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Molecular Insights Revealing Interaction of Tim23 and Channel
Subunits of Presequence Translocase
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Tim23 is an essential channel-forming subunit of the presequence translocase recruiting multiple components for assembly of
the core complex, thereby regulating the protein translocation process. However, understanding of the precise interaction of
subunits associating with Tim23 remains largely elusive. Our findings highlight that transmembrane helix 1 (TM1) is required
for homodimerization of Tim23, while, together with TM2, it is involved in preprotein binding within the channel. Based on our
evidence, we predict that the TM1 and TM2 from each dimer are involved in the formation of the central translocation pore,
aided by Tim17. Furthermore, TM2 is also involved in the recruitment of Tim21 and the presequence-associated motor (PAM)
subcomplex to the Tim23 channel, while the matrix-exposed loop L1 generates specificity in their association with the core com-
plex. Strikingly, our findings indicate that the C-terminal sequence of Tim23 is dispensable for growth and functions as an inhib-
itor for binding of Tim21. Our model conceptually explains the cooperative function between Tam41 and Pam17 subunits, while
the antagonistic activity of Tim21 predominantly determines the bound and free forms of the PAM subcomplex during import.

,VI itochondria are indispensable organelles required for a wide
spectrum of cellular processes, including energy metabo-
lism. The mitochondrial genome encodes only a few proteins
across the kingdoms, ranging from 7 in Saccharomyces cerevisiae to
13 in humans (1, 2). Almost all the several hundreds of proteins
residing in various mitochondrial compartments are encoded by
the nuclear genome and synthesized on cytosolic ribosomes.
Therefore, active mitochondrial function and biogenesis require
efficient protein transport destined for the different subcompart-
ments (1-9). Greater than 60% of mitochondrial proteins are tar-
geted to the matrix compartment and are translocated through the
presequence translocase (Tim23 complex), an inner membrane-
bound multisubunit machinery whose components are highly
conserved. The presequence translocase consists of central chan-
nel-forming components mainly constituted by the Tim23 pro-
tein together with Tim17, which maintains the integrity of the
translocation pore (10-15), while other subunits, such as Tim50
and Tim21, which contains a single transmembrane helix with a
large intermembrane space (IMS)-exposed domain, assist with
presorting and guided channeling of preproteins via interaction
with the translocase of outer membrane (TOM) complex (16-20).
Besides channel-forming components, the Tim23 complex re-
cruits a peripherally associated import motor whose functions are
essential for the translocation of proteins destined for the matrix
compartment (21-23). Mitochondrial heat shock protein Hsp70
(Sscl in yeast) forms the core of the import motor recruited for
preprotein binding in the ATP-bound state to the channel via a
membrane tether, Tim44 (21-24). Tim44 provides the platform
and recruits two additional terminal regulatory components, ]
protein Pam18 and J-like protein, Pam16 (25-29). Both Pam18
and Pam16 constitute the presequence-associated motor (PAM)
subcomplex by forming a stable heterodimer that stimulates mi-
tochondrial Hsp70s ATPase activity coupled to multiple import
reaction cycles (30). Recently, the Pam17 and Tam41 proteins
have been identified as additional nonessential components of the
Tim23 complex that are involved in the organization and recruit-
ment of the PAM subcomplex to the core channel (31-33).
Phylogenetically, Tim23 is a polytopic membrane protein con-
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taining conserved segments of four predicted transmembrane he-
lices (transmembrane helix 1 [TM1] to TM4) with three connect-
ing loops (L1 to L3) exposed to either matrix or IMS regions (34,
35). In addition to that, Tim23 also possesses a large unstructured
N-terminal hydrophilic domain that consists of 100 amino acids
exposed to the IMS region (36). The N terminus of Tim23 inter-
acts with the IMS region of Tim50 and is cooperatively involved
in preprotein recognition and transfer to the central channel (37—
40). On the other hand, the C-terminal region of Tim23 is mem-
brane embedded and has been shown to form a voltage-gated
cation-selective channel (41, 42).

Although the multiple interacting components aid in the core
complex assembly process, the precise recruitment of subunits to
the Tim23 channel and their dissociation from the Tim23 channel
are still enigmatic. In this report, we present a novel set of temper-
ature-sensitive (Ts) mutants, isolated through a genetic screen,
with mutations in the distinct parts of the Tim23 protein which
are precisely defective in recruitment of interacting subunits.
Through mutational analysis, our findings comprehensively pro-
vide evidence for the defined functions for the different segments
of Tim23, such as homodimerization, preprotein binding, and the
helices involved in the formation of translocation pore, thereby
maintaining the inner membrane polarity. Besides, our report re-
veals that the C-terminal sequence of the Tim23 protein negatively
regulates the association of Tim21, thus modulating the PAM-
bound and -free forms of Tim23 for the import of matrix and
inner membrane proteins.
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MATERIALS AND METHODS

Genetic methods, plasmids, and yeast strains. The strains used in this
study are listed in Table S1 in the supplemental material. The plasmids
used in this study are described in Table S2 in the supplemental material.
The TIM23 gene from positions —600 to +980 was amplified by use of
forward primer 5'-GGCACTAGTGACTCTGGAGGGCGTAACGG-3'
and reverse primer 5'-GGCCTCGAGGGAAATACCCGAGAGTGAGCG
G-3' using genomic DNA as the template and subsequently cloned into
Spel/Xhol-digested vector pRS314. This recombinant plasmid, desig-
nated pRS314-Tim23, was used for all further genetic modifications. Ini-
tially, a BamHI restriction site was introduced into pRS314-Tim23 by
silent mutagenesis at the 531th nucleotide position using forward primer
5'-GGCAAACATGACACCGCGGGATCCATTGGCGCTGGGGCCCT-3/,
reverse primer 5'-AGGGCCCCAGCGCCAATGGATCCCGCGGTGTC
ATGTTTGCC-3', and Pfu Turbo DNA polymerase from Stratagene. To
obtain Ts mutants, a library of random mutations in pRS314-Tim23 was
created through PCR amplification of the coding region of the TIM23
gene by forward primer 5'-ATGTCGTGGCTTTTTGGAGA-3" and re-
verse primer 5' TCATTTTTCAAGTAGTCTTT-3’ using low-fidelity Tag
DNA polymerase, as described previously (43, 44). After digestion with
the Sall and BamHI restriction enzymes, the randomly mutagenized PCR
fragment generated a fragment corresponding to nucleotide positions
+157 to +534, which was subcloned into the pRS314-Tim23 vector di-
gested with the same set of restriction enzymes. The Atim23 strain carry-
ing pRS316-tim23,,_s, (where tim23,,_s, represents tim23 devoid of the
sequence for the first 50 amino acids of Tim23) was transformed with the
library and incubated at 30°C on plates from which tryptophan was omit-
ted. Transformants were patched onto 5-fluoroorotic acid (5-FOA) plates
to select for candidates that could grow in the absence of tim23,,_ 5, and
subsequently replicated to plates from which tryptophan was omitted and
incubated at 37°C to score the Ts phenotype. Plasmids were rescued from
conditional mutants by previously described protocols (45) and subse-
quently sequenced to find out the position of the mutated nucleotide.
The chromosomal deletion mutants were constructed by using ho-
mologous recombination and linear PCR-amplified DNA fragments as
the substrates for transformation. Briefly, for deletion of the PAMI7 gene,
a PCR product containing an LEU2 auxotrophic marker cassette and
short sequences homologous to the flanking regions of the PAM17 lo-
cus were amplified by primers paml7Afor (5'-TCGCTAGTCAACCTT
CTGTCACCGCTGCGGCATTGCGCTCAGATTGTACTGAGAGT
GCA-3') and pami17Arev (5'-AATCTCTTAACCATTGCTTATATTCCT
TTAAGGAACCTATCTGTGCGGTATTTCACACC-3") using pRS415 as
the template. To isolate positive clones, yeast transformants were grown
on selective medium lacking leucine. The TAM41 and TIM21 genes were
disrupted by homologous recombination of the corresponding PCR
products containing a kanMX4 cassette and short sequences homologous
to the flanking regions of the TAM4I and TIMZ2I loci amplified using
the pFA6-kanMX4 vector. Primers corresponding to fam41Afor (5'-AAT
GCCATTCAACGAACGTAAGCATGTTTAATAGGCTTCTCGTACGC
TGCAGGTCG-3") and tam41Arev (5'-CATACTTAATTGACTTTGTGA
TTCCAGCTGTGAAAACACCATCGATGAATTCGAGC-3') were used
for deletion of the TAM41 gene. The primers corresponding to tim21Afor
(5'-GACATAGAAAGCCTTTGTTTCCACGATATAATACTTTCGTGAA
CGTACGCTGCAGGTCG-3') and tim21Arev (5'-AGCCCTTCGAATTAG
AAACCGGATGCAATTTTGGCTTGATCAAATCGATGAATTCGA
GC-3") were used for disruption of the TIM21 gene. To isolate positive
clones, yeast transformants were grown on medium containing kanamy-
cin (400 pg/ml). The deletions were further verified by PCR and by West-
ern blot analysis. Placing the TAM41 gene under the control of the GALI
promoter was accomplished by transforming yeast cells with linear DNA
encoding a selectable marker cassette, the GALI promoter flanked by
sequences that are homologous to a target site in the yeast chromosome.
Briefly, the 5" untranslated region of the TAM41 gene from nucleotides
—870 to —500 was amplified from the genomic DNA template using
primers GALI for.1 (5'-GGTATAGTTTCGGTTGATCTAGATATAAA
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T-3') and GALI rev.l (5'-TGGTGCACTCTCAGTACAATCTTGCATA
CATTGCCAGAAAGAAACC-3’") having an overhang of the TRPI
marker cassette. The TRP]I cassette was amplified, using pRS314 as a tem-
plate, by primers GALI for.2 (5'-GGTTTCTTTCTGGCAATGTA
TGCAAGATTGTACTGAGAGTGCACCA-3") and GALI rev.2 (5'-GCC
CGCTCGGCGGCTTCTAATCCGTCTGTGCGGTATTTCACACCG
CAT-3') having an overhang of the GALI promoter. The amplification of
the GALI promoter was accomplished, using the pYES2.0 vector, by
primers GALI for.3 (5'-ATGCGGTGTGAAATACCGCACAGACGGATT
AGAAGCCGCCGAGCGGGC-3') and GALI rev.3 (5'-GACCATTTTCA
GAAACTCGTAACATGTTTTTTCTCCTTGACGTTAAAGT-3') having
an overhang of the TAM41 gene. The open reading frame (ORF) of the
TAM41 gene was amplified by primers GALI for.4 (5'-ACTTTAACGT
CAAGGAGAAAAAACATGTTACGAGTTTCTGAAAATGGTC-3') and
GALI rev.4 (5'-ACAAACCGGCACGGAGCTTTGAAGGATGAC-3").
These PCR fragments were subsequently annealed together by comple-
mentary overhangs using the splicing by overhang extension-PCR
method. To isolate positive clones, yeast transformants were grown on
selective medium lacking tryptophan. All primers used in this study were
synthesized by Eurofins Inc., and sequencing reactions were performed by
SciGenom labs.

Cells were grown in 1% yeast extract, 2% peptone, and 2% glucose
(YPD), 1% yeast extract, 2% peptone, and 3% glycerol (YPG), 1% yeast
extract, 2% peptone, and 2% galactose (YPGal), or synthetic dextrose
(SD) medium having 2% glucose and 0.66% yeast nitrogen base (YNB)
without amino acids and with appropriate supplements. For isolation of
mitochondria, wild-type and mutant yeast cells were grown in YPG me-
dium at a permissible temperature. However, due to the respiration-de-
ficient behavior of mutants with a tim23 allele with a Y-to-N change at
residue 105 (Y105N) and a G-to-D change at residue 120 (G120D)
(tim23y,95n/G1200)> Mitochondria were isolated after growing the cells in
SD medium. For the isolation of mitochondria of yeast strains overex-
pressing Tim17 or Tim21, cells were grown in SD-uracil (SD-URA) me-
dium with appropriate supplements. For the generation of mitochondria
depleted of the Tam41 protein, a yeast strain having the TAM41 gene
under the control of the GALI promoter was grown for 48 h on galactose-
containing medium, after which cells were harvested, resuspended in glu-
cose-containing medium, and grown for a further 18 h to deplete the level
of the Tam41 protein.

In vitro import assay. For the in vitro import assay, wild-type or
mutant mitochondria were subjected to heat shock at 34°C for 30 min,
followed by incubation with precursor protein Cyb,(167)A19-DH-
FR(His,), comprised of the mouse dihydrofolate reductase (DHFR) fused
to the N-terminal 167 amino acids of cytochrome b, having a deletion of
19 amino acids of the inner membrane sorting signal, in import buffer
(250 mM sucrose, 10 mM MOPS [morpholinepropanesulfonic acid]-
KOH, pH 7.2, 80 mM KCl, 5mM dithiothreitol, 5mM MgCl,, 2 mM ATP,
2 mM NADH, 1% bovine serum albumin) for 5-, 10-, 15-, and 20-min
intervals at 25°C. The import reaction was stopped using 10 g/ml of
valinomycin (Sigma). Protease treatment was performed by incubating
the mitochondria with 0.1 mg/ml proteinase K (PK) for 20 min on ice,
which was further inactivated by addition of 1 mM phenylmethylsulfonyl
fluoride (PMSF; US Biological). After PK treatment, mitochondria were
isolated by centrifugation and analyzed by SDS-PAGE, followed by West-
ern blotting using specific antibodies. Image quantification was per-
formed using Image] software.

CoIP and BN-PAGE. For coimmunoprecipitation (ColP) analysis,
protein A Sepharose CL-4B (GE Healthcare) beads were used after they
were thoroughly washed with water, followed by Tris-buffered saline
(TBS) buffer. The washed beads were incubated with purified Tim23 an-
tibodies raised against an N-terminal domain (amino acids 1 to 98) of the
protein. The beads were washed with TBS to remove any unbound anti-
bodies. To eliminate the contamination of the light and heavy chains of
IgGs, antibodies were covalently coupled to protein A beads using a di-
methyl pimelimidate (DMP) cross-linker. The wild-type and mutant mi-
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tochondria were first subjected to heat shock to induce the Ts phenotype.
The lysates were than prepared by solubilizing 2 mg of mitochondria in a
lysis buffer (20 mM MOPS-KOH, pH 7.4, 250 mM sucrose, 80 mM KCl,
5 mM EDTA, 1 mM PMSF) containing 1% digitonin for 45 min at 4°C
(46). After a clarifying spin, the supernatant was incubated with antibody-
coated beads for 2 h at 4°C. Subsequently, the beads were washed with the
same lysis buffer. Samples were separated on SDS-polyacrylamide gels,
followed by immunoblotting using specific antibodies.

In order to test for the homodimerization of Tim23 in vivo, wild-type
or mutant Tim23 plasmids carrying 1 X FLAG tag at the C terminus were
transformed into a yeast strain harboring a copy of pRS316-tim23, , 5, in
which #m23 is devoid of the sequence for the first 50 amino acids of
Tim23. Mitochondria were isolated and solubilized with 1% digitonin
containing buffer and subsequently incubated with protein G-Sepharose
beads coupled with FLAG antibody. After several washes, samples were
analyzed by SDS-PAGE, followed by immunoblotting.

In order to test for the interaction with the substrate preprotein, ap-
proximately 2 mg of wild-type and mutant mitochondria was solubilized
in a lysis buffer (20 mM MOPS-KOH, pH 7.4, 250 mM sucrose, 80 mM
KCl, 5mM EDTA, 1 mM PMSF) containing 1% Triton X-100 for 30 min
at 4°C. After centrifugation, the supernatant was incubated with beads
cross-linked to Tim23 antibodies for 30 min at 4°C, followed by several
washes with lysis buffer. Subsequently, beads were incubated with 5 g of
purified Cyb,(167)A19-DHFR(His) protein for 1 h at 4°C and analyzed
by SDS-PAGE, followed by Western blotting.

Blue native PAGE (BN-PAGE) analysis was performed according to
previously published protocols (47). Briefly, mitochondria (200 jLg) were
first subjected to heat shock, followed by lysis in 90 wl of 1% digitonin
buffer for 45 min at 4°C, as described above. The unsolubilized material
was removed by centrifugation for 20 min at 50,000 X g. After addition of
10 pl of sample buffer (5% [wt/vol] Coomassie brilliant blue G-250, 100
mM bis-Tris, pH 7.0, 500 mM 6-aminocaproic acid), the supernatant was
analyzed directly by BN-PAGE, followed by immunoblotting with specific
antibodies.

Quantification of protein half-lives. Quantification of protein half-
lives was performed as described previously (48). Wild-type and mutant
yeast cells were grown in YPD medium to log phase (A4, ~0.5) at a
permissible temperature. Cycloheximide (US Biological) was used as a
translational inhibitor (50 pg/ml). Following treatment, equal amounts
of cells were collected at 0, 15, 30, and 60 min and analyzed by SDS-PAGE,
followed by immunoblotting using Tim23 antibody. Data were quantified
using Image] and analyzed using GraphPad Prism, version 5.0, software.

Fluorescence and flow cytometric analysis. Analysis of mitochon-
drial membrane potential and mitochondrial mass was accomplished by
previously described protocols (49). Briefly, to test for the loss in mem-
brane potential, roughly 50 g of mitochondria was first subjected to heat
shock for 15 min, followed by incubation with JC-1 dye for 10 min at
room temperature (25°C) in the dark. Wild-type mitochondria incubated
in 0.1 M valinomycin for 10 min prior to dye staining were used as a
control for complete depolarization. The fluorescence measurements
were performed using a Jasco spectrofluorometer (model 6300) at a fixed
excitation wavelength of 490 nm, and emission spectra were recorded
from 500 to 620 nm. The ratios of the peaks at 590 nm (aggregate form of
the JC-1 dye) and 530 nm (monomeric form) were used as an indicator of
membrane polarization.

The functional mitochondrial masses of various yeast strains were
determined using MitoTracker Deep Red-A dye (Invitrogen). Briefly,
yeast cells were harvested during early log phase and, after washing with
PBS, subjected to heat shock for 2 h, followed by incubation with 10 mM
dye for 15 min in the dark. Fluorescence-activated cell sorter (FACS)
analysis was performed using an excitation wavelength of 488 nm and an
emission wavelength of 520 nm in a Becton, Dickinson (BD) FACSCanto
II flow cytometer. The data were analyzed using WinMD], version 2.9,
software.
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Fluorescence anisotropy peptide binding assays. Fluorescence
anisotropy analysis was performed with fluorescein-labeled peptide cor-
responding to the presequence of cytochrome ¢ oxidase 4 (Cox4) (MLSL
RQSIRFFKPTRRLC), as described previously, with minor modifications
(49). Briefly, increasing concentrations of Tim23 were incubated with 25
nM fluorescein-labeled Cox4 (F-Cox4) in a buffer containing 25 mM
Tris-Cl, pH 7.5, 100 mM KCI, and 10% glycerol for 1 h at room temper-
ature. After binding reached equilibrium, the anisotropy measurements
were recorded on a Beacon-2000 fluorescence polarization system (Pan-
vera, Madison, WI) using excitation at 490 nm and emission at 535 nm.
The data were fitted to a one-site binding hyperbola equation using
GraphPad Prism, version 5.0, to calculate the equilibrium dissociation
constant (K ;).

Miscellaneous. Mitochondrion isolation and Hsp60 precursor accu-
mulation analysis were performed as described previously (50). The anal-
ysis of the loss of mitochondrial DNA (mtDNA) was performed according
to previously published protocols (49). The purification of Tim23 was
performed using the RIL expression strain according to previously pub-
lished protocols (42). The antisera used for immunodecoration against
yeast-specific proteins, such as Hsp60, Mgel, Ydjl, Tim23, Tim50,
Tim44, Pam18, and Pam16, were raised in rabbits, as previously reported
(50). Research involving animal experimentation were carried out after
approval from the Institutional Ethics Committee and from the Institu-
tional Biosafety Committee. For preparation of antibody to Tim21, a frag-
ment corresponding to amino acids 103 to 229 was cloned into the pET-3a
vector and purified from the supernatant fraction using Escherichia coli.
BL21(DE3) cells, as previously described (51). For preparation of anti-
body to Pam17, the ORF was cloned in the pET-3a vector and protein was
reconstituted from the pellet fraction using the C41 expression strain
according to previously published protocols (51). To raise antibodies
against Tim17, a C-terminal peptide (CEAPSSQPLQA) was used for im-
munization. The Tim23 protein tagged with FLAG was detected using anti-
FLAG antibody purchased from Sigma. All immunoblot analysis was carried
out by using an enhanced chemiluminescence system (PerkinElmer) accord-
ing to the manufacturer’s instructions.

RESULTS

Isolation of conditional mutants in different segments of Tim23
protein involved in the subunit organization of the transloca-
tion channel. Tim23 is a multispanning inner membrane protein
anchored via four transmembrane helices (TM1, TM2, TM3, and
TM4) with both its amino and carboxyl termini facing toward the
IMS region (Fig. 1A). The topological organization orients two
loops, namely, loops L1 and L3, into the matrix, while loop L2
faces toward the IMS region. The functional significance of each of
the defined segments of the Tim23 protein in the recruitment of
import motor and channel-forming components is poorly under-
stood due to the lack of conditional mutants which are selectively
impaired in subunit organization of the core complex. The pres-
ent study aimed to identify the critical amino acids in the different
regions of the Tim23 protein which are involved in the dynamic
association and dissociation of translocase components during
the import process. As a step toward obtaining the conditional
mutants, we constructed a mutagenic library of the region span-
ning from amino acids 101 to 176 of Tim23 protein by an error-
prone PCR method. The mutant library was transformed into a
Atim23 haploid strain harboring a functional copy of the TIM23
gene on a URA3-based plasmid. The presence of the URA3 gene
allowed selection of cells that had lost the plasmid carrying the
wild-type TIM23 gene on 5-fluoroorotic acid (5-FOA) medium
incubated under different permissive and nonpermissive temper-
ature conditions. Mutant copies of the plasmid were rescued from
selected Ts candidates, and the phenotype was confirmed by re-

mcb.asm.org 4643


http://mcb.asm.org

Pareek et al.

Amino acid substitution | Position in Tim23
Y105N/G120D TM1
L107R TM1
L109P TM1
I111IN/M117K T™M1
L138P L1
N139E L1
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FIG 1 Isolation of Ts mutants with mutations in different segments of the Tim23 protein. (
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A) Modular representation of the Tim23 protein. The topology of

different helices and loops and the positions of the amino acids spanning each of the segments of the Tim23 protein are highlighted. (B) Amino acid positions of
mutations in the different segments of the Tim23 protein of Ts mutants. (C and D) Growth phenotype analysis of the mutants. Serially diluted wild-type (WT)
and mutant strains were spotted on the indicated medium and incubated at different temperatures. SCD, synthetic complete dextrose.

transformation into a Atim23 haploid strain. Figure 1B indicates
the T's mutants with mutations that were identified in the different
segments of the Tim23 protein, including the TM1, TM2, L1, and
L2 regions. In addition to that, C-terminal truncated proteins that
lacked the TM3, L3, and TM4 segments together were isolated due
to insertion of stop codons at positions 170 and 172, suggesting
that the amino acid sequence between positions 170 and 222 is
dispensable in vivo for function under permissive conditions. In
order to confirm the growth phenotype, the mutant cells were
subjected to drop test analysis by serially diluting and spotting
them on YPD and YPG media, followed by incubation at different
temperatures (Fig. 1C). As indicated in Fig. 1C (left and right), all
Tim23 mutants were unable to grow at 37°C in YPD and YPG
media. However, the mutants with mutations in the TM1 region
displayed severe growth defects at 34°C compared to the growth
of mutants with mutations in other segments. In particular, in
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the case of the double mutants, including the #m23y,,5n/G1200
and 1im23;;;,n/m117x Mutants, those with the respective single
point mutations, such as the #im23y,,s5n, tim235,50p and
tim23;; ;8 1iM23,,,,7x Mutants, failed to show any growth defect
under our experimental conditions (Fig. 1D).

To show that the observed growth phenotypes were due to
compromised import function, the Tim23 mutants were sub-
jected to in vivo precursor accumulation analysis using Hsp60 as a
model protein by monitoring the removal of the N-terminal signal
sequence, which is cleaved off by the matrix-processing peptidase.
After inducing the phenotype by briefly exposing the cells to non-
permissive temperature conditions, the mutants showed a robust ac-
cumulation of the Hsp60 precursor form at 34°C, indicating im-
paired protein import in the mutant cells (Fig. 2A). Notably, the
1M231; 5 17k0 BM23 11389 1M23 G140 1iM23R; 70, and 1im23g, 5,
mutants did not show the accumulation of detectable levels of the
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FIG 2 Analysis of protein translocation defects in Tim23 mutants. (A) In vivo precursor accumulation analysis. Wild-type and mutant yeast strains were grown
at 30°C to early log phase and subjected to heat shock at 34°C for 2 h to induce the phenotype. The whole-cell lysates were analyzed by Western blotting using
Hsp60-specific antibodies. Un, uninduced; In, induced. (B) In vitro import kinetic analysis using isolated mitochondria. Wild-type and mutant mitochondria
were exposed to 34°C for 30 min to induce the Ts phenotype. Import was performed at 25°C using purified Cyb,(167)A19-DHEFR precursor. Aliquots were taken
at different time intervals, treated with proteinase K, and subsequently analyzed by Western blotting. p, precursor; i, intermediate. (C) Quantification of imported
proteins on the Western blots. The signal of the imported intermediate form of Cyb,(167)A19-DHFR was quantified using Image] and is represented in the graph

as a percentage of the total precursor imported in the wild type at 20 min.

Hsp60 precursor form, consistent with their growth phenotypes
(Fig. 2A).

In order to quantitate and kinetically monitor the trans-
location defects in mutants, we performed the import of chemi-
cal amounts of recombinant precursor protein Cyb,(167)A19-
DHFR, comprised of the mouse DHFR fused to the N-terminal
167 amino acids of cytochrome b, having a deletion of 19 amino
acids of the inner membrane sorting signal to ensure localization
to the matrix (52). Mitochondria were isolated from yeast cells
grown at permissive temperatures, preincubated at 34°C to induce
the mutant phenotype, and subjected to the import reaction using
saturating amounts of the Cyb,(167)A19-DHER precursor protein.
However, the tim23y,,, mutant did not show any import defect at
34°C, supporting the wild-type growth phenotype, while the
tm23 ;408 1231511811710 A0 123, 1560 mutants showed an in-
termediate import defect consistent with their mild growth pheno-
type (Fig. 2B and C). Importantly, all other mutants exhibited a sig-
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nificant defect in the import efficiency of the mitochondrial
preprotein, thus highlighting the amino acids of the different seg-
ments of Tim23 critical for in vivo function (Fig. 2B and C). The
observed relative differences in the import of Hsp60 and
Cyb,(167)A19-DHFR in the tim235,,0p tim23;;, nmi170 and
tim23, ;5o mutants can be attributed to the length of the presequence,
where a shorter presequence-containing preprotein such as Hsp60
was imported efficiently inside the mutant mitochondria, while alon-
ger presequence-containing preprotein such as Cyb,(167)A19-
DHEFR exhibited an intermediate import defect.

The TM1 segment of Tim23 is critical for homodimerization
and substrate capture in the channel during import. Four Ts
mutants with single and double amino acid substitutions corre-
sponding to L107R, L109P, Y105N/G120D, and I1111N/M117K
within the core of the TM1 segment were isolated. To test the
stability of the mutant proteins, we first tested for their expression
levels in the mitochondrial lysates using Western blotting. As in-
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FIG 3 TM1 mutants have low expression levels caused by a reduced half-life. (A) Protein expression analysis. Wild-type and mutant yeast mitochondria were
analyzed by immunoblotting using specific antibodies. (B) Determination of half-lives of mutant proteins. Wild-type and mutant yeast cells were grown to log
phase, followed by addition of the translational inhibitor cycloheximide (50 g/ml). Cells corresponding to an A, of 0.1 were collected at different time intervals
and analyzed by immunoblotting. The numbers above the lanes are times (in minutes). AU, arbitrary units. (C) Overexpression analysis of mutant proteins.
Wild-type and mutant yeast cells expressing tim23 under the control of the centromeric GPD promoter were grown overnight, and cells corresponding to an A,
of 0.1 were loaded on SDS-polyacrylamide gels, followed by Western blotting. (D) Growth phenotype of mutant strains upon overexpression of Tim23. Serially
diluted mutant strains overexpressing tim23 under the control of the centromeric GPD promoter were spotted on medium from which tryptophan was omitted.
(E) In vivo precursor accumulation analysis upon overexpression of the TM1 mutant. Wild-type and TM1 mutant yeast strains overexpressing tim23 under the
control of the CEN GPD promoter were subjected to Hsp60 precursor accumulation analysis, as described in the legend to Fig. 2A, except that the heat shock was
given at 37°C. (F and G) In vitro import kinetic analysis. (F) Wild-type and mutant mitochondria were subjected to in vitro import using purified Cyb,(167)A19-
DHER precursor, as described in the legend to Fig. 2B, except that the heat shock was given at 37°C. (G) The signals were quantified using Image] software, as
described in the legend to Fig. 2C.

dicated in Fig. 3A, the tim23, ), tim23 19op, and tim23 ;1 n/a1 175
mutants showed a significant reduction in protein levels. How-
ever, the levels of other channel-interacting components re-
mained unaffected (Fig. 3A). We hypothesized that the relative
decrease in the TM1 mutant level was presumably due to a reduc-
tion in the half-life of the protein. To determine the half-lives of
the mutant proteins, we monitored the abundance of each mutant
protein by immunoblot analysis of whole-cell extracts after inhib-
iting protein synthesis with cycloheximide. Importantly, the
tHm23, 1071 tiM23; 100p> and 1im23 ;18117 Mutants showed an
enhancement in degradation as a function of time that followed
first-order kinetics (Fig. 3B). To rule out the possibility that the
observed growth phenotype of the TM1 mutants was due to re-
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duced protein expression levels, we overexpressed them using the
GPD promoter on a centromeric plasmid. Even though they had
higher expression levels (Fig. 3C), the mutants were unable to
complement the growth sensitivity under nonpermissible temper-
ature conditions (Fig. 3D). Furthermore, the overexpressed mu-
tant protein under the control of a stronger GPD promoter also
failed to rescue the import defect under nonpermissible tempera-
ture conditions, as analyzed by in vivo precursor accumulation
analysis (Fig. 3E) and determination of the in vitro import of re-
combinant Cyb,(167)A19-DHEFR protein (Fig. 3F and G). These
results clearly highlight that the T's phenotype of TM1 mutants is a
consequence of functional defects at the biochemical level.

To determine the functional defects of the TM1 mutants, we
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used as a loading control.

tested their ability to interact with other core channel components
by ColIP. For the mutants, including the tim23;,,x, tim23; ,0ps
and tim23;; ;117 Mutants, experimental analyses were carried
out using a stronger GPD promoter, where the expression levels of
mutant Tim23 were found to be comparable to those of the wild
type (Fig. 3C). The digitonin-solubilized mitochondrial lysates
prepared from overexpressed mutant strains were subjected to
immunoprecipitation (IP) using cross-linked Tim23-specific an-
tibodies. The samples were resolved on SDS-polyacrylamide gels
and subjected to immunodecoration against all the components
of the Tim23 translocase. Interestingly, as indicated in Fig. 4A,
none of the TM1 mutants showed any significant defects in terms
of their association with the other import motor components.
Our results suggest that the TM1 segment is probably involved in
orchestrating the other events of the import function. Hence, we
tested the TM 1 mutants for their self-dimerization and preprotein
interaction property. Previously, it has been proposed that the
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gating of the channel requires dimerization of the Tim23 protein
(12). The deletion of the first 50 amino acids of Tim23 was re-
ported not to impair the function of the protein (12). Therefore,
we first monitored the homodimerization propensity by coex-
pressing the truncated version of Tim23 (pRS316-#im23,,_5,), fol-
lowed by its affinity copurification using C-terminally FLAG-
tagged full-length Tim23 and variants. The use of the
N-terminally truncated version of Tim23 allowed us to achieve
better separation between tim23,, 5, and full-length Tim23 on
SDS-polyacrylamide gels. In the wild type, the FLAG-tagged
Tim23 efficiently immunoprecipitated along with #im23,, 5, in
digitonin-solubilized mitochondria (Fig. 4B). On the other hand,
a significant reduction in the immunoprecipitation of tim23,, s,
protein was observed with FLAG-tagged TM1 mutants, thus high-
lighting the importance of TM1 in homodimerization (Fig. 4B).
The truncation of the N terminus did not show any synthetic
lethal effect with any of the TM1 mutations; therefore, the defect
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in homotypic interaction is solely attributed to the point muta-
tions in the TM1 region (data not shown). Second, we checked for
the interaction of Tim23 with substrate protein using
Cyb,(167)A19-DHEFR as a model protein. To demonstrate this,
we first dissociated the import motor components from the trans-
locase by addition of Triton X-100 and subsequently incubated
them with Tim23-cross-linked antibodies. The Tim23-bound
beads were then incubated with equal amounts of substrate pro-
tein and analyzed on SDS-polyacrylamide gels, followed by im-
munoblotting using substrate-specific antibodies. As shown in
Fig. 4C, all TM1 mutants displayed poor interaction with sub-
strate proteins compared to the wild type, which thus indicates
that the TM1 segment is required for the interaction with the
precursor polypeptides. To quantitatively measure the substrate-
binding properties of the TM 1 mutants, we utilized a fluorescence
anisotropy-based assay using cytochrome oxidase 4 (Cox4) pep-
tide (MLSLRQSIRFFKPTRRLC) derived from the presequence of
yeast Cox4 labeled with a fluorescein fluorophore covalently at-
tached to the cysteine residue. This assay measures the relative
changes in the tumbling rates of fluorescence-labeled peptides
upon binding of Tim23 in solution. The full-length wild-type and
mutant proteins were purified to homogeneity (data not shown)
and subjected to anisotropy analysis. The wild-type Tim23
showed a strong affinity for the peptide and yielded a K, 0f 6.43 *+
0.76 wM (mean * standard deviation [SD]), while the IMS do-
main of Tim23 (tim23,_,,,) failed to show any significant binding
to the peptide (Fig. 4D), which is in agreement with previously
published results (40). However, all TM1 mutants exhibited a 2.5-
to 3-fold reduced affinity for the peptide compared to the wild
type (Fig. 4D), therefore further highlighting the significance of
the TM1 segment in stabilizing the interaction with the precursor
polypeptides within the core channel.

The TM2 segment of Tim23 is essential for Tim17 associa-
tion and substrate interaction within the core channel. TM2
mutants with a single amino acid substitution, namely, tim23; 405
and tim23, 531, expressed Tim23 protein up to wild-type levels, as
observed upon immunoblotting of the lysates, unlike the TM1
mutants (Fig. 5A and 3A). Together, the levels of the other com-
ponents of the channel also remained unaltered (Fig. 5A). To de-
termine the biochemical defects, we first asked whether the TM2
segment plays any role in the homodimerization of Tim23, a
property similar to that of TM1. To monitor this, we copurified
the #im23,, 5, truncation with C-terminally FLAG-tagged TM2
mutations, which are expressed on a CEN plasmid under the con-
trol of the TEF promoter. As indicated in Fig. 5B, none of the
mutations in the TM2 segment exerted any direct impairment of
the Tim23 homodimerization property, whereas mutations in the
TM1 segment did (Fig. 4B). To determine the involvement of the
TM2 segment in the substrate interaction, the Tim23-cross-linked
beads were incubated with wild-type and mutant mitochondria,
followed by incubation with Cyb,(167)A19-DHEFR substrate. Im-
portantly, the tim23, o, mutant completely failed to interact with
the substrate (Fig. 5C). On the other hand, the tim23;, 53, mutant
protein showed a significant reduction in substrate interaction
compared to that of the wild-type Tim23 protein (Fig. 5C). These
results were further validated by anisotropy analysis of the TM2
mutants using the F-Cox4 peptide. Both mutant proteins (the
tim23 ¢, 40p and tim23;55, proteins) were first purified to homo-
geneity (data not shown) and subjected to anisotropy analysis. As
shown in Fig. 5D, tim23,55, vielded a K, of 20.22 *= 1.66 uM
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(mean * SD), indicating an ~3-fold reduced affinity compared to
that of the wild type (K, 6.50 = 0.68 wM [mean * SD]), while the
tim23, 40 mutant exhibited a very poor interaction with the F-
Cox4 peptide, yielding a K; of 39.84 * 3.92 uM (mean * SD),
suggesting that the TM2 segment closely cooperates with the TM 1
region for preprotein capture within the channel during import
(Fig. 5D).

To determine the influence of mutations within the TM2 seg-
ment in the organization of the presequence translocase, we per-
formed ColIP using cross-linked Tim23 antibodies and analyzed
samples on SDS-polyacrylamide gels, followed by immunodeco-
ration for different subunits of the Tim23 complex. As indicated
in Fig. 5E, both the tim23,,or and tim23,55, mutants showed
impairment in their association with the core channel subunit,
Tim17, and import motor components, including Pam18 and
Pam16. Additionally, both TM2 mutants showed a reduction in
the association of the Tim21 subunit with the core Tim23 compo-
nent (Fig. 5E). However, the association of Tim44 and Tim50 with
the core Tim23 channel remained unaltered. To confirm the find-
ings presented above, the stabilities of the core complexes were
further analyzed by BN-PAGE using the digitonin-solubilized mi-
tochondria. As anticipated, both TM2 mutants failed to assemble
a stable core complex of 90 kDa with the Tim23 subunit, thus
additionally confirming the immunoprecipitation results (Fig.
5F). However, as a control, we checked for the stability of the
respiratory chain complexes (IILIV, and III,IV), which remained
unaltered in both TM2 mutants, as analyzed with anti-Cox4 anti-
bodies (Fig. 5F) (53). These observations highlight the fact that the
TM2 helix plays a critical role in recruitment of Tim17 to the
Tim23 core subunit and regulates the association of Tim21 and
the PAM subcomplex.

The TM1 and TM2 helices play a critical role in the mainte-
nance of membrane potential and polarity across the inner
membrane. Mitochondrial inner membrane integrity largely de-
pends upon the accurate assembly of multiple transporters and
translocation channels. In order to test the effect of mutations in
the TM1 and TM2 helices of Tim23 on inner membrane integrity
and polarity, we tested for the retention of membrane potential by
JC-1 dye staining. The uptake of polarity-sensitive dye JC-1 is
dependent on the presence of an intact inner membrane potential,
resulting in an aggregated form of dye yielding red fluorescence.
On the other hand, the loss of membrane potential leads to the
retention of dye outside the mitochondrial compartment, leading
to green fluorescence. Therefore, the ratio of red to green fluores-
cence is used as an indicator of functionality and retention of the
inner membrane polarity of the mitochondria. A complete dis-
ruption of the polarity was obtained by treating mitochondria
with valinomycin, which served as a positive control (P < 0.001)
(Fig. 6A). A greater than 30% reduction in the ratio of red (590
nm) to green (530 nm) fluorescence intensity was observed with
both the TM1 and TM2 mutants, indicating a significant loss of
polarity across the inner membrane (P < 0.001) (Fig. 6A and B).
To test whether alteration of the membrane polarity influences the
functionality of the mitochondria, mutant yeast cells were stained
with MitoTracker Deep Red-A dye, followed by fluorescence mea-
surement using FACS-based analysis. Importantly, both the TM1
and TM2 mutants showed a significant reduction in the functional
mitochondrial mass due to decreased polarity across the mito-
chondrial membrane, thus highlighting the critical role played by
the TM1 and TM2 helices in the maintenance of architecture and
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FIG 5 TM2 plays a critical role in substrate recognition and Tim17 interaction. (A) Protein expression analysis of TM2 mutants. Wild-type and mutant yeast
mitochondria were subjected to immunoblotting using the indicated antibodies. (B) Analysis of Tim23 homodimerization in TM2 mutants. Wild-type and
mutant mitochondria expressing a C-terminal FLAG-tagged form of Tim23 were solubilized in digitonin buffer, subjected to immunoprecipitation using
anti-FLAG antibodies, and analyzed by Western blotting. (C) Substrate binding analysis of TM2 mutants. After solubilization in 1% Triton X-100-containing
buffer, wild-type and mutant mitochondria were analyzed for substrate interaction, as described in the legend to Fig. 4C (D) Fluorescence anisotropy analysis for
wild-type and mutant Tim23 proteins. F-Cox4 peptide (25 nM) was incubated in the presence of the indicated concentrations of wild-type and mutant proteins,
and anisotropy values were recorded, as described in the legend to Fig. 4D. (E) ColP analysis of the Tim23 complex in TM2 mutants. (Left) For CoIP analyses,
digitonin-solubilized mitochondria were incubated with Tim23 antibody-cross-linked beads and subsequently analyzed by immunoblotting; (right) the amount
of different immunoprecipitated proteins was quantified using Image]J software. (F) Determination of stability of the core-Tim23 complex and respiratory chain
complexes in TM2 mutants by BN-PAGE. Digitonin-solubilized mitochondria were subjected to BN-PAGE analysis, followed by Western blotting using Tim23
antibodies (left) and Cox4 antibodies (right). The locations of the complexes of the wild type are indicated by arrowheads. Twenty-five percent of the input was
used as a loading control.

the permeability barrier of the Tim23 channel (P < 0.001) (Fig. 6C  the components of the presequence translocase in a mutant back-
and D). ground using the CEN plasmid under the control of the TEF pro-

To probe whether other channel subunits are able to cooperate  moter (data not shown). Strikingly, overexpression of only the
in the assembly of the Tim23 core channel, we overexpressed all ~ wild-type copy of the Tim17 subunit could rescue the growth
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The total masses estimated for the wild type and mutants are represented in a bar chart.

sensitivity of the TM1 and TM2 mutants (Fig. 7A and B). To assess
the reversal of membrane polarity by the Tim17 protein, mutants
were subjected to JC-1 staining in the presence or absence of over-
expressed Tim17. As depicted in Fig. 7C and D, a significant sup-
pression of membrane polarity was achieved in the TM helix mu-
tants, highlighting that Tim17 is critical for the structural integrity
of the Tim23 core channel (P < 0.001).

Loop L1 is critical for PAM subcomplex organization. Loop
L1, which is exposed to the matrix side, connects the TM1 and
TM2 helices, and its functional significance is still unclear. Our
genetic screen led to the isolation of two novel Ts mutants with a
single amino acid substitution in loop L1: the tim23; 55, and
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tim23y,30p Mutants. Both mutants showed comparable levels of
expression of all the channel subunits, including Tim23, suggest-
ing that the targeting remained unaltered (Fig. 8A).

To uncover the compromised import defect of loop L1 mu-
tants, we analyzed the complex organization by ColP of mito-
chondrial lysates using Tim23-specific antibodies. Importantly,
both loop L1 mutants showed impairment in recruitment of the
PAM subcomplex and Tim21, in association with the diminished
interaction of Tim17 with Tim23 protein. (Fig. 8B). However,
compared to the tim23, ;55 mutant, the tim23,, ;o mutant exhib-
ited a drastic reduction in the recruitment of the Pam18 and
Pam16 subcomplex together with the Tim17 and Tim21 compo-
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FIG 7 Overexpression of Tim17 rescues the membrane potential defect of TM1 and TM2 mutants. (A) Growth phenotype analysis of TM1 and TM2 mutants
upon overexpression of Tim17. Mutant yeast cells overexpressing Tim17 under the control of the centromeric TEF promoter were subjected to serial dilution
analysis on plates from which uracil was omitted. (B) Protein expression analysis. The overexpression of Tim17 in mutant strains was analyzed by immuno-
blotting, and Mgel was used as a loading control. (Cand D) Measurements of inner membrane polarity upon overexpression of Tim17. The intact mitochondrial
membrane potential of mutant strains upon overexpression of Tim17 (broken lines) was measured using JC-1 dye (C) and was quantified (D) as described in the

legends to Fig. 6A and B.

nent (Fig. 8B). To confirm the findings presented above, we per-
formed BN-PAGE analysis to test the integrity of higher-molecu-
lar-mass core complexes in the mutants. Compared to the wild
type, a complete lack of a distinct core complex with a molecular
mass of 90 kDa in the mutants suggested the critical importance of
loop L1 in the recruitment of Tim17 subunits to the Tim23 chan-
nel (Fig. 8C). On the other hand, as a control, the stability of the
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respiratory chain complexes (II1,IV, and IIL,IV) remained unaf-
fected in both the loop L1 mutants, as analyzed with anti-Cox4
antibodies (Fig. 8C).

Previous studies have demonstrated that Tim17 functions as a
docking point for the PAM machinery (19). To investigate a pos-
sible connection, we overexpressed Timl7 in a mutant back-
ground and scored for the growth defect by serial dilution analysis.
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dilution analysis on plates from which uracil was omitted.

Notably, overexpression of Tim17 partially rescued the growth
defect of both loop L1 mutants, thus further confirming that the
motor recruitment defect observed in the loop L1 mutants is a
consequence of the diminished interaction between Tim23 and
Tim17 (Fig. 8D).

Loop L2 and the C-terminal fragment of Tim23 (amino acids
170 to 222) determine the association of Tim21 with the core
complex. Loop L2 is exposed to the IMS region and links the TM2
and TM3 helices. A single amino acid substitution in the loop L2
region, D174A, led to a Ts growth phenotype (Fig. 1C). In addi-
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tion to that, insertion of a stop codon at positions 170 and 172 in
the L2 region resulted in truncated proteins with growth sen-
sitivity only under high-temperature (37°C) conditions (Fig.
1C). Importantly, these findings suggest that the TM3 and TM4
helices and connecting loop L3 are completely dispensable for
growth at the permissive temperature. This is in contrast to the
previous observation where the #im23 mutant with deletion of
the sequence for TM3 and TM4 failed to support the growth of
yeast cells due to the possible involvement of this sequence in
insertion of the protein in the inner membrane (34, 35). How-
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ever, both the point and truncation mutants showed compara-
ble levels of expression of Tim23 and other subunits of the
presequence translocase (Fig. 9A).

To determine the role of loop L2 and the C-terminal fragment
of Tim23 in the recruitment of other components in the channel,
we performed ColP with digitonin-solubilized mitochondrial
lysates using Tim23-cross-linked beads. Strikingly, as illustrated
in Fig. 9B, a significant enhancement of the interaction of the
Tim21 subunit was observed with the mutant Tim23 protein, and
this was more pronounced in the truncation mutant. On the other
hand, a concomitant reduction in the association of Pam16 and
Pam18 was observed (Fig. 9B). The enhanced association of
Tim21 was further verified by BN-PAGE analysis, where both
loop L2 mutants showed an enhancement in Tim21-containing
Tim23* complexes and a concomitant reduction in the amount of
the 90-kDa core complex (Fig. 9C). These results further suggest
that the amino acid sequence beyond the terminal part of the loop
L2 region negatively modulates the recruitment of Tim21 protein
to the import-competent form of the Tim23-core complex during
the translocation of presequence-containing proteins. To further
validate this observation, we performed a genetic analysis by over-
expressing Tim21 under the control of the TEF promoter in a
wild-type or mutant background and analyzed the strain for
growth sensitivity at different temperatures (Fig. 9D and E). The
viability of the wild-type strain remained unaffected when Tim21
was overexpressed using the TEF promoter. In contrast, overex-
pression of Tim21 in a mutant background using the TEF pro-
moter led to a stronger growth defect at all temperatures tested
(Fig. 9D). Furthermore, the motor coupling in mutant strains
upon Tim21 overexpression was directly assessed by IP using
Tim23-cross-linked beads. Interestingly, overexpression of Tim21
in the mutant strain led to a further decrease in the recruitment of
motor components, such as Pam18 (Fig. 9F), thus additionally
confirming the negative role played by Tim21 at the in vivo level
and that the interaction is regulated through the C-terminal re-
gion of Tim23. How does the enhancement of Tim21 binding in
loop L2 mutants influence the sorting of preproteins into the in-
ner membrane compartment? To address this, we performed the
import of an inner membrane-sorting protein comprised of a
shorter presequence, such as Cyb,(167)-DHFR, whose transloca-
tion is independent of the PAM complex (54). Strikingly, the im-
port of Cyb,(167)-DHEFR in both loop L2 mutants was found to be
almost as efficient as that of the wild type (Fig. 9G). These findings
confirm that the T's phenotype of loop mutants is attributed to the
import defect of matrix-targeting proteins as a consequence of the
enhanced interaction of Tim21 with the core complex. However,
the massive overproduction of inner mitochondrial membrane
proteins is often associated with a number of pleiotropic effects,
ranging from morphological rearrangements to a loss of mtDNA.
Therefore, to check the pleiotropic effects due to overexpression
of Tim21 in wild-type or mutant strains, we monitored the loss of
mtDNA by checking the amplicon amount of a mitochondrial
gene, COX2, as described previously (49). Notably, analysis of the
mutant strains, including tim23,,,,, and tim23g,,, mutant
strains, by PCR showed levels of COX2 equivalent to those of the
wild type upon Tim21 overexpression, thus demonstrating that
the increased levels of Tim21 did not cause any loss of mtDNA
under our experimental conditions (Fig. 9H). Furthermore, the
mitochondrial morphology was found to be indistinguishable
upon Tim21 overexpression and exhibited a complex reticulated
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network of mitochondria in all strains, as analyzed using confocal
laser microscopy (data not shown).

Earlier reports have indicated that the sorting form of the pre-
sequence translocase interacts with the respiratory chain in a
Tim21-dependent manner (55-57). Therefore, we checked for
Tim23-respiratory chain coupling in loop L2 mutants by immu-
noprecipitation using Tim23 antibody-cross-linked beads, fol-
lowed by immunoblotting using Cox4 antibody. Strikingly, in
both truncation mutants and the point mutant, an enhancement
in the binding of Cox4 was observed, which reveals the role of the
C terminus in modulating the dynamics of the presequence trans-
locase with Tim21 (Fig. 91).

Recruitment of the PAM subcomplex to the Tim23-core
channel is regulated by the Tim21 protein. Previous studies have
indicated that the Pam17 and Tam41 subunits mediate the asso-
ciation of the Pam18 and Pam16 heterodimer to the Tim23 chan-
nel (31-33). However, both subunits are dispensable for growth in
yeast cells. In addition to that, Tim21, another nonessential com-
ponent, plays an antagonistic role in the recruitment of the Pam16
and Pam18 heterodimer (19, 58). How these three components
dynamically regulate the association of the terminal PAM sub-
complex to the Tim23 channel and dissociation from the Tim23
channel is largely elusive. To understand the contribution of indi-
vidual subunits in PAM subcomplex recruitment, we employed a
systematic genetic approach using combinations of deletions. As
shown in Fig. 10A, a strain with a deletion of PAM17 with TIM21
did not show a defect at all temperatures tested. In order to test for
the genetic interaction of the Tim21 and Pam17 subunits with
Tam41, we constructed a yeast strain in which the TAM41 gene
was inserted under the control of the GALI promoter to deplete
the protein levels by allowing it to grow on YPD medium. Pam17
or Tim21 was subsequently disrupted in the strain using appro-
priate selection cassettes. The strain harboring the TAM41 gene
under the control of the GALI promoter showed a Ts phenotype
on YPD medium, further confirming previously reported findings
as well as excluding a possibility of leaky basal expression from the
promoter (Fig. 10B and C). Strikingly, the Apam17/TAM41 GALI
strain showed a robust growth defect on YPD medium in compar-
ison to the growth of a strain with a tam41 deletion alone, suggest-
ing a strong genetic interaction between these two components
(Fig. 10D). Most importantly, the temperature sensitivity of the
Atam41 strain was completely relieved upon deletion of Tim21
(Atim21/TAM41 GALI), as tested on YPD medium, highlighting
an antagonistic in vivo function of Tim21 with Tam41 (Fig. 10D).

To provide direct evidence in favor of this hypothesis, we per-
formed ColP in digitonin-solubilized mitochondrial lysates pre-
pared from various knockout strains using Tim23 antibody-cross-
linked antibodies. As depicted in Fig. 10E, deletion of Pam17 led to
increased binding of Tim21, consistent with the previous obser-
vation highlighting the antagonistic function between these two
subunits (58). A previous study has indicated that Tam41 is not a
subunit of the presequence translocase and its association with the
Tim23 channel is transient in nature (32). However, we observed
a weak basal level of interaction of Tam41 with Tim23 in the
wild-type background which was further significantly enhanced
upon deletion of either Pam17 or Tim21 (Fig. 10E). Strikingly, the
binding of Pam17 was also reduced upon deletion of Tam41, in-
dicating that Tam41 plays a significant role in the recruitment of
the Pam17 subunit, other than mediating the association of the
Pam18/Pam16 complex with the presequence translocase (Fig. 10E).
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FIG 9 The C-terminal segment of Tim23 is dispensable for growth and negatively regulates the interaction with Tim21. (A) Protein expression profile for loop
L2 and truncation mutants. Mitochondrial lysates prepared from wild-type and loop L2 and truncation mutants were subjected to immunoblotting. (B) ColP
analysis for interaction of the subunits with the Tim23 channel. CoIP analysis of the loop L2 and truncation mutants was performed by solubilizing wild-type and
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FIG 10 Functional antagonism between Tam41 and Tim21 in recruitment of the PAM subcomplex to the Tim23 channel. (A) Serial dilution analysis of different
knockout yeast strains. Apam17 and Atim21 single-knockout and Apam17/Atim21 double-knockout strains were spotted on rich medium and incubated at
different temperatures. (B) Growth phenotype analysis of yeast cells under Tam41-depleted conditions. Serially diluted yeast cells from the wild type and cells
expressing Tam41 under the control of the GALI promoter were spotted on YPD and YPGal media. (C) Analysis of Tam41 expression in galactose-rich and
depleted media. The yeast cells expressing Tam41 under the control of the GALI promoter were grown overnight on galactose-containing medium. The cells were
harvested and resuspended in glucose-containing medium for the indicated times. The cells equivalent to 0.1 optical density unit were collected and analyzed by
immunoblotting using Tam41 antibodies. (D) Interaction network among Pam17, Tim21, and Tam41 subunits of presequence translocase. Serially diluted yeast
cells from Apam17 and Atim21 yeast strains expressing Tam41 under the control of the GALI promoter were spotted on YPD and YPGal media. (E and F) CoIP
analysis of various knockout yeast strains. ColP analysis of mitochondrial lysates prepared from either a Apam17, Atim21, or Atam41 yeast strain (E) or from a
Apam17 or Atim21 strain expressing Tam41 under the control of the GALI promoter (F) was performed using Tim23 antibody-cross-linked beads. The samples
were analyzed by immunoblotting against the indicated antibodies. Twenty-five percent of the input was used as a loading control.

In addition to that, upon ColP of digitonin-solubilized mitochon-  10F). At the same time, the levels of Pam18/Pam16 were restored
dria from a TAM41 GALI/Apam]17 strain), the amount of Pam18/  back to the normal levels in mitochondria isolated from the
Pam16 immunoprecipitated with the Tim23 complex was signif- TAM41 GAL1/Atim21 strain (Fig. 10F). Therefore, our combined
icantly decreased compared to that for the wild-type control (Fig.  genetic and biochemical analysis provides the first compelling ev-

mutant mitochondria in 1% digitonin, followed by incubation with Tim23 antibody-cross-linked beads. The samples were separated on SDS-polyacrylamide gels
and immunoblotted for Tim23 channel subunits. (C) BN-PAGE analysis of loop L2 mutants. Digitonin-solubilized mitochondria were subjected to BN-PAGE
analysis, followed by Western blotting using Tim23 antibodies. The locations of the core complex (arrowhead) and Tim23* are indicated. (D) Testing of the
synthetic interaction between C-terminal Tim23 mutants and overexpressed Tim21. Yeast strains overexpressing Tim21 under the control of the centromeric
TEF promoter were subjected to drop test analysis on plates from which uracil was omitted. (E) Protein expression analysis. The overexpression of Tim21 was
tested by Western blotting using Mgel as a loading control. (F) CoIP analysis for the motor recruitment upon overexpression of Tim21. The motor recruitment
in loop L2 mutants upon Tim21 overexpression was analyzed by solubilizing mitochondria in 1% digitonin buffer, followed by immunoprecipitation using
Tim23 antibody-cross-linked beads. (G) In vitro import kinetic analysis of wild-type and mutant strains. In vitro import of the Cyb,(167)-DHEFR precursor was
performed in wild-type and mutant mitochondria as described in the legends to Fig. 2B and C. (H) Analysis of mtDNA loss. The abundance of mitochondrial
DNA was analyzed upon Tim21 overexpression using a PCR-mediated approach. Genomic DNA was isolated from wild-type and mutant strains overexpressing
Tim21, followed by PCR amplification of the COX2 gene to assess mtDNA loss and the TIM50 gene to serve as a control for nuclear DNA. Yeast cells treated with
ethidium bromide (EtBr) to induce mtDNA loss were used as a positive control. (I) Analysis of respiratory chain coupling with presequence translocase. The
digitonin-solubilized wild-type and mutant mitochondria were subjected to immunoprecipitation using Tim23 antibody-cross-linked beads, followed by
immunoblotting using Cox4 and Tim23 antibodies. Twenty-five percent of the input was used as a loading control.
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idence demonstrating that Pam17 and Tam41 act synergistically
to recruit the PAM subcomplex to the Tim23 channel, while
Tim21 acts in a manner antagonistic to these two components.

DISCUSSION

The multispanning transmembrane protein Tim23 forms the cen-
tral core of the presequence translocase and recruits interacting
subunits to facilitate the import and sorting of proteins into dif-
ferent subcompartments. Therefore, understanding the organiza-
tion of the Tim23 protein is the central important element that
needs to be known in order to obtain mechanistic insights into the
early events of precursor protein capture coupled to the translo-
cation process. The present study comprehensively addresses the
key unresolved questions and highlights the contribution of each
of the segments of Tim23, which regulates the association and
dissociation of partner subunits during import.

The transmembrane helices TM1 and TM2 play the most crit-
ical functions in terms of the organization of the channel through
homodimerization (which maintains the inner membrane polar-
ity), preprotein capture, and recruitment of terminal interacting
subunits (Fig. 11A). The N-terminal segment spanning from
amino acids 51 to 100 of Tim23 has previously been implicated in
the homodimerization process (12). However, a recent nuclear
magnetic resonance structural analysis of the N-terminal 100
amino acids indicates that it exists in a monomeric form (59).
Interestingly, our findings highlight that the TM1 helix plays a
critical role in aiding the homodimerization of the Tim23 protein,
thus clarifying the previous contrasting observations. The TM1 Ts
mutants showed a great reduction in affinity for homodimeriza-
tion (Fig. 11B). The homotypic and heterotypic association be-
tween TM helices is facilitated by a small set of core sequence
motifs. Out of these, the GXXXG motif is one of the motifs over-
represented in TM segments, which are known to act as a universal
scaffold for the assembly of TM helices by providing a site of close
contact between them (60-62). The GXXXG motifs are common
in several TM proteins, including glycophorin A, the subunits of
the mitochondrial ATP synthase complex, and the amyloid pre-
cursor protein (60-63). Interestingly, three tandem GXXXG mo-
tifs are present in TM1 of Tim23, defined by glycines at positions
108, 112, 116, and 120, respectively, which are highly conserved
across the phylogenetic species (see Fig. S1 in the supplemental
material). Furthermore, the TM1 mutations isolated in our library
reside in the GXXXG motif, therefore showing that such motifs
are instrumental for the homodimerization of the protein.
Equally, TM1 mutants also displayed reduced steady-state levels
due to lower stability, suggesting that dimer formation is essential
in vivo for Tim23 organization in the inner membrane.

Previously, it has been reported that the TM1 helix of Tim23
plays a critical role in the interaction with Tim17, while TM2 is
required for substrate protein recognition (64, 65). Interestingly,
our genetic and biochemical analysis highlights the fact that both
the TM1 and TM2 helices possess preprotein recognition and
binding properties during import. The mutants of both helices
displayed a significantly compromised ability to bind to signal
sequence-containing precursor proteins, indicating that TM 1 and
TM2 are essential for early substrate capture in the channel (Fig.
11B and C). Furthermore, the TM2 helix also plays a vital role in
the recruitment of partner subunits of translocase via interaction
with Tim17. The TM2 mutants with reduced Tim17 interaction
showed a substantial decrease in the recruitment of the PAM sub-
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complex as well as Tim21 subunits, thus establishing a link be-
tween channel and import motor association (Fig. 11C). Most
notably, the G149E and G153V mutations isolated in our library
are within the tandem GXXXG motifs of TM2 and are highly
conserved among orthologs (see Fig. S1 in the supplemental ma-
terial). Our data provide evidence that a mutation in any one of
the glycine residues of this motif impairs the interaction of Tim23
with Tim17, thereby causing the destabilization of the core com-
plex. Based on our observations, we propose a model depicting an
organization in which the Tim23 dimer forms a single transloca-
tion pore having two TM1 and two TM2 helices arranged in a
tetrahelical bundle (Fig. 11A). In this regard, the TM2 helices can
independently recruit two Tim17 and terminal import motor sub-
units on either side of the channel for efficient translocation. By
considering the dispensability of the C-terminal TM3 and TM4
helices for permissive growth, assembling a single protein-con-
ducting pore consisting of two TM1 and two TM2 helices from the
Tim23 dimer is the most distinct possibility in a normal physio-
logical state (Fig. 11A).

The integrity of the central translocation channel is critical for
the maintenance of membrane polarity. Any structural perturba-
tion in the pore leads to inner membrane depolarization, as ob-
served in both TM1 and TM2 conditional mutants. Most of the
amino acid substitutions identified in the TM1 and TM2 segments
that lead to growth sensitivity are drastic in nature and generate
the imbalance in the overall charge of the hydrophobicity ratio of
the helices. Therefore, it is reasonable to believe that such pertur-
bations could influence the helical structure and, ultimately, pore
integrity, leading to membrane depolarization. This observation is
further supported by the reduction in the overall functional mito-
chondrial mass associated with TM1 and TM2 mutations, thereby
affecting import and cellular viability. Previously, it has been pro-
posed that the Tim17 protein might cooperatively function in the
organization of the Tim23 channel (66, 67). Intriguingly, the de-
fects associated with TM1 and TM2 mutations are suppressed by
overexpression of only the Tim17 subunit. Importantly, Tim17
also restores the inner membrane polarity, suggesting that it di-
rectly aids in the organization of the translocation pore.

One of the important aspects of the organization of the Tim23
protein is to generate an interacting surface on which partner
components may assemble as a multisubunit complex to maxi-
mize the efficiency of the import reaction. In this regard, loop L1
of Tim23 plays a critical role in the recruitment of interacting
proteins, including the PAM subcomplex, together with the
Tim21 subunit (Fig. 11D). Intriguingly, loop L1 mutants also ex-
hibit a reduction in their association with Tim17, similar to the
findings for the TM2 segment, suggesting that for these compo-
nents, the dynamic association with and dissociation from the
Tim23 channel are mediated through the Tim17 protein (Fig.
11D). Based on our results, we hypothesize that the interaction of
Tim17 with the TM2 helix of Tim23 is perhaps required for the
modulation of central translocation channel activity, while loop
L1 provides the specificity for the association of partner subunits.

One of the noteworthy observations obtained from the condi-
tional mutants was that the C-terminal region of the Tim23 pro-
tein beyond loop L2 negatively regulates the association of the
Tim21 subunit with the core channel (Fig. 11E). Due to the pres-
ence of an inhibitory sequence within the Tim23 protein, the
binding of Tim21 is self-limited and is associated nonstoichio-
metrically with the core channel. Therefore, we predict that the
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FIG 11 Proposed model highlighting the functional significance of different segments of Tim23 protein identified using conditional mutant analysis. (A)
Organization of the partner subunits with the wild-type Tim23 protein; (B) TM1 mutation leads to impairment in homodimerization and association with
substrate preprotein; (C) TM2 mutation impairs the Tim17 interaction, thereby causing the dissociation of the PAM subcomplex and Tim21; (D) loop L1
mutation destabilizes the Tim17, Tim21, and PAM subcomplex association; (E) a point mutation or truncation in the loop L2 region results in the enhanced

interaction with Tim21 and the concomitant release of the PAM subcomplex.

majority of Tim21 is redistributed to distinct inner membrane
machinery, such as respiratory chain complexes, as previously re-
ported (55-57). Retrospectively, this would promote the translo-
cation of the matrix-driven proteins through the PAM-bound
Tim23 complex. Based on the results, we envisioned that the se-
questration of proteins containing a hydrophobic transmem-
brane-targeting sequence might aid with a unique conformational
switch in the core, thereby releasing the negative effect of the C-
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terminal region of Tim23. This would favor the association of
Tim21, leading to the organization of a PAM-free Tim23 complex,
thus promoting the import of proteins destined for the inner
membrane. Enhanced binding of Tim21 to the Tim23 channel is
deleterious in nature due to changes in the equilibrium between
the bound and free forms of PAM with the Tim23 complex. This is
evident from the truncation and loop L2 mutants, which exhibited
an increased association of Tim21 with the Tim23 channel con-
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comitantly with a dissociation of PAM components. Our findings
highlight that the binding of Tim21 to the Tim23 channel is a
critical regulatory event required to maintain the balance between
the import of matrix and inner membrane proteins, which is
largely governed by the C-terminal sequence of Tim23.

The organization of the PAM subcomplex is mediated through
the Tam41 and Pam17 subunits. So, how does the association of
Tam41 and Pam17 influence Tim21 recruitment to the Tim23
complex? Previously, it has been indicated that Pam17 and Tim21
function antagonistically at the translocation complex (58). Strik-
ingly, our observations indicate that Tim21 and Tam41 exhibit a
strong antagonistic function in vivo. The yeast cells in which
Tam41 was deleted showed a significant enhancement in the as-
sociation of Tim21 with the Tim23-core complex, even though
the presence of Pam17 does not provide any growth advantage for
the yeast cells by suppressing the negative impact of the Tim21
subunit. Remarkably, the growth sensitivity of yeast cells in which
Tam41 is downregulated was completely suppressed by deleting
Tim21 in the same strain background, suggesting a strong func-
tional antagonism between these two subunits. Based on this re-
sult, we propose that Tam41 functions as a predominant subunit
in the recruitment of the PAM subcomplex to the Tim23 channel
by suppressing the antagonistic functions of Tim21, while a sub-
unit such as Pam17 which is less conserved in higher eukaryotes
plays a partial supporting role in the recruitment of the PAM
subcomplex.

In summary, our combined genetic and biochemical analyses
provide valuable insights into the functions of different segments
of Tim23, which is highly conserved across phylogenetic bound-
aries; hence, we envision similarly defined functional parameters
attributed to the distinct segments of the protein. The specificity
associated with the recruitment of subunits and the dynamic or-
ganization of the Tim23 complex in response to protein import is
still poorly understood. Therefore, having conditional mutants of
Tim23 with predefined functional defects in the different seg-
ments would be an asset in dissecting the regulatory events leading
to the import of a large variety precursor proteins across the mi-
tochondrial inner membrane.
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