444 mu-
tants in the absence of ATP. However, in addition, Sscl coim-
munoprecipitated with all of the Tim44 variants at a significant
level when ATP was present, similar to what was observed with
sscl; ;3,5 extracts (Fig. 4A).

The results from experiments with mutant extracts suggested
that although the mutant proteins interact with Sscl, destabi-
lization by substrate peptide binding might be affected. To
test this idea more directly, we purified Tim44g,50a,
Tim44 44444, and as a control, wild-type Tim44. Their inter-
action with Sscl in the presence of ATP was monitored by
size-exclusion chromatography. When they were incubated to-
gether, portions of Sscl and Tim44 migrated as a complex, as
expected (7, 23). Wild-type Tim44-Sscl complexes eluted at
about fraction number 40, whereas the noncomplexed proteins
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eluted at fractions around fraction 60. Both Tim44 variants
formed a complex with Sscl in the presence of ATP, showing
profiles similar to that of the wild-type control (Fig. 4B, top
panels; data not shown). To address the effect of peptide on
mutant Tim44-Sscl interactions, we added peptide to pre-
formed Ssc1(ATP)-Tim44 complexes and subsequently moni-
tored the effect on complex stability by chromatography. Con-
sistent with the observations in mitochondrial lysates (Fig. 4A),
the wild-type Tim44-Sscl complex was efficiently dissociated
upon addition of peptide substrate, as no complex was ob-
served (Fig. 4B, bottom left panel). In contrast, preformed
complexes of Tim44y,594 Or Tim44,,,ssaa With Ssc1(ATP)
remained intact during the course of the experiment. Like
wild-type protein, the mutant proteins formed a complex with
Ssc1(ADP) which was not destabilized upon peptide addition
(data not shown). Together, these results indicate that the
amino acid substitutions within Tim44 alter the structure of the
protein such that a Tim44-Sscl complex is not rapidly desta-
bilized upon addition of peptide substrate.

Reduced association of Tim44 variants with the TIM23
translocase. Since Tim44 acts as a tether for the components of
the import motor of the translocon, we tested whether alter-
ations in Tim44 affected its own association with the translo-
con. To do so, we carried out coimmunoprecipitation experi-
ments with lysates generated by treatment of mitochondria
with digitonin, which disrupts the membrane but preserves the
interaction between the PAM components and the translocon
(9). Using affinity-purified antibodies against Tim23, efficient
coprecipitation of two other components of the translocon,
Tim17 and Tim50, as well as Tim44 and components of the
import motor, Pam16 and Pam18, was observed (Fig. 5A).
However, only between 15 and 30% as much of the variant
Tim44 proteins was coprecipitated, even though the steady-
state protein levels of Tim23, Tim17, and Tim50 in the solu-
bilized fraction (loading control) were similar in all mitochon-
dria tested (Fig. 5B; also see Fig. 3C). As expected, the relative
amounts of coprecipitated Pam16 and Pam18 were also signif-
icantly reduced. These results indicate that the mutations in
the N-terminal region of Tim44 compromise the association of
Tim44 with the translocon.

DISCUSSION

The results presented here indicate that a small segment of
Tim44, a central component of the presequence translocase-
associated import motor, is critical for at least the following
two events that are important for effective protein import into
the mitochondrial matrix in vivo: (i) the polypeptide substrate-
induced destabilization of the Ssc1-Tim44 complex and (ii) the
association of Tim44, and thus the entire import motor, with
the translocon itself.

In addition to these general conclusions, our analysis re-
vealed an unexpected functional resiliency of Tim44. Despite
comprehensive alanine scanning mutagenesis, only one residue
of the N-terminal segment, R180, was found to result in sig-
nificant defects in vivo when altered individually. The func-
tional resiliency of the N-terminal segment of Tim44, coupled
with the demonstration of its sufficiency for interaction with
Sscl, suggests that the two proteins may interact over a broad
interface. More structural information about a Tim44-Sscl
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complex is required to test this hypothesis. But the fact that the
identified mutations caused defects in destabilization of the
Tim44-Sscl complex upon binding of peptide substrate sug-
gests that this aspect of the interaction may be particularly
sensitive to small conformational changes in Tim44. The ob-
servation that the phenotypic effect of a conservative substitu-
tion in the highly conserved R180 residue (1), that is, R180K,
was even more pronounced than that of the alanine substitu-
tion, is consistent with this idea, as it suggests that it is not
simply the charge of this region of Tim44 that is critical.

The mutant proteins analyzed here associated less stably
with the TIM23 translocase, in addition to being defective in
destabilization of the Sscl-Tim44 interaction. Thus, it is pos-
sible that these sequences directly interact with the translocon.
It is tempting to speculate that this region of Tim44 may serve
as a “sensor,” being responsive to the presence of a polypep-
tide in the channel and transmitting a signal to the import
motor. Such a signal could serve several roles to make import
a more efficient process. (i) A signal could activate Pam18 such
that its stimulation of Sscl’s ATPase activity is coordinated
with binding of the incoming polypeptide. Such coordination
would serve to minimize futile cycles of ATP hydrolysis by
Sscl. Consistent with that idea, not only is Tim44 required for
the association of the Pam16-Pam18 heterodimer with the
translocon (20, 31), but amino acid substitutions within the
interval of amino acids 76 to 99 in Tim44 are able to suppress
the effects of amino acid substitutions in the N terminus of
Pam16, which is important for translocon association (9). (ii) A
signal could also facilitate destabilization of Tim44’s interac-
tion with Ssc1, which is triggered by the interaction of Sscl with
the polypeptide chain. Such facilitation not only would coor-
dinate the release of Sscl from the translocon with stabiliza-
tion of its interaction with the translocating polypeptide but
would also permit binding of another Ssc1(ATP) at the trans-
locon channel.

Our results also demonstrate the importance of the C-ter-
minal region of Tim44 in vivo, as the N-terminal segment alone
cannot support cell viability. Previous work has led to the
suggestion that this domain may be responsible for directly
interacting with the inner membrane. Structural analysis of
Tim44’s C-terminal domain revealed a large hydrophobic
pocket that was proposed to mediate Tim44’s association with
the inner mitochondrial membrane (17). Further evidence for
the C-terminal domain being involved in membrane associa-
tion comes from the observation that the C-terminal domain
of Tim44 penetrates into phospholipid vesicles (44). In support
of this idea, N-terminally truncated Tim44 is detected exclu-
sively in the membrane fraction of mitochondria isolated from
strains expressing both the truncated Tim44 version and wild-
type Tim44 (data not shown). It seems likely that both the N-
and C-terminal regions play a role in Tim44’s association with
the translocon, with the N terminus of Tim44 interacting di-
rectly with the translocon, while the C-terminal domain serves
to stabilize the interaction by its direct interaction with phos-
pholipids of the inner membrane.

In conclusion, our finding that small alterations within
Tim44 result in multiple functional changes suggests that a
finely tuned system has evolved in which interdependent and
concerted protein-protein interactions ensure efficient protein
translocation across the mitochondrial inner membrane. This
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FIG. 5. Association of the import motor with the TIM23 translocase. (A) Mitochondria were solubilized by treatment with digitonin.
Solubilized material was subjected to immunoprecipitation using Tim23-specific antibodies cross-linked to protein A beads. Precipitates were
analyzed by SDS-PAGE and immunoblotting using antibodies specific for the indicated proteins (IP). A total of 4% solubilized material was used
as a loading control (load). (B) Signals were quantified by densitometry and plotted as percentages of the wild-type control reaction value.

is consistent with the fact that, overall, the mitochondrial pro-
tein import machinery is one of the most complex protein
translocation systems known. A mechanistic understanding of
the function of this system at the molecular level is just begin-
ning to emerge.
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